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SANTRUMPOS

AB — Rugstinis Mélynasis-113

AC — aktyvintoji anglis

Al-Bent — hidroksi-aliuminiu padengtas bentonito sorbentas
ASAC — pagaminta i§ abrikosy luksty aktyvintoji anglis

ATBA — daziklis Riigstinis Turkio Mélynasis A

BET — Brunauer-Emmett-Teller pavirSiaus ploto nustatymas
BF — daziklis Bazinis Fuksinas

BG - daziklis Bazinis Zaliasis

CFA — akmens anglies degimo liekanos

ChDS - cheminis deguonies suvartojimas

CRD - daziklis Kongo Raudonasis

CMC — karboksimetilceliuliozé

CSB - chitozano Shiff*o bazé

DLK — didziausias leistinas kiekis

DVB — divinilbenzenas

EDS — energijy dispersijos rentgeno spinduliy spektrometrija
FTIR — Fourier transformacijos infraraudonosios srities spektrometrija
Green — chromo kompleksinis daziklis Sanodure Green LWN
GVR atliekos — geriamojo vandens ruos§imo atlieckos

GWTW - groundwater treatment waste

HMO - hidratuotas mangano dioksidas

ICP-OES - indukuotos plazmos optinés emisijos spektrometrija
IOWNP — gelezies oksido atlieky nanodalelés

IOWNPs-Alg - gelezies oksido atlicky nanodaleliy-alginatog
nanokompozitas

MB — daziklis Metileno Mélynasis
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IVADAS

Pozeminiai ir pavirSiniai vandenys yra labai svarbus aplinkos
komponentas, todél vandens iStekliy priezitra ir kontrole riipinasi kiekviena
valstybé. Sukurti teisés aktai padeda reguliuoti vandens tvarkymo klausimus
ir apsaugoti §j gamtos turta nuo tar$os, kuriama sistema, kuria nustatomi
apribojimai, draudimai bei teisinés atsakomybés [1]. Pramoninés nuotekos
gali buti tiesiogiai jungiamos prie natiiraliy vandens iStekliy arba i§leidziamos
1 miesto kanalizacija. Tokiu biidu iSleidZziamos nuotekos turi jtakos vandens
telkiniams arba kanalizacijos ir nuoteky valymo jrenginiy veikimui [2].
Lietuvoje nuoteky isleidima reglamentuoja 2006 m. geguzés 17 d. pasiraSytas
nuoteky tvarkymo reglamentas (jsakymo Nr. D1-236), kuriame nurodomi
reikalavimai tiek buitiniy, tiek pramoniniy nuoteky isleidimui j aplinkg. Tarp
kontroliuojamy medziagy yra ir bendras chromo kiekis, jo DLK j nuoteky
surinkimo sistemg yra 2 mg L, o j gamting sistemg - 0,5 mg L [3].

Anodavimas yra labai svarbus ir pladiai taikomas elektrocheminis
procesas metalo, elektronikos detaliy pavirsiams apdoroti [4]. Anodavimo
procesa sudaro pavirSiaus valymas bei paruoSimas ir metalinés dangos
padengimas bei apdaila [5]. Norint suteikti anoduotoms dangoms spalva,
pavir$iai yra dazomi, $is procesas nuolatos tobulinamas dazy jsiskverbimui j
poras pagerinti [4]. Viso proceso metu susidare nuoteky srautai prie§ valyma
sumai$omi, tad susidaro spalvotos, jvairiy metaly jony turiné¢ios nuotekos [5].
Tokias nuotekas labai svarbu i$valyti, kad biity tenkinami griezti aplinkos
apsaugos reikalavimai.

Azodazikliai yra didziausia azojunginiy grupé ir pramonéje placiausiai
naudojami dazikliai. Jie tinka pluoStams dazyti, fotoelektronikoje,
spausdinimo sistemoms, maisto pramones technologijoms bei biologinéms
reakcijoms [6].

Siuo metu yra gana didelis pasirinkimas dazikliy, kurie naudojami
anoduoto aliuminio dazymui. Metalo kompleksiniy dazikliy naudojimas kelia
didelj susiriipinimg dél jy poveikio aplinkai, nes dazikliy sudétyje esantys
sunkieji metalai laikomi biologiskai neskaidziais terSalais. Siekiant sumazinti
aplinkos tar§a spalvotomis nuotekomis, labai svarbi pigiy ir efektyviy
adsorbenty paieska. Aplinkos tvarumo poreikis palaiko idéjg uzter§to vandens
valymui kaip adsorbenta naudoti medziaga, kuri susidaro $varaus pozeminio
vandens ruosimo metu. Jo paskirtis ir tikslas — uztikrinti geriamojo vandens
kokybe, kad jis biity gero skonio ir saugus vartoti. Proceso metu kaip Salutinis
produktas gaunama nattrali gelezies(IIT) junginiais turtinga nanomedziaga
(geriamojo vandens ruoSimo (GVR) atliekos), kuri savo fizikinémis ir
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cheminémis savybémis pana$i ] specialiai sintetinamus Fe(III) turinCius
adsorbentus ir katalizatorius.

Sioje disertacijoje pateikti tyrimai apie tvarius anijoninio chromo
kompleksinio daziklio (Green) $alinimo i§ vandeniniy tirpaly ir tikry anoduoto
aliuminio dazymo nuoteky procesus, kaip adsorbenta ar katalizatoriy
naudojant GVR atliekas. Kadangi daziklio sudétyje yra chromo, po anoduoto
aliuminio dazymo susidarancios nuotekos turi biiti valomos pasalinant ne tik
spalva, bet ir sunkiojo metalo jonus. D¢l Sios priezasties daziklio pasalinimo
efektyvumas buvo vertinamas ne tik pagal tirpalo spalvos, bet ir chromo
koncentracijos valomame tirpale pokyti. Be to, daziklio Salinimo metu buvo
stebima visos adsorbcijos sistemos cheminé elgsena: tirpalo pH, geleZies,
kalcio ir aliuminio koncentracijy kitimas. Geriamojo vandens ruosimo (GVR)
atlieky adsorbcinés savybés taip pat tirtos valant katijoniniais terSalais (Pb(11)
ir Cu(ll) jonais) uzterStus vandenis. Katalizinés GVR atlieky savybés
nagrinétos chromo kompleksinio daziklio (Green) oksidacinio skaidymo
Fenton reakcijoje. Katijoniniy ir anijoniniy terSaly Salinimo procesy
efektyvumas jvertintas atliekant kinetinius, pusiausvyros ir termodinaminius
tyrimus.

Mokslinis naujumas

* Pasitlytas tvarus chromo kompleksiniu anoduoto aliuminio dazikliu
(Green) bei Pb(Il) ir Cu(Il) jonais uzterSto vandens valymo procesas
naudojant nanomedZziagg — vietines geriamojo vandens ruosimo (GVR)
atliekas, kurios susidaro savaime aeruojant ir filtruojant poZeminj vandenj.

* Remiantis adsorbcinés sistemos tyrimy, naudojant ICP-OES, XPS, XRD
ir FTIR metodus, rezultatais iSsiaiskintas sunkiyjy metaly jony (Pb (II) ir Cu
(1)) bei daziklio Green salinimo GVR atliekomis mechanizmas ir nustatytos
optimalios proceso salygos.

* Anoduoto aliuminio daziklio Green S$alinimo GVR atlickomis
efektyvumas nustatytas naudojant modelinius tirpalus ir realias nuotekas bei
atsizvelgiant ne tik j spalvos pokytj, bet ir | chromo sulaikymo laipsnj.

 Ivertintas GVR atlicky kaip bifunkcinés medziagos (adsorbento ir
heterogeninio Fenton katalizatoriaus) efektyvumas anoduoto aliuminio
daziklio Green spalvos $alinimo procese.
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Pagrindinis tikslas

Sio darbo tikslas - istirti GVR atlieky tinkamumg katijoniniams (Pb(II),
Cu(ID) ir anijoniniams (chromo kompleksiniam dazikliui Green) terSalams
Salinti i§ vandeniniy tirpaly.

Uzdaviniai:

e Nustatyti GVR atlieky sandara ir cheming sudét skirtingais medziagy
tyrimo ir analizés metodais.

e Apibudinti GVR atlieky adsorbcines savybes atliekant kinetinius,
adsorbcijos pusiausvyros, termodinaminius tyrimus bei taikant jvairius
adsorbcijos kinetikos ir pusiausvyros modelius.

o Nustatyti optimalias proceso salygas didziausiai sorbcinei gebai
pasiekti.

o ISsiaiskinti katijoniniy ir anijoniniy terSaly Salinimo GVR atliekomis
mechanizma.

o Jvertinti GVR atlieky katalizinj aktyvumg heterogeninéje daziklio
Green oksidacinio skaidymo reakcijoje

Ginamieji teiginiai

e D¢l unikaliy GVR atlieky fizikiniy savybiy ir cheminés sudéties, §i
natiiraliai susidaranti netoksiska medziaga be papildomo apdorojimo
gali biti naudojama vandenims, uZzterStiems Pb(II), Cu(Il) jonais ar
anijoniniu chromo kompleksiniu azodazikliu Green, valyti.

e Katijoniniy ir anijoniniy ter$aly (Pb (II), Cu (IT) ir chromo kompleksinio
azodaziklio Green) Salinimas poringu nanoadsorbentu — GVR
atliekomis vyksta greitai: daugiau kaip 95 % Pb(II) ir Cu(Il) jony
pasalinami per 3 min i§ 2,5 mM tirpaly ir iki 90 % daziklio pasalinama
per 20 min i§ 150 mg L tirpalo. Pagrindinis veiksnys apsprendZiantis
sorbcijos efektyvumg yra pH.

e Adsorbcinés sistemos (kietosios ir skystosios fazés) tyrimai parodé, kad
adsorbcijos mechanizmg ir GVR atlieky adsorbcing geba nulemia ne tik
pagrindiné sudétiné dalis — Fe(III) oksidas/hidroksidas, bet ir jy sudétyje
esantys kalcio, fosfato, vandenilio karbonato ir karbonato jonai.

e Pb(Il) ir Cu(Il) jonai GVR atliekomis Salinami vykstant jony mainy,
nusodinimo ir kompleksiniy junginiy susidarymo reakcijoms. Chromo
kompleksinis azodaziklis Green adsorbuojasi dél elektrostatinés
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sgveikos tarp jo anijony ir teigiamg kruvj turin¢io GVR atlieky
pavirsiaus.

GVR atliekos pasizymi katalizinémis savybémis heterogeninéje
Fenton-tipo reakcijoje skaidant organinj chromo kompleksinj
azodaziklj Green.

TerSaly adsorbcijos GVR atlickomis kinetika apibtidina difuzijos-
chemosorbcijos, hiperbolinio tangento, Elovich kinetiniai modeliai,
adsorbcijos pusiausvyrg — Langmuir-Freundlich bei Langmuir-
pasiskirstymo izotermés modeliai.
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1. LITERATURINE DALIS
1.1. Sunkiyjy metaly jony Salinimas

Sunkieji metalai yra mikroelementy grupé, kuriy tankis didesnis nei 4-10°
mg L. Jiems priskiriami metalai yra arsenas, varis, kadmis, chromas, $vinas,
manganas, gyvsidabris ir kiti. TarSos sunkiaisiais metalais $altiniai — natiiraltis
ir antropogeniniai [7]. Sunkieji metalai natiiraliai atsiranda dél aplinkos
poveikio uolienoms ir mineralams, dirvoZzemio erozijos ir kity gamtoje
vykstanciy procesy [8]. Antropogeniniai Saltiniai yra kuro deginimas, Zemeés
tikio veikla ir jvairios pramongés sritys: metaly apdorojimas, galvanizacijos
procesas, tekstilés ir dazy pramoné, odos rauginimas. [vairts sunkieji metalai
(varis, kadmis, Svinas ir cinkas) pateke i aplinka gali turéti neigiamg jtaka
aplinkai ir zmoniy sveikatai. Jie gali kauptis audiniuose ir sukelti jvairias ligas.
Nuotekoms, uzterStoms sunkiaisiais metalais, valyti gali bati taikomi
oksidacijos-redukcijos, elektrocheminio ir cheminio nusodinimo, ekstrakcijos
tirpikliais [9] jony mainy [10], atvirk$tinio osmoso [11], atskyrimo
membranomis ir adsorbcijos metodai [12]. Adsorbcija pasirenkama terSalams
Salinti dél proceso paprastumo ir ekonomiskumo. Vis dazniau kaip sorbentai
naudojamos gamtai draugiskos medziagos, tokios kaip aktyvintosios anglys
gautos i$ kvapiojo auksabarzdzio (Chrysopogon zizanioides) Sakny [13],
celiuliozés klasteriai [14], hidroksiapatitas, gautas i§ Zuvy kauly atlieky [15],
celiuliozé gauta i$ ananasy atsijy [16]. Susintetintos tiolintos magnetinés
gelezies oksido nanodalelés (FesO4-SH) buvo panaudotos Pb?*, Zn?*, Cu?* ir
Ni?* jony adsorbcijos ir desorbcijos procesams tiek atskirose, tick misriose
sistemose. Sunkiyjy metaly jonai gali buti greitai paSalinti priklausomai nuo
SH-grupiy kiekio Fe;04-SH pavirsiuje, taip pat jtakos turi pH ir joniné jéga.
Didziausia sorbcine geba sorbentas pasizymi Ni?* jony atzvilgiu. Adsorbcijos
procesas buvo greitas visais atvejais. Atlikus eksperimentinius tyrimus
miSriose  sistemose nustatyta, kad didZiausiu giminingumu Sioms
nanodaleléms pasizymi Pb(II) jonai, po jy Ni(ll), Cu(ll) ir Zn(Il) jonai [17].

Pastaraisiais deSimtmeciais daug metaly oksidy/hidroksidy buvo
naudojami kaip sorbentai toksiskiems metaly katijonams $alinti. Taciau tokie
sorbentai paprastai yra smulkiy ar labai smulkiy daleliy pavidalo ir negali biiti
naudojami kolonélése dél mazo mechaninio atsparumo ir dél blogo
pratekéjimo kolonélgje. Siekiant iSvengti Siy techniniy klifi¢iy, sumanyta kurti
hibridinius sorbentus, $iuos metaly oksidus impregnuojant ant jprastiniy
poringy medziagy, pavyzdziui, alginato, aktyvintyjy angliy, ceolity,
diatomity, celiuliozés, poringy polimeriniy medziagy. Tarp kity kietam
pagrindui naudojamy medziagy, kaip viena i§ geriausiy alternatyvy,
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naudojami poringi polimeriniai anijonitai ar katijonitai. Jy polimerinis
karkasas pasizymi mechaniniu atsparumu, be to, juose yra funkciniy grupiy,
kurios leidzia sukoncentruoti metaly jonus, prie§ suriSant juos oksido
dalelémis. Naujas hibridinis adsorbentas buvo paruoStas impregnuojant
poringas polistireninio katijonito granules nanodydzio hidratuoto mangano
dioksido (HMO) dalelémis [18]. Paruo$imo procediira sudaryta i$ trijy etapy:
1. Polimerinis katijonitas D-001 prisotinamas Mn?* jonais.

2R — SO3Na* + Mn?* & (R- S03),Mn?* + 2Na* (1)

2. Mn(Il) jony, adsorbuoty jonitu, oksidavimas iki hidratuoto mangano
dioksido, kaip oksidatoriy naudojant NaOCI.

(R — S03),Mn?* + NaOCl + NaOH — R — SO;Na + HMO(s) + NaCl (2)

Hidratuoto mangano oksido dalelés pasiskirsté vidiniame jonito daleliy

pavirsiuje.

3. Terminis apdorojimas. Gauta kompoziciné medziaga praplauta 0,1 M HCI
tirpalu likusiam Sarmui neutralizuoti, o po to distiliuvotu vandeniu.
[8kaitinus vakuume 50 °C temperatiiroje 12 wval. gautas hibridinis
sorbentas.

Gautas adsorbentas apibuidintas taikant SEM, TEM ir XRD metodus.
Nustatyta mangano masé hibridiniame adsorbente, kuri sudaré apie 7,3 %.
TEM tyrimai parodé, kad hidratuoto mangano oksido nanodalelés padengé ir
vidinj katijonito granuliy pavirSiy. XRD tyrimais buvo nustatyta, kad jonite
esantis HMO yra amorfinés biisenos. Hibridinis adsorbentas panaudotas
Svino(II) jonams Salinti, jo didziausia sorbciné geba sieké 395 mg g™
Lyginant su neimpregnuotu katijonitu, hibridinis adsorbentas pasizyméjo
didesniu atrankumu §vino(II) jonams i§ tirpaly, kuriuose yra Ca?*, Mg®* ir Na*
jony. Valant $vino(Il) jonais uzterSta vandenj hibridiniu adsorbentu,
patalpintu j kolonéle, $vino(II) jony koncentracija pavyko sumazinti nuo 1 mg
L' iki maziau nei 0,01 mg L™ Pasiilytas ir prisotinto adsorbento
regeneravimas natrio acetato — acto ragsties tirpalu [18].

Biologinés kilmeés aktyvintoji anglis, gauta i§ Opuntia ficus-indica (OFI)
augalo, surinkto i$ IIT Kharagpur, Indijoje, panaudota Ni(I) ir Cu(Il) jony ir
daziklio Malachito Zaliojo (MG) daziklio adsorbcijai. OFI augalas yra kaip
atsinaujinantis adsorbentas, kurj galima panaudoti organiniams ir
neorganiniams terSalams pasalinti i§ vandens. Surinkti OFI augalai buvo
plaunami distiliuotu vandeniu, smulkinti, dziovinami 80 °C temperatiiroje
drégmei pasalinti. Toliau biomasé buvo malama, sijojama ir karbonizuojama
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400 °C temperattiroje nepertraukiamame azoto sraute. Gauta anglis buvo
aktyvinama impregnuojant natrio hidroksidu, siekiant padidinti deguonies
turin¢iy funkciniy grupiy skai¢iy. Paruostas sorbentas buvo iSbandytas
dvinaréje Cu-Ni ir trinaréje MG-Cu-Ni sistemose. Nustatyta didZiausia
adsorbciné geba MG atzvilgiu 1341 mg g, Cu(ll) — 49,9 mg g2, Ni(ll) — 44
mg g™ [19].

Sunkiesiems  metalams  (Svinui  bei  gyvsidabriui)  Salinti 1§
vienkomponenciy bei dvikomponenc¢iy modeliniy vandeniniy tirpaly buvo
paruosStas ir panaudotas nanokristalinés celiuliozés ir bentonito
nanokompozitinis sorbentas. Kaip nanokristalinés celiuliozés Saltinis
panaudotos makulatiros atliekos. Celiuliozé yra nattralus polimeras
sudarytas i§ linijiniy polisacharidy, kuriuose yra pakartotinai susijunge p-1,4
glikozidiniais rySiais du anhidrogliukozés ziedai. Siekiant padidinti
celiuliozés adsorbcines savybes, joje esancios hidroksilo funkcinés grupés gali
buti modifikuojamos jvairiais biidais: esterinimo, oksidacijos, amidinimo.
Pagamintas nanokompozitas buvo charakterizuojamas atliekant FTIR, SEM,
XRD, termogravimetring analiz¢ (TGA) bei iSmatuotas dzeta potencialas.
Pastarasis labai svarbus nustatant adsorbento izoelektrinj taska, t.y. pH verte,
kurioje adsorbentas neturi kriivio. Nustatyta, kad nanokompozito izoelektrinis
taskas pasiekiamas, kai pH yra 3,6. Svino(Il) ir gyvsidabrio(II) jony
adsorbcijai palankios pH vertés didesnés nei izoelektrinio tasko pH verté, nes
adsorbento pavirsius jkrautas neigiamai ir vyksta elektrostatiné saveika [20].

Kitame darbe [21] $vino(Il) ir vario(Il) jony Salinimas buvo tiriamas
naudojant mangano oksidu padengta smélj kaip adsorbentg statinémis
salygomis. Adsorbentas paruostas i§ kvarcinio smélio pilant ant jo verdantj
kalio permanganato tirpalg ir laSinant koncentruota druskos rtigsti. MiSinys
maiSomas 1 val., po to filtruojama, plaunama distiliuotu vandeniu ir
dziovinama kambario temperatiroje. Nustatyta, kad mangano oksidu
padengtas smélis pasizymi didesniu savituoju pavirSiaus plotu, o mangano
oksidacijos  laipsniai  adsorbente, nustatyti Rentgeno  spinduliy
fotoelektroninés spektroskopijos (XPS) badu, yra Mn* ir Mn**, Istirta ir
tirpalo pH jtaka. Nustatyta, kad adsorbuoto vario(II) ir §vino(II) kiekis didéja,
didéjant pH. Didéjant pH nuo 1,4 iki 5, vario(Il ir §vino(Il) jony sorbcija
didéja, o toliau didéjant, nekinta. Po sorbcijos tirpaly pH sumazé¢ja, tai galima
paaiskinti jony mainais tarp H* bei Cu?* ir Pb?* jony. Istirta temperatiiros bei
pasaliniy drusky koncentracijos jtaka. Didéjant temperattrai adsorbciné geba
didéja, taciau mazéja didéjant drusky koncentracijai. Nustatyta, kad vario(Il)
ir $vino(Il) jony adsorbcijos kinetikai apibiidinti labiausiai tinkantis modelis
yra pseudo-antrojo laipsnio modelis. Siuo tyrimu norima parodyti, kad gautas
sorbentas gali biiti naudojamas sunkiyjy metaly jonams Salinti i§ nuoteky.
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Didelis sorbcijos greitis leidzia nuotekas valyti dinaminémis sglygomis,
uzpildant kolonélg mangano oksidu padengtomis smélio dalelémis [21].

Tarp daznai naudojamy adsorbenty gamtiniai polimerai yra vieni i§
labiausiai zinomy, nes yra atsinaujinantys, nekenksmingi, ekologiski ir
bioskaliis. Chitozanas, po celiuliozés, yra antras pagal gausuma organinis
junginys gamtoje, kurj galima iSskirti i§ véziagyviy kiauty. Chitozanas
gaunamas deacetilinant chiting ir jvairiais fizikiniais bei cheminiai metodais
gali biiti modifikuotas paruoSiant naujus junginius. Kiny mokslininkai
susintetino naujag kompozicing medziaga pasizymincig adsorbcinémis
savybémis. Ji buvo gauta i§ chitozano, jj veikiant 2-tiofenkarboksaldehidu ir
gauta Shiff‘o bazé. Atskirai i§ FeCls ir FeCl, tirpaly miSinio nusodinimo
metodu paruosiamos Fe3O4 nanodalelés. Gautos juodos nuosédos pasizymeéjo
magnetinémis savybémis. Susidares FesOs4 buvo dedamas j chitozano Shiff*o
bazés (CSB) tirpala. Sis tirpalas buvo la§inamas j praskiesta vandeninj NaOH
tirpalg, kuriame tuoj pat nusédo CSB turincios nanodalelés. Gautas juodos
spalvos produktas, pavadintas CSB@ Fe3O4, buvo panaudotas Pb(ll) jonams
Salinti 1§ vandeninio tirpalo. Nustatyta, kad Pb(Il) jony sorbciné geba
priklauso nuo tirpalo pH, adsorbento kiekio, saveikos laiko, pradinés
koncentracijos ir temperatiiros. Svino(I) jony adsorbcijos pusiausvyra
nusistovéjo per 105 min. Pb(II) jony sorbcijos kinetikai apibtdinti geriausiai
tiko pseudo-antrojo laipsnio modelis. Tyrimo rezultatai parodé, kad Sis
ekologiskas ir nebrangus sorbentas gali biiti naudojamas kaip alternatyvi
medziaga $vino(IT) jonams $alinti i§ vandeniniy tirpaly [22].

1.2. Dazikliy $alinimas adsorbcijos budu

Dazikliai yra spalvotos medziagos, kurios naudojamos jvairioms
medziagoms suteikti norimg atspalvj. Po to, kai 1856 m. W. H. Perkinsui
netyCia pavyko susintetinti pirmajj sintetinj daziklj, $iy produkty pramoné
pradéjo sparciai vystytis. Tai i§sprendé naturaliy dazikliy trikumo problema,
bet sukelé kita — neiSvalytos nuotekos iSleistos j aplinka ja uzterSia. Net ir
naudojant nattiralius daziklius aplinka yra terSiama. Dazy sukibimui su
audiniais uztikrinti, naudojami mordantai, t.y. tam tikros risan¢ios medziagos
padedancios natiraliems dazikliams prisitvirtinti prie audinio. Sios risancios
medziagos yra daug pavojingesnés nei sintetiniai dazikliai. Spalvotos
nuotekos susidaro jvairiose pramonés Sakose, kuriose reikalingas dazymo
procesas (popieriaus, tekstilés, odos pramoné). Daznai susidariusios atliekos
yra kenksmingos aplinkai ir gyviems organizmams, tod¢l nuolat ieSkoma
ilgalaikiy ir efektyviy nuoteky valymo budy. Vis dar sunku parinkti vieng
efektyvy metoda, kuris iSspresty dazymo metu susidaranéiy nuoteky
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problema. Aisku viena, kad prie$ iSleidZiant nuotekas j aplinka, jos turi biti
iSvalomos. Vienas tinkamiausiy biidy nuotekoms iSvalyti yra adsorbcija.
Adsorbcijos procesui jtakos turi sorbento kiekis, nuoteky pH ir daziklio
koncentracija jose, kontakto tarp adsorbento ir adsorbato laikas ir temperattira
[23].

Zoliy geliy metodu susintetintas neorganinis-organinis kompozitas
modifikuotas poliamidoaminu buvo naudojamas daziklio Acid Blue 62
sorbeijai i§ vandeniniy tirpaly tirti. Sio daziklio sorbcijos kinetikai apibtdinti
tiko pseudo-antrojo laipsnio modelis, 0 pusiausvyros izoterméms — Langmuir
modelis. Nustatyta, kad optimalios adsorbcijos proceso salygos — riigstiné
terpé (pH 2), sorbcijos laikas 60 min, temperatira — 25 °C, adsorbento
koncentracija — 0,03 g L. Adsorbento koncentracijos jtaka tirta 0,01 — 0,1 g
L? intervale. Auksciausias pasalinimo laipsnis (94,07 %) buvo pasiektas, kai
adsorbento koncentracija 0,03 g L. Manoma, kad tolesnis sorbento masés
didinimas netur¢jo teigiamos jtakos dél sorbcijos viety akumuliacijos [24].

Vienas populiariausiy sorbenty yra aktyvintoji anglis (AC) [25]. Viename
i$ darby naudota trijy riisiy aktyvintoji anglis, kuri buvo pagaminta i§ abrikosy
luksty (ASAC), medzio (WAC) ir rieSuty kevaly (WSAC). Sie sorbentai buvo
panaudotas atrazinui ir Cr(III) $alinti i§ vienkomponenciy ir dvikomponenciy
tirpaly. Temperattiros didinimas turéjo teigiamos jtakos adsorbcijos procesui.
Adsorbciné geba Cr(IlI) jony atzvilgiu, esant 50 °C temperatiirai ir naudojant
WAC, ASAC ir WSAC buvo atitinkamai 193,45; 172,99 ir 136,36 mg g
Atrazino adsorbcijos atveju, adsorbciné geba tokiomis paciomis sglygomis
kaip ir Cr(Ill) jony, yra atitinkamai 166,76; 60,74 ir 159,26 mg g*. Tarp
atrazino ir Cr(IIl) jony vyksta konkurenciné adsorbcija, kai jie abu yra tirpale.
Atrazino adsorbcijos procesui mazai jtakos turi pH verté, bet ji svarbi Cr(I11)
jony adsorbcijai. Adsorbuoty Cr(III) jony kiekis didéja didéjant pH vertei iki
pH 6. Savitasis sorbento pavirSiaus plotas, poringumas ir adsorbenty
poliskumas turi jtakos atrazino adsorbcijai. Adsorbcijos pusiausvyra buvo
pasiekta per 5-8 val., didziausias adsorbcijos greitis buvo stebimas pirmaja
valandg, véliau adsorbcijos greitis sumazéjo. Nustatyta, kad Cr(IIl) jony ir
atrazino adsorbcijos greitj nulemia adsorbaty difuzija per skyscio plévele ir
difuzija daleliy viduje (vidiné difuzija) [25].

Pastaraisiais metais daug démesio skiriama ekologisky, pigiy ir efektyviy
sorbenty paieSkoms. Dash ir kt. [26] kaip adsorbenta tyré akmens anglies
degimo liekanas (CFA) toksiskiems dazikliams Malachito Zaliajam (MG) ir
Rodaminui 6G (R6G) salinti. Adsorbentas (CFA) buvo sulfonrtgstimi
funkcionalizuotas ir apdorotas Sarmu (HATF-SOsH), modifikuotas 3-
merkaptopropiltrimetoksisilanu (3-MPTS). Paruostas sorbentas panaudotas
MG ir R6G dazikliy tirpalams valyti. Dazikliy adsorbcija vyko pagal pseudo-
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antrojo laipsnio kinetinj modelj, o sorbcijos proceso pusiausvyrai apibiidinti
buvo tinkamiausias Langmuir izotermés modelis. Didziausia adsorbciné geba
233,30 mg g (MG) ir 381,70 mg g* (R6G) buvo pasiekta, kai tirpaly pH 8.
ApskaiCiuoty termodinaminiy parametry AH® ir AG® vertés reiskia, kad
dazikliy MG ir R6G adsorbcija HATF-SO3H sorbentu buvo fizikinis procesas.
Dazikliy Bazinio Fuksino (BF), Bazinio Zaliojo (BG) ir Riigstinio Turkio
Mélynojo A (ATBA) sorbcija buvo tiriama hidroksi-aliuminiu padengto
bentonito (Al-Bent) sorbentu [27]. Pasiekta BF ir BG dazikliy adsorbciné geba
modifikuotu bentonitu buvo 6,5 mg g ir 9,9 mg g*. Adsorbento pavirSiaus
kriivis yra svarbus veiksnys adsorbato kaupimui. Tirpalo pH nulemia
adsorbento pavirSiaus krivj. Neigiamai jkrautas bentonito pavirSius
subalansuotas $arminiy metaly ir $arminiy Zemiy katijony (Na* ir Ca?")
kriviui. Siuos katijonus galima pakeisti neorganiniais hidroksi-metalo
polikatijonais, kurie sumazina modifikuoto sorbento Al-Bent pHpzc. Taigi,
adsorbenty pavirsius turi neigiamo kriivio pertekliy kai pusiausvyros tirpalo
pH yra didesnis nei jy pHpzc. Adsorbcijos geba pasikeité nezymiai pH vertei
padidéjus nuo 2 iki 8. Dazikliy adsorbcijos eksperimentiniams duomenims
jvertinti labiausiai tiko pseudo-antrojo laipsnio kinetinis modelis, BF ir BG
dazikliy adsorbcijos greitis buvo didesnis nei daziklio ATBA. Henry ir
Freundlich izotermiy modeliai buvo panaudoti adsorbcijos duomenims
apibudinti. Pasiekta auksta dazikliy BF, BG ir ATBA sorbciné geba sorbentu
Al-Bent placiame dazikliy vandeniniy tirpaly koncentracijy diapazone.
Metilo violetinis (MV) yra vienas i§ toksisky dazikliy naudojamy
popieriaus ir tekstilés pramonéje. Sio daziklio $alinimui i nuoteky naudojami
jvairiis sorbentai: chitozanas, zemés tikio atliekos, aktyvintyjy angliy milteliai,
akmens anglies degimo liekanos, perlitas ir kiti. Asadi ir kt. [28] tyré daziklio
MV adsorbcija kalcio alginato hidrogelio granulémis ir magnetiniais
hidrogelio rutuliukais. Sorbento paruoSimui buvo naudojamas natrio
alginatas, kuris yra natiiralus polimeras sudarytas i§ a-L-gulurono ir B-D-
manurono rag8ciy liekany, todél gali susidaryti rySius su Kitomis
medziagomis. Hidrogeliy susidarymas yra viena i§ pagrindiniy natrio alginato
savybiy. Jie susidaro, kai gulurono riigstyje esancius natrio jonus pakeicia
katijonai, turintys kriivj 2+ (Ca®", Sr*, Ba?* ir t.t.). Siame darbe susintetinto
gelezies oksido nanodalelés buvo jvestos j kalcio alginato matricg. Atlikus
adsorbcijos tyrimus nustatyta, kad daziklio MV adsorbcijos procesas,
naudojant kalcio alginato hidrogelio ir magnetinio hidrogelio granules, yra
greitas. Adsorbcija jvyksta per mazdaug 10 min. Didziausia gauta daziklio
MV sorbciné geba i§ vandeniniy tirpaly kalcio alginato hidrogelio ir
magnetinio hidrogelio granulémis atitinkamai yra 889 ir 713 mg g™. Paruosti
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sorbentai pasizymi didele sorbcine geba, patogiu atskyrimu nuo valomo
tirpalo ir yra draugiski aplinkai.

Kempininiy gryby Trogo virvuotés (Funalia trogii) biomasé buvo
iSbandyta kaip adsorbentas daziklio Kongo Raudonojo (CRD) $alinimui i$ jo
vandeniniy tirpaly. Funalia trogii biomasés savybéms pagerinti, ji buvo
modifikuojama iminodiacto ragstimi arba trietilentetraaminu. Nustatyta, kad
amino-, hidroksilo- ir karboksi- grupés dalyvauja daziklio CRD adsorbcijos
procese. Didziausia neapdorotos biomasés sorbciné geba 90,4 mg g?, o
aminodiacto riigStimi ir trietilentetraaminu modifikuoty sorbenty -
atitinkamai 153,6 ir 193,7 mg g* [29].

Siandienines nuoteky valymo problemas biity galima igspresti naudojant
nanosorbentus. Atlikti tyrimai kuriant jvairius nanokompozitus. Vienas jy yra
zoliy-geliy budu gautas kubinés struktiros 7y-FeOs-aktyvintyjy angliy
nanokompozitas (y-Fe:03-NP-AC), kuris buvo panaudotas dazikliy
Reaktyviojo Raudonojo 223 (RR) ir Malachito Zaliojo (MG) misinio
selektyviajai adsorbcijai naudojant ultragarsa. Ultragarsas naudojamas
méginyje esan¢ioms daleléms suzadinti, Sivo atveju buvo naudotas >20 kHz
ultragarso daznis. Nustatyta, kad pasiekus optimalias salygas daziklio RR
sorbcijai (pH 11; adsorbcijos laikas 0,4 min; nanokompozito kiekis — 0,02 g ir
25 mg L* daziklio koncentracija) i§ misraus dazikliy tirpalo buvo pasalinta
92,12 % RR ir 10,05 % MG dazikliy. Pasiekus optimalias salygas daziklio
MG sorbcijai (sobcijos laikas 6,80 min; nanokompozito masé — 0,016 g; pH
11; 25 mg L daziklio koncentracija, jo pasalinimo laipsnis i§ misinio buvo
85,32 %, o daziklio RR — 32,13 % [30].

Daziklio rodamino skaidymui veikiant matoma $viesa bei H>O- ir daziklio
Kongo raudonojo (CRD) adsorbcijai buvo susintetintos a-Fe;Os3 ziedinio
koptisto formos mikrostruktiiros, sudarytos i§ nanodydzio pumpury. Daleliy
sintezé atlikta naudojant vieno zingsnio ,toluenas — vanduo® tarpfaziniy
reakcijy metodg. Sios struktiiros pasizymi puikiais vandens valymo
rezultatais, auk$tu organiniy dazikliy ir sunkiyjy metaly pasalinimo laipsniu
bei didesniu fotokatalitiniu aktyvumu skaidant daziklj rodaming (esant H>05)
lyginant su komerciniais a-Fe;Oz milteliais. Buvo atlikti azodaziklio CRD
adsorbcijos kinetikos tyrimai. Adsorbcijos tyrimo rezultatai gauti naudojant
UV-regimosios $viesos sprektrofotometrijos metoda, Kongo raudonajam
biidinga smailé yra ties 498 nm. Kai daziklio koncentracija yra 80 mg L, 0
susintetintos ziedinio kopiisto struktiiros a-Fe,Os masé 20 mg, pasiekiamas 80
% daziklio pasalinimo laipsnis. Sorbento struktiira po adsorbcijos proceso
nepakito. Po adsorbcijos sorbentas buvo regeneruotas kalcinuojant ore 400 °C
temperatiiroje 2 val. Padarytos FESEM nuotraukos parodo, kad struktiiroje
pakitimy nebuvo. Toliau susintetintos dalelés buvo naudojamos Cr(VI) ir
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Pb(1I) jonams Salinti. Buvo pasickta 17,27 mg gt sorbciné geba Cr(VI) ir
32,54 mg g* Pb(ll) jonams. Fotokatalizinés o-Fe,O; Ziedinio kopiisto
mikrostruktiiry savybés buvo istirtos daziklio rodamino skaidymui veikiant
regimagja $viesa ir vandenilio peroksidu. DaZiklio Rodamino fotokatalizinio
skilimo procesas sekamas pagal absorbcijos smailés intensyvumo pokytj ties
553 nm, po 120 min ji praktiskai dingsta [31].

Daziklio Metileno Mélynojo (MB) $alinimui gali bGiti naudojami jvairts
sorbentai: ryziy lukstai, karviy méslas (CDB) ir aktyvintosios anglys, gautos
buitiniy nuoteky dumbla (SB) pirolizuojant 500 °C temperattiroje [32], Alzyro
kaolinas [33], aktyvintosios anglys, gautos i§ Ficus carica plausy [34], rieSuty
lukstai [35]. Buvo nustatytos optimalios daziklio MB sorbcijos riesuty lukstais
salygos: sorbcijos laikas — 2 val. MB koncentracija20 mg L, pH 6, 1,25g L
! adsorbento. Siomis sglygomis pasiektas 97,1 % daziklio MB pasalinimo
laipsnis i§ jo vandeninio tirpalo [35]. Dazikliy MB, metiloranzo (MO) ir
Rugstinio Mélynojo-113 (AB) Salinimui taip pat buvo paruostos milimetro
dydzio tusc¢iavidurés kapsulés, kuriose chitozano/karboksimetilceliuliozes
(CTS/CMC) molinis santykis buvo 1/1 ir 1/1,5. Sis sorbentas buvo paruostas
maiSant teigiamai jkrautg CTS su neigiamai jkrauto CMC tirpalu, veikiant
elektrostatinei sgveikai. Dazikliy adsorbcija vyko ant tusciavidurés kapsulés
membranos. Buvo pasiektas mazas Sio sorbento efektyvumas teigiamai
ikrauto daziklio MB atzvilgiu, bet aukstas efektyvumas Salinant neigiamai
jkrauta AB daziklj. Nustatyta, kad sorbento CTS/CMC sorbciné geba MB,
MO ir AB atzvilgiu yra atitinkamai 64,6, mg g, 334,8 mg g ir 526,8 mg g*
[36].

Organiniy junginiy MG, MO, p-chlorofenolio Salinimui i§ modeliniy
sistemy buvo panaudotas Ca-alginato hidrogelis, o hidrogelis su jterpta
nanodydzio nulinio oksidacijos laipsnio gelezimi (NZVI-alginatas) bei gryna
NZVI taikyti terSaly degradacijos (skilimo) kinetikai tirti. Tersaly adsorbcijai
Ca-alginatu apibudinti labiausiai tiko Langmuir‘o izotermés modelis.
Vadinasi, vyksta monosluoksné adsorbcija iSorinéje Ca-alginato hidrogelio
dalyje, be to, difuzijos greitis hidrogelio granul¢je maz¢ja kintant tirpinio
kraviui i§ teigiamo ] neigiamg. TerSaly kriivis taip pat turi jtakos ir
degradacijos procesui, kurj sukelia NVZI-alginato hidrogelis. Hidrogelyje
esantys laisvi kalcio jonai mazina organiniy terSaly skaidymo ir adsorbcijos
efektyvuma [37].
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1.3. Neorganiniy teraly $alinimas naudojant vandens apdorojimo
atliekas

Visame pasaulyje geriamojo vandens Saltinis yra pavir§iniy vandens
telkiniy arba pozeminis vanduo, kuris prie§ vartojimg turi biiti valomas.
Valymo metu susidaro kietos atliekos, kuriy tolimesniu pritaikymu pastaruoju
metu aktyviai domimasi.

Lietuvoje gelezies koncentracija poZzeminiame vandenyje yra nuo 0,5 iki
3,5 mg L?, kartais net didesné. Pagal Lietuvos higienos standartus (HN
24:2003) gelezies koncentracija geriamajame vandenyje negali buiti didesné
nei 0,2 mg L, todél vanduo gerinamas aeracijos metodu. Pagrindiné kietosios
medziagos, susidarancios vandens ruoSimo jmonése, dalis yra amorfinis
Fe O3, kuris nekenksmingas, atsinaujinantis, pasizymi stabilia chemine
sudétimi. Lietuviy autoriai [38] pasitlé Sias atliekas naudoti keramikos
produkty gamyboje. Fe.Os oksidas suteikia intensyvig spalva keramikos
produktams dél jose esancio hematito.

Gelezies junginiai i§ geriamojo vandens daznai Salinami vandens aeravimo
procesu, kurio metu vyksta Fe(l1) oksidacija iki Fe(l11), o Mn(I1) — iki Mn(1V)
jony, taip pat vyksta Siy jony hidrolizé. Gautose nuosédose dazniausiai
vyrauja gelezies hidroksidai, okso-hidroksidai ir mangano dioksidas, o jy
struktiira — amorfiné. Sios atliekos pasizymi gera adsorbcine geba arsenato
jony atzvilgiu, nustatyta, kad Sias atlickas galima regeneruoti [39]. Vandens
nugelezinimo atliekos susidariusios ,,Na Grobi“ vandens ruoSimo stotyje
(Wroctaw, Lenkija) buvo panaudotos hibridiniam sorbentui gaminti. Fe-Mn
atliekos buvo patalpintos j chitozano matrica, kad sorbentas biity tinkamas
naudoti srauto sistemoms (kolonéléje). Atlieky suspensija buvo maiSoma su
chitozanu, kuris buvo iStirpintas druskos rtgStyje. Gaunama klampi
suspensija. Sferinéms granuléms gauti, suspensija Iétai la§inama j 0,5 M natrio
Sarmo tirpalg. Toliau seka atskyrimas, plovimas distiliuotu vandeniu,
veikiama 0,25 % glutaraldehido tirpalu santykiu 3:1 (riSancioji medziaga :
chitozanas). Gautas hibridinis polimeras buvo panaudotas As(lI1) ir As(V)
jonams S$alinti. DidZiausia adsorbciné geba, nustatyta remiantis Langmuir
izortermés modeliu esant neutraliai ir riigStinei terpéms, atitinkamai buvo
44,17 mg As(l11)/g arba 26,80 mg As(V)/g ir 50,73 mg As(I11)/g arba 82,99
mg As(V)/g [40].

Nattraliai vandens valymo metu susidarancios atliekos iSbandytos kaip
adsorbentai sunkiyjy metaly Salinimui i$ sintetiniy tirpaly, pavir$iniy vandeny
ir nuoteky. Siy atlieky pagrindiné sudedamoji dalis yra geleZies (hidr)oksidas.
Atlikus vandens nugelezinimo atlicky BET ploto matavimg, buvo nustatytas
170,7 m? g! plotas bei paviriaus porétumas, atliekose vyrauja mikro ir
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mezoporos. Gauti adsorbcijos ir regeneravimo rezultatai buvo lyginami su
getitu. Atlieky sorbciné geba As(V), Cd?*, Pb? ir Zn?* jony atzvilgiu i§
vandeniniy tirpaly pralenkia komerciskai parduodamo getito sorbcine geba
100400 % salinant metalus i§ vienkomponenciy sistemy ir 240 % Salinant
terSalus 1§ daugiakomponenciy sistemy. Didziausia adsorbciné geba gauta
Salinant As(V), Pb?* ir Zn?* jonus [41].

Paskelbta daug tyrimy, kurie rodo, kad vandens apdorojimo atliekos gali
kaupti As(V) ir P(V) anijonus, taiau tik keletas darby skirta $iy atlieky
giminingumui metaly jonams tirti. Be to, nezinomas atlieky neorganinés ir
organinés frakcijos vaidmuo metaly ir nemetaly adsorbcijos procesuose.
Vario(Il) ir §vino(Il) jonams adsorbuoti buvo panaudotos dviejy skirtingy
risiy  vandens apdorojimo atlieckos. Pirmosiose vyravo geleZies
(oksi)hidroksidai, o antrosiose — aliuminio. Rentgeno spinduliy difrakciné
analizé parodé, kad atliekos amorfinés. Taip pat jose buvo humuso ir fulvo
rugséiy bei kity organiniy medziagy. Nustatyta, kad vario(Il) ir $vino(II) jonai
sorbuojami susidarant pavirSiniams kompleksams. Didele jtaka adsorbcijai
turi organinés medziagos, esancios atlieky sudétyje. Ekstrakcijos procedira
parodé, kad tik maza adsorbuoty §vino(Il) ir vario(Il) jony dalis yra vandenyje
tirpios formos. Didzioji dalis yra stipriai suriSta ir gamtinémis salygomis
negaléty lengvai iSsiskirti j aplinkg. Tyrimo autoriai mano, kad tokios atliekos
gali biiti naudojamos kaip metalus suriSanCios medziagos rtugSciuose
dirvozemiuose bei vandeniui, uzterStam Svino(Il) bei vario(Il) jonais, valyti
[42].

Statinémis salygomis buvo istirtas Co(Il) jony $alinimas i§ vandeniniy
tirpaly, kaip sorbenta naudojant vandens apdorojimo atliekas. Sios atliekos
buvo gautos i§ vandens apdorojimo gamyklos, kurioje kaip flokuliantai
naudojamos gelezies(Ill) ir aliuminio druskos. Nustatyta, kad Siy atlieky
savitasis pavir$ius 81 m? g, jos sudarytos i3 netaisyklingos formos amorfinés
struktiros daleliy. I8tirta, kad Co(ll) adsorbcijos greitis didelis, 90 %
pusiausvirosios adsorbcijos gebos iSnaudota per pirmagsias 12 valandy.
Adsorbcijos pusiausvyra pasiekta po 30 valandy ir didZiausia adsorbciné geba
lygi 16,6 mg g*. Kobalto(II) adsorbcijai jtakos turéjo pH ir tirpalo joniné jéga.
Nustatyta, kad Co(ll) adsorbcija — tai savaiminis, endoterminis procesas,
kuriam vykti palanki aukStesné temperatira. Atlikti ir desorbcijos
eksperimentai, kuriy metu i$siaiskinta, kad desorbcijos laipsnis susijes su
tirpalo pH verte: did¢jant pH, desorbuoto Co(Il) kiekis sumazéja [43].

Pastaruoju metu labai daug démesio skiriama Svaresnés aplinkos ir
pramongs be atlieky kiirimui. Batent dél to kuriami budai, kaip perdirbti arba
panaudoti pakartotinai savaime susidarancius pasalinius produktus kituose
procesuose. Pramoninés plieno gamybos atlickos, smulkiis geleZies oksido
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milteliai, buvo surinkti ir sumalti, kad susidaryty nanodalelés (IOWNP), tada
jie buvo sujungti su biologiskai skylan¢iu polimeru — alginatu. Susidares
nanokompozitas IOWNPs-Alg panaudotas $vino(ll), kadmio(ll) ir vario(ll)
jony sorbcijai. Sorbeijos pusiausvyra pasiekta po 30 minuciy, o sorbciné geba
Svino(ll), vario(Il) ir kadmio(ll) jony atzvilgiu atitinkamai 564 mg g, 158 mg
gtir 102,2 mg gt. Naudoti skirtingi kinetiniai modeliai adsorbcijos greiciui
apibtidinti: pseudo-pirmojo ir pseudo-antrojo laipsniy modeliai, Elovich,
daleliy difuzijos ir Banghamo modeliai. Kadmio(ll) jony sorbcijai [OWNPs-
Alg nanokompozitu apibiidinti labiausiai tiko pseudo-pirmojo laipsnio
modelis, o vario(ll) ir $vino(ll) jony sorbcijai — pseudo-antrojo laipsnio
modelis [44].

Mokslininkas X. Li su bendradarbiais [45] vandens apdorojimo atliekas
panaudojo fosfaty Salinimui ir nustaté, kad norint panaudoti Sias atliekas kaip
filtra, negalima panaudoti milteliy, bet reikia suteikti jiems forma.
Mokslininkai sitilo $iuo tikslu jterpti atlieky miltelius j polivinilo alkoholio
(PVA) matricg naudojant pakartotinj atSildyma ir uzSaldyma. PVA medziaga
tirpinama vandenyje, miSinys kaitinamas apie 85 °C temperatiiroje, Kol
iStirpsta PV A, atvésinama iki kambario temperattiros ir sudedamos atliekos.
Gautas miSinys iSpilstomas j formas ir Saldoma 20 °C temperattroje 12 val.,
po juy 4 val. atSildomas kambario temperatiiroje, Sis procesas pakartojamas 3
kartus. Paruostam sorbentui atliekamas ir sunkiyjy metaly labilumo testas.
Atlikti sorbcijos kinetikos tyrimai naudojant negranuliuotas ir granuliuotas
atliekas fosfatams Salinti parod¢, kad pradinis sugerties proceso greitis didelis
ir pasiekiama net iki 93,4 % sorbciné geba per pirmasias 12 val. Pusiausvyra
pasiekta po 48 val. Pastebéta, kad granuliuotas sorbentas pasizymi Siek tiek
mazesne sorbcine geba nei milteliy pavidalo atliekos. Manoma, kad tam jtakos
turi PVA jterpimas, kuris sumazina granuliy sorbcing geba. Tirpalo pH yra
vienas 1§ svarbiy parametry sorbcijos procesui reguliuoti. Fosfato jonams
Salinti granuliuotomis ir negranuliuotomis atliekomis palankus yra ragstinis
pH: kai tirpalo pH 3, atitinkamai pasiekiama 7,76 mg g* ir 8,68 mg g*
sorbciné geba. Kadangi, granuliuoty ir negranuliuoty atlieky pHp,c buvo
atitinkamai 7,2 ir 7,6, galima teigti, kad riigs¢ioje terpéje sorbento pavirsius
biina jkrautas teigiamai, kas yra palanku neigiamy fosfato jony sorbcijai.

Fluorido jony adsorbcijai i§ pramoniniy atlieky buvo panaudotos j kalcio
alginata jterptos vandens gerinimo metu susidarancios atliekos. Sios atliekos
buvo gautos i§ vandens gerinimo stoties esan¢ios Seoul, Piety Koréjoje. Sioje
valymo stotyje kaip koaguliantas naudojamas polialiuminio chloridas. Gautos
atliekos i3dZiovinamos, smulkinamos bei sijojamos. Siose atlickose vyrauja
anglis, silicis ir aliuminis, gerokai mazesnis kiekis yra gelezies, kalio, kalcio
ir kity elementy. TermiSkai apdorotos (450 °C temperatiiroje 4 val.) atliekos
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sumai$omos su natrio alginato tirpalu, gerai iSmaiSoma, kad atlieky dalelés
pasiskirstyty natrio alginate, tada sulaSinamas kalcio chlorido tirpalas.
Pagamintos granulés plaunamos distiliuotu vandeniu ir dziovinamos. Fluorido
jony pasalinimo efektyvumui nustatyti termiskai apdorotomis atlieckomis ir
granuliuotu sorbentu buvo atlikti tyrimai reguliuojant tirpalo pH, kinetikos ir
pusiausvirosios adsorbcijos tyrimai. Nustatyta, kad palanki fluorido jony
adsorbcijai pH verté buvo 6, pasiekta 28,15 mg g sorbciné geba. Per
pirmasias 20 min pasiekta mazdaug 90 % sorbciné geba, o pusiausvyra
nusistove¢jo po 2 valandy. Abu sorbentai buvo isbandyti realiy nuoteky
valymui. Tuo tikslu atlikti eksperimentai kolonose ir buvo istirta, kad didéjant
fiksuoto sluoksnio auksciui, didéja ir dinaminé sorbciné geba iki proverzio.
Kai fiksuoto sluoksnio aukstis yra 60 cm, pasiekiama didziausia sorbciné geba
19,36 mg g Kiti nuotekose esantys anijonai (nitrato, chlorido, sulfato)
neturéjo jtakos fluorido jony Salinimui [46].

1.4. Organiniy junginiy Salinimas katalizinio skaidymo btdu

Organiniams terSalams i§ nuoteky Salinti naudojami pazangts oksidacijos
procesai. Organiniy junginiy oksidacijos procesa skatina susidar¢ aktyvis
hidroksilo radikalai. Sie radikalai gali susidaryti Fenton proceso metu
vykstant reakcijai tarp vandenilio peroksido ir gelezies(Il) jony
katalizatoriaus, kuris regeneruojamas vykstant reakcijai tarp vandenilio
peroksido ir gelezies(IIT) jony [47]:

Fe?* + H,0, — Fe3* + OH™ + « OH (3)
Fe3* 4+ H,0, - FeOOH?* + H* 4)
FeOOH?* — OH} + Fe?* (5)
Organinis junginys + HO ¢ — Oksiduotas tarpinis junginys (6)
Oksiduotas tarpinis junginys + HO « - CO, + H,0 (7

Hidroksilo radikaly atsiradimg skatina tirpalo pH savireguliacija iSsiskiriant
Fe?* ir vykstant Fe?*/Fe3* ciklui [48]. Siekiant sumazinti sunaudojamy geleZies
tirpaly kiekius bei iSvengti geleZies nuosédy susidarymo, tiriama galimybeé
naudoti jvairias gelezies turin¢ias medziagas panasiuose j Fenton procesuose.
Heterogeninei Fenton katalizei reikalingi Kkieti katalizatoriai. Tokiais
katalizatoriais bandoma naudoti tick gamtoje randamas medziagas, tiek
susintetintas nanodaleles.
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Ivairios  gelezies  turinCios medziagos  (oksidai,  hidroksidai,
oksihidroksidai) priskiriamos perspektyviems heterogeniniams
katalizatoriams [49, 50]. Jy gausa, nezymus toksiSkumas, pigumas ir geras
katalizinis aktyvumas yra jy pagrindinés teigiamos savybés [49].
Heterogeniniy Fenton katalizatoriy katalizinis efektyvumas priklauso nuo jy
fizikiniy ir cheminiy, struktiiriniy ir pavirSiaus savybiy [50, 51]. Be to, H.O-
ir katalizatoriaus koncentracija, temperatiira, tirpalo pH ir terSaly pobudis turi
jtakos skilimo procesui [52]. Heterogeniniy katalizatoriy pranaSumas yra jy
aktyvumas ne tik rhgstingje terpéje, bet ir beveik neutralioje [52].
Kataliziniam dazikliy CRD, Eozino raudonojo, MB [53] bei Rugstinio
raudonojo G [54] skaidymui esant matomoje $viesoje susintetintos a-Fe;O3
zemés rieSuty formos nanodalelés [53] ir a-Fe;Os; mésainiy formos
nanodalelés [54]. Nustatytas o-Fe;Osz milteliy [51] bei i§ getito ir akaganeito
gauty nanokompozity [55] fotokatalizinis aktyvumas skaidant MO. Labai
daznai, ypatingai rugstinéje terpéje, homogeniné ir heterogeniné Fenton
reakcijos vyksta tuo paciu metu. Homogeninj procesa gali inicijuoti gelezis,
kuri nuo kieto pavirSiaus pereina | tirpalg [49]. Dél to jvairios geleZies
turinios medziagos pasizymi didesniu kataliziniu aktyvumu [56].
Homogeninio ir heterogeninio procesy indé¢lj tyré mokslininkas Prucek ir kt.
[57]. Isnagrinétas ir homogeninio proceso vaidmuo hidroksilo (¢«OH) radikaly
susidaryme, kaip Kkatalizatoriy naudojant a-FeOOH [58]. Vykstant
homogeniskam UV-Fenton procesui hidroksilo radikalai formuojasi aktyviau
i heterogening UV-Fenton sistema pridéjus oksalato [58]. Gelezies junginiais
taip pat gali buti padengti jvairas kieti pavirsiai [49, 50]. Dazy skaidyma
paspartino gelezies junginiais padengtos aktyvintosios anglys [59] arba jais
modifikuotas silicio dioksidas [60]. Placiai iStirtas adsorbcijos ir Fenton
proceso sinergetinis veikimas [61]. Daziklio spalvos pasalinimui sujungti
adsorbcijos ir katalizés procesai, naudojant aktyvintasias anglis bei H,O> [62].
Pastaruoju metu iSbandomas jvairios sudéties atlieky, kurios susidaro
pramoniniy procesy metu, katalizinis aktyvumas. Gelezies turinCios kietos
medziagos tinkamos vandenilio peroksido aktyvavimui. Metiloranzu ir kitais
dazikliais uzter$ty nutekamyjy vandeny valymo sgnaudas, nepakenkiant
proceso efektyvumui, galima sumazinti kaip katalizatorius vietoje geleZies
drusky naudojant plieno arba aukso kasyklose susidarancias atlickas [63, 64,
65]. Elektrinio lanko krosnyje plieno gamybos metu susidarantis Slakas
suaktyvinamas sieros rtigstimi ir panaudojamas kaip katalizatorius tamsoje
vykstan¢iame Fenton procese, dazikliams MB ir Ragstiniam Mélynajam 29
(AB29) skaidyti [66]. FeO turinios atlickos buvo panaudotos dazikliui
Reaktyviajam Raudonajam 24 skaidyti jo vandeniniame tirpale [67].
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Kaip katalizatorius buvo panaudotas natiiralus piritas [48], i§ stambiojo
duonmedzio (Artocarpus heterophyllus) zieveliy ekstrakto [68], i§ tikrojo
longano (Dimocarpus longan) [69] susintetintos Fe nanodalelés ir Fe3Oa
nanodalelés modifikuotos jas sulfidinant [70] ir kt. Taip pat kaip katalizatorius
gali buti panaudojamos ir vandens valymo vietose susidarancios atliekos,
kuriose yra gelezies. Apdorojus gelezies turintj dumbla, jis buvo panaudotas
kaip katalizatorius toluenui, propanui ir jy misiniui oksiduoti. Gauti rezultatai
parodé, kad Siy atlieky katalizinis aktyvumas yra didesnis nei komerciskai
jsigyjamo gelezies oksido [71].

1.5. Hibridiniai sorbentai

poringos medziagos, sudarytos i§ dviejy heterogeniSkai sujungty faziy:
funkcionalizuotos polimerinés fazés, kuri, paprastai, yra pagrinding, ir
neorganinés metalo ar metalo oksido fazés, kuri yra smulkiai pasiskirs¢iusi
pagrindinéje fazéje. Tokios hibridinés medziagos savybés daznai priklauso
nuo polimerinéje fazéje esanciy funkciniy grupiy prigimties, o taip pat ir nuo
joje pasiskirsciusiy nanodaleliy dydzio ir prigimties. D¢l funkciniy grupiy
jvairovés ir jvairiy veiksniy nulemianéiy nanodaleliy dydj, galima kontroliuoti
hibridinés medziagos savybes. Hibridiné medziaga iSsaugo abiejy faziy
savybes, taCiau tuo paciu pasiZymi ir sinergetiniu abiejy faziy veikimu.
Hibridiné medziaga gali buti palyginta su lydiniu, kuris pagamintas i$
skirtingy metaly, Kurie iSsaugo savo individualias savybes mikroskopiniu
lygiu, taciau visumoje lydinio savybés pageréja ir gali Zymiai skirtis nuo
individualiy metaly savybiy. Hibridiniy nanosorbenty sorbciné elgsena gali
biiti pakreipta norima linkme, pakeiciant polimeriniy funkciniy grupiy
prigimtj taip, kad vykty atranki tam tikry daleliy sorbcija, arba priesingai, jos
visiskai nesisorbuoty. Be to, hibridiniai sorbentai lengvai regeneruojami, kas
néra jmanoma naudojant metaly oksidy nanodaleles. [vairiai komponuojant
skirtingos cheminés prigimties, fizikiniy savybiy ir morfologijos fazes,
pavyzdziui, funkcionalizuotus polimerus ir neorganines nanodaleles, galima
paruosti jvairiy tipy hibridinius jonitus, kurie galéty buti taikomi aptinkant
toksiSkus metalus ir aplinkos tarSai mazinti [72].

Aplinkai draugiskas hibridinis sorbentas buvo gautas i$ sintetinio
katijonito su funkcinémis sulfogrupémis. Naudojant FeCls tirpala, jis
paverciamas Fe®* formos jonitu. Tuomet Fe3* jonai desorbuojami ir tuo paciu
metu nusodinami jonito daleliy viduje, ji veikiant NaCl ir NaOH tirpaly
miSiniu. Hibridinis anijonitas paruostas i§ sintetinio anijonito, veikiant jj kalio
permanganato arba kalcio hipochlorito (CaOClI) tirpalu, paverciant anijonitg
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MnQ, arba OCI" formos sorbentu. Po to jonitas maiSomas FeCls tirpale,
chlorido jonai pakei¢ia MnO4 arba OCI- jonus, o Fe?* jonai jonito viduje
oksiduojasi iki Fe** jony, reaguodami su MnO4™ ar OCI" jonais, kurie isiskiria
1§ jonito. Galiausiai, veikiant NaOH tirpalu, nusodinamos Fe(III) hidroksido
dalelés, iSsidéstancios jonito pory viduje [72].

Pastaruoju metu daug kalbama apie vandens valyma naudojant paruostas
nanodaleles, kurios pasizymi dideliu savituoju pavirSiaus plotu ir dideliu
cheminiu aktyvumu. Ypac¢ gelezies oksido nanodalelés yra perspektyvus labai
reaktyvus adsorbentas. Gelezis kaip elementas yra netoksiskas, Zemés plutoje
jo yra palyginti daug (apie 6 %). Anksciau atliktais tyrimais jrodyta, kad
gelezies oksido nanodalelémis galima efektyviai S$alinti neorganinius
anijonus: arsenatus, perchloratus, bromatus. Taciau praktikoje tiesiogiai déti
nanodaleles i valomg vandenj nejmanoma, nes sunku jas atskirti i§ iSvalyto
vandens, be to, jy poveikis sveikatai dar néra gerai iSsiaiskintas. IS kitos pusés,
granuliuotos aktyvintosios anglys menkai adsorbuoja neorganinius anijonus is
vandens, nors yra efektyvios Salinant jvairius organinius terSalus. Taciau
anglys gali buti puiki atraminé medZziaga, nes yra chemiSkai stabilios,
mechaniskai tvirtos, pasizymi dideliu savituoju pavirSiaus plotu, gaminamos
pramoniniu biidu. Sujungus geleZies oksido nanodaleliy ir aktyvintyjy angliy
fazes, turéty buti gauta puiki medziaga, pasizyminti abiejy sudétiniy daliy
gerosiomis savybémis. Dazniausiai tokio tipo sorbentai ruoSiami granuliuotas
aktyvintgsias anglis impregnuojant geleZies drusky tirpalais. Gauti hibridiniai
adsorbentai sugeria jvairius anijonus: arsenatus, selenitus, dichloretana.
Galimas Siy medziagy paSalinimo mechanizmas susij¢s su elektrostatine
trauka, jony mainais, pavirSiniy kompleksy susidarymu. Viename i§ darby
aprasyta adsorbento, gauto i§ nanodydzio gelezies hidroksido, jterpto ant
granuliuotos aktyvintosios anglies, sintezé ir jo adsorbciné elgsena
perchlorato anijony atzvilgiu. Adsorbentas gautas gelezies sulfato tirpalo
hidrolizés budu, tirpale maiSant aktyvintyjy angliy granules 100 — 120 °C
temperattroje. Papildomai buvo lasinama 0,5 M NaOH tirpalas. Nustatyta,
kad perchlorato jony sorbcijos procese lemiamas vaidmuo tenka gelezies
oksido nanodaleléms: 1 gramu gelezies galima adsorbuoti 17,5 mmol
perchlorato jony. Taciau sorbcijos metu ] tirpalg pereina sulfato jonai, todél
adsorbcijos procesas, naudojant tokj adsorbenta, negali uztikrinti visisko
drusky pasalinimo i§ vandens, reikéty papildomy procediiry [73].

Al/Fe oksido-oksihidroksido kompozicinés medziagos milteliai buvo
susintetinti hidroterminiu metodu, naudojant $iy metaly drusky tirpalus ir
karbamidg, kaip pradines medziagas. Nustatytas [AI*]:[Fe**] santykio ir
pavirsinio aktyvumo medziagos acetiltrimetilamonio bromido (CTAB) jtaka
fazinei sudédiai, tekstiirai, morfologijai. Sorbcinés kompozitinés medziagos
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savybés buvo tiriamos naudojant kalio dichromato tirpalus. Nustatyta, kad
adsorbcijos pusiausvyra pasiekiama gana greitai (per 5 — 20 minuciy).
Meéginiai, iSkaitinti 700 °C temperatiiroje, pasizyméjo didesne sorbcine geba
negu nekaitinti. Nustatyta, kad a-Fe:O0s/ y-Al.0s kompozicinés medziagos
milteliai pasiZzymi didesne sorbcine geba lyginant su atskirai paimtomis
grynomis medziagomis t.y. a-Fe;Os ir y-Al,O3 [74].

1.6. Dinaminé adsorbcija

Kai adsorbcija vyksta dinaminémis salygomis, ta patj adsorbentg galima
naudoti daug karty ir nukenksminti didelius nuoteky kiekius. Regeneracijos
ciklo metu gaunamas adsorbuotos medziagos koncentratas.

Dinaminé adsorbcija paprastai vyksta atviroje sistemoje, kurioje adsorbato
tirpalas pastoviai keliauja adsorbentu uZpildyta kolonéle. Siuo atveju
svarbiausias dalykas yra nustatyti proverzio kreive, kuri suteikia biting
informacija projektuojant dinaming adsorbcing sistema. Proverzio kreive tam
tikrai adsorbcinei sistemai galima gauti dviem budais: eksperimentiniu arba
matematiniu modeliavimu. Eksperimentiniu metodu gaunama proverzio
kreivé apibiidina konkrecig sistema. Taéiau §is procesas reikalauja daug laiko
ir ekonomiskai nepageidautinas, ypac, jei terSaly koncentracijos labai mazos
ir procesas uztrunka ilgai. Be to, proverzio kreivé labai priklauso nuo
eksperimentiniy sglygy (temperatiiros, tekéjimo greicio). Naudojant
matematinius modelius nebitina eksperimenting aparatiira, todél pastaraisiais
desimtmeciais jais vis labiau domimasi. Taciau kiekvienas modelis turi tam
tikry apribojimy ir reikalauja tolimesnio vystymo. Be to, jeigu proverzio
kreivé nukrypsta nuo idealios S raidés formos, ja numatyti teoriskai tampa
sudétinga [18].

Eksperimentines proverzio kreives bandoma aprasyti taikant matematinius
modelius. Daugeliu atvejy butina nustatyti sorbcijos izotermg ir masés
pernasos rodiklius, o tam reikia papildomy eksperimenty, todél tokie modeliai
nelabai tinka praktiniam taikymui. Dél Sios priezasties sukurti keli skirtingi
empiriniai matematiniai modeliai dinaminés adsorbcijos elgsenai numatyti:
Bohart-Adams, Wolborska, Thomas ir Yoon-Nelson. Sie modeliai buvo
pritaikyti viename i$ darby, skirty $vino(II) jony sorbcijai i§ vandeninio tirpalo
kolonéléje, uzpildytoje gamtiniu ceolitu. Nustatyta, kad apskaiciuotos
adsorbcinés gebos, kurios nustatomos grafiskai integruojant plota vir$
proverzio kreivés yra labai artimos eksperimentiSkai nustatytoms geboms.
Thomas ir Yoon-Nelson modeliai puikiai tiko visoms proverzio kreivés
sritims, kai kolonélés uzpildo aukstis 115 mm. Atlikti eksperimentai patvirtino
pagrindinio rodiklio svarbg atliekant skai¢iavimus [75].
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Skirtingai nei dujy sorbcijg kietu sorbentu, adsorbcijg i§ skystos fazés
teoriskai aprasyti yra sunkiau, nes tirpiklis taip pat sgveikauja su adsorbentu
ir adsorbatu. Modeliuojant adsorbcija dinaminémis salygomis kietu
adsorbentu i§ skystos fazés, procesas skirstomas j keturis pagrindinius etapus:

1. masés pernaSa skystoje fazéje;

2. tarpfaziné difuzija i§ skystos fazés prie adsorbento iSorinio pavirSiaus
(pléveliné difuzija);

3. masés pernasa adsorbento dalelés viduje, apimanti difuzija porose ir
pavirsSine difuzija;

4. adsorbcijos-desorbcijos reakcija.

1.7. Adsorbcijos kinetika

Adsorbcijos kinetikos tyrimas suteikia informacijos apie naudojamo
adsorbento veikima, adsorbcijos proceso greitj bei masés pernasos
mechanizmg. Tirpinio buvimo laikas ant sorbento pavirSiaus yra svarbus
nustatant adsorbcijos proceso baigtumg bei sorbato kaupimasi adsorbento
pavir$iuje. Medziagy adsorbcija ant kiety pavir$iy apima tris etapus (1 pav.).

Adsorbatas - -

Masiu perna$os Zingsniai
I: Toriné difuzija
2: Vidiné difuzija

3: Adsorbcija aktyviuose
centruose

1 pav. Adsorbcijos masiy pernasa [76].

Pirmasis Zingsnis yra iSorin¢ difuzija. Siame etape adsorbatas pereina per
skys¢io plévele, supanéia adsorbents. Sorbato koncentracijy tirpale ir
adsorbento pavirsiuje skirtumas yra iSorinés sorbato difuzijos varomoji jéga.
Antrasis zingsnis yra vidiné difuzija. Vidiné difuzija apibiidina adsorbato
difuzija adsorbento porose. TreciasiS zingsnis yra adsorbato adsorbcija
aktyviose adsorbento vietose [76, 77]. Tai yra adsorbato sgveika su adsorbento
medZiagos atomais, nulemianti chemosorbcijg (stipri sgveika, ekvivalentiska
kovalentiniy ry$iy susidarymui) arba fiziking adsorbcija (silpna adsorbato-
adsorbento sgveika, panasi ] Van der Valso jégas). Bet kuris i§ §iy Zingsniy
gali vykti létai ir nulemti adsorbcijos proceso greitj. Jeigu proceso greitj
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nulemia adsorbato jony pernasa i§ tirpalo prie sorbento pavir§iaus, tai
adsorbcija bus ribotos pernasos fizikinis procesas ir reali sorbato saveika su
kieta faze gali biiti nesvarbi nustatant adsorbento efektyvuma. Léta adsorbato
pernasa gali buti dél labai mazos jo koncentracijos, nepakankamo sistemos
maiSymo ir kity veiksniy. Jtakos adsorbcijos rezultatams gali turéti fizikinis
adsorbato difuzijos per skysCio plévele procesas, jei jis vyksta léciausiai.
Tokiu atveju kietos fazés efektyvumas gali biiti sunkiai pagerinamas. Procesa
limituos cheminé reakcija, kai 1é¢iausiai vyks adsorbato sgveika su adsorbentu
aktyviuose centruose. Parametrai, apskai¢iuojami remiantis Kinetiniais
modeliais, yra labai svarbiis projektuojant jrenginius realiy nuoteky valymui.
Reikia tiksliai nustatyti adsorbento-adsorbato sgveika molekuliniu lygiu,
iskaitant stereocheminius aspektus, energetinius pokycius ir kitus veiksnius
lemiancius tam tikra adsorbcijos mechanizmg. Bitina jvertinti ir tirpinio
molekuliy difuzijos | poras jtaka. Dé¢l to vienareikSmiskai teigti, kad
adsorbcijos procesas vyksta tik pagal vieng kinetinj modelj daznai yra
sudétinga [78]. Vienuose modeliuose daroma prielaida, kad sorbcijos proceso
greitj riboja difuzija, o kituose — adsorbcija. Bitent todél skirtingy kinetiniy
modeliy taikymas leidzia geriau suprasti adsorbcijos tiriamoje sistemoje
mechanizma [77].

Kinetiniai modeliai, kurie taikomi eksperimentiniams duomenims
nagrinéti, gali bati suskirstyti j adsorbcijos-reakcijos ir adsorbcijos-difuzijos
modelius. Adsorbcijos-difuzijos modeliai remiasi trimis zingsniais: (1) iSorine
difuzija; (2) vidine difuzija; (3) adsorbcijos ir desorbcijos procesais
aktyviuose centruose. Adsorbcijos-reakcijos modeliuose démesys sutelkiamas
} adsorbcijos procesg, neatsizvelgiant j pries§ tai ivardintus zingsnius [79].

1.7.1. Adsorbcijos-difuzijos modeliai

Medziagy adsorbcija sistemoje , tirpalas-kieta medziaga‘ apima adsorbato
difuzija per skys¢io plévele, viding difuzija ir sgveika adsorbcijos vietoje.
Fizikinés adsorbcijos atveju, saveika adsorbcijos vietoje vyksta labai greitai,
todél greitj nulemia difuzija [79].

1.7.1.1. Difuzijos per skyscio plévele modelis

Sis modelis remiasi linijinés varomosios jégos grei¢io désniu, kurj pasiiilé
Gleuckauf ir Coates [80] chromatografijos procese vykstanciai adsorbcijai
apradyti. Sis désnis yra paprastas aprasyti, nes yra paprastas ir fizikine prasme
nuoseklus. Pagal linijinés varomosios jégos désnj adsorbuojantis tam tikram

32



adsorbatui  (grynoms dujoms arba miSinyje su inertinémis dujomis)
adsorbcijos greitis | adsorbento dalelg iSreiskiamas lygtimi:

dc(t)

—= =kJ[C®O - C®)] (8)

dt

¢ia C(t) yra vidutiné adsorbato koncentracija (mol cm®) adsorbento daleléje
laiko momentu t, C*(t) yra adsorbato koncentracija daleléje, kuri biity esant
pusiausvyrai tarp kietos ir dujinés faziy. ki yra masés pernasos koeficientas.

Vykstant adsorbcijai i§ skysCiy ant kiety medziagy, tirpios medziagos
kaupimosi kietoje fazéje greitis yra priklauso nuo tirpinio pernasos per skyscio
plévele pagal masés tvermes désnj.

1.7.1.2. Vidinés difuzijos modelis

Remiantis Weber ir Morris vidinés difuzijos modeliu, paskelbtu 1962
metais, iSvesta pradinés adsorbcijos lygtis ir apibiidintas pradinés adsorbcijos
faktorius Ri. Pradinés adsorbcijos lygtis gauta naudojantis Veber-Morris
lygtimi:

Grer = kptyip +C 9)

Cia tret — tai didziausia adsorbcijos trukmeé; Qe — adsorbato koncentracija
kietoje fazéje, kai t = trer.

Pradinés adsorbcijos faktorius R; iSreiSkiamas kaip:

GE)=1- Rl -G (10)

Budingoji kreivé, kuri remiasi vidinés difuzijos modeliu, gaunama i§ 10
lygties ir pradinés adsorbcijos faktorius R iSreiskiamas kaip:

Qref—C C
Ri - Qrfef =1- (qref) (11)

Pagal pradinés adsorbcijos kiekio (C) ir viso adsorbcijos kiekio (Qrer) santykij,
kinetinis adsorbcinés sistemos elgesys gali biiti suskirstytas j:

a) néra pradinés adsorbcijos;
b) silpna pradiné adsorbcija;
c) vidutiné pradiné adsorbcija;
d) stipri pradiné adsorbcija;
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e) beveik visa adsorbcija jvyksta pradiniu momentu.
Kai Ri= 1, C = 0. Siuo atveju, Weber-Morris lygties ties¢ eina per koordinadiy
pradzig.

Tai buidinga sintetiniams jonitams, kuriy dalelés gana didelés, 0 poros yra
vienodo dydzio. Kai Ri= 0 (C = qgre), matyti, kad vyksta ne tik adsorbcija, bet
ir kiti procesai (agregacija, koaguliacija), nors kai kuriems milteliy pavidalo
adsorbentams tai taip pat buidinga [81].

1.7.2. Adsorbcijos kinetiniai modeliai

Adsorbcijai i§ skysty tirpaly apibiidinti daznai naudojami du kinetiniai
modeliai (pseudo-pirmojo ir pseudo-antrojo laipsnio), neatsizvelgiant |
adsorbcijos specifikg ir sglygas. Azizian [82] pasitilé bendrajg kinetine lygtj,
kuri priklausomai nuo sorbcijos salygy transformuojasi j tam tikro laipsnio
kineting lygtj. Jis nustaté, kad kai pradiné adsorbato koncentracija nedidelé
(t.y. adsorbento pavirSiaus padengimo laipsnis mazas), sorbcijos procesui
apibudinti tinka pseudo-antrojo laipsnio modelis, o §io modelio greicio
konstanta k, yra sudétinga adsorbato pradinés koncentracijos funkcija. Kai
adsorbato pradiné koncentracija didel¢, sorbcijos kinetikai apibudinti geriau
tinka pseudo-pirmojo laipsnio modelis. Grei¢io konstanta yra tiesiné pradinés
adsorbato koncentracijos funkcija, o tiesés nuolinkis ir atkertama atkarpa
ordinaciy asyje yra atitinkamai adsorbcijos ir desorbcijos greic¢iy konstantos.

1.7.2.1. Pseudo-pirmojo laipsnio kinetinis modelis

Sorbcijos ant kiety pavirSiy i$ skystos fazés kinetikai apraSyti jdéta daug
mokslininky pastangy. Manoma, kad Lagergren modelis buvo pirmasis
modelis, kuriame sorbciné geba susieta su sorbcijos grei¢iu. Lagergren [83]
pirmojo laipsnio grei¢io lygtj panaudojo malono ir oksalo rugs$ciy adsorbeijai
ant medzio anglies apibtdinti. Pseudo-pirmojo laipsnio kinetiné lygtis
sudaryta remiantis prielaidomis, kad sorbcija vyksta tik tam tikrose vietose ir
néra sgveikos tarp sorbuoty jony, sorbento pavirSiaus padengimas neturi
itakos adsorbcijos energijai, metaly jony sugerties aktyvintaja anglimi procesa
reguliuoja pirmojo laipsnio greicio lygtis. Taip pat laikoma, kad sugeriamos
medziagos koncentracija yra pastovi bei adsorbcijos metu ant kietos fazés
pavir$iaus susidaro adsorbato molekuliy monosluoksnis [79, 83]:

d
= ki(ge — qr) (12)
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¢iaqr(mgg?)irge (mgg?) yraadsorbuoty terSaly masé, tenkanti adsorbento
masés vienetui laiku t ir nusistovéjus pusiausvyrai; ki(min™) yra pseudo-
pirmojo laipsnio grei¢io konstanta; t (min) — adsorbcijos laikas. Integravus
(12) lygtj, esant ribinéms salygoms g = 0, kai t = 0, gauname (13) lygtj. Sia
lygtimi apiblidinamas adsorbcinés gebos pokytis bégant laikui (qi, mg g*) [84,
85].

gt = qe(1 — exp(—k4t)) (13)

Logaritminé tiesiné pseudo-pirmojo laipsnio modelio lygties forma:

In(q. — q) = Inq, — kqt (14)

Si lygtis (14) naudojama kinetiniams duomenims analizuoti braizant
priklausomybe In(Qe-Q;) nuo t. I§ grafiko galima apskaiciuoti qe ir ki vertes
[76].

Norint pritaikyti §j modelj eksperimentiniy duomeny apdorojimui, reikia
zinoti Qe verte, o tai gali biiti sudétinga. Daznai vykstanti sgveika tarp
adsorbato ir adsorbento yra cheminé, tad jos greitis pradzioje biina didelis, o
véliau procesas vyksta létai. Dél Sios priezasties sunku nustatyti pusiausvyros
nusistovéjima. Tokiu atveju skaiiuojant pusiausvirajg sorbcing geba Qe yra
jvedamas neapibréztumo elementas. Daugeliu atvejy, pseudo-pirmojo
laipsnio kinetinis modelis tinkamas tik adsorbcijos proceso pradziai (20-30
min) apibiidinti. Pseudo-pirmojo laipsnio greic¢io konstanta priklauso nuo
pradinés adsorbato koncentracijos, o pastaroji mazéja viso proceso metu [78].

1.7.2.2. Pseudo-antrojo laipsnio kinetinis modelis

Literataros analizé rodo, kad yra pasitlyti keli pseudo-antrojo laipsnio
kinetiniai modeliai. Tai Ritchie, Sobkowsk ir Czerwinski, Blanachard su
kitais. Ritchie modelis daro prielaida, kad adsorbcijos greitis priklauso nuo
neuzimty adsorbcijos centry dalies laiko momentu t. Sobkowsk ir Czerwinski
pasitlé kineting iSraiska, paremtg didZiausia sorbenty sorbcine geba. Jie taiké
Sig lygtj CO2 adsorbcijai ant platinos elektrodo aprasyti. Blanchard su kitais
[86] pasiiilé greicio lygtj mainy reakcijai tarp dvivalenéiy metaly jony ir NH*
jony, esanciy ceolito dalelése, aprasyti. Ho ir McKay [87] paskelbé antrojo
laipsnio kineting lygti dvivalenciy metaly jony sorbcijai ant durpiy daleliy
apibudinti. Kumar ir Sivanesan [88] tyré Malachito zaliojo (MG) adsorbcija
aktyvintosiomis anglimis. Adsorbcinei sistemai apibiidinti pritaiké visus
keturis ankséiau iSvardintus pseudo-antrojo laipsnio modelius. Palyginimui jie
naudojo tiesinj ir netiesinj analizés metoda kinetiniams parametrams gauti. Si
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analizé parodé, kad Ho pseudo-antrojo laipsnio iSraiSka geriausiai padeda
numatyti MG — aktyvintyjy angliy sorbcinés sistemos kinetikg [88].

Pirma kartg pseudo-antrojo laipsnio kinetinis modelis buvo panaudotas $vino
adsorbcijai ant durpiy apragyti [89]. Siame modelyje daroma prielaida, kad
adsorbcijos greitis, laisvy pavirsiaus viety atzvilgiu, yra antrojo laipsnio [87].
Pseudo-antrojo laipsnio modelio bendroji forma remiasi kietos medZiagos
geba sorbuoti kitas medziagas [90], Sios lygties diferencialiné forma yra:

d
= kz(qe — 9)° (15)

¢ia k2 (g mg'min') yra greicio konstanta, g (mg g%) ir ge (mg g) yra
adsorbuoty terSaly masé, tenkanti adsorbento masés vienetui laiku t ir
nusistovéjus pusiausvyrai, atitinkamai. Pseudo-antrojo laipsnio grei¢io
konstantos skaitiné verté priklauso nuo adsorbcijos salygy: temperatiiros,
tirpalo pH, pradinés adsorbato koncentracijos ir kt. [78]. Si lygtis neturi
trikumo, susijusio su ge dydZiu. Sio modelio privalumas yra tas, kad nebitina
eksperimentiskai nustatyti pusiausvirosios adsorbcinés gebos e, nes ji gali
biti apskaiCiuota remiantis modeliu. Jeigu pseudo-antrojo laipsnio kinetika
tinka, tai priklausomybé t/q; = f (t) yra tiesiné, i§ kurios galima nustatyti Qe, K,
ir h. h yra vadinamas pradiniu sorbcijos greiéiu ir yra lygus:

h = kq? (16)
Pastaraisiais metais pseudo-antrojo laipsnio greicio lygtis pla¢iai naudojama
terSaly adsorbcijai i§ vandeniniy tirpaly aprasyti.

Integravus (16) lygtj, esant pradinéms salygoms g = 0, kai t = O ir toliau
pertvarkant gaunama tiesiné forma (17):

t 1 t
E: Ky qg + q—e (17) [91]

(17) lygties pertvarkymas j tiesing formg pakeicia q verte, dél to modelio
parametrai apskaiCiuoti remiantis tiesine forma gali biiti ne visai tikslas [76].
Pseudo-antrojo laipsnio (PAL) reakcijos grei¢iui apibudinti naudojama ko,
ta¢iau PAL greitis susijes dar ir su (ge—0)?. Pseudo-antrojo laipsnio reakcijos
greitis apskai¢iuojamas pagal netiesing lygtj:

PAL = k(qe — q¢)° (18)
Mokslininkai Guo ir Wang [92] padaré i$vadas, kad Sis modelis labiausiai

tinkamas adsorbcijos proceso greiciui apibudinti, kai pradiné adsorbato
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koncentracija yra maza. Taip pat PAL modelis tinkamas naudoti, prieSingai
nei pseudo-pirmojo laipsnio modelis, galutinése adsorbcijos stadijose.
Daroma prielaida, kad adsorbento pavirsiuje yra daug aktyviyjy centry.

1.7.2.3. Elovich kinetinis modelis

Dujy heterogeninei chemosorbcijai ant kieto pavirSiaus apibudinti daznai
naudojamas empirinis Elovich kinetinis modelis, kuris neturi aiskios fizikinés
prasmes [93]. Sis modelis gali bati naudojamas dirvozemyije vykstantiems
sorbcijos ir desorbcijos procesams tirti [91]. Pagrindinés Elovich modelyje
daromos prielaidos: adsorbcijos aktyvacijos energija didéja didéjant
adsorbcijos laikui, adsorbento pavirSius yra nevienalytis, sorbcija vyksta
lokalizuotai, yra saveika tarp adsorbuoty jony [94]. Elovich modelis gali bati
iSreiSkiamas lygtimi:

< = qexp(—fq.) (19)

Chien ir Clayton supaprastino Elovich lygtj, darydami prielaida, kad o ft >>1
ir gavo tiesine lygti:

qe = B in(aB) + In(t) (20)

Anksciau §i lygtis buvo taikoma dujy sorbcijai kietais adsorbentais apibiidinti,
0 pastaruoju metu ir terSaly adsorbcijai i§ vandeniniy tirpaly aprasyti [95],
[96].

Integruota Elovich lygties forma yra:
G = %ln(l + apft) (21)

¢ia a yra pradinis adsorbcijos greitis (mg (g-min)?); f— desorbcijos konstanta,
kuri susijusi su pavir$iaus padengimo laipsniu ir chemosorbcijos aktyvacijos
energija; t —adsorbcijos laikas (min), g: sorbciné geba laiko momentu t (mg g

1 [91].

Adsorbcijos aktyvacijos energija Ea didéja tiesiskai, priklauso nuo pavirsiaus
padengimo ir apskaiéiuojama:

E, = E o+ RTBQ (22)
¢ia f — konstanta, kuri susijusi su pavirSiaus padengimu bei aktyvacijos

energija (g mg™); Ea — aktyvacijos energija (J mol™); T- temperatiira (K); R —
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dujy konstanta (8,314 J (mol‘K)™?); Q — adsorbciné geba laiko momentu t (g
mg?) [77].

1.7.2.4. Hiperbolinio tangento kinetinis modelis

Hiperbolinio tangento modelis buvo sukurtas remiantis hiperbolinio
tangento funkcija [97]. Naudojantis $iuo modeliu galima apskaiiuoti tiksly
adsorbcijos pusiausvyros laikg [98]:

k = qle (23)
qie = [tan (n é)]“ (24)

¢ia k yra greiéio konstanta, bedimensinis dydis, Qe ir g adsorbuotos medziagos
Kiekis, tenkantis adsorbento masés vienetui, pasiekus pusiausvyra ir bet kuriuo
laiko momentu t; te adsorbcijos laikas, reikalingas pasiekti pusiausvyra [97].

Tiesiné $io modelio forma:

ln% = 2kt (25)

detq

Brézinyje israiSkos priklausomybé nuo laiko yra tiesé, i§ kurios

nuolinkio nustatoma grei¢io konstanta k.

Nubrézus g/ge priklausomybés nuo t grafikus, pastebima, kad kreiviy
nuolinkis yra skirtingo laipsnio. Tai galima paaiskinti skirtingy funkciniy
grupiy buvimu, adsorbento pavirSiaus heterogeniskumu, difuzijos poveikiu
bendram adsorbcijos greiciui [97].

1.7.2.5. Modifikuotas Lagergren modelis

Shahwan [99] modifikavo pseudo-pirmojo laipsnio kinetikos modelj ir
pasitlé Lagergren modelj, kuriame ge parametras pakei¢iamas fiksuota verte,
kuri apskai¢iuojama naudojant tirpalo prading koncentracija, tirj ir sorbento
mase. Si apskaitiuota verté atitinka sorbato sugertj, kai sorbcijos procesas
baigiasi, ir yra vadinamas Qmax:

%4
9max = COM (26)

¢ia V yra tirpalo tiris; M — sorbento mas¢; Co — pradiné adsorbato
koncentracija.
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Tiesiné $io modelio lygties forma:

in(1--%) =kt 27)

max

Lygties netiesiné forma yra:

4t = qmax(1 — e_klt) (28)

Cia g sorbeiné geba laiko momentu t (Mg g?), gmax — didZiausia sorbciné geba
(mg g*), kuri apskai¢iuojama pagal (26) lygtj, ki tariamoji pirmojo laipsnio
greicio konstanta, t — bet kuris laikas sorbcijos proceso metu (min) [99].

1.7.2.6. Difuzijos - chemosorbcijos modelis

Empirinj difuzijos-chemosorbcijos modelj sukiré Sutherland [100]
sunkiyjy metaly sorbcijai ant heterogeninio pavirSiaus apibadinti. Adsorbato
koncentracija kietoje fazéje (i, mg g?) yra adsorbato masés pernaSos i$
skystos fazés j sorbcijos centrg grei¢io (Kpc, mg/g-t%®), pusiausvirosios
sorbcinés gebos (Ce, Mg g?) ir laiko laipsnyje n-1 (t**) funkcija [100]:

daq; _ nKpc tn-1

. 7 (@~ a0’ (29)

Atskyrus kintamuosius (29) lygtyje, gaunama:

2.,
Bt = npede - ¢ (30)

Integravus (30) lygtj nuo t = 0 iki t =t ir nuo g: = 0 iki g: = q;, gauname:

a__ _
(@e—av)

Kpct™ + qe (31)

Sutherland, apzvelges eile kinetiniy adsorbcijos tyrimy, nustate, kad vidutine
laipsnio n verté yra 0,5. Todél pertvarkes (31) lygtj ir vietoje n jrases 0,5, gavo
lygti:

t0.5 1 05 1

L 054 & 32

qc de + Kpc (32)
Sutherland empiriskai nustaté, kad eksperimentinés kinetinés kreivés pradinis
nuolydis yra difuzijos-chemosorbcijos konstantos Kpc ir pusiausvirosios
sorbcinés gebos (e funkcija. Kai t — 0, pradinis greitis iSreiSkiamas santykiu:
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Ki = Kjc/qe (33)

¢ia K; yra pradinis sorbcijos greitis (mg (g-t)2); ge — pusiausviroji sorbciné
geba (mg g?), q: — sorbciné geba laiko momentu t (mg g*) [100].

1.8. Pusiausvirosios adsorbcijos izotermiy modeliai

Adsorbcija yra procesas naudojamas nuoteky valymui ar dujy gryninimui
[97]. Kaip adsorbentai naudojamos jvairios medziagos: aktyvintosios anglys,
jvairis  nano-adsorbentai  (ceolito-akrilo rigsties nanokompozitas),
nanopluostai, kuriy privalumas yra didelis pavir§iaus plotas ir daug cheminiy
funkciniy grupiy [101]. Sorbcija bendrai apibiidinama kaip cheminiy
medziagy sugertis kietomis dalelémis. Skirtumas tarp absorbcijos ir
adsorbcijos yra tas, kad absorbcijos metu molekulés jsiskverbia i trijy
matmeny matricg, o adsorbcijos metu — j dviejy [102]. Adsorbcija gali bati
chemosorbcija arba fizikiné sorbcija. Fizikiné sorbcija jvyksta veikiant
silpnoms elektrostatinéms jégoms.

Adsorbcijos izotermiy modeliai daznai naudojami sistemy ,,dujos-kieta
medziaga“ ir ,skystis-kieta medziaga® pusiausvyrai apibiidinti. Sistemoje
»Skystis-Kieta medziaga® adsorbcijos metu terSalas (adsorbatas) i§ skystos
fazés pereina ant kieto adsorbento pavirSiaus. Adsorbcijos mechanizmui
paaiSkinti naudojami jvairtis adsorbcijos izotermiy modeliai. Bet kuriai
adsorbcijos sistemai izotermiy modeliai leidzia numatyti adsorbcine geba
(adsorbato masg¢ ar kiekj kieto adsorbento masés vienete) esant tam tikrai
adsorbato  pusiausvirajai  koncentracijai  tirpale [103]. Adsorbcijos
pusiausvyrai sistemoje ,kietas adsorbentas - tirpalas® apibudinti, taikomi
jvairis modeliai. Siame tyrime, siekiant jvertinti vandens nugeleZinimo
atlieky adsorbcing geba, taikyti vienasluoksnés adsorbcijos dviejy ir trijy
parametry izotermiy modeliai. Siy modeliy tinkamumas tyrinétas naudojant
daziklio ir Cr(IIT) jony adsorbcinés gebos ir pusiausvirosios koncentracijos
duomenis. Keturi populiariausi dviejy parametry vienasluoksnés adsorbcijos
izotermiy modeliai trumpai aptarti tolesniuose skyriuose.

1.8.1. Langmuir izotermés modelis

Langmuir adsorbcijos modelis, kuris istoriskai buvo skirtas dujy
adsorbcijai kietos fazés sorbentais apibtidinti [104] pastaruoju metu placiai
naudojamas jvairiy adsorbenty adsorbcinei gebai jvertinti. Pagrindinés
Langmuir izotermés modelio prielaidos yra $ios: a) adsorbentas pasidengia
adsorbato monosluoksniu, tai yra Sio sluoksnio storis yra viena molekulé; b)
adsorbcija vyksta identi8kuose adsorbcijos centruose; c¢) adsorbcijos energija
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visuose centruose vienoda; d) sgveika tarp adsorbuoty molekuliy yra neZymi.
Si izotermé atspindi biisena, kai adsorbcijos ir desorbcijos greiiai tampa
lygiis (pasiekta dinaminé pusiausvyra). Adsorbcija yra proporcinga
nepadengtai adsorbento pavirSiaus daliai ir adsorbato koncentracijai tirpale, o
desorbcija - padengto adsorbento pavirsiaus daliai. Sio modelio rodikliai
padeda jvertinti didziausig adsorbcing geba bei adsorbento pavirsiaus savybes
[76, 105, 106]. Matematiskai Langmuir izoterme galima isreiksti lygtimi:

% = Pee 54
ia ge ir gqm (Mg gt) yra atitinkamai adsorbato kiekis, tenkantis adsorbento
masés vienetui ir didziausia monosluoksnio adsorbciné geba, Ki (L mg?) yra
Langmuir’o pusiausvyros konstanta, kuri susijusi su adsorbato ir adsorbento
giminingumu, ir adsorbcijos energija; C. adsorbato koncentracija tirpale esant
pusiausvyrai (mg L™?).

1.8.2. Freundlich modelis

Freundlich’o modelis taikomas apibadinti adsorbcijos procesus,
vykstan&ius naudojant adsorbentus, kuriy pavirius yra heterogeninis. Siame
modelyje daroma prielaida, kad adsorbento pavirSiuje yra jvairaus
giminingumo viety ir pirmiausiai uzimamos stipresnés sgveikos Vietos.
Didéjant uzimty adsorbcijos viety skai¢iui, mazéja rysio energija. Sis modelis
[107, 108] gali bt isreiskiamas lygtimi:

de = Kp C¢ (35)

¢ia Kg yra Freundlich konstanta, kuri parodo adsorbcine gebg ((mg g*)(mg L
1), n yra Freundlich adsorbcijos intensyvumo parametras (neturi matavimo
vienety), kuris parodo adsorbcijos varomosios jégos dydj arba pavirSiaus
heterogeniS$kuma [109].

1.8.3. Langmuir-Freundlich modelis

Langmuir-Freundlich izotermé, dar zinoma kaip Sipso lygtis (36), gauta i$
Langmuir ir Freundlich izotermiy siekiant atsizvelgti j sorbento pavir§iaus
heterogeniskumo jtaka [110, 111]:

_ Qm (Kaceq)m
T (KgCeq)™+1 (36)
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¢ia ¢ pusiausviroji sorbciné geba (mg g?), Qm didZiausia sistemos sorbciné
geba (mg g?), Ceq yra vandeninés fazés pusiausviroji koncentracija (mg L?),
Ka yra giminingumo konstanta (L mg?), m yra heterogeniskumo rodiklis
(neturi matavimo vienety).

1.8.4. Temkin modelis

Temkin izotermés modelis parodo adsorbento adsorbcinj potencialg. Jis
remiasi prielaida, kad laisvoji adsorbcijos energija yra adsorbento pavir§iaus
padengimo funkcija, t.y. visy sluoksnyje esan¢iy molekuliy adsorbcijos
Siluma tiesiskai mazéja dél adsorbento ir adsorbato saveikos kitimo (didéjant
sorbento pavir§iaus pasidengimo adsorbatu laipsniui) [112]. Pagal Temkin
adsorbcijos izotermés modelj adsorbuoto komponento kiekis pusiausvyros
salygomis yra proporcingas komponento pusiausvirosios koncentracijos
skystoje fazéje logaritmui [113]. Temkin lygtis parodo pusiausviraja
adsorbcing geba:

RT
Qe = b—Tln(AT C.) = B In(AC,) (37)

¢ia br - Temkin izotermés konstanta, R universalioji dujy konstanta (8.314 J
(mol K) 1), T temperatiira (K), Ar Tempkin izotermés pusiausvyros konstanta
(L mg), Ce pusiausviroji koncentracija (mg L) [114].

1.8.5. Toth modelis

Toth izotermé gauta empiriskai modifikuojant Langmuir‘o lygtj siekiant
sumazinti skirtuma tarp eksperimentiniy duomeny ir numatomos adsorbcijos
pusiausvirosiomis saglygomis duomeny ver¢iy [115, 116]. Daroma prielaida,
kad daugumoje adsorbcijos viety adsorbcijos energija yra mazesné nei
vidutiné energija [76]. Sis modelis labiausiai tinka heterogeninéms
(nevienalytéms) adsorbcijos sistemoms apibiidinti nuo maziausiy iki
didziausiy adsorbato koncentracijy [117]. Lygtis iSreiskiama:

Kt Ce

qe = (38)

1
[ar+ 4T

Kr yra Toth izotermés pusiausvyros konstanta (mg g?) ir t yra Toth izotermés
konstanta.
Logaritminé tiesiné lygties forma:
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In[2] = inC, =31 (a7 + ) (39)
kr t

Cia g didziausia adsorbcing geba (mg gt), K; yra Toth pusiausvyros konstanta.
Toth izotermés parodo adsorbento pavirSiaus heterogeniskumg. Kai jos verté
lygi vienetui, adsorbcijos procesas vyksta ant homogeninio pavirsiaus.

Kain =1, $i lygtis tampa Langmuir izotermés lygtimi.

1.8.6. Koble—Corrigan izotermé

Koble—Corrigan izotermés modelis yra Langmuir ir Freundlich izotermiy
derinys. Jis apibiidina adsorbcijg ant heterogeninio pavirSiaus. Izoterméje
laipsniné priklausomybé nuo koncentracijos yra tiek skaitiklyje, tiek
vardiklyje. Tai trijy parametry lygtis [114, 118, 119]:

_ Acl
de = T3 Bcl

(40)
¢ia Ce yra adsorbato pusiausviroji koncentracija; A yra rodiklis susijes su
termodinaminés pusiausvyros konstanta, B yra rodiklis susijes su aktyviy
centry skai¢iumi, n yra Koble—Corrigan izotermés rodiklis.

1.8.7. Redlich—Peterson izotermé

Redlich—Peterson izotermé [120] yra empirinis modelis, kuris apima
Langmuir ir Freundlich izotermiy savybes. Siame modelyje yra tiesiné
priklausomybé nuo adsorbato koncentracijos skaitiklyje ir eksponentiné —
vardiklyje, todél juo naudojantis patogu apibudinti adsorbcijos pusiausvyra
placiame koncentracijy intervale bei interpretuoti adsorbcijos mechanizma,
kai adsorbcija neapsiriboja monosluoksnio susidarymu [76, 119]. Redlich—
Peterson izotermé naudojama ir heterogeninei, ir homogeninei adsorbcijai
apibudinti:

Kce

Qe =13 (41)

¢ia K yra Redlich-Peterson konstanta (L g 1), a yra Redlich-Peterson konstanta
(mg L) ir g yra heterogeniskumo indeksas, kurio verté nuo 0 iki 1. Kai g =
1, Redlich—Peterson lygtis jgyja Langmuir lygties forma, 0 kai g = 0, ji virsta
Henrio désniu.
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1.8.8. Langmuir pasiskirstymo modelis

Eksperimentiniams duomenis modeliuoti buvo taikomas Langmuir
pasiskirstymo izotermés modelis (lygtis (42)). Sis modelis apima tick
nusodinimg adsorbato, tick adsorbcija [121, 122]:

bQCe
qe = KqCe + 1+bC, (42)

¢ia ge bendroji adsorbcija (mmol g 1), Ce yra pusiausviroji koncentracija tirpale
(mmol L), Kq pasiskirstymo koeficientas (L mmol™) susijes su nusodinimu,
b yra Langmuir afiniskumo konstanta (L mmol™), Q Langmuir didZiausia
sorbciné geba (mmol g2).

1.9. Literaturos apzvalgos apibendrinimas

Literatiiros apzvalga parodé, kad dedama daug pastangy siekiant sukurti
efektyvius adsorbentus ar katalizatorius, leidziancius per trumpa laika
kokybiskai iSvalyti kenksmingomis medziagomis uzterStus vandenis.
Dauguma jy sintetinami laboratorijose, naudojant cheminius reagentus,
eikvojant energijos iSteklius. Nors pastaruoju metu daug démesio skiriama
pramonés be atlieky ktirimui ir ieSkomi budai, kaip pakartotinai panaudoti
susidaranc¢ius Salutinius produktus kituose procesuose, taciau daznai
neapsieinama be perdirbimo ar modifikavimo procediiry. Pastaruoju metu
aktyviai domimasi geriamojo vandens ruosimo atlieky tolimesniu pritaikymu.
Siy atlieky cheminé sudétis labai priklauso nuo vandens ruogimo biido ir jo
kilmés, tai yra, ar vanduo imamas i§ giliy greziniy, ar naudojamas pavirSiniy
telkiniy vanduo. Lietuvoje centralizuotai tiekiamas tik pozeminis vanduo,
kuris yra didelis gamtos turtas. Geriamojo vandens kokybei pagerinti,
vandenj aeruojant i$ jo Salinami gelezies ir mangano junginiai. Tokiu btidu
Salia gryno ir gero skonio vandens susidaro kieta medziaga, kuri gali bati
panaudota vandenims, uzterSiamiems jvairiy pramoniniy procesy metu, valyti.
Gamta dovanoja medziagg, kuria galime bent i§ dalies apsaugoti gamtg nuo
tarSos. Sios disertacijos idéja ir tikslas — issiaiskinti Lietuvoje, Vilniaus
regione, susidaranciy geriamojo vandens ruoSimo atlieky tinkamuma
vandenims uzterStiems katijoniniais ar anijoniniais terSalais valyti, iSvengiant
bet kokiy papildomy apdorojimo ar modifikavimo procediiry. Katijoniniy
terSaly Salinimo ypatumams iSsiaiSkinti, pasirinkti pramonéje placiai
naudojami neorganiniai Pb(II) ir Cu(Il) junginiai, o anijoniniy organiniy
terSaly Salinimo galimybés tirtos naudojant anijoninj chromo kompleksinj
azodaziklj, skirta anoduotam aliuminiui dazyti.
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2. EKSPERIMENTINE DALIS

2.1. Naudoti sorbentai

Darbe kaip pagrindinis sorbentas naudotos geriamojo vandens ruo§imo

metu susidarancios atliekos. Jos buvo gautos i§ UAB ,,Vilniaus vandenys*

3

Antaviliy vandenvietés (1 lentelé, 1). Palyginimui naudoti ir penki skirtingo
tipo komerciniai sorbentai (1 lentelé, 2-6).

1 lentelé. Naudoti sorbentai

Geriamojo  vandens  ruo$imo
(GVR) atliekos.

Susmulkintos aktyvintosios anglys
NORIT PK 1-3 (Cabot Europe).

Macronet MN 150 — tai silpnai
bazinis makrotinklinis anijonitas su
polistireno-DVB matrica, funkciné
gupé -NH*(CHs) (Purolite Ltd.).

Macronet MN 200 — tai nejoninis
makrotinklinis polimerinis sorbentas
su polistireno-DVB matrica, funciniy
grupiy neturi (Purolite Ltd.).
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Macronet MN 500 — tai stipriai
rugstinis makrotinklinis katijonitas su
polistireno-DVB matrica, funkciné
grupé -SO3 H* (Purolite Ltd.).

PMB 101 - tai stipriai rugstinio
katijonito ir stipriai bazinio anijonito
miSinys (40:60), funkcinés grupés: -
SO3H*, RiIN*OH".

2.2. Naudotos medziagos

Eksperimentiniuose tyrimuose buvo naudojami chemiskai arba analitiskai
gryni reagentai:

Pb(NOs)2, Sigma-Aldrich ACS reagent, > 99,0%; CAS Nr: 10099-74-8

Cu(NOs),-3H,0, Sigma-Aldrich, > 99,0%; CAS Nr: 10031-43-3

NaOH, Reachem, Slovakija, 99%; CAS Nr: 1310-73-2

Konc. HCI, Sigma-Aldrich, Cas Nr: 7647-01-0,

35% H-0,, Sigma-Aldrich, CAS Nr. 7722-84-1

Sanodure Green LWN daziklis (Green daziklis) skirtas anoduotam

aliuminiui dazyti. Jis priskiriamas azo/chromo kompleksiniy cheminiy

dazikliy grupei (Clariant® International Ltd., Sveicarija).

2.3. Tirpaly ruosimas ir jy analizé

Pradiniai Pb(II) ir Cu(II) tirpalai (0,05 M) paruosti tirpinant reikiama kiekj
Pb(NOs3), ir Cu(NOs)2-3H,0 drusky dejonizuotame vandenyje, mazesnés
koncentracijos tirpalai gauti skiedziant pradinj tirpala. Tirpaly pH buvo
reguliuojamas naudojant 0,1 M HNOs arba 0,1 M NaOH tirpalus. Misriis
Pb(II) ir Cu(Il) jony tirpalai paruosti sumaisant ekvivalentiskus kiekius Pb(II)
ir Cu(Il) drusky. Komercinis Sanodure Green LWN (2 pav.) (Green) daziklis
(Clariant) prie$ naudojimg nebuvo gryninamas, pradinis jo tirpalas paruostas
1000 mg daziklio istirpinant 1 L dejonizuoto vandens. Jis buvo skiedziamas
dejonizuotu vandeniu iki norimos koncentracijos. Tirpaly pH reguliuotas 5 M
HCl arba 0,1 M ir 1 M NaOH tirpalais.
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Pb(II), Cu(Il) ir daziklio Green tirpaly pH matuotas pH-metru inoLab 7110
(WTW-Vokietija).

Anoduoto aliuminio dazymo nuotekos gautos i§ FTMC atviros prieigos
centro, anoduoto aliuminio dazymo cecho. Pradinis nuoteky pH 5,7, nuotekos
rigstintos 5 M HCl tirpalu iki pH 2.

EOH

fyn] W

SE D BhH

2 pav. Anoduoto aliuminio dazymui naudojamo chromo kompleksinio
anijoninio azodaziklio strukttira [123].

2.4. Instrumentiniai tyrimo metodai
2.4.1. Skenuojanti elektroniné mikroskopija (SEM)

GVR atlieky bandiniy pavirSiaus morfologija ir daleliy dydis tirti
skenuojanciu elektroniniu mikroskopu (SEM) Helios Nanolab 650 (FEI).
Bandiniai dé¢l blogo pavirSiniy sluoksniy laidumo buvo dengiami anglies
sluoksneliu vakuuminiame jrenginyje Quorum QI150T ES (Quorum).
Greitinanti jtampa 2 kV. PavirSiaus vaizdas buvo formuojamas i§ antriniy
elektrony.

Daleliy elementiné sudétis buvo tiriama SEM-EDS metodu, naudojant
skenuojantj elektroninj mikroskopg Helios Nanolab 650 (FEI) su energijy
dispersijos rentgeno spinduliy spektrometru (Oxford Instruments, Xmax 20
mm? detektorius, INCA programiné jranga).

Tyrimus atliko dr. Ausra Selskiené, FTMC.

2.4.2, Persvieciamoji elektroniné mikroskopija (TEM)

GVR atlieky bandiniy vidiné sandara tirta perSviecianciuoju elektroniniu
mikroskopu Tecnai G2 F20 X-TWIN (FEL Olandija, 2011 m.) su Sotki tipo
lauko emisijos elektrony Saltiniu. Greitinanti jtampa 200 kV.

Tyrimus atliko dr. Audrius Drabavicius, FTMC.
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2.4.3. Brunauer-Emmett-Teller sorbento pavirSiaus ploto
nustatymas (BET)

GVR atlieky BET pavirSiaus plotas ir pory pasiskirstymas pagal dydj
nustatytas matuojant N, adsorbcijos ir desorbcijos izotermes. Analizuojami
GVR atlieky méginiai yra pasveriami ir iSkaitinami. Nenaudoty atlieky
méginio masé — 1,8723 + 0,0001 g, o atlieky po daziklio Green sorbcijos —
0,9325 + 0,0001 g. Pries atlickant N, adsorbcijos/desorbcijos tyrimus,
meéginiai vakuume kaitinami 250 °C temperatiiroje kelias valandas. N> dujy
adsorbcija buvo atlikta naudojant ,,Micromeritics TriStar II Plus instrumenta,
turintj molekulinj vakuuminj siurblj (,,Edwards T-Station 75). Adsorbcijai
naudotos N2 (99,999%, BOC) 77,3 K temperattroje. GVR atlieky adsorbcijos
izotermés buvo matuojamos 0—1 P/P, intervale. Pory pasiskirstymo pagal dydj
kreivé gauta naudojant Barrett-Joyner-Halenda (BJH) metoda.

2.4.4, Rentgeno spinduliy fluorescencijos spektroskopija (RFS)

GVR atlieky bandiniy elementiné sudétis nustatyta naudojant Rentgeno
spinduliy fluorescencijos spektrometra su bangy dispersija Axios mAX
(PANalytical, Olandija) su 4 kW Rentgeno spinduliy vamzdziu ir Rh anodu.
Tyrimui bandiniai 5 minutes smulkinami rotaciniame maliine 550 aps./min
greiciu iki mikroninio dydzio daleliy. 37 mm skersmens tabletés formuojamos
hidrauliniu presu naudojant 150 kN/cm? jéga. Tyrimy rezultatai apdoroti
beetaloninés kiekybinés elementinés analizés programine jranga Omnian
(PANalytical). Cheminé sudétis patikslinta naudojant etalonus: ESK, IMZ-
267, P1 3.13, NCSDC18013 ir NCSD60105.

Tyrimus atliko dr. Vidas Pakstas, FTMC.

2.4.5. Fourier transformacijos infraraudonosios srities
spektroskopija (FTIR)

FTIR spektrai uzrasyti spektrometru ALPHA (Bruker, Vokietija) KBr
tabletése. Analizei naudotos tabletés su optiskai Svariu KBr. Bandiniai buvo
tirti infraraudonojo spektro pagrindiniame diapazone nuo 4000 iki 600 cm™,

Tyrimus atliko dr. Martynas Talaikis

2.4.6. Rentgeno spinduliy difrakcijos analizé (XRD)

Prie$ analiz¢ GVR atlieky méginys kaitintas 5 val. 800 °C temperatiiroje.
XRD analizés duomenys gauti Rentgeno spinduliy difraktometru SmartLab
(Rigaku, Japonija) su 9 kW besisukan¢iu Cu anodo Rentgeno spinduliy

48



vamzdziu. Rentgenogramos uzrasytos 2 0 skaléje, intervale nuo 10 iki 70 °,
matavimo zingsnis 0,02°. Fazés identifikuotos naudojant duomeny
apdorojimo programag PDXL2 (Rigaku) ir PDF-4+ (2013) kristaliniy junginiy
difrakcijos duomeny bazg.

Tyrimus atliko dr. Vidas Pakstas, FTMC.

2.4.7. Rentgeno spinduliy fotoelektrony spektroskopija (XPS)

GVR atlieky pavirsiaus sudétis ir elementy cheminiai baviai tirti Rentgeno
spinduliy fotoelektrony spektroskopijos (XPS) metodu naudojant Vacuum
Generator (VG) ESCALAB MKII spektrometra su XR4 dvigubu anodu.
Rentgeno spinduliy $altinis - MgK, Rentgeno spinduliai. Matavimai atlikti
bandinius apSvitinus Rentgeno fotonais, kuriy energija hv = 1253,6 eV su 300
W galingumu (20 mA / 15 kV). Spektrai gauti, kai slégis analizés kameroje
mazesnis nei 5 - 107 Pa. ApZzvalginiai spektrai gauti naudojant 100 eV
energija, 0 detalieji — 20 eV su 0,05 eV skiriamaja geba. Visi spektrai uzrasyti
90° kampu. Rysio energija kalibruota naudojant C1s smailg ties 284,8 eV.
Avantage programiné jranga (v5,962) (Thermo VG Scientific) naudota
spektrams kalibruoti, gauti ir analizuoti. C 1s pagrindinio lygmens spektras
buvo derintas su 70 % Gauss—30% Lorentz funkcija, visi spektrai analizuoti
atémus Shirley fona.

Tyrimus atliko dr. Vitalija Jasulaitiené, FTMC.

2.4.8. Dzeta potencialo matavimas

GVR atlieky pavirSiaus Dzeta potencialas buvo iSmatuotas dzeta
potencialo matuokliu Zetasizer Nano ZS (Malvern Panalytical, Didzioji
Britanija) prietaisu.

ey —

2.4.9. Indukuotos plazmos optinés emisijos spektroskopija (ICP-OES)

Svino(I), vario(I), chromo(lll), aliuminio, kalcio, gelezies(IIl)
koncentracijoms vandeniniuose tirpaluose nustatyti buvo naudojamas
indukuotos plazmos optinés emisijos spektrometras (Perkin Elmer Optima
7000DV, JAV). Matavimai atlikti naudojant bangos ilgius: App,= 220,353 nm,
Acu=327,393 nm, Ac = 267,716 nm, A= 396,153 nm, Age= 238,204 nm, Aca
= 317,933 nm. Prietaiso kalibravimui naudoti standartizuoti 1,00 mg L ir
10,0 mg L* daugiaelementiniai kalibravimo tirpalai (Perkin Elmer, JAV),
kalibravimo kreivés koreliacijos koeficientas (R?) 0,999999.
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2.4.10. UV-regimosios Sviesos absorbciné spektriné analizé

Daziklio Green tirpalai buvo analizuojami naudojant UV-regimosios
Sviesos spektrofotometrag Variant Cary 50 (Agilent Technologies). Daziklio
koncentracija apskaiciuota i$ kalibravimo kreivés (bangos ilgis 630 nm).

Remiantis ICP-OES ir UV-regimosios §viesos  absorbcijos
spektrofotometrijos analiziy rezultatais, nustatytas rysys tarp daziklio Green
koncentracijos ir chromo kiekio daziklio tirpale (3 pav.).

25 r

N
o

y =0,0209x - 0,0772
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3 pav. Rysys tarp daziklio Green koncentracijos ir chromo kiekio daziklio
Green tirpale.

2.4.11, Fotometrinis cheminio deguonies suvartojimo (ChDS) nustatymo
metodas

Méginys (3 ml) oksiduojamas kar§tu kalio dichromato tirpalu
koncentruotoje sieros riigStyje, kaip katalizatorius naudojamas sidabro
sulfatas. Neredukuoty geltonos spalvos Cr.07;* jony koncentracija arba
atitinkamai  zalios spalvos Cr®* jony koncentracija buvo nustatyta
fotometriskai. Mégintuvéliai su méginiais ir reagentais dedami |
termoreaktoriy (Spectroquant® TR 320) ir kaitinami 120 min 180 °C
temperatiiroje. ISkaitinti ir atvés¢ méginiai buvo tirti fotometru
(Spectroguant® Picco). Prie§ matavimus fotometras buvo kalibruotas.

vt —
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2.5. Geriamojo vandens ruos$imo atlieky paruosimas adsorbcijos
tyrimams

GVR atliekos gautos i$ Vilniaus miesto teritorijoje esan¢ios Antaviliy
vandenvietés. Jos keturias savaites buvo dZziovinamos kambario
temperatiiroje, sutrintos griistuvéje ir laikomos eksikatoriuje. GVR atlieky
suspensijos pH nustatytas naudojant dejonizuota vandenj, kurio pH 7,0,
atlieky ir vandens santykis suspensijoje 1:100 (m/V). Savitasis elektrinis laidis
iSmatuotas 1 % vandeninéje GVR atlieky suspensijoje konduktometru inoLab
Cond 7110 (WTW, Vokietija). GVR atlieky pavirsiaus nulinio kriivio taskas
(pHpzc) nustatytas statinémis saglygomis pH slinkio metodu.

Katalizinio daziklio Green skaidymo eksperimentams atlikti, GVR
atliekos buvo kaitinamos 5 val. 800 °C temperatiiroje.

2.6. Adsorhcijos tyrimai
2.6.1. pH jtakos nustatymas

Tirpalo pH jtakai istirti daziklio Green adsorbcijos GVR atliekomis tyrimai
atlikti naudojant 100 mg L koncentracijos tirpalg, kurio pradiné pH verté 1,
2, 3, 4. Tirpaly pH reguliuotas naudojant 5 M HCI tirpalg. Sorbento masés (g)
ir tirpalo tario (ml) santykis 1 : 125. Terpés pH jtaka Pb(Il) jony adsorbcijai
nustatyta naudojant 0,005 M Pb(NOs); tirpalus, kuriy pH nuo 2 iki 6, sorbento
masés (g) ir tirpalo tiirio (ml) santykis 1 : 125.

2.6.2. Adsorbcijos kinetikos tyrimas

Kinetiniams tyrimams naudoti Pb(Il) ir Cu(ll) 2,5 - 9,5 mM tirpalai. 0,5 g
GVR atlieky maisoma magnetine maiSykle su 100 ml Pb(NOs),, Cu(NOs),
arba jy miSinio tirpalo. 2 ml tirpalo méginiai buvo imami po 3, 5, 10, 20, 40,
60, 120 ir 240 minuc¢iy nuo sgveikos pradzios, filtruojami, filtratai skiedziami
1 % HNO; ir analizuojami.

Kinetiniams daziklio Green adsorbcijos GVR atliekomis tyrimams imama
0,2-0,35 g GVR atlieky ir 50 ml Green daziklio tirpalo, maiSoma magnetine
maiSykle 500 aps. min grei¢iu. Méginiai imami po 3, 5, 10, 20, 40, 60, 120,
ir 180 min. Atliekant kinetinius tyrimus nustatyta pradinés Green daziklio
koncentracijos, tirpalo pH, temperattiros ir adsorbento (GVR atlieky) masés
jtaka daZziklio paSalinimo proceso kinetiniams parametrams. Eksperimentinés
§iy tyrimy salygos nurodytos 2-0je lenteléje.
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2 lentelé. Daziklio Green adsorbcijos kinetiniy tyrimy eksperimentinés

salygos.
Tirti Pradiné Ads. pH Temperatira, Saveikos
parametrai  koncentra- masé, g °C laikas,
cija, mg L™! min
Mas¢, g 150,0 0,20 — 2 20 40
0,35
pH 150,0 0,20 1,5-4,0 20 40
Temperata- 150,0 0,25 2 20-60 180
ra, °C
Koncentra- 168 — 635 0,25 2 20 180
cija, mg L?

Atlikus filtraty analize ICP-OES ir UV-regimosios $viesos spektrometrijos
metodu apskai¢iuota chromo kompleksinio daziklio (Green), Pb(Il), Cu(ll) ir
Cr(II) adsorbciné geba:

g = St (43)
¢ia: ¢ — adsorbciné geba (sorbuotos medziagos kiekis), mmol g™ arba mg g?;
V — tirpalo taris, L; Co — pradiné tirpalo koncentracija, mmol L arba mg L?;
ct — tirpalo koncentracija laiko momentu t, mmol Lt arba mg LY, m —
adsorbento masé, g.

Tersalo pasalinimo laipsnis (PL) apskai¢iuojamas pagal formule:

PL =" 100 % (44)
0
¢ia: Co — pradiné tirpalo koncentracija, mmol L arba mg L*; ¢ — tirpalo
koncentracija laiko momentu t, mmol L arba mg L.
Eksperimentiniams duomenims apdoroti naudoti matematiniai Kinetiniai
modeliai pateikti literatiiros apzvalgoje (skyriuje 1.7. Adsorbcijos kinetika).

2.6.3. Adsorbcijos pusiausvyros tyrimas

Pb(1l) ir Cu(ll) adsorbcijos pusiausvyra tirta naudojant Pb(Il) ir Cu(ll)
tirpalus, kuriy koncentracija nuo 0,5 iki 19,5 mM. Adsorbcijos izoterméms
gauti imta 0,2 g GVR atlieky ir 25 ml vienkomponencio ar dvikomponencio
Pb(1l) ir/ar Cu(ll) tirpalo. Adsorbcijos pusiausvyros tyrimai atlikti 20, 40 ir 60
°C temperatiiroje.
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Daziklio Green pusiausviroji adsorbciné geba tirta sistemose, kuriose
GVR atlieky masé 0,25 g, daziklio tirpalo ttris 50 ml, tirpaly koncentracija
nuo 50,00 iki 1000 mg L. Adsorbcijos pusiausvyros tyrimai atlikti 20, 40 ir
50 °C temperatiiroje.

Pusiausviroji adsorbciné geba apskai¢iuota naudojant formule:

g = O (45)
¢ia: (e — pusiausviroji adsorbeiné geba, mmol g arba mg g; V — tirpalo tiiris,
I; co — pradiné tirpalo koncentracija, mmol L arba mg L?; c. — pusiausvirojo
tirpalo koncentracija, mmol L arba mg L; m — adsorbento masé, g.

TerSalo pasalinimo laipsnis (PL) pasiekus pusiausvyrg apskai¢iuojamas
pagal formulg :

CO_ Ce
Co

PL = -100% (46)
¢ia: Co — pradiné tirpalo koncentracija, mmol L't arba mg L%; c. — pusiausvirojo
tirpalo koncentracija, mmol L™ arba mg L.

Eksperimentiniams duomenims apdoroti naudoti matematiniai adsorbcijos
pusiausvyros izotermiy modeliai pateikti literattiros apzvalgoje (skyriuje 1.8.
Pusiausvirosios adsorbcijos izotermiy modeliai).

2.7. Daziklio Green desorbcijos i§ geriamojo vandens ruosimo atlieky
tyrimas

GVR atlieky prisotinty dazikliu Green regeneravimas atliktas naudojant
0,05 M NaOH tirpalg. Desorbcijos metu adsorbento maseés (g) ir NaOH tirpalo
tario (ml) santykis 1:40. Desorbuotos GVR atliekos plaunamos dejonizuotu
vandeniu tol, kol plovimo vandeny pH tampa lygus pH 7 ir dziovinamos 60
°C temperatiiroje dziovinimo krosnyje. Desorbciné geba (U desors, Mg g1) ir
desorbcijos efektyvumas (Q) apskaiciuoti pagal formules [124]:

C
e, desorb = 4 (ﬁf) (47)
0 -t 109 o

¢ia V yra NaOH tirpalo taris (L), M yra GVR atlieky masé (g) ir Ct — daziklio
Green koncentracija eliuate (mg L%).
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2.8. Daziklio Green katalizinis skaidymas

Adsorbcijos/katalizinio skaidymo eksperimentai buvo atlikti taip: j 10 ml
vandeninio daziklio Green tirpalo (100 mg L) 20 °C, 50 °C arba 60 °C
temperattroje buvo jberta 5 mg GVR atlieky. Sistemos pH reguliuojamas 5
M HCl tirpalu ir nedelsiant pridedama 1 ml 35 % vandenilio peroksido H,0..
Reakcijos metu miSinys buvo nuolat maiSomas magnetine maiSykle. Praéjus
tam tikram laikui (5, 10, 20, 30, 40, 50, 60, 80, 90 ir 120 min), 5 ml méginys
centrifuguojamas ir supilamas j kvarco kiuvet¢ spektrofotometriniams
matavimams. Po to méginys vél grazinamas j katalizinés reakcijos inda.
Palyginimui, tomis pac¢iomis saglygomis buvo atlikti adsorbcijos bandymai su
GVR atliekomis be H,O; ir nekatalizinés daziklio Green oksidacijos tyrimai
su H,0; be kietosios fazés (GVR atlieky).

Kataliziniy eksperimenty serija taip pat atlikta su jzangine adsorbcijos
stadija, kurios metu daZiklio Green tirpalai kartu su GVR atliekomis buvo
maiSomi 30 min tamsoje nepridéjus H.O, [54]. GVR atlieky sorbciné geba ir
daziklio Green pasalinimo laipsnis apskaiciuoti atitinkamai pagal formules
(43) ir (44).

2.9. Statistinis duomeny jvertinimas

Eksperimentiniai Pb(Il), Cu(ll), daziklio Green adsorbcijos ir daziklio
Green katalizinio skaidymo duomenys yra trijy lygiagreCiy méginiy serijy
analizés rezultaty aritmetinis vidurkis.

Netiesiniy izotermiy modeliy taikymas atliktas naudojantis Solver prieda,
Microsoft Excel. Modeliy tinkamumas nustatytas pagal koreliacijos
koeficienta R?, kuris apskai¢iuojamas pagal lygtj [109], [125]:

Yh=1(de=qemodet)”
R?=1-—=1 . 49
Yn=1(Ge—evia)? ( )
¢ia Qe — eksperimentikai gauta sorbciné geba (mg g7); Qevia —
eksperimentiSkai gauta vidutiné sorbciné geba (mg g?); Omoser — pagal

izotermés modelj apskaiGiuota sorbciné geba (mg g*), n — eksperimentiniy
tasky skaicius.
Standartiné skai¢iavimy paklaida apskaic¢iuojama pagal lygtj (50):

1 2
SE = _2ﬁ1(Qe,eksp - Qe,apsk) (50)

m-p

¢ia m — eksperimentiniy tasky skaicius, p — modelio parametry skaiius [126].
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Netiesinis  Chi-kvadrato  (x?) kriterijus naudotas skirtumui tarp
eksperimentiniy duomeny ir apskaiciuoty pagal izotermiy modelius palyginti.
Chi-kvadrato kriterijus, »?:

(deksp— Gapsk)®
X2 = ?:1% (51)

Cia Qesp — eksperimentiskai gauta sorbciné geba (mg g?); Capsk — pagal
izotermés modelj apskai¢iuota sorbciné geba (mg gt).

55



3. REZULTATAI IR JU APTARIMAS
3.1. Geriamojo vandens ruosimo atlieky fizikinés ir cheminés savybés
3.1.1. Geriamojo vandens ruosimo atlieky susidarymas ir jy apibiidinimas

Kalcio-magnio-vandenilio karbonato tipo pozeminis vanduo yra
vienintelis geriamojo vandens Saltinis Lietuvoje. Gelezis yra pagrindinis
komponentas, turintis neigiamos jtakos jo kokybei [127]. Todél UAB
»Vilniaus vandenys* yra jsigijusi geriamojo vandens ruo§imo jrenginius bei
idiegusi nereagentinio pozeminio vandens valymo bei geleZies ir mangano
Salinimo technologija.

PoZeminiame vandenyje, kuris pumpuojamas i§ giliy 40-180 m gylio
Suliniy, gelezies koncentracija prie§ apdorojimg apie 1 mg L*. Vandeniui
tekant pro aeravimo slenkséius jis prisotinamas deguonimi, sukuriamos
palankios salygos homogeninei Fe(II) jony oksidacijai, susidarant netirpiems
Fe(lll) junginiams [128]. Sj procesa galima apragyti lygtimi:

4Fe(HCO3), + 2H,0 + 0, — 4Fe(OH); + 8CO, (52)

Susidargs gelezies(III) hidroksidas gali adsorbuoti vandenyje esancius
vandenilio karbonato jonus vykstant reakcijai [129]:

HCO3 (H;0)¢ + [Fe,(OH)5(H,0)5(H,0)6]'* =
[Fe,(OH),(H,0)4HCO3(H,0)¢]** + OH™(H,0), (53)

Kai vanduo koSiamas per smélio filtra, vyksta ir heterogeniné bei biologiné
Fe(Il) oksidacija [130, 131]. Smélio filtras tam tikrais laiko intervalais
praplaunamas, plovimo vandenys nukreipiami | presa, taip susiformuoja
sausas dumblas, kuris Siame darbe pavadintas geriamojo vandens ruo$imo
atliekomis (GVR atliekomis).

Istirta, kad GVR atlieky vandeninés suspensijos (1:100, m/V) terpé yra
silpnai Sarmin¢, pH svyruoja nuo 8,15 iki 8,20. Vadinasi, GVR atliekos yra
bazinio tipo adsorbentas. Chiang ir kt. [41] gavo panasy rezultata (pH 8,1),
tirdami Belgijoje, Vakary Flandrijoje, esancioje vandens ruo$imo jmonéje
susidaranciy atlieky suspensijas.

Galima manyti, kad GVR atlieky suspensijos dejonizuotame vandenyje
terpé yra baziné dél vykstanciy reakeijy [39, 132]:

HCO3 + H,0 & OH™ + H,0 + CO, (54)
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CO%~ + H,0 & HCOZ + OH™ 55
3 2 3

GVR atlieky suspensijos (1:5, m/V) savitasis elektrinis laidis 1,12 mS cm™ (3
lentelé). Nustatytas GVR atlieky pavirSiaus nulinio kriivio taskas pHezc, kuris
taip pat apibtidina adsorbento savybes. Sis parametras parodo tirpalo pH verte,
kuriai esant GVR atlieky pavirsius yra elektriskai neutralus. Kai pH> pHpzc,
adsorbento pavirSiuje yra neigiamo kravio perteklius, 0 kai pH <pHpzc, —
teigiamg. GVR atlieky pavirSiaus kriivis turi jtakos kriivj turin¢iy daleliy,
tokiy kaip sunkiyjy metaly katijonai ar daziklio anijonai, sorbcijai, nes
nulemia elektrostatiniy traukos ar atostimio jégy tarp adsorbento ir adsorbato
stipruma. IS 4 pav. pateiktos kreivés matyti, kad GVR atlieky nulinio krivio
taskas pHpzc = 8,0. Tai reiskia, kad esant tirpalo pH > 8,0, Sio adsorbento
pavir§ius bus jkrautas neigiamai, o kai pH < 8,0 — teigiamai.

ApH

pH,

4 pav. GVR atlieky pavirsiaus nulinio kriivio tasko nustatymas pH
slinkio metodu. Sglygos: 0,1000 g GVR atlieky, 50 ml 0,1 M KNOs tirpalo
(pHo 3- 12).

Kosmulskis [133] nurodo, kad metaly (hidr)oksidai pavirSiaus kriivj jgyja
protonuojantis/deprotonuojantis pavirSiaus deguonies atomams, taip pat
pereinant neutralioms, anijoninéms ir katijoninéms daleléms i$ (hidr)oksidy j
tirpalg ir (arba) vykstant jy readsorbcijai. Hidratuoto gelezies oksido nulinio
kraivio taskas pHezc, kaip nurodo Dzombak ir Morel [134], gali biti nuo 7,9
iki 8,2, o vidutiné verté 8,0. Ferihidritui budingas nulinio krtvio taskas pHpzc,
nustatytas skirtingy autoriy [135, 136, 137, 138], svyruoja nuo 7,91 iki 8,3.
ISanalizavus literatiros duomenis ir remiantis tyrimo rezultatais, galima
daryti iSvada, kad visos kitos Vilniaus regiono GVR atlieky sudétinés dalys,
be hidratuoto gelezies oksido, neturi pastebimo poveikio pHpzc vertei.
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3 lentele. GVR atlieky fizikocheminés savybés

Parametras Verte
pH 8,2
SEL mS cm™? 1,12
Pagrindinés sudedamosios dalys (w %)

Fe,03 77,99
SiO; 5,23
CaO 7,37
P20s 7,42

3.1.2. GVR atlieky struktura ir pavir§iaus morfologija

SEM ir TEM metodais apibiidinta medziagos pavirSiaus morfologija ir
daleliy dydis. Kaip parodyta 5a pav., kambario temperatiiroje iSdziovinty
GVR atlieky milteliai susideda i beveik sferiniy susijungusiy 50-96 nm
dydzio daleliy. Nanodaleliy aglomeracija sukuria porétg struktiirg,
pasizymin¢ig  puikiomis  sorbcinémis  savybémis. PerSvieCiamosios
elektroninés mikroskopijos metodu taip pat istita GVR atlieky daleliy
morfologija ir dydis (5b pav.). Kaip matyti i§ TEM gauto GVR atlieky vaizdo
(5b pav.), adsorbento pavirSiaus struktiira yra akyta, o daleliy dydis yra nuo
40 iki 90 nm.

+ -"‘53 T
a). = Agxl y »
809 nm

in.’ .

100 nm

5 pav. GVR atlieky, i§dziovinty kambario temperatiiroje, pavirSiaus
morfologija: (a) SEM nuotrauka; (b) TEM nuotrauka.

3.1.3. Elementiné geriamojo vandens ruosimo atlieky sudétis

Elementiné GVR atlieky sudétis nustatyta SEM-EDS ir Rentgeno
spinduliy fluorescencinés analizés metodu. Kaip matyti i§ duomeny, pateikty
4-oje lenteléje, dviem skirtingais metodais atlikta GVR atlieky analizé rodo,
jog vyraujantys cheminiai elementai yra Fe, O, Ca, P ir Si. Gelezies ir
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deguonies yra daugiau kaip po 40 % (pagal masg). Taip pat atliekose yra Mn,
Mg ir S, jy kiekis svyruoja tarp 0,15 — 0,30 %. Likusiy rasty elementy — Al,
Cl, K, Ti, As, Sr, Ba — maziau negu 0,1 %. Siy elementy buvimas GVR
atliekose susijes su jy egzistavimu poZeminiame vandenyje bei netirpiy
junginiy susidarymu tam tikromis sglygomis. GVR atlieky sudétis oksidy
pavidalu pateikiama 3 lenteléje, i$ kurios matyti, kad gelezies(IIl) oksido
Siame miSinyje yra apie 78 %. Nustatyta GVR atlieky sudétis parodé, kad tai
nepavojinga ir aplinkai nekenksminga medziaga. Panasi atlieky, susidariusiy
ruo$iant pozeminj vandenj, sudétis nurodyta ir [139] darbe.

4 lentelé. Elementiné GVR atlieky sudétis nustatyta EDS ir WDXRF
metodais.

. Masés %
Elementai
WDXRF EDS
0 44,91 46,02
Fe 43,53 42,85
Ca 3,961 4,570
P 2,513 3,002
Si 1,914 2,740
S 0,174 0,297
Mn 0,266 0,280
Mg 0,150 0,252
Cl 0,009 0,005

Atlikti XPS tyrimai ne tik leido patvirtinti GVR atlieky elementine sudétj,
bet ir nustatyti elementy chemines biisenas. GVR atlieky pilname XPS spektre
matyti vyraujantys O, Fe, C ir Ca elementai (6a pav.) ir nedideli Si, S ir P
kiekiai. Didelés skiriamosios gebos Fe, O, Ca ir P XPS spektrai pateikiami 6b,
6c, 6d ir 6e paveiksluose.

Aukstos rezoliucijos GVR atlieky Fe 2p spektre (6b pav.) matomos dvi Fe
2ps;2 budingos smailés ties 710,5 ir 712,3 eV. Jos atitinka Fe-O rySio energijas
a-Fe;0Os; (hematite) ir Fe(OH)O (getite, lepidokrocite) [140, 141]. Rysio
energijy skirtumas tarp O 1s (pav. 6¢) ir Fe 2ps;» smailiy XPS spektruose yra
patikimas gelezies oksidacijos laipsnio matas. Skirtumas tarp O 1s ir Fe 2pap
rySio energijy yra 181 eV, tai reiskia, kad pagrindinis gelezies oksidacijos
laipsnis GVVR atliekose yra +3 [142].

GVR atlieky O 1s spektre (6¢ pav.) matomos keturios smailés ties 529,5
eV, 530,54 eV, 531,6 eV ir 532,9 eV atitinkancios Fe-O, Fe-OH ir C-O rysius
arba chemiskai/fiziskai adsorbuotg vandenj [140, 141, 143]. Nustatyta 532,9
eV rysio energija buidinga SiO, esanc¢iam silicis-deguonis rySiui. Aukstos
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rezoliucijos Ca 2p spektre (6d pav.) stebimos dvi smailés ties 347,52 (2pss) ir
351,22 eV (2p112), kurios gali biti priskirtos CaCOs ar kalciui fosfaty aplinkoje
(Caz(POs4)2); CaHPO4; Ca(H2P0s),) [144, 145].
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6 pav. GVR atlieky pilnas XPS spektras (a); GVR atlieky aukstos
rezoliucijos XPS spektrai: Fe 2p (b); O 1s (c); Ca 2p (d); P 2p (e); Si 2p (f).

Smailés detaliajame P 2p spektre atitinka P 2psp ir P 2p12 energetines
bisenas, biidingas P-O rysiui fosfatuose, taip pat ir FePO4 junginiui [146]. Si
2p detalusis XPS spektras (6f pav.) parodo Si 2p elektroning biiseng silicio
diokside SiO, [147] ir silikatuose [148].
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3.1.4. Geriamojo vandens ruo$imo atlieky pavir§iaus plotas ir poringumas

Gautos GVR atlieky N, adsorbcijos-desorbcijos izotermés pateiktos 7
paveiksle. Pagal Tarptautinés teorinés ir taikomosios chemijos sajungos
(IUPAC) klasifikacija [149], gautas izotermes galima priskirti 1V(a) tipo
izoterméms su H3 tipo histerezés kilpa auksto santykinio slégio p/po
diapazone 0,45-0,98 (7 pav.). Tokios izotermés biudingos daugeliui
mezoporiniy pramoniniy sorbenty ir neorganiniy oksidy kserogeliams [149].
GVR atlieky akuciy dydis labai jvairus, svyruoja nuo 3 iki 120 nm (7 pav.),
pastebima smailé ties 65 nm.
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7 pav. Azoto adsorbcijos (pilni simboliai) — desorbcijos (tusti simboliai)
izotermés ir pory dydzio pasiskirstymas GVR atliekose.

Tai rodo, kad GVR atliekos yra mezoporiné-makroporiné medziaga. Savitasis
GVR atlieky BET pavirsiaus plotas yra 34,76 m? g**. Palyginimui, komerciniy
a-Fe,03 milteliy BET plotas lygus 18 m? g [150]. Vandens ruosimo atlieky,
susidariusiy naudojant koaguliantg Fe2(SO4)3, BET pavirsiaus plotas lygus 35
m? g [42]. Taciau $vieziy GVR atlieky savitasis pavirSiaus plotas gali siekti
ir 120 m? g [39].

3.1.5. ISkaitinty geriamojo vandens ruoSimo atlieky faziné sudétis

GVR atliekos buvo tiriamos XRD metodu. I$siaiSkinta, kad Svieziai
susidariusios atliekos yra amorfiné medziaga, todél jy faziné sudétis nustatyta
iskaitinus 5 val. 800 °C temperatiiroje. Zinoma, kad hidratuoto geleZies(III)
hidroksido savybés kaitinimo metu kinta [151]. Higroskopinis vanduo
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i8garuoja esant 96—174 °C temperatiirai, o kristalizacinis vanduo i$siskiria
esant 400-700 °C temperatiirai pagal lygti:

2Fe00H - Fe,05 + H,0 (56)

Po iskaitinimo GVR atlieky iSvaizda ir sandara taip pat pakito. Milteliy spalva
pasikaité is rudos j tamsiai raudong.
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8 pav. GVR atlieky difraktograma, gauta po 5 val. kaitinimo 800 °C
temperatiiroje.

IS gautos difraktogramos (8 pav.) matyti, kad iSkaitinus GVR atlieky bandinj
800 °C temperatiiroje, susidaro kristalinés kubinés struktiiros, kuriy atspindzio
smailés atitinka maghemito smailes (y-Fe.Os ICDD # 00-039-1346), bei
heksagoninés SiO: struktaros (ICDD # 00-046-1045). Silicio dioksido
priemaiSos gali atsirasti dél aeruoto vandens tekéjimo per smélio filtrg.

MedZiagos panaudojimo galimybiy vertinimas prasidéjo nuo jos
pazinimo. Pasitelkus jvairius medziagy tyrimo ir analizés metodus,
i$siaiskinta geriamojo vandens ruosimo atlieky sudétis ir struktiira, pavirSiaus
morfologija. Nustatyta, kad tai nepavojinga ir aplinkai draugiSka medZiaga,
sudaryta i§ jvairiy cheminiy junginiy, tarp kuriy vyraujantys yra gelezies(III)
junginiai. Rudos spalvos milteliai yra nanomedziaga, sudaryta i§ beveik
sferiniy 50-100 nm dydzio daleliy, kuriy aglomeracija sukuria apie 35 m? g
BET pavirsiaus ploto poréta struktiirg. Po terminio apdorojimo GVR atlieky
faziné sudétis pakinta. IStirta, kad GVR atlieky gryname dejonizuotame
vandenyje suspensija yra silpnai $arminé, pH svyruoja nuo 8,15 iki 8,20.
Ivairiapusis medziagos iStyrimas leido daryti prielaidg, kad ji galéty
pasizymeti sorbcinémis ir katalizinémis savybémis.
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3.2. Pb(1I) ir Cu(II) jony Salinimas i$§ vandeniniy tirpaly GVR atliekomis
3.2.1. Tirpalo pH jtaka Pb(II) jony adsorbcijai

Jau anksciau pastebéta, kad tirpalo pH turi jtakos metaly jony adsorbcijai
[42, 43, 152, 153]. Taigi, norint apibrézti optimalias adsorbcijos salygas,
bitina tirti ir Sio rodiklio poveikj adsorbcijos efektyvumui. Tirpalo pH jtakai
nustatyti, $vino(II) jony pusiausvirosios adsorbcijos tyrimai buvo atlikti
naudojant Pb(NOs). tirpalus, kuriy pradiné pH verté svyravo nuo pH 2,0 iki
pH 6,0. Adsorbcijos metu terpés pH nebuvo papildomai reguliuojamas. Rysys
tarp Svino(IT) jony pusiausvirosios adsorbcinés gebos ir pradinio bei
pusiausvirojo tirpalo pH verciy pateiktas 9 pav. Kaip matyti i§ 9 pav., tirpalo
pH verté turi didelés jtakos Pb(II) jony adsorbcijai GVR atliekomis.

@ g, mmol/g ®Galutinis pH
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9 pav. Rysys tarp pusiausvirosios Pb(IT) jony adsorbcijos ir pradinio bei
pusiausvirojo tirpalo pH. Sglygos: pradiné Pb(Il) jony koncentracija 5 mmol
L™, adsorbento masés koncentracija 8 g L™, T = 20 °C.

I$ 9 pav. matyti, kad didziausias Pb(II) jony kiekis pasalinamas, kai pradiné ir
pusiausviroji tirpalo pH verté yra nuo 5 iki 6. Visais eksperimento atvejais
tirpalo pH < pHpzc. Vadinasi, nespecifiné Pb(Il) jony adsorbcija veikiant
elektrostatinéms traukos jégoms néra vyraujantis Pb(Il) jony koncentravimosi
GVR atlieky pavirSiuje mechanizmas. Adsorbciné geba palaipsniui mazéja
nuo 0,5 iki 0,4 mmol g mazinant pradinio tirpalo pH nuo pH 5 iki pH 3,
tadiau drastiskai pakinta, kai pHo = 2. Siuo atveju Pb(II) jony adsorbciné geba
sumazéja iki 0,1 mmol g?. Tai galima paaiskinti didele H* jony koncentracija
tirpale ir jy konkurencine adsorbcija ant GVR atlieky pavirSiaus. Kai
adsorbcijos centrai protonizuoti (57 lygtis) ir adsorbento pavirsius yra jgijes
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didelj teigiamo kravio pertekliy, elektrostatinés stimos jégos trukdo Pb(IT)
jony adsorbcijai.

= FeOH + H* - = FeOH3 (57)
PanasSi tendencija pastebéta tiriant Pb(Il) jony sorbcija geleZies
oksido/hidroksido nanodalelémis [154]. Atliekant tyrimus buvo nustatyta, kad
vykstant Pb(IT) jony adsorbcijai GVR atliekomis, pasikeicia tirpalo pH verté
(9 pav.). Kuo mazesné pradiné tirpalo pH verté, tuo rySkesnis pH pokytis. Tai
parodo didelj GVR atlieky afiniskumg H* jonams. Kai pradinio tirpalo pH =
2, o Pb(Il) jony koncentracija 5 mmol L, abiejy teigiamy daleliy moliné
ekvivalenty koncentracija tirpale yra vienoda. Taciau po sgveikos su GVR
atliekomis, H* jony koncentracija tirpale sumazéjo daugiau kaip Sesis kartus.
Bahar ir kt. [155] taip pat pazymi, kad bazinis adsorbentas (kokoso riesuty
degimo liekanos) neutralizavo valoma riigstinj tirpala, padidindamas sistemos
pH.

Labai svarbi sorbenty charakteristika yra jy cheminis stabilumas, ypatingai
kai jie sudaryti i§ metalo oksidy ir hidroksidy, nes raigstiné terpé gali sukelti
sorbento tirpimg [56]. Riigstinant tirpalg (58-60) reakcijy pusiausvyra slenkasi
j desing, tirpale didéja Fe®* ir Ca?* jony koncentracija [132]:

Fe(OH); © Fe3* + 30H" (58)
FeOOH + H,0 & Fe3* + 30H~ (59)
CaCO; © Ca%* +CO03~ (60)

Siekiant jvertinti GVR atlieky stabilumg riig§tingje terpéje, nustatyta
Fe(lI1) koncentracija tirpaluose po Pb(ll) adsorbcijos. Pusiausviryjy tirpaly
analizé ICP-OES metodu parodé, kad Fe(IIl) kiekis skystoje fazéje kinta
priklausomai nuo pradinés tirpalo pH vertés (10 pav.).

2.4
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10 pav. Fe(Ill) jony iSsiskyrimas i§ GVR atlieky j vandenin; tirpala,

Fe3*]

priklausomai nuo pradinés tirpalo pH vertés. Sglygos: pradiné Pb(Il) jony
koncentracija 5 mmol L, adsorbento masés koncentracija 8 g L, T=20 °C.
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Gelezies(I1l) koncentracija pusiausvirajame tirpale, kurio pradinis pH =
2,0, yra apie 120 mg L, o tai reiskia, kad mazdaug 3,4 masés % gelezZies,
buvusios kietojoje fazéje, istirpsta. Veikiami ragscios terpés, tirpsta GVR
atlieky sudétyje esantys Fe(Ill) karbonatai, hidroksidai ir oksihidroksidai,
kuriy buvimg jrodé XPS ir FTIR analizé. Didinant pradinio tirpalo pH nuo 2,0
iki 4,0, pusiausvirajame tirpale Fe(lll) koncentracija sumazgja iki 0,75 mg L
! Taigi silpnai riigi¢ioje terpéje netenkama tik apie 0,02 masés % adsorbente
buvusios gelezies. Be to, maziau uzterSiamas Fe(Ill) jonais valomas tirpalas.
Fe(l11) junginiy tirpuma galima sumazinti dar daugiau nei du kartus padidinus
pradinio Pb(NOs): tirpalo pH iki 5,0. Apibendrinant galima teigti, kad GVR
atliekos islicka praktiSkai stabilios ir gali biiti naudojamos sunkiyjy metaly
jonams Salinti i§ tirpaly, kuriy pradinis pH > 3.

3.2.2. Pb(I1) ir Cu(ll) jony adsorbcijos kinetika

Pb(II) ir Cu(Il) jony adsorbcijos GVR atliekomis kinetikos tyrimai buvo
atlikti vienkomponentése ir dvikomponentése sistemose, keiciant prading
metalo jony koncentracija ir temperatiirg. Pagal metaly jony pasalinimo greitj,
adsorbcijos procesa galima suskirstyti j du etapus (11 pav.). Adsorbento ir
tirpalo sgveikos pradzioje (0 — 10 min) Pb(II) ir Cu(II) jony adsorbcijos greitis
yra didelis. GVR atliekos per pirmasias 3 min sukaupia daugiau nei 67-95%
Viso susorbuoto kiekio. Tai galima paaiskinti tuo, kad GVR atliekos yra
milteliy pavidalo adsorbentas, uZtikrinantis puikig adsorbcijos kinetika [156].
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11 pav. Pradinés Pb(Il) ir Cu(Il) jony koncentracijos ir kontakto laiko jtaka
ju pasalinimo efektyvumui (PL) i§ dvikomponenéiy tirpaly 40 °C
temperattroje. Sqlygos: adsorbento masés koncentracija 8 g L*, pH 5.

Pradinis Pb(Il) ir Cu(IT) salinimo greitis yra didelis, nes adsorbcija vyksta
ant didelio smulkiy GVR atlieky daleliy pavirSiaus. Antrajame etape

65



adsorbcija sulétéja, didziausias pasalinimo efektyvumas pasirinktomis
eksperimento sglygomis pasiekiamas po 40-60 min., véliau nusistovi
pusiausvyra. Adsorbcijos intensyvumas pradiniame etape (0 — 3 min) matyti
i§ duomeny, pateikty 5-oje lentel¢je. PanasSi adsorbcijos kinetika biidinga ir
getitu (FeO(OH)) salinant fosfato bei arsenato jonus: greitoji stadija, trunkanti
pirmasias 5 min ir 1&toji, besitgsianti kelias valandas [157]. Ivanets ir kt. [158]
nustaté, kad Ca-Mg fosfato sorbentas, susintetintas naudojant dolomitg ir
fosforo riigst], taip pat pasizyméjo dideliu Pb(II) ir Cu(II) pasalinimo greiciu.
Salinant Pb(ll) ir Cu(ll) jonus GVR atliekomis i§ dvikomponenéio tirpalo
pasireiSkia konkurenciné¢ adsorbcija, rySkiausiai ji pastebima proceso
pradzioje (11 pav.). Tai galima paaiskinti didesniu Pb(ll) jony afiniskumu
GVR atlieky atzvilgiu nei Cu(ll). Metalo jony pasalinimo GVR atliekomis
efektyvumas priklauso ne tik nuo metalo jony prigimties, bet ir nuo pradinés
ju koncentracijos bei temperatiros (11 pav., 5 lentel¢). Machesky [159]
nustaté, kad metaly katijony adsorbcija hidratuotais metaly oksidais yra
endoterminis procesas. Tai pasitvirtina ir masy tyrime: aukS$tesnéje
temperatroje ir Pb(Il), ir Cu(Il) pasalinimo laipsnis per ta patj saveikos laika
didesnis. Didinant temperatiirg, didéja Pb(Il) ir Cu(ll) adsorbcijos greitis, nes
padidéja metalo jony judrumas bei kinetiné energija. Taip pat nuo
temperatiros priklauso adsorbento pavirSiaus kravio tankis, pavirSiaus
hidratacijos laipsnis bei metaly jony cheminé forma [160] .

5 lentelé. Pb(Il) ir Cu(ll) jony pasalinimo efektyvumas 20°C ir 60°C
temperatirose i§ vienkomponenc¢iy ir dvikomponengiy tirpaly.

_ Pradiné ) Tempera- _Paéa?linimo
Sistema koncentracija tiira (°C) laipsnis (%) po
(mM) 3min 40 min
vienkomponenté 954 20 67.9 834
Pb(II) 9,54 60 71,5 89,2
dvikomponenté 250 20 92,7 987
4,54 20 89,8 91,4
vienkomponenté 8,54 20 9 82l
cu(in 8,54 60 77,2 84,3
dvikomponenté 250 20 83,7 9,2
3,58 20 80,0 88,9

Nustatyta, kad kuo mazesné pradiné metalo jony koncentracija, tuo
didesnis pasalinimo laipsnis gali bati pasiekiamas per tg patj laiko tarpg, nes
GVR atlieky daleliy pavirSiuje yra pakankamai aktyviy adsorbciniy centry
nedideliam metaly jony kiekiui sulaikyti. PaSalinimo laipsnis artéja prie
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100%, kai pradiné Cu(Il) ir Pb(II) jony koncentracija yra ne didesné nei 2,5
mmol L*. Temperatiirg padidinus nuo 20 iki 60 °C, padidéja ir pasalinimo
laipsnis. Pavyzdziui, Pb(II) jony pasalinimo laipsnis i§ vienkomponencio
tirpalo, kuriame pradin¢é Pb(II) koncentracija 9,54 mM, padidéjo nuo 83,4%
20 °C temperatiiroje iki 89,2% 60 °C temperatiiroje. IS Pb(Il) ir Cu(Il) jony
miSinio, kuriame jy pradiné koncentracija buvo lygi 2,5 arba 5 mmol L7, 40
°C temperatiiroje (11 pav.) buvo pasalinta daugiau Pb(II) ir Cu(II) jony nei 20
°C temperatiiroje (2 lentel¢). Apibendrinant galima teigti, kad GVR atliekos
tinka Pb(Il) ir Cu(Il) jonams S$alinti i§ vandeniniy tirpaly, net kai jy
koncentracija tirpale gana didelé, o adsorbcija vyksta dideliu grei¢iu. Tai
nulemia adsorbento sandara ir savybés: nanodydzio daleliy sudétyje yra
cheminiy komponenty, kurie su Pb(Il) ir Cu(Il) jonais gali sudaryti menkai
tirpius junginius vykstant jony mainams.

3.2.3. Pb(II) ir Cu(Il) jony adsorbcijos pusiausvyra

Istirta Pb(IT) ir Cu(Il) jony adsorbcijos GVR atliekomis pusiausvyra ir
gautos adsorbcijos izotermés. GVR atlieky adsorbcinés gebos (mmol g?)
priklausomybé nuo Pb(II) ir Cu(ll) jony koncentracijos pusiausvyros
salygomis buvo tiriama skirtingose temperatirose (20, 40 ir 60 °C) is$
vienkomponenciy ir dvikomponenciy tirpaly. 12 paveiksle pateiktos Pb(l)
jony adsorbcijos izotermés i§ vienkomponenciy tirpaly, kai sistemos
temperattra 20 ir 60 °C.

®  Eksp. taskai — — Langmuir
--------- Freundlich —--L-F
----- Langmuir pasiskirstymo —#— Nusodinimas

C., mmol - g1

12 pav. Pb(II) jony adsorbcijos izotermés i§ vienkomponenciy tirpaly
esant 20 °C ir 60 °C temperaturoms. Sglygos: GVR atlieky koncentracija 8 g
L1, pH 5, pusiausvyros laikas 24 val.
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Pb(Il) ir Cu(Il) jony Salinimui GVR atliekomis apibtidinti buvo taikyti
Langmuir, Freundlich, Langmuir-Freundlich (L-F) ir Langmuir-
pasiskirstymo modeliai (netiesinés analizés metodu). Eksperimentiniy
duomeny modeliavimo rezultatai pateikti 12 ir 13 paveiksluose bei 6-o0je
lenteléje.

6 lentelé. Svino(II) ir Cu(ll) jony adsorbcijos GVR atliekomis izotermiy
parametrai, Koreliacijos koeficientai bei standartinés paklaidos
vienkomponentéms (VK) ir dvikomponentéms (DK) sistemoms.

) Siste- . Pb(I) cu(ll
Modelis ma | Farametral oaeET T ec [60°C | 20 °C 40°C | 60 °C
Langmuir | VK | dm 1285 |1,242 | 1,395 | 0,945 | 1,118 | 1,103
K. 1,452 |5644 | 5224 | 2,058 | 1,922 | 2,857
R 0,9910 |0,9670 | 0,9706 | 0,9423 | 0,9659 | 0,588
SE 0,0179 |0,0925 | 0,0942 | 0,0224 | 0,0758 | 0,0855
DK | m 1,004 |1,062 | 1,139 | 0,604 | 0,651 | 0,736
K. 2,114 |2,844 | 3,155 | 3,662 | 3,689 | 3,767
R 0,9808 |0,9855 | 0,9918 | 0,9965 | 0,9907 | 0,9758
SE 0,0382 |0,0363 | 0,0307 | 0,0234 | 0,0234 | 0,0419
Freundlich | VK | Kr 0,6377 |0,8480 | 0,9481 | 0,5288 | 0,6183 | 0,6716
n 0,3512 |0,2777 | 0,2885 | 0,3075 | 0,3030 | 0,2779
R2 0,9272 10,9182 | 0,9272 | 0,9755 | 0,9617 | 0,9591
SE 0,124 0,145 | 0,148 | 0,058 | 0,080 | 0,085
DK | Kr 0,6207 |0,7171 | 0,8157 | 0,3921 | 0,4206 | 0,4848
n 0,4508 |0,4400 | 0,4507 | 0,2983 | 0,3072 | 0,3196
RZ 0,9881 |0,9783 | 0,9808 | 0,9139 | 0,9108 | 0,9470
SE 0,0300 |0,0445 | 0,0472 | 0,0665 | 0,0722 | 0,0621
Langmuir- | VK | On 1,369 |1,468 | 1,634 | 1,518 | 1,454 | 1,446
Freundlich Ka 1,0024 |3,1016 | 3,0520 | 0,3762 | 0,8419 | 1,1707
m 0,8747 |0,6836 | 0,6905 | 0,5093 | 0,5974 | 0,5603
RZ 0,9934 |0,9881 | 0,9894 | 0,9937 | 0,9960 | 0,9971
SE 0,0409 |0,0607 | 0,0618 | 0,0321 | 0,0284 | 0,0249
DK | Om 1,6236 |1,3829 | 1,4025 | 0,6632 | 0,7019 | 0,8858
Ka 0,5382 |1,3165 | 1,7455 | 2,8092 | 2,9591 | 2,0994
m 0,6565 |0,7343 | 0,7752 | 0,7916 | 0,8321 | 0,6884
RZ 0,9971 |0,9945 | 0,9970 | 0,9973 | 0,9956 | 0,9957
SE 0,0160 |0,0242 | 0,0204 | 0,0129 | 0,0175 | 0,0195
Langmuir | VK | Kqg 0,0196 |0,0527 | 0,0734 | 0,0428 | 0,0410 | 0,0427
pasiskirstymo b 1,802 10,88 | 10,71 | 7,396 | 5170 | 7,933
(dualistinis) Q 1,12140,9849 | 1,0590 | 0,6218 | 0,7820 | 0,7924
RZ 0,9929 [0,9927 | 0,9948 | 0,9928 | 0,9846 | 0,9826
SE 0,0424 [0,0081 | 0,0434 | 0,0342 | 0,0559 | 0,0609
DK | Kq 0,1740 |0,1853 | 0,2089 | 0,0156 | 0,0181 | 0,0494
b 6,255 16,605 | 6,435 | 5123 | 5051 | 8,505
0 0,5146 |0,6155 | 0,7036 | 0,5248 | 0,5642 | 0,5269
RZ 0,9988 [0,9930 | 0,9955 | 0,9937 | 0,9952 | 0,9960
SE 0,0122 [0,0272 | 0,0249 | 0,0197 | 0,0184 | 0,0186
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Izotermiy koreliacijos koeficienty (R?) ir standartiniy paklaidy (SE) vertés
leidzia daryti i§vada, kad Langmuir-Freundlich ir Langmuir-pasiskirstymo
modeliai yra tinkamesni Pb(II) ir Cu(II) adsorbcijai apibuidinti nei Langmuir
arba Freundlich modeliai. Langmuir-pasiskirstymo modelis apjungiantis
nuosédy susidarymo ir adsorbcijos procesus, tinka Pb(II) ir Cu(Il) Salinimui i$
vienkomponen¢iy ir dvikomponenciy tirpaly apraSyti. Taikant §j modelj,
koreliacijos koeficienty R? vertés beveik visais atvejais >0,99, o standartinés
paklaidos mazos. Pb(Il) ir Cu(ll) jony Salinimg vaizduojanciy izotermiy
parametrai pateikti 6 lenteléje. ApskaiCiuota didziausia monosluoksnés
adsorbcijos geba gm mazesné negu adsorbciné geba Qm, numatyta pagal
Langmuir-Freundlich izotermés modelj. Pb(Il) ir Cu(Il) jony Salinimg i
dvikomponenciy tirpaly vaizduojancios izotermés pateiktos 13 paveiksle.
Pagal Langmuir modelj didZiausia sorbciné geba gm Pb(Il) ir Cu(ll) jonams i$
ju vienkomponen¢iy tirpaly yra atitinkamai nuo 1,285 iki 1,395 mmol g? ir
nuo 0,945 iki 1,118 mmol g* priklausomai nuo temperatiiros. Remiantis
Langmuir-Freundlich izotermés modeliu didZiausia Pb(II) ir Cu(Il) jony
sorbciné geba Qn atitinkamai yra nuo 1,369 iki 1,634 mmol g ir nuo 1,466
iki 1,518 mmol g*. Langmuir pusiausvyros K. konstantos ir Langmuir-
Freundlich modelio afiniskumo konstantos Ka vertés didesnés Pb(Il) jonams
lyginant su Cu(ll) jonais, kai vyksta Salinimas i§ vienkomponencéiy tirpaly.
Didé¢jant temperattrai didéja ir Pb(ll), ir Cu(Il) jony adsorbcija tiek i$
vienkomponenciy, tiek i§ dvikomponenciy tirpaly, tai rodo K. ir Ka vertés.
Gautas Freundlich modelio intensyvumo parametras n yra mazesnis uz 1,0, jo
vertés svyruoja nuo 0,28 iki 0,45, vadinasi, Pb(II) ir Cu(II) jony adsorbcijai
GVR atlieky kaip adsorbento pasirinkimas yra tinkamas. EksperimentiSkai
nustatyta Pb(IT) ir Cu(II) sorbciné geba dvikomponentéje sistemoje (13 pav.,
6 lentelé) ir pagal Langmuir-Freundlich adsorbcijos izotermés modelj gauta
didziausia sorbciné geba Qm (6 lentelé) yra didesné Pb(II) nei Cu(II), taip pat
jos didéja didéjant temperatiirai. Pagal Langmuir-pasiskirstymo modelj, Pb(II)
ir Cu(ll) kiekis, paSalintas i$ tirpalo nusodinimo ant adsorbento budu, didéja
didéjant pradinei metaly jony koncentracijai ir temperatirai (12 ir 13 pav.).
Gong ir kt. [122] ir Huo ir kt. [121] pastebéjo pana$ia tendencija, tirdami
Hg(II) jony sorbcija FeS nanodalelémis [122] ir As(V) Salinant hidratuotu
Fe(111) oksidu, modifikuotu karboksimetilceliulioze [121].
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13 pav. Cu(Il) ir Pb(Il) jony adsorbcijos izotermés i§ dvikomponenciy
tirpaly esant 40 °C. Sglygos: GVR atlieky koncentracija 8 g L%, pH 5,
pusiausvyros laikas 24 val.

Bendras pasalinty i§ dvikomponenciy tirpaly Pb(Il) ir Cu(Il) jony kiekis
didéja (7 lentelé), didinant bendrg prading tirpalo koncentracijg ir temperatiira.
Dvikomponenciuose tirpaluose, kuriuose pradiné sunkiyjy metaly
koncentracija yra maza, néra konkurencijos tarp Pb(II) ir Cu(II) jony ir molinis
santykis Xpp / Xcu kietojoje fazéje yra beveik toks pat kaip paruostuose
pradiniuose tirpaluose. Kuo didesné pradiné tirpalo koncentracija, tuo
rySkesnis Pb(II) jony sorbcijos pranasumas. Didesnis ferihidrito
giminiSkumas Pb(IT) jonams, palyginti su Cu(ll) pastebétas jau anks¢iau
[161]. Didesné Pb(1l) jony sorbcija nei Cu(ll), taip pat nustaté Castaldi ir kt.
[42] kaip adsorbenta naudodami pavir$inio vandens valymo atliekas, kurios
susidaré paveikus vandenj Fe2(SOs)s koaguliantu.
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7 lentelé. Bendros Pb(II) and Cu(Il) adsorbcinés gebos Qvendras i Molinio
santykio Xpo/Xcu kictoje fazéje priklausomybé nuo bendros pradinés
koncentracijos dvikomponenciame tirpale ir temperatiiros.

Co bendra, Xpo/Xcy Temperattra, °C  Qbendras, Xpo/Xcu
mmol L? pradinio mmol g kietoje fazéje
tirpalo

0,517 0,76 20 0,062 0,78
40 0,063 0,78

60 0,063 0,78

0,852 0,83 20 0,102 0,83
40 0,102 0,85

60 0,103 0,84

1,770 0,99 20 0,211 0,99
40 0,211 1,00

60 0,214 0,99

3,43 0,94 20 0,403 0,95
40 0,409 0,95

60 0,415 0,95

5,81 0,89 20 0,650 0,94
40 0,665 0,93

60 0,678 0,92

7,32 0,88 20 0,792 0,97
40 0,809 0,97

60 0,832 0,95

10,22 0,97 20 1,038 1,08
40 1,088 1,11

60 1,120 1,09

19,53 0,88 20 1,456 1,46
40 1,547 1,43

60 1,686 1,30

3.2.4. Pb(Il) ir Cu(II) Salinimo geriamojo vandens ruosimo atliekomis
mechanizmas

Pb(II) ir Cu(II) salinimo GVR atliekomis mechanizmas tirtas taikant FTIR,
XPS ir XRD metodus. GVR atlieky FTIR spektrai pries ir po Pb(II) bei Cu(ll)
jony sorbcijos pateikti 14 pav. Plati ir intensyvi 3150 — 3650 cm™? dazniy
juosta parodo valentinius -OH virpesius. Po metaly jony sorbcijos smailé
buvusi ties 3300 cm pasislinko iki 3466 cm™ po Pb(l1) sorbcijos, po Cu(ll)
sorbcijos — iki 3459 cm™%, o po abiejy metaly jony (Pb(Il) ir Cu(Il)) sorbcijos
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— iki 3415 cm™. Tai gali rodyti metaly jony saveikg su adsorbento -OH

grupémis [162].
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14 pav. GVR atlieky pries ir po sunkiyjy metaly (Pb(Il) ir Cu(ll))
adsorbcijos FTIR spektrai.

Plati smailé ties 1645 cm™ parodo vandens O-H grupiy deformacinius
virpesius, o ties 950 cm* — valentinius Fe-O virpesius (14 pav.) [42]. Be to,
adsorbcijos juosta biudinga PO3~ valentiniams virpesiams yra srityje nuo 1200
iki 984 cm't. Karbonatams bidingos smailés yra ties 880 cm™ C0%~ (O-C-O)
ir ties 1550 — 1400 cm™ CO3~ (C-O). Po Pb(I) ir Cu(II) sorbcijos smailé ties
1645 cm pasislenka iki 1620 cm™ ir tampa maziau ryski. Smailé ties 950 cm™
! pasislinko j aukStesnio daznio virpesiy puse (1000 cm™?). Tai leidZia manyti,
kad Pb(Il) ir Cu(Il) jony adsorbcijoje dalyvavo adsorbento O-H ir PO3™~
grupés. Ryski adsorbcijos smailé ties 1384 cm?, kuri matyti po Pb(ll) ir Cu(ll)
jony adsorbcijos, gali biiti priskirta NO3 anijony vibracijoms. Sie jonai
atsirado GVR atliekose dél to, kad adsorbcijos tyrimui naudoti Pb(II) ir Cu(II)
nitraty tirpalai.

Castaldi ir kt. [42] taip pat tyré Pb(IT) ir Cu(IT) jony adsorbcijg geriamojo
vandens ruoSimo atliekomis, taciau skirtinga vandens kilmé (ne pozeminis, o
pavirSinis vanduo) ir kitokia vandens ruosimo technologija (koagulianto
Fe2(SO4)3 naudojimas) lemia skirtingas atlieky kaip adsorbento savybes ir
skirtingg Pb(II) ir Cu(II) jony adsorbcijos mechanizmg. Mokslininkai nurodo,
kad Pb(Il) ir Cu(Il) lengvai sugeriami GVR atlickomis susidarant $iy jony
kompleksams su humusiniy medziagy karboksigrupémis.

Atlikti GVR atlieky po Pb(Il) ar Cu(Il) jony adsorbcijos XPS matavimai.
15a paveiksle pateiktas bendras GVR atlieky po Pb(Il) jony adsorbcijos
spektras, kuriame matyti smailés atitinkancios O, Fe, C ir Pb energetines
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biusenas. 15b pav. pavaizduotas Pb(II) aukstos rezoliucijos XPS spektras,
gautas analizuojant GVR atliekas po Pb(II) jony sorbcijos i§ Pb(NOs3), tirpalo.
Pb (4f7 ir 4f5p2) rySio energijos yra atitinkamai 138,5 eV ir 143,3 eV. Pb 4f7
smaile sudaro trys dedamosios su rySio energijomis 137,6 eV, 1384 eV ir
139,2 eV. Pirmosios smailés energetin¢ padétis atitinka Pb-O rySio energija
svino(IT) okside PbO [163] arba Pb-S rySio energija Svino(IT) sulfide PbS
[164]. Vidurinioji smailé ties 138,4 eV gali bati priskirta Pb energetinei
biisenai $vino(IT) fosfate Pba(POs). (138,6 eV) [165] arba §vino(IT) karbonate
PbCOs (138,3 eV) [163]. Smailé ties 139,2 eV atitinka Pb-O rysio energija
Svino(Il) nitrate Pb(NOsz). (139,1 eV) [166]. XPS analizés duomenys
patvirtino XRD rezultatus, kurie rodo, kad didzioji dalis Pb(II) jony susikaupé
GVR atliekose susidarant netirpiems Pb(Il) junginiams.
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15 pav. GVR atlieky po Pb(II) jony adsorbcijos bendras XPS spektras (a) ir
aukstos rezoliucijos XPS spektrai: Pb 4f (b); O 1s (c) ir Fe 2p (d).

Bendrame XPS spektre po Cu(Il) adsorbcijos matyti smailé, bidinga Cu
(16 pav.). Cu(Il) jony cheminé buisena GVR atliekose nagrinéta remiantis Cu
2p spektru (17a pav.). Cu 2ps;2 smaile sudaro dvi dedamosios, kurios atitinka
932,86 eV ir 935,0 eV rySio energijas. Pirmosios dedamosios energetiné
padétis atitinka rySio energija Cu-O vario(ll) okside [167], o antrosios —
Cu3(POa)2, Cu(OH)2 ir Cu(NOs3)2 junginiuose.
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16 pav. Bendras GVR atlieky XPS spektras po Cu(Il) jony adsorbcijos.
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17 pav. GVR atlieky po Cu(Il) jony adsorbcijos aukstos rezoliucijos XPS
spektrai: Cu 2p (a); Fe 2p (b); O 1s (c); P 2p (d).

XPS tyrimai rodo cheminiy elementy (Fe, O, P), jeinanciy j adsorbcijos
metu susidarané¢iy junginiy sudétj energetinés biisenos pokycius. Tie pokyciai
matyti 15c, d pav. (po Pb(ll) adsorbcijos) ir 17b, ¢, d pav. (po Cu(ll)
adsorbcijos) bei 8-oje lenteléje. Kaip nurodyta literattiroje [139], pagrindinés
gruntinés nuosédos, susidarancios geriamojo vandens nugelezinimo metu, yra
parbigitas Cax(Fe, Mg, Sr,Ba)[PO4]. - 4H-0 ir vivianitas Fes[POs]. - 8H20.

74



Lietuvos poZeminis vanduo prisotintas gelezies turinciais mineralais tokiais
kaip vivianitas, sideritas (FeCQs), strengitas (FePO. - 2H,0) [127].

8 lentelé. Pagrindiniy GVR atliekas sudaranc¢iy elementy energetinés biisenos
pries ir po Pb(II) bei Cu(II) sorbcijos.

Rysio energija, eV
Elementas Smaile | GVR atliekos | GVR atliekos po | GVR atliekos po
pries sorbcija Pb(l1) sorbcijos Cu(ll) sorbcijos

529,50 529,86 529,98
Deguonis 015 530,54 530,97 531,21
531,60 531,75 532,36

532,90 532,54
- 710,50 710,70 710,75
Gelezis Fe 2par: 712,30 712,56 712,43
oo P 2P 133,61 - 133.12
P 2pus 134,76 ] 134,27

GVR atlieky Rentgeno spinduliy fluorescencijos spektroskopiné analizé
po Pb(Il) ir Cu(Il) jony adsorbcijos parodé, kad Siy sunkiyjy metaly masés
dalis adsorbente svyruoja nuo keliy iki keliolikos procenty: 3,6 % ir 7 % vario
bei 16 % ir 18 % S$vino atitinkamai po adsorbcijos i§ dvikomponenciy ir
vienkomponenciy tirpaly. IS kitos pusés, Ca masés dalis sumazéja nuo beveik
4 % nenaudotame adsorbente iki 0,5 % po Pb(II) ir Cu(Il) jony adsorbcijos.

Pb(IT) ir Cu(Il) jony adsorbcijos GVR atliekomis mechanizmui istirti,
atlikti ir XRD matavimai. Po Pb(ll) ir Cu(ll) adsorbcijos, GVR atlieky
(kaitinty 800 °C temperatiiroje) XRD spektrai rodo naujy faziy atsiradima.
XRD spektruose stebimos Phbs(PO.). ir PhsFe(PO4)s budingos difrakcijos
smailés (18a pav.), istyrus GVR atliekas po Pb(1l) adsorbcijos. CuFe(PO4)O
nustatytas po Cu(Il) Salinimo i§ vienkomponenéio tirpalo (18b pav.), o
CusPbs3(POa)s — 18 dvikomponencio tirpalo (18c pav.).
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18 pav. GVR atlieky rentgenogramos po Pb(II) (a), Cu(II) (b) Salinimo i$
vienkomponenciy tirpaly ir Pb(I1) bei Cu(ll) — i§ dvikomponencio tirpalo (C).

Remiantis GVR atlieky Rentgeno spinduliy fluorescencinés analizés,
XRD ir XPS tyrimy duomenimis, galimas Pb(ll) ir Cu(Il) jony pasalinimo
mechanizmas yra pakaity ir nusodinimo reakcijos:

= Ca3(POy); + 3Pb?* - = Pb;(P0,), + 3Ca’* )
3Pb%* + Fe3* 4+ 3P03~ — = Pb3Fe(P0,);3 (62)

Esant dideléms Pb(II) ir Cu(Il) jony koncentracijoms, nuosédos susidaro
dél mazo §vino ir vario fosfaty tirpumo Ksp(Pbs(POs)2) = 7,90-107% ir
Ksp(Cus(PO4)2) = 1,04-107%7. Tran ir kt. [168] bei Flores-Cano ir kt. [169] gavo
panasias i§vadas nusodinant Cd(ll) jonus (Cd, Ca)COs pavidalu. Sitilomam
Pb(1l) adsorbcijos GVR atliekomis mechanizmui patvirtinti, buvo matuojama
ir Ca?* jony koncentracija iSvalytuose tirpaluose. Jony mainy reakcijos atveju
(61 lygtis), turéty egzistuoti rySys tarp i§ GVR atlieky j tirpalg iSsiskirian¢iy
Ca* jony (Nisiskrusio(Ca)) kiekio ir adsorbuoty Pb(II) jony kiekio
(Nadsorbuoto(PD)). Pasalinto Pb(IT) kiekio koreliacija su iSsiskyrusio kalcio kiekiu
jvertinta (63) lygtimi:

Nadsorbuoto (Pb) = 0:794 ' niésiskyrusio (Ca) + 0'44‘8 (63)

Remiantis adsorbcijos sistemos kietos ir skystos faziy tyrimy rezultatais,
galima daryti i§vada, kad GVR atliekose esantys kalcio ir fosfato jonai atliko
reik§mingg vaidmenj valant Pb(I) ir Cu(Il) jonais uZterStus vandenis. Taciau
i§ 63 lygties matome, kad adsorbuoto Pb(Il) kiekis yra didesnis nei
i§siskirian¢io Ca kiekis. Tod¢l galime daryti prielaida, kad dalis Pb(II)
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adsorbuojasi GVR atlieky pavirSiuje susidarant kompleksiniam junginiui
[170] (64) lygtis:

2 = FeOH%>~ + Pb%* - (FeOH),Pb* (64)

Apibendrindami Pb(Il) ir Cu(ll) adsorbcijos GVR atliekomis tyrimus
matome, kad unikali natiiraliai susidaran¢io adsorbento sudétis ir savybés
leidzia jj efektyviai panaudoti sunkiyjy metaly katijonais uzter§ty vandeny
valymui be iSankstinio adsorbento apdorojimo. Katijoniniy terSaly kaupimasis
GVR atliekose vyksta dalyvaujant ne tik pagrindinei sudétinei daliai — Fe(ll1)
junginiams, bet ir kitiems cheminiams komponentams. Reikia manyti, kad dél
Sios priezasties GVR atliekos tinka Pb(Il) ir Cu(Il) jonams Salinti i§
vandeniniy tirpaly, net kai jy koncentracija tirpale gana didelé (iki 20 mmol
L), o adsorbcija vyksta greitai (optimaliomis sglygomis, priklausomai nuo
pradinés terSaly koncentracijos, per 3 min galima pasalinti nuo 70 iki 90 %
Pb(II) ir Cu(I) jony).

3.3. Daziklio Green adsorbcija geriamojo vandens ruosimo atliekomis

3.3.1. Geriamojo vandens ruo$imo atlieky po daziklio Green
adsorbcijos charakterizavimas

3.3.1.1. SEM ir EDS tyrimai

Geriamojo vandens ruoSimo atlieky pavirSiaus morfologija bei elementiné
sudétis po chromo kompleksinio daziklio Green adsorbcijos buvo istirta SEM
ir EDS metodais. Kaip ir nenaudoto sorbento SEM nuotraukoje, matomos
aglomeruotos sferinés 50-100 nm dydzio dalelés (19 pav.), po kontakto su
daziklio Green molekulémis sorbento pavirSiaus morfologija nepakito.

7'5 ! ...a-ss,eum : .’ )
MG .66 nm 59T 11*& 3‘5.86 nm

Me7. 50nm .

45,86 nm
-9 . ”
. " as 56 nm

19 pav. GVR atlieky po daziklio Green adsorbcijos SEM nuotrauka.
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Chromo kompleksinio daziklio Green adsorbcija GVR atliekomis patvirtina
EDS tyrimy rezultatai. Buvo jvertintas elementy Fe, O, Si, Ca, P, S, Mn, Mg,
Cl ir Cr pasiskirstymas penkiose adsorbento méginio po daziklio adsorbcijos
vietose. Pastebéta, kad GVR atlieky po daziklio Green adsorbcijos EDS
spektruose atsiranda chromui badinga smailé (20 pav.).

20 pav. GVR atlieky pries ir po daziklio Green adsorbcijos EDX analizé.

Be to, padid¢jo P, S ir Cl masés dalys, o Ca, Si, Mn ir Mg — sumazgjo (9
lentelé, 20 pav.).

9 lentelé. GVR atlieky pries ir po daziklio Green adsorbcijos EDS tyrimo
rezultatai.

Elementai Pries Po

w % w %

o) 46,02 46,57
Fe 42,85 41,73
Ca 4,570 0,056
P 3,002 5,424
Si 2,740 1,612
S 0,297 2,322
Mn 0,280 0,036
Mg 0,252 0,016
Cl 0,005 1,518

3.3.1.2. Azoto adsorbcijos-desorbcijos tyrimai

Gautos GVR atlieky po daziklio Green adsorbcijos N adsorbcijos-
desorbcijos izotermés pateiktos 21 paveiksle. Savo forma jos nesiskiria nuo
nenaudoty GVR atlieky N, adsorbcijos-desorbcijos izotermiy. Pagal
Tarptautinés teorinés ir taikomosios chemijos sgjungos (IUPAC) klasifikacija
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[149] Sias izotermes galima priskirti IV(a) tipo izoterméms su H3 tipo
histerezés kilpa auksto santykinio slégio p/po diapazone nuo 0,45 iki 0,98 (21

pav.).
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21 pav. Azoto adsorbcijos (pilni simboliai) — desorbcijos (tusti simboliai)
izotermés ir pory pasiskirstymas pagal dydj GVR atliekose po daziklio

Green adsorbcijos.

GVR atliekose po adsorbcijos poros islieka (21 pav.) ir yra jvairaus dydzio
(nuo 3 iki 120 nm). GVR atlieky po daziklio Green adsorbcijos BET
pavirSiaus plotas padidéja lyginant su nenaudotu adsorbentu ir yra lygus 43,48
m? g, taip pat iSauga bendras mezopory turis (10 lentel¢). Tai gali buti
paaiSkinta tuo, kad GVR atlieky dalelés susmulkéja dél mechaninio sistemos
,adsorbentas-daziklio tirpalas®“ maiSymo. Nagrinéjant 7 pav. ir 21 pav.
esancias izotermes, matyti, kad GVR atliekos po daziklio Green adsorbcijos
adsorbavo daugiau azoto dujy.

10 lentelé. GVR atlieky prie$ ir po daziklio Green adsorbcijos tekstiirinés

savybés.
Méginys Seet (M” g) Vimezo (€M* g™) | 4 V/Seger (nm)
GVR atliekos 34,7582 0,091305 9,53134
GVR atliekos po daziklio 43,4809 0,133468 11,34002

Green adsorbcijos
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3.3.2. Geriamojo vandens ruosimo atlieky ir daziklio Green Fourier
transformacijos infraraudonosios srities spektrometrija

FTIR tyrimai buvo atlikti siekiant palyginti GVR atlieky savybes pries§ ir
po daziklio Green adsorbcijos. GVR atlieky (prie$ ir po adsorbcijos) bei
daziklio Green FTIR spektrai pateikti 22-ame paveiksle. GVR atliecky spektre
stebimos juostos ties 3300 ir 1636 cm™, kurias galima priskirti vandeniliniu
ry$iu susijungusiy —OH grupiy valentiniams bei H-OH rySio deformaciniams
virpesiams adsorbuoto vandens molekulése [171, 172, 173]. Smailé ties 957
cm su petimis ties 1077 ir 850 cm* atsiranda dél Fe-OH rysio virpesiy [39,
171]. Juosta ties 1000 cm™ taip pat biidinga Si-O-Si tetraedrinéms kvarco
grupéms [39, 171, 174]. Smail¢ ties 1390 cm? priskiriama C-O rySiui
karbonatuose [39, 171, 173, 175], o smailé ties 670 cm™ budinga O-Fe-O
vibracijoms [171].

Dazikliui Green apibudinti taip pat buvo uzraSytas FTIR spektras.
Matomos smailés ties 3307, 2361, 2342, 1579, 1472, 1390, 1271, 1145, 1026,
825 ir 737 cm*. Maza smailé ties 737 cm™ parodo Cr-O grupe, kuri biidinga
chromo kompleksiniams junginiams [176]. Intensyvi juosta ties 3307 cm
priskiriama O-H rysio virpesiams [177]. Intensyvios juostos ties 1145 ir 1026
cm? priskiriamos sulfonato grupiy valentiniams virpesiams [178, 179].
Aromatiniams Ziedams budingos smailés yra ties 1472, 1579 ir 1617 cm
[179], o virpesiai 1511- 1550 cm intervale [180] ir ties 1390 cm™ [181, 182]
bidingi rySio (N = N) valentiniams virpesiams. Smailés ties 825 ir 737 cm?
gali buti priskiriamos C-H deformaciniams virpesiams aromatiniuose
zieduose [180].

GVRA po Green sorbcijos

] o
@ S
o re} N
™ Lo«

Daziklis Green

Intensyvumas (a. u.)

3307
579,

. . . . L S3dze
4000 3500 3000 2500 2000 1500 1000
Bangos skaicius (cm™)

22 pav. GVR atlieky pries ir po daziklio Green adsorbcijos bei daziklio
Green FTIR spektrai.
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GVR atlieky po daziklio Green sorbcijos FTIR spektre (22 pav.) smailé i§
3300 cm! pasislinko j 3283 cm™, taip galéjo nutikti dél daziklio sgveikos su
GVR atlieky -OH grupémis. Taip pat atsiranda organiniam dazikliui Green
budingy smailiy su poslinkiais ties 1586, 1290 ir 1020 cm?, o smailés ties
1472 ir 1145 cm* pradingsta.

3.3.3. Geriamojo vandens ruosimo atlieky ir daziklio Green
XPS tyrimai

GVR atlieky po daziklio Green adsorbcijos bei daziklio Green XPS
tyrimai atlikti siekiant nustatyti jy elementing sudétj bei atlikti elementy
elektroniniy biiseny analize. 23a pav. matomas pilnas GVR atlieky po daziklio
Green adsorbcijos XPS spektras, kuriame stebimos S, N, Cl ir Cr elementy
smailés patvirtina sekmingg daziklio adsorbcija. Didelés skiriamosios gebos
Fe, O, Crir S XPS spektrai pateikiami 23c, 23d, 23e ir 23f paveiksluose.
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23 pav. GVR atlieky pries ir po daziklio Green adsorbcijos pilni XPS
spektrai (a), daziklio Green pilnas XPS spektras (b), aukstos rezoliucijos
XPS spektrai (GVR atliekos pries ir po daziklio Green adsorbcijos): Fe 2p
(c), O 1s (d); aukstos rezoliucijos XPS spektrai (daziklio Green ir GVR
atlieky po daziklio Green adsorbcijos): Cr 2p (e), S 2p ().

Po daziklio Green adsorbcijos Fe 2ps. smailés pasislinko mazdaug 1 eV
link didesniy rysio energijy (711,37 eV ir 713,35 ¢V). Todél galima manyti,
kad Fe-O ir Fe-OH veikia kaip adsorbcijos centrai. Mokslininkai Zhang ir kt.
2019 m. [162] taip pat nustaté nezymius Fe 2pss ir Fe 2p12 smailiy poslinkius
link didesnés rysio energijos po vanadzio jony adsorbcijos geriamojo vandens
ruosimo atliekomis.

GVR atlieky po daziklio Green adsorbcijos O 1s spektre matyti, kad
hidroksi- grupése esanéio deguonies rySio energija sumazéjo lyginant su
nenaudoty GVR atlieky deguonies O 1s spektru. Toks pokytis gali atsirasti dél
GVR atlieky hidroksi- grupiy saveikos su daziklio anijonais [162]. Daziklio
Green pilname XPS spektre (23b pav.) matomos smailés bidingos C, O, N,
S, Na, Cr ir Cl. Aukstos skiriamosios gebos Cr 2p spektre matomos smailés
ties 576,4 ir 577,85 eV budingos Cr(l11) [171]. 23f paveiksle pateiktas S 2p
spektras, kuriame yra smailés ties 168,2 eV ir 169,43 eV bidingos sierai
sulfonate ir sulfate. Po daziklio adsorbcijos S 2p rysio energija reikSmingai
nepakito.

3.3.4. Daziklio Green adsorbcijos Kinetiniai tyrimai

Daziklio Green adsorbcijos GVR atliekomis kinetika tirta
eksperimentiskai pagal tirpalo spalvos intensyvumo ir chromo kiekio tirpale
pokycius bégant laikui bei atlikta gauty duomeny analizé taikant jvairius
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kinetinius modelius. Eksperimentiskai nustatyta GVR atlieky kiekio, daziklio
Green koncentracijos, pH bei temperatiiros jtaka adsorbcijos greiiui.
Kinetiniy tyrimy duomenys buvo apdoroti taikant pseudo-pirmojo laipsnio,
pseudo-antrojo laipsnio, Elovich, modifikuotg Lagergren, hiperbolinio
tangento ir difuzijos-chemosorbcijos kinetinius modelius. Eksperimentiniai
duomenys geriausiai sutapo su apskaiciuotais pagal hiperbolinio tangento ir
difuzijos-chemosorbcijos kinetinius modelius. Elovich modelis taip pat buvo
tinkamas Green daziklio adsorbcijai apibiidinti kaip ir panasios cheminés
prigimties metalo kompleksinio daziklio adsorbcijai pusies pjuvenomis [183].
Elovich modelio tinkamumas daziklio Green adsorbcijai GVR atliekomis
aprasSyti rodo, kad vyksta heterogeninis procesas, kurio eigai didelés jtakos
turi adsorbato difuzija [184]. Pseudo-pirmojo ir pseudo-antrojo laipsniy
kinetiniai modeliai buvo maziau tinkami (24 pav., 11 lentelé).

¢ Eksp. e Pseudo-pirmojo .
- = = Pseudo-antrojo I. Elovich
— - — Hip. Tang - - — - Dif. Chem.
80
70 <
> 60 - ,..;.__,....,w-.-.-ﬂ.t:—.'...-..r:.'.:I:_..-.'.E.:..:.:
o> '."/‘i ."‘
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10
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24 pav. Eksperimentiniai daziklio Green adsorbcijos GVR atliekomis
kinetikos duomenys bei jy modeliavimas. Sglygos. Co(Green)= 345 mg L™,
pH =2, T = 20 °C, adsorbento masés koncentracija 5 g L.

3.3.4.1. Daziklio Green koncentracijos jtaka adsorbcijos greiciui

Pradinés chromo kompleksinio daziklio Green koncentracijos jtaka
adsorbato sulaikymo GVR atliekomis grei¢iui matyti i§ duomeny pateikty 25-
ame paveiksle.
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25 pav. Pradinés daziklio Green koncentracijos jtaka adsorbcijos greiciui bei
adsorbcinei gebai. Sglygos: pH =2, T = 20 °C, adsorbento masés
koncentracija 5 g L. Taskais pazyméti eksperimentiniai duomenys, kreivés
gautos taikant hiperbolinio tangento ir difuzijos-chemosorbcijos modelius.

Akivaizdu, kad pradinis adsorbcijos greitis, kuris gali biiti nustatytas i§
kinetiniy kreiviy nuolydzio, o taip pat ir adsorbciné geba q didéja didéjant
pradinei daziklio Green koncentracijai. Padidinus daziklio koncentracija nuo
168 iki 635 mg L, per pirmgsias 3 minutes adsorbuoto Green daziklio kiekis
padidéja nuo 21 mg g iki 62 mg g*. Adsorbciné geba taip pat didéja didinant
salycio laika. Vis tiktai ir pagal spalvos, ir pagal chromo koncentracijos tirpale
pokyti, beveik 70 % daziklio pasalinama jau per pirmasias 10 min (kai pradiné
daziklio koncentracija 345 mg L1), 0 po 60 min pasalinimo laipsnis padidéja
iki mazdaug 86 %. Kai daziklio pradiné koncentracija didesné (495 mg L),
sgveikos pradzioje per 10 min paSalinama apie 68 % daziklio, 0 praéjus 60
min, daziklio pasalinimo laipsnis pagal tirpalo spalvos intensyvumag — 85 %.
GVR atlieky suspensijos vandeniniuose riigstiniuose tirpaluose Stabilumas
iSlieka dél teigiamai jkrauto atlieky daleliy pavirSiaus ir leidzia greitai pasiekti
daziklio Green adsorbcijos pusiausvyra [74]. Padidinus prading daziklio
koncentracijg iki 645 mg L, per 10 min pavyksta pasalinti iki 64 % daziklio,
taciau per 60 min pasiekiamas beveik toks pat pasalinimo laipsnis (83 %), kaip
ir esant maZesnéms daziklio koncentracijoms. Net ir tuo atveju, kai daziklio
Green koncentracija didelé (495 — 635 mg L71), daziklio Green spalva
salinama greitai (25 pav.). Tai galima paaiskinti daziklio Green molekuliy
agregacija skystoje ir kietoje fazése [185, 186]. Rigstinéje aplinkoje vyksta
daziklio anijony protonizacija, dél kurios Sios dalelés praranda kriivj ir
savaime agreguojasi [187].
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Daziklio Green adsorbcijos greic¢io konstantos ir adsorbcijos puséjimo
trukmés (t12 = In2 / k1) buvo apskai¢iuotos remiantis modifikuota Lagergren‘o
lygtimi (11 lentel¢). Puséjimo trukmés, gautos pagal tirpalo spalvos
intensyvumo ir chromo kiekio tirpale poky¢ius, yra panasios ir Svyruoja nuo
2,8 iki 7,4 min (11 ir 12 lentelés). Adsorbcijos puséjimo trukmé didéja
didéjant daziklio Green pradinei koncentracijai.

11 lentelé. Daziklio Green adsorbcijos kinetiniy parametry priklausomybé
nuo jo pradinés koncentracijos.
Daziklio Green koncentracija, mg L

Parametrai 168 345 495 635
Pseudo-pirmojo laipsnio modelis
Qe (mg-g™) 29,18 59,02 84,82 102,4
ki (mint) 0,380 0,297 0,258 0,233
R? 0,9660 0,9214 0,9267 0,9252
SE 2,178 6,075 8,462 10,381
Pseudo-antrojo laipsnio modelis
Qe (mg-g™) 31,31 62,93 90,76 110,0
kz (mg?t-g-min) 0,020 0,007 0,004 0,003
R? 0,9901 0,9690 0,9745 0,9754
SE 1,176 3,819 4,996 5,956
Elovich modelis
A (mg-gt'min?) 613,0 871,2 655,0 502,4
B (g mg?h) 0,291 0,150 0,096 0,075
R? 0,9994 0,9990 0,9993 0,9994
SE 0,272 0,693 0,846 0,957
Hiperbolinio tangento modelis
Qe (mg-gt) 38,86 76,41 110,7 135,9
tenr (MinN) 110 132 167 191
NHT 0,164 0,180 0,202 0,229
R? 0,9928 0,9941 0,9996 0,9992
SE 0,999 0,999 0,997 1,000
Modifikuotas Lagergren modelis
Qmax (mg-g’™) 33,61 68,93 98,76 127,00
ki (mint) 0,248 0,184 0,163 0,119
ty2 (min) 2,8 3.8 4,2 7.4
R? 0,9517 0,7835 0,8005 0,6781
SE 3,759 9,432 13,065 20,148
Difuzijos — chemosorbcijos modelis
Qe (mg-g™) 36,51 73,15 107,1 131,8
Koc (mg (g-min®%) 1) 28,97 46,21 59,24 64,30
Ki (mg/g-t) 22,99 29,19 32,77 31,36
R? 0,9979 0,9931 0,9961 0,9975
SE 0,539 1,803 1,949 1,901
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Naudojant difuzijos-chemosorbcijos kinetinj modelj buvo apskaiciuotos
daziklio Green pasalinimo grei¢io konstantos Kpc. Nustatyta, kad greicio
konstantos didéja, didéjant pradinei daziklio Green koncentracijai. Tiesiné
Koc priklausomybé nuo chromo(IIT) kiekio pradiniame daziklio Green tirpale
pateikta 26-ame paveiksle.

Kpc, mg/g min®®
o o o [N

5 10 15
c,mg L1

N o 0 N
T

o

26 pav. Difuzijos-chemosorbcijos grei¢io konstantos (Koc)
priklausomybé nuo chromo(III) kiekio pradiniame daziklio Green tirpale.

Tokj rysj tarp pradinés adsorbato koncentracijos ir greicio konstantos Kpc
dydzio pastebéjo mokslininkai Sutherland ir Venkobachar (2010 m.) [100]
tirdami Cu(Il) adsorbcija biosorbentu. Apskaiciavus pradinius daziklio
difuzijos-chemosorbcijos greicius Ki, pastebéta, kad jie didesni, kai daziklio
tirpalo koncentracijos didesnés (11 lentelé¢). Tai gali buti paaiSkinama
didesniu daziklio koncentracijos gradientu tirpale. Remiantis hiperbolinio
tangento modeliu [97] galima apskaiCiuoti laika, reikalingg adsorbcijos
pusiausvyrai pasiekti. Nustatyta, kad priklausomai nuo pradinés daZziklio
Green koncentracijos adsorbcijos pusiausvyra pasiekiama po 110 — 190 min.
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12 lentelé. Chromo adsorbcijos kinetiniy parametry priklausomybé nuo jo
pradinés koncentracijos.

Chromo koncentracija, mg L™

Parametrai 3,94 6,71 10,42 13,57
Pseudo-pirmojo laipsnio modelis

Qe (mg-g™®) 0,696 1,144 1,791 2,338

ki (mint) 0,374 0,293 0,235 0,204

R? 0,9701 0,9234 0,9368 0,9322

SE 0,049 0,116 0,166 0,227
Pseudo-antrojo laipsnio modelis

Oe (mg-g™) 0,746 1,220 1,920 2,518

ka2 (mgt-g-min™) 0,835 0,364 0,179 0,116

R? 0,9922 0,9706 0,9810 0,9797

SE 0,025 0,072 0,091 0,124

Elovich modelis

A (mg gt -min™) 14,285 16,09 9,689 7,234

B (g'mg™) 12,203 7,678 4,372 3,100

R? 0,9993 0,9992 0,9980 0,9974

SE 0,007 0,012 0,030 0,045

Hiperbolinio tangento modelis
e (mg-g™) 0,956 1,464 2,217 2,858
tewT (Min) 129 104 108 107

Nyt 0,196 0,229 0,250 0,277

R? 0,9992 0,9990 0,9982 0,9981

SE 0,0089 0,9952 0,9964 0,9996
Modifikuotas Lagergren modelis

Qmax (mg-g™) 0,788 1,343 2,084 2,713

ki (min't) 0,259 0,179 0,151 0,132

ty2 (min) 2,7 3.9 4,6 5,2
R? 0,9024 0,7768 0,8138 0,8221
SE 0,080 0,186 0,267 0,344
Difuzijos — chemosorbcijos modelis

Qe (mg-g™) 0,870 1,419 2,286 3,066

Koc (mg(g min®%)™) 0,688 0,888 1,151 1,321

R? 0,9985 0,9940 0,9980 0,9981

SE 0,011 0,033 0,029 0,038
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3.3.4.2. pH jtaka daziklio Green adsorbcijai

Eksperimentiniais tyrimais nustatyta, kad adsorbcijos efektyvumas
priklauso nuo daziklio Green tirpalo pH. Pradinés tirpalo pH vertés jtaka buvo
tiriama naudojant skirtingy pH ver¢iy (nuo 1,5 iki 4,0) 150 mg L*
koncentracijos daziklio Green tirpalus. Padidinus pradinio tirpalo pH nuo 2,0
iki 3,0 daziklio Green sorbcija, nustatyta praé¢jus 20 min nuo sgveikos
pradZios, Zzymiai sumazéja: nuo 34 mg g* iki 7 mg g, tiriant tirpalo spalvos
pokytj, ir atitinkamai nuo 0,77 iki 0,20 mg g pagal chromo koncentracija
kietoje fazéje (27 pav.).
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27 pav. Daziklio Green ir chromo sugerties GVR atliekomis
priklausomybé nuo pradinio tirpalo pH. Sglygos: Co (Green) = 150 mg L™,
T = 20 °C, adsorbento masés koncentracija 4 g L™.

Tirpalo pH jtaka susijusi su skirtingu GVR atlieky pavirSiaus protonizacijos
laipsniu keiciantis tirpalo pH. GVR atlieky pavirSiaus protonizacijos procesa
galima pavaizduoti (65) lygtimi [188, 189, 190]:

= FeOH + H* & = FeOH3 (65)
Panasiai buvo apibudinta getito pavirSiaus hidrolizés reakcija [191]:
= FeOOH + H* & FeOOHJ (66)

GVR atlieky pavirSius adsorbuoja H* jonus ir taip jgauna teigiamg kriivj.
Teigiamai jkrautas sorbento pavirSius gali efektyviai pritraukti neigiama kraivj
turin¢ius daziklio Green anijonus:

= FeOH + A>~ + H* - = FeA™ + H,0 (67)
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= FeOH + A%~ + 2H* > FeHA + H,0 (68)

Tai, kad GVR atlieky pavirSiuje esan¢ios -OH grupés sgveikauja su daziklio
molekulémis, patvirtina duomenys gauti iStyrus dazikliu prisotinta adsorbenta
FTIR ir XPS metodais. Galima daryti iSvada, kad elektrostatiné saveika yra
pagrindinis daziklio Green pasalinimo mechanizmas. Kuo teigiamo pavirSiaus
krtivio tankis didesnis, tuo elektrostating sgveika stipresné. Sumazéjus H* jony
koncentracijai daziklio Green tirpale, sumazés ir teigiamo kriivio tankis GVR
atlieky pavirSiuje, taigi ir atlieky sorbciné geba. Nustatéme, kad daziklio
Green $alinimo metu pH tik neZymiai pakinta stipriai riig§¢iuose tirpaluose,
tuo tarpu naudojant pradinius tirpalus, kuriy pH 3 ar pH 4, adsorbcijos metu
pastebimas reikSmingas pH pokytis. Tirpalo pH padidéjimas néra palankus
daziklio Green molekuliy sugerciai. Tai suprantama, nes GVR atlieky daleliy
pavirSiaus dzeta potencialas iSmatuotas daziklio Green tirpale, kurio pH 5,6,
buvo neigiamas (-17,7 = 0,5 mV). Kai pradinio tirpalo pH 3, sgveikos su
adsorbentu metu dalis riigsties neutralizuojama, dzeta potencialas tampa
labiau neigiamas, tod¢l daziklio, o tuo paciu ir chromo adsorbciné geba
praéjus 3 min nuo proceso pradzios ima mazéti (27 pav.). PrieSingai, kai
pradinis pH 2, bégant laikui terpés raigstingumas islieka beveik nepakites,
adsorbuojasi vis daugiau daziklio molekuliy, taigi ir chromo (27 pav.). Kaip
matome 28 ir 29 pav., daziklio Green spalvos pasalinimo laipsnis i$ tirpalo po
20 min trunkanc¢io saly¢io su GVR atliekomis pasieké beveik 90 %, kai
pradinio tirpalo pH svyruoja nuo 1,5 iki 2,0.

200
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28 pav. Pradinio tirpalo pH jtaka daziklio Green pasalinimo efektyvumui ir
kalcio bei gelezies iSplovimui i§ GVR atlieky. Sglygos: Co (Green) = 150 mg
L, T'= 20 °C, adsorbento masés koncentracija 4 g L. Sqveikos laikas 20
min.
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Kai pradinio tirpalo pH 3 ar pH 4, daziklio pasalinimo efektyvumas per tg patj
laikg (20 min.) sumaz¢ja atitinkamai iki 23 ir 19 % (28 ir 30 pav.).

Absorbance

400 450 500 550 600 650 700 750 80(
Wavelength [nm]

29 pav. Daziklio Green tirpalo UV-regimosios $viesos absorbcijos spektrai
pries adsorbcija ir jos metu. Sglygos: Co (Green) =150 mg L™, pHo=1,5, T
= 20 °C, adsorbento masés koncentracija 4 g L™.

Daziklio Green adsorbcijos i§ stipriai rugstiniy tirpaly procesas yra greitas,
spalvos ir chromo paSalinimo puséjimo laikas, apskaiCiuotas pagal
modifikuotg Lagergren modelj nevir§ija 3 min. Daziklio difuzijos-
chemosorbcijos grei¢io konstantos yra mazdaug tris kartus didesnés tuo
atveju, kai pradinio tirpalo pH 1,5 ar pH 2,0 lyginant su konstantomis
bidingomis Salinant i$ tirpaly, kuriy pH 3,0 ar pH 4,0 (13 lentelé).

09 0 min
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— 5 min
0.7 — 10 min
0.6 — 20 min

— 40 min

0.5
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0.1

400 450 500 550 600 650 700 750  8O(
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30 pav. Daziklio Green tirpalo UV-regimosios absorbcijos spektrai prie$
adsorbcija ir adsorbcijos metu. Sglygos: Co (Green) = 150 mg L™, pHo = 3,0,
T = 20 °C, adsorbento masés koncentracija 4 g L™.
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13 lentelé. Daziklio Green adsorbcijos kinetiniy parametry priklausomybé
nuo tirpalo pH.

pH
Parametrai 1,5 2,0 3,0 4,0
Pseudo-pirmojo laipsnio modelis
e, (mg-g™) 34,31 34,12 8,442 5,510
ki (min't) 0,428 0,424 5,701 5,701
R? 0,9823 0,9825 0,7097 0,9274
SE 1,995 1,972 2,464 0,704
Pseudo-antrojo laipsnio modelis
Je (mg-g™) 36,99 36,81 10,53 6,000
ke (mgt-g-min™) 0,020 0,020 0,047 0,251
R? 0,9966 0,9967 0,7928 0,9502
SE 0,874 0,859 2,082 0,583
Elovich modelis
A (mg-gtmin?) 918,11 847,93 25,829 8814,1
B (g- mg?) 0,246 0,245 0,604 2,218
R? 0,9998 0,9997 0,8465 0,9596
SE 0,218 0,264 1,792 0,525
Hiperbolinio tangento modelis
Qe (mg-g?) 42,58 42,03 6,541 5,650
tent (Min) 38,6 36,5 1,6 8,5
Nt 0,230 0,235 1,396 3,134
R? 0,9999 0,9998 0,7097 0,9417
SE 0,999 0,045 0,269 0,352
Modifikuotas Lagergren modelis
Qmax, (mg-g™) 38,55 38,48 30,87 29,89
ki (mint) 0,301 0,311 0,017 0,009
ty2 (min) 2,3 2,2 415 76,5
R? 0,9346 0,9310 0,2091 0,9388
SE 3,836 3,918 4,080 4,266
Difuzijos — chemosorbcijos modelis
Qe (mg-g™h) 43,1599 43,0321 7,79341 6,60475
Koc (mg(g-min®5) 1) 38,2204 37,5471 13,6081 11,0698
R? 0,99976 0,99972 0,94908 0,95576
SE 0,23061 0,24774 0,70338 0,54930

Taip pat buvo atlikti eksperimentiniai tyrimai nustatyti kalcio ir geleZzies
kiekiui, kuris i§ GVR atlieky patenka j tirpalg riigstinéje terpéje. Tirpalai po
daziklio Green saveikos su GVR atliekomis buvo tiriami ICP-OES metodu.
Analizés rezultatai parodé, kad gelezies(lll) iSsiskyrimas padidéja nuo 0,30
iki 43 mg L1, kai pradiné tirpalo pH verté sumazinama nuo pH 4,0 iki pH 1,5
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(28 pav.). Gelezies(I1I) jony kaip koagulianto veikimas rigstinéje terpéje yra
palankus daziklio spalvos paSalinimui. Galimas poveikio mechanizmas yra
neigiamo anijoninio daziklio kriivio neutralizavimas Fe®* jonais ar jy
hidrolizés produktais [181, 188]. Taip pat kontakto metu i$ kietos fazés j
daziklio tirpalg pereina dalis Ca?* katijony (28 pav.). Tai gali turéti teigiamos
jtakos sorbcijos procesui. Teigiami Ca?* jonai gali jungtis su daZiklio
sulfonato grupémis (-SO3’), taip sudarydami ,.tiltelius* tarp neigiamai jkrauty
GVR atlieky pavirsiaus viety ir daziklio Green [192]. Galimas ir kitas
teigiamo kalcio jony poveikio daziklio Salinimui paaiSkinimas: Sie katijonai
gali sukelti daziklio daleliy agregacija. Pastebéta, kad daziklio ,,Blue81*
pasalinimo laipsnis aktyvintyjy angliy milteliais padengus juos kalcio druska,
padidéjo [193].

3.3.4.3. Temperatiiros jtaka daziklio Green adsorbcijali

Keiciant temperatira keiciasi adsorbento sorbciné geba ir adsorbato
kinetinés savybés. Temperatiira turi jtakos daziklio Green tirpalo klampai ir
jo daleliy difuzijos grei¢iui per ribinj sluoksnj j GVR atliecky makroporas ir
mezoporas. Kita vertus, didéjant temperatirai silpnéja elektrostatinés traukos
jégos tarp GVR atlieky ir daziklio Green molekuliy. Padidéjusi temperatiira
gali pakeisti desorbcijos greitj, nes padidéja daziklio molekuliy mobilumas.
Kylant temperatiirai mazéja daziklio molekuliy agregacijos laipsnis [194].
Daziklio Green adsorbcijos GVR atliekomis tyrimai buvo atlikti trijose
skirtingose temperaturose (20, 40 ir 60 °C). 31-ame paveiksle pateiktas
chromo koncentracijos kitimas Green tirpale bégant laikui. Tokia pati
tendencija buvo stebima matuojant UV-regimosios $viesos absorbcija daziklio
Green tirpaluose.

20°C 40 °C 60 °C
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31 pav. Chromo koncentracijos daziklio Green tirpale kitimas vykstant
daziklio adsorbcijai skirtingose temperattrose. Sglygos: pradiné chromo
koncentracija 3,94 mg L™; pH 2, adsorbento masés koncentracija 5 g L™.
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Eksperimentiniy tyrimy rezultatai rodo, kad did¢jant temperatiirai daziklis
Green pasalinamas blogiau, t. y. daziklio Green adsorbcija GVR atliekomis
yra egzoterminio pobiidzio. PasSalinimo greitis buvo didziausias proceso
pradzioje nepriklausomai nuo temperatiiros, 0 pra¢jus 10 minuciy nuo proceso
pradzios buvo galima pastebéti temperatiiros jtakg Salinimo efektyvumui (31

pav.).

14 lentelé. Daziklio Green adsorbcijos GVR atlickomis kinetiniy parametry
priklausomybé nuo adsorbcinés sistemos temperatiiros.

Temperatura
Parametrai 20 °C 40 °C 60 °C
Pseudo-pirmojo laipsnio modelis
e, (mg g 29,18 29,21 29,02
ki (mint) 0,380 0,381 0,380
R? 0,9660 0,9669 0,9679
SE 2,178 2,151 2,104
Pseudo-antrojo laipsnio modelis
Qe (mg-g™) 31,31 31,33 31,11
ko (mgt-g-min™) 0,020 0,020 0,020
R? 0,9901 0,9906 0,9911
SE 1,176 1,149 1,110
Elovich modelis
A (mg-gt'min?) 612,90 636,60 635,52
B (g mg?) 0,2913 0,2925 0,2948
R? 0,9995 0,9995 0,9995
SE 0,2722 0,2727 0,2764
Hiperbolinio tangento modelis
Qe (mg-g™) 46,86 46,07 45,07
teHT (min) 560 476 414
NHT 0,170 0,171 0,172
R2 0,9995 0,9994 0,9994
SE 0,306 0,315 0,327
Modifikuotas Lagergren modelis
Qmax, (mg-g™) 29,69 33,63 33,55
ky (min't) 0,360 0,249 0,245
to (min) 1,9 2,8 2,8
R? 0,9757 0,8800 0,9802
SE 0,195 4,098 4,154
Difuzijos — chemosorbcijos modelis
Oe (mg-g™) 36,52 33,17 36,23
Koc (mg(g -min®®) 1) 28,97 20,82 29,01
R? 0,9979 0,9755 0,9982
SE 0,539 4,413 0,495
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Daziklio Green ir chromo adsorbcijos GVR atliekomis kinetiniai parametrai,
apibiidinantys temperatiiros jtaka, pateikti 14-oje ir 15-0je lentelése.

15 lentelé. Chromo adsorbcijos GVR atliekomis kinetiniy parametry
priklausomybé nuo adsorbcinés sistemos temperatiiros.

Temperatiira
Parametrali 20°C 40 °C 60 °C
Pseudo-pirmojo laipsnio modelis
Oe, (mg'g™) 0,696 0,692 0,665
ki (min't) 0,374 0,388 0,427
R? 0,9701 0,9692 0,9789
SE 0,049 0,049 0,039
Pseudo-antrojo laipsnio modelis
Qe (mg-gl) 0,746 0,741 0,706
ko (mg™t-g-min™) 0,835 0,889 1,107
R? 0,9922 0,9919 0,9953
SE 0,012 0,025 0,019
Elovich modelis
A (mg-gtmin?) 14,286 18,728 53,104
B (g- mg?h) 12,203 12,695 15,021
R? 0,9993 0,9998 0,9992
SE 0,0074 0,0042 0,0077
Hiperbolinio tangento modelis
Qe (mg-g™) 0,966 1,028 0,828
teHT (min) 142,6 275,3 48,5
NHT 0,193 0,174 0,194
R? 0,9992 0,9997 0,9993
SE 0,009 0,005 0,008
Modifikuotas Lagergren modelis
Qmax, (mg-g™) 0,788 0,788 0,782
ki (mint) 0,259 0,262 0,260
ty2 (Min) 2,7 2,6 2,7
R? 0,9030 0,8946 0,8545
SE 0,032 0,091 0,102
Difuzijos — chemosorbcijos modelis
Je (mg-g?) 0,870 0,858 0,798
Koc (mg(g min®®)™) 0,688 0,716 0,808
R? 0,9985 0,9987 0,9991
SE 0,011 0,010 0,008
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3.3.4.4. Adsorbento kiekio jtaka daziklio Green adsorbcijali

Norint iSsiaiskinti salygas, kuriomis biity galima pasiekti didziausia terSaly
pasalinimo efektyvumg, bitina nustatyti optimaly adsorbento kieki. GVR
atlieky kiekio jtaka daziklio Green paSalinimui buvo tiriama nereguliuojant
tirpalo pH adsorbcijos metu, sickiant nustatyti optimaly H* jony
koncentracijos ir adsorbento masés adsorbcingje sistemoje santyki.

GVR atliekos veikia kaip Bransted bazé, tad norint naudoti didesnius §io
adsorbento kiekius ir islaikyti optimalig tirpalo pH verte reikia naudoti ir
didesnj rugsties kiekj. Didinant GVR atlieky kiekj, taciau tirpalo ragstinimui
naudojant tg patj rugsties kiekj, daziklio Green adsorbciné geba (mg g*)
sumazéja (32 pav.) ne tik dél daziklio molekuliy pasiskirstymo didesnéje
adsorbento maséje, bet ir dél padidéjusio tirpalo pH bei teigiamo kriivio tankio
sumazejimo GVR atlieky pavirsiuje. Nustatyta, kad didziausiam pasalinimo
efektyvumui pasiekti optimalus H* jony kiekio ir adsorbento masés santykis
yra 2,5 mmol g
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32 pav. GVR atlieky masés jtaka daziklio Green adsorbcinei gebai. Sglygos:
pradiné daziklio koncentracija 150 mg L™, tirpalo tiris 50 ml, pHo=2, T =
20 °C.

GVR atlieky kiekio jtaka daziklio Green pasalinimo efektyvumui susijusi
su daziklio tirpalo pH jtaka (32 pav.). Kuo didesné GVR atlieky koncentracija
tirpale, tuo didesnis daziklio tirpalo pH pokytis stebimas adsorbcijos metu.
Didziausias daziklio Green pasalinimo laipsnis pasiekiamas, kai adsorbento
maseés koncentracija tirpale 4-5 g L. Kai pradiné tirpalo pH verté pHo = 2 ir
adsorbento kiekis 0,2 g, daziklio Green pasalinimo laipsnis po 10 min lygus
78% ir apie 90 % - praéjus 40 min. Padidinus adsorbento mase iki 0,35 g,
daziklio pasalinimo efektyvumas sumazéja iki 73 % po 10 min ir net iki 64 %
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po 40 min. sgveikos. Taip nutinka dél pH pokycio nuo pradinés vertes pHo 2
iki pH 4,6 po 10 min sgveikos ir iki pH 5,5 po 40 min. Pusiausviroji sorbciné
geba gali buti apskaifiuota remiantis difuzijos-chemosorbcijos Kinetiniu
modeliu ir yra lygi 39,6 mg g%, kai GVR atlieky masés koncentracija yra 4 g
Ltirtik 15,8 mg g%, kai ji padidinama iki 7 g L (16 lentelé). Daziklio Green
spalvos ir chromo pasalinimo GVR atliekomis Kkinetiniai parametrai,
atspindintys adsorbento kiekio jtaka, pateikiami 16-oje ir 17-oje lentelése.

16 lentelé. Daziklio Green adsorbcijos GVR atliekomis kinetiniy parametry
priklausomybé nuo adsorbento kiekio.

GVR atlieky masé, g

Parametrai 0,2000 0,2500 0,3000 0,3500
Pseudo-pirmojo laipsnio modelis
e, (mg-g™) 31,83 25,52 20,64 14.90
ki (min) 0,429 0,511 0,439 0.632
R2 0,9547 0,9896 0,9956 0.9786
SE 0,078 1,145 0,596 0.976
Pseudo-antrojo laipsnio modelis
Qe (mg-gt) 34,22 27,09 21,99 15.28
kz (mg?t-g-min) 0,022 0,038 0,038 0.133
R? 0,9944 0,9983 0,9995 0.9750
SE 0,219 0,468 0,198 1.056
Elovich modelis
A (mg-g’tmin) 1057 5625 1598 1.16E+8
B (g- mg) 0,274 0,421 0,471 1.490
R? 0,9986 0,9993 0,9933 0.9662
SE 0,002 0,293 0,736 1.228
Hiperbolinio tangento modelis
Qe (mg-g™) 35,10 29,18 21,22 14,97
terT (Min) 15,78 15,15 10,65 6,461
NHT 0,314 0,228 0,481 0,631
R2 0,9944 0,9996 0,9999 0,9793
SE 0,219 0,252 0,119 1,109
Modifikuotas Lagergren modelis
Qmax, (mg-g™) 37,83 30,50 25,65 24,01
ki (min't) 0,258 0,290 0,233 0,135
t2 (min) 2,7 2,4 3,0 51
R2 0,8801 0,8676 0,8157 0,5809
SE 4,812 3,657 3,454 6,005
Difuzijos — chemosorbcijos modelis
Oe (mg-gt) 39,59 30,30 24,88 15,84
Koc (mg(g -min®®)?) 36,69 38,24 26,64 50,84
R? 0,9989 0,9997 0,9967 0,9709
SE 0,455 0,206 0,519 1,139
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Difuzijos-chemosorbcijos modelio tinkamumas adsorbcinei daziklio
Green — GVR atlieky sistemai apibudinti rodo, kad spalvos ir chromo
pasalinimo greitj lemia tiek adsorbato difuzija per skysCio plévele ir
adsorbento porose, tiek jo saveika su adsorbentu aktyviuose adsorbciniuose
centruose. Eksperimentiniy duomeny analizei taikyti teoriniai modeliai leido
nustatyti pradinés daziklio koncentracijos, pH, temperatiiros ir adsorbento
masés poveikj daziklio Green adsorbcijos GVR atliekomis kinetiniams
parametrams.

17 lentelé. Chromo adsorbcijos i§ daziklio tirpalo GVR atliekomis kinetiniy
parametry priklausomybé nuo adsorbento kiekio.

GVR atlieky masé, g

Parametrai 0,2000 0,2500 0,3000 0,3500
Pseudo-pirmojo laipsnio modelis
e, (mg-g™) 0,72871 0,58680 0,51351 0,33708
ki (mint) 0,37640 0,48591 0,44654 0,73042
R? 0,98317 0,98859 0,98594 0,98729
SE 0,04108 0,02753 0,02665 0,01709
Pseudo-antrojo laipsnio modelis
Je (mg'g?) 0,792 0,625 0,551 0,340
kz (mg?t-g-min™) 0,771 1,490 1,461 11,187
R? 0,9974 0,9981 0,9978 0,9785
SE 0,016 0,011 0,011 0,022
Elovich modelis
A (mg-g’tmin) 7,985 66,35 22,79 42,04
B (g mgh) 10,270 17,085 17,543 28,806
R? 0,9990 0,9992 0,9995 0,9286
SE 0,010 0,007 0,005 0,041
Hiperbolinio tangento modelis
Qe (mg-gt) 0,843 0,674 0,598 0,336
tent (Min) 25,9 17,2 21,9 8,7
NHT 0,302 0,239 0,251 3,476
R? 0,9997 0,9995 0,9998 0,9903
SE 0,002 0,006 0,004 0,017
Modifikuotas Lagergren modelis
Qmax, (mg-g™t) 0,830 0,674 0,564 0,563
ki (1-min’) 0,260 0,316 0,335 0,145
ty2 (Min) 2,67 2,20 2,07 4,78
R? 0,9259 0,9175 0,9544 0,5570
SE 0,077 0,066 0,043 0,144
Difuzijos — chemosorbcijos modelis
Oe (mg-gt) 0,950 0,707 0,634 0,367
Koc (mg(g min®®)™) 0,690 0,808 0,619 1,481
R? 0,9997 0,9996 0,9998 0,9617
SE 0,005 0,005 0,003 0,031
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Stebint adsorbcinés sistemos chemine elgsena chromo kompleksinio
daziklio Salinimo metu, galima daryti iSvada, kad natiiraliai susidarancio
adsorbento (GVR atlieky) fizikiné biisena ir cheminé sudétis apibrézia
optimalias proceso salygas. Pradiné daziklio tirpalo pH verté turi biiti
reguliuojama atsizvelgiant j numatyta adsorbento kiekj, kad ji ilikty optimali
ir pastovi visg proceso vyksmo laikg. Svarbu paminéti, kad daziklio
paSalinimo GVR atliekomis procesas yra ekonomiSkas, nes didZiausias
adsorbcijos greitis pasieckiamas kambario temperatiiroje, be to, prie$
naudojima adsorbento nereikia papildomai apdoroti. Tiriamos atliekos gerai
iSvalo ir didelés koncentracijos daziklio tirpalus.

3.3.4.5. Daziklio Green adsorbcijos pusiausvyra

Adsorbcijos izotermés apibtidina sgveika tarp daziklio Green molekuliy ir
GVR atlieky daleliy pusiausvyros sglygomis (33 pav.) ir yra svarbios
optimizuojant adsorbento panaudojimag [105, 195]. Eksperimentiniai taskai
(33 pav.) parodo adsorbcing gebag Qpus ir daziklio Green koncentracijg skystoje
fazéje pusiausvyros salygomis Cpus €5ant pastoviai pH 2 vertei 20, 40 arba 50
°C temperatiroje. Izotermiy modeliy taikymas padeda tiksliai numatyti
adsorbento  efektyvumo  priklausomybe nuo pradinés adsorbato
koncentracijos, tirpalo turio, adsorbento masés ir temperatiiros pusiausvyros
salygomis [98].
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33 pav. Daziklio Green adsorbcijos GVR atliekomis eksperimentinés
adsorbcijos izotermés (simboliai) ir pritaikytas Langmuir-Freundlich
modelis (kreivés) esant skirtingoms temperattiroms. Sglygos: pH 2,
adsorbento masés koncentracija 5 g L, kontakto laikas 8 h.
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Netiesiniu badu apskaiéiuoti izotermiy modeliy parametrai pateikti 18-o0je
lentel¢je. Jie suteikia informacijos apie daziklio Green molekuliy
giminingumg GVR atliekoms kaip adsorbentui. 33-iame paveiksle pateikti
eksperimentiniai taskai, kai daziklio pradiné koncentracija yra nuo 50 iki 1000
mg L? ir pagal Langmuir-Freundlich modelj eksperimentiniams taskams
pritaikytos pusiausvirosios adsorbcijos izotermiy kreivés. DidZziausi
koreliacijos koeficientai (R?), maziausios Chi-kvadrato (x?) ir standartiniy
paklaidy (SE) vertés rodo, kad batent Langmuir-Freundlich izotermés modelis
i§ septyniy taikyty labiausiai tinkamas daziklio Green adsorbcijos
eksperimentiniy duomeny pateikimui. Sio modelio tinkamumas rodo GVR
atliecky pavirSiuje esanciy adsorbcijos centry heterogeninj pobidi.
Heterogeniskumas gali bati susijes su GVR atlieky strukttrinémis ir/arba
energetinémis savybémis [196]. Pagal Langmuir-Freundlich modelj,
didziausias pasalintas daziklio kiekis nusistovéjus pusiausvyrai sumazéja nuo
185 iki 167 mg g* temperattirg padidinus nuo 293 iki 323 K. Analogiskai
sumazgéja ir didziausia adsorbciné geba chromo atzvilgiu: nuo 5,5 iki 4,1 mg
g temperatiirg padidinus nuo 293 iki 323 K (34 pav.). Chromo pusiausvirajai
adsorbcijai apibudinti naudoty izotermiy modeliy parametrai pateikti 19-0je
lenteléje.

¢ T20°C T40°C
A T50°C T20°CL.-F.
4 —==T40°CL.-F. ——T50°C L.-F.

34 pav. Eksperimentinés chromo adsorbcijos GVR atliekomis izotermés
(simboliai) ir pritaikytas Langmuir-Freundlich modelis (kreivés) esant
skirtingoms temperatiroms. Sglygos: pH 2, adsorbento masés koncentracija
5 g L%, kontakto laikas 8 h.

Adsorbcinés gebos nuokrytis esant aukstesnei temperatiirai koreliuoja su
Langmuir-Freundlich izotermés konstantos Ka sumazéjimu nuo 0,056 iki
0,016, kai temperatiira padidéja nuo 293 iki 323 K (18 lentel¢).
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18 lentelé. Daziklio Green adsorbcijos GVR atliekomis adsorbcijos
pusiausvyros parametrai

Modelis Parametrai Temperatiira
20°C 40°C 50°C
Langmuir Om 495,66 423,98 365,50
KL 0,0119 0,0054 0,0041
R? 0,7472 0,8854 0,9541
SE 33,339 24,616 14,676
Va 20,618 17,310 8,4942
Freundlich Kr 9,0021 3,8550 3,1044
n 1,2935 1,3091 1,3243
R? 0,7149 0,9016 0,9356
SE 35,411 22,804 17,386
Va 20,994 14,970 9,6146
Langmuir- Qm 185,16 172,77 166,49
Freundlich Ka 0,0556 0,0206 0,0157
n 5,8525 2,7463 2,2434
R? 0,9797 0,9782 0,9862
SE 9,9986 11,892 8,6710
Y 3,7332 6,1047 2,6329
Kobble — Corrigan A 1,9999 0,0163 0,0150
b 0,0055 0,0001 0,0001
n 1,4043 2,3306 2,2434
R? 0,7655 0,9739 0,9862
SE 34,062 12,692 8,6710
Y 17,504 2,3999 2,6328
Redlich—Peterson A 5,0337 1,7774 1,2153
B 0,0028 0,0049 0,0069
g 1,2360 0,9102 0,7723
R? 0,7469 0,9189 0,9347
SE 32,735 22,366 18,913
Va 19,849 12,966 8,6524
Temkin nelinijinis A 0,1128 0,0547 0,0555
B 125,07 84,438 65,662
R? 0,8347 0,9713 0,9800
SE 26,957 12,319 9,6760
Va 7,9711 7,5257 3,6331
Toth kt 0,0272 0,0093 0,0076
qr 186,03 170,50 162,70
t 7,7530 8,8291 4,1040
R? 0,7957 0,9157 0,9518
SE 31,789 12,272 7,1614
XZ 19,725 12,273 7,1613
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Esant 293 K temperatiirai, GVR atlieky adsorbciné geba dazikliui Green
Salinti padidéja nuo 7,7 iki 191 mg g didéjant pradinei daziklio Green
koncentracijai nuo 50 iki 1000 mg L™ (33 pav.). Daziklio Green pasalinimo
efektyvumas, jvertintas pagal likusig tirpalo spalva, yra mazdaug 89-95% (35
pav.). Chromo pasalinimo laipsnis i§ 50 mg L daziklio Green tirpalo buvo
apie 92%, ir sumazgjo tik iki 87-85% (35 pav.) esant didelei pradinei daziklio
koncentracijai (800-1000 mg L1).

100
80
S 60 | = Spalva
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35 pav. Chromo ir spalvos pasalinimo efektyvumo priklausomybé nuo
daziklio Green pradinés koncentracijos. Sglygos: pH 2, adsorbento masés
koncentracija 5 g L™, sqveikos laikas 8 val.

Didesné Temkin izotermés pusiausvyros konstanta esant 293 K
temperatirai rodo didesnj GVR atlieky adsorbcinj potenciala kambario
temperatiiroje (18 ir 19 lentelés). Remiantis Toth modeliu, gauta didesné kr
verté Zemesnéje temperattiroje taip pat reiskia didesnj adsorbcinj afiniskuma,
kai adsorbciné sistema nekaitinama (18 lentel¢). Didziausia Freundlich
izotermés konstantos Kr verté gauta esant 293 K temperaturai atitinka didesne
daziklio Green adsorbcija GVR atliekomis kambario temperatiiroje, lyginant
su adsorbcine geba aukstesnéje temperatiiroje.
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19 lentelé. Chromo adsorbcijos GVR atliekomis izotermiy parametrai.

Modelis Parametrai Temperatiira
20°C 40°C 50°C
Langmuir gm 14,128 7,2181 6,5981
KL 0,1128 0,1096 0,1037
R? 0,9816 0,9671 0,9815
SE 0,1660 0,2197 0,1578
Va 0,4485 0,4978 0,4441
Freundlich Kr 1,4277 0,8746 0,6752
n 1,1796 1,5594 1,3599
R? 0,9819 0,9692 0,9789
SE 0,1647 0,2123 0,1688
Va 0,5235 0,6787 0,4336
Langmuir- Qm 5,56323 4,0426 4,1239
Freundlich Ka 0,4677 0,3066 0,2027
n 0,9214 1,1616 0,9972
R? 0,9156 0,9824 0,9638
SE 0,3775 0,1732 0,2338
1 1,2608 0,4335 0,5880
Kobble — A 1,5001 1,0240 0,6857
Corrigan b 0,0465 0,2533 0,1012
n 0,9045 1,1616 0,9896
R? 0,9821 0,9825 0,9816
SE 0,1737 0,1732 0,1704
Va 0,4909 0,4335 0,4415
Redlich— A 2,0760 0,8757 0,5685
Peterson B 0,4441 0,0791 0,0069
g 0,4533 1,3777 2,1432
R? 0,9822 0,9826 0,9827
SE 0,1731 0,1726 0,1653
Va 0,4821 0,5921 0,6121
Temkin A 4,8313 3,8009 3,5534
B 1,1578 0,7882 0,7155
R? 0,9233 0,9441 0,9047
SE 0,3393 0,2863 0,3587
Va 0,9871 1,0637 1,1443
Toth kt 0,1714 0,2465 0,1761
gr 8,9070 3,4132 3,1607
t 1,3411 1,7608 3,0037
R? 0,9810 0,9740 0,9743
SE 0,1753 0,1717 0,1651
Va 0,4452 0,4277 0,4689
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3.3.4.6. Daziklio Green pasalinimo termodinaminiai parametrai

Termodinaminiam chromo kompleksinio daziklio adsorbcijos GVR
atliekomis jvertinimui buvo naudojamos Langmuir-Freundlich modelio
pusiausvyros konstantos. Termodinaminius parametrus (standartinés
entalpijos pokycius, standartinés entropijos ir Gibso laisvosios energijos
poky¢ius) galima nustatyti naudojant lygtis [197]:

AG’ = —RTIn(K,) (69)
0 AH® 1, AS°
ln(K€)=—T';+T (70)

¢ia R yra universalioji dujy konstanta (8,314 J K™* mol™), T — temperatiira
(Kelvinais), K¢ yra termodinaminé pusiausvyros konstanta, AH yra
standartinés entalpijos pokytis (J mol™), AS° yra standartinés entropijos
pokytis (J Kt mol™) ir 4G° (J mol™?) yra standartinés laisvosios Gibso
energijos pokytis.

Termodinaminé pusiausvyros konstanta K. apskai¢iuota pagal lygtj [198]:

(1000 - K, -adsorbato molekuliné masé) [Adsorbatas]°

K, =
e Y

(71)

¢ia y yra aktyvumo koeficientas (neturi matavimo vienety), [Adsorbatas]® yra
standartiné adsorbato koncentracija (1 mol L), Kq yra Langmuir-Freundlich
pusiausvyros konstanta (L mg™) ir K¢° yra termodinaminé pusiausvyros
konstanta. Matavimo vienetai L mg™ paver¢iami j L g™! dauginant Kq vertes
(L mg?) i 1000.

Nubrézus grafing priklausomybe In (K,) =f (1/T) (36 pav.), pagal tiesés
nuolydj ir atkarpg ordina¢iy asSyje galima nustatyti entalpijos (4H°) ir
entropijos pokyc¢ius (45°).

11
105 | y =4307,1x - 3,9164
o Rz =0,9836
Vi 10 |
£95 ¢+
9 1 1
3 3,2 3,4

1000/T

36 pav. Daziklio Green adsorbcijos GVR atliekomis pusiausvyros
konstantos priklausomybé nuo temperatiiros (InKevs 1000/T).
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Nustatytos AH°, AS° ir AG° vertés pateiktos 20-0je lenteléje. Pagal
termodinaminius skai¢iavimus, daziklio Green adsorbcijos GVR atliekomis
procesas yra egzoterminis (4H° = —35,80 kJ mol?). Senthil Kumar ir kt.
(2010) [199] taip pat nustat¢ Kongo raudonojo daziklio adsorbcijos
anakardziy rieSuty lukStais egzoterminj pobud;j. Entalpijos pokycio skaitiné
verté rodo fiziking adsorbcija, elektrostating sgaveikg tarp GVR atlieky ir
daziklio. Elektrostatinés saveikos, kaip tam tikros riSies fizikinés sorbcijos,
entalpijos pokytis paprastai svyruoja nuo 20 iki 80 kJ mol~ [200].

20 lentelé. Daziklio Green adsorbcijos GVR atliekomis termodinaminiai
parametrai.

Tempe- Ke® AG° AH® A8° Van't Hoff
ratiira (kImol?)  (kIJmol?) (@ molt-KY) lygtis
(K)
293 4,726-10* -26,26 -35,80 -32,56 y = 4307x-3,916
313 1,751-104 -25,62 R%=0,984

323 1,335-10* -25,29

Entalpijos poky¢io 4H® zenklas atitinka eksperimentinius daziklio Green
adsorbcijos duomenis, kurie parodo adsorbcinés gebos (0e) maz¢jima didéjant
temperatiirai (33 pav.). Neigiama entropijos poky¢io 45° = -32,56 J mol* k'
verté leidzia daryti i8vada, kad sgveikaujant dazikliui su adsorbentu susidaro
tvarkingesné struktira dél Green molekuliy kaupimosi GVR atlieky
pavir$iuje. Daziklio Green $alinimo procesas vyksta spontaniskai, tai parodo
neigiama laisvosios Gibso energijos pokycio verté. Didéjant temperatiirai
neigiamos AG° vertés mazéja, tai patvirtina, kad daziklio Green adsorbcijai
GVR atliekomis palankesné kambario temperatira.

3.3.5. Jvairiy sorbenty efektyvumas salinant daZziklj Green

Daziklio Green Salinimo i§ vandeniniy tirpaly GVR atliekomis
efektyvumui jvertinti greta GVR atlieky buvo naudojami ir Kiti penki
komerciniai sorbentai. Daziklio pasalinimo laipsnio (PL) priklausomybé nuo
sorbento prigimties matyti i§ stulpelinés diagramos, pateiktos 37-ame
paveiksle.
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37 pav. Skirtingy sorbenty, naudoty daziklio Green $alinimui, efektyvumo
palyginimas. Sglygos: Co (Green) = 100 mg L™, pH 2, adsorbento masés
koncentracija 4 g L™, temperatiira 20 °C, sqveikos laikas 20 ir 120 min.

Kaip matome i$ 37 pav. pateikty duomeny, praéjus 20 min nuo daziklio
Green saveikos su sorbentais pradzios, geriausi rezultatai gauti naudojant
GVR atliekas ir milteliy pavidalo aktyvintgsias anglis NORIT PK 1-3. Jy
sorbciné geba buvo gana panasi sgveikos laikg pratesus iki 120 min. Daziklio
Green adsorbcija polimeriniais sorbentais (anijoniniu MN 150, nejoniniu MN
200 ir misriu PMB 101) sgveikos pradzioje (per pirmagsias 20 min) buvo
salyginai maza, ta¢iau daziklio Salinimo efektyvumas iSaugo po 120 min ir
siecké daugiau nei 80 %. Maziausiai efektyviai daziklj Green paSalino
katijonitas MN 500 net ir pragjus 120 min. Tai patvirtina, kad daziklis yra
anijoninio tipo ir daziklio pasalinimo procese dominuoja elektrostatiné
sgveika.

3.3.6. Daziklio Green desorbcijos tyrimai

GVR atlieky pakartotinio panaudojimo galimybé buvo jvertinta atlikus
keturis nuoseklius daziklio Green adsorbcijos-desorbcijos ciklus. Eliuentu
buvo pasirinktas Sarmo tirpalas (0,05 M NaOH), siekiant i§stumti daziklio
anijonus, neutralizuoti teigiamg GVR atlieky pavirSiaus kravj ir paslinkti (67)
reakcijos pusiausvyra j kaire puse. Daziklio Green adsorbcinés gebos
priklausomybé nuo adsorbcijos-desorbcijos cikly skaiciaus pateikta 38-ame
paveiksle. Gauti rezultatai parodé, kad GVR atliekos gali bati sékmingai
regeneruojamos NaOH tirpalu ir pakartotinai naudojamos chromo
kompleksiniam dazikliui Green Salinti reik§mingai nesumazéjus proceso
efektyvumui.
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38 pav. Daziklio Green adsorbcijos — desorbcijos ciklai. Adsorbentas —
GVR atliekos, eliuentas — 0,05 M NaOH.

3.3.7. Realiy nuoteky valymas

GVR atliekos kaip adsorbentas buvo panaudotos realiy nuoteky,
susidarané¢iy dazant ir plaunant anoduoto aliuminio detales, valymui. Pradiné
nuoteky pH verté buvo 5,7, todél jos buvo raigstinamos 5,5 M HCl tirpalu iki
pH 2. Praéjus 20 min nuo sgveikos su GVR atliekomis (nuoteky tario /
adsorbento masés santykis 1:17) pradzios terpés pH pakito iki pH 4,4.
Nuoteky spalvos pasalinimo efektyvumas apskaiciuotas pagal formule:

Spalvos pasalinimo efektyvumas = 100 - (Ao—A)/Ao (72)

Cia Ao ir A; yra nuoteky regimosios §viesos absorbcijos vertés prie§ valyma ir
laiko momentu t.

Anoduoto aliuminio dazymo nuoteky UV-regimosios $viesos spektrai
buvo uZrasyti pries valyma ir po 20 min sgveikos su GVR atliekomis (39 pav.).
Spalvos pasalinimo i§ anoduoto aliuminio dazymo nuoteky efektyvumas buvo
jvertintas naudojant (72) lygtj ir sieké apie 80 %. Chromo ir aliuminio
adsorbcijos efektyvumas apskaiéiuotas pagal (73) lygtj:

Cr(Al) koncentracijos sumazinimo efektyvumas = 100 - (Co—C)ICo (73)

¢ia Co ir Cy yra chromo arba aliuminio koncentracija nuotekose pries valyma
ir laiko momentu t.

ISvalyty nuoteky analizé ICP-OES metodu parodé¢, kad buvo pasiektas net
97 % chromo pasalinimo laipsnis, o aliuminio kiekis i§valytose nuotekose
buvo mazesnis uz aptikimo ribas. ChDS rodiklis, nurodantis bendra organiniy
junginiy kiekj nuotekose, pries valymg buvo lygus 1182 mg L?, o po valymo
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— 84 mg L. Eksperimentiniai tyrimai leidzia daryti i§vada, kad GVR atliekos
gali buti naudojamos kaip pigus adsorbentas spalvoty organiniy junginiy,
chromo ir aliuminio Salinimui i§ susidariusiy nuoteky po anoduoto aliuminio
dazymo.

04 — 0 min
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39 pav. Anoduoto aliuminio dazymo nuoteky regimosios §viesos absorbcijos
spektras pries valyma ir po 20 min adsorbcijos GVR atliekomis. Proceso
sqlygos: pH 2,0-4,4; GVR atlieky masés ir nuoteky tirio santykis (m/V)
1:17; T 20 °C.

Issamiis daziklio Green adsorbcijos tyrimai, sutelkiant démesj ne tik |
tirpalo spalvos kitima, bet ir chromo kiekio valomame tirpale pokycius,
parodé, kad GVR atliekos gali biiti efektyvus panaSiy organiniy junginiy
adsorbentas. Pagrindinis veiksnys, turintis jtakos daziklio paSalinimo
laipsniui, yra terpés pH, todél keidiant jo verte nesudétinga adsorbentg
regeneruoti. Savo adsorbcine geba GVR atliekos prilygsta komerciniam
produktui — aktyvintosioms anglims, taigi galéty buity naudojamos kaip jy
pakaitalas. Tai patvirtina eksperimenty, atlikty su realiomis nuotekomis,
rezultatai.

3.4. Katalizinis daziklio Green skaidymas
3.4.1. Daziklio Green Salinimas trimis skirtingais biidais

Siekiant iSsiaiSkinti GVR atlieky katalizinj aktyvumg heterogeninéje
Fenton reakcijoje, dazikliui Green Salinti panaudoti trys skirtingi budai.
Tirpalo spalvos $alinimo (daziklio struktiiros ardymo) efektyvumas taikant
katalizinio skaidymo metoda, buvo jvertintas sistemoms, kuriose kaip
potencialus katalizatorius panaudotos GVR atliekos, o kaip oksidatorius —
vandenilio peroksidas. Siekiant iSsiaiskinti H,O, geba suskaidyti daziklio
Green molekules, atlikti analogiski kontroliniai eksperimentai be GVR
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atlieky. Palyginimui buvo atlikti daZiklio $alinimo adsorbcijos biidu (be H20,)
eksperimentai. Visi eksperimentai atlikti tokiomis paciomis salygomis (pH,
temperatira, GVR atlieky masé ir daziklio Green tirpalo tiris tokie patys).
Daziklio Salinimo procesai buvo tiriami remiantis UV-regimosios §viesos
absorbcijos daziklio Green tirpaluose spektrais (40 pav.). Heterogeninés
katalizinés reakcijos pradzioje stebimas greitas daziklio Green spalvos

nykimas (40a pav.).
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40 Pav. UV-regimosios $viesos absorbcijos priklausomybé nuo daziklio
Green salinimo laiko: (a) skaidymas H2O> esant GVR atlieky katalizatoriui;
(b) adsorbcija GVR atliekomis be H.O-; (c) nekatalizinis skaidymas
naudojant H.O- (be GVR atlieky). Sglvgos: 10 ml daziklio tirpalo (Green
koncentracija 100 mg L™), 1 ml H,0,, 5 mg GVR atlieky, pH 3, T =50 °C.
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Per pirmasias 5 reakcijos minutes buvo pasiektas didesnis nei 70 % daziklio
pasalinimo laipsnis, o pagrindinés absorbcijos spektro smailés isnyko po 10
minuciy. Tuo tarpu per tg patj laika Salinant daziklj adsorbcijos buidu pasiektas
atitinkamai tik 32 ir 63% spalvos pasalinimo laipsnis (40b pav.). Nekatalizinés
daziklio Green peroksidacijos atveju abi budingosios smailés ties 630 ir 450
nm tesiantis skilimo reakcijai laipsniskai mazéjo, bet zymiai léCiau nei
naudojant ir GVR atliekas kaip katalizatoriy (40c pav.). Palyginus 40 a-c
paveiksluose pateiktus spektrus, akivaizdu, kad pridéjus H2O; | sistema,
kurioje yra GVR atlieky, daziklio Green valymo procesas tampa efektyvesnis.
GVR atlieky, kaip adsorbento ir heterogeninio katalizatoriaus, derinys su
H>O, kaip oksidatoriumi atskleidzia jy sinergizma, padidéjusj $iy atlieky
(kietos amorfinés medziagos) potencialg dazikliui Green salinti. Kaip matyti
i§ 40c pav., peroksidacijos procesas be katalizatoriaus (GVR atlieky) buvo
maziausiai efektyvus. Manoma, kad Siuo atveju daziklio Green spalva nyksta
dél tiesioginés H>O; ir daziklio Green molekuliy saveikos [62].

Kaip matome i§ 41 pav. pateiktos nuotraukos, vizualiai GVR atlieky
iSvaizda tuo atveju, kai vyksta heterogeniné Fenton reakcija, esant H2O, ir tuo
atveju, kai Green daziklis adsorbuojamas nepridéjus H2O, oksidatoriaus,
skiriasi. Vykstant Kkataliziniam skilimui GVR atliekos nepraranda savo
pradinés spalvos. Tuo tarpu adsorbcijos proceso metu jos jgyja tamsiai zalig
atspalvi, nes pasidengia daziklio Green molekulémis. Akivaizdu, kad $alinant
dazikl] Green Kkatalizinés oksidacijos btidu, suardoma kompleksinio
azojunginio molekuliy struktira. Kaip jau minéta anks¢iau, GVR atlieky
savitasis pavirsiaus plotas palyginti didelis — apie 35 m%g. Sio rodiklio verté
turi didelés jtakos terSaly pasalinimo efektyvumui taikant ne tik adsorbcijos
bida, bet ir katalizinj skaidyma. Kataliziné reakcija prasideda nuo tersaly bei
oksidatoriaus adsorbcijos katalizatoriaus pavirSiuje. Didesnio savitojo
pavirSiaus ploto heterogeniniame katalizatoriuje galima tikétis didesnio
aktyviyjy centry kiekio [53].

\
I

Degradation Adsorption

41 pav. GVR atlieky nuotrauka: kairé¢je — po daziklio Green katalizinio
skaidymo naudojant H,O5; desinéje — po daziklio adsorbcijos be H,0..
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Kaip matome i§ 42 pav. pateikty kinetiniy kreiviy, GVR atliekos $alinant
daziklj Green veikia efektyviau, kai procese dalyvauja ir vandenilio
peroksidas. Didesnis daziklio pasalinimo greitis gali biiti pasiekiamas derinant
adsorbcijos ir katalizinio skaidymo procesus, o ne vien tik adsorbcijos biidu.
Palyginus kinetines kreives (42 pav.), pastebima, kad j sistemg pridéjus H20»
padidéja pradinis daziklio salinimo GVR atliekomis greitis. Visi trys daziklio
Green S$alinimo procesai (kombinuotas adsorbcijos/heterogeninés Fenton
oksidacijos, tik adsorbcijos ir nekatalizinés oksidacijos su HO»
(peroksidacijos)) buvo modeliuojami taikant dvigubos eksponentés kinetinj
modelj [201]. Eksperimentiniams duomenims apdoroti naudota dvigubos
eksponentés lygtis:

L—qg-efat4p . g ket (74)
Co

¢ia C yra daziklio Green koncentracija laiko momentu t, Co — pradiné
koncentracija; ki ir ko — reakcijos greicio konstantos, a ir b — koeficientai.
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42 pav. Eksperimentiniai (E) daziklio Green $alinimo kinetiniai duomenys
(simboliai) ir pritaikytas dvigubos eksponentés modelis (M) (kreivés)
daziklio salinimui skirtingose sistemose apibudinti: Green + GVR atliekos +
H>0O, (skaidymas (D)); Green + GVR atliekos (adsorbcija (A)); Green +
H.0, (peroksidacija (P)). Sglygos: daziklio koncentracija 100 mg L™, tirpalo
turis 10 mL, 5 mg GVR atlieky, 1 mL H2O,, pH 3, T=50'C.

Eksperimentiniai duomenys gerai sutampa su dvigubos eksponentés modelio
vertémis, R? > 0,98 (42 pav.). Koreliacijos koeficienty ir kinetiniy parametry
vertés pateiktos 21-0je lenteléje.
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21 lentelé. Daziklio Green Salinimo katalizinio skaidymo, adsorbcijos ir
peroksidacijos budais kinetiniai parametrai, gauti taikant dvigubos
eksponentés modelj.

Sistema R? a ki (min) b kz (min™)
Green +GVRA+H,0; 0,9958 | 0,7603 | 0,3175 0,2384 | 0,0076
Degradacija 20 °C
Green +GVRA 0,9981 | 0,7209 | 0,2620 0,2777 | 0,0066
Adsorbcija 20 °C
Green + H;0; 0,9980 | 0,8491 | 0,0026 0,1507 | 0,3979

Peroksidacija 20 °C
Green +GVRA+H,0; 0,9993 | 0,9020 | 0,2926 0,0977 | 0,0012

Degradacija 50 °C

Green +GVRA 0,9988 | 0,8781 | 0,1650 0,1222 | 0,0028
Adsorbcija 50 °C

Green + H;0, 0,9811 | 0,8351 | 0,0135 0,1075 | 0,0075

Peroksidacija 50 °C

I$ lenteléje pateikty konstanty dydzio matyti, kad ki > ko visuose tirtuose
procesuose, iSskyrus homogening peroksidacija 20 °C temperatiiroje.
Nekatalizinés peroksidacijos atveju, daziklio pasalinimo grei¢io konstantos ki
yra santykinai mazos, ypa¢ esant 20 °C temperatiirai (21 lentelé).

3.4.2. pH jtaka daziklio Green skaidymo efektyvumui

Tirpalo pH poveikis kombinuotoms adsorbcijos ir heterogeninés katalizés
sistemoms tirtas pH intervale nuo 2,0 iki 55 (rugstinémis ir silpnai
rugstinémis  salygomis). Daziklio Green pasalinimo efektyvumo
priklausomybé nuo tirpalo pH pateikta 43 paveiksle, kuriame matome ir
pradinio etapo, pavadinto iSankstine adsorbcija, rezultatus. ISankstinés
adsorbcijos stadijoje daziklio Green spalvos intensyvumas mazéjo dél
sgveikos su GVR atliekomis tamsoje, nedalyvaujant H.O.. Paveiksle pateikti
duomenys rodo, kad daziklio Green adsorbcijai, vykstanciai pirmasias 30 min
tamsoje, reikSmingos jtakos turi tirpalo pH verté. Daziklio pasalinimo
efektyvumas ir adsorbciné geba padidéja atitinkamai nuo 16,8 iki 51 % ir nuo
28,9 iki 95,5 mg g, kai tirpalo pH sumazinamas nuo 3,3 iki 2,0. Kai prie$
jpilant H,O; | sistema, daziklio tirpalo pH nebuvo reguliuojamas (pHo 5,0),
daziklio Green molekuliy adsorbcija buvo labai nezymi (43 pav.). Spalvos
blukimas prasidéjo tik pridéjus j adsorbcijos sistemg oksidatoriaus H2O, ir
tuomet per 120 min buvo pasalinta iki 30 % daziklio. Rugstiné terpé (2,0-3,3)
yra palankesné ne tik adsorbcijos procesui, bet ir oksidaciniam daziklio
molekuliy skaidymui (43 pav.). Spalvos blukimo greitis didéja, mazéjant pH.
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Kai pradinis daziklio tirpalo pH 2,0, jau po 5 min nuo reakcijos pradzios
pasiekiamas 73 % daziklio pasalinimo laipsnis (43 pav.).

—o—pH 2,0 —e—pH 3,3 —e—pH 5,0
100 p p p

PL, %

-30 20 70 120

t, min
43 pav. pH jtaka daziklio Green salinimui dviejy pakopy proceso metu:
pirmasis etapas (-30 min — 0 min) — adsorbcija tamsoje; antrasis etapas (0
min — 120 min) — kombinuota adsorbcija/kataliziné oksidacija. Salygos:
daziklio Green tirpalo koncentracija 100 mg L™, tirpalo tiris 10 mL, 1 mL
H20,, GVR atlieky masé 5 mg, T 20°C.

Kombinuotos adsorbcijos/heterogeninés katalizés eksperimenty, atlikty be
iSankstinés adsorbcijos stadijos, rezultatai pateikti 44-ame paveiksle. Daziklio
Green Salinimo eiga panasi, ir Siuo atveju proceso efektyvumas priklauso nuo
terpés rugstingumo. Kai pradiné tirpalo pH vert¢ 2,0 — 2,5, katalizinis
skaidymas vyksta greitai, per pirmasias 5 min paSalinama apie 60-70 %
daziklio. Spalvoto terSalo paSalinimo laipsnis mazesnis, kai tirpalo pH 3,7,
tadiau procesg tesiant jis palaipsniui didéja. Tuo tarpu daziklio Salinimo
efektyvumas gana mazas silpnai ragstinéje terpéje (pH 5,0 — 6,0).

—o—pH 2,0 pH 25 pH 3,7 pH5,5
100
-~ oo —_—0

S 60 |
-
a 40

20

O 1 1
0 50 t min 100

44 pav. pH poveikis daziklio Green Salinimui adsorbcijos/katalizinés
oksidacijos biidu. Sglygos: daziklio Green koncentracija 100 mg L™, tirpalo
tiuris 10 mL, 1 mL H,O,, GVR atlieky masé 5 mg, T 20°C.
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Kaip jau minéta anks¢iau, GVR atlieky nulinio kriivio taskas (pHpzc) yra
8,0, taigi, taikytomis eksperimentinémis salygomis jy pavirSius buvo jkrautas
teigiamai. Rugstinant terpg Sorbento pavirSiaus protonizacijos laipsnis didéja,
tai palanku adsorbcijos procesui, kuris vyksta dél elektrostatinés sgveikos tarp
teigiamai jkrauto GVR atlieky pavirSiaus ir anijoniniy daziklio Green
molekuliy. Be to, tirpalo pH turi jtakos ir *OH radikaly susidarymo greiciui
[59]. Rugstingje terpéje be heterogeninés, gali vykti ir homogeniné Fenton
reakcija: istyréme, kad Fe(IIl) jony koncentracija tirpale, kurio pH 2,0, yra
120 mg L. Katalizinei skaidymo reakcijai optimalaus pH nustatymas yra
vienas 1§ svarbiausiy uzdaviniy, tai patvirtina ir literatiiros analizé.
Pavyzdziui, naudojant sintetiniu biidu gauta Fe;Os dazikliui Rugstiniam
raudonajam G skaidyti, issiaiskinta, kad palankus pH intervalas yra nuo 2,0
iki 3,0 [54]. Musy atlikti tyrimai parodé, kad ir homogeninei nekatalizinei
daziklio Green peroksidacijai tirpalo pH taip pat turi jtakos: skaidymo greitis
didesnis, kai pH 2,0, nei tuo atveju, kai pH 5,5.

3.4.3. Temperatiiros jtaka daziklio Green skaidymo efektyvumui

Temperatiros jtaka daziklio $alinimo procesui tirta 20-60 °C intervale, kai
tirpalo pH 3 ir daziklio koncentracija 100 mg L. Praéjus 10 min nuo reakcijos
pradzios, pasiektas atitinkamai 27, 67 ir 75 % daziklio $alinimo efektyvumas
20, 50 ir 60 °C temperatiiroje. Spartesnis daziklio Green skaidymas kylant
temperattrai rodo didesnj daziklio molekuliy mobilumg bei padidéjusj
katalizinés reakcijos greitj. Pakélus temperatiirg nuo 293 iki 323 K daziklio
Green spalva blunka greiciau, nes auksStesnéje temperatiiroje padid¢ja *OH
radikaly susidarymo greitis vykstant reakcijai tarp H2O> ir GVR atlieky [202,
203]. Kinetiniy kreiviy forma (45 pav.) leidzia daziklio Salinimg suskirstyti
keletg kinetiniy etapy [204]: pirmagjj — tai dideliu grei¢iu vykstanti reakcija
nuo jos pradzios iki 10 min; vidurinis etapas, kuris tgsiasi nuo 10 iki 50 min,
ir tre¢iasis — artéjanti pusiausvyra. Pirmojo ir antrojo etapy eksperimentiniams
duomenims apibtdinti tiko pseudo-pirmojo laipsnio kinetinis modelis, gautos
didelés R? vertés (R? = 0,84-0,98). Kaip pastebéta nagrinéjant literatiira, $is
Kinetinis modelis [66, 67] daZnai tinka oOrganiniy dazikliy skaidymui
apibudinti.
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45 pav. Temperatiiros jtaka daziklio Green kombinuoto
adsorbcijos/katalizinio skaidymo proceso kinetikai. Jterpinyje: Arrhenius
priklausomybé pirmajam ir antrajam reakcijos etapams (pagal duomenis

gautus pritaikius pseudo-pirmojo laipsnio kinetinj modelj). Sglygos: daziklio

koncentracija 100 mg L tirpalo tiris 10 mL, 1 mL H>O,, GVR atlieky masé
5 mg, pH 3.

Kadangi daziklio Green skaidymui panaudotas H.O; perteklius, reakcija gali

biti laikoma pseudo-pirmojo laipsnio, o jos greitis priklauso nuo daziklio

koncentracijos [205]:

In (%) arba ln (f%

0 0

)=kt (75)

¢ia k — skilimo reakcijos tariamoji grei¢io konstanta; Co, Ci, Ao ir A yra
daziklio Green koncentracija ir absorbcija pries reakcija ir laiko momentu t.
Tariamosios grei¢io konstantos vertés, apskaiCiuotos i§ tiesinés
priklausomybés In(C/Co)=f(t) trijose skirtingose temperattirose, pateiktos 22
lenteléje. Kaip rodo pateikti rezultatai, daziklio Green katalizinés oksidacijos
dalyvaujant GVR atlieky nanostruktiiroms greicio konstantos labai priklauso
nuo temperatiiros. Pakélus heterogeninés Fenton sistemos temperatiirg nuo 20
°C iki 60 °C, daziklio Green skaidymo greitis pirmojo etapo metu padidéjo
daugiau nei keturis kartus, o antrojo — 1,6 karto (22 lentelé).
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22 lentelé. Daziklio Green adsorbcijos ir katalizinés oksidacijos pirmos ir
antros stadijy greic¢io konstantos ir termodinaminiai aktyvacijos parametrai.

Proceso T,°C  Greidio E., AH, A%, AG*,
stadija konstanta Kk,
) kImol*  kImol?* kJ mol? kJmol?
min
K—l
Pirma 20 0,0322 30,45 27,86 -0,178 80,01
(R?=0,9179)
(0-10
min) 50 0,1120 85,35
(R?=0,8775)
60 0,1388 87,13
(R?=0,8454)
Antra 20 0,0140 8,65 6,07 -0,259 81,96
(R?=0,9768)
(10-50
min) 50 0,0181 89,73
(R?=0,9739)
60 0,0222 92,32
(R?=0,9746)

Aktyvacijos energijos Ea nustatytos i$ tiesinés priklausomybés Ink = f(1/T)
pagal lygtj 76 [205]:

Ink =InA—E,/RT (76)

¢ia k skilimo reakcijos grei¢io konstanta, A - Arrhenius konstanta, E, —
aktyvacijos energija (J mol?), T - temperatira (K), R universalioji dujy
konstanta (8,3144 J K-*mol?).
Daziklio Green pirmosios stadijos aktyvacijos energija didesné nei antrosios
ir yra lygi 30,45 kJ mol? (22 lentelé). Lin ir Gurol 1998 m. [206] tyré reakcija
tarp H20; ir gelezies(I1T) oksido pavirsiaus ir nustaté H,O, skilimo, kurio metu
susidaro *OH radikalas, aktyvacijos energija, lygig 32,8 kJ mol™.

Daziklio Green katalizinio skilimo reakcijai termodinaminiai aktyvacijos
parametrai apskaiciuoti naudojant teorinés Eyring lygties tiesing forma [203]:

ky o (KB) — AHT, as”
Zn(;)_ln(h) 2 77

¢ia k skilimo reakcijos grei¢io konstanta, T absoliutiné temperatira (K), Kg -
Boltzmann'o konstanta (1,381-10%J K1), h yra Planko konstanta (6,626-10
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%] s), AH” - aktyvacijos entalpija (J mol™), AS” yra aktyvacijos entropija (J
mol? K), R universalioji dujy konstanta (8,3144 J K’mol?).

Naudojant grafines priklausomybes In(k/T) = f(L/T) (77 lygtis),
aktyvacijos entalpijos (AH") ir entropijos (AS") poky¢iai buvo nustatyti
atitinkamai i$ tiesiy nuolydzio ir atkarpy ordinaciy asyje. Laisvosios Gibso
energijos pokyc¢iai apskaiéiuoti remiantis (78) lygtimi:

AG* = AH* — TAS* (78)

Abiejy daziklio Green katalizinio skaidymo etapy AH*, AS* ir AG* vertés
pateiktos 22 lenteléje. Aktyvacijos entalpijos poky¢iai AH* > 0 rodo, kad
daziklio Green skilimo reakcija, vykstanti §viesoje dalyvaujant H2O; ir GVR
atliekoms, yra endoterminio pobiidzio. Tuo tarpu maza neigiama AS” verté
parodo, kad pereinamosios buisenos strukttra yra tvarkingesné, taigi ir Siek
tieck sumaZéja energijos sklaida sgveikaujant GVR atlieky aktyviesiems
centrams su tirpalu [207]. Aktyvacijos proceso laisvosios Gibso energijos
poky¢iy (AG”) vertés trijose skirtingose temperatiirose yra nuo 80,01 iki 92,32
kJ mol? (22 lentel¢).

3.4.4. Daziklio Green Salinimo mechanizmas

Daziklio Green adsorbcijos GVR atliekomis rezultatai parodé, kad
daziklio Salinimas labai priklauso nuo pH. Tirpalo pH jtaka daziklio Green
Salinimo GVR atliekomis efektyvumui susijusi su sorbento pavirSiaus
protonizacija. Teigiamai jkrautas GVR atlieky pavirSius pritraukia neigiamas
anijoninio daziklio Green molekules pagal (79) lygti:

= FeOH} + A~ > = FeA + H,0 (79)

Heterogeninio katalizinio daziklio skaidymo metu vyksta tiek daziklio, tiek
H.0O; adsorbcija ant GVR atlieky pavirSiaus (46 pav.).
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Daziklio adsorbcija

Fe(l11)

Kietos poZeminio vandens
ruosimo atliekos
(FE(OH)3, FGOOH, F6203)

o) [ e,

*OH

[ Daziklio skilimo produktal

46 pav. Daziklio Green skaidymo heterogeniniu Fenton metodu schema,
kaip katalizatoriy naudojant geriamojo vandens ruoSimo metu susidarancias
atliekas (GVR atliekas).

Radikaly susidarymg i§ H.O-, adsorbuoto ant GVR atlieky pavirSiaus, ir
katalizinj daziklio Green skaidyma pabandyta modeliuoti jj suskirstant j kelis
etapus [208]. T sistemg ,,daziklis Green — GVR atliekos* jpylus H.O,, jis
adsorbuojasi ant GVR atlieky pavirSiaus, kuriame yra daug Fe(III):

Fel! + H,0,(aq) - [Fe

p avirsiaus

H,0,(adsorbuotas)] (80)

3+
pavirsiaus

Adsorbuotos H>O, molekulés Fe(Ill) redukuoja iki Fe(Il) taip
suformuodamos Fe?* ir O™ radikalus:

[Fe3+ irsiausH Oz(adsorbUOtaS)] - l:‘epawrslaus +03 +2H" (81)

pavirsiaus

GVR atlieky pavirsiuje Fe?* reaguoja su adsorbuotu H-O, susidarant labai
aktyviems «OH radikalams (E = 2.38 V esant pH 3,0):

2+
Fepavir§iaus

H,0, (adsorbuotas) — FelDaVlrSlaus e OH + OH™ (82)
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Aktyvis *OH radikalai atakuoja ir skaido daziklio Green molekules iki jy
oksidacijos produkty:

¢ OH + daziklis Green — oksidacijos produktai (83)

Zinoma, kad hidroksilo radikalams reaguojant su organiniy dazikliy
molekulémis dazniausiai jos suskaidomos suardant cheminius rysius C-H, N-
H, O-H, pasalinant vandenilj arba prijungiant vandenilj prie rysio C=C ar
aromatinio ziedo [209]. Taciau tirpale, kurio spalva blunka, gali likti daug
mazy organiniy molekuliy [210].

3.4.5.Daziklio Green $alinimas nekaitintomis ir kaitintomis GVR
atliekomis

Medziagos fizikinés savybés ir cheminé sudétis turi jtakos jos
adsorbcinéms savybéms ir kataliziniam aktyvumui. Palyginimui daziklio
Green adsorbcijos (A) ir katalizinio skaidymo (D) eksperimentai buvo atlikti
naudojant neapdorotas GVR atliekas (A) ir iskaitintas 800 °C temperatiiroje
(KA). Kaip matyti 47 pav., neapdorotos GVR atliekos turi Zymiai didesnj
potencialg dazikliui Green S$alinti i§ vandeniniy tirpaly nei apdorotos GVR
atliekos. Daziklio Green S$alinimo skaidymo budu efektyvumas kaip
katalizatoriy naudojant neapdorotas GVR atliekas reakcijos pradzioje (per
pirmagsias 10 minu¢iy) mazdaug keturis kartus didesnis nei su apdorotomis
GVR atliekomis. 50 °C temperatiiroje paSalinimo efektyvumas yra atitinkamai
85 % ir 19 % naudojant nekaitintas ir kaitintas GVR atliekas. Naudojant
nekaitintas GVR atliekas suskilusio daziklio Green dalis po 120 minuciy
padidéjo iki 91 %, su kaitintomis GVR atliekomis — tik iki 54 %. Termiskai
apdoroty GVR atlieky adsorbciné geba taip pat sumazéjo, bet mazesniu
laipsniu lyginant su kataliziniu aktyvumu daziklio Green skaidymo reakcijoje.
Abiem atvejais (kaip heterogeninj katalizatoriy naudojant nekaitintas ir
iSkaitintas GVR atliekas), daziklio Green skaidymo greiciai didesni 50 °C
temperattiroje nei 20 °C (47 pav.). PrieSingai nei skilimo reakcijos, daziklio
Green adsorbcijos efektyvumas mazéja didéjant temperatiirai: nezymiai, kai
naudojamos nekaitintos GVR atliekos, taciau beveik treédaliu — kai jos
iSkaitintos.
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47 pav. Daziklio Green $alinimo efektyvumas naudojant neapdorotas (A) ir
termiskai apdorotas geriamojo vandens ruo$imo atliekas (KA) daziklio
skaidymui (D) arba adsorbcijai (A). Sqglygos: daziklio tirpalo koncentracija
100 mg LY daziklio tirpalo tiris 10 mL, katalizatoriaus masé 5 mg, 1 mL
H20,, A-D ir KA-D procesams pH 3, sqveikos laikas 10 min.

Skirtingg neapdoroty ir iskaitinty atlieky sorbcing geba ir katalizinj aktyvuma
galima paaiskinti kietosios fazés cheminés sudéties ir strukttriniy savybiy
poky¢iu terminio apdorojimo metu. Kaip jau minéta, XPS analizés rezultatai
parodé, kad pagrindinis nekaitinty GVR atlieky komponentas yra hidratuotas
gelezies oksidas, a-Fe.Os (hematitas) ir Fe(OH)O (getitas, lepidokrocitas).
Tuo tarpu pagal XRD tyrimo rezultatus pagrindiné termiskai apdoroty GVR
atlieky fazé, kurioje yra geleZies, yra maghemitas (y-Fe.0s). GVR atlieky
terminio apdorojimo metu pasikeic¢ia jy spalva (nuo rudos ik raudonos) ir
gelezies(I11) turincios fazés prigimtis. Keliant temperatiirg ir kity sudedamyjy
daliy cheminé biisena gali pakisti, lakiis junginiai pasigalinti. Sie poky¢iai gali
turéti jtakos GVR atlieky kataliziniam aktyvumui. Be to, amorfinés biisenos
GVR atlieky savitasis pavirSiaus plotas yra santykinai didesnis lyginant su
kristaline jy forma, o tai nulemia ir didesng amorfinés formos adsorbcing geba.
Medziagos katalizinis efektyvumas susijes su jos adsorbcine geba [54, 208].
Kuo didesnis GVR atlieky plotas, tuo daugiau yra aktyviy centry reikalingy
saveikai tarp katalizatoriaus, H,O; ir daziklio Green molekuliy. GVR atliekas
Fenton procese galima naudoti pakartotinai, nes po vieno ciklo jy masé
sumazéja ne daugiau kaip 0,2 %. Be to, katalizatoriy atskyrus nuo i§valyto
tirpalo, nevyksta jo daleliy aglomeracija, todél GVR atliekos yra tinkamos
kitam daziklio $alinimo ciklui.

Apibendrinant atliktus tyrimus galima teigti, kad geriamojo vandens
ruoSimo atliekos, kuriy pagrindiné sudétiné dalis yra gelezies(IlI) junginiai
(Fe(III) oksido masés dalis — apie 78%) pasizymi ne tik adsorbcinémis, bet ir
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katalizinémis savybémis. Be papildomo apdorojimo GVR atlickos gali buti
panaudotos kaip heterogeninis katalizatorius organiniy azodazikliy skilimo
reakcijai pagreitinti. TermiSkai apdoroty GVR atlieky katalizinis aktyvumas
sumazeja. Daziklio paSalinimo efektyvumas priklauso nuo sistemos pH,
rugstiné terpé (pH 2-3) palankesné ne tik adsorbcijai, bet ir daziklio
skaidymui. Be to, jo tirpalo spalva nyksta grei¢iau pakilus temperatirai.
GVR atlieky fizikinés savybés ir jy cheminé sudétis sudaro galimybe §j
Salutinj technologinj produkta panaudoti vandenims, uzterstiems katijoniniais
terSalais (Svino(ll), vario(ll), aliuminio jonais) ar anijoniniais organiniais
junginiais (chromo kompleksiniu azodazikliu Green), valyti.
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ISVADOS

1. Geriamojo vandens ruoSimo (GVR) atliekos, susidaranc¢ios Salinant
gelezj i§ Vilniaus regiono pozeminio vandens, yra aplinkai draugiska,
amorfiné, mezoporiné-makroporiné medziaga, sudaryta i§ beveik sferiniy 50-
100 nm dydzio daleliy, kuriy BET pavirsiaus plotas sudaro apie 35 m? g*. Jos
bazing prigimtj nulemia sudétyje esantys vandenilio karbonato ir karbonato
jonai, Fe(lll) oksidai (a-Fe20s, y-Fe203) bei oksihidroksidai (a-FeOOH, y-
FeOOH).

2. Salinant Pb(II), Cu(Il) katijonus ir anijoninj chromo kompleksinj
azodazikli Green, didelés jtakos GVR atlieky adsorbcinei gebai turi
adsorbcijos sistemos pH. Kai pradinis pH 5,0, katijoniniy ter$aly pasalinimo
laipsnis yra 86%, sumazinus prading pH verte iki 2,0 — tik 16%. Daziklio
Green adsorbcijai palanki ragstiné terpé. Padidinus pradinio tirpalo pH nuo
2,0 iki 3,0, daziklio pasalinimo laipsnis sumazéja apie 4 kartus (nuo 96% iki
20-25%). Daziklio Green salinimo GVR atlickomis procesas yra
egzoterminis, o metaly katijony — endoterminis.

3. Galimas Pb(II) ir Cu(Il) pasalinimo mechanizmas yra jony mainy ir
nusodinimo reakcijos, kurios vyksta dél GVR atliekose esan¢iy Ca®*, PO3™ ir
CO3~ jony. Dalis $iy katijoniniy terSaly taip pat adsorbuojama susidarant
pavirSiniams kompleksiniams junginiams. Daziklis Green adsorbuojasi dél
elektrostatinés saveikos tarp teigiamai jkrauto GVR atlieky pavirSiaus ir
anijoniniy daziklio molekuliy.

4. Kinetiniai tyrimai parodé, kad optimaliomis salygomis katijoniniai ir
anijoniniai terSalai GVR atliekomis Salinami efektyviai: per pirmasias 3
minutes sugerta daugiau kaip 95% Pb(II) ir Cu(Il) jony i§ 2,5 mM tirpalo ir
per 20 min adsorbuota iki 90% chromo kompleksinio daziklio i§ 150 mg L*
Green tirpalo. Daziklio Green adsorbcijos kinetikai apibiidinti labiausiai tinka
difuzijos-chemosorbcijos, hiperbolinio tangento ir Elovich modeliai.

5. Langmuir-Freundlich lygtis ir Langmuir-pasiskirstymo izotermé,
apjungianti nusodinimo ir adsorbcijos procesus, buvo tinkamos Pb(ll) ir
Cu(Il) pusiausvirajai adsorbcijai i§ vienkomponenciy ir dvikomponenciy
tirpaly apraSyti. Daziklio Green adsorbcijg pusiausvyros salygomis tiksliai
apibiidina Langmuir-Freundlich izotermés modelis.

6. Nustatytas GVR atlieky katalizinis aktyvumas skaidant daziklj Green
heterogeningje Fenton reakcijoje, vykstancioje saulés Sviesoje. Daziklio
Green skilimo greitis didéja mazéjant tirpalo pH ir didéjant temperaturai.
Esant tirpalo pH 3 bei 50 °C temperattrai daziklio Green pasalinimo laipsnis
i§ 100 mg L tirpalo pasiekia 70% po 5 min nuo reakcijos pradzios ir 92%
—po 50 min trukusios oksidacijos.
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7. Vietinés atlickos, susidarancios aeruojant ir filtruojant poZeminj
vandenj, dél tinkamy fizikiniy savybiy ir cheminés sudéties gali buti
panaudotos kaip bifunkciné nanomedziaga (adsorbentas ir katalizatorius)
vandeniui valyti nuo katijoniniy ir anijoniniy tersaly.
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SUMMARY

INTRODUCTION

Groundwater and surface water are very important components of the
environment, so the supervision and control of water resources are the
responsibility of each state. The developed legislation helps regulate water
management issues, protects these natural resources from pollution, and
creates a system of restrictions, prohibitions, and legal liability [1]. Industrial
wastewater can be connected directly to natural water resources or discharged
into urban sewers. Wastewater discharged in this way affects water bodies or
the operation of sewerage and wastewater treatment plants [2]. In Lithuania,
wastewater discharge is regulated by the Wastewater Management Regulation
(Order No. D1-236) which was signed in 2006 and specifies the requirements
for the discharge of both domestic and industrial wastewater into the
environment. Controlled substances include total chromium, with MPLs
(maximum permissible limits) of 2 mg L in the sewage system and 0.5 mg
L in the natural system [3].

Anodizing is an important and widely used electrochemical process for the
surface treatment of metal and electronic parts [4]. The anodizing process
consists of surface cleaning and preparation followed by coating and finishing
[5]. To give color to the anodized coatings, the surfaces are dyed. The process
is constantly improved to enhance the penetration of the dye into the pores [4].
The effluent streams generated during the whole process are mixed before
treatment, resulting in colored effluents containing various metal ions [5]. It
is very important to treat such wastewater in order to meet strict environmental
requirements.

Azo dyes are the largest group of azo compounds and the most widely used
dyes in the industry. They are suitable for fiber dyeing, photoelectronic,
printing systems, food technology, and biological reactions [6].

There is currently a fairly large selection of dyes that are used for anodized
aluminum dyeing. The use of complex metal dyes is a major concern for their
environmental impact, as heavy metals in dyes are considered to be non-
biodegradable pollutants. In order to reduce environmental pollution by
colored wastewater, the search for cheap and efficient adsorbents is very
important. The need for environmental sustainability supports the idea of
using a material generated during the treatment of clean groundwater as an
adsorbent for the treatment of contaminated water. The purpose and objective
of the groundwater treatment are to ensure the quality of drinking water so
that it tastes good and is safe to use. During the process, a natural nanomaterial
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rich in iron(l11) compounds (groundwater treatment (GWT) waste), as a by-
product is produced. The physicochemical properties of GWT waste are
similar to those of specially synthesized Fe(lll)-containing adsorbents and
catalysts.

This dissertation presents research on sustainable processes for the removal
of anionic chromium complex dye (Green) from aqueous solutions and real
anodized aluminum dyeing effluents using GWT waste as an adsorbent or
catalyst. As the dye contains chromium, the effluent from the anodized
aluminum dyeing must be treated to remove not only the color but also the
heavy metal ions. For this reason, the dye removal efficiency was evaluated
not only by the change in the solution color but also by the change of the
chromium concentration in the solution to be cleaned. In addition, the
chemical behavior of the entire adsorption system was observed during the
dye removal: changes in solution pH, iron, calcium, and aluminum
concentrations. The adsorption properties of groundwater treatment (GWT)
waste were also investigated by treating water contaminated with cationic
pollutants (Pb(I1) and Cu(ll) ions). The catalytic properties of GWT waste
were investigated in the Fenton reaction of oxidative degradation of chromium
complex dye (Green). The efficiency of the removal of cationic and anionic
pollutants was evaluated by conducting Kkinetic, equilibrium, and
thermodynamic studies.

Scientific novelty

A sustainable process for the purification of water contaminated with
anodized aluminum dye and Pb(I1) and Cu(ll) ions using nanomaterial, a local
waste generated during aeration and filtration of groundwater, has been
proposed.

Based on the results of adsorption system studies using ICP-OES, XPS,
XRD, and FTIR methods, the mechanism of heavy metal ions (Pb(Il) and
Cu(Il)) and anionic chromium complex dye (Green) removal by GWTW
waste was elucidated and optimal process conditions were determined.

The efficiency of chromium complex dye Green of anodized aluminum
removal by GWTW waste was determined using model solutions and real
wastewater and taking into account not only the residual color but also the
degree of chromium retention.

The performance of GWTW waste as a bifunctional material (adsorbent
and heterogeneous Fenton-like catalyst) in the decoloration of anodized
aluminum dye Green was assessed.
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Main goal

The aim of this work is to determine the suitability of groundwater
treatment waste (GWTW) for the removal of cationic (Pb(ll), Cu(ll)) and
anionic (chromium complex dye Green) pollutants from agqueous solutions.

Obijectives

To determine the structure and chemical composition of GWTW by
different methods of material research and analysis.

To describe the adsorption properties of GWTW by performing Kinetic,
adsorption equilibrium, and thermodynamic studies and applying various
models of adsorption kinetics and equilibrium.

To determine the optimal process conditions to achieve the maximum
sorption capacity.

To elucidate the mechanism of cationic and anionic contaminants removal
by GWTW.

To evaluate the catalytic activity of GWTW in heterogeneous dye
oxidative decomposition reaction.

Statements presented for defense

* Due to the unique physical properties and chemical composition of
GWTW, this naturally occurring non-toxic material can be used to purify
water contaminated with Pb(11), Cu(ll) ions, or the anionic chromium complex
dye Green without any pretreatment.

» Removal of cationic and anionic contaminants (Pb(ll), Cu(ll) and
chromium complex azo dye Green) by porous nano-adsorbent is fast, more
than 95% of Pb(Il) and Cu(ll) ions are removed in 3 min from 2.5 mM
solutions and up to 90% of the dye are removed from the 150 mg L* solution
within 20 min. The main factor determining the sorption efficiency is the pH
value of the medium.

* Solid and liquid phase studies of the adsorption system have shown that
the adsorption mechanism and the adsorption capacity of GWTW are
determined not only by the Fe(l11) oxide/hydroxide as the main constituent but
also by the presence of calcium, phosphate, bicarbonate and carbonate ions.

* Pb(IT) and Cu(Il) ions are removed by GWTW through the ion exchange,
precipitation, and surface complexation reactions. Chromium complex Green
dye is adsorbed due to the electrostatic interaction between its anions and the
surface of the positively charged GWTW.
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* GWTW demonstrates catalytic activity properties in a heterogeneous
Fenton process by decomposing the organic chromium complex Green dye.

» Diffusion-chemisorption, hyperbolic tangent, and Elovich kinetic models
as well as Langmuir-Freundlich and Langmuir-partition isotherms are the best
models in representing the adsorption of pollutants by GWTW.

1. EXPERIMENTAL PART

1.1. Groundwater treatment waste and other sorbents

The iron-based groundwater treatment waste was obtained from a drinking
water treatment plant in Vilnius, Lithuania. The GWTW is produced as a
result of the deironing and demanganization of groundwater by cascade
aeration. The morphology of the GWTW surface and chemical composition
of the GWTW was studied by SEM-EDX and TEM. SEM-EDX analysis was
performed on the samples using a scanning electron microscope Helios
Nanolab 650 (FEI) equipped with an energy dispersive X-ray spectrometer
(Oxford Instruments, Xmax 20 mm2 detector, INCA 4.15 software).
Transmission electron microscope (TEM) Tecnai G2 F20 X-TWIN (FEl,
Netherlands, 2011) with Schottky type field emission electron source was
used to obtain TEM images of GWTW. The zeta potential of GWTW was
measured using Zetasizer Nano ZS (Malvern Panalytical).

For a comparative study of Green dye adsorption capacity five
commercially available adsorbents were used including activated carbon
NORIT PK 1-3 (Cabot Norit), weak base macroporous resin Macronet MN
150 (Purolite Company), non-ionic macroporous resin Macronet MN 200
(Purolite Company), macroporous strong acid resin Macronet MN 500
(Purolite Company) and mixed bed resin PMB 101 (Pure Resin Co., Ltd).

1.2. Preparation and analysis of solutions

The Pb(Il) and Cu(ll) stock solutions (0.05 M) were prepared from
Pb(NQOs), and Cu(NOs3), - 3H.0, respectively. These solutions were
subsequently diluted to the required concentrations. The pH of the solutions
was adjusted by the addition of 0.1 M HNO3 or 0.1 M NaOH.

Sanodure Green LWN (Green) dye (Clariant) is a water-soluble anionic
chromium complex azo dye widely applied in the anodized aluminum dyeing
process. It was commercial grade and was used without further purification.
The dye stock solution was made by mixing 1000 mg of Green dye in 1 L of
deionized water. Then it was diluted with deionized water to obtain solutions
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of the desired concentration. The pH was adjusted by 5 M HCI or 0.1 M and
1 M NaOH. The values of pH were measured using the inoLab 7110 pH meter
(WTW-Germany). All chemical reagents used were Analytical Reagent
Grade.

The concentration of lead, copper, chromium, calcium, and iron in agueous
solutions was determined with an ICP optical emission spectrometer (Optima
7000DV from Perkin Elmer). The concentration of the Green dye solutions
was analyzed using Varian Cary 50 UV-Vis spectrophotometer from Agilent
Technologies at a wavelength of 630 nm and calculated from a calibration
curve.

1.3. Instrumental analysis
1.3.1. BET analysis

The surface area, pore size, and pore volume of GWTW were estimated
by N> adsorption/desorption isotherms collected at 77 K using Brunauer
Emmet Teller (BET) method. Pore size distribution (PSD) plot was calculated
by the Barrett—Joyner—Halenda (BJH) method using the desorption branch in
a Micromeritics Tri-Star 11 3020 nitrogen adsorption apparatus.

1.3.2. FTIR analysis

Identification of functional groups on GWTW was carried out using
Fourier Transform Infrared Spectrometer ALPHA (Bruker, Germany),
equipped with a room temperature detector DLATGS. Samples were
dispersed in KBr tablets. Spectra were acquired from 100 scans in the spectral
range of 650-4000 cm.,

1.3.3. XPS analysis

The surface composition of GWTW samples and the chemical states of
elements were investigated by XPS measurements. Vacuum Generator (VG)
ESCALAB MKII spectrometer fitted with an XR4 twin anode was used for
XPS analysis. MgKoa X-ray was the X-ray source. The measurements
proceeded at hv = 1253.6 eV with 300 W power (20mA/15kV). During
spectral acquisition, the pressure in the analysis chamber was lower than 5 -
107 Pa. The survey spectra were obtained using an electron analyzer pass
energy of 100 eV, the narrow scans — with 20 eV and resolution of 0.05 eV.
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1.4. Kinetic studies

The behavior of Pb(11), Cu(ll), and Green dye adsorption by GWTW was
investigated using the batch technique. For the kinetic studies of Pb(ll) and
Cu(ll), 0.8 g of GWTW was stirred with 100 mL solution and 2 mL samples
were filtered at predetermined time intervals (3, 5, 10, 20, 40, 60, 120, and
240 min). In the Kkinetic experiments of Green dyes, 0.2-0.35 g of GWTW
powder was added into conical flasks containing 50 mL of Green dye
solutions with the adjusted pH values. The magnetic stirrer was used operating
at 500 rpm. The samples were taken at 0, 3, 5, 10, 20, 40, 60, 120, and 180
min. The experiments were repeated three times.

The amount of Pb(lIl), Cu(ll), and Green dye taken up and the removal
percentage of the pollutants removed by the GWTW were calculated by
applying Egs. (1) and (2), respectively:

Co— C
gy =L .y 1)

m
RE =2 100 % )
0
where g: (mg g?) is the adsorption capacity at time t; C, (mg L™) is the
initial concentration of Pb(Il), Cu(ll) or Green dye, C; (mg L?) is the
concentration at time t; m (g) is the mass of GWTW, V (L) is the volume of
solution, and RE is removal efficiency.

1.5. Equilibrium adsorption

To obtain the adsorption isotherms, 0.2 g of GWTW was added to 25 mL
of Pb(Il) and/or Cu(ll) solutions varied in the range of 0.5-19.5 mM. The
solutions were stirred for 24 h at 20°C, 40°C, and 60°C temperatures. The
equilibrium adsorption studies were carried out in triplicate, and the error bars
represent standard deviation. For these experiments, 0.25 g of GWTW was
placed in 50 mL conical flasks containing 50.0 mL of dye solution (50.00—
1000.0 mg L™1), which were agitated for 8 h at three different temperatures
(293, 313, and 323 K). The pH of the dye solutions was 2, regulated with 5 M
HCI. After equilibrium, in order to separate the GWTW from the aqueous
solutions, 10 mL of samples were filtered.
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1.6. Statistical data analysis

The data are presented in the mean + standard deviation. Non-linear
analysis of isotherm models was performed using the Solver add-in, Microsoft
Excel (Hossain et al., 2013). The fitness models were signified by the
coefficient of determination R? from Eq. (3):

n — 2
R2=1-— Yn=1(de—4demodel) (3)

23:1(%3 —Qe,mean)?

Standard error of an estimate (SE) can be defined according to Eq. (4):

1 2
SE = \/m_—p ﬁl(Qe,exp - Qe,calc) (4)

where m is the number of experimental points and p is the number of model
parameters [126].

The nonlinear Chi-square (y2) test was used to evaluate the differences
between the experimental data and the data calculated from isotherm models.
Chi-squared statistic, y*:

(Gexp— dcat)?
X=X Z;Tll (5)
where qexp (Mg g) is the experimentally obtained adsorption capacity; qcal

(mg g?) is the sorption capacity calculated according to the isotherm model.

2. RESULTS AND DISCUSSION
2.1. Groundwater treatment waste characterization

The calcium-magnesium-bicarbonate type groundwater is the only source
of public water supply in Lithuania. Iron is the basic component affecting its
quality [127]. Therefore, the drinking water supply facilities in the Vilnius
water treatment plant have implemented a nonreactive water treatment
technology for the removal of iron and manganese from the groundwater.
When water passes through the aerial thresholds, homogeneous oxidation of
Fe(I1) ions by oxygen occurs, forming insoluble Fe(l1l) compounds [128] as
shown in Equation (6):

4Fe(HCO3), + 2H,0 + 0, — 4Fe(OH); + 8CO, (6)
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When water is strewn through a sand filter, heterogeneous and biological
oxidation takes place [130, 131]. The stooges are washed at certain intervals,
and the wash waters are directed to the shaving press to form a dried sludge.
SEM images reveal the structure of GWTW powder and the shape of particles.
As we can see in Figure 1la, GWTW powder is composed of agglomerated
spherical nanoparticles of 50-96 nm. The agglomeration of nanoparticles
creates a porous structure with excellent sorption properties. Transmission
Electron Microscopy (TEM) of the samples was also used to describe the
morphology and size of GWTW particles (Figure 1b). As can be seen from
the GWTW image obtained by TEM (Figure 1b), the adsorbent has a porous
surface with the particles size ranging from 40 to 90 nm.

. “ ., . -
3 fgr : Mt Gy 100 nm
Figure 1. Surface morphology of GVR wastes: (a) — dried at room
temperature SEM; (b) —the wastes dried at room temperature TEM.

The X-ray fluorescence analysis method was used to determine the elemental
composition of GVR waste, and it was found that the basic chemical elements
are Fe, O, Ca, P, and Si. The composition of GVR waste expressed in the form
of oxides is presented in Table 1.

Table 1. Physicochemical properties of the groundwater treatment waste.

Parameter Value
pH 8.2
EC mScmt 1.12
Main components (w %)

Fe203 77.99
SiO; 5.23
CaOo 7.37
P.Os 7.42

X-ray diffraction analysis showed that this material, dried at room
temperature, was amorphous. The heating of the GWTW waste sample at
800°C produced the crystalline cubic phase with reflection peaks
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corresponding to maghemite (y-Fe.Os; ICDD 00-039-1346) and hexagonal
structures of SiO, (ICCD 00-046-1045). An impurity of SiO, can occur due
to the flow of water through a sand filter (Fig. 2).

e SiO, (ICDD # 00-046-1045)
o Fe,0, (ICDD # 00-039-1346)
° ]

Intensity (a.u.)

30 o s e
20 (degree)
Figure 2. XRD pattern of GWTW sample after 5 h heating at 800 °C

We found that the pH of the 1:100 (w/v) aqueous suspension of GVR waste
in freshly prepared deionized water (pH 7.0) varies from 8.15 to 8.20. The
electrical conductivity of GVR waste suspension (1:5, w/v) was 1.12 mS cm?
(Table 1). From Fig. 3 we can see that the point of zero charge of GWTW was
observed at 8.0.

Figure 3. The pHy;c of the groundwater treatment waste determined by the
batch equilibration technique.

The nitrogen adsorption-desorption isotherms of GWTW are shown in Fig.
4. According to the IUPAC classification [149], the GWTW sample displays
a type IV(a) isotherm with an H3-type hysteresis loop in the high relative
pressure range of 0.45-0.98 P/P, (Fig. 4). The pore size distributions of the
GWTW sample are rather wide, ranging approximately from 3 nm to 120 nm
and confirming the mesoporous-macroporous structure of GWTW. There is
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one large peak centered at about 65 nm for the plain GWTW sample (Fig. 4).
The BET-specific surface area of GWTW was 34.76 m? g,
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Fig. 4. Nitrogen adsorption (full symbols)-desorption (empty symbols)
isotherms and pore size distribution plots (inset) of GWTW.

XPS analysis was performed to investigate the state and elemental
composition of the GWTW surface. The XPS full-survey spectrum of the
GWTW sample verified the presence of O, Fe, and C elements (Fig. 5a). Also,
minor amounts of Si, P, and Ca were detected. The Fe 2p spectrum of GWTW
(Fig. 5b) had two main peaks of Fe 2ps. They are located at 710.5 eV and
712.3 eV, which correspond to binding energies of the a-Fe;O3 (hematite) and
Fe(OH)O (goethite, lepidocrocite) phases, respectively [140, 141]. The initial
binding energy (BE) of O 1s and BE of Fe 2ps, splitting is equal to 181 eV,
revealing Fe3* as the main oxidation state of iron in the GWTW [142]. The O
1s spectrum (Fig. 5¢) of raw GWTW was fitted to four peaks at 529.5 eV,
530.54 eV, 531.6 eV, and 532.9 eV, corresponding to Fe—O bonding, Fe—-OH
bonding, and C-O bonding or chemically/physically adsorbed water [140,
141, 143]. The BE of 532.9 eV is also characteristic of the oxygen-silicon
bonding in SiO,. There are two peaks in high-resolution Ca 2p spectra
(Fig. 5d) at 347.52 (2ps) and 351.22 eV (2p1), which can be attributed to
CaCOs [144, 145]. Characterization of GWTW by SEM, TEM, EDS, XPS,
and FTIR proved that the studied adsorbent is an environmentally friendly
nanomaterial.
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Fig. 5. The XPS survey of GWTW (a); the high-resolution XPS spectra of
Fe 2p of GWTW (b); O 1s of GWTW (c); Ca 2p of GWTW (d) the high-
resolution XPS spectra of P 2p of GWTW (e); the high-resolution XPS
spectra of Si 2p of GWTW (f).

2.2. Removal of Pb(Il) and Cu(ll) by GWTW

2.2.1 Influence of solution pH on GWTW stability and Pb(Il) adsorption
capacity

The solution pH value affects the adsorption capacity of GWTW toward
Pb(I1) ions. The relation between the equilibrium adsorption of Pb(l1) and the
pH of initial and final solutions are shown in Fig. 6. It has been observed the
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pH of the solution changes during the adsorption of Pb(ll) ions by GWTW
(Fig. 6).

e ¢, mmol/g = final pH
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Figure 6. Dependence of equilibrium Pb(Il) adsorption capacity g and final
pH of the system on the initial Pb(Il) solution pH. Initial Pb(lIl) solution
concentration 5 mmol L.

The lower the initial pH of the solution, the more pronounced the pH change.
It reveals a high affinity of GWTW for H* ions. The maximum amount of
Pb(ll) ions is removed when the initial and final solution pH is in the range of
pH 5-6, that is, when pH < pHpzc of GWTW. Consequently, the nonspecific
adsorption of Pb(ll) cations through electrostatic attraction is not a favorable
and dominating mechanism. When the solution medium before adsorption is
acidified to pHo = 2.0, the surface of the adsorbent acquires an excessive
positive charge, and the electrostatic repulsion forces interfere with the
adsorption of positive Pb(ll) ions as the adsorption centers protonize [190]
following Equation (7):

FeOH + H* —» FeOHy (7)

In the equilibrium Pb(11) adsorption systems, Fe(l11) analysis was also carried
out to evaluate the stability of GWTW in the solutions of various acidities.
The equilibrium solution analysis by the ICP-OES method has shown that
Fe(111) concentration varies depending on initial solution pH (Fig. 7).
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Figure 7. Release of Fe(lll) ions from GWTW to aqueous solution
depending on initial solution pH.

GWTW remains practically stable and can be used to remove pollutants from
solutions with an initial pH > 3.

2.2.2. Pb(I1) and Cu(Il) removal kinetics

Removal of Pb(ll) and Cu(ll) ions occurs in two steps (Fig. 8). At the
beginning of the interaction between the adsorbent and the solution, the
adsorption rate of Pb(11) and Cu(ll) ions is high, and more than 67-95 % of
the total sorbed amount is accumulated by GWTW during the first 3 min.
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Figure 8. Effect of contact time and initial concentration of Pb(Il) and Cu(ll)
on their removal efficiency from bicomponent solutions at 40°C
temperature.

In the second step, adsorption takes place more slowly and the maximum
removal efficiency is achieved after the 40-60 min, followed by equilibrium.
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From Fig. 8 we see that the most significant difference in the removal
efficiencies of Pb(I1) and Cu(ll) from bicomponent solution is at the beginning
of the process. This can be explained by a greater affinity of GWTW for Pb(Il)
than for Cu(ll) ions. The removal efficiency of Pb(ll) and Cu(ll) by GWTW
depends not only on solution composition but also on initial metal
concentration (Fig. 8, Table 2) and temperature (Table 2).

Table 2. Removal efficiency of Pb(ll) and Cu(ll) at 20°C and 60°C
temperatures from one-component and bicomponent solutions.

Initial Temperature Removal
System concentration (°C) efficiency (%)
(mM) after
3 min 40 min
One- 9.54 20 67.9 83.4
Pb(11) component 9.54 60 715 89.2
bicomponent 2.50 20 92.7 98.7
4.54 20 89.8 914
One- 8.54 20 75.9 82.1
Cu(ln component 8.54 60 77.2 84.3
bicomponent 2.50 20 83.7 95.2
3.58 20 80.0 88.9

When the initial concentration of Pb(Il) and Cu(ll) ions does not exceed 2.5
mmol L*, the removal efficiency comes close to 100%. By increasing the
temperature from 20 °C to 60 °C, in both single-component systems, the
removal efficiency during the rapid sorption step and the maximum removal
efficiency increase. For example, the removal efficiency of Pb(ll) from one-
component solution with initial Pb(Il) concentration 9.54 mM rose from 83.4
% at 20 °C temperature to 89.2 % at 60 °C temperature. From the mixture
consisting of Pb(11) and Cu(ll) ions, at their initial concentrations equal to 2.5
or 5mmol L, more Pb(11) and Cu(ll) ions were removed at 40 °C temperature
(Fig. 8 and Table 2).

2.2.3. Pb(I1) and Cu(Il) adsorption equilibrium

For the investigation of the uptake of Pb(ll) and Cu(ll) ions under
equilibrium conditions, adsorption isotherms were obtained. Figure 9 shows
the isotherms of adsorption of Pb(Il) and Cu(ll) ions from one component
solutions determined at two different temperatures (20 and 60 °C).
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Figure 9. Isotherms of Pb(ll) adsorption from one-component solution at 20
and 60 °C temperatures. GWTW dosage 8 g L, pH 5.0, equilibration time
24 h.

Langmuir-Freundlich model, as well as Langmuir partition (dual-mode)
isotherm model, fit the experimental data better than the Langmuir or
Freundlich models. According to the Langmuir partition model, the
contribution of a precipitated amount of Pb(I1) and Cu(ll) to the overall uptake
of these metals increased with increasing initial metal concentrations and
temperature (Fig. 9). In binary solutions with a low initial concentration of
heavy metals, there is no competition between Pb(Il) and Cu(ll) ions, and a
molar ratio Xpp/Xcy in the solid phase is almost the same as in the prepared
initial solutions. The higher the initial solution concentration, the preferable
sorption of Ph(ll) ions is more pronounced.

2.2.4. Mechanism of Pb(Il) and Cu(ll) removal by groundwater treatment
waste

The mechanism of Pb(Il) and Cu(ll) removal by GWTW was investigated
using FTIR, XPS, and XRD methods. The FTIR spectra of GWTW before and
after the sorption of Pb(Il) and Cu(ll) ions are shown in Fig. 10. The broad
band in the region 3150 cm to 3650 cm™ corresponds to stretching vibrations
of -OH groups. The peak at 3300 cm™ shifted to 3466 cm™ and to 3459 cm
after Pb(I1) and Cu (1) sorption, respectively. After the sorption of both Pb(1l)
and Cu( 1) ions from the bicomponent solution, the peak moved from 3300
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cm? to 3415 cm™. This may indicate the interaction of metal ions with the -
OH groups of the adsorbent [162].

The band at 1645 cm™ can be assigned to the H-OH bending vibrations in the
adsorbed water molecules [171]. The strong band at 950 cm™ is related to the
binding vibration of FeOH modes [39]. Additionally, the adsorption band
characteristic of stretching vibrations in the PO~ group is in the region of
984 — 1200 cm™. The peaks at 880 cm™ and at 1550 — 1400 cm™ can be
assigned to O-C-0 and C-O vibrations in carbonates.

After Pb(Il) and Cu(ll) sorption, the peak at 1645 cm™ had shifted to 1626 cm-
1 and became less intensive. The band at 950 cm™ had shifted toward the
region of higher frequencies (1000 cm™).
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Fig. 10. FTIR spectra of GWTW before and after Pb(ll) and Cu(ll)
adsorption from one-component and bicomponent solutions.

This suggests that O-H and PO,* groups present in GWTW were involved
in the adsorption of Pb(Il) and Cu(ll) ions. The adsorption peaks at 1384 cm-
1 after the adsorption of Pb(Il) and Cu(ll) ions can be attributed to the
vibrations of NOs™ anions. These ions can enter the GWTW because Pb(ll)
and Cu(ll) nitrate solutions were used for the adsorption study.

XPS analysis was performed to investigate the elemental composition and
chemical state of the elements after the Pb(11) and Cu(ll) adsorption. The high
resolution XPS of Pb 4f of GWTW after Pb(l1) adsorption has two main peaks
at 138.5 eV for Pb 4f;; and 143.3 eV for Pb 4fs;. The Pb 4f7, has binding
energies at 137.6 eV, 138.4 eV and 139.2 eV (Fig.11b). The binding energy
of 138.4 is characteristic of the lead-oxygen bonding in Pb3(PO4).. The Cu
2p32 has binding energies at 932.86 eV and 935.0 eV. The binding energy at
932.86 eV can be assigned to the Cu binding with oxygen in CuO and the
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binding energy of Cu 2ps» at 935.0 eV agrees well with that observed in
Cu3(POs)2, Cu(OH),, and Cu(NOs). (Fig. 11a). Adsorption of Pb(ll) and
Cu(l) also shifted the spectra of O 1s, P 2p, and Fe 2pay..
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Fig. 11. High resolution XPS spectra of Pb 4f (a) and Cu 2p (b) in GWTW
after the adsorption of Pb(Il) and Cu(ll) from one-component solution.

On the basis of the results of FTIR, XPS, XFS and XRD data of GWTW
the possible Pb(Il) removal mechanisms can be proposed as the substitution
and coprecipitation reactions as shown in Equations. (8) and (9):

= Ca3(P0,), + 3Pb?* > = Py (PO,), + 3Cal* ®)
3Pb2* + Fe3* + 3P0~ —» = Pb3Fe(P0,); ©)

The formation of precipitate at higher Pb(ll) and Cu(ll) solution
concentrations is possible because of the low solubility of lead and copper
phosphates, Ksp (Phs(PO4)2) = 7.90-10* and Kgp(Cus(PO4)2) = 1.04-1072".

In the case of ion exchange reaction (Equation. (4)), the relationship
between the amount of calcium ions released from GWTW to the solution
(Nreteased(Ca)) and the number of Pb(11) moles adsorbed (Nagsored(Pb)) should be
detected. We assessed that the removed amount of Pb(Il) correlated to the
released calcium content according to Equation.(10):

Nadsorbed (Pb) =0.794 - nreleased(ca) + 0.448 (10)

Based on the results of the analysis of solid and liquid phases in the adsorption
system, it can be concluded that the presence of calcium and phosphate ions
in the composition of GWTW performed a significant role in the treatment of
water contaminated with Pb(Il) and Cu(ll) ions. However, from the
relationship presented in Equation. (10), we can see that the amount of Pb(ll)
adsorbed is higher than the amount of calcium released. Therefore, one can

139



assume that a part of Pb(Il) ions was also adsorbed by GWTW through surface
complexation reactions [170] (Equation. (11)):

2 = FeOH%>~ + Pb?* — (FeOH),Pb™* (11)
2.3. Removal of Green dye by GWTW
2.3.1. Characterization of the GWTW after Green dye adsorption

The nitrogen adsorption-desorption isotherms of GWTW after the dye
adsorption are shown in Figure 12. They exhibited similarly shaped curves,
but the amount of N, adsorbed on GWTW after the dye adsorption was slightly
higher than that taken up by plain GWTW.
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Fig. 12. Nitrogen adsorption (full symbols)-desorption (empty symbols)
isotherms and pore size distribution plots (inset) of GWTW samples after
Green dye removal.

The pore size distributions of the GWTW samples are both rather wide,
ranging approximately from 3 nm to 120 nm. The BET-specific surface area
of GWTW after the dye adsorption was 43.48 m? g (Table 4). The increase
in BET surface area and in the mesopore volume may be the result of
decreased size of GWTW particles during mechanical adsorption system
mixing.
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Table 4. Textural properties of the GWTW samples before and after Green
dye adsorption

Sample Sger (M? g?) Vmeso (€M g?1) | 4 V/Sger (nm)
GWTW 34.7582 0.091305 9.53134
GWTW after Green dye | 43.4809 0.133468 11.34002
adsorption

FTIR spectroscopy studies were conducted to compare the properties of
GWTW before and after the Green dye adsorption. The Fourier transform
infrared (FTIR) spectra of GWTW, Green dye, and GWTW after the dye
adsorption are presented in Figure 10. The FTIR spectrum of GWTW showed
the bands at 3300 and 1636 cm™ which can be assigned to the H-bonded O-H
stretching modes and H-OH bending vibration of the free adsorbed water,
respectively [171, 172, 173]. A strong band at 957 cm™* with shoulders at 1077
and 850 cm™ comes from bending vibration of FeOH modes [39, 171]. The
band at 670 cm?® comes from O-Fe-O vibrations [171]. For the
characterization of Green dye, FTIR spectrum was also studied. Peak
positions are at 3307, 2361, 2342, 1579, 1472, 1390, 1271, 1145, 1026, 825
and 737 cm. The small peak at 737 cm™ shows Cr—O group, which is inherent
in chromium complex compounds [176]. The intense band at 3307 is due to
O-H stretching [177]. Intense bands at 1145 and 1026 belong to stretching
vibrations of sulfonate groups [178, 179]. The bands due to the aromatic ring
absorption appear at 1472, 1579, and 1617 cm™ [179]. Azo bond (N=N)
stretching vibrations appear at range 1511-1550 cm™ [180] and at 1390 cm
[181, 182]. Bands at 825 and 737 can be assigned to C—H out of the plane
bending on an aromatic ring [180].

2.3.2. Kinetic studies of Green dye adsorption

By conducting experiments and modeling the experimental data using
various kinetic models, we investigated the influence of Green dye solution
concentration, GWTW dosage, pH, and temperature on the adsorption rate.
The best agreement between the fitted equations and experimental data was
obtained for both hyperbolic tangent and diffusion-chemisorption kinetic
models, whereas the pseudo-first-order and pseudo-second-order models were
less appropriate (Fig. 13).
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Fig. 13. Kinetic experimental data and modeling for the adsorption of Green
dye by GWTW. Conditions: Co = 345 mg L™, pH =2, T = 20 °C, adsorbent
dose5¢gL™.

2.3.2.1. The influence of Green dye concentration

By increasing the contact time, the adsorption capacity was increased.
However, with the initial concentration of 345 mg L™ up to 70 % of the dye
has been already removed from the solution after 10 min and almost 86 %
after 60 min. As we can see from Figure 14, the Green dye solutions even with
high initial concentration (495-635 mg L) can be decolorized successfully
during a short time.
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Fig. 14. Effect of contact time on the adsorption capacity of Green dye by
GWTW for various initial concentrations. Conditions: pH =2, T = 20 °C,
adsorbent dose 5 g L™. The points represent experimental data; the lines
represent diffusion-chemisorption and hyperbolic tangent models.
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2.3.2.2. Effect of pH

An increase of initial pH from 2.0 to 3.0 leads to a significant decrease of
Green dye adsorption capacity from 34 mg g to 7 mg g for 20 min contact,
whereas the retention of chromium during the same period of time decreased
from 0.77 to 0.20 mg g*. The surface of GWTW acquires a positive charge
by adsorbing H* ions. Due to the positive surface charge of GWTW, the
negative Green dye molecules can be effectively attracted:

= FeOH + A2~ + H* - = FeA™ + H,0 (12)
= FeOH + A2~ + 2H* — = FeHA + H,0 (13)

The evidence of GWTW —OH groups’ interaction with the dye molecules
were supported by the results of FTIR and XPS analysis. Therefore, it can be
concluded that electrostatic interaction is the main mechanism of Green dye
removal.

2.3.2.3. Effect of temperature

Temperature influenced the viscosity of the Green dye solution and the
rate of diffusion of the dye molecules across the boundary layer and in the
mesopores and macropores of the GWTW particles. On the other hand, with
increasing temperature, the attractive forces between the GWTW surface and
the dye molecules are weakened. We performed the Green dye adsorption
experiments at three different temperatures of 20, 40, and 60 °C. The
experimental results imply that the increase in temperature leads to worse dye
removal and that the Green dye adsorption process by GWTW is exothermic
in nature.

2.3.2.4. Effect of the GWTW dose

The effect of GWTW dosage on Green dye removal was investigated
without the correction of solution pH during the adsorption process to
ascertain the optimal ratio of H* ions concentration to adsorbent mass in
adsorption systems. As GWTW acts as a Bransted base, the higher dosage of
GWTW requires a higher quantity of acid to maintain the optimal solution pH.
It was determined that the maximum Green dye removal efficiency could be
achieved with the ratio of 2.5 mmol H* ions g adsorbent.

Monitoring of the chemical behavior of the adsorption system during the
dye removal process leads to the conclusion that the physical state and
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chemical composition of natural adsorbent GWTW determines the optimal
process conditions.

2.3.3. Green dye adsorption equilibrium

Adsorption isotherms describe how Green dye molecules interact with the
GWTW particles at equilibrium (Fig. 15).
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Fig. 15. Experimental adsorption isotherms (symbols) and Langmuir-
Freundlich model fits (lines) of Green dye on GWTW at different
temperatures. Conditions: pH 2, adsorbent dose 5 g L™, contact time 8 h.

Figure 15 contains experimental points for Green dye concentrations from 50
to 1000 mg L and the equilibrium adsorption curves predicted by the
Langmuir-Freundlich model. The highest correlation coefficients, the lowest
Chi-square values (%), and the standard errors (SE) of ge for Langmuir-
Freundlich isotherm suggest that it is the best model of representing
experimental data. The best fit for Langmuir-Freundlich isotherm indicates
the heterogeneous nature of adsorption sites on the GWTW surface.
According to the Langmuir-Freundlich model, the amount of dye removed at
equilibrium decreased from 185 to 167 mg g* with the increase in temperature
from 293 to 323 K. Analogously, the adsorption capacity for chromium
decreases from 5.5 to 4.1 mg g* with the increasing temperature from 293 to
323 K.

2.3.4. Thermodynamic evaluation of Green dye removal

Langmuir-Freundlich model constants were used for the thermodynamic
evaluation of Green dye adsorption by GWTW. The values of 4H", AS,” and
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AG" are presented in Table 5. According to thermodynamic calculations, the
process of Green dye adsorption was exothermic (44" = 35.80 kJ mol, Table
5).

Table 5. The values of thermodynamic parameters for the adsorption of Green
dye by GWTW

Temperature Ke® A4G° (kd AH® (k3 4S°(J Van't Hoff
(K) mol?) molt)  molt-K%) equation
293 4.726-10% -26.26 -35.80 -32.56 y = 4307x-
3.916
313 1.751-10* -25.62 R?=0.984
323 1.335-10* -25.29

The value of enthalpy change indicates the physisorption with an electrostatic
interaction of GWTW with the dye. The sign of 4H is in compliance with
experimental data of the Green dye adsorption isotherms demonstrating lower
adsorption capacity (qe) at higher temperature (Fig. 12). The negative value of
AS = -32.56 J mol™*-K* describes that the more ordered structure at the
adsorbent/solution interface is obtained as a result of the accumulation of
Green dye molecules on GWTW. The negative values of 4G increase with
temperature increase, confirming that the adsorption of Green dye is more
favorable at a lower temperature.

2.3.5. Real wastewater treatment

The GWTW as adsorbent was implemented for the treatment of real
wastewater produced after dyeing of anodized aluminum by adsorption. The
initial pH of wastewater was 5.7. It was diminished to pH 2 with the addition
of 5 M HCI but after 20 min contact with GWTW (wastewater
volume/adsorbent mass ratio 17:1) raised up to 4.4. The color removal
efficiency of the real wastewater can be calculated as follows:

Color removal ef ficiency = 100 - (A, — 4;) /Ay (14)

where Ao and A; are absorbance values of the wastewater before the
treatment and at time t.

The UV-Vis spectra of anodized aluminum dyeing wastewater sample
before treatment and after 20 min contact with GWTW are presented in Fig.
16. The color removal efficiency of anodized aluminum dyeing wastewater
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determined by Eqg. (14), was about 80 %. Chromium reduction efficiency was
calculated according to Eq. (15):

Chromium reduction ef ficiency = 100 (Cy — C;)/Cy (15)

where Cy and C; are chromium concentrations in the wastewater before the
treatment and at time t.

ICP — OES analysis has shown that the chromium reduction efficiency of 97
% was attained. The content of aluminum in the treated wastewater was also
below the detection limits. The experimental studies disclose that GWTW
could be utilized as a low-cost adsorbent in anodized aluminum wastewater
treatment for the decoloration and the removal of chromium and aluminum.

0:4 — 0 min

035 20 min

=
[S8]

0,25

Absorbance

=
3

0,15
0,1

400 450 500 550 600 650 700 750 80(
Wavelength [nm]

Fig. 16. The UV-vis spectra of anodized aluminum dyeing wastewater
sample before treatment and after 20 min contact with GWTW (process
conditions: pH 2.0-4.4; V/W 17:1; T 20 °C.

2.3.6. Comparison of adsorbents for the removal of Green dye

In addition to natural GWTW adsorbent, five different types of
commercially available adsorbent materials were used to compare their
efficiency in the removal of Green dye from aqueous solutions. The calculated
Green dye removal percentages are presented in Fig. 17.
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Fig. 17. Comparison of the efficiency of different adsorbents in the Green
dye removal. Conditions: Co (Green dye) = 100 mg L%, pH 2, adsorbent dose
4 g L, temperature 20 °C, contact time 20 and 120 min.

As we can see from the data, after 20 min contact of the adsorbents with
Green dye solution, the most promising results of the dye removal efficiency
were achieved by using GWTW and powdered activated carbon NORIT PK
1-3. Their adsorption capacities were also quite similar after contact time
extended to 120 min. The adsorption of Green dye by polymeric adsorbents
(anionic MN 150, non-ionic MN 200, and mixed bed PMB 101) during the
first 20 min was relatively low. However, the dye removal efficiency
increased after 120 min contact and reached more than 80 %. The worst result
even over a longer period of time was obtained using MN 500 cation
exchanger. This reaffirms that the dye removal was dominated by electrostatic
interaction.

2.4. Decoloration of Green dye solutions using Fenton-like catalytic
degradation

To elucidate the catalytic activity of GWTW in a Fenton-like reaction, the
Green dye removal experiments have been carried out using three different
approaches. The solution decoloration efficiency using the catalytic
degradation approach was evaluated for the systems containing GWTW as a
potential catalyst and hydrogen peroxide as an oxidant. For comparison, a
simple adsorption process without the presence of H,O, was applied for the
removal of color under the same experimental conditions (pH, temperature,
solution volume to GWTW mass ratio). The analogous control tests were also
performed to ascertain the ability of H.O. alone to degrade the Green dye

147



molecules. The pathway of Green dye oxidation with H,O; in the presence of
GWTW can be considered by examining UV-vis spectra presented in Figure
18a. The immediate fast decoloration of the Green dye solution was observed
at the beginning of the catalytic reaction (Figure 18).
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Figure 18. Time-dependent absorption spectra of the Green dye solution
before and during: (a) degradation reaction with H.O,and GWTW catalyst;
(b) adsorption on GWTW in the absence of H,O»; (c) non-catalytic
degradation with H,O- in the absence of GWTW. Conditions: concentration
of Green dye 100 mg L™, the volume of dye solution 10 mL, 5 mg GWTW, 1
mL H20;, pH 3, T=50"C.
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More than 70% decoloration was achieved during the first 5 min, and the main
peaks disappeared after 10 min of the reaction. Whereas 32% and 63%
decoloration was attained in the Green dye adsorption process after the same
periods of time (Figure 18b). In the case of non-catalytic peroxidation of the
Green dye molecules, both characteristic peaks gradually decreased over the
reaction time during the degradation reaction (Figure 18c). By comparing the
spectra presented in Figure 4a-c, the addition of H,O; to the system containing
GWTW improved the Green dye removal process. The combination of
GWTW as adsorbent and heterogeneous catalyst with H,O, as oxidant reveals
the synergistic effect and the increased potential of the used solid amorphous
material in the removal of Green dye. As can be observed from Figure 14c,
the peroxidation without the presence of GWTW was the least effective, and
the absorbance of the Green dye solution decreased slowly and gradually.

\
I

Degradation Adsorption

Figure 19. A photograph of the GWTW: (in the left) in the case of the
catalytic degradation of Green dye with H,O; (in the right) in the case of the
adsorption of Green dye without H20-.

As we can see from the photograph in Figure 19, the visual appearance of
GWTW during the Fenton-like catalytic degradation of the dye differs from
that in the case of the Green dye adsorption without the addition of the H,O,
oxidant. When the catalytic degradation proceeds, the GWTW particles regain
their original color. Whereas the GWTW surface acquires the dark green color
after the coverage with Green dye molecules during the adsorption process. It
is evident that the removal of the Green dye using the catalytic oxidation
approach leads to the destruction of the dye molecule structure.

149



Conclusions

1. The groundwater treatment waste (GWTW) produced during the
deironing of groundwater in the Vilnius region is an environmentally friendly,
amorphous, mesoporous-macroporous material composed of nearly spherical
particles with a size of 50-100 nm and a BET surface area of about 35 m?g™.
Its basic nature is determined by the presence of bicarbonate and carbonate
ions, Fe(Ill) oxides (a-Fe,Os, y-Fe203) and oxyhydroxides (a-FeOOH, y-
FeOOH).

2. The adsorption capacity of GWTW towards Pb(1I), Cu(ll) cations, and
anionic chromium complex dye is strongly affected by the adsorption system
pH. At an initial pH of 5.0, the removal efficiency of cationic contaminants is
86%, but when the initial pH is reduced to 2.0, it decreases to 16%. Acidic
medium is favorable for the adsorption of Green dye. Increasing the pH of the
stock solution from 2.0 to 3.0 reduces the dye removal efficiency by about 4-
fold (from 96% to 20-25%). The process of the Green dye removal by GWTW
is exothermic and that of metal cations is endothermic.

3. A possible mechanism for the removal of Pb(Il) and Cu(ll) is the
substitution and coprecipitation reactions due to the presence of Ca%", PO3~
and CO3~ ions in the composition of GWTW. A part of cationic pollutants
was also adsorbed through the surface complexation reactions. Electrostatic
interactions between the positive GWTW surface and the negative dye
molecules are involved in the adsorption process.

4. Kinetic studies have shown that the removal of cationic and anionic
pollutants was effective: more than 95 % of the total sorbed amount of Pb(ll)
and Cu(Il) was accumulated by GWTW during the first 3 min from 2.5 mM
solution and up to 90 % of the Green dye was adsorbed within a contact time
of 20 min from the 150 mg Lt chromium complex Green dye solution under
optimal experimental conditions. Kinetic data fitted well to diffusion-
chemisorption, hyperbolic tangent, and Elovich models.

5. Langmuir-Freundlich isotherm equation and Langmuir-partition model
combining the precipitation and adsorption processes were suitable in
simulating the Pb(ll) and Cu(Il) equilibrium adsorption from one-component
and bicomponent solutions. Langmuir-Freundlich isotherm was the best
model of representing experimental Pb(Il), Cu(ll), and Green dye adsorption
data.

6. The catalytic activity of GWTW in a Fenton-like reaction in sunlight is
distinctly related to the pH of the system. The Green degradation increases
with decreasing pH and increasing temperature. The maximum oxidative
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degradation rate of 70 % decoloration in the first 5 min and 92 % after 50 min
of 100 mg L™ Green dye solution was reached at 50 °C and pH 3.

7. Locally available waste resulting from the process of aeration and
filtration of groundwater, due to their suitable physical properties and
chemical composition, can be used as a bifunctional nanomaterial (adsorbent
and catalyst) for the treatment of water and the removal of cationic and anionic
pollutants.
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ABSTRACT

A non-hazardous groundwater treatment waste (GWTW) was examined as a low-cost sorbent for
Pb(ll) and Cu(ll) ions. The content of the dominant elements in GWTW was as follows: 78% Fe,05,
7.4% P,0s5, 7.4% CaO and 5.2% SiO,. The removal of Pb(ll) and Cu(ll) was fast, and more than
67-95% of ions were accumulated by GWTW during the first 3 min. The sorption capacity of
GWTW depends on solution pH, concentration and temperature. Equilibrium data fitted well with
Langmuir-Freundlich and Langmuir-partition models. The inherently formed nano-adsorbent
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could be utilized for the treatment of water contaminated with Pb(ll) and Cu(ll) ions.

Introduction

The sewage and the industrial sludge produced from the
treatment of municipal and industrial water, respectively,
can be used for the preparation of the sludge-based
adsorbents.""! Solid waste suitable for the accumulation
of various contaminants is also generated in the prepara-
tion of drinking water.”™ The quality and chemical
composition of drinking water treatment residuals
depends on the quality of raw water and the treatment
process type.”] Eco-friendly sorbent can be naturally
obtained after the groundwater deironing and demanga-
nization carried out without the addition of any chemical
reagents.[d‘5 ! Phosphate and arsenate adsorption by the
sludge from water treatment plants or by drinking water
treatment residuals has been extensively studied.”") An
aluminum-based drinking-water treatment residual was
also proposed as a novel sorbent for perchlorate
removal.'"? Heavy metals form a significant group of
environmental pollutants; therefore, various novel mate-
rials were synthesized for their removal.*"'"*) Among
them, nanosized metal oxides are classified as the promis-
ing adsorbents for the removal of toxic metal ions.!**"”!
However, the waste materials with a chemical composi-
tion similar to their synthetic analogs are also appropriate
candidates as adsorbents, especially if they are environ-
mentally safe.”! Groundwater treatment waste was used
to prepare hematite nanoparticles with high magnetiza-
tion values by the sharp high-temperature dehydration

procedure.!"® The sorptive properties of water treatment
residuals were improved by high-energy ball milling."”!
The removal of Cd(II) and Zn(II) from aqueous solutions
was studied by a Fe-based and Al-based water treatment
residuals (WTR). Fe-WTR showed a greater sorption
capacity when compared to AL-WTR.% The ability of Fe-
WTR and AI-WTR to accumulate Cu(II) and Pb(II) was
also investigated.*!) In this study, the formation of inner-
sphere surface complexes and the role of organic matter
in the sorption of heavy metals were discussed. The new
findings made by the same group of researchers suggest
that Fe-WTR and Al-WTR are appropriate materials for
the treatment of waters and soils polluted with Sb(v).22
The potential of WTR to immobilize Co(II) ions from
aqueous solutions was assessed in.**! The study on the
adsorption of Co(II) indicated that these ions interacted
with the surface of WTR through the strong covalent
bond formation. WTRs, mainly composed of iron
(hydr)oxides, were tested as sorbents for multi-heavy
metal (As(V), Cd(II), Pb(II), Zn(II)) removal. It was
determined the sorption capacity of WTRs for heavy
metals was higher than that of a commercial goethite.*"
Drinking water treatment sludge (DW'TS) was evaluated
as an adsorbent for Pb(II), Cd(II), and Ni(II). The adsorp-
tive capacity of DWTS toward Pb(II) was higher when
compared to Cd(II) and Ni(II) and showed the removal
efficiency close to 100%."2”) Isotherm and kinetic studies
of Ni(II) sorption by the sludge of groundwater treatment
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plant were carried out by Ong et al.”® The results of the
study indicated that chemisorption governs the Ni(II)
sorption process. The mechanisms of Hg binding to Al-
based WTR?” and the influence of oxygen-limited heat
treatment on the adsorptive properties of drinking water
treatment residues toward Hg were studied.”® The effect
of various factors in heavy metal removal by water treat-
ment residuals was assessed in a series of publications.
The role of the initial concentration of heavy metal?>?%],
contact time®*?), pHE%12325] and temperature!®! of
aqueous solutions was investigated. However, to our
knowledge, the number of studies related to the removal
of Pb(IT) and Cu(II) by drinking water treatment waste as
the sorbent are rather limited.*"*>*% The utilization of
inherently formed iron-based water treatment residuals
for the adsorption of Pb(II) and other heavy metals (Cd,
Co, Ni, Zn) is only discussed in.** In our work, the
groundwater treatment waste (GWTW) produced as
a result of cascade aeration of groundwater in a drinking
water treatment plant in Vilnius (Lithuania) was tested
for the removal of Pb(II) and Cu(II) ions from aqueous
solutions within a relatively wide range of metal concen-
trations. Isotherm and kinetic studies of the adsorptive
properties of GWTW were conducted in batch conditions
in single- and bicomponent systems. Mechanism of Pb(II)
and Cu(II) accumulation by GWTW was proposed on the
basis of liquid and solid phase analysis.

Materials and methods
Characterization of the adsorbent

Groundwater treatment waste (GWTW) was collected
from a drinking water treatment plant in Vilnius,
Lithuania. The GWTW is produced as a result of the
deironing and demanganization of groundwater by cas-
cade aeration. GWTW was air-dried at room tempera-
ture for a period of 4 weeks. After that, it was finely
ground up in a mortar and stored in a desiccator prior
to use. The pH of point of zero charge (pHy,) of
GWTW was determined by the batch equilibration
technique, pH-drift method.®"? The electrical con-
ductivity (EC) and pH were measured in 1% suspen-
sion in deionized water by using conductivity meter
inoLab Cond 7110 and pH meter inoLab pH 7110
(WTW, Xylem Analytics Germany Sales GmbH &
Co. KG). The morphology of the GWTW surface was
studied by scanning electron microscopy (SEM). An
EVO 50EP scanning electron microscope (Carl Zeiss
SMT AG), equipped with energy and wave dispersive
X-ray spectrometers (Oxford Instruments) with
a secondary electron detector (low vacuum mode, 10
kV, 50 Pa, working distance 10 mm), was used. Prior to

scanning, the samples were coated with a conductive
film of carbon in a vacuum equipment Quorum Q 150
ES (Quorum). X-ray powder diffraction (XRD) data
were measured with an X-ray diffractometer SmartLab
(Rigaku, Japan), equipped with a 9 kW rotating Cu
anode X-ray tube, using the Bragg-Brentano geometry
with a graphite monochromator on the diffracted beam
and a step scan mode with a step size of 0.02° (in 26
scale) and counting time of 1 s per step. The measure-
ments were conducted in a 20 range of 10-70°. Phase
identification was performed using the software pack-
age PDXL (Rigaku) and ICDD powder diffraction data-
base PDF-4+ (2013 release). Chemical composition of
the GWTW samples before and after Pb(II) and Cu(II)
adsorption was determined using X-ray fluorescence
spectroscopy with wave dispersion (XRF-WD). Axios
mAX (PANalytical, Netherlands) spectrometer with 4
kW Rh anode was used. The quantification of elements
was performed using Omnian (PANalytical) software
for standardless method. Chemical composition was
adjusted using benchmarks ESK, IMZ-267, PI 3.13,
NCSDC18013 and NCSD60105. For the tests, samples
were prepared by priming up to micron particle size
(rotary mill 550 rpm for 5 min) and compressing
37 mm diameter tablets by a hydraulic press, 150 KN
- em™ for compression. Chemical analysis performed
on dry specimens, carbon content not investigated.

Batch adsorption experiments

The Pb(II) and Cu(II) stock solutions (0.05 M) were pre-
pared from Pb(NO3), and Cu(NOs), - 3H,0, respectively.
These solutions were subsequently diluted to the required
concentrations. The pH of the solutions was adjusted by the
addition of 0.1 M HNOs or 0.1 M NaOH. All solutions were
prepared with deionized water. All chemicals were of analy-
tical grade. To assess competition for adsorption sites,
bicomponent solutions containing equivalent amounts of
Pb(II) and Cu(II) were also prepared and used. In the batch
adsorption systems, a liquid to a solid ratio (L/S) was 125.
Batch adsorption procedure was used to determine the effect
of various operating conditions on the removal process. The
solutions containing adsorbent were agitated on a magnetic
stirrer. Each experiment was performed in triplicate and the
mean value was determined. At the end of a particular
experiment, the solution was filtered, the filtrate was diluted
with 1% HNO; and analyzed for the Pb(II), Cu(II), Ca(II),
and Fe(Ill) concentrations with an ICP optical emission
spectrometer (Optima 7000DV from Perkin Elmer).

Batch adsorption studies included initial solution pH
effect, kinetic studies, and equilibrium sorption iso-
therms. To establish the influence of initial solution
pH, sorption experiments were carried out in a series
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of conical flasks containing 0.2 g of GWTW and 25 mL
of 0.005 M Pb(NO3), at various pH, ranging from 2 to
6. For the kinetic studies, 0.8 g of GWTW was stirred
with 100 mL solution and 2 mL samples were filtered at
predetermined time intervals (3, 5, 10, 20, 40, 60, 120,
and 240 min). To obtain the adsorption isotherms, 0.2
g of GWTW was added to 25 mL of Pb(II) and/or
Cu(II) solutions varied in the range of 0.5-19.5 mM.
The solutions were stirred for 24 h at 20°C, 40°C, and
60°C temperatures. The adsorption capacity g, (mmol
g!) of GWTW was calculated according to
Equation. (1):

ge=V(Co— C.)/m (1)

where C, is the initial Pb(II) and Cu(II) concentration
(mmol L"), C, is the equilibrium concentration (mmol
L™, V is the volume of solution (L) and m is the mass
of the adsorbent (g).

The percent removal efficiency (RE, %) of Pb(II) and
Cu(ll) by GWTW was calculated following
Equation. (2):

E = (Co— C.) - 100%/Cy @)

where C, and C, are the concentrations of metal ions in
aqueous solution before and after contact with GWTW.

Pb(ll) and Cu(ll) sorption isotherm modeling

The equilibrium sorption behavior of Pb(II) and Cu(II)
on GWTW was modeled by the Langmuir isotherm
model, Freundlich isotherm model, and Langmuir-
Freundlich equation, by means of nonlinear analysis.
The Langmuir model assumes a monolayer adsorption
process on a homogeneous surface’®”! and mathemati-
cally can be expressed by Equation. (3):

_ quLCc

= - 3
1+ K;.C, ()

qe
where g, and g,, (mmol g™') are the adsorbed amount
per unit mass of adsorbent and the monolayer adsorp-
tion capacity, respectively, K; (L mmol™) is the
Langmuir equilibrium constant. Empirical Freundlich
isotherm® is given in Equation. (4). It is employed to
describe an adsorption by adsorbents with heteroge-
neous surface:

de = KFC: (4)

where Kp is the Freundlich constant ((mmol g’l)(mmol
L™)™), n is a Freundlich intensity parameter (dimen-
sionless) that reflects the magnitude of the adsorption
driving force or surface heterogeneity.”® The
Langmuir-Freundlich equation (Equation. (5)) was

SEPARATION SCIENCE AND TECHNOLOGY @ 2857

generated by combining Langmuir and Freundlich iso-
therms to consider surface heterogeneity effects”>>>7);
.= Qu (KaCeq)” )
m
(KaCe)" +11
where g is the amount of Pb(II) and Cu(II) adsorbed on
the GWTW at equilibrium (mmol g’l), Q. is the adsorp-
tion capacity of the system (mmol g~), C,, is the aqueous
phase concentration at equilibrium (mg L™"), K, is the
affinity constant for adsorption (L mmol™), m is the
index of heterogeneity (dimensionless).
A dual-mode isotherm model (Langmuir-partition
model) (Equation. (6)) was also applied to simulate
the experimental data. It incorporates both precipita-

tion and adsorption**");

bQC,
1+ bC,

where g, is the total Pb(II) or Cu(II) uptake (mmol
g’l), C, equilibrium concentration of Pb(II) or Cu(II)
in solution (mmol L), K, the linear distribution coef-
ficient (L mmol™") associated with precipitation, b is
the Langmuir affinity constant (L mmol™), Q is the
Langmuir maximum sorption capacity (mmol g ).

Non-linear analysis of isotherm models was per-
formed using the Solver add-in, Microsoft Excel. The
model's fitness was signified by the coefficient of deter-
mination R? from Equation. (7)135:401

ZZ:I (QE - qe.mean)z

Standard error of estimate (SE) can be defined accord-
ing to Equation. (8):

SE= |13 (e — decar)’
= m— P qg,exp e, calc

i=1

ge = che +

(6)

R=1- 7)

®)

where m is the number of experimental points and p is
the number of parameters in the model."*!!

Results and discussion

Physical and chemical properties of groundwater
treatment waste

The calcium-magnesium-bicarbonate type groundwater
is the only source for public water supply in Lithuania.
Iron is the basic component affecting its quality.**!
Therefore, the drinking water supply facilities in
Vilnius water treatment plant have implemented
a nonreactive water treatment technology for the
removal of iron and manganese from the groundwater.
The groundwater is pumped from deep wells of depth
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of 40 to 180 m where the iron concentration before
treatment is about 1 mg/L. When water passes through
the aerial thresholds, homogeneous oxidation of Fe(II)
ions by oxygen occurs, forming insoluble Fe(III)
compounds® as shown in Equation. (9):

When water is strewn through a sand filter, heteroge-
neous and biological oxidation takes place.****! The
stooges are washed at certain intervals, and the wash
waters are directed to the shaving press to form a dried
sludge. X-ray diffraction analysis showed that this
material, dried at room temperature, was amorphous.
Surface morphology and particle size were character-
ized by SEM method. As shown in Fig. la, the GWTW
powder dried at room temperature is composed of
nearly spherical interconnected particles with 50-200
nm in size. The agglomeration of nanoparticles creates
a porous structure with excellent sorptive properties.
The X-ray fluorescence analysis method was used to
determine the elemental composition of GWTW and it
was found that the basic chemical elements are Fe, O,
Ca, P, and Si. The content of iron and oxygen in the
sediment is 43.5 w % and 449 w %, respectively.
GWTW also contains about 4.0 w % of calcium, 2.5
w % of phosphorus, 2.4 w % of hydrogen and 1.9 w %
of silicon. The content of Mn, Mg, and S ranges
between 0.15 and 0.30 w %. There are also some
other chemical elements (Al, Ba, Sr, K, Ti, As, Cl)
that do not exceed 0.1 w %. The presence of these
elements in GWTW is related to their presence in the
groundwater and formation of insoluble compounds
under certain conditions. The composition of GWTW
expressed in the form of oxides is presented in Table 1.
Determining the composition of GWTW has shown
that it is a non-hazardous and environmentally friendly

material. Novoseloval*® indicated the similar chemical

composition of water deironing precipitate obtained
during the purification of groundwater.

To determine the phase composition of the GWTW
rich in ferric oxide, it was heated in a muffle furnace at
800°C for 5 h. The literature indicates” that the phy-
sical and chemical properties of iron(III) hydroxide
change on heating. Hygroscopic water evaporates at
96-174°C, whereas crystallization water separates at
400-700°C according to Equation. (10):

2FeOOH — Fe,03+H,0 (10)

It is seen from the obtained diffractogram (Fig. 1b) that
heating of GWTW sample at 800°C produced the crystal-
line cubic phase with reflection peaks corresponding to
maghemite (y-Fe,Os; ICDD 00-039-1346) and hexagonal
structures of SiO, (ICCD 00-046-1045). An impurity of
SiO, can occur due to the flow of water through a sand
filter.

To evaluate the chemical properties of GWTW, its
behavior in deionized water was investigated. We found
that the pH of the 1:100 (w/v) aqueous suspension of
GWTW in freshly prepared deionized water (pH 7.0) varies
from 8.15 to 8.20. Chiang et al.*") obtained a similar result
(pH 8.1) for water treatment residuals inherently formed in
drinking water treatment plant in West Flanders, Belgium.
The electrical conductivity of GWTW suspension (1:5, w/v)
was 1.12 mS cm™" (Table 1). The point of zero charge
pHpzc, an important parameter characterizing the
GWTW surface, was also determined. It shows the pH of
the solution at which the surface of the GWTW is electri-
cally neutral. When pH > pHpyc, the surface is charged
negatively, with pH < pHpyc it is charged positively. The
charge of the GWTW surface affects the sorption of charge-
bearing particles such as heavy metal cations, because of the
strength of the electrostatic attraction and repulsion forces

o SiO, (ICDD # 00-046-1045)
o Fe,0, (ICDD # 00-039-1346)

Intensity (a.u.)

40
26 (degree)

Figure 1. Characteristics of groundwater treatment waste: a) SEM image of surface morphology of GWTW powder dried at room
temperature; b) XRD pattern of GWTW sample after 5 h heating at 800°C.
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Table 1. Physicochemical properties of the groundwater treat-
ment waste.

Parameter Value
pH 8.2
EC (mS cm™) 112
Main components (w %)

Fe,0; 77.99
Sio, 523
Ca0 737
P,0s 7.42
Other components (w %)

MnO 0.48
MgO 032
SO 0.57
Al,04 0.13

acting between the sorbent and the sorbate. A negatively
charged surface would favor a sorption of Pb(II) and Cu(II)
ions with a positive charge.

From Fig. 2 we can see that the point of zero charge of
GWTW was observed at 8.0. Consequently, when the pH of
the solution >8.0, the surface of the adsorbent receives an
excessive negative load, and when the pH <8.0 is a surplus
of positive charge. Kosmulski**! points out that metal
(hydr)oxides acquire their surface charge by protonation/
deprotonation of surface oxygen atoms and by leaching of
neutral, anionic and cationic species from the (hydr)oxides
into the solution and/or their re-adsorption. The point of
zero charge of hydrous ferric oxide as indicated by
Dzombak and Morel™™! ranges from 7.9 to 8.2 with an
average value of 8.0. The point of zero net proton charge
(pHpznpe) for 2-line ferrihydrite was determined to be
791011, 7,976 and 8.3."*1 As one can see from the result
obtained, the effect of other constituents of GWTW on the
pHpzc value characteristic to hydrous ferric oxide is
inconsiderable.

Influence of solution pH on GWTW stability and
Pb(ll) adsorption capacity

Equilibrium adsorption studies of Pb(II) ions from
5 mM Pb(NO;), solution with different initial pH
values were performed. It was found that the solution

14
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E_IO .
Es ..00000.0
= 6
4
2
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0 2 4 8 10 12 14

6
Inmitial pH

Figure 2. The pH,,. of the groundwater treatment waste deter-
mined by the batch equilibration technique.
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pH value affects the adsorption capacity of GWTW
toward Pb(II) ions. The relation between the equili-
brium adsorption of Pb(II) and the pH of initial and
final solutions is shown in Fig. 3.

It has been observed the pH of the solution changes
during the adsorption of Pb(II) ions by GWTW (Fig. 3).
The lower the initial pH of the solution, the more
pronounced the pH change. It reveals a high affinity of
GWTW for H" ions. Bahar et al.”*! also has pointed out
that the alkaline adsorbent coir pith ash neutralized the
acidic solution thereby elevating the pH of the system.
From Fig. 3 it can be seen that the maximum amount of
Pb(II) ions is removed when the initial and final solution
pH is in the range of pH 5-6, that is, when pH < pHpzc
of GWTW. Consequently, the nonspecific adsorption of
Pb(II) cations through electrostatic attraction is not
a favorable and dominating mechanism. The adsorption
capacity decreases gradually as the initial pH value of the
solution decreases. When the solution medium before
adsorption was acidified to pH, = 2.0, the adsorption
capacity of GWTW with respect to Pb(II) ions decreased
by more than five times when compared to that in
weakly acidic solutions (pHy = 5.0 or 6.0). This can be
explained by a much higher concentration of H" ions in
the solution and their adsorption on the surface of
hydrous ferric oxide. The surface of the adsorbent
acquires an excessive positive charge, and the electro-
static repulsion forces interfere with the adsorption of

positive Pb(II) ions as the adsorption centers
protonize®* following Equation (11):
FeOH+H" — FeOH," (11)

The similar tendency was observed by the researches in
their study for Pb(II) removal by iron oxide/hydroxide
nanoparticles.*!

©®q. mmol/g Mfinal pH

0.6 17
.
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- ° 15
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o1 f . 11
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Figure 3. Dependence of equilibrium Pb(ll) adsorption capacity
g and final pH of the system on the initial Pb(ll) solution pH.
Initial Pb(ll) solution concentration 5 mmol L™"
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Figure 4. Release of Fe(lll) ions from GWTW to aqueous solu-
tion depending on initial solution pH.

The chemical stability of adsorbents on the basis of
metal oxides and hydroxides is of great importance
because the acidic pH promotes their dissolution.!*®
In the equilibrium Pb(II) adsorption systems, Fe(III)
analysis was also carried out to evaluate the stability of
GWTW in the solutions of various acidities. The equi-
librium solution analysis by ICP-OES method has
shown that Fe(III) concentration varies depending on
initial solution pH (Fig. 4).

The iron concentration in the equilibrium solution
with initial pH = 2.0 is about 120 mg L™" which means
that about 3.4 w % of the iron present in the solid phase
before the experiment dissolves and moves from the
adsorbent surface to the solution. When increasing the
initial solution pH from 2.0 to pH 4.0 the concentration
of iron found in the equilibrium solution decreases to
0.75 mg L™". In this case only about 0.02 w % of solid-
phase iron passes into the solution. Moreover, the
release of Fe(IIT) can be reduced by more than twice
by increasing the initial Pb(NO3), solution pH to 5.0.
In summary, it can be stated that from the standpoint
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of the adsorbent stability, GWTW remains practically
stable and can be used to remove pollutants from solu-
tions with an initial pH>3.

Pb(ll) and Cu(ll) removal kinetics

Investigation of the kinetics of Pb(II) and Cu(II) ions
adsorption on GWTW was carried out in one-
component and bicomponent systems by varying the
initial metal ion concentration and temperature.
Removal of Pb(II) and Cu(II) ions occurs in two steps
(Fig. 5). At the beginning of the interaction between the
adsorbent and the solution, the adsorption rate of
Pb(IT) and Cu(II) ions is high, and more than 67-95%
of the total sorbed amount is accumulated by GWTW
during the first 3 min. This can easily be explained
because GWTW is a powdered adsorbent providing
excellent adsorption kinetics."*”!

Initial uptake of Pb(II) and Cu(Il) is fast because it
mainly proceeds on a large external surface of small
GWTW particles. In the second step, adsorption takes
place more slowly and the maximum removal efficiency
is achieved after the 40-60 min, followed by equilibrium.
The relative contribution of the rapid sorption step can be
seen from the data presented in Table 2. Luengo et al.*®!
studied the adsorption kinetics of phosphate and arsenate
on goethite and found the adsorption occurs through a fast
step that takes place in less than 5 min and a slow one that
takes place in several hours. Ca-Mg phosphate sorbent
synthesized from dolomite and phosphoric acid also
demonstrated a high rate of Pb(II) and Cu(II) removal
from aqueous solutions.*”! From Fig. 5 we see that the
most significant difference in the removal efficiencies of
Pb(II) and Cu(Il) from bicomponent solution is at the
beginning of the process. This can be explained by
a greater affinity of GWTW for Pb(II) than for Cu(II)

* >

®2.5mMPb
A25mMCu
@5 mM Pb
m5mM Cu

60
t, min

40

Figure 5. Effect of contact time and initial concentration of Pb(ll)
at 40°C temperature.

80 100 140

and Cu(ll) on their removal efficiency from bicomponent solutions
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Table 2. Removal efficiency of Pb(ll) and Cu(ll) at 20°C and 60°C
temperatures from one-component (OC) and bicomponent (BC)
solutions.

Removal
efficiency (%)
Initial concentration Temperature after
System (mM) (°Q) 3 min 40 min
Pb(Il) OC 9.54 20 679 834
ocC 9.54 60 715 89.2
BC 2.50 20 927 987
BC 4.54 20 898 914
Cu(ll) oC 8.54 20 759 821
ocC 8.54 60 77.2 84.3
BC 250 20 83.7 95.2
BC 3.58 20 80.0 889

ions. It is known that metallic oxides as adsorbents typically
exhibit a series of heavy metal ion selectivity in which
Pb(Il) ions are located in front of Cu(Il) ions.*”
Removal efficiency of Pb(II) and Cu(Il) by GWTW
depends not only on solution composition, but also on
initial metal concentration (Fig. 5, Table 2) and tempera-
ture (Table 2).

It has been observed that the lower the initial metal ion
concentration, the higher the removal efficiency is
reached. This can be explained by the presence of
a sufficient number of active adsorption centers on the
surface of the GWTW particles for the existing ion con-
tent in the solution. When the initial concentration of
Pb(II) and Cu(II) ions does not exceed 2.5 mmol/L, the
removal efficiency comes close to 100%. By increasing the
temperature from 20°C to 60°C, in both single-
component systems, the removal efficiency during the
rapid sorption step and the maximum removal efficiency
increases. For example, the removal efficiency of Pb(II)
from one-component solution with initial Pb(Il) concen-
tration 9.54 mM rose from 83.4% at 20°C temperature to
89.2% at 60°C temperature. From the mixture consisting
of Pb(II) and Cu(II) ions, at their initial concentrations
equal to 2.5 or 5 mmol/L, more Pb(II) and Cu(II) ions
were removed at 40°C temperature (Fig. 5 and Table 2).
Several decades ago, Machesky''! established that metal
cation adsorption by hydrous metal oxides is endother-
mic. Increase in solution temperature leads to the
increased rate of Pb(II) and Cu(Il) uptake because the
kinetic energy and the mobility of metal ions increase
with temperature. In addition, speciation of adsorbate in
the solution, as well as adsorbent surface charge and
degree of hydration change with temperature.[**%%

Pb(ll) and Cu(ll) adsorption equilibrium

For the investigation of the uptake of Pb(II) and Cu(II) ions
under equilibrium conditions, adsorption isotherms were
obtained. Dependence of the adsorption capacity g, (mmol
g_l) of GWTW toward Pb(II) and Cu(II) on the
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concentration of these ions in the equilibrium solution
was controlled at 20°C, 40°C, and 60°C temperatures by
conducting studies in one-component (OC) and equimolar
bicomponent (BC) systems. Figure 6 shows the isotherms
of adsorption of Pb(II) and Cu(Il) ions from one-
component solutions determined at two different tempera-
tures (20 and 60°C). The equilibrium sorption behavior of
Pb(II) and Cu(Il) on GWTW was modeled by the
Langmuir, Freundlich, Langmuir-Freundlich, and
Langmuir-partition (dual-mode) model equations, by
means of nonlinear analysis. The results of experimental
data modeling are presented in Fig. 6, 7 and Table 3.
Table 3 lists the correlation coefficients R” and the
standard errors SE of the isotherms revealing that the
Langmuir-Freundlich model as well as Langmuir parti-
tion (dual-mode) isotherm model fit the experimental
data better than the Langmuir or Freundlich models.
The nonlinear fitting has shown the dual-mode model
combining the precipitation and adsorption processes
was successful in simulating the Pb(II) uptake from
one-component (Fig. 6, Table 3), Cu(Il) uptake from
one-component (Table 3) and their uptake from
bicomponent solutions (Fig. 7, Table 3). Using
Langmuir partition (dual-mode) isotherm model, the
calculated R? values of Pb(II) and Cu(Il) adsorption
almost in all cases are >0.99 and SE values are low.
Isotherm parameters for the removal of Pb(Il) and
Cu(II) ions are also listed in Table 3. The calculated max-
imum monolayer adsorption capacities g, are lower than
the adsorption capacities Q,, predicted by Langmuir-
Freundlich isotherm model. According to Langmuir
model, the maximum adsorption capacities g, in one-
component systems range from 1.285 to 1.395 mmol g’1
for Pb(II) and from 0.945 to 1.118 mmol g71 for Cu(II)
depending on temperature. Whereas based on Langmuir-
Freundlich isotherm model maximum Pb(II) and Cu(II)
sorption capacities Q,, are from 1.369 to 1.634 mmol g~
and from 1.446 to 1.518 mmol g™, respectively. Langmuir
equilibrium constants Ky, and the affinity constants K, are
higher for Pb(II) one-component systems than that for
Cu(II). The K; and K, values show an increase with tem-
perature for Pb(II) and Cu(II) one-component systems as
well as for bicomponent systems. A Freundlich intensity
parameter 7 is lower than 1.0 and ranges from 0.28 to 0.45,
therefore indicating that Pb(II) and Cu(II) is favorably
adsorbed by GWTW. In the bicomponent system, the
experimental adsorption capacities (Fig. 7, Table 3) and
maximum adsorption capacities Q,, predicted by
Langmuir-Freundlich isotherm model (Table 3) are higher
for Pb(II) than those for Cu(Il) and have a tendency to
increase with temperature. According to Langmuir-
partition model, the contribution of a precipitated amount
of Pb(Il) and Cu(Il) to overall uptake of these metals
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Figure 6. Isotherms of Pb(ll) adsorption from one-component solution at 20°C and 60°C temperatures. GWTW dosage 8 g L™, pH

5.0, equilibration time 24 h.
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Figure 7. Isotherms of Pb(ll) and Cu(ll) adsorption from bicomponent solution at 40°C temperature. GWTW dosage 8 g L™, pH 5.0,

equilibration time 24 h.

increased with increasing initial metal concentrations and
temperature (Figs. 6 and 7). Gong et al.®Yand Huo et al.**!
have observed a similar tendency.

We can see from Table 4 that the total amount of
Pb(II) and Cu(II) ions removed from bicomponent solu-
tions increases with increasing the total initial solution
concentration and temperature. In binary solutions with
a low initial concentration of heavy metals, there is no
competition between Pb(II) and Cu(II) ions, and a molar
ratio Xpp/Xcy in the solid phase is almost the same as in
the prepared initial solutions. The higher the initial solu-
tion concentration, the preferable sorption of Pb(II) ions
is more pronounced. The higher affinity of ferrihydrite
toward Pb(II) when compared to Cu(II) was noticed

in[% A higher sorption of Pb(II) with respect to Cu(II)
by using Fe-based drinking water treatment residuals was
also determined by Castaldi et al.l*!]

Mechanism of Pb(ll) and Cu(ll) removal by
groundwater treatment waste

To confirm the results of the Pb(II) and Cu(II) ions
uptake by GWTW, not only the solution (liquid phase)
but also the adsorbent (solid phase) was analyzed. After
the interaction of GWTW with 9.5 mM Pb(NOs;), and
Cu(NO3), solutions, the X-ray fluorescence analysis of
the sorbent samples showed the presence of Pb(II) and
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Table 3. One-component (OC) and bicomponent (BC) adsorption isotherms parameters, correlation coefficients and standard errors

for the Pb(ll) and Cu(ll) adsorption onto GWTW.

Pb(Il) Cu(ll)
Model System Parameter 20°C 40°C 60°C 20°C 40°C 60°C
Langmuir ocC m 1.285 1.242 1.395 0.945 1118 1.103
K, 1.452 5.644 5.224 2.058 1.922 2.857
RS 0.9910 0.9670 0.9706 0.9423 0.9659 0.9588
SE 0.0179 0.0925 0.0942 0.0224 0.0758 0.0855
BC m 1.004 1.062 1.139 0.604 0.651 0.736
K 2114 2.844 3.155 3.662 3.689 3.767
Rb 0.9808 0.9855 0.9918 0.9965 0.9907 0.9758
SE 0.0382 0.0363 0.0307 0.0234 0.0234 0.0419
Freundlich ocC Ke 0.6377 0.8480 0.9481 0.5288 0.6183 0.6716
n 0.3512 0.2777 0.2885 0.3075 0.3030 0.2779
R? 0.9272 0.9182 0.9272 0.9755 0.9617 0.9591
SE 0.1243 0.1454 0.1482 0.0577 0.0803 0.0852
BC Kr 0.6207 0.7171 0.8157 0.3921 0.4206 0.4848
n 0.4508 0.4400 0.4507 0.2983 0.3072 0.3196
R 0.9881 0.9783 0.9808 0.9139 0.9108 0.9470
SE 0.0300 0.0445 0.0472 0.0665 0.0722 0.0621
Langmuir-Freundlich ocC Qnm 1.369 1.4675 1.6340 15179 1.4536 1.4464
Ka 1.2224 3.1016 3.0520 0.3762 0.8419 1.1707
m 0.8747 0.6836 0.6905 0.5093 0.5974 0.5603
R 0.9934 0.9881 0.9894 0.9937 0.9960 0.9971
SE 0.0409 0.0607 0.0618 0.0321 0.0284 0.0249
BC Qn 1.6236 13829 1.4025 0.6632 0.7019 0.8858
Kq 0.5382 13165 1.7455 2.8092 2.9591 2.0994
m 0.6565 0.7343 0.7752 0.7916 0.8321 0.6884
R 0.9971 0.9945 0.9970 0.9973 0.9956 0.9957
SE 0.0160 0.0242 0.0204 0.0129 0.0175 0.0195
Langmuir-partition ocC Ky 0.0196 0.0527 0.0734 0.0428 0.0410 0.0427
(dual-mode) b 1.8916 10.8761 10.7117 7.3957 5.1700 7.9334
Q 11214 0.9849 1.0590 0.6218 0.7820 0.7924
R 0.9929 0.9927 0.9948 0.9928 0.9846 0.9826
SE 0.0424 0.0081 0.0434 0.0342 0.0559 0.0609
BC Ky 0.1740 0.1853 0.2089 0.0156 0.0181 0.0494
b 6.2550 6.6052 6.4354 5.1232 5.0505 8.5048
Q 0.5146 0.6155 0.7036 0.5248 0.5642 0.5269
R 0.9988 0.9930 0.9955 0.9937 0.9952 0.9960
SE 0.0122 0.0272 0.0249 0.0197 0.0184 0.0186

Table 4. Dependence of the total Pb(ll) and Cu(ll) adsorption
capacity Qe and molar ratio Xp,/Xc, in solid phase on total
initial concentration of bicomponent solution and temperature.
G

total,

mmol Xpv/Xcy in initial ~ Temperature, Qrotalr Xpp/Xcy in
L solution °C mmol g~'  solid phase
0.517 0.76 20 0.062 0.78
40 0.063 0.78
60 0.063 0.78
0.852 0.83 20 0.102 0.83
40 0.102 0.85
60 0.103 0.84
1.770 0.99 20 0.211 0.99
40 021 1.00
60 0.214 0.99
343 0.94 20 0.403 0.95
40 0.409 0.95
60 0.415 0.95
5.81 0.89 20 0.650 0.94
40 0.665 0.93
60 0.678 0.92
7.32 0.88 20 0.792 0.97
40 0.809 0.97
60 0.832 0.95
10.22 0.97 20 1.038 1.08
40 1.088 m
60 1.120 1.09
19.53 0.88 20 1.456 1.46
40 1.547 143
60 60 1.686 130

Cu(Il) in the solid phase. We can see from the data
presented in Table 5 that the content of Pb(II) in the
solid phase was almost 18 w % after the removal of
Pb(II) ions from one-component solution. More than 7
w % of Cu(Il) was detected after the adsorbent inter-
action with Cu(NO3), solution. When the GWTW was
used to remove Pb(II) and Cu(Il) ions from binary
solution, the X-ray fluorescence analysis showed about
16 w % of Pb(II) and about 3.6 w % of Cu(Il). In
addition, we found the significant change in calcium
concentration in GWTW compared to the unused
adsorbent. It can be assumed that a significant part of
Ca®" ions present in the GWTW were substituted by
Pb(II) or Cu(Il) ions, i.e., the adsorbent undergoes ion
exchange between the cations of a similar size and the
same charge. The similar phenomena were observed
using other materials, containing relatively high con-
tent of Ca®* ions, for heavy metal removal.[5%¢+¢°]
Based on the data of the GWTW elemental analysis
after its usage for the treatment of solutions containing
Pb(II) and/or Cu(Il) ions, the adsorption capacity of
GWTW (mmol g_l) was calculated. We have obtained
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Table 5. Chemical composition of GWTW after the uptake of
Pb(ll) and Cu(ll).

Elemental composition (w%) of GWTW after uptake of
Pb(ll) or/and Cu(ll)

Solute Fe 0 Pb Cu Ca Mg P Si

Pb(Il) 46.97 28.04 17.66 150 0.04 241 181
Cu(ll) 53.09 3209 726 144 007 290 215
Pb(I)+Cu(ll) 4773 2787 16.00 355 051 002 222 151

the results consistent with those of the liquid phase ana-
lysis. It has been found that 1 g of GWTW can accumulate
about 1 mmol of Pb(I) or Cu(Il) from one-component
systems with initial heavy metal concentration of 9.5 mM.
Whereas about 0.96 mmol of Pb(II) and about 0.70 mmol
of Cu(II) was removed by 1 g of adsorbent from a mixed
solution. This proves that solid waste generated at the
groundwater treatment plant is a potential adsorbent for
the removal of Pb(II) and Cu(Il) ions from aqueous
solutions.

To reveal the mechanism of Pb(II) and Cu(Il) ions
removal by GWTW, XRD measurements were per-
formed. The X-ray diffraction spectra of GWTW
annealed at 800°C after the accumulation of Pb(I) and
Cu(II) indicated the presence of new phases. In the case
of Pb(II) removal from one-component solution, the
XRD spectra showed characteristic diffraction peaks
that correspond to Pb;(PO,), and Pb;Fe(PO,); (Fig. 8a).
CuFe(PO,)O was responsible for Cu(II) immobilization
from one-component solution (Fig. 8b) and Cu;Pb;
(POy), from binary solution (Fig. 8c).

As indicated in the literature!®, among the main
mineral components of the precipitate produced during
deironing of groundwater, are parbigite Ca,(Fe, Mg, Sr,
Ba)[PO,], - 4H,0 and vivianite Fe;[PO,], - 8H,O. The
groundwater of Lithuania is also saturated with such
minerals of iron as vivianite, siderite, and strengite.”"” On
the basis of the results of X-ray fluorescence analysis and
XRD data of GWTW the possible Pb(II) removal mechan-
isms can be proposed as the substitution and coprecipita-
tion reactions as shown in Equations. (12) and (13):

=Ca;(POy),+3Pb>" — =Pb;(P0,), +3Ca>" (12)

3Pb** +Fe’" 43P0, — =Pb;Fe(POy), (13)

The formation of precipitate at higher Pb(II) and
Cu(II) solution concentrations is possible because of
the low solubility of lead and copper phosphates, Ky,
(Pb3(PO,),) = 7.90-107* and K, (Cus(PO,),) =
1.04-107%. Similar findings concerning the sorption of
Cd(II) through the precipitation of (Cd,Ca)CO; have
been reported by Tran et al.® and Flores-Cano et al.!”!
In our work, to support the proposed adsorption
mechanism, the concentration of calcium ions was

also controlled in the Pb(II) solutions treated by
GWTW. In the case of ion exchange reaction
(Equation. (12)), the relationship between the amount
of calcium ions released from GWTW to the solution
(Myeleased(Ca)) and the number of Pb(II) moles adsorbed
(Maasorbed(Pb)) should be detected. We assessed that the
removed amount of Pb(II) correlated to the released
calcium content according Equation.(14):

nadsurbcd(Pb) =0.794 - nrcleased(ca) +0.448 (14)

Based on the results of the analysis of solid and liquid
phases in the adsorption system, it can be concluded
that the presence of calcium and phosphate ions in the
composition of GWTW performed a significant role in
the treatment of water contaminated with Pb(II) and
Cu(II) ions. However, from the relationship presented
in Equation. (14), we can see that the amount of Pb(II)
adsorbed is higher than the amount of calcium released.
Therefore, one can assume that a part of Pb(II) ions
was also adsorbed by GWTW through surface com-
plexation reactions!®® (Equation. (15)):

2=FeOH"*~ 4 Pb*" — (FeOH),Pb"  (15)

The unique chemical composition and non-toxic nature of
GWTW allow this naturally occurring waste to be effec-
tively used to purify water contaminated with Pb(II) and
Cu(II) ions without any sorbent pretreatment procedure.

Conclusions

The groundwater treatment waste produced during the
deironing and demanganization of raw water is environ-
mentally friendly amorphous material rich in ferric(III)
oxide (78 w %) with other main elements: Ca, P, and Si.
GWTW powder dried at room temperature is composed
of nearly spherical interconnected particles with 50-200
nm in size. The agglomeration of nanoparticles devel-
oped a porous structure with excellent sorptive proper-
ties. The equilibrium Pb(II) solution analysis by ICP-OES
method has shown GWTW remains practically stable at
initial pH > 3. The maximum amount of Pb(II) ions can
be removed when the initial solution pH is about 5. The
adsorption capacity decreases gradually as the initial and
equilibrium pH value of the solution decreases. The
removal process of Pb(Il) and Cu(II) was very fast, and
depending on experimental conditions, more than
67-95% of the total sorbed amount was accumulated by
GWTW during the first 3 min. The maximum removal
efficiency was achieved after 40-60 min. The total
amount of removed Pb(II) and Cu(Il) ions increases
with increasing the initial solution concentration and
temperature. In binary solutions with a low initial con-
centration of heavy metals, there is no competition
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Figure 8. XRD patterns of GWTW after the treatment of one-component solutions of Pb(ll) (a), Cu(ll) (b) and Pb(ll) + Cu(ll)

bicomponent solution (c).

between Pb(II) and Cu(II) ions. Although the higher the
initial solution concentration, the preferable sorption of
Pb(II) ions is more pronounced. The X-ray diffraction
spectra of GWTW annealed at 800°C after the accumula-
tion of Pb(I) and Cu(II) indicated the presence of Pb;
(PO,),, PbsFe(PO,); and CuFe(PO4)O in the case of
Pb(Il) and Cu(II) removal from one-component solu-
tions. Whereas CusPb;(PO,), was responsible for Pb(II)
and Cu(Il) immobilization from binary solution. The
relationship between the amount of calcium ions released
from GWTW and the number of Pb(IT) moles adsorbed
leads to the conclusion that the removal of Pb(II) takes
place through the substitution and coprecipitation reac-
tions. A part of Pb(II) and Cu(II) ions was also adsorbed
by GWTW through the surface complexation reactions.
The nonlinear fitting has shown that the Langmuir-
Freundlich isotherm equation and Langmuir-partition
(dual-mode) model combining the precipitation and

adsorption processes were successful in simulating the
Pb(II) and Cu(Il) uptake from one-component and
bicomponent solutions. Non-hazardous and cheap
groundwater treatment waste with fast sorption kinetics
and high sorption capacity toward Pb(II) and Cu(II)
could be applied for the purification of waters polluted
with these ions.
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Groundwater treatment waste (GWTW), as an environmentally friendly renewable nanomaterial, was imple-
mented for the removal of anodized aluminum dye Sanodure Green (SG) from aqueous solutions. The capability of
the SG metal complex dye removal was assessed by measuring solution decoloration and chromium elimination
degree. GWTW was characterized using FTIR, SEM, EDX, TEM, XPS and surface area measurements. Kinetic
curves were obtained by changing initial dye concentration, pH, temperature and adsorbent dose. Kinetic studies
showed that up to 90 % of SG dye was removed within a contact time of 20 min. The adsorption of the dye was
favourable at 293 K temperature in the acidic pH region (pH 1.5-2.0) with maximum adsorption capacity 185 mg
¢~ 1. Langmuir-Freundlich isotherm model as well as hyperbolic tangent, diffusion-chemisorption and Elovich
kinetic models accurately describe the dye removal process. The calculated thermodynamic parameters confirmed
that SG dye removal occurred spontaneously and exothermically. The magnitude of enthalpy change (AH =
—35.80 kJ mol ') was in agreement with the electrostatic interaction. The adsorption potential of GWTW for SG

dye removal was also evaluated using a real wastewater produced after dyeing of anodized aluminum.

1. Introduction

Dyeing processes can be classified as environmentally harmful pro-
cesses (Wang and Li, 2007). Different types of physical, chemical, elec-
trochemical and biological methods are used for decolorization of
industrial wastewater (Collivignarelli et al., 2019).
Coagulation-flocculation, membrane treatment, advanced oxidation
process, biological degradation, adsorption and various other technolo-
gies are frequently applied to discard dyes from water (Grace Pavithra
et al., 2019; Collivignarelli et al., 2019; Nourmoradi et al., 2015).

Nanostructured metal oxides, their composites (Gusain et al., 2019)
and hybrids of the layered double hydroxide (Daud et al., 2019) have
shown excellent adsorption performance in the removal of toxic organic
dyes from wastewater. Among them, the iron oxide nanomaterials in the
pure, doped, and composite forms have been extensively used for
adsorption of the organic pollutants (Vu and Vu, 2018). Magnetic iron
oxide nanospheres consisting of both Fe304 and a-Fe;O3 were prepared
for removal of Reactive Orange (RO) and Reactive Yellow (RY) anionic
dyes from model aqueous solutions (Khosravi and Azizian, 2014a).
Flower-like iron oxides with different nanostructure were synthesized
with the ability to remove dyes from water within few minutes (Khosravi

* Corresponding author.
E-mail address: audrone.gefeniene@ftme.lt (A. Gefeniené).

https://doi.org/10.1016/j.heliyon.2021.e05993

and Azizian, 2014b). The microporous-mesoporous FeMgO adsorbents
were produced by impregnation, co-precipitation and hydrothermal
methods. Powdered Mg(OH), was impregnated with aqueous iron nitrate
solution and the resulted paste was dried and calcined. Using
co-precipitation method, iron and magnesium nitrates were
co-precipitated from mixture solution with NHj, dried and calcined.
Hydrothermal method includes heating the suspension of iron and
magnesium hydroxides in autoclave. Water from the obtained colloidal
solution was removed by heating at 50 °C. FeMgO adsorbents were tested
in the removal of Remazol Red RB-133 textile dye from synthetic solu-
tions (Mahmoud et al., 2013). Phthalocyanine based commercial dye C. I.
Reactive Blue 21 was selected for batch decolorization studies using
Fe-Ni nanoparticles (Kale and Kane, 2019).

Efficient low-cost adsorbents can be prepared by reusing different
types of waste. An example of this novel approach could be the synthesis
of Fe;03 microspheres from natural ilmenite followed by application for
the adsorption of three organic dyes, specifically for Congo red, Methyl
orange and Methylene blue (Kang et al., 2018).

The preparation of drinking water from surface and groundwater
generates large amounts of solid waste, named as water treatment re-
siduals (WTRs) (Deliz Quinones et al., 2016; Castaldi et al., 2014;
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Novoselova, 2013; Ocinski et al., 2016). Due to the appropriate physi-
cochemical properties, this waste is being tested for the treatment of
water contaminated with dyes. WTRs produced after the use of poly-
aluminum chloride (PACI) for the preparation of drinking water, were
applicated in the studies of color removal of Disperse Blue 79 dye from
synthetic wastewater (Gadekar and Ahammed, 2018). The experimental
color removal efficiency of 52 % was close to that predicted by the
theoretical models. Color removal performance using recycled alum
sludge was also examined by Chu (2001). Two commercial dyes, an
anionic disperse dye Dianix Blue FBL-E and an anionic direct dye
Ciba-corn Yellow P-6GS, were selected for the study. Not only aluminum
based, but also iron based waterworks sludge could be considered as
alternative adsorbent for the effective and cheap treatment of colored
textile wastewater. The applicability of this waste for the adsorption of
cationic (Basic Violet 16), anionic (Direct Blue 71, Acid Blue 40, and
Reactive Blue 29) and non-ionic (Disperse Brown 19) dyes was tested
(Kayranli, 2011). In addition, solid waste generated during drinking
water treatment can be applied as coagulants. Acid Red 119 dye removal
by coagulation-floculation using two different types of waterworks
sludge, ferric chloride sludge (FCS) and polyaluminum chloride sludge
(PACS), was studied. The performance of ferric chloride sludge was more
outstanding than that of PACS in the removal of AR119 dye (Moghaddam
et al., 2010).

Groundwater treatment sludge was converted to magnetic particles to
make it more convenient to use in adsorption system. The efficiency of
the prepared adsorbents was examined using methylene blue dye solu-
tions (Zhu et al., 2015). The removal of Navy blue textile dye by two step
process was investigated by Nourmoradi et al. Ferric chloride and some
other coagulants were used in the first step of the dye solution treatment.
In the second step, clay minerals, montmorillonite and nano-
montmorillonite, were suitable for the removal of residual color by
adsorption (Nourmoradi et al., 2015). Activated carbon derived from
coconut shells was used as the adsorbent and aluminum chloride was
used as the coagulant for the removal of reactive dyes Black 5 and Orange
16 (Furlan et al., 2010). Kim et al. (2004) studied the processes of
destabilization and decoloration of commercial dye solutions using ferric
chloride. The authors came to the conclusion that disperse dyes can be
removed more effectively when compared to reactive dyes.

Metal complex dyes are widely used for the coloring of wood, leather,
plastic and metals (Mahapatra, 2016). At the open access facility of the
Center of Physical Sciences and Technology in Vilnius (Lithuania) a small
scale manufacturing of specialized products is carried out. The colored
anodized aluminum parts are fabricated for information technology
equipment, lasers, robots, etc. Sanodure Green LWN (SG) metal complex
dye is a representative dye used for adsorptive coloration of anodized
aluminum (http://waynehilldesign.com/images/brochures/RAP_capabil
ities.pdf). The dye deposited on the surface of aluminum oxide provides
the transparent layer that reflects the colour (Chang et al., 2016).
Chemically SG dye can be characterized as chromium complex organic
dye, therefore should not be allowed to enter drains, water sources or the
soil (Sanodure Green LWN safety data sheet, 2020). The wastewater
produced after dying and rinsing of aluminum parts should be decolor-
ized and heavy metal ions extracted out of solution. The need for envi-
ronmental sustainability supports an idea to utilize for the treatment of
wastewater a local waste generated spontaneously during the aeration
and filtration of groundwater. The solid groundwater treatment waste
(GWTW) with the main component of ferric oxide/hydroxide represents
a natural nanomaterial with the properties similar to artificially synthe-
sized adsorbents. A number of studies have shown that waste from
drinking water treatment processes has a relatively large surface area and
can therefore be used as adsorbent. The BET method revealed the surface
area of Al-based WTRs averaging 48 m? g’1 (Deliz Quinones et al., 2016),
whereas, the commercial a-Fe;O3 powders have a much lower BET area
of 18 m? g’l (Suetal., 2012). A specific surface area Sggy of the Fe-based
WTRs obtained using Fea(SO4)3 as the coagulant was equal to 35 m? g~
(Castaldi et al., 2014). The specific surface area of fresh GWTW produced

Heliyon 7 (2021) 05993

during cascade aeration of infiltration water was 120 m? g~ ! (Ocinski
et al,, 2016).

The aim of our study was to determine the suitability and reusability
of GWTW for SG dye removal from model aqueous solutions and to
ascertain the chemical behavior of the adsorption system by changing the
process conditions. The dye removal efficiency was evaluated consid-
ering not only solution decoloration but also chromium retention degree.
This is relevant because a small proportion of chromium ions present in
the composition of metal complex dye remains uncomplexed. The impact
of the process conditions on its efficiency was studied varying adsorbent
and adsorbate concentration, their contact time, solution pH and
adsorption system temperature. The adsorptive properties of GWTW
were assessed through kinetic, equilibrium and thermodynamic in-
vestigations. GWTW adsorbent was also applied for the treatment of real
wastewater obtained after dyeing of anodized aluminum.

2. Experimental
2.1. Preparation of Sanodure Green (SG) dye solutions

Sanodure Green LWN (SG) dye (Clariant) is water-soluble anionic
chromium complex azo dye widely applied in anodized aluminum dyeing
process. It was commercial grade and was used without further purifi-
cation. The dye stock solution was made by mixing 1000 mg of SG dye in
1 L of deionized water. Then it was diluted with deionized water to
obtain solutions of the desired concentration. The pH was adjusted by 5
M HCl or 0.1 M and 1 M NaOH. The values of pH were measured using
inoLab 7110 pH meter (WTW-Germany). All chemical reagents used
were Analytical Reagent Grade.

2.2. Groundwater treatment waste

The iron-based groundwater treatment waste was obtained from
drinking water treatment plant in Vilnius, Lithuania. The GWTW is
produced as a result of the deironing and demanganization of ground-
water by cascade aeration. The collected waste was stored at room
temperature (20-25 °C) in its original form and was used in its raw state
after grinding in a mortar. The brown powder is mostly composed of iron
oxide/hydroxide (Zubryté et al., 2019). The morphology of GWTW sur-
face and chemical composition of the GWTW was studied by SEM-EDX
and TEM. SEM-EDX analysis was performed on the samples using a
scanning electron microscope Helios Nanolab 650 (FEI) equipped with an
energy dispersive X-ray spectrometer (Oxford Instruments, Xmax 20 mm?
detector, INCA 4.15 software). The operating conditions for particles
morphology investigation were as follows: secondary electron imaging
(SED), acceleration voltage 2 kV, beam current 0.8 nA. The operating
conditions for elemental composition analysis were: acceleration voltage
20 kV, beam current 3.2 nA. Transmission electron microscope (TEM)
Tecnai G2 F20 X-TWIN (FEI, Netherlands, 2011) with Schottky type field
emission electron source was used to obtain TEM images of GWTW. Prior
to scanning, the samples were coated with a conductive film of carbon in
a vacuum equipment Quorum Q 150 ES (Quorum). The zeta potential of
GWTW was measured using Zetasizer Nano ZS (Malvern Panalytical).

For comparative study of SG dye adsorption capacity five commer-
cially available adsorbents were used including activated carbon NORIT
PK 1-3 (Cabot Norit), weak base macroporous resin Macronet MN 150
(Purolite Company), non-ionic macroporous resin Macronet MN 200
(Purolite Company), macroporous strong acid resin Macronet MN 500
(Purolite Company) and mixed bed resin PMB 101 (Pure Resin Co., Ltd).

2.3. Analysis of solutions
The concentration of chromium, calcium and iron in aqueous solu-
tions were determined with an ICP optical emission spectrometer (Op-

tima 7000DV from Perkin Elmer) at 267.716, 317.933 and 238.204 nm,
respectively. The concentration of the SG dye solutions was analysed
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using Varian Cary 50 UV-Vis spectrophotometer from Agilent Technol-
ogies at a wavelength of 630 nm and calculated from a calibration curve.
A linear relationship between the concentration of SG dye and the con-
tent of chromium in the composition of the dye is presented in Figure 1S.

2.4. BET analysis

The surface area, pore size and pore volume of GWTW were estimated
by N adsorption/desorption isotherms collected at 77 K using Brunauer
Emmet Teller (BET) method. Pore size distribution (PSD) plot was
calculated by the Barrett-Joyner-Halenda (BJH) method using the
desorption branch in a Micromeritics Tri-Star IT 3020 nitrogen adsorption
apparatus.

2.5. FTIR analysis

Identification of functional groups on GWTW was carried out using
Fourier Transform Infrared Spectrometer ALPHA (Bruker, Germany),
equipped with a room temperature detector DLATGS. Samples were
dispersed in KBr tablets. Spectra were acquired from 100 scans in the
spectral range of 650-4000 cm ™.

2.6. XPS analysis

Surface composition of GWTW samples and chemical states of ele-
ments were investigated by XPS measurements. Vacuum Generator (VG)
ESCALAB MKII spectrometer fitted with a XR4 twin anode was used for
XPS analysis. MgK, X-ray was as the X-ray source. The measurements
were proceeded at hv = 1253.6 eV with 300 W power (20mA/15kV).
During spectral acquisition the pressure in the analysis chamber was
lower than 5 x 1077 Pa. The survey spectra were obtained using an
electron analyser pass energy of 100 eV, the narrow scans — with 20 eV
and resolution of 0.05 eV. All spectra were recorded at a 90° take-off
angle. Binding energy (BE) referencing was done using the Cls peak at
284.8 eV. Avantage software (v5.962) provided by Thermo VG Scientific
was used for the spectra calibration, processing and fitting. Core-level
spectra of Cls were fitted with a 70 % Gaussian-30% Lorentzian func-
tion and a Shirley background was applied to all spectra.

2.7. Kinetic studies

Behavior of SG dye adsorption by GWTW was investigated using
batch technique. In the kinetic experiments, 0.2-0.35 g of GWTW powder
was added into conical flasks containing 50 mL of SG dye solutions with
the adjusted pH values. The magnetic stirrer was used operating at 500
rpm. The samples were taken at 0, 3, 5, 10, 20, 40, 60, 120 and 180 min.
The experiments were repeated three times. Experimental design for the
investigation of various effects on SG dye adsorption kinetics is presented
in Table 1S.

The amount of dye taken up and the percentage of the dye removed
by the GWTW were calculated by applying Egs. (1) and (2), respectively:

(CU - CI)
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where g, (mg g~") is the mass of SG dye adsorbed per unit mass of GWTW
at time t; C, (mg L) is initial concentration of SG dye, C; (mg L™Yis
concentration of SG dye at time ¢; m (g) is the mass of GWTW, V (L) is the
volume of solution, and RE is removal efficiency.
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2.7.1. Effect of initial SG dye concentration
Kinetic curves were obtained at room temperature by using SG dye
solutions with pH 2 and the initial concentrations 168, 345, 495 and 635
1
mgL .

2.7.2. Effect of SG dye solution pH

To study the effect of SG dye solution pH on adsorption behavior of
GWTW, the initial pH was adjusted to different pH values by adding 5 M
HCI. Experiments were carried out with initial SG dye concentration of
150 mg L ! at 20 °C temperature, pHo 1.5-4 without the correction of pH
value of adsorption system during adsorption process.

2.7.3. Effect of temperature

Investigation of the action of temperature on the adsorption of SG dye
by GWTW was performed at 20 + 1, 40 & 1 and 60 + 1 °C. Flasks con-
taining 0.25 g of GWTW and 50 mL of the 150 mg L™ SG dye solution
with pH 2 were shaken for 180 min. The experiments were replicated
thrice.

2.7.4. Effect of GWTW dosage

Effect of the adsorbent dose was investigated using the initial SG dye
solution concentration of 150 mg L 1. GWTW dose was from 0.20 to 0.35
g at fixed pH value 2 and temperature of 20 °C.

2.8. Equilibrium adsorption

The equilibrium adsorption studies for evaluation of the ability of
GWTW to remove SG dye from aqueous solutions were carried out in
triplicate, and the error bars represent standard deviation. For these ex-
periments, 0.25 g of GWTW was placed in 50 mL conical flasks con-
taining 50.0 mL of dye solution (50.00-1000.0 mg L), which were
agitated for 8 h at three different temperatures (293, 313 and 323 K). The
pH of the dye solutions was 2, regulated with 5 M HCL. After equilibrium,
in order to separate the GWTW from the aqueous solutions, 10 mL of
samples were filtered. Remaining concentration of the SG dye and
chromium in the solution were determined by the methods mentioned in
“Analysis of solutions”.

2.9. SG dye desorption study

Regeneration of SG dye saturated adsorbent GWTW was performed
by using 0.05 M NaOH solution. The GWTW was weighed before and
after desorption. In desorption experiments the ratio of saturated
adsorbent and NaOH solution was 1:40. Then the GWTW was washed
with deionized water to pH 7 and dried at 60 °C in the furnace.
Desorption capacity (mg g~ 1) and efficiency (%) were calculated using
the following equations (Momina et al., 2020):

C,
Ge. desoy =V (ﬁ) (©)
0= e, desorp . 100 @
Gesorp

where V is volume of NaOH (L), M is the mass of GWTW (g) and Cyis SG
dye concentration in solvent (mg L’l).

2.10. Modeling of adsorption kinetics and equilibrium

The SG dye adsorption kinetic data were tested and discussed by
using different models such as pseudo-first-order model (Lagergren,
1898; FEris and Azizian, 2017; Tan and Hameed, 2017),
pseudo-second-order model (Ho and McKay, 1999; Blanchard et al.,
1984; Azizian, 2004; Haerifar and Azizian, 2013; Hubbe et al., 2019),
Elovich model (Roginsky and Zeldovich, 1934), hyperbolic tangent ki-
netic model (Eris and Azizian, 2017), modified Lagergren model
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(Shahwan, 2015) and diffusion-chemisorption kinetic model (Sutherland
and Venkobachar, 2010) (Supplementary material).

The equilibrium sorption behavior of SG dye on GWTW was modeled
by the Langmuir (1918), Freundlich (Freundlich, 1906; Tran et al.,
2017), Langmuir-Freundlich (Sips, 1948; Azizian et al., 2018; McKay
et al., 2014), Koble-Corrigan (Koble and Corrigan, 1952; Foo and
Hameed, 2010), Redlich-Peterson (Redlich and Peterson, 1959; Wang
and Guo, 2020), Temkin (Temkin and Pyzhev, 1940; Foo and Hameed,
2010; Deng and Ting, 2005) and Toth models equations (Toth, 1971;
Wang and Guo, 2020) (Supplementary material).

2.11. Error functions

Non-linear analysis of isotherm models was performed using the
Solver add-in, Microsoft Excel (Hossain et al., 2013). The fitness models
was signified by the coefficient of determination R? from Eq. (5):

R=1- M
P (‘Ie - qemmn)

Standard error of an estimate (SE) can be defined according to Eq. (6):

[©)]

6)

where m is the number of experimental points and p is the number of
model parameters (Kaludjerovic-Radoicica and Raicevic, 2010).

The nonlinear Chi-square (Xz) test was used to evaluate the differ-
ences between the experimental data and the data calculated from
isotherm models. Chi-squared statistic, x2:

7= i: (qﬂp - qm/)z
= Geal

)

3. Results and discussion
3.1. Characterization of the GWTW

3.1.1. SEM, TEM and EDS analysis

The surface morphology and chemical composition of the GWTW
before and after SG dye adsorption were examined by SEM, TEM and
EDS. SEM images reveal the structure GWTW powder and the shape of
particles. As we can see in Figure 1a, GWTW powder is composed of
agglomerated spherical nanoparticles of 50-96 nm. No significant
changes on GWTW surface were observed after the contact with SG dyes
molecules. The adsorption of SG dye on GWTW was confirmed by EDS.
Elemental distributions for five sites of GWTW and SG dye loaded GWTW

——

a)P S
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samples for Fe, O, Si, Ca, P, S, Mn, Mg, Cl and Cr atoms were assessed. In
the EDS spectra of GWTW after loading with SG dye the peak charac-
teristic of Cr appeared (Figure 1S). Additionally, weight fraction of P, S
and Cl increased but the content (w %) of Ca, Si, Mn and Mg decreased
(Table 1, Figure 2S).

Transmission Electron Microscopy (TEM) of the samples was also
used to describe the morphology and size of GWTW particles (Figure 1b).
As can be seen from GWTW image obtained by TEM (Figure 1b), the
adsorbent has a porous surface with the particles size ranging from 40 to
90 nm.

3.1.2. N adsorption-desorption analysis

The nitrogen adsorption-desorption isotherms of GWTW before and
after the dye adsorption are shown in Figure 2. They exhibited similarly
shaped curves, but the amount of N adsorbed on GWTW after the dye
adsorption was slightly higher than that taken up by plain GWTW. Ac-
cording to International Union of Pure and Applied Chemistry (IUPAC)
classification (Thommes et al., 2015), GWTW samples before and after
adsorption display a type IV(a) isotherm with an H3-type hysteresis loop
in the high relative pressure range of 0.45-0.98 P/Pq (Figure 2). This
isotherm is commonly exhibited by many mesoporous industrial adsor-
bents and inorganic oxide xerogels (Thommes et al., 2015). The plots of
pore size distributions, as shown in inset in Figure 2, are located in the
mesoporous and macroporous range confirming the
mesoporous-macroporous structure of GWTW. The pore size distribu-
tions of the GWTW samples are both rather wide, ranging approximately
from 3 nm to 120 nm. There is one large peak centered at about 65 nm for
the plain GWTW sample (Figure 2). The BET-specific surface area of
GWTW before and after the dye adsorption was 34.76 and 43.48 m? g},
respectively (Table 2). The increase in BET surface area and in the
mesopore volume was observed following the SG dye adsorption
(Table 2). This may be the result of decreased size of GWTW particles
during mechanical adsorption system mixing.

3.1.3. FTIR analysis of GWTW and SG dye

FTIR spectroscopy studies were conducted to compare the properties
of GWTW before and after the SG dye adsorption. The Fourier transform
infrared (FTIR) spectra of GWTW, SG dye and GWTW after the dye
adsorption are presented in Figure 3. The FTIR spectrum of GWTW
showed the bands at 3300 and 1636 cm ™! which can be assigned to the
H-bonded O-H stretching modes and H-OH bending vibration of the free
adsorbed water, respectively (Chao et al., 2018; Szostak and Banach,
2019; Yoon et al., 2005). Strong band at 957 em ™! with shoulders at 1077
and 850 cm ™! comes from bending vibration of FeOH modes (Ociriski
etal., 2016; Chao et al., 2018). Band at 1000 em ! is also characteristic of
Si-O-Si tetrahedral groups of quartz (Launer, 2013; Chao et al., 2018;
Ocinski et al., 2016). The peak at 1390 em ! was assigned to the C-O

Figure 1. a) SEM of GWTW before SG dye adsorption. b) TEM image of GWTW nanoparticles.
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Table 1. EDS analysis data of GWTW before and after SG dye adsorption.

Elements Before After
w % w %
o 46.02 46.57
Fe 42.85 41.73
Ca 4.570 0.056
P 3.002 5.424
Si 2.740 1.612
S 0.297 2.322
Mn 0.280 0.036
Mg 0.252 0.016
cl 0.005 1.518
Cr 0.005 0.714

bond in carbonates (Ocinski et al., 2016; Zhang and Jia, 2018; Chao et al.,
2018; Yoon et al., 2005). The band at 670 cm ™! comes from O-Fe-O
vibrations (Chao et al., 2018).

For the characterization of SG dye, FTIR spectrum was also studied.
Peak positions are at 3307, 2361, 2342, 1579, 1472, 1390, 1271, 1145,
1026, 825 and 737 cm ™ .. The small peak at 737 cm ™! shows Cr-O group,
which is inherent by chromium complex compounds (Yildiz and Boztepe,
2002). The intence band at 3307 is due to O-H stretchings (Arami et al.,
2008). Intense bands at 1145 and 1026 belong to stretching vibrations of
sulfonate groups (Furer et al., 2020; Usman et al., 2019). The bands due
to the aromatic ring absorption appears at 1472, 1579 and 1617 cm ™!
(Usman et al., 2019). Azo bond (N=N) stretching vibrations appear at
range 1511-1550 em ™! (Ahmed et al., 2016) and at 1390 cm ™! (Nassar,
2010; Coates, 2000). Bands at 825 and 737 can be assigned to C-H out of
the plane bending on an aromatic ring (Ahmed et al., 2016).

The Figure 3 also shows the FTIR spectrum of GWTW after the SG dye
adsorption. For the dye doped GWTW, the peak at 3300 had shifted to
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3283 which might indicate dye interaction with the -OH groups of
GWTW. Additionally, the signals characteristic to organic dye with
noticeable shifts occurred in the spectrum of GWTW with wave numbers
of 1586, 1290 and 1020. Disappear absorption bands at 1472 and 1145

cm

3.1.4. XPS analysis of GWTW and SG dye

XPS analysis was performed to investigate the state and elemental
composition of the GWTW surface before and after the dye adsorption.
The XPS full-survey spectrum of GWTW sample before SG dye adsorption
verified the presence of O, Fe and C elements (Figure 4a). Also, minor
amounts of Si, P and Ca were detected. The surface of SG dye doped
GWTW additionally contained S, N, Cl and Cr confirming the successful
adsorption of SG dye (Figure 4a). The high resolution XPS spectra of Fe,
O, Cr and Ca are presented in Figures 4b, ¢, d and 3S, respectively.

The Fe 2p spectrum of GWTW before adsorption (Figure 4b) had two
main peaks of Fe 2p3 5. They are located at 710.5 eV and 712.3 eV, which
correspond to binding energies of the a-Fe;03 (hematite) and Fe(OH)O
(goethite, lepidocrocite) phases, respectively (McIntyre and Zetaruk,
1977; Grosvenor et al., 2004). The splitting between the O 1s (Figure 4c)
and Fe 2p3,, peaks in the XPS spectra serves as a reliable measure of the
iron oxidation state. The initial binding energy (BE) of O 1s and BE of Fe
2ps,2 splitting is equal to 181 eV, revealing Fe®* as the main oxidation
state of iron in the GWTW (Hadnadjev et al., 2008). After SG dye
adsorption, the shifts of about 1 eV of the Fe 2p3,, peaks towards a higher
binding energy (711.37 eV and 713.35 eV) were observed. This
confirmed that Fe-O and Fe-OH groups acted as the adsorption sites.
Slight shifts of the Fe 2p3/ and Fe 2p; /2 peaks towards a higher binding
energy were also found earlier by Zhang et al. (2019) for the ferric water
treatment residuals after the adsorption of vanadium.

The O 1s spectrum (Figure 4c) of raw GWTW was fitted to four peaks
at 529.5 eV, 530.54 eV, 531.6 eV and 532.9 eV, corresponding to Fe-O
bonding, Fe-OH bonding, and C-O bonding or chemically/physically
adsorbed water (McIntyre and Zetaruk, 1977; Grosvenor et al., 2004;
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Figure 2. Nitrogen adsorption (full symbols)-desorption (empty symbols) isotherms and pore size distribution plots (inset) of GWTW samples before and after SG

dye removal.

Table 2. Textural properties of the GWTW samples before and after Sanodure Green LWN dye adsorption.

Sample Sger (m? g71) Vineso (em® g1 4 V/Spgr (nm)
GWTW 34.7582 0.091305 953134
GWTW after SG dye adsorption 43.4809 0.133468 11.34002
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Figure 3. FTIR spectra of SG dye and GWTW before and after SG dye adsorption.

Condi de Godoi et al., 2013; Leiviskd et al., 2019). The BE of 532.9 eV is
also characteristic of the oxygen-silicon bonding in SiOy. The O 1s
spectrum of SG dye adsorbed GWTW shows that BE of oxygen of the
hydroxy group decreased after the dye adsorption. This change can be
due to the interaction between the hydroxyl groups of GWTW and SG dye
anions (Zhang et al., 2019). There are two peaks in high - resolution Ca
2p spectra (Figure 3S) at 347.52 (2ps3,2) and 351.22 eV (2p; 2), which
can be attributed to CaCOs3 (Li and Zeng, 2012; Ni and Ratner, 2008).

The chemical composition of the SG dye was also examined by XPS.
The XPS full-survey spectrum of dye sample reveals that C, O, N, S, Na, Cr
and Cl are the predominant elements (Figure 4S). The peaks in high-
resolution XPS spectra of Cr 2p at BE of 576.4 and 577.85 eV corre-
spond to Cr(IIl) (Figure 4d) (Chao et al., 2018). In SG dye spectrum, the
convolution of S 2p region (Figure 5S) into two peaks of 168.2 eV and
169.43 eV correspond to the sulphur within sulphonate and sulphate,
respectively. The BE of S 2p didn't change significantly after the dye
adsorption on the surface of GWTW.

Characterization of GWTW by SEM, TEM, EDS, XPS and FTIR proved
that the studied adsorbent is environmentally friendly nanomaterial with
physical properties and functional groups suitable for interaction with
anionic metal complex dye. EDS, FTIR and XPS analysis of GWTW
confirmed the successful adsorption of SG dye and showed the dye
interaction with the ~OH groups of adsorbent.

3.2. Kinetic studies

3.2.1. Modeling of adsorption kinetics

By conducting experiments and modeling the experimental data using
various kinetic models, we investigated the influence of SG dye solution
concentration, GWTW dosage, pH and temperature on the adsorption
rate. The best agreement between the fitted equations and experimental
data was obtained for both hyperbolic tangent and diffusion-
chemisorption kinetic models, whereas the pseudo-first-order and
pseudo-second-order models were less appropriate (Figure 5, Table 3).
The Elovich equation was also convenient to describe experimental data.
The sorption of metal complex dyes onto pine sawdust particles was also
successfully interpreted by the Elovich equation (Ozacar and Sengil,

2005). The applicability of the Elovich model in the case of SG dye
adsorption by GWTW suggests it is a heterogeneous diffusion process
(Xie et al., 2018).

3.2.2. The influence of SG dye concentration

Figure 6 shows the impact of the initial SG dye concentration on the
retention rate of adsorbate onto GWTW at increasing contact time.

It is clear that the initial adsorption rate, which can be recognized by
the slope of kinetic curves, and the adsorption capacity for the dye en-
hances by increasing the initial SG dye concentration. By increasing the
initial dye concentration from 168 to 635 mg L™, the amount of SG dye
adsorbed during the first 3 min increases from 21 mg g~! to 62 mg g~!
(Figure 6). By increasing the contact time, the adsorption capacity was
increased. However, with the initial concentration of 345 mg L™ up to
70 % of the dye has been already removed from the solution after 10 min
and almost 86 % after 60 min. When the initial concentration was 495 mg
L1, during the first 10 min, about 68 % of the dye was adsorbed and after
60 min contact the color and chromium removal percentage of 85 % was
achieved. The stability of GWTW suspension in acidic aqueous solution
due to positively charged particles is favorable for the fast achieving of
SG dye adsorption equilibrium (Mikhaylov et al., 2016). After increasing
of the initial dye concentration to 635 mg L 1, the removal efficiency
within the contact of 10 min decreased to 64 % whereas after 60 min
contact it was almost the same and reached 83 %. As we can see from
Figure 6, the SG dye solutions even with high initial concentration
(495-635 mg L 1) can be decolorized successfully during a short time.
This can be interpreted by the aggregation of the SG dye molecules in
liquid and solid phases (Dias Monte Blanco et al., 2017; Walker and
Weatherley, 2001). Self-aggregation of anionic dye molecules is pro-
moted in acidic environment due to dye protonation processes (Mog-
haddam et al., 2010).

Based on the modified Lagergren equation, SG dye adsorption rate
constants and the half-life times (t;,2 = In2/k;) were calculated and
compared (Table 3). We can see that the half-life times obtained from
both color and chromium content reduction measurements, are similar
ranging from 2.8 to 7.4 min (Table 3, Table 5S). The adsorption half-life
time increases with increasing in initial dye concentration. By using
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Figure 4. The XPS survey of GWTW before and after SG dye adsorption (a); the high-resolution XPS spectra of Fe 2p of GWTW before and after SG dye adsorption (b);

O 1s of GWTW before and after SG dye adsorption (c); Cr 2p within SG dye and GWTW doped with SG dye (d).
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Figure 5. Kinetic experimental data and modeling for the adsorption of SG dye by GWTW. Conditions: Co = 345 mg L™, pH
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Table 3. Kinetic parameters for the effect of SG dye concentration on adsorption by GWTW.

Concentration of SG dye, mg L™*

Parameters 168.0 345.0 495.0 635.0
Pseudo-first order model

4o (mgg ) 29.18 59.02 84.82 102.4
Kz (min 1) 0.380 0.297 0.258 0.233
R? 0.9660 0.9214 0.9267 0.9252
SE 2.178 6.075 8.462 10.381
Pseudo-second order model

. (mgg ™) 31.31 62.93 90.76 110.0
kz (mg'.gmin~") 0.020 0.007 0.004 0.003
R? 0.9901 0.9690 0.9745 0.9754
SE 1.176 3.819 4.996 5.956
Elovich model

A (mgg "min 1) 613.0 871.2 655.0 502.4
B(gmgh) 0.291 0.150 0.096 0.075
R? 0.9994 0.9990 0.9993 0.9994
SE 0.272 0.693 0.846 0.957
Hyperbolic tangent model

e (mgg™) 38.86 76.41 1107 135.9
teprr (min) 110 132 167 191
T 0.164 0.180 0.202 0.229
R? 0.9928 0.9941 0.9996 0.9992
SE 0.999 0.999 0.997 1.000
Modified Lagergren model

Qrax (mgg ") 33.61 68.93 98.76 127.00
Ky (min ) 0.248 0.184 0.163 0.119
t1/2 (min) 2.8 3.8 4.2 74

R? 0.9517 0.7835 0.8005 0.6781
SE 3.759 9.432 13.065 20.148
Diffusion — chemisorption model

e (mgg™) 36.51 73.15 107.1 131.8
Kpc (mg (gmin®) 1) 28.97 46.21 59.24 64.30
ki 22.99 29.19 32.77 31.36
R? 0.9979 0.9931 0.9961 0.9975
SE 0.539 1.803 1.949 1.901

diffusion-chemisorption kinetic model, the SG dye removal rate con-
stants were calculated. It was observed that the rate constants increase
with increasing initial dye concentration. The linear dependence of Kp¢
on Cp was revealed and depicted in Figure 6S (Supplementary material).
The same trend was obtained by Sutherland and Venkobachar (2010).

120
100
80

60

q, mg g’

40

Additionally, the initial SG dye removal rates were calculated. We have
observed that the initial rates of diffusion-chemisorption of SG dye
molecules were higher from the solutions with higher initial concentra-
tion. This may be explained with the increased dye concentration
gradient. Hyperbolic tangent model enables to determine the time

0 10 20 30

40

t, min

50

60

X

168 mg/L
345 mg/L
495 mg/L
635 mg/L

Dif.-
Chem.

Hyp. Tang.

Figure 6. Effect of contact time on SG dye adsorption capacity by GWTW for various initial concentrations. Conditions: pH = 2, T = 20 °C, adsorbent dose 5 g L '. The

points represent experimental data; the lines represent diffusion-chemisorption and hyperbolic tangent models.
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needed to attain equilibrium (Eris and Azizian, 2017). As shown in
Table 3 the adsorption of SG dye reaches equilibrium after 110-190 min
depending on initial dye concentration.

3.2.3. Effect of pH

The experimental studies revealed that the removal efficiency was
sensitive to SG dye solution pH. The effect of initial pH was tested by
using 150 mg L™ SG dye solutions with pH values from pH 1.5 to pH 4.0.
An increasing of initial pH from 2.0 to 3.0 leads to a significant decrease
of SG dye adsorption capacity from 34 mg g~* to 7 mg g~! for 20 min
contact, whereas the retention of chromium during the same period of
time decreased from 0.77 to 0.20 mg g~! (Figure 7S). The influence of
solution pH might be related to the protonation of GWTW surface ac-
cording to (8) equation (Cornell and Schwertmann, 2003; Aredes et al.,
2013; Ahmed et al., 2013):

=FeOH + H" & = FeOH3 ®)

Similarly, the surface hydrolysis reaction for goethite was described
as follows (Jeppu and Clement, 2012):

> FeOOH + H' < FeOOH3 (©)

The surface of GWTW acquires positive charge by adsorbing H' ions.
Due to the positive surface charge of GWTW, the negative SG dye mol-
ecules can be effectively attracted:

—FeOH + A¥ + H' —» = FeA™ + H,0 o)

=FeOH + A¥ + 2 H' - FeHA + H,0 an

The evidence of GWTW —-OH groups' interaction with the dye mole-
cules was supported by the results of FTIR and XPS analysis. Therefore, it
can be concluded that electrostatic interaction is the main mechanism of
the SG dye removal. Electrostatic attraction is stronger when the density
of positive surface charge is higher. A decrease of [H'] in the SG dye
solution will be followed by the decrease in positive GWTW surface
density and adsorption capacity of GWTW. We have detected that the pH
values during the SG dye removal process only slightly changed in
strongly acidic solutions, whereas a significant increase in solution pH
was observed using SG dye solutions initially acidified to pH 3 or pH 4.
The increase of solution pH was not favorable for the uptake of SG dye
molecules. This is understandable since the zeta potential of GWTW
measured in the SG dye solution with pH 5.6 was negative (-17.7 + 0.5
mV). As we can see from Figures 7 and 88, the removal efficiency of SG
dye color after the 20 min of contact with GWTW reached up to 90 % in
the solutions with initial pH value 1.5 and 2.0, whereas it decreased to 23
% and 19 % in the solutions with the initial pH 3.0 and 4.0, respectively
(Figures 7 and 9S). Adsorption of SG dye is fast from strongly acidic
solutions, and according to the modified Lagergren model, the half-life
times of color and chromium removal do not exceed 2.2-2.3 min. The
dye removal rate constants of diffusion-chemisorption kinetic model are
about three-fold higher for the solutions with initial pH values 1.5 and
2.0 compared to those for the solutions with the initial pH 3 and 4
(Table 2S).

Additionally, experiments have been performed to investigate the
extent of iron and calcium leaching from GWTW in the acidic environ-
ment. The ICP-OES analysis of SG dye solutions after the contact with
GWTW showed that the iron leaching intensity increased from 0.30 to 43
mg L as the initial pH value was decreased from 4.0 to 1.5 (Figure 7).
The action of Fe>* ions as coagulation agent produced in the acidic dye
solutions is favorable for color removal. The possible mechanism could
be neutralization of negative charges of anionic dye by Fe>* ions and
their hydrolysis products (Moghaddam et al., 2010; Cornell and
Schwertmann, 2003). The transfer of positive Ca®* ions from GWTW to
SG dye solution during the contact with GWTW (Figure 7) can also
facilitate the dye removal process due to their interaction with negatively
charged SG dye anions. Ca®" cations may bridge between sulfonate
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groups (-SO3) of SG dye and negatively charged sites of GWTW (Najaf-
poor et al., 2016). Another possible explanation of the positive effect of
calcium ions on the dye removal may be the dye aggregation. Powdered
activated carbons also showed better removal efficiency for reactive Blue
81 dye after modified with calcium (Lv et al., 2020).

3.2.4. Effect of temperature

It is well known that changing the temperature changes the kinetic
properties of adsorbate and adsorption capacity of adsorbent. Tempera-
ture influenced the viscosity of SG dye solution and the rate of diffusion
of the dye molecules across the boundary layer and in the mesopores and
macropores of the GWTW particles. On the other hand, with increasing
temperature, the attractive forces between GWTW surface and the dye
molecules are weakened. Additionally, the rise of temperature may
change the desorption rate through the enlarged mobility of SG mole-
cules. An increase of temperature lowers the dye aggregation number
(Navarro and Sanz, 1999). We performed the SG dye adsorption exper-
iments at three different temperatures of 20, 40 and 60 °C. Figure 8
shows the reduction of chromium concentration in SG dye solution as
time proceeds. The same trend was observed during UV-vis absorbance
measurements. The experimental results imply that the increase in
temperature leads to the worse dye removal and that the SG dye
adsorption process by GWTW is exothermic in nature. For all tempera-
tures tested, the percent dye removal was highest at the beginning of the
process but the difference between adsorption rates was more noticeable
after 10 min (Figure 8). The kinetic parameters for the effect of tem-
perature on SG dye and chromium removal by GWTW are presented in
Table 3S and Table 7S, respectively.

3.2.5. Effect of the GWTW dose

The determination of the optimal dose of adsorbent is necessary to
clarify the conditions under which the highest removal efficiency could
be achieved. The effect of GWTW dosage on SG dye removal was
investigated without the correction of solution pH during the adsorption
process to ascertain the optimal ratio of H' ions concentration to
adsorbent mass in adsorption systems. Earlier we have already deter-
mined (Zubryte et al., 2019) that the suspension of GWTW in deionized
water was basic (pH = 8 at the W/V ratio 1:100) due to reactions
(Hedricks, 2006):

Fe(OH); < Fe* + 3 OH™ (12)
FeOOH + Hy0 < Fe** + 3 OH™ a3)
CaCO; « Ca>* + COYT 14)
CO3 + H0 < HCO3 + OH™ 15)

As GWTW acts as Brgnsted base, the higher dosage of GWTW requires
the higher quantity of acid to maintain the optimal solution pH. The

180
160
140
120
100
80 &
60 U
40

20

0

15 2 3 4
pH
olor mmmm Cr —w=—Ca Fe

Figure 7. Effect of initial solution pH on the removal efficiency of SG dye and
leaching intensity of iron and calcium from GWTW. Conditions: Cy (SG dye)
150 mg L 1 T = 20 °C, adsorbent dose 4 gL 1. Contact time 20 min.

206



E. Sodaitiené et al.

~8-20°C —A4—40°C —m-60°C

C(Cr), mg L'

0 -+ T T |

. 40 60
t, min

Figure 8. The chromium content decay curves at different temperatures. Con-

ditions: initial chromium concentration 3.94 mg L L pH 2, adsorbent dose 5
1

gL .

decrease of SG dye adsorption capacity with increasing in GWTW dose
(Figure 9) is not only due to a split of the dye molecules on higher
adsorbent surface but also due to the rise in solution pH and the decrease
of positive charge density on the GWTW surface of adsorbent. It was
determined that the maximum SG dye removal efficiency could be ach-
ieved with the ratio of 2.5 mmol H' ions/g adsorbent.

As we can see from Figure 9, the influence of GWTW dosage on SG
dye removal is related to the dye solution pH effect. The higher the
GWTW concentration in the solution, the more appreciable is the change
in solution pH during the course of the dye adsorption. The highest
percentage of SG dye removal was obtained with the adsorbent dose 4-5
g L1, When the initial dye solution pH value was pHo = 2 and the
adsorbent dose 0.2 g, the removal efficiency was 78 % and about 90 %
after 10 min and 40 min contact, respectively. Whereas, when the
adsorbent dose of 0.35 g was taken, the removal efficiency decreased to
73 % after 10 min contact and even to 64 after 40 min contact. Obviously,
this is a consequence of the solution pH increase from the initial value of
pH 2 to pH 4.6 after 10 min and pH 5.5 after 40 min. According to
diffusion — chemisorption model, the equilibrium adsorption capacity
could be 39.6 mg g’1 with the GWTW dosage 4 g L1 whereas only 15.8
mg g’1 with the GWTW dosage increased up to 7 g L! (Figure 9). The
kinetic parameters for the effect of GWTW dose on SG dye and chromium
removal by GWTW are presented in Table 4S and Table 8S, respectively.

Monitoring of the chemical behavior of adsorption system during the
dye removal process leads to the conclusion that the physical state and
chemical composition of natural adsorbent GWTW determines the
optimal process conditions. Initial dye solution pH should be regulated in
accordance to the dosage of adsorbent to attain the optimal and constant
pH value in the solution. It is important to note that the dye removal
could represent the cost-effective process with the maximum adsorption
speed at room temperature for which the pretreatment of adsorbent

—a-02¢g
40 -
35
30 A

—-025g —+-03g 035¢g

Wi

q, mg g’

0 T T T T
0 10 20 30 40
t, min

Figure 9. Effect of GWTW dose on SG dye adsorption capacity. Conditions:
initial dye concentration 150 mg L™; pHy = 2, T = 20 °C.
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before use is not required. Additionally, it is suitable for the dye solutions
with high initial concentration. The applicability of diffusion-
chemisorption model for SG dye - GWTW adsorption system suggests
that the color and chromium removal rate is controlled by both the
adsorbate diffusion in liquid phase and the pores of adsorbent as well as
the interaction at the active adsorption sites. Theoretical models that
fitted to the experimental data well enable to determine the effects of
initial dye concentration, pH, temperature and adsorbent mass on the
kinetic parameters for SG dye adsorption by GWTW.

3.3. Adsorption equilibrium

Adsorption isotherms describe how SG dye molecules interact with
the GWTW particles at equilibrium (Figure 10) and are important in
optimizing the application of adsorbent (Cheruiyot et al., 2019;
Al-Ghouti and Da'ana, 2020). Experimental points presented in Figure 10
show the adsorption capacity g, and equilibrium SG dye concentration in
the liquid phase at a constant solution pH 2 and temperature 20, 40 or 50
°C. Isotherm models can accurately predict the dependence of adsorbent
efficiency at equilibrium on the initial adsorbate concentration, adsor-
bent mass, solution volume and temperature (Kumar et al., 2019).

The parameters of the used models estimated by non-linear method
are given in Table 4. They provide some insight into the affinity of SG dye
molecules towards GWTW as adsorbent. Figure 10 contains experimental
points for SG dye concentrations from 50 to 1000 mg L' and the equi-
librium adsorption curves predicted by Langmuir-Freundlich model. The
highest correlation coefficients, the lowest Chi-square values (%) and the
standard errors (SE) of qe for Langmuir-Freundlich isotherm suggest that
it is the best model of representing experimental data. The best fit to
Langmuir-Freundlich isotherm indicates the heterogeneous nature of
adsorption sites on GWTW surface. The source of heterogeneity may be
structural and/or energetic properties of GWTW (McKay et al., 2014).
According to Langmuir-Freundlich model, the amount of dye removed at
equilibrium decreased from 185 to 167 mg g~ ! with the increase in
temperature from 293 to 323 K. Analogously, the adsorption capacity for
chromium decreases from 5.5 to 4.1 mg g~ ! with the increasing tem-
perature from 293 to 323 °C (Figure 11S). The lower adsorption capacity
at  higher temperature correlates with the decrease of
Langmuir-Freundlich isotherm constant K, which changes from 0.056 to
0.016 as the temperature increases from 293 to 323 K (Table 4). The
adsorption capacity for SG dye at 293 K temperature increases from 7.7
to 191 mg g~ with the increasing of initial SG dye concentration from 50
to 1000 mg L1 (Figure 10). The removal efficiency of SG dye evaluated
by the residual color is in the range of about 89-95 % (Figure 10S). The
degree of chromium retention from the 50 mg L 1sG dye solution was
about 92 %, and it only slightly decreased to 87-85 % (Figure 10S) with
high initial dye concentration (800-1000 mg L ™).

e 20°C m 40°C A 50°C
--------- 20°CL.-F. ---40°CL.-F. — --50°CL.-F.
250
200
Tbll I
o0l 30
£
100
50
0+ T T T T
0 50 100 150 200
Coqp Mg L

Figure 10. Experimental adsorption isotherms (symbols) and Langmuir-
Freundlich model fits (lines) of SG dye on GWTW at different temperatures.

Conditions: pH 2, adsorbent dose 5 g L', contact time 8 h.
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Table 4. Parameters for the equilibrium adsorption of SG dye onto GWTW.
Model Parameter Temperature

20°C 40°C 50°C

A higher equilibrium binding constant of Temkin isotherm at 293 K
temperature indicates a higher GWTW adsorption potential at ambient
temperature (Table 4). Based on Toth model, the higher value of K; at
lower temperature also means the higher adsorption affinity (Table 4).
The largest Ky value of Freundlich isotherm constant at 293 K tempera-
ture is in accordance with higher adsorption capacity of GWTW for SG
dye at room temperature when compared to elevated temperature
adsorption. The parameters of the used models for chromium are given in
Table 9S.

3.4. Thermodynamic evaluation of SG dye removal

Langmuir-Freundlich model constants were used for the thermody-
namic evaluation of SG dye adsorption by GWTW. Thermodynamic pa-
rameters (the change in standard enthalpy, the change in standard
entropy and Gibbs free energy) can be determined from the following
equations (Atkins and de Paula, 2010):

=20 min

%120 min

TN
A

N

7% A

22

MN 150 MN 200 MN 500 PMB 101 NORIT GWTW
PK 1-3

Figure 11. Comparison of the efficiency of different adsorbents in the removal
SG dye. Conditions: SG dye solution pH 2, adsorbent dose 4 g L', temperature
20 °C, contact time 20 and 120 min.
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Table 5. The values of thermodynamic parameters for the adsorption of SG dye by GWTW.

Temperature (K) K AG® (kJ mol 1) AH° (kJ mol ™) AS® (J mol LK) Van't Hoff equation
293 4.72610* -26.26 -35.80 -32.56 y = 4307x-3.916
313 1.751-10* -25.62 R*=0.984

323 1.335-10* -25.29

[ Ads (color)
@ Ads (Cr)
= Des (color)

=Des (Cr)

Adsorption/desorption, %

No of cycle

Figure 12. The adsorption - desorption cycles for the removal of SG dye by
GWTW using 0.05 M NaOH as eluent.

AG’= —RTIn (K;) ae)
o AH® 1 AS°
nK) =T 7t R a”)

where R is the universal gas constant (8.314 J K ! mol™), Tis the ab-
solute temperature (Kelvin), K, is the thermodynamic equilibrium con-
stant, AH is the change in standard enthalpy (J mol 1), AS° is the change
in standard entropy (J K ! mol™!) and 4G° (J mol™!) is the change in
standard free Gibbs energy.

The thermodynamic equilibrium constants K, were calculated by
using equation (Lima et al., 2019):

K= (1000 - K, - molecular weigyht of ad:orbute) [Adsorbate]” as)

where y is the coefficient of activity (dimensionless), [Adsorbate]° is the
standard concentration of the adsorbate (1 mol L’l), K, is Langmuir-
Freundlich equilibrium constant (L mg’l) and K,° is the thermody-
namic equilibrium constant (dimensionless). The conversion of L mg’1

036
034
032

03
028
026
024
022

02
0,18
0,16
0,14
012

Absorbance

0,08
0,06
0,04
002

into L g ! is obtained by the multiplication of the value of Ky (L mg~1) by
1000.

By constructing a plot of ln(K:) versus 1/T (Figure 128), it is possible
to determine the change in enthalpy (AH") and the change in entropy
(AS°) from the slope and the intercept of the graph, respectively. The
values of AH, AS and AG® are presented in Table 5. According to
thermodynamic calculations, the process of SG dye adsorption was exo-
termic (AH = —35.80 kJ mol !, Table 5). The exothermic nature of
Congo red dye adsorption by cashew nut shell was also determined by
Senthil Kumar et al. (2010). The value of enthalpy change indicates the
physisorption with an electrostatic interaction of GWTW with the dye.
The change of enthalpy for electrostatic interaction as a kind of phys-
isorption varies from 20 to 80 kJ mol ! (Machado et al., 2014).

The sign of AH is in compliance with experimental data of the SG dye
adsorption isotherms demonstrating lower adsorption capacity (qe.) at
higher temperature (Figure 10). The negative value of AS = -32.56 J
mol 1.K! describes that the more ordered structure at adsorbent/solu-
tion interface is obtained as a result of accumulation of SG dye molecules
on GWTW. The negative changes in Gibbs free energy indicate the
spontaneity of the SG dye removal process. The negative values of AG
increase with temperature increase, confirming that the adsorption of SG
dye is more favorable at a lower temperature.

3.5. Comparison of adsorbents for the removal of SG dye

In addition to natural GWTW adsorbent, five different types of
commercially available adsorbent materials were used to compare their
efficiency in the removal of SG dye from aqueous solutions. The calcu-
lated SG dye removal percentages are presented in Figure 11. As we can
see from the data, after 20 min contact of the adsorbents with SG dye
solution, the most promising results of the dye removal efficiency were
achieved by using GWTW and powdered activated carbon NORIT PK 1-3.
Their adsorption capacities were also quite similar after contact time
extended to 120 min. The adsorption of SG dye by polymeric adsorbents
(anionic MN 150, non-ionic MN 200 and mixed bed PMB 101) during the
first 20 min was relatively low. However, the dye removal efficiency
increased after 120 min contact and reached more than 80 %. The worst
result even over a longer period of time was obtained using MN 500

— Omin
— 20 min

440 460 480 500 520 540

560 580
‘Wavelength [nm]

600 620 640 660 680 70 720 740

Figure 13. The UV-vis spectra of anodized aluminum dyeing wastewater sample before treatment and after 20 min contact with GWTW (process conditions: pH

2.0-4.4; V/W 17:1; T 20 °C).
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cation exchanger. This reaffirms that the dye removal was dominated by
electrostatic interaction.

3.6. SG dye desorption study

Reusability of GWTW was evaluated by performing four successive
cycles of SG dye adsorption-desorption. Alkaline solution (0.05 M NaOH)
was selected as eluent to neutralize the positive surface charge of GWTW
and shift the reaction (10) equilibrium to the left. The effect of
adsorption-desorption cycle on the SG dye adsorption capacity can be
seen in Figure 12. The obtained results indicated that GWTW could be
successfully regenerated with NaOH solution and reused without sig-
nificant decrease in SG dye removal efficiency.

3.7. Real wastewater treatment

The GWTW as adsorbent was implemented for the treatment of real
wastewater produced after dyeing of anodized aluminum by adsorption.
The initial pH of wastewater was 5.7. It was diminished to pH 2 with the
addition of 5 M HCI but after 20 min contact with GWTW (wastewater
volume/adsorbent mass ratio 17:1) raised up to 4.4. The color removal
efficiency of the real wastewater can be calculated as follows:

Color removal efficiency = 100 - (Ag—A)/Ag 19)

where Ap and A, are absorbance values of the wastewater before the
treatment and at time t.

The UV-Vis spectra of anodized aluminum dyeing wastewater sample
before treatment and after 20 min contact with GWTW are presented in
Figure 13. The color removal efficiency of anodized aluminum dyeing
wastewater determined by Eq. (19), was about 80 %. Chromium reduc-
tion efficiency was calculated according to Eq. (20):

Chromium reduction efficiency = 100 - (Co—C;)/Co (20)

where Cp and C; are chromium concentrations in the wastewater before
the treatment and at time t.

ICP - OES analysis has shown that the chromium reduction efficiency
of 97 % was attained. The content of aluminum in the treated wastewater
was also below the detection limits. The experimental studies disclose
that GWTW could be utilized as a low-cost adsorbent in anodized
aluminum wastewater treatment for the decoloration and the removal of
chromium and aluminum.

4. Conclusions

According to the results of SEM-EDX, TEM, N5 adsorption/desorption,
FTIR and XPS analysis, the groundwater treatment waste (GWTW) can be
characterized as an eco-friendly nanomaterial with mesoporous-
macroporous structure and with a specific surface area Sggr equal to 35
m? g’l‘

Kinetic studies have showed that the removal process was fast and up
to 90 % of the SG dye was removed within a contact time of 20 min from
the 150 mg L™! SG dye solution. Adsorbent concentration 4-5 g L1, 20
°C temperature and solution pH 2 were optimal conditions for the SG dye
removal. Kinetic curves at different initial SG dye and GWTW adsorbent
concentrations, temperatures and pH fitted well to diffusion-
chemisorption, hyperbolic tangent and Elovich models. The adsorption
system is strongly affected by pH changes in the solution. When the initial
dye solution pHy > 2, the increase in final pH was observed due to the
basic properties of GWTW. The heterogeneous adsorption of SG dye was
confirmed by applicability of Langmuir-Freundlich model and the
maximum equilibrium capacity at 293 K was 185 mg g~ . SG dye solu-
tions even with high initial concentration (500-600 mg L™Y) can be
decolorized successfully. Thermodynamic study has showed that the
adsorption of SG dye by GWTW was exothermic, spontaneous and with
more ordered structure at the interface of the adsorbate and solution.
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According to magnitude of enthalpy, electrostatic interactions between
the positive GWTW surface and the negative dye molecules are involved
in pH dependent adsorption process. The presence of ferric and calcium
ions in the adsorption system may have the positive effect on the dye
removal process. We conclude that GWTW, as an eco-friendly and
renewable nanomaterial, can be successfully used for the fast and effi-
cient removal of anodized aluminum dye from acidic aqueous media. The
efficiency of GWTW adsorbent was also approved in the treatment of
anodized aluminum industry wastewater.
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