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PREFATA

Aceasta teza este rezultatul activitatii de cercetare desfasurate pe parcursul
studiilor universitare de doctorat, in domeniul Ingineria Mediului,
organizate de Scoala de Studii Doctorale din cadrul Universitatii ,,Vasile
Alecsandri” din Bacau, In perioada octombrie 2013 — septembrie 2016, sub

indrumarea domnului prof. univ. dr. ing. Gabriel Octavian LAZAR.

Pe parcursul pregatirii acestei teze de doctorat autorul a beneficiat de
mobilitati de plasament (SMP) in cadrul Programului ERASMUS+, n anii
2015 si 2016.

Tn anul 2015 s-a semnat acordul de doctorat in cotuteld internationald intre
Universitatea ,,Vasile Alecsandri” din Bacau si Universitatea din Vigo,
indrumdtori de doctorat fiind prof. univ.dr. ing. Gabriel Octavian LAZAR
din partea romdnd, respectiv prof. dr. M2 Angeles Sanroman Braga din

partea spaniola.

O mare parte din cercetarile prezentate in aceastd teza au fost efectuate in
timpul stagiilor in Spania, la Universitatea din Vigo, in perioada 23.03 —
24.07.2015, respectiv 01.04 — 30.06.2016.
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Motto

» The nation that destroys its soil
destroys itself”’
Franklin D. Roosevelt

INTRODUCERE

Problema siturilor industriale contaminate istoric, ca urmare a desfasurarii
activitatilor industriale trecute si recente in lipsa unui cadru legislativ adecvat de prevenire
a poluarii si protectie a solului, capatd o atentie deosebitd in ultimii ani. Orice stat membru
al Uniunii Europene trebuie sa se supund cerintelor impuse de reglementarile legislatiei
comunitare care urmaresc inventarierea, investigarea siturilor (potential) contaminate si
punerea in aplicare a proceselor de remediere a siturilor contaminate.

Pentru Romaénia, investigarea i remedierea terenurilor contaminate istoric este o
prioritate. Romania si-a asumat prin Strategia Nationald de Gestionare a Siturilor Poluate
ca pand 1n anul 2015 sd traseze principiile In domeniul gestiondrii siturilor contaminate
(termen scurt), pand in 2020 sid rezolve problema siturilor contaminate care necesitd
actiune urgenta (termen mediu), urmand sa finalizeze actiunea pana in 2050 (termen lung).

Conform inventarului national privind siturile potential contaminate/contaminate,
actualizat de ANPM si depus la Ministerul Mediului in anul 2014, in Roménia existau
1183 situri potential contaminate, din care 861 situri potential contaminate din industria
petroliera — cu toate activitdtile conexe (extractie, prelucrare, transport, depozitare si
distributie).

Tehnologiile conventionale utilizate in vederea remedierii solurilor contaminate cu
produse petroliere au propriile caracteristici si limitdri in ceea ce priveste indepartarea
continutului total de hidrocarburi petroliere (THP) din solurile contaminate. Prin urmare,
dezvoltarea unor tehnologii mai eficiente si mai durabile, care sd contribuie la
imbunatatirea procesului de remediere a solurilor real contaminate, este esentiala.

Dintre tehnicile actuale de remediere a solurilor contaminate trebuie evidentiate
tehnicile in care tratarea se realizeaza local, fara excavare, fie prin extragerea poluantului,
fie prin degradarea sau fixarea acestuia in sol, acestea fiind cunoscute sub denumirea de
tehnici in situ. Din acest grup face parte si electroremedierea sau remedierea

electrocinetica.



Remedierea electrocinetica a solului este o tehnologie Tn curs de dezvoltare, care
consta Tn miscarea si antrenarea contaminantilor, In principal prin electromigrarea speciilor
ionice si prin electroosmoza. Este o metoda relativ sigurd, usor de implementat, care poate
fi aplicatd pentru diferite tipuri de soluri si o mare varietate de poluanti care sunt organici,
anorganici, sau cu o compozitie mixta. In ciuda eficientei dovedite a acestei tehnici, exista
unele limitari in special datoritd proprietatilor THP. Acesti compusi sunt hidrofobi, cu
solubilitate redusa 1n apa si sunt rezistenti la degradare.

Pe de alta parte, procesele de oxidare avansatd (POA), care se bazeaza pe
reactivitatea speciilor cu potential ridicat de oxidare, apar ca o alternativa eficientd pentru
degradarea unor astfel de poluanti. Dintre acestea, procesul Fenton reprezinta o optiune
deosebit de interesanta, dupa cum putem deduce din numarul mare de manuscrise care
trateaza acest subiect. Cu toate acestea, existd si cateva limitari care trebuie abordate.

Una din principalele probleme ale procesului omogen electro-Fenton o reprezinta
generarea de namol, bogat in fier, la sfarsitul procesului si necesitatea completarii acestui
reactiv pe tot parcursul procesului de remediere, ceea ce poate fi o problema de mediu si
poate presupune costuri suplimentare. Cu toate acestea, dupa cum s-a investigat deja si s-a
demonstrat printr-o serie de studii, aceasta problemad poate fi evitatd prin utilizarea
catalizatorilor heterogeni.

Oxidarea electrochimica a compusilor organici in timpul tratamentului electro-
Fenton este puternic influentata de natura materialului electrodului. Multi cercetdtori au
investigat deja efectul si proprietatile diferitelor tipuri de anozi. Deoarece generarea
principalului oxidant (H,O,) are loc prin reducerea oxigenului la catod, este importanta
evaluarea materialelor de electrod care favorizeaza aceasta reactie.

Tn plus, un alt dezavantaj important al procesului electro-Fenton il reprezinti
consumul ridicat de energie. Astfel, in ultimii ani, prin combinarea diferitelor tehnologii s-
a redus consumul de energie si s-a asigurat o alternativa eficienta, minimizand sau chiar
eliminand unele dezavantaje ale proceselor de remediere aplicate individual, prin cuplarea
acestora.

Desi procesul de oxidare electro-Fenton a fost considerat unul dintre cele mai
eficiente in privinta elimindrii diferitilor poluanti, in conditiile in care nu este Intotdeauna
posibil sa se aplice acest tratament si avand in vedere ca poate fi mai costisitor comparativ
cu alte tehnologii, este necesar un studiu aprofundat in vederea imbunatatirii procesului si

identificarii acelor tehnologii care pot conduce la o crestere a eficientei procesului de



decontaminare, care sunt fezabile economic si care nu prezintd riscul producerii unei

poluari secundare.

Sinteza tezei de doctorat. Scopul si obiectivele cercetarii.

Lucrarea intitulatd “Tratarea solurilor contaminate cu produse petroliere,
folosind tehnici electrocinetice moderne”, prezentatd ca teza de doctorat, are drept scop
proiectarea si dezvoltarea unui sistem adecvat, in care metoda electrocinetica este cuplata
cu procesul Fenton, denumit in continuare EK — Fenton (Electrokinetic — Fenton), in
vederea remedierii in situ a solurilor contaminate cu produse petroliere. Tn plus, s-a urmarit
dezvoltarea metodelor de remediere a solurilor contaminate, prin combinarea proceselor, in
vederea obtinerii unor tehnologii alternative mai eficiente.

Teza de doctorat este structuratd pe trei parti, 6 capitole, insumand 153 pagini,
inclusiv anexe.

Introducerea prezintd importanta si necesitatea demersului stiintific, precum si
directiile de cercetare actuale, corelate cu obiectivul general si obiectivele specifice
stabilite in cadrul tezei.

Partea | — Cercetare documentara, structurati in doua capitole, abordeaza
problema poluarii solului in general si a siturilor contaminate cu produse petroliere in
special. Sunt prezentate principalele prevederi legislative care reglementeaza activitatile in
domeniul protectiei solului si strategia privind managementul siturilor contaminate
(capitolul 1). De asemenea, s-a realizat o trecere in revista a metodelor, tehnologiilor
conventionale utilizate In procesul de remediere a solurilor contaminate si a cercetdrilor
semnificative, la nivel international, care au vizat remedierea solurilor contaminate cu
produse petroliere. Aceste lucrari sunt relevante pentru a evalua eficienta, respectiv
avantajele, limitdrile tehnologiilor aplicate si pentru a stabili liniile de cercetare care
urmeaza a fi abordate in teza (capitolul 2).

Partea a Il-a — Cercetare experimentala. Contributii originale, prezintd o serie
de studii experimentale (capitolele 3-5), care cuprind cercetarile originale intreprinse in
vederea imbunatatirii metodei de remediere, selectate, a solurilor contaminate cu produse
petroliere si identificdrii unor tehnologii alternative cat mai eficiente si ecologice in acelasi
timp. Prin aplicarea tratamentelor electrocinetice si prin cuplarea acestora cu alte
tehnologii s-au analizat eficienta si parametrii cheie ai procesului de remediere in vederea
imbunatatirii acestora si dezvoltdrii unor tehnologii alternative viabile. Pentru aceasta, s-au

stabilit o serie de obiective specifice, care sunt prezentate in aceasta lucrare pe capitole:
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Capitolul 3
» evaluarea eficientei metodei EK-Fenton Tn remedierea solurilor contaminate cu

hidrocarburi;
adaugarii agentilor de solubilizare (surfactanti).
Tn acest sens, s-au urmarit:
» identificarea hidrocarburilor din solurile poluate istoric;
» cresterea solubilitatii THP si indepartarea acestora prin adaugarea surfactantilor in
tratamentul ex situ;
» transportul H,O; prin sol, de la anod la catod, prin procesul electrocinetic;
» reactiile Fenton care au loc in matricea solului, conducéand la degradarea THP in situ;

» cresterea eficientei tratamentului EK-Fenton, imbunatatit prin adaugarea surfactantilor.

Capitolul 4

= evaluarea diferitilor agenti de oxidare in vederea determinarii relatiei dintre poluantii
prezenti 1n sol si parametrii cheie ai procesului;

» evaluarea eficientei unei tehnologii alternative, care consta in spalarea solului utilizand
diferiti oxidanti cuplata cu metoda electrocinetica (tehnologie denumita in continuare
EKOSF/Electrokinetic Oxidant Soil Flushing), in cazul solurilor contaminate cu
hidrocarburi, prin aplicarea in situ, la scara de laborator.

In literatura de specialitate, majoritatea studiilor abordeazi evaluarea solurilor
contaminate artificial cu poluanti individuali. Pentru a evalua sistemul intr-un mediu
apropiat de conditiile reale, studiul de fata a fost realizat cu un sol contaminat istoric, dintr-
o zond industriald cu activitate istorica, din apropierea orasului Bacdu (Romania).
Tehnologia de spalare in situ a solului, in care oxidantul este introdus in solutia de spalare
(oxidare chimica in situ), cuplata cu procesul electrocinetic (EKOSF ) a fost evaluata.
EKOSF a fost realizat folosind diferiti oxidanti, hipocloritul de sodiu (NaOCI),
permanganatul (KMnQ,) si persulfatul de sodiu (Na,S;0g), care au fost transportati din
camerele electrozilor in sectiunile matricei solide sub actiunea cdmpului electric. Initial,
solul a fost caracterizat si s-au efectuat mai multe experimente ex-situ in vederea
determindrii relatiei dintre poluantii prezenti n sol si parametrii cheie ai procesului si
pentru a evalua eficienta fiecarui oxidant in procesul de degradare THP prezente in sol. Pe

baza rezultatelor preliminare obtinute s-a evaluat eficienta acestei tehnologii hibride
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EKOSF in cazul solurilor contaminate cu hidrocarburi, prin aplicarea in situ la scara de

laborator.

Capitolul 5
» analiza fezabilitatii utilizarii procesului de oxidare electro-Fenton in vederea degradarii

metilparabenului;
» imbunatatirea procesului prin fixarea Fe pe suprafata catodului, care sa permita

autogenerarea catalizatorului si sa faciliteze operarea in mod continuu.

Din analiza literaturii de specialitate, rezultd ca degradarea compusilor organici prin
procedeul electro — Fenton este influentatd, in general, de efectele pH-ului initial,
concentratiei de ioni ferosi, concentratiei de peroxid de hidrogen si ale materialelor de
electrod.

Pentru aplicarea tehnicilor de remediere electrochimica pot fi utilizate diverse
configuratii, iar electrozii pot fi fabricati din diferite materiale. In ultima perioada, se
acorda o importanta deosebitd materialelor de electrod si eficientei acestora.

Tn acest studiu s-a urmarit imbunatétirea procesului de oxidare electro — Fenton,
prin pregatirea unor electrozi catodici, prin metode diferite, care sia permita
electrogenerarea H,O, cu concentratiec mare si fixarea Fe (pe suprafata electrozilor),
favorizand reactia rapida intre cei doi reactivi si conducand astfel la cresterea ratei de
degradare a poluantilor. Eficienta electrozilor propusi a fost analizata si comparata cu
oxidarea anodica (OA) si tratamentul omogen EF, in procesul de degradare a unui paraben
model. Electrodul care s-a dovedit a fi mai eficient a fost reutilizat in vederea confirmarii
performantelor obtinute si evaludrii potentialului de operare in mod continuu. In final,
degradarea si mineralizarea metilparabenului a fost verificata prin identificarea compusilor
intermediari (acizi carboxilici si compusi fenolici). In urma analizei acestor compusi prin
GC-MS s-a propus o cale de degradare plauzibild pentru parabenul studiat.

Partea a Il1-a — capitolul 6, cuprinde concluziile generale referitoare la cercetarile
realizate, criteriile de calitate, date privind diseminarea rezultatelor, bibliografie si anexe.

Rezultatele originale ale tezei au fost diseminate astfel: 2 articole Tn reviste cotate
ISI Web of Science (prim autor), 2 articole n reviste cotate 1SI Web of Science (co-autor),
2 lucrari in extenso (tip proceedings), publicate in volumele unor conferinte internationale
(in calitate de co-autor), 3 lucrari (din care o lucrare sub forma de comunicari orale)
prezentate la conferinte nationale si internationale in calitate de prim autor, 6 lucrari

prezentate la conferinte nationale si internationale in calitate de co-autor.
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II. CERCETARE EXPERIMENTALA.
CONTRIBUTII ORIGINALE

CAPITOLUL 3
TEHNOLOGIA EK-FENTON TN TRATAREA SOLURILOR
CONTAMINATE ISTORIC CU HIDROCARBURI

3.2. REZULTATE SI DISCUTII

Initial, o caracterizare detaliatd a solurilor analizate a fost necesara pentru a
determina conditiile optime ale tratamentului EK-Fenton. Unii factori, cum ar fi originea
solului, pH-ul, continutul de materie organica si continutul de metale, conductivitatea si
capacitatea tampon, in mediu acid, a solului au fost analizate.

Tn continuare s-a efectuat o serie preliminard de experimente EK-Fenton ex-situ
pentru a determina fezabilitatea acestui proces in conditiile strategiei abordate. In final, s-
au realizat unele experimente EK-Fenton, simulate in-situ, in vederea evaludrii eficientei

acestei tehnologii aplicate celor doua soluri contaminate istoric cu hidrocarburi.

3.2.1. Caracterizarea probelor de sol contaminate istoric cu hidrocarburi

Ambele probe de sol contaminate, din Spania (SP) si Romania (RO), au avut o
culoare inchisda si un miros slab de motorind, continand pietre si moloz. Pentru
omogenizare, probele de sol au fost sitate printr-o sita standard de 2 mm. De asemenea, a
fost efectuata o caracterizare chimica a probelor de sol omogenizate, in ceea ce priveste

continutul de metale grele si THP (Tabelul 3.1).

Tabel 3 3 Hidrocarburi identificate, prin GC-MS, n probele de sol analizate
(Sandu et al., 2016)

Aidentif./ZAidentif. -100 Solubilitate

Numéar  Retentie

Compusi Abreviere . RO SP in apa
C (min) L
(%) (%) (mg.L™)
Tetradecane TDE 14 11.68 2.04 <0.10 2.2:10°
Motorina
2,6,10- s
(Cio-Cy) DDE 15 12.66 1.30 3.14 51.5-10°

Trimethyldodecane
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(Farnesane)

Pentadecane PDE 15 13.25 3.53 <0.10 7.6-10°
Hexadecane HXE 16 14.73 4.80 - 9.0-10™
2,6,10-
Trimethylpentadecane  PDT 18 15.41 2.37 13.23 n.s.
(Norpristane)
Heptadecane HDE 17 16.14 5.36 <0.10 2.9-10*
Pentadecane,
2,6,10,14-tetramethyl-  PDP 19 16.22 5.23 37.72 n.s.
(Pristane)
Octadecane ODE 18 17.47 4.72 <0.10 2.1:10°
Hexadecane,
2,6,10,14-tetramethyl- HDP 20 17.59 2.33 37.15 n.s.
(Phytane)
Nonadecane NDE 19 18.75 4.94 8.55 n.s.
Eicosane ECO 20 19.97 4.63 - 1.9-10°
Heneicosane HIO 21 21.13 4.85 - n.s.
Docosane DCO 22 22.25 4.25 - n.s.
Tricosane TCO 23 23.32 4.31 - n.s.
Tetracosane TTCO 24 24.35 4.29 - n.s.
Pentacosane PCO 25 25.34 4.46 - n.s.
Hexacosane HCO 26 26.30 3.99 - 1.7-10°
Heptacosane HPCO 27 27.24 4.17 - n.s.
Octacosane 0]60) 28 28.12 4.18 - n.s.
Nonacosane NCO 29 28.98 4.59 - n.s.
Ulei motor TriaC(-)ntane TC 30 29.82 4.26 - n.s.
Hentriacontane HTC 31 30.63 3.40 - n.s.
(Ca1 - Cuo) 28-Nor-17p(H)- n.s.
hopane (Moretane) NHO 29 30.91 1.18 -
Dotriacontane DTC 32 31.41 2.38 - n.s.
Tritriacontane TTC 33 32.17 1.55 - n.s.
Tetratriacontane TTTC 34 32.92 1.49 - n.s.
Pentatriacontane PTC 35 33.64 1.39 - n.s.
Hexatriacontane HXTC 36 34.34 1.13 - 1.7-10°
Heptatriacontane HPTC 37 35.03 1.10 - n.s.
Octatriacontane oTC 38 36.66 0.65 - n.s.
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Continutul de THP in probele de sol atinge valori semnificativ mai mari decét cele
raportate ca valori de prag de catre legislatiile de mediu spaniola si romana: 50 mg .kg™
prevazut in Real Decreto 9/2005 (Ministerio de Presidencia, 2005), respectiv 500 — 2000
mg .kg'1 prevazut in Ordinul 756/1997 (Ministerul Apelor, Padurilor si Protectiei Mediului,
1997).

Identificarea si cuantificarea hidrocarburilor continute in sol, care poate fi utilizata
ca amprenta a poludrii in zonele industriale, s-a realizat prin GC-MS si GC-FID (Tabelul
3.3). Rezultatele obtinute au indicat diferite surse de poluare a solurilor analizate. Analiza
hidrocarburilor a condus la identificarea n-alcanilor si hidrocarburilor izoprenoide drept
componente ale solurilor analizate. Solul din Spania contine in principal hidrocarburi din
domeniul C10-C20 (figura 3.12 a), care sunt asociate motorinei. Solul din Romania
prezinta o distributie larga a hidrocarburilor (C10-C40; figura 3.12 b), cu origine atat in
motorind cat si In ulei de motor.

Este important de subliniat riscul ridicat asociat cu periculozitatea acestor
hidrocarburi si gama larga de proprietati chimice ale acestora, cum ar fi solubilitatea redusa
in apa (Tabelul 3.3), care influenteazd in mod semnificativ eficienta proceselor de
remediere.

Este cunoscut faptul ca ratele de biodegradare pasiva, a motorinei, in soluri sunt
destul de uniforme; prin urmare, schimbarile in compozitie pot fi utilizate pentru estimarea
varstei contaminarii cu motorina (Christensen et al., 1993).

Conform datelor din literatura de specialitate, compozitia carburantilor puternic
degradati (invechiti) este dominata de izoprenoide, in timp ce n-alcanii domina compozitia
combustibililor “proaspeti”. Acest fapt se datoreaza faptului cd@ biodegradarea
izoprenoidelor este mai lenta in comparatie cu cea a n-alcanilor. Prin urmare, modificarile
in timp ale raportului de abundentd n-alcani /izoprenoide, atunci cand biodegradarea se
produce in prealabil prelevarii probelor, pot fi utilizate pentru estimarea varstei motorinei

n soluri.
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Figura 3 12 Analiza cromatografica (cromatograma probelor de sol)

a) cromatograma sol Spania; b) cromatograma sol Romania

Pe baza studiului realizat de Christensen (Christensen et al., 1993) s-a estimat
varsta motorinei in soluri. Motorina prezentd in probele de sol din Spania a prezentat
gradul cel mai avansat de imbatranire (19,7 ani) si s-a demonstrat a fi un sol poluat istoric.
n cazul probelor de sol din Romania, varsta contaminantului (motorina) s-a estimat la

aproximativ 11 ani.
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In plus, posibila biodegradare naturald a poluantilor poate fi evaluati prin fractiile
Ci7 / pristan si Cyg / fitan (Weiner, 2009). Cantitatea mare de pristan si fitan, detectatd in
probele de sol din Spania, a condus la un raport mai mic de 1,0 pentru fiecare dintre ele si a
demonstrat ca un anumit proces de biodegradare a avut loc in soluri, inaintea colectarii
probelor. Un comportament similar se poate concluziona din raportul calculat pentru
probele de sol din Roménia, unde au fost detectate concentratii destul de similare ale n-
alcanilor (Cy7 si Cg) si izoprenoidelor (pristan si fitan) descrise.

Se poate concluziona ca s-a produs o scurgere de motorind / benzina pe cele doua
soluri. In plus, aceste rezultate confirma faptul ci probele de sol utilizate in acest studiu au
fost contaminate istoric cu hidrocarburi.

Referitor la continutul de metale din solurile studiate, in solul din Romania a
rezultat o concentratie totald a metalelor superioard, comparativ cu solul din Spania
(Tabelul 3.1).

Este important de subliniat ca, in ambele soluri s-au detectat concentratii mari de
fier, mangan, zinc si magneziu, care ar putea fi utilizate pentru a actiona ca un catalizator
al reactiei Fenton (Pimentel et al., 2008; Fernandez de Dios et al., 2015). Totusi,
concentratia mare de fier in ambele probe de sol face ca acestea sa fie mai adecvate pentru
reactiile Fenton care au loc in matricea solului.

Tn cazul In care probele de sol sunt poluate cu metale grele, capacitatea tampon n
mediu acid a pH-ului are o mare influentda asupra procesului de remediere, deoarece
desorbtia poluantilor metalici din sol este favorizata de un pH scazut. Este cunoscut faptul
ca, caolin-ul are o capacitate tampon in mediu acid redusa (Saichek et al., 2003). Din acest
motiv, capacitatea tampon a caolin-ului a fost comparata cu profilurile ambelor probe de
sol (figura 3.13). Desi solul din Romania a avut un pH initial similar, s-a observat,
comparativ cu comportamentul caolin-ului, o usoara schimbare a pH-ului in suspensie. O
evolutie similard s-a inregistrat si in cazul solului spaniol. pH-ul ambelor probe de sol s-a
redus practic, constant, odata cu adaugarea acidului clorhidric. O valoare acida a pH-ului,
n jur de 4, s-a mentinut un timp dupa adaugarea a 20 meq / 100g de acid clorhidric.

In vederea mentinerii unui mediu acid in sol, pentru a favoriza solubilizarea
metalelor si reactiile Fenton, addugarea unor agenti de complexare, cum ar fi acidul citric,
este necesard pentru a imbunatati disponibilitatea metalului in procesul de remediere.

In plus, valoarea conductivititii electrice poate fi folositi pentru a extrage

informatii cu privire la comportamentul solului sub actiunea campului electric. Solurile
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studiate au o conductivitate electricd mare. Prin urmare, este de asteptat o rezistentd

electrica redusa, care va favoriza tratamentul electrocinetic.

C,,, (meg/100 g)

Figura 3 13 Capacitatea tampon, in mediu acid, a solurilor

('¥) caolin, ([1) spaniol si (®) romanesc

3.2.2. Experimentele EK-Fenton ex-situ

Procedeul de decontaminare electrochimicd a solurilor poluate reprezinta o
tehnologie promitatoare de remediere in situ. Cu toate acestea, succesul acestei tehnici
depinde in mare masurd de capacitatea poluantilor de a migra sub actiunea campului
electric. Este esential ca speciile contaminate sd fie indepartate din matricea solului si
aduse intr-o stare solubila sau dizolvate (Hamdan et al., 2014). Solubilitatea redusa, in apa,
a hidrocarburilor prezente in probele de sol (Tabelul 3.3) face dificila disponibilitatea
acestora de a fi transportate sau dizolvate.

Tn plus, in prezenta campului electric au loc mai multe fenomene, cum ar fi reactiile
electrochimice, generarea proceselor de curgere si a gradientului de pH, mobilitatea,
sorbtia, desorbtia, precipitarea substantelor poluante, complexarea. Prin urmare, in vederea
imbunatatirii eficientei de Indepartare si garantdrii unei performante optime, este necesar sa
se utilizeze tehnici Tmbundtatite pentru a permite rezolvarea acestor probleme si

controlarea procesului de indepartare a poluantilor (Yeung et al., 2011).
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Tn acest studiu, planul de lucru conceput s-a axat pe parcurgerea a trei etape cheie:
1) solubilizarea hidrocarburilor absorbite de pe suprafata particulelor de sol, pentru a
facilita transportul acestora si reactiile de oxidare; ii) controlarea pH-ului in sistem,
mentinand pH-ul solului la o valoare care sa favorizeze reactiile Fenton si fluxul
electroosmotic si care sd evite precipitarea speciilor metalice; si iii) complexarea fierului
prezent in sol pentru a mentine o parte din acesta solubil, in mediu, permitand reactia cu
peroxidul de hidrogen.

Pe baza unui studiu anterior (Bocos et al., 2015), pentru a obtine conditiile dorite
mentionate la punctele ii) si iii), In toate experimentele, o solutie de acid citric (0.1 M) a
fost utilizatd pentru o tehnici imbunatatiti. In plus, alegerea unui agent tensioactiv
(surfactant) adecvat, capabil sa solubilizeze hidrocarburile prezente in proba de sol, este
esentiala pentru a obtine cu succes o indepartare eficientd a poluantilor din sol.

Din acest motiv, s-au evaluat doud tipuri de surfactanti nonionici, Tween 80 si
Triton X100, la o concentratie stabilita ca fiind optima pentru indepartarea hidrocarburilor
aromatice policiclice din probele de caolinit contaminate artificial (Alcantara et al., 2009).

Pe baza rezultatelor lui Mousset (Mousset, et al., 2014), in complexul format
Tween 80-fenantren, fenantrenul este prins in nucleul micelei, ceea ce duce la o
disponibilitate mai mica fata de speciile de oxidare. In consecint, radicalii hidroxil trebuie
sa degradeze micela inainte de a degrada contaminantul. Din acest motiv, o serie de
experimente EK-Fenton ex-situ, preliminare, au fost efectuate pentru a evalua capacitatea
surfactantilor (Tween 80 si Triton X 100) de solubilizare si degradare a hidrocarburilor
prezente in solurile contaminate istoric cu hidrocarburi. Astfel, a fost facut un studiu
comparativ ntre experimentele EK-Fenton, ex-situ, in care s-au utilizat surfactanti si
experimentele realizate in absenta surfactantilor.

Dupa cum se poate observa in Tabelul 3.4, este clar ca pentru ambele probe de sol
s-au obtinut cele mai bune rezultate atunci cand procesul a fost efectuat in prezenta
surfactantilor.

Procentele de indepartare a contaminantilor, obtinute dupa 24 de ore de tratament
fara surfactant, au fost de 25,72 si 15,09% pentru probele de sol din Spania, respectiv
Romania. Aceste procente au crescut considerabil odata cu utilizarea Tween 80 pentru
proba de sol din Spania (pana la 81,82%) si Triton X 100 pentru proba de sol din Roménia
(pana la 71,57%).

In toate experimentele, concentratia de hidrocarburi detectatd in mediul lichid a

fost neglijabila. Este de remarcat gradul superior de indepartare a poluantilor, obtinut
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pentru proba de sol din Spania, comparativ cu solul din Roméania. Acesta poate fi explicat
pe baza structurii diferite a celor doua probe de sol. Dupa cum s-a mentionat anterior, solul
din Spania contine in principal hidrocarburi din domeniul C10 pana la C20, in timp ce
solul din Romania prezinta o distributie larga a hidrocarburilor din domeniul C10-C40. Din
acest motiv, desi continutul de THP din proba de sol din Spania este mai mare fata de cel
din proba de sol din Romania, aria restransa a tipurilor de hidrocarburi favorizeaza

solubilizarea acestor compusi si in consecintd favorizeaza reactiile de oxidare.

Tabel 3 4 Degradarea THP, dupa tratarea ex situ a probelor de sol
timp de 24 de ore, prin tehnica EK-Fenton

Experiment Proba Surfactant (1%) Decontaminare
sol (%)
1 SP - 25.72
2 SP Tween 80 81.82
3 SP Triton X100 76.16
4 RO - 15.09
5 RO Tween 80 58.80
6 RO Triton X100 71.57

Conditiile experimentale: voltaj — 5 V, solutie electrolit - Na;SO4 0.01 M, 10% H,0; si
acid citric 0.1 M.

Pe baza rezultatelor mentionate mai sus, urmatorul pas a constat in evaluarea
potentialului de cuplare a remedierii electrocinetice cu alte tehnici de remediere, cum ar fi

oxidarea Fenton, In vederea optimizarii gradului de indepartare a poluantilor.

3.2.3. Experimentele EK-Fenton simulate in-situ
Experimentele EK-Fenton s-au efectuat prin aplicarea unei tensiuni de 3 V-cm™
intre doi electrozi (anod si catod) din bard de grafit, folosind ca electrolit o solutie de
Na;SO4 (0,1 M), acid citric (0,1 M) si H,0; (10%).
In experimentele imbunitatite (optimizarea parametrilor de proces), in solutia de

electrolit s-a adaugat Tween 80 sau Triton X-100 intr-o concentratie finala de 1%.
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Tn timpul experimentelor EK-Fenton, o serie de parametri de proces, cum ar fi
intensitatea curentului electric, fluxul electroosmotic si pH-ul, au fost monitorizati. La
inceputul si la sfarsitul fiecarui experiment EK-Fenton, s-au colectat probe lichide din
solutiile de la catod si anod, precum si probe din matricea solidd pentru analize chimice.

La finalul experimentelor, probele de sol analizate au fost impdrtite in trei sectiuni
egale (notate S1, S2 si S3, de la anod la catod). Acestea au fost analizate pentru
determinarea continutului de umiditate, pH-ului, THP si a concentratiilor metalelor din sol.

Pentru ambele probe de sol (SP si RO), s-a obtinut o rata de degradare a THP mai
micd de 10%, In cazul experimentelor EK-Fenton care s-au realizat fard adaos de
surfactant.

Rezultate mai bune s-au obtinut in cazul experimentelor EK-Fenton cu adaos de
surfactanti (Figura 3.14, Figura 3.15).

De obicei, Tn studiile anterioare, rezultatele aratd doar conversia totald a THP. Cu
toate acestea, pentru a analiza ce tipuri de hidrocarburi sunt mai afectate de tratamentul
EK, compusii mai reprezentativi din probele initiale au fost evaluati. Pentru selectarea
acestor hidrocarburi, a fost calculat raportul dintre aria compusului specific si suma ariilor
tuturor compusilor identificati si s-au luat in calcul doar compusii/ hidrocarburile cu
procentaje egale sau mai mari de 4% (Tabelul 3.3).

In figurile 3.14 si 3.15este prezentata eficienta de indepartare, in procente, a celor
mai reprezentative hidrocarburi. Se poate observa reducerea continutului initial de

hidrocarburi, in urma experimentelor EK imbunatatite (cu adaos de surfactanti).
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Figura 3 2 Degradarea hidrocarburilor reprezentative (S1, negru; S2, gri deschis;

S3, gri inchis) in proba de sol din Spania
(a) EK-Fenton+Tween 80 si (b) EK-Fenton+Triton X100 (conditii de lucru 3 V-cm™, acid

citric 0.1M, Na;SO4 0.1 M, H,0, 10%).
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Figura 3 13 Degradarea hidrocarburilor reprezentative (S1, negru; S2, gri deschis;

S3, gri inchis) in proba de sol din Roméania

(a) EK-Fenton+Tween 80 si (b) EK-Fenton+Triton X100 (conditii de lucru 3 V-cm™, acid
citric 0.1M, Na,SO,4 0.1 M, H,0, 10%)

3.2.3.1 Tratarea EK-Fenton, imbunatitita, a probelor de sol din Spania

in tratarea imbundtdtita a ambelor probe de sol, utilizand Tween 80 si Triton X100,
s-a observat acelasi tipar, in care DDE (C15) este hidrocarbura cu un grad ridicat de
indepartare din matricea solului, in timp ce NDE (C19) este mai rezistenti la tratament. in
plus, analiza continutului total de hidrocarburi, pentru fiecare sectiune a solului, a indicat o
degradare superioara in sectiunea S1 comparativ cu S2 si S3. Acest fapt poate fi explicat ca
urmare a faptului ca H,O, a fost inclus doar Th camera anodului pentru a fi transportat de
fluxul electroosmotic in sol in vederea inceperii reactiilor Fenton. De asemenea,
hidrocarburile solubilizate sunt transportate de la anod catre catod prin intermediul fluxului

electroosmotic, obtindnd o usoara crestere a concentratiei In sectiunea apropiatd camerei
catodului.
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Tn aceste experimente au rezultat rate aproape constante ale fluxului electroosmotic,
in jurul valorilor de 45,38 si 42,25 cm /zi, pentru experimentele cu Tween 80 si Triton
X100, respectiv. Caracterul hidrofil (echilibrul polar) al unui surfactant este reflectat de
balanta hidrofil-lipofila BHL (15.4 si 13.5 pentru Tween 80, respectiv pentru Triton X100).
Acest parametru este in relatie liniara cu constanta dielectrica a surfactantului (Gorman et
al.,1963).

Conform teoriei Helmholz-Smoluchowski, fluxul electroosmotic scade odata cu
constanta dielectrica. Aceasta poate explica fluxul electroosmotic inferior pentru Triton

X100 in raport cu Tween 80.

Intensitate (MA)

Intensitate (MA)

T T T
o] 5 10 15

Durata (zile)

Figura 3 14 Profilurile intensitatii curentului electric ([1) EK-Fenton+Tween 80 si (®) .g
EK-Fenton+Triton X100 pentru (a) proba sol SP si (b) proba sol RO

i tii.
Initial, valoarea intensitatii curentului electric a fost crescutd datorita prezentei in probele

de sol a speciilor ionice care sunt transportate sub efectul cdmpului electric si migreaza

spre electrodul incarcat cu sarcina opusa.
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Figura 3 15 Profilurile pH-ului si distributiei metalelor (C/C0) in (a) proba de sol SP si
(b) proba de sol RO (pe sectiuni), dupa experimentele EK-Fenton
(gri inchis) EK-Fenton+Tween 80 si (alb) EK-Fenton+Triton X100

Aceasta tendinta este redusad pe parcursul procesului de electromigrare si deplasare
a speciilor ionice catre camerele electrozilor. O scadere a pantei graficului intensitdtii
curentului electric se inregistreazd de-a lungul timpului, cu unele fluctuatii. Aceasta ar
putea fi din cauza schimbarilor in chimia solutiei si a reactiilor care au loc in matricea
solului.

Tn figura 3.17 (a) sunt prezentate evolutia pH-ului si distributia metalelor (Fe, Mg,
Zn si Mn) in sol dupa tratamentul EK. In acest caz, pentru toate experimentele, acidul citric
a permis mentinerea pH-ului la o valoare apropiata, aproximativ 3, de-a lungul solului n
celula electrocinetica. La aceasta valoare a pH-ului, solubilitatea speciilor feroase si

reactiile Fenton au fost favorizate. In plus, asa cum a fost mentionat anterior, aceste probe
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de sol au o capacitate tampon, in mediu acid, redusa. Acest mediu acid forteaza poluantii
sd ramana in solutia interstitiala pentru ca mai apoi acestia sd fie transportati spre camera
electrodului sub actiunea campului electric (Ribeiro et al.,2005). Astfel, se poate explica

distributia similara a metalelor identificata in ambele tratamente.

3.2.3.2 Tratarea EK-Fenton, imbunététita, a probelor de sol din Romania

In ceea ce priveste tratamentul EK-Fenton al probelor de sol din Romania, folosind
Tween 80, rezultatele au aratat o tendintd similara cu cea a probelor de sol din Spania, cu o
degradare usor superioara in sectiunea S1 a solului fata de S2 si S3 (Figura 3.15). Cu toate
acestea, atunci cand a fost utilizat Triton X100 diferentele au fost mai mari in cazul tuturor
hidrocarburilor. Acest comportament poate fi explicat in urma evaluarii distributiei
metalelor in sol. Dupa cum se poate observa in figura 3.17 (b), distributiile metalelor in
sol, pentru cazul n care s-a utilizat Tween 80, au fost destul de asemanatoare.

Dupa tratamentul 1n care s-a adaugat Triton X100 in solutia de electrolit,
acumularea Mn si Zn in sectiunile S2 si S3 ale solului indica precipitarea metalelor in sol
ca urmare a cresterii valorii pH-ului (de la 3 la 5). Tn plus, fluxul electroosmotic s-a epuizat
dupa 15 zile. Pana in acel moment, s-a Inregistrat o ratd constantd de debit a fluxului
electroosmotic, in jur de 56,98 si 52,84 cm /zi, pentru tratamentul cu Tween 80, respectiv
Triton X100. De asemenea, o evolutie asemanatoare se observa si in cazul profilului
intensitatii curentului electric Figura 3.16 (b)). Initial, datoritd continutului ridicat de
metale in probele de sol din Romania, a rezultat o pantd a graficului valorilor intensitatii
curentului electric mai mare comparativ cu panta graficului corespunzator probelor de sol
din Spania. Cu toate acestea, in cazul tratamentului cu Triton X100, dupa 10 zile
intensitatea curentului electric s-a redus ca urmare a precipitarii metalelor in matricea
solului, fapt ce a condus la reducerea transportului speciilor prin sol.

Aceste rezultate sunt in concordantd cu rezultatele obtinute de Pazos (Pazos et
al.,2008; Pazos et al.,2009). In tratamentele lor electrocinetice aparitia precipitatelor in sol
a condus la reducerea transportului de specii prezente in sol si prin urmare la reducerea
eficientei tratamentului solului. De aceea, pe baza acestor rezultate, atunci cand solul
prezintd un continut ridicat de metale, se impune utilizarea unei concentratii mai mari de
acid citric sau cuplarea la un sistem de control al pH-ului pentru a evita cresterea pH-ul

solului si ca urmare pentru a evita precipitarea speciilor metalice in sol.
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3.3 CONCLUZII

Cateva concluzii pot fi trase din acest studiu experimental cu privire la extractia

imbunatatita cu surfactanti si degradarea hidrocarburilor din solurile poluate istoric.

Analiza degradarii compusilor principali, identificati, poate conduce la o cunoastere

mai buna a degradarii diferitelor tipuri de hidrocarburi.

Utilizarea Tween 80 si Triton X100 ca surfactanti a crescut eficienta tratamentului
EK-Fenton, in tratarea ex-situ atat a probelor de sol din Spania cit si a probelor de sol din
Romania. De asemenea, o eficientd crescutd s-a Inregistrat si in cazul metodei de tratare

simulate in-situ.

Stabilizarea valorii pH-ului (capacitatea tampon) asociata cu adaugarea unui agent
de complexare s-a dovedit a fi necesara in tratamentul in situ, astfel incat sa faciliteze
disponibilitatea metalelor, sa evite precipitarea acestora in sol si sa favorizeze transportul

agentilor peroxidului de hidrogen.

Procesul EK-Fenton a fost cuplat cu succes cu surfactantii selectati si utilizati in
scopul de a obtine o decontaminare in situ a solurilor poluate istoric. Studii suplimentare

sunt necesare in vederea extinderii procesului la scara larga.
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CAPITOLUL 4
TRATAREA SOLURILOR CONTAMINATE ISTORIC CU
HIDROCARBURI PRIN PROCESE CUPLATE. SISTEMUL EKOSF

4.2 REZULTATE SI DISCUTII

4.2.1 Caracterizarea solului contaminat istoric cu hidrocarburi

Proba de sol omogenizata a fost obtinuta dupa trecerea esantioanelor prin mai multe
site standard, caracterizarea chimica a acesteia in ceea ce priveste metalele si continutul de
TPH fiind prezentata in Tabelul 4.2.

Solul studiat este unul usor alcalin, cu un pH de 7.99. Ca si texturd, majoritatea
probelor au constat in nisip (2-0.5 mm) si silice (0.5-0.062 mm), cu un procent mic de
argila. Trebuie subliniat faptul cd continutul THP a atins valori substantial mai mari
comparativ cu valorile raportate ca prag (500 - 2000 mg - kg™), conform legislatiei de
mediu din Romania, prin Ordinul 756/1997 (Ministerul Apelor, Padurilor si Protectiei
Mediului, 1997). Identificarea si cuantificarea hidrocarburilor continute in sol, care poate fi
utilizata ca amprenta a poluadrii in zonele industriale, s-a realizat prin GC-MS si GC-FID
(Tabelul 4.3). Este clar ca esantioanele de sol contin in principal hidrocarburi din domeniul
C10 - C40, cu origine atat in motorind cét si in ulei de motor. Aceste hidrocarburi se

caracterizeaza printr-o solubilitate scazuta in apa care reduce eficienta tratamentelor in situ.

Tabel 4 3 Hidrocarburi identificate, prin GC-MS, Tn probele de sol analizate

Solubilitate
Compusi Abreviere Numar - REEOHe At/ A 100 (mg.L™)
’ (min) .
RO Soil
Decane DEC 10 4741 1.948 83-10°
Tridecane TRD 13 9.722 0.422 4.7-10°
Tetradecane TDE 14 11.349 1.519 2.2-10°
2,6,10-
Motorina . 3
(Cao 10 Cat) Trimethyldodecane DDE 15 12.319 2.811 51.5-10°
0
0 ® (Farnesane)
Pentadecane PDE 15 12.902 2.306 7.6-10°
Hexadecane HXE 16 14.375 2.784 9.0-10™
2,6,10- PDT 18 15.069 3.347 n.s.
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Trimethylpentadecane

(Norpristane)

Heptadecane HDE 17 15.781 3.750 2.9-10"
Pentadecane,
2,6,10,14-tetramethyl-  PDP 19 15.878 9.697 n.s.
(Pristane)
Octadecane ODE 18 17.117 3.995 2.1.10°
Hexadecane,
2,6,10,14-tetramethyl- HDP 20 17.240 5.377 n.s.
(Phytane)
Nonadecane NDE 19 18.388 4.188 n.s.
Eicosane ECO 20 19.604 4.369 1.9-10°
Heneicosane HIO 21 20.764 4.575 n.s.
Docosane DCO 22 21.882 3.588 n.s.
Tricosane TCO 23 22.949 3.458 n.s.
Tetracosane TTCO 24 23.983 3.608 n.s.
Pentacosane PCO 25 24.979 3.539 n.s.
Hexacosane HCO 26 25.934 2.914 1.7-10°
Heptacosane HPCO 27 26.804 2.843 n.s.
Octacosane 0OCO 28 27.754 3.102 n.s.
Nonacosane NCO 29 28.620 3.743 n.s.
Triacontane TC 30 29.454 3.897 n.s.
Ulei motor  Hentriacontane HTC 31 30.269 2.555 n.s.
C, t0Cy) 28-Nor-17B(H)- n.s.
( ) hopane (Moretane) NHO 29 29.796 1.497
Dotriacontane DTC 32 31.052 2.133 n.s.
Tritriacontane TTC 33 31.814 1.900 n.s.
Tetratriacontane TTTC 34 32.556 1.936 n.s.
Pentatriacontane PTC 35 33.281 1.968 n.s.
Hexatriacontane HXTC 36 33.979 1.309 1.7-10°
Heptatriacontane HPTC 37 34.662 0.977 n.s.
Octatriacontane oTC 38 35.216 0.968 n.s.
Tetracontane TEC 40 36.793 2.973 n.s.

Pe baza studiului realizat de Christensen (L.B. Christensen et al., 1993) s-a estimat

varsta motorinei In sol. Motorina identificatd in solul studiat a prezentat un grad avansat
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de imbitranire (peste 16 ani) si s-a demonstrat a fi un sol poluat istoric. Tn plus, posibila
biodegradare naturald a poluantilor poate fi evaluata prin fractiile C17 / pristan si C18 /
fitan (Weiner, 2009). Cantitatea mare de izoprenoide (pristan si fitan) comparativ cu
concentratiile n-alcanilor (C17 si C18) detectate in probele de sol din Romania a condus la
un raport mai mic de 1.0 pentru fiecare dintre ele (0.39, respectiv 0.74) si a demonstrat ca
un anumit proces de biodegradare a avut loc 1n soluri, Tnaintea colectdrii probelor. Aceste
rezultate confirma faptul ca solul utilizat pentru acest studiu este unul contaminat istoric cu
hidrocarburi.

Proprietatile fizice si chimice ale solului sunt prezentate in Tabelul 4.2. Datorita
prezentei in sol a fierului natural, a manganului si a magneziului, reactiile de oxidare sunt
favorizate. Astfel, s-a constatat cd prezenta acestor metale poate provoca modificari ale
procesului de oxidare; fierul este considerat cel mai bun agent de activare pentru procesul
de remediere prin oxidare folosind persulfat (H. Wu et al., 2016). Prezenta acestor metale
are o mare influentd asupra procesului de remediere, dar comportamentul acestora este
influentat de pH-ul sistemului. Astfel, desorbtia poluantilor metalici din sol este favorizata
de un pH scazut; cu toate acestea, la valori ridicate, metalele pot precipita provocand
probleme in transportul speciilor in sol. Din acest motiv, este important s se cunoasca
capacitatea de tamponare a solului in mediu acid sol si mediu bazic pentru a determina
modul in care pH-ul solului se modifica atunci cand se adaugad acid puternic sau baza.
Dupa cum se poate observa in Figura 4.2, solul prezinta o capacitate tampon Th mediu acid
marita. pH-ul solului a prezentat un comportament diferit, comparativ cu caolinul, cand s-a
addugat acid, scazand usor odatd cu adaugarea initialda de HCI si dupa adaugarea a 9 ml de
HCI (1 M) pH-ul a fost de aproximativ 6. Totusi, profilul ambelor matrici a fost destul de
similar cand s-a adaugat NaOH (1 M), atingdnd un pH maxim in jur de 12 care a fost
mentinut dupi ce s-au adaugat 2-3 ml de NaOH. In plus, conductivitatea electrici a solului
a fost de aproximativ 418 pS-cm™ care ar putea fi considerata potrivita pentru aplicarea
campului electric asteptand ca rezistenta electrica scdzutd sa favorizeze fenomenele

electrocinetice.
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Figura 4 2 Capacitatea tampon, in mediu acid (dreapta) si mediu bazic (stanga), a solului

poluat din Romaénia (simbol spatiu gol) si a caolinului (simbol spatiu plin)

4.2.2 Experimentele ex-situ

Tn primul rand, experimentele de oxidare chimica au fost efectuate in proba de sol

cu cei trei oxidanti selectati (NaOCI, KMnOj si Na;S;0s).

Pe baza studiilor anterioare, in care acesti oxidanti au fost utilizati pentru

degradarea altor poluanti organici, concentratiile si pH-urile prezentate in Tabelul 4.4 au

fost selectate pentru a evalua capacitatea lor oxidativd in prezenta metalelor reactive

continute in sol. Este important sa se cunoasca efectul pH-ului asupra sistemului, deoarece

in procesul EK reactia de electrolizd modifica pH-ul solului crescandu-l de la anod la

catod, variind de la acid la alcalin. Tn Tabelul 4.4, este prezentat rezultatul indepartarii THP

dupd 40 de ore. Este clar cd toti oxidantii sunt capabili sda atinga niveluri maxime de

degradare mai mari de 65%.

Tabel 4 4 Degradarea TPH in urma experimentelor ex situ cu oxidantii selectati

THP
Degradare (%)
Oxidant pH 5 pH 7 pH9
N8,5,04 76.96 37.12 38.54
Degradare (%)
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Oxidant pH 3,5 pH 5,5 pH 7,5
KMnO, 71.89 69.17 65.74
Degradare (%)
Oxidant pH 8 pH 9.5 pH 12
NaOCl 32.54 67.61 31.40

O valoare optima a pH-ului a fost determinata pentru fiecare oxidant care este in
raport cu tipul de reactie care are loc. Astfel, Na,S,0g a fost examinat la trei niveluri de pH
(5, 7 si 9), iar degradarea TPH a fost mai buna in conditii mai acide (pH = 5). Anionul
persulfat (S,0s%) este in sine un oxidant puternic cu o valoare a potentialului redox (E°) de
2.01 V. Prin activare, anionul persulfat (S,0s>) produce radicali sulfat, care sunt mai
puternici (E° = 2.6 V) (P. Neta et al., 1977).

Datorita tranzitiei, metalele sunt agentii de initiere a activarii persulfatului si acestia
ar trebui sa fie disponibili in locul in care are loc reactia. Este cunoscut faptul ca speciile
metalice, cum ar fi fierul, sunt relativ insolubile intr-un ambient cu pH-ul > 5 al majoritatii
sistemelor acvatice; prin urmare, acidul citric a fost addugat ca agent chelator evitand
precipitarea speciilor metalice si favorizand activarea persulfatului (A. Rastogi et al., 2009;
C. Liang et al., 2004). Rezultatele au aratat ca operarea la o valoare a pH =5 a condus la
obtinerea celui mai bun nivel de degradare (76,96%), care este de aproximativ doud ori mai
mare fata de valoarea atinsa la pH 9.

Starea de oxidare ridicata (+7) a atomilor de mangan in KMnO, degradeaza
poluantii fara a forma specii radicalice si se considera un oxidant favorabil in ruperea
dublei legaturi carbon-carbon a unei structuri hidrocarbonice fara formare de specii
radicalice (L. Rauscher et al., 2012; Y.J. Shih et al., 2016). S-a constatat ca KMnO, a fost
eficient intr-o gama larga de valori ale pH-ului (3.5-7.5). Cu toate acestea, cele mai bune
rezultate s-au obtinut la valori ale pH-ului cuprinse intre 3.5 si 5.5.

In ceea ce priveste NaOCI, se stie ci la valori ale pH-ului cuprinse intre 2 si 7 este
favorizat echilibrul HOCI, in timp ce pH-ul cu valoarea 7-8 corespunde coexistentei
speciilor HCIO g1 ClO si pe masura ce pH-ul depaseste valoarea 8 se inregistreazd o
crestere a speciilor OCI". Cu toate acestea, NaOCI este stabil la pH > 12, caz in care
predomina OCI" mai putin reactiv si HCIO este practic inexistent. Aceste experimente
preliminare permit demonstrarea capacitatii oxidative a diferitilor agenti de oxidare studiati

si determinarea efectului pH-ului. Pe baza acestor rezultate si a faptului ca utilizarea
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procesului EK are potentialul de a creste livrarea oxidantului in sol imbunatétind eficienta
remedierii, combinarea ambelor tehnologii a fost evaluatd prin intermediul mai multor
experimente EKOSF. In aceste Incercari, oxidantii au fost inclusi in solul poluat cu

permeabilitate redusd ca solutie de spalare, sub actiunea campului electric.

4.2.3 Experimentele in-situ EKOSF

Oxidarea chimica in situ este o tehnicd de remediere prin care se urmareste
reducerea concentratiilor de poluanti vizati, in matricea solida in cazul de fata, la niveluri
acceptabile. Aceasta se realizeaza prin injectarea de oxidanti chimici puternici direct in
solul poluat. Cu toate acestea, o dificultate semnificativd in aceastd tehnologie este
promovarea contactului dintre oxidant si contaminant, in special in substratul cu
permeabilitate redusi. In acest context, este propusi utilizarea EKOSF pentru a depasi
aceasta limitare. Din acest motiv, pe baza texturii solului studiat, s-au efectuat mai multe
experimente, in care oxidantul a fost injectat tn sol prin aplicarea unei tensiuni de 3 V-cm™
intre doua bare de grafit urmarind conditiile determinate de studiile anterioare (M. Pazos et
al., 2007). In timpul experimentelor EKOSF au fost monitorizati mai multi parametri, cum
ar fi curentul electric, fluxul electroosmotic, pH-ul si continutul de hidrocarburi in
camerele electrozilor. Dupa tratarea solului, s-au evaluat pH-ul, conductivitatea, continutul
de hidrocarburi si concentratia de metal in cele trei sectiuni ale solului (in apropiere de
anod - S1, in zona centrald - S2 si aproape de sectiunea catodica - S3).

In prima faza, pentru a determina transferul oxidantului in sol, persulfatul a fost
injectat intr-una din camerele electrozilor (anod sau catod) in doud experimente diferite.
Similar cu cele raportate de Fan (G. Fan et al., 2014), persulfatul, ca anion, a migrat n sol
prin electromigrare catre anod atunci cand acesta a fost injectat in camera catodului, dar
transportul ionic poate fi Tmpiedicat atunci cand fluxul electroosmotic se opune
electromigratiei (G. Fan et al., 2014; G. Fan et al., 2016 ). Pentru a evita aceasta problema,

s-a decis injectarea oxidantilor in ambele camere ale electrozilor.
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Figura 4 3 Profilurile intensitatii curentului electric in cazul experimentelor EKOSF, la

tensiune constantd (3 Vecm-1) cu diferiti oxidanti ca solutie de spalare in ambele camere

ale electrozilor: Na,S;0s (*), KMnOy4 (0), NaOCI (¥)

Dupa cum se poate observa in Figura 4.3, tratamentele in prezenta persulfatului
conduc la intensititi de curent mai mari comparativ cu ceilalti oxidanti evaluati. in
momentul injectarii persulfatului, curentul a crescut treptat si aproape a depdsit 220 mA,
scazand dupd 6 zile. Doza mai mare de persulfat a determinat o concentratie ionicd mai
mare in solutia interstitiald prezenta in sol. In celelalte experimente, curentul a crescut la
inceputul procesului, atingand valori maxime de 25-30 mA care s-au redus treptat dupa 3
zile. Acest lucru se datoreaza probabil variatiei pH-ului solului. pH-ul initial al solului a
fost 7.99.

Tn Figura 4.4 este prezentat pH-ul diferitelor sectiuni dupa 7 zile de tratament. Este
clara diferenta dintre persulfat si ceilalti oxidanti. Datorita reactiei de electroliza, pH-ul
solului a crescut de la S1 la S3, variind de la 4 si 6 pana la 10 pentru KMnOy si respectiv
NaOCI. Adaugarea persulfatului a condus la un pH scéazut al solului, acesta crescand de la
1.96 la 2.25 de la anod catre catod. Acest fapt poate fi explicat pe baza descompunerii
persulfatului care scade pH-ul si permite, de asemenea, dizolvarea mai multor minerale din
sol in solutie (G. Fan et al., 2014; S. Waisner et al., 2008). Apoi, curentul electric a crescut
datorita solubilizarii speciilor ionice din probele de sol, care sunt transportate sub efectul

campului electric migrand spre electrodul de semn opus.
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Figura 4 4 Profilurile pH-ului solului, pe sectiuni (S1-S3, de la anod la catod) in urma
experimentelor EKOSF: Na,S;0s (¢), KMnOj4 (0), NaOCI (v) comparativ cu pH-ul initial

al solului

Figura 4.5 descrie variatia fluxului electroosmotic concomitent in timpul celor trei

experimente.
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Figura 4 5 Fluxul electroosmotic masurat in timpul experimentelor EKOSF, la tensiune
constanta (3 Vecm-1), cu diferiti oxidanti ca solutie de spalare in ambele camere ale
electrozilor: Na;S,0s (¢), KMnO, (0), NaOCl (v)
Desi in cazul experimentelor cu persulfat intensitatea curentului a fost de cateva ori

mai mare fatd de experimentele cu ceilalti doi oxidanti, fluxul electroosmotic nu a fost
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proportional cu aceasta. Acest lucru ar putea fi atribuit faptului ca, atunci cand concentratia
ionica este ridicatd, grosimea stratului dublu difuz este redusa, ceea ce poate determina
micsorarea fluxului electroosmotic (J.K. Mitchell et al., 1976).

In plus, asa cum s-a mentionat anterior, adiugarea persulfatului a determinat o
scadere a pH-ului in sol si In camera catodului iar fluxul electroosmotic poate fi, de
asemenea, inhibat pe masura ce potentialul zeta al solului scade (G. Fan et al., 2014).

Tn Figura 4.6 este prezentat un rezumat al eficientei de indepartare THP, exprimata
n procente in raport cu continutul initial de THP. Procentele cele mai mari de degradare au
fost obtinute in cazul tratamentului cu Na;S;0g cu 0 medie de 59%, urmat de KMnO, cu
un nivel global de 38%. In plus, continutul de hidrocarburi analizat pentru fiecare sectiune
a evidentiat o degradare mai avansatd In sectiunea S3 comparativ cu S1 si S2. Acest fapt
poate fi explicat prin includerea ambilor oxidanti ca anioni care pot fi transportati in sol,
prin electromigrare de la catod catre anod, pentru a porni reactiile de oxidare. Totodata,
acesti oxidanti sunt de asemenea introdusi in camera anodului si pot fi transportati de la
anod la catod prin intermediul fluxului electroosmotic, crescand usor concentratia lor in

sectiunea S1, provocand cresterea degradarii in comparatie cu sectiunea S2.
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THP / THP,

Figura 4 6 Concentratia THP normalizata, in diferitele sectiuni ale celulei EK: inainte
(negru) si dupa experimentele EKOSF la tensiune constanta (3 Vecm-1) cu diferiti oxidanti
ca solutie de spalare in ambele camere ale electrozilor: Na,S,0g (gri), KMnQ, (gri nchis),

NaOCI (gri deschis)

In aceste experimente, dupd o zi, s-a mentinut o ratd aproape constantd a fluxului

electroosmotic la rate medii pentru fiecare oxidant intr-un interval de 20 pana la 17,5
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ml.zi* finregistrat pentru tratamentele cu Na,S;0s si respectiv. NaOCI. Fluxul
electroosmotic redus ar putea fi motivul pentru care nivelul de degradare obtinut in
sectiunea S1 este mai scazut in raport cu nivelul atins 1n sectiunea S3.

pH-ul solului are o mare influenta si poate explica diferitele niveluri de degradare
obtinute in aceste experimente. Dupa cum s-a concluzionat in cazul experimentelor ex-situ
cu NayS;0g, in conditii acide, cum ar fi pH-ul solului in urma tratamentului, in acest
experiment EKOSF nivelul de degradare este mai mare decét in cazul conditiilor neutre
sau bazice. Cu toate acestea, in cazul experimentelor cu NaOCI, valoarea 6 a pH-ului Tn S1
favorizeaza prezenta HOCI in vreme ce valorile pH-ului in S2 si S3 corespund cresterii
speciilor mai putin reactive OCI . Prin urmare, desi pH-ul initial al solutiei utilizate in
ambele camere ale electrozilor a fost determinat in tratamentele ex-situ anterioare, in
timpul EKOSF pH-ul solului se modifica si acest aspect are un mare efect asupra
eficientei procesului de degradare.

Desi este important sa se cunoasca conversia THP, este de asemenea necesar sa se
determine tipurile de hidrocarburi care sunt mai afectate de tratament. Din acest motiv, au
fost selectate hidrocarburile cele mai reprezentative din probele de sol initiale (in Tabelul
4.3 Ai/ 2Ai - 100 > 3%) (Figura 4.7).

THP %
Pentadecane, 2,6,10-trimethyl 3.53
- Nonadecane 3.97
§ Pentatadecane 2,6,10,14-tetramethyl 11.55
5 Nonadecane 3.80
Hexadecane 2,6,10,14-tetramethyl 5.35
Heneicosane 5.15
Octacosane 3.45

5 10 15 20 25 30 35 40 45 50

Timp (min)

Figura 4 7 Analiza cromatografica (cromatograma) a probelor de sol din Romania

In figura 4.8, sunt ilustrate modificirile amprentei solului in cele trei sectiuni, dupa
tratamentul cu persulfat. In ceea ce priveste indepirtarea diferitelor hidrocarburi, s-a
observat ca cea mai mare conversie corespunde fractiilor de uleiuri minerale, in timp ce
motorina prezintd o reactivitate usor mai scazutd. Acest fapt ar putea fi datorat
transformdrii mai multor hidrocarburi in hidrocarburi mai mici si din acest motiv

degradarea acestor fractiuni poate fi incetinitd. Se observa, de asemenea, ca valorile cele
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mai reduse de indepartare sunt legate de cele prezente in sectiunea S2, iar cele mai ridicate

nivele de degradare sunt detectate in sectiunea S3.
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Figura 4 8 Concentratia normalizata a diferitelor tipuri de hidrocarburi identificate in
diferite sectiuni ale solului in urma experimentelor EKOSF, la tensiune constanta

(3Veem™) cu Na,S,05 ca solutie de spalare in ambele camere ale electrozilor

Aceste rezultate aratd ca fiecare hidrocarburd a urmat acelasi model detectat Tn
evaluarea THP totald. Se subliniaza faptul ca este posibil sa se obtind niveluri ridicate de
degradare, intr-un timp scurt de tratament, prin EKOSF folosind persulfat ca oxidant.
Rezultatele obtinute permit concluzionarea cad aceastd tehnologie ar putea fi o tehnologie
promitatoare pentru tratarea rapida in situ a solurilor poluate istoric cu hidrocarburi, desi
este nevoie de un timp mai mare de tratament pentru a reduce concentratia in raport cu
limitele legislatiei din Romania.

Continutul metalelor din sol a fost de asemenea evaluat la sfarsitul experimentelor
si distributia lor in camera reactiva a fost determinati in cele trei sectiuni. Indepartarea
metalelor a fost determinatd ca reducere a concentratiei de metale in raport cu
concentratiile initiale prezentate in Tabelul 4.2. In cazul selectirii Na,S,0g ca oxidant
(Figura 4.9) in tratamentul cuplat, s-a observat eliberarea metalelor din sol si deplasarea
acestora. Astfel, in urma aplicarii unui camp electric in sol este generat transportul de

metale prezente Tn sol, prin electromigrare si electroosmoza, spre catod.
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Figura 4 9 Concentratia normalizatd a metalelor identificate in diferite sectiuni ale solului
in urma experimentelor EKOSF, la tensiune constanti (3 Vecm™) cu Na;S,0g ca solutie de

spalare in ambele camere ale electrozilor

Inlocuirea cationilor usor schimbabili in sol de citre o altd specie depinde de
capacitatea de schimb cationic si de ordinea de adsorbtie a cationilor metalici, Na * < K~
<Mg¥<Ca®<Cu®<Al*<Fe¥ s Cu?>Ni®=Zn? (J.K Mitchell et al., 1976).
In consecinta, Fe si Al au prezentat cea mai mica variatie in sol. A fost detectati o eliberare
substantiald de Zn, Ni si Cu si o scadere a concentratiilor acestora din S1 spre S2 in timp
ce in apropierea sectiunii dinspre catod S3 a fost observatd o acumulare ca urmare a
mobilizarii si transportului ionilor. Acest lucru este, de asemenea, In concordantd cu
faptele expuse mai sus in legatura cu profilul pH-ului solului prezentat in Figura 4.4 pentru
tratamentul cu Na,S,0g si efectul acestuia in eliberarea metalelor. Un model similar a fost
detectat si in cazul testarii tratamentelor cu NaOCI si KMnQy. Prin urmare, s-a obtinut, de
asemenea, un efect sinergetic al tratamentului aplicabil mobilizarii si Indepartérii metalelor
toxice din sol.

Tn acest studiu, in timpul tratamentului EKOSF, hidrocarburile au fost degradate in
situ. In aceste tipuri de tratamente, in cazul in care existd hidrocarburi libere in solutia
interstitiala, ele pot fi transportate prin intermediul fluxului electroosmotic n camera
catodului. In plus, a fost detectatd o reducere semnificativd a concentratiei de metale din

sol, atingand valori cu pand la 35% mai mici fatd de continutul initial. Metalele sunt
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transportate din sol catre camera catodului unde sunt concentrate. Aceastd solutie de
electrod ar trebui extrasa pentru a remedia poluantii prezenti prin procedee conventionale

de tratare, cum ar fi precipitarea chimica.

4.3 CONCLUZII

Combinatia tehnologiilor studiate s-a demonstrat a fi eficienta in reducerea poluarii
solurilor si a ardtat o reducere semnificativa a diferitelor hidrocarburi (motorina si uleiuri
minerale), continute in solul contaminat istoric, dupa o scurta perioada de tratament.

Adaugand NaClO sau KMnOy reactiile de oxidare au loc, obtinand niveluri de
degradare de cca. 60%. Pentru a creste eficienta remedierii solurilor contaminate, este
nevoie de o perioada mai lungd de tratament. Persulfatul a fost cel mai bun agent de
oxidare utilizat in tratamentul EKOSF, dar pentru a obtine o eliminare totald a THP sunt
necesare perioade mai lungi de tratament. S-a obtinut, de asemeneca, reducerea

concentratiei metalelor in sol.
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CAPITOLUL 5
EVALUAREA MATERIALULUI DE ELECTROD SI A
PARAMETRILOR DE REACTIE iIN PROCESUL DE OXIDARE
ELECTRO - FENTON

Tn ultimii ani, tratamentul electro-Fenton a fost folosit ca o alternativi promitatoare
pentru eliminarea poluantilor organici persistenti din apele de suprafata, apele subterane,
sol si sedimente (Moreira et al., 2017; Ayadi et al., 2013; Bafuelos et al.,, 2013). Un
rol important in eficienta acestei tehnologii 7l au materialul si configuratia catodului, pH-ul
initial sau reactivul Fenton (I. Sirés et al., 2014).

Una din principalele probleme ale procesului omogen electro-Fenton o reprezinta
generarea namolului feros In timpul procesului si necesitatea completarii, in permanenta, a
acestui reactiv, ceea ce determind limitdri ale proceselor care se desfdsoara in sistem
continuu sau la scard mare (Bocos, 2016). Pentru a depasi aceasta problema, utilizarea
catalizatorilor heterogeni ca sursa de fier este studiata in aceasta teza de doctorat. La prima
vedere, aceasta strategie are avantajul recuperarii mai usoare si reutilizarii catalizatorului.

Dincolo de rolul crucial al catalizatorului (Fe) in tratamentul electro-Fenton,
agentul oxidant (H;O,) influenteazd semnificativ procesul, ambii reactivi avand un
caracter limitativ In reactia Fenton.

Unul dintre obiectivele acestei teze a fost de a continua investigarea materialelor
catodice noi cu stabilitate mecanicd si chimici ridicati. In timpul tratamentului,
concentratia de H,O; electrogenerata continuu la catod prin reducerea O, poate fi marita
prin selectarea unui material catodic adecvat. In acest sens, este esentiali alegerea
materialelor care sa retina puternic fierul pe suprafata lor.

Utilizarea mai multor materiale de electrozi, inclusiv mercur, aur (D. Pletcher et al.,
1999) si nichel (Bocos et al., 2016), este mentionata in literaturd; catozii pe baza de carbon
reprezinta alternative bune pentru generarea H,O, (Banuelos et al., 2014) datorita eficientei
lor ridicate, costului redus si toxicitatii scazute (Steter et al., 2018).

In prezent sunt analizate posibilitatile modificarii materialelor catodice, prin fixarea
fierului pe suprafata electrodului, in vederea facilitarii reactiilor Fenton (Rosales et al.,
2018).

Dupa cum am mentionat in introducere, in aceasta etapa s-au modificat/configurat

doi electrozi catodici, prin metode diferite, care sa permitd electrogenerarea H,O, cu
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concentratie mare si fixarea Fe pe suprafata lor, favorizand reactia rapida intre cei doi

reactivi si conducand astfel la cresterea ratei de degradare a poluantilor.

STUDIU DE CAZ: DEGRADAREA METILPARABENULUI

Parabenii sunt utilizati pe scara larga, ca si conservanti, in produse cosmetice
precum creme de piele, deodorante sau in diferiti compusi farmaceutici (Wang and Wang,
2016). In ciuda proprietatilor lor antimicrobiene, parabenii sunt clasificati ca si substante
chimice cu potential perturbator la nivel endocrin (Barrios-Estrada et al., 2018). Tn plus,
cercetarile actuale au aratat ca produsele farmaceutice si produsele de ingrijire personald
pot modifica sistemul endocrin al pestilor si pot produce efecte toxice asupra algelor si
nevertebratelor. Din acest motiv, parabenii sunt considerati poluanti emergenti de catre
Agentia pentru Protectia Mediului din SUA (Dhaka et al., 2017).

Tratamentele conventionale nu asigura o degradare eficienta a produselor
farmaceutice si a produselor de ingrijire personala, acestea fiind de obicei rezistente la
biodegradare (Wang and Wang, 2016, Gomes, J.F., Leal et al., 2017). Prin urmare, este
necesara dezvoltarea unor tehnologii alternative, eficiente, de tratare a acestor poluanti. in
prezent, se acordd o atentie deosebitd proceselor de oxidare avansata utilizate Tn vederea
asigurarii indepartarii si degradarii poluantilor organici persistenti din mediul inconjurator
(Gomes et al., 2017; Salazar et al., 2017; Cuerda-Correa et al., 2016; Steter et al., 2018).

Procesul clasic de oxidare avansatd este oxidarea anodicd, Tn care oxidarea
completd a substantelor organice se produce ca urmare a electrogenerarii radicalilor
hidroxil *OH, pe suprafata electrodului catodic. Generarea radicalului hidroxil este
raportata in literatura de specialitate ca parametru cheie Tn acest proces, fiind influentata de
materialul catodului si de catalizatorul utilizat. Dupa cum am mentionat in introducerea
acestui capitol, catozii pe baza de carbon reprezinta alternative bune pentru generarea H,0;
datorita eficientei lor ridicate, costului redus si toxicitatii scazute.

Eficienta electrozilor propusi a fost analizatd si comparatd cu oxidarea anodica
(OA) si tratamentul omogen EF, in procesul de degradare a unui paraben model -
metilparabenul. Electrodul care s-a dovedit a fi mai eficient a fost reutilizat in vederea
confirmarii performantelor obtinute si evaluarii potentialului de operare in mod continuu.
In final, degradarea si mineralizarea metilparabenului a fost verificatd prin identificarea
compusilor intermediari (acizi carboxilici si compusi fenolici). In urma analizei acestor

compusi prin GC-MS s-a propus o cale de degradare plauzibild pentru parabenul studiat.
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5.2. REZULTATE SIDISCUTII

5.2.1. Oxidarea anodica si procesele electro — Fenton

Initial, degradarea MePa a fost evaluata prin metoda electrochimica, utilizand doua
POA: (i) OA si (ii) procesul omogen EF, folosind un BDD ca anod si CF ca si catod. Tn
plus, pentru a determina efectul materialului catodic asupra degradarii, au fost luati in
considerare doi electrozi modificati care au fost configurati prin metode diferite,
urmarindu-se dezvoltarea unor catalizatori heterogeni (prin fixarea Fe pe suprafata
acestora).

Dupa cum se poate observa in Figura 5.1, OA care opereaza cu BDD ca anod si, in
consecinta, ca sursd unica de ‘OH (Ec. 5.3), s-a dovedit a fi mai putin eficienta in procesul
de degradare MePa comparativ cu procesele EF. Pentru acest tratament, dupa 120 de
minute, nivelul de degradare a fost de cca. 93%. Tn cazul tratamentului EF cu catod CF s-a
obtinut degradarea MePa in proportie de 99,5% dupa primele 30 de minute si in proportie
de 100% dupa 45 de minute. Pentru CF-M1 s-a obtinut degradarea MePa in proportie de
94.8% dupd 30 de minute, respectiv 99.81% dupa 45 de minute de tratament. Pentru
CF-M2 94.6% din MePa au fost degradate dupa 30 de minute si dupa 45 de minute s-a
obtinut o degradare de 99.83%. Pentru tratamentele heterogene EF (CF-M1, CF-M2)
degradarea MePa s-a produs in totalitate (100%) in mai putin de 60 de minute. In cazul
acestor tratamente evolutia degradarii a fost una asemanatoare. Prin urmare, putem deduce
ca degradarea este influentata mai degraba de productia *OH pe suprafata anodului decat

de materialul catodului (Ec. 5.2).
BDD + H,0 —>BDD (OH) + H" + & (Ec.5.2)

In experimentele EF s-au adaugat un debit constant de aer (1 Lemin-1) si FeSO,
:7H,0 0,2 mM (Electro — Fenton CF), FeCls;-6H,0, Fe/C 30% w/w (CF — M1) si
FeClz-6H,0 28 mM n amestec cu FeSO,4 -7H,0 14 mM (CF — M2) ca si catalizatori. Tn
ambele cazuri (oxidare anodica si electro — Fenton), degradarea MePA in timp a fost una
exponentiala, fiind descrisa in mod satisfacator prin reactia cinetica de pseudo-ordin I

(R*>>0.96; Ec. (5.3), Tabelul 5.1).

dcC
at = _kap ) CMePa (EC 53)

Tn care:
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kap — coeficient aparent cinetic (min™);

Cwmepa— concentratia MePa (mg/1).
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Figura 5 1 Degradarea MePa in urma proceselor OA si EF (utilizand catozi diferiti).
Conditii experimentale: Concentratie initiald MePa - 100 mg/l, Na,SO,4 - 0.01 M, I - 100
mA, pH -3

Tabel 5 1 Stabilirea reactiei cinetice de pseudo-ordin I pe baza datelor obtinute in urma

tratamentelor de oxidare anodica si electro-Fenton

Tratament Catod Kap (min™) R’
Electro-Fenton (EF) CF 0.169 0.9777
CF-M1 0.0924 0.985
CF-M2 0.0861 0.9625
Oxidare anodica (OA) CF 0.0202 0.9936

Tn procesul omogen EF s-a observat o imbunititire in ceea ce priveste reducerea
concentratiei MePa comparativ cu OA. Aceastd imbunatatire se poate datora generarii in
situ a H,O, si generdrii catalitice a radicalului hidroxil ‘OH dintr-o a doua sursa

independentd de anod. De asemenea, in urma utilizarii catozilor configurati prin metode
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diferite, s-a constatat o reducere a timpului necesar tratarii si o crestere a ratei de degradare
(Figura 5.1). Aceste rezultate sunt in concordantd cu mai multe studii (Oturan and Aaron,
2014; Rodrigo et al., 2014; Moreira et al., 2017), in care utilizarea procedeului omogen EF
a crescut semnificativ eficienta tratamentului datoritd generarii suplimentare de "OH 1in
volumul solutiei. Tn mod similar, (Mousset et al., 2018) a stabilit ¢4, in prezenta catodului
CF, cantitatea de H,O, a fost mai mare decat in cazul catodului din otel inoxidabil. Prin
urmare, superioritatea catodului carbonic trebuic atribuitd naturii materialului catodic
propriu-zis si activitatii catalitice reduse pentru descompunerea H,0O,. Constanta cinetica
asociatd proceselor EF este net superioard constantei cinetice asociate OA, demonstrand

eficienta acestui tratament care a condus la o rata mai mare de degradare.

5.2.2. Procese heterogene electro — Fenton

Generarea de H,0; este strans legata de catodul selectat. Unii autori au investigat
modificarea catozilor utilizand materiale precum polimerii, oxizii metalici sau
nanoparticulele pentru a imbunatati proprietatile catodice si pentru a creste conductivitatea
electrica (Poza-Nogueiras et al., 2018). O alta alternativa este includerea metalelor intr-o
matrice carbonicd pentru a actiona ca un catalizator eterogen. Astfel, (Garcia-Rodriguez et
al., 2016) a proiectat o serie de catozi modificati prin electrodepunerea fierului pe diferite
materiale de carbon (panzi de carbon, pasli de carbon si burete de carbon). Tn toate
cazurile, aceste procese heterogene au condus la o degradare avansata si la reducerea
timpului necesar tratarii, comparativ cu procesul omogen. Prin urmare, pentru a imbunatati
procesul EF si pentru a facilita operarea in mod continuu, in acest studiu s-au testat doi
electrozi catodici modificati, prin aplicarea unor proceduri diferite de fixare a fierului pe

suprafata acestora, descrise In materiale si metode.

5.2.3. Caracterizarea electrozilor modificati

Tn urma experimentelor electro-Fenton efectuate si descrise anterior, morfologia
suprafetei electrozilor catodici modificati a fost investigata cu ajutorul SEM (Figura 5.2).
Distributia fierului pe suprafata electrozilor a fost una relativ uniforma. Fierul, a céarui
prezenta a fost identificata atat pe suprafata CF-M1 (catalizator FeCls) cat si pe suprafata
CF-M2 (catalizator FeCls+ FeSQO,), indicd reusita procesului de fixare a acestuia pe

suprafetele electrozilor.
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CF CF-M1 CF-M2

Figura 5 2 Imagini SEM de inalta rezolutie

Cantitatea de fier fixatd in materialul carbonic a fost destul de similara,
reprezentand 23%, respectiv 32% din compozitia materialului. Asta poate fi o explicatie a
comportamentului aproape identic al catozilor modificati in procesul de degradare al
MePa.

5.2.4. Voltametrie ciclica. Curbele de polarizare

Voltametria ciclica permite caracterizarea sistemului electrochimic si este de obicei
folosita pentru a confirma generarea H,O, si, de asemenea, pentru a evalua procesele de
oxidare / reducere a Fe. Electrozii modificati au fost studiati si rezultatele obtinute pentru
M1 Fe-CF si M2 Fe-CF sunt prezentate in Figura 5.3. Voltamogramele celor doi electrozi
modificati au aratat un caracter ireversibil al reactiilor electrochimice si prezenta a doua
picuri principale in sectiunile curbelor asociate oxidarii, la variatii mici ale potentialului
aplicat (E = - 0.53V (M1 Fe - CF); E = - 0.62V (M2 Fe - CF)). Aceste picuri ar putea fi
atribuite generarii Fe** prin oxidarea Fe?*, tinand cont de potentialul de oxidare Fe®*/ Fe**
calculat (Bard and Faulkner, 2001), cu ajutorul electrodului Ag/AgCl. Tn sectiunile
curbelor asociate reducerii nu s-a identificat nici un pic bine definit in relatiec cu
producerea de H,O, prin oxidarea O, (Ec. 2.3, Figura 5.3). Aceasta se poate datora reactiei
suplimentare a H,O,, electrogenerat si a Fe fixat pe suprafata electrodului, cu impact asupra

picului legat de producerea H,0,.
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Figura 5 3 Curbele voltametrice obtinute pentru catozii modificati

(M1 Fe-CF, M2 Fe -CF) si catodul CF

5.2.5. Evaluarea performantelor catozilor modificati

Dupa cum am mentionat la pct. 5.2.1, dupa 45 de minute de tratament s-a atins un
nivel de degradare de 99.81% pentru CF-M1, respectiv 99.83% pentru CF-M2. Tn ambele
cazuri, s-a obtinut o degradare totala a MePa in mai putin de 60 de minute. In plus, pentru
a confirma degradarea, reducerea COT a fost masurata dupa 120 de minute, atingand valori
de 55,1% pentru CF-M1 si 94,61% pentru CF-M2 (Figura 5.4).
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Figura 5 4 Reducerea COT dupa 120 de minute de tratare
prin procese OA si EF



Tn cazul tratamentului heterogen EF cu CF-M2 s-a obtinut o degradare avansati a
MePa in comparatie cu celelalte tratamente. Totusi, este necesar sa se demonstreze
stabilitatea structurald si activitatea catalitica a acestui electrod in mai multe cicluri de

reactie.

5.2.6. Reutilizarea CF-M2

Atunci cand a fost reutilizat acest catod modificat, CF-M2, s-a obtinut degradarea
MePa in proportie de 87.18% dupa 30 de minute, respectiv 98.77% dupa 45 de minute.
Degradarea MePa s-a produs in totalitate (100%) dupa 60 de minute de tratament. Tn plus,
dupa 120 de minute, COT s-a redus cu 89.64%. Putem spune ca acest catod, CF-M2,
prezinta stabilitate structurala, cu bune proprietati electrice si catalitice, care pot fi un

indicator al potentialului aplicarii acestui electrod in cicluri succesive de tratament.

5.2.7. Mineralizarea MePa

Pe parcursul degradarii poluantilor organici, prezenti in solutia apoasa, prin
procedeul EF, are loc formarea si combinarea compusilor intermediari ai reactiei
electrochimice. De regula, este necesar un tratament suplimentar pentru a obtine un grad
ridicat de mineralizare a acestor compusi (Panizza et al., 2014). In cazul de fata, pentru a
determina gradul de mineralizare MePa, s-au efectuat masuratori periodice ale COT pe
parcursul tratamentului EF. Asa cum s-a mentionat anterior, dupd 120 de minute de
tratament EF s-a obtinut degradarea completd a MePa. Asta se datoreaza conversiei totale a
produsilor secundari ai reactiei de degradare ih CO,, H,O si ioni anorganici (Fenoll et al.,

2015). Prin urmare trebuie elucidata ruta de degradare MePa.

5.2.8. Mecanismul de degradare MePa

Pe baza analizelor GC/MS, efectuate in vederea identificarii produsilor intermediari
generati de degradarea MePa, S-a propus mecanismul de reactie pentru degradarea MePa
prin procesul heterogen EF (Figura 5.5). Atacul radicalilor «OH asupra moleculei MePa
conduce la aparitia acidului para-hidroxibenzoic, ca urmare a hidrolizei gruparii ester a
metilparabenului (Steter et al., 2014). Prin decarboxilare, acidul para-hidroxibenzoic
furnizeazi fenol. In continuare, prin hidroxilarea fenolului se obtin resorcinol si catecol. In
urma oxidarii catecolului rezulta o-benzochinona. De asemenea, hidroxilarea fenolului
poate genera hidrochinona care, prin oxidare, conduce la p-benzochinona. Reactia *OH cu

resorcinolul si o-benzochinona genereazd pirogalol. O parte din acesti compusi au fost
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raportati de catre Feng et al., 2014 ca intermediari In procesele de fotodegradare MePa. in
final, ruperea inelului are loc, sugerand un mecanism bine cunoscut care a fost introdus in
literatura de specialitate de diferiti autori (Meijide et al., 2017; Mousset et al., 2016 a,b).
Deschiderea inelului a permis identificarea acidului fumaric/maleic si a acidului succinic
care, ulterior, genereaza acid glicolic. Reactia *OH cu acidul fumaric conduce la aparitia
acidului malic si acesta din urma furnizeaza acidul tartaric. Acidul malonic rezulta in urma
decarboxilarii acidului malic, conducand In final la formarea acidului acetic. Intre timp,
acidul tartronic se obtine in urma reactiei acidului malonic cu radicalii *OH. Acidul oxalic,
generat Tn urma decarboxildrii acizilor tartaric si tartronic, conduce la aparitia acidului
formic. Tn final, acidul formic conduce la mineralizarea completi a MePa, fiind descompus
in CO, si H,O..

5.3. CONCLUZII

Tn acest studiu, degradarea MePa a fost obtinuta in urma aplicarii diferitelor procese
de oxidare avansata. Rezultatele au scos in evidenta tratamentul EF care s-a dovedit a fi cel
mai eficient. Ulterior, tratamentul heterogen EF a fost realizat prin fixarea fierului pe
suprafata CF. Tn urma unor studii preliminare, in care CF-M1 si CF-M2 au fost folositi ca
si catozi, S-a dovedit ca acesti electrozi modificati imbunatatesc procesul omogen EF. CF-
M2, utilizat in cicluri succesive de tratament, a prezentat o stabilitate structurald ridicata,
cu bune proprietati electrice si catalitice.

In plus, mecanismul de degradare MePa a fost propus, iar evolutia acizilor
carboxilici si evolutia COT au confirmat mineralizarea MePA. Tn concluzie, CF-M2 s-a
dovedit a fi un catod eficient care imbunatateste procesul EF de degradare a parabenilor si
indica posibilitatea aplicarii acestui proces heterogen EF in vederea remedierii in situ a

apelor reziduale contaminate.
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I11. CONCLUZII

CAPITOLUL 6
CONCLUZII FINALE

6.1. TEHNOLOGIA EK-FENTON TN TRATAREA SOLURILOR CONTAMINATE
ISTORIC CU HIDROCARBURI

Experimentele de remediere au fost realizate cu doud soluri diferite, contaminate
istoric cu hidrocarburi, care difera atat in compozitie cat si ca sursa de contaminare. Initial,
o configuratie experimentald pentru tratamentul electrochimic-Fenton aplicat ex-situ, in
care solul este mentinut In suspensie, cu adaos simultan de H;O, si surfactanti (Triton
X100 si Tween 80), a fost realizata. Pe baza rezultatelor preliminare obtinute, testele EK-
Fenton s-au efectuat Tn mod asemanator procesului EK clasic si influenta compozitiei
solului a fost, de asemenea, determinatd. Prezenta fierului in solurile contaminate si
generarea in situ a peroxidului de hydrogen au permis producerea reactiilor Fenton si
degradarea THP in situ. In plus, reactia Fenton a fost favorizata de acidul citric utilizat
pentru controlul pH-ului. Pentru ambele soluri, s-au obtinut rezultate mai bune atunci cand

s-au utilizat surfactanti.

6.2. TRATAREA SOLURILOR CONTAMINATE ISTORIC CU HIDROCARBURI
PRIN PROCESE CUPLATE. SISTEMUL EKOSF

Principalele bariere in remedierea solurilor poluate cu hidrocarburi sunt
reprezentate de permeabilitatea redusa a solului si de varietatea amestecurilor complexe de
hidrocarburi, care este mult mai dificila de tratat comparativ cu solurile model,
contaminate artificial. Acesta este unul dintre putinele studii referitoare la spalarea in situ
aplicatd intr-un mediu care simuleaza conditiile reale, folosind un sol contaminat istoric, cu
permeabilitate redusa.

Combinatia tehnologiilor studiate s-a demonstrat a fi eficienta in reducerea poluarii
solurilor si a ardtat o reducere semnificativa a diferitelor hidrocarburi (motorina si uleiuri

minerale), continute in solul contaminat istoric, dupd o scurta perioada de tratament.
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Reducerea continutului de hidrocarburi se datoreaza generdrii speciilor oxidante
care au permis oxidarea/distrugerea in situ a contaminantilor.

Adaugand NaClO sau KMnOy reactiile de oxidare au loc, obtinand niveluri de
degradare de cca. 60%. Persulfatul a fost cel mai bun agent de oxidare utilizat in
tratamentul EKOSF, dar pentru a obtine o eliminare totald a THP sunt necesare perioade
mai lungi de tratament. S-a obtinut, de asemenea, reducerea concentratiei metalelor in sol.

In vederea aplicarii solutiei propuse pe teren, sunt necesare studii pilot la scard mai larga.

6.3. EVALUAREA MATERIALULUI DE ELECTROD SI A PARAMETRILOR DE
REACTIE iN PROCESUL DE OXIDARE ELECTRO - FENTON

In relatie cu degradarea metilparabenului, rezultatele obtinute in cazul
experimentelor electro-Fenton au fost mai bune comparativ cu cele obtinute in procesele
electrochimice.

Caracterizarea fizicd a catozilor modificati prin SEM demonstreaza fixarea si
distributia omogend a fierului pe suprafata catozilor. Voltametria ciclicd confirma
generarea H,0O si reactiile de reducere datorate prezentei Fe pe suprafata electrozilor.

Rezultatele initiale au aratat ca degradarea MePa a urmat cinetica de tip pseudo-
ordin I. In procesul de oxidare anodici s-au obtinut rezultate mai bune atunci cand CF-
M1si CF-M2 au fost utilizati ca si catozi. Pentru ambii catozi, degradarea MePa s-a produs
aproape complet dupa 45 de minute. Cu toate acestea, reducerea COT a fost mai mica
atunci cand s-a utilizat CF-M1. Tn plus, in cazul CF-M2 utilizat n cicluri successive de
tratament s-a confirmat mentinerea Fe fixat pe suprafata materialului carbonic, ceea ce
indica potentialul acestui catod in regim de operare continua. Rezultatele indica faptul ca
CF-M2 ar putea fi 0 alternativa viabila la catozii actuali, permitand electrogenerarea H,0,
cu concentratie mare si fixarea Fe, favorizand reactia rapida intre cei doi reactivi si
conducand astfel la cresterea ratei de degradare a poluantilor.

In final, degradarea si mineralizarea metilparabenului a fost verificatd prin
identificarea compusilor intermediari (acizi carboxilici si compusi fenolici). In urma
analizei acestor compusi prin GC-MS s-a propus o cale de degradare plauzibila pentru

parabenul studiat.
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2013 My kuailova et al 20131 1t is estimated that the levelsof TPHs
around the highly contaminated sites reach 30— 50K in the suiface
sadl (0—20 cm) (Cunningham et al, 1996, Sun and Zhow, 2007)
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emerging technology than can be applied for different typesof soils
anda wide variety of pollutants, either organic, inorganic, or mixed
oontaminants, offering the advantage of 5 deorter (reatment time.
The method & reltvwely s, effective, exsily implemenied,
economical and fesxdble, baving alsothe versatility of being applied
in 50l with moisture ranging from unsaturated 10 Sanerated.
Maoreover, ane of the main advantages of this technlogy i the fact
that the process can be applied 1 low permeability soils, like clays
(Pazos et al, 2010, Pérez-Corona ef al, 2013)

The soil electmkinetc remediation effectiveness may be
diminished by sorplion of contaminants on soil particle surfaces
and several elfects induced by the H™ and OH™ generated at ithe
electrodes (Gomes e al, 2012) Recently, its use has evohied o
inchade distinct enhancement edimigues and the oomivinat on
with other technologies in order 1o overcome the problems
detected (Gomes et al, 2012; Pazos et al., 2011; Yeung and Gu,
2071 In the literatune, there are several examples of stsdies that
have repomned the enhancement of this technigue by pH contral,
chemical conditioning of electmde chamber, a5 well by addition of
facilitating agents (Bocos et al, 2005; Hamed and Blhadra, 1997;
Murillo-Rivera et al, A9, Pazos et al, 2006, 2013, Popov, 1997
Regarding the comd nation of technolegies, everal researches e
e peformed, such a5 the inchsion of reactive barmers into the
Sodl matrix (Forseca e al, 2012, Ramirez e al, 20050, Ruiz e al_,
201) and the integration of bioemediation and phytor-
emediation (Li et al., 2016, Mao et al., 2016, Ramirez et al., 2015 )
Andther approach has been the combination of electmlinetic
remediation with advanced oxidalion presses (ADPs) ADPs ane
based on the dnsi generation of ydmsy radicals, which are very
reactive and shon-lived oxidants able to destroy target pollwtants
e b thhedr 1 e ali zationor, o lexst, random them into harmless
or bicdegradable products in shon treatment dmes (FRosas et al.,
2013 ) The inclsion of the reactive agents into the soi could be
carmied out by soil Mishing or by the direct sddition into the soil.
Reently, the addition of Fenton's reagents is considered a5 a cost-
affective method: this technolegy named electrokd met ic-Fenton las
e proposed a5 5 solution for the treatment of organic polluted
soils (Kim et al, 2009, Ng et al, 2014; Oonnittan et al, 20013; Sen
et al., 20151 1n this combined technolory, the b 2in gemeration
of hydrecy] radicals takes place duwe 1o the decomposition of HaDy
Iy thee catalytic action of iron present in the matix, incleded and
molilized along the soil by means the eleciric field action. To
improve the proces the addition of chelating agents is necesary,
such as.ci tric acid, 1o maintain e iron soluble, a5 soluble Fe-citrate,
which remains svailable for the Fenton's reaction (Booos et al.,
2015) Moreover, the addition of surfactants in order o enhance
the desorption andior sol ubilisation of hydrocarbons adsombed into
ithe sodl is also needed.

The majority of thes sudies have been camied out wsing
madet of polluted sodls. As it is mentioned by Trellu e al (2016),
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the renowval of pollitants inreal sged ontaminated 30ils is much
more difficult than in spiked samples. This Gt may be due @
strongest metention mechanisms, ingesse of the heterogensity
comtanination level or change in the plyscal-chamial properties
(Targ et al, 2013). For this reason, this technique must be tested
with different historically contaminated soiks.

The oljective of this study i to detemine the efactivensss of
the electmkinetic- Fenton techrology in two historically contami-
nated soils and 1o evaluate the affect of important key variables
such a5 the surfactant addition. Initally, an experimen tal set-up for
ex-gitu elea rochemica-Fenton reatment was performed, in which
the S0l wirs kept in Suspendion, with the §mulanesus additon of
Hx0g and surfactants (Triton X060 and Tween 80). Based on the
preliminary results, the electmldnetic-Fenton assays were camied
ot in companison with the traditional electiolinetic process; the
inflsence of soil composition wis also de termived.

2. Material and et s

21 Reagens

Soddivm sulphate and citric acid were obtained from Sigma-
Aldrich and hydmogen peraide 30% w w" (110 vol) from Foret
The selected swrfactants Trivon X 00 and Tween 80 were purchased
from Panresc and Scharla, respactively.

2.2 Industrigl pollured soiks

Two historcally hydocarbon contaminated soil samples were
collected from areas of elevated industrial activity in the nearly of
Bacau (Romania) and Valladolid (Spain)l These samples were
collected from the topsail by wing an Eijkelkamp sampler. They
were kept in polyethylene bags, camied to the laboratory, passed
throwgh a geve(2 mm) and bomogenied. Then, the samples wene
Stored AL OO0 Gemperatune it their wwe

23 Ex-sinu amd siruckared in-50n eleqro-Rendon feaomsent

m&l{j!ﬂ'mu]iﬁ-upﬁlﬁﬂ]]ﬂlm re Ateenls ane dwwm in
Fig 1a and b.

231 Ex-situ electra-Fentan experiments

Pre i i neary ex-2 i electro-Fe non expe iimens wene camed out
in order to determine the feasibility of this proces with the pro-
posed strategies Experiments were performed in an eleciro-
chemical cylindrical reactor with aworking volume of 0U6 Lw here
225 g of the selected soil were mixed with 045 L of the selected
electralyte, NapS0y (01 M), and citric acid (0. M) The sail sample
was maintained in suspension by magnetic stiming swdding con-
centration gradients in the cell The electrodes consisted of a
graphite bar and carbon felt (CARBOM LORRAINE, Frane ) wed
andde and cathode, respectively. Carbon felt was placed on the
inmer wall of the cell (6 cm » 12 cm ), covering the total internal
perimeter. A constant potential diop of 5V was applied using a
power supply HP madel 3662 (Rosales et al, 20081 HyDy was
electrochemically generated via oxypen reduction on the cathode.
For this purpese, @nstant air Sowol 1 Lmin™" was distribwied in
omder o achieve the @oygen saturation in the liquid All the ex-
periments were camied oul 21 ambient Temper e,

23 Simelared in-sliu elearold necic-Fenion experiinens
Fimally, the simmslated iin-Sir e ecrroki metic-Fei ton & pen ments

were performed 1o evaluate the efficiency of this technology
applied to two historically hydrocarton contaminated soils,

Electrokine tic-Fenton was stsdied using an electmkinetic cell
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developed by our research group (Fig 1b) (Pazos et al, 2011). This
sei- upconsisted of two electmade chambers (working volume D3L)
and a central tube (length 100 mm = diameter 32 mm] The soil
samples wit ly initial modsture around 40% were compacted mans-
ally im the central tbe, fvouring their homogeneous distribution
o svoid preferential paths for the fluld tamsport In order 1o
separate the soil samples from the electrode chambers, pons
stones and filter papers were wsed. Graphite bar electrodes were
used as anide and cathode and 2 constant voltage drop (3 Vem™")
wis applied with a power supply HP model 3662 (Pazos et al.,
23

]n]-aﬂ experiments, the electrade flishing solution was Ma, 50,
(0] M) &5 elecrolyte, citric acid (0.1 M) a5 buffer (pH 2) a3 well a5
complexing agent. Furthermore, in the anode compartment HyOy
(10%) was added a5 Fenton's reagent. For tse acquisition of elec-
trical parametsrs over time, we had developed sstomatic data
aCquisition software called EK-Data The purpose of this soffware is
thee automatization of the data recording and storing tasks needed
T thee comtind of the experiments. Thiss, there i a continsous fow
of information sbout the evolution of electrical parameters and
electrode chamber pHs in te systems.

24, Analyrical procedures

o A alytical plerposes, initial and fing] soll samples weare taken
At the end of the EX-Fenton exper ments the soil contained in the
central tube was divided into three equal sections named 51 to 53
from anode o @thode (Fig. 1) Each section was canefully homo-
genised, and representalive samples were taken for the diflerent
analytical procedures

241 Sail characrerisarian

Initially, the selected sodls were characterised, and organic
atter, cartsodsate and Total Organke Carbon (TOC) were quantified.
Moisture, pH, and conductivity were measured in the inital and
final samples The main properties of the studied sodls are shown in
Table L

Total organic carbon (TOC) was determined based on the di-
chromate method proposed by Schumacher (2002 a5 differenee of
ttal cartson and imorgamic carbson | cisonates) measured ina LECD
CN- 20010 beivve rital arushyser equi pped with 3 LEDD CC-100 modise.

Thee il pH was messured by sddineg 1 M KO soltion to 4 diy
soil sample in aratie 25mL-g~" and after 1k contact time, pH was
mexsired in the supernatant wing a pH meter | jemwvay 3520 pH

Meter].

Conductivity deteminationwas sccomplished adding 100 ml of
distilled water to 20 g of the sample and shaking them for 30 min
Afterwards aspensons were filiered, and conductivity was
mmeasined into the lquid fradion with 5 condectivity meter Crison
Basic 300

Soil acid buffering capacity was assayed by titration, based on
the procedisre described by Reddy et al.( 1999). A suspension of soil
samiple i water (BT w v") was stirred for 30 min and the pH wis
analysed. Suocessve 1 ml additions of HCL 1 M were made every
30 min and pH was measured thereafter. This procedire wis
repeated wntil the pH valise was constant. The obtained resuis
were plotted as pH versus HO added (mLL The results were
elucidated in qualitative krm comparing the profiles come-
sponding to soil sample with those of lkaolin, which i commaonly
Foreonwd i i D losw acid Bl ring capaci g

24.2. Identificarion and quandfimtion of TPHs

TPHs in soil samples were extracted from dry samples by a
pressurized solvent exiraction fysem using an OnePSE irstrumen
{Applied Separations ). Brefly, the dry sample was thoroughly
mixed with pelletized diavomaceows earth andwhen a free-flowirg
powder was obitained it was placed into an extraction vessel in the
insrument. The exiraction solution was composed of acetone |
Teesane (1:1, vev). After four cycles of 5 min at 175 °C and 100 kPa,
the extraction was complete and the collected sample was used 1o
determine pollutant @ncentration Liguid sample purification, for
It 1y idbemtification and quantification of TPHS, was performed by
prelimirary clear-up, liquidliquid esmaction and foris] colemn
fraction (Dual Layer Florisil [Na 50y & ml PP SPE Tube, SUPELDD).
Hies.ane was remdoved in d concentrator (RVC2-25, CHRIST )at 50°C
and samples were dissolved in beptane

Identification of TPHs was performed wsng GC Aglent GC
GBS0 equipped with an HPS M5 capillary  eolumn
(30 m = 250 um « 0.25 mm), operating with ydrogen as camer
s with a fhow of 12 mL min—", and coupled toan Aglent MD 875
mass spectrometer. The GC injector wasoperated in splites mode.
1 pL of the orgamic aliquots were injeaed wsing an aulsampler. The
G oven was programmed to hold to 50°C for 1 min, and then raise
e temperature at 8 °C min ™ wntil 320 °C, which was held for
T

Qiasn Ciffeation of TPHS in the rakge C0 1o C40 was detamined
i accordance with EN 50 16703: 2011 The samples were analysed

wSing 4 g4 chromatograph GO Agilent TH20A that was equipped

Rzl E il 2. (a ) Be-sil

[ 1) peovvsie T papp, (2 ) anadede, (3 ) cashadade, (4 ) maadietic SSOnar A SSnreg plare, (5 ar bnber, | b Shmakied de-sis ¢ pEimEnts

() pover Suppl, (7] anade, () carlede, (9] o aomedc fow nesenngdr, [ 1) pH meaoane, (10} BC-2om e fysmsm.
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Table 1

il Charas wEa BN
Fimmes Spanish zodl (57 Rosmanian sodl (R0}
pH 565 855
Conductvity (x5) 5103 2357
Drgaric mater (%} il 121
Cartoiae (X} <20 <20
TOC (%) ns 75
Camion e hange capac ity (meg 100 7 ') a8 s0a7
S e s
Cravd (>2mm]) ws 1548
Sand (05-2 mm Tl 7457
SHE( 00205 mm) 985 1155
Clayy (0-0U03 mn) o w7
ek (g ')

Az 1040 &70
[ i3 1260
o 1040 w7
Cu ns 1750
Fe 1100 1533000
Mn 17500 53303
Mi 213 n7I
In 10450 5347
Ba may 1835
@ 381733 224967
Mg HROET I2NEET
Ma I15TTET 113233
Taral Pasrod e Hydracarbons (mg kg '}

TPH 2035643 4355700

with a flame jonization detector (DL The hdmocarbons wene
separated in an HPS column (30 m = 032 mm id. = 025 pm]. The
detectorn wis scheduled at 4 temperatisne of 325 °C, and the wed
thermal ramps were a5 follows: initial temperate of 40 °C for
1 mum followed by a gradient of 5 °C min™" until a emperature of
60 °C to be maintained for 2 min, and then, another gradient of
10 °C min~" isntil a finsal temperature of 325 °C maintained during
5 . The used camier gas was high purity air, lpdrogen and -
trogen, with a flow of 200, 30 and 35 ml min—", respactively.
Finally, the injection velume was 1 ul and a split injection maode
was employed.

247, Hemvy metal concentraton

Prevously to the determination of the metal concentration, acid
digestions of the soil samples were performed acconding to the
Danish standard D5 253 Metak analyse was done using a Perkin
Elmer Optima 4300 DV Inductively Coupled Plasma-Optical Emis-
S40M Spectrometer (ICP-OES L

244, Hydmearbais agelig
The ageing of the diesel fuel hydmocabons in the il was

calculyied according to Kaplan et al {1997 (Eq. (1)) based on the

statistical analysis reported by Christersen and Larsen | 1993

Age of diesel fuel (y) — —B.4-[Crfpristane) + 19.8 i

where the Cpfpristane is the relation between hydrocarbon with a
mumber of C equal o 17 and the pristine content.

3. Resulis and discussion

11 Histordcally Inedrocashon ontaminated soil somples
charadersa o

Both contaminated soil samples from Spain (5P) and Romania
(RD) had a dark colour with a slight diesel odour and contained
stomes and debris. For this reason, homogenised sodl samples wene
obitained after i pass the samples throsgh 4 2 mmstandand sieve

The chemical characterisation of homogenised soil samples, in
terms of their heavy metals and TP content was performed
(Talde 1) Hydrocarbon contamination i mohves 3 complex mixtane
of compounds and ©hedr be hnd owr in the aubsod is defined by the
phisical and chemical characteristics of these compounds and the
affected sedl. Table 1 shows the TPHs content in the different sodl
samples reaching values substantially kigher that those reporied as
threshold valses by Spanish and Romanianlegilytons: 50 mg kg™
in the Real Decreto 92005 (Miniseris de Presidencia, 20065) and
SO0-2000 mg kg™" in the Order 756/1997 (Minksterul Apelor,
Padurilor si Proectiei Mediului, 1997 ), respectively.

The identification and quantification of the hydrocatsons oon-
taired imthe soil can be wed a5 fimger print of pollution in indwstrial
sites and it was performed by GC-MS and GC-FID (Table 21 The
obtained results indicated different pollution sowrces in the
selected soils The analysis of the hydmocarbons conducted 1o the
identification of r-alkanes and isoprencids & components of the
selected soils. Among them the 5P soll @ntaired mainly kdro-
i boones. oy Oy 10 Cop 'witi o e related 0 diesal fise L Meanwhile,
the RO soi presented a wide distribution of the hydmocabons
[Co—Cyp) with origin in both diesel fuel and motor il It &
important (@ lighlight te kigh risk sssocisted with the hazard-
ousness of these hydocatons and their wide range of chemical
properties such &5 low water solubility (Table 2) that significantly
inflsence the efficiency of the remediation processes.

It is ks that the passive odegradation rates of diesel in
anils are quite uniform; therefore, the changes in compsition can
be wsed for estimating the age of the diesel contamination
(Christensen and Larsen, 1993 | In the literatune is repored that the
compisition of the highly degraded fusls & dominated by iso-
premids, meanw lile n-allanes dominate the fredy fuels compo-
Sitigi This i becaise biodegradation of the soprenoids is skwer
than nealkames Therelore, the abundance ratio of n-allanes o
isoprenoids changes over time, when bodegradation is happe ning
previoudy to the sampling, an be uwed for estimating the age of
the diesel fsel in the soiks. Based on the Chiistensen and Larsen
(1%593) audy, the estimation of the age of the diesel fuel in the
anils was performed. The 5P diese] fuel exhibited the oldest ageing
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of the selected sodls (197 years old) and demonstrated o be a
Inistorically pol hated soil_ However, the BO diesel fise] insod dvwed
an estimated ageing arownd 11 years okd. In addition, the possible
uatieral bigdegradation of the poll utants can be evalwated thiowgh
the Coyfpristane and Cofphytane matie (Weiner 20091 The high
amaunt of pristane and phytane detectad in 5P soil conducted 1 a
ratio lower than 10 for both of them and demonsirated that some
biodegradation proces had occurred in the soils previously o be
collected. A similar behuviour could be concluded from the calcu-
lated ratio in BD sod where quite similo con@ntrations of the
described nealkanes (Crp and Cw) and isoprencids (pristine and
phytane) were detected. 1t can be conclided that there has been
prodisced a leakage of diesel fmsline in e twe soils. In addition,
these results confimm that the soll samples wsed in this study came
from two histoncally lydocarbon contaminated soils.

Regarding the metal content, the RO soil exhibited a higher total
metal concentration tuam SP(Table 11 18 is important 1o podnt out
that in both soils was detected a high concentration of iron, man-
ganese, ne and magnesum that could be wsed 1o a0t a5 the
catalyst for the Fentons reaction | FermnAndez de Dics et al, 2015;
Pimente] el al, 2008 ). However, the kigh concentration of imon in
botl sodl samples makes them more sdequate to have Fentor's
reactions into te sodl matris.

When the sodl samples are poliuted by beavy metals, the acid
i ri g capacity has a great infl wesce on the remedi ation process,
due 1o desorprion of metal pollutants from soil & Gvoured at low
pH. It & known that kaolin has a low acid buflenng capacity
(Saichek and Reddy, 20079). For this reason, the acid buffering ca-
pacity of kaolin was compared with the profiles of both samples
(Fig SM1, supplementary materials) Althsough the RO soil has a
simuilar imitial pH, it was detected, compared o the kaolin

Deshurvicur, & slight pH change in the suspension. Similar behuriur
wass exchibited by the SPsail. The pH of both soil samples decreased
practically eonstant with the HCl addition. Acid pH around 4 was
slightly kept after the addition of 20 meq 100 g™ of HCL In erder o
keep an acid emdmnment into the sl o (wvour the metal sol-
ubilisation and Fenims reactions, the addiion of complexing
agents, ssch as citric acid, & necessary o improve the metal
availability for remedistion proces.

In addition, the electrical conductivity valee can be wed 0
extraa indormation on the belhaviowr of the sodl wnder the eectric
fheld action. In this stuedy, the soil has high conductivity (Table 1);
therefone, it & expacted that the low electrical resistance Dvowr the
electrokin etic treatment.

32, Ex-silu elecmo-Fenton éxperiments

The electmkinetic removal of pollutants from sodls is a prom-
isineg dn-sim remediation achnology. However, the succes of this
techmique is highly dependent on the ability of the pollutants o
migrate under the electric field sctiom Notably, it i essential that
the contaminated spedes are desorbed from the sod matrix and
comveried into a soluble or dissolved state (Hamdan et al, 2014)
Thues, the Jow water solubility of the hydrocarbons present in the
soil samples (Table 1) makes difficult their availabiity to be
trarsported or dissoled. In addition, when the sleciric field &
applied 1o a soil several phenomena take place sudh a5 electio-
chemical reactions, generation of flow processes and pH gradient,
mability, sorption, desorption, precipitation of  pollut ants,
complexation Therefore, in order toimprove the removal effici ency
and guarantes an optiral performance, it & pecesary o e
enhanced techniques 1o overcome L hese proliems and control the

Table 2
Hyiimea ribon commjsunts ke imfied by GC-MS in e seoed sodl samples Water ssdubiliny (*Shaw and Macpreki, 2005, SRurapean Chemicals Agncy, 2015}
Compoiinds Aonney.  Mumbes of C Ret vme(mind A Witer solubility (mg L'}
T 100
RO(X) SP(X)

Db [ 100D} Tetradecans mE 14 1158 I «d@lo 22007
L5 10-Trime Srykded ecane | Famezans DIE 15 126 130 104 5L 10
P Gdecane FIE 15 1335 353 <010 75007
Hexdecans HDE 15 1473 450 LN
2,6 10-Trime Siyipseritate cane (Norprisane) PIX 18 154 237 1373 ns
Hepmdaans HPE 17 1614 536 <010 29007
Penmdecans, 2510, 14 dyl- (Prisane)  FIOF 18 [ 533 T
Octadecans fuls 3 18 1747 47F  «d@lo 2107
Hexdscane, 15, 1014-eoamedyl- (Flyane)  HOP ) 178 133 35 ms
Monasecans MIE ] 1875 494 &35 s
Eicoesan: ECD 0 19.87 453 13 107%!

Moter o [Tz 1o G} Hemeicogane O ] 2113 455 ns
Deciceans [ray] b pr e 4215 ns
Triceamne ™o B 1z 431 ns
Terraccaans Mo M 435 479 ns
P G e POO P~ 534 445 ns
B g HOD ] 630 EL:] 1710
Hephoseans HPOD 3T T ur ns
OMTaeaant oo = =12 418 ns
IR el e | = prd 453 ns
Triacenmne T 0 T 4715 ns
Henmiaonrane HIC 31 3063 340 ns
2E5-Mar- 17 K- hopane: (Maremine) HHO = 301 1I& ns
Domriaredtans s iz 3141 138 ns
Triziaccntans mC 3 3207 155 ns
TerramianEme hiys 4 izap 149 ns
P GTRACONT P E 3354 133 ns
B Tk enitanee HI 5 434 [RE] 17007
i i acodnTane HPIC 7 3503 11a ni
Daramriacontne Oom iE 3565 a3 ns

“Asceifd = CICMaD@am peak area for each hydmscaskeon
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Tabide 3
TiFHs degradaion bevss afer 3 h by el sleomo-Fon oo meaments AN e 25-
sy wem pefonmed with woitage 5V 0000 MRa 50y 10 Hely and 0 M dric acd

Experiment Sodl Sudlaoant (1%) Remoal (%)
1 5P »B7
2 5P Tween 20 15
3 5P Trimn X100 TEZ
4 |1+ 151
5 R Twen 50 SEE
&8 RO Trin X100 TG

removal process (Yeung and Gu, 200111

In this study, it & desigmed the action on three key poins: i) o
solubilize the adsored Iydmcarbons from the soil particles sir-
laces Tacilitating their mobility and the oxidation reactions; i) to
oontrol the pH in the system keeping the soil pH at a desirable level
o Dvour the Fenton™s reactions amd electrasmotic Tow asd o
avodd the precipitation of the metallic species; and iii) complexa-
tion of iron present intothe soil to maintain part of it solble, in the
medium, alkvwing the reaction with drogen perside. Based on
our previows Study (Bocos ef al, 2015), 0 obtain the desirable
conditions in the Last two acnons, in all experiments, a solution of
citric acid {01 M) has been used a5 enhanced technique. Moneover,
the chodce of a Suitalle surbctant, alle 1o convert into a soluble
state the hydmocabons present in the sod sample, is crocal o
achieve suocessful removal elficiency. For this reason, two non-
jonic surfactamts, Tween B0 and Tritom X 100, have beemn evalwated
Al the comcentration determined x5 optimal for removal of poly-
cyclic aromatic hydrocabon from spiked ontaminated kaolinite
samples|Alcintara et al , 2009). Non- ionic Surfact ants were chosen
becawse of their kigher solubilisation capacities; these surlactants
iy o s ar an e Jectrical Charge and ane |&s sensitive toele cirolytes
than jomic surdactants (Pazos et al, 2011) Furnthemore, these
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surfactants ane hodegradable (Prieto and Calvo, 2013 ) and they are
chveaper than over CATMMIC OF AMKMNC OMes.

Rased on the resulis of Mowsset et al. (2014), in the complex
formed between Tween 80 and phenan threns, the phe anthrene i
trapped in the micelle core, leading o2 lower nvailability toward
axidizing species Consequently, ndroxy radicals have to degrade
the micelle before degrading the comtaminant For this reason,
prelimi nary ex-iou el ectro-Femton experimen s were periormed o
evaluate the ability of Tween B and Trivon X0t sohsbilize and
o degrade the hydrocamxons present in both histona@lly hydro-
carbson oontaminated sods Ths, a comparative stsdy between ex-
Firi &lectno- Fenton treatment in presence of absence of surlacrants
wis done. The experiments were carmed oul under a voltage dop
of 5 W taking into account that this valee was determined s opti-
mum in previous study developed by Iglesias ef al. (2013 ] In that
siudy, the dvemical eygen demand reduction and energy con-
sumption were studied and the resulis demonsirate that high
violtages increase the degradation rae, however it is ako the main
lactor that has an inflee nee on e nergy consumption. Therefore, it &
pecessary o Lake a compromise solution in whidy the vwoltags
permils the operation At dequate degradation rate with lbw en-
ergy OOnSum o

Ascanbe seeninTalxle 3, it is clear that for both sodl samples the
st resulis were obLaimed when the process was camied oul in the
presence of surlactants. The remdval percentages oblained after
2d ol treatme nt without surfactantwene 25.7 and 15.1% lor 5Pand
RO soil samples, respectively. These removal levels were enhanced
by the presence of Tween BD for SP sodl (up to BLEX) and Triton
X060 Tor RO soil (up to TLEE) Inall experiments, negligible hy-
drocarbon concentration was detected in the liquid mediom. It &
remarkable the higher removal level obtained for the 5P soil in
comparison o BD sodl. This Dot could be explained based on the
different composition of both s0il samples. As it was mentioned

o
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Fig 1 Degradaion of nepreusntasve bydnocarboes (5 1 bladr; 52 Bght geey; 53 dark grey ) in SP{ sighe) and B0 (e ) cofl sample: (2} sanmdinedc- Fenton 4+ Twesn 50 and [ B
el caiiner - Fenvoan + Triom X100 | wosking condisers 3V am ™, Q1 M cinic acid, 0. M Ma 30y, 10K Hil:
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Ibefore, the SP sl contained mainly hydrocamsens from Cig to Cay
while the RDsoil presenied awide distributionof the kydocartsns
from Oy 1 Ty For this reason, although the TPHs @ntent of 5P &
higher than the RO it namow compsition in different hydmocar-
o favours the solubilisation of these compounds and oonse-
qisenitly Gvours that the aidation eactions take place.

Based on the aforementioned resulis, the next step was the
evalwation of the potential of coupling eleanmldnetic remediation
with other remedistion techniqee such & Fenton osddation 1o
provide further improvement for polloants emoal and
enhance their individeal remediation efficiencies

33, Simulared in-situ elecmmokinenic-Fenfon experi mens

Electiokinet ic-Fernton axperiments were pefomed by applying
IVeom between two graphite bars, the selection of this witage
was baed on previeus shedies (Pazos, 2007) in which wis
concluded that low voltages increase the rastment time and high
Vil Lages provoke elevale ene gy oon semplions. In the exper ments,
2 solution of Nay50, (0.0 M), citric acid {01 M) and H 0 [ 105) was
wsed a8 flushing Muid In the enhanced experiments, At this solu-
i, Tween BD or Tritomn X-100 was added at final concemtration of
1% Diring electmkine tic-Fenton process, several parameters such
a6 electrical curment, &lect ismatc fow and pH and kydrocartons.
content in the eledmde chambers were monitored. After the
treatment, pH, condictivity, hydrocaibons content and heavy
el Concentration in three 20il sections | vear to anodic 51, central
52 andd mear to cathodic section 53) were evaluated (Fig 1)

In both soil samples, degradation values lower than 10% were
achieved when the electrokinebic-Fenton exXpenments wene
developed withowt the addiion of surfactant However, thes
valises have been incresed by the addition of surbctants (Fg 20
Usisally, in previouws stedies the resulls only show the comvesion of
total TPHs. However, 1o analyse which ldnds of ydromibaons ae
more affected by the treatment, the most representative oome
pouends found in the initial samples have been evaluated. For the
selection of these hydmcarbons, it was cal culsted the ratio between
the area of the specific compound and the sum of areas of all
identified compounds, and it was only cons deed those with egqual
of higher parcentages than 4% Table 71

Fig 2 summarizes the removal efficiency, in tems of peroent age,
of these maost re presentative lydmcarbons. 1t & clearly observed a
significant redudion of the TFH in both soilsin the section 51 wsing
ok b suerfact ants. The degradation showed the lowest value in the
section 51 When the comparison s perfomed considering the TPH
content in the sk, the behadowr & different between the SPand
RO soils displaying diflerent profiles. It can be observed that the
lowest removal values are related to those compounds which
demonstrated to be initially in highest proportions in soils
(Talle 21

131 Enhanced elecorobdneric- Fenion reanment of 5P simgples

In both enhanced treatment s wsing Tween B0 and Triton X100 it
was olserved the same patem in which DDE (Cs) & the hdro-
carbon with the kigher remaoval level, and NDE (Cyq) s the more
resilient to the treatment (Fig. 21 In addition, the hydrocarbons
oinbent analyse fromeach section revealad the high degradation of
51 in comparisen to 52 and 53 This fag cn be explained by the
indusion of HaOz only in the anode chamber to ke maobdlized by the
electroosmotic fow along the sod 1o an the Fen s reactions. 1n
addition, the solsbilized hydmocarbons are also transporned from
anade towards cathode by slectroasmotic flow, slightly incresing
the concentration in the saction closer 1o the cathode chambet In
thsese esperi ments, near constant eled romsmaoic ow rates arownd
4538 and 42.25 cm day™ were measured for the reatment with

Twean 80 and Triton X100, resped el The polar balance of a
surfactant is reflected by its hydnophile-li pophile balansce (154 and
135 for Tween 80 and Triton X100 respactively) and this param-
eter is im a linear relationship with the dielectric constant of the
surfactamt { Gorman and Hall, 1963) 1t i nown that according o
the Helmbolz-Smoluchowsld theory, the elecmosmotic flow i
decrexsed when the dielecinc constant decreases and it may be
responsible for the lower electmosmotic flow of Triton X100 in
et i 10 Twean B

As can be seen in Fig. 3, both experiments followed similar
electric current profiles with some fMisctsations. Inicially, tee eleg-
tric current incraased dise to the sol uhilistion of te jonic species
from the sl samples that are mobilized under the effect of the
electric field and migrate owards the oppsite charged electrade.
This tremd & depleted a5 they electromigrate and move into the
elecirode chambers. A decraxie in the slope of cument intensity
Al g ehe tire with fisctisations i reconded, wihich coukd be due o
e clhuanges in the solution chemistny and o eactions that take
place in the soil matrisx

Fig 4a depicts the pH and metal { Fe, Mg, Zn, and Mn) distri-
st im the sodl sfter treatment. In this case, for all xsays, citrc
acid allowed keeping the pH at an appropriate level, amnd 3,
alon g the s0il inthe electrokinetic cell AL this pH walue, the sole-
bility of imon species and the Feninn's resctions are Ghvoured. In
addition, a5 it was sforementioned, these soil samples have a low
acid buffering capacity and 50 it can be exsily acidified. This acid
environment forces the pollutants o remain in the interstical

Inbemsity (ma)

LA L
I"-nﬂ._q?'ﬁ l?'ﬂ

intersity (mA)
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o 5 i £
Tirna (d)

Rg 3. Becwic oameny padiles @ (o) Secrainec - Rnmn + Tween 30 and (@)
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solution and then, they are transpored towards the electrode
chamber Kstered by the action of the electric feld (Rileim ot al,
2005, This fact can explain the similar metal distrbution fownd
i bt reatments.

3112, Enhanced elearokineric-Fenton reapnent of RO samples

Regarding the electrokinetic-Fenton treatment of RO samples
wsing Tween B0, the results showed a simila pattem with 5P
samples with aslightly kigh degradation of 51 in comparison to 52
and 53 (Fig 2] However, wisen Triton X100 has been wsed, the
differences wene higher inall droaisons This behaviowr can be
explained after the evalwation of metal distribution insodl. As can
e observed i Fig. 4y the metal distribotions when Tween BD was
added were quite similar. However, after the reatment wsing Triton
X100 i s g fuid, the scoumulation of M and Zn i the last

Seclions indicates that the metals are pred pitated into the soil duee
o the incease of the pH valee (from 3 1o 5) In sdditon, the
electronsmatic Mow was depleted after 15 o Uniil that mament,
near constant electmosmotic flow rates amund 5698 and
52 84 cm d=" were recorded for the treatment with Tween 80 and
it X W0, res pective . This fact itis ko detectad in the profile of
electric current (Fig. 4 Initially, due to the kigh metallic conte
of RO samples, the electric cument presented a kigher slope than 5P
samples However, in the case of treatment with Tritom X100 after
0 i the electric curment decreases because of the pracipitation of
metals into the soil matrix causing the redoction of ransport
Species throwgh the soil These resulis are in oomoondance with the
resulis obatained by Pazos ef al (2008, 2009 In their electmodldnetic
reatment s, te appearance of pred pitates goes dow i e Tansport
of species present into the sodl, reducing the efficiency of the
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treatment. Therelore, based on these results, wien the sodl has high
metal content, high citic acid concentration of the we of 4 pH
conitmol system are requested in onder to svoid the increase of sodl
pH and the precipitation of the metallic species into te soil

4. Conclisions

Several conclusions can be drawn from this experimental study
on surbctant-enhaned eximaction and degradation of hydmcar-
bans from historically polluted sodls. The wtilisation of Tween 80
and Triton X100 a5 surfactants has achieved the highes perfor-
mance in the ex-sm treatment for 5P oand BD sodl samples,
respactively. These Dots were ko confirmed for the dmulated in-
s electrkine tic- Fenton treatmenis The buffering of pH, coupled
with the addition of a complexing agent demonstrated o be
necesary lor the in-si trestment o (acilitate the vailability of
retals, 1o svoid their precipitation into the il and o Gyvour the
transport of hydnogen peraedide agents

Electmokinetic Fenton has been successfully combined with
surfactanis in order o get an in-sin decontamination of the his-
torically polluted soils, and further udies are equired in order 1o

seale wp the process.
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Mowadays, Se majarhy of the remediaton wudies have been crmiad ow wing anifielally spied sods with
individual target polhmanes. Ooe of S bomlenscios bs the application of developed wotm ologies 1o the removal of
podiomans in real aged oo inaaed sedls, whieh b e mere 4ol dhan i splied ones Thiss, in this smdy,
e perfrmance of 3 combined ta hmodagy as flmshing wing 3 ferent orid ants coupled with the dearakinete
et e was periormed and s el biliny wis evaluased to remed e o rml indesirial podlosed soll with kow
permea hiliry in which & Dot pocsible te coavent onal fioding sysem Inddally, the characserizarion of s sl
shonsed 2 wide distribanion of hydmearbons with 2 romd perrokenm bypd e ashon s con o of 29,666 mg-g ™ '
Based o the hydrocarbors disribo o, the soore of & pallomes was idenmfled & o spillage of motor ofl and
dime] Moreoves, g aging of the poliudon was evalnzed faround 16 years) msuking in 2 hisoeiealy polimed
ol Tnddally, an 5w o damve TRATNENT Was ookl aned. This treamm s demorsraned e fasibiliy of the
different cxddants on the removal of S hydrocarbars, achleving removal valoes higher than 65% in all the
axped men . Purdhenmane, 2 criteal parameser in the treament, & pH, wis alo evaluated resoldng in oo ackdic
erviranm ent for KMn0, and Ma.5.0 and hasle enviranment for Ma0CL Laws, the simmlaed baneh scale iy sisy
mmoval of S conRminants was comsidesed, ot the dd very of S oxidanes oo S polloned sofl B hand, and
oy s regsein, e eoupling of flushing and o erwoltineties was carriad our Wil ng arnhe opemal e did e
& i e, e with e seleaed aridans wes perfoemad The toml pemolenm bydnocarbons
(TPH) removal (0-60% ), the profile of hydrocastons and meak in the diffesnt sections of the sall afer the
meanmen s proved the eficlency of S sysem. The viabiiy of the selecwed bybrid mechnd gue in the removal of
TFH from himorially polimed solk was demosmaed.

Eepwords

Flioctrok e

Boina | o], sl

THH amnoval

Sodiim pumliae

ot s e o e
Sodim hypochlorie

1. Introdwction extraction and Romanisn petrochemical ind vstry operates. Almost half

of the accidental contaminant relesses in Romania are camsesd by oi

The persistence of pollutanis, which are strongly sarbed into the
soiks, is causing important environmental poblems. Nowadays, the
variety of complex mixtures of hydmcarbans depends upon manufac-
turer, geographic location, and sessonal nse. Por this resson, it & known
that the compmitions of these products are made wp of hundred
hydrocarhan compounds, which are acoomulated i environmental
media, mainly in sail [1,2]. Thus, total petrolewm hydrocarbon (TRH)
ako known 2 minerzl al ar hydroarbon od, has besn wed ==
mezmurable amownt of the mixture of hydrocarbans, which anre found
i the smvirommental mairx [,

Sail pallntion camsed by hydrocarhaons represents a serioms threat o
the emvi t; & far ple, Romamia hes thres major “hat spots™
(Przhava, Dalj, and Baau) that comespand to areas within which o
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extraction ar transpartation. These accdental releases have multiple
cases, bt most of them are related o the obsolete equipment,
improper conditions far pipes wed for cude oil tenspartation and in
the pemchemia] mdustry [4]. This is an impartant mncem since the
agriculmre contribues 2% to the national inmme and the agrionitural
bmds productivity & diminished by 20-30% due to oertain limiting
fadtors a5 chemical polution due to fhe unresanable ufilzation of
fertilizers and pesticides, emissions of metals, and hydmocarbans [51
Mowadays, the management of these palluied sails is 2 mman
problem among industrialized comntries, requiring the development of
mnovative, omtefiective, and smdrendly technalogies [67]
Although a variety of biological, chemiml, or physical echniques far
envimmmental remedistion of hamrdow wasts sits have besn devel
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aped, it has bem detected that by & combination of these echnologies a
hetter approach & possible. In these cames, the major challenge is
Imiow when to switch fram ane technalogy to the nextina trestment
train [4,91.

Chemical oxidation & comsidered 2 one of the treatment alter
natives ahle to reduce or eliminate the volume and tmddty of
pollutants. In recent years, the coupling of this echnology with others,
such 2 in-gfu fishing, has attracted mach attention forits potential 1
treat and degrade various soil contminants, ez chlornated com-
pounds and pesticides [7,10,11]. The application of this technalogy
permits i indude in the flushing soltion oxidant agents ahble to
transform chemically harardous mntaminants o non-harardons ar
less toxic, mobile ar inert compounds [12]. Amang the most cymman
midants wed i s0il remedistion are orone, hydmgen permdde,
hypochlariie, chlorine, permanganate, and persulfate [13-15).

gty flwhing technalogy can be applisd © soik with high
permeshility; however, it is not ahle to be effertive for a soil of low
hydraulic permeability ke clays. One passible solution & o genemate
the in-gity flushing of avidants by slsctmldnstic tachnalagy (EK)L The
mindple of EK reliss vpon the application of a lowintensity direct
cwrent that generates several transport phenomena casing the move:
ment af the species present in the so0d owands the eledmdes [161
Thus, for the tremtment of this kind of palluted soil, the me of
electmkinetic mddant sail fashing (FKOSF) & propased 25 an alfer-
native echnnlogy. In EKOSF, the axidants are mobil imed along the sodl
by electmosmaotic flow, and they can oxidize the organic polutants
during their migration [17,180

In this context, for the trestment of s0dl with low permeshility &
neemary to develop a ombined wechnology, = EKOSF, in onder to
transport the oxidants and chemically transform the hamndows pallu-
tamts intn non-hasardows ar less tocdic, mobil e ar inert compounds in the
soil In addition, in the literature, the majority of the repored studies
are fimsed on the evahation of artificially spiked sails with individual
target pallutants. In ander to amsems the system in a near neal emdnm.
ment, the present study was performed with an aged ontaminated soil
of an industrial area of slevated activity in the nearhy of Bacam
(Romaniz). The EKS0F was performed using different oxidants such
2 sodivm hypochlarite (W21}, permanganate (KMnO,), and sodimm
persilfate (Nag5,0,) that were flushing into the sail by eleciric fisld
action from the sleamlyte chambers. Previously, the sail wes char
acterized and several ex-gity experiments were camied out in onder o
determine the efficency of =ach mddant to degrade the TFH pressnt
inta the sail.

2, Material and methods

21 Regns

Sndmm hypochlarite (N2O(CT), potassivm permanganate (KMnOy),
sodium persulfate (Na 8,04} and sodium sulfste (Na,50,) were
obtained from Sigma-Alridh.

22 Indusrial polbeed soil

A hydmocarhon contaminated soil sample was collacted from an area
af elevated industrial activity in the nemry of Bacau (Romania). The
sample was colleced from the mpsail by wsing an Eijkellamp sampler.
It was kept in polyethylene bags, mmied to the laboratary, passsd
through a sieve (2 mm) and homogeniped. Then, the sample was siored
at Toom temperatune untl its we.

23 Bosity and smubghed bench scale in-diy treatments
211 Exgh experiments

Preliminary ersity expaiments were camied out in omder to
determine the feasibility of this proaess with the propmed straegies.
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Table 1

(e coanmtasicas and pH S the di e X dure el
it Coamtason pH
L] Igd &, as, 12
Windy gl 355578
Mg e 50

Experiments were performed in Edemmeyer flasks with a working
volume of L15 L where 75 g of the soil were mived with QLISL of
the selscted modant (Table 1) The concentration and pH range wed in
each oxidant wene selected besed on the optimized conditions described
in previous studies reported in the literature [14,15]. In the cxse of
experiments with persulfate, citric acid (L1 M) wes added ta favor the
solubilization of the fon present in the soil The soi =ample wes
maintzined in sspesion by shaking in an arbital shaker avoiding
omnaentration gradients in the cell All resction samples wene prepamesd
in triplicate.

232, In-sity experimenis: EKDSF

Simulsted bench scale indty experiments were performed to
evaluate the oficdency of this tenology applisd o historially
hydrocarbon pallued soil EKOSF was studied using an EK cel
developed by owr ressanch group (Fig. 1) [19]. This setup onsistsd
af two electmde chambers (working volume (L3L) and a central tuhe
{length 100 mm x diameter 32mm). The soil samples with initial
maistre aromd 0% wers mmpactad mamally in the central tube,
favaring their homogeneos dstribution to avaid preferential paths far
the fluid tamsport. In aonder to sepamate the soid s=mpls from the
electrod e chambers, porous stones and filter papers wene wed. Graphits
har elestmdes wene wead & anode and cathode, and a2 om@nt valtage
drop (3 ¥om ™ ¥) was applisd with a power supply HF model 3662 [ 191,

I all experiments, the elactmde flushing saluton was NagS0y
(0.1 M) a5 electralyte at the pH determined as optimal in the e
experiments. Furthermone, in the eledmoltic chambers, the oxidants
were added Far the acquisition. of electrical parameters over ime, an
auinmatic data amuisition software it has been developed, called EK-
Data. The purpose of this software & the aumatization of the dat
recanding and storing tasks nesded for the contral of the sxperiments.
Thus, there i 2 conti flow af info about the evolution of
electrical parameters in the systems.

Fig. 1. Bepeirwotal abap Sor S sk i b ocly ool et sxperimimise (1) amode,
() cathad, () cha: tn-armetc fow noava, (4) od seple, (5) ey dactale,
(E) prwes mspgly, (7] data aquiiton syt an
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Table 3

Sal charachsinsion.
Parameties Foomman mal
pH T
Coaduwsviy (fen™ ") 418 5
Opimde muale s (%) 123
Cadenate (] ore
TR () &30
Geall fer g
o { = 2 ean] (%) k1]
S (553 mam) () 4T
Sl (0E 305 mm)) (%) 4088
Chay (0-00€1 o) (%) 4049
Mt iy ™)
ki SE8
[ a0
Cr 316
[} TRl
Fa FFLE ST
T 5N
Wi 35
In Ta3z
Al 153500
K Fo L0
Ca (AL 1 i
My 450
Ba a0
Caten Endung Capacy (CE0) > -
Total petroloum hydmcarboo (myiy =)
™H Theas

24, Amalytcal procedure

Far analytical messmnements, s0il samples were taken before and
afier trestment. At the end of the EEOSF ex periments, the treated sodl in
the central tube was divided nio three equal ssctions named 51 to 53
from the anode to @thode. Each ssction wes @refully homogenizesd,
and representative sampless were taken for the different amalytical
procedures,

24 1. Soll choracerimtin

hitially, the ssmple was characterizsd; pH, conductivity, arganic
matier, carbomate, ofal arganic @rbon, sail teiore, add and besic
buffering capacity, metal, and hwhrocarhon @ncentrations were
quantifisd. The main properties of the sail are described @ Table 2.

Gramlomeric analysis of the soil wes performed with a digital
electromagnetic sieve shaker FTL-0150 from Filim ¥ibmdm £1.

Total argamic carban (TOC) and orgamic matter wene determined
based an. the dichromate methad propased by Schumacher [20] a5 the
difference of total carhan and inorgenic arbon (carbonates) mezmmsd
in an LECO CN-2000 elemental analyzer squipped with an LECD OC-
100 madule.

The sail pH weas mezswred by adding 1 M KC] solufion to a dry sod
smple in a rato 25mLg~" and afer 1h contct time, pH wes
mezured in the supematant using a pH meter (Jenway 3520 pH
Meter)

Conductivity determination wes acmmplished adding 100ml of
distilled water to 20g of the sample and shaking them for 30min
Aterward, suspensions wens filtered, and conductivity was mezsuresd
into the liquid fradion with a conductivity meter Crison Basic 3L

Sail acid and basic buffering capacity were asayed by titration,
baisesd an the procsdure described by Reddy =t al. [21]. A swspension af
the sail sample in waker (6.7% wv™ ') was stirred for 30 min and the
pH wes amalyzed Sucessive 1ml additions of HC1 1M ar NaOH 1M
were made every 30min and pH was messured thereafter. This
procedure wes repeatal wmti the pH value was constant. The oltained
results were plotted 2 pH verme HO ar Ba(H added (ml.). The resulis
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were eluddated in qualitative form, comparing the profiles correspond
ing to sail sample with thase of kaalin, which & commonly known ta
have 2 low add buffering @pacity.

The metals and TPHs were identified and cquantifisd and the
hydrocarhans aging by the procsdures described @ the ©llowing
sectioms.

At the end of the experiment pH, conductivity, arganic matter,
metals and hydmcarhan ancentrations were also determined.

242 [demifration and quetifirntion of TPHs

TPHs in s0il were extractesd from dry samples by a presurized
solvent extmcion system wing 2 OnePSE mstrument (Applied
Separations Inc.). Briefly, the dry sample was tharoughly mixed with
pelletized diatomacecus earth and when a fee-flowing powder was
abtainad it was placed into an extraction vemel in the instrument. The
extraction salution was mmposed of scetonehexane (1:1, vvl Afer
fomr cycles of Sminat 175 "Cand 100 kPa, the extraction was complets
and the collscted sample was wed to deermine the pallitant conaen-
tration. Liquid sample purification, for both identification and quantic
fication af TFHs, was performed by prefiminary dean up, laquid-Hequid
eviractin and florisil mhmn fracion (Doal Layer Plorisl M504
& ml. PP SPE Tube, SUPELOO). Hexane= was removed in a concentrator
(RWC 225, CHRIST) at 50 °C and samples were dissohed in heptane.

Hentification of TFHs was carmied out by gas chromatog raphy using
an Agilent GC 6850 squipped with an HPS MS @pillary column
{30m = 250 pm % 0.25mm) and coupled to an Aglent MD 5475
maes spectrameter. The seleated camier gas was hydmogen operating
with a flow rate of 1.2 mlmin™'. The GC injecior weas operated in
splifless mode. 1pl of the organic aliquots were mjected wing an
auinsampler. The GC oven wes programmed with a thermal ramge the
initial temperature was 50 °C and the holding time 1 min, then a mmp
rate of 8 "Cmin~ " was estahlishad until & final emperature of 220 °C,
which was held for 10 min

Quentification of TFHs in the range Cip 0 Gy wes determined
fallowing the norm BN B0 16703:201 1. The samples were amalyzesd
using a gz chromatograph GC Agilent 7TH20A that wes equipped with a
flame jonization detectar (FIT. The hydmarbons wene sepamted in an
HPFS column (30m % 032mm id ¥ 025pm) The detectar wes
scheduled at a temperature of 325 °C, and the used thermal =mm
were 2 follows a temperaturne of 40 "C was held far 1 min, followed by
a gradient of 5"Cmin™ " until 2 temperaturs of 60°C to be maintzinsd
far 2min, and #hen, anofher gradient of 10 Tmin~' wil a final
temperzture of 325 "C which wes maintained during Smin. The used
carmier gas was high purity air, hydmogen, and nitrogen, with a flow of
204, 30, and 25 mLmin™~ ", repectively. Finally, the injection volume
was 1 pl and a split injection mode wes employed.

24.3. Meinl conceniration

Previowsly to the determination of the metal concentration, acid
digestions af the sail samples were performed accarding to the Danish
standard [6 259, Met] amalyses were done using a Perkin Elmer
Optima 4300 DV hduwtively Couplsd Plwma.Optcsl Pmission
Specromeser (ICPOES)

244, Hydroorbons aging

The aging af the disss] fus] hydrocarbons in the sod wes calonlsted
sccanding to Kaplan etal [22] (Bqg. (1]) besed on the statista] analyss
reparted by Christensen and Larsen [23%

Age of diesel fuel = —B 4Crprissane] + 195 (i)

where the C, /pristane is the ratio betwesn hydrocarhan with 2 mmber
af Cequal to 17 and the pristane content.
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Table3
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Teidurine T (] 4Ty [ F ] PR U]
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ot il e B ek 25 e
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thy= Cheonigmm paik s fr cch by dasada * E].
3. Results and discussion

11 Realhydrocarbon polluied soll somple characten sation

The homogenized soil sample wes obtained after passing the
samples through several standard sieves and its chemical characteriza.
tion in terms of metaks and TFHs content was performed (Table 21

The sidisd soil was slighthy alkaline, with a pH of 7.99. Mt of the
sample omsisted of sand (2-0L5 mm) and sl {0.5-0062 mm}, with a
small percentage of clay. It must be highlighted that the TFHs content
reached values substantially higher than the values reported 2 thresh-
ald (500-2000mgkg~ ") by Romanimn legislation Onder 756/1997
[24]). |n addition, by GC-MS and GC-FID analyses, the hydmcarbomns
contained in the soil were identified and quantified 2 a fingerprint of
the pollution in this mdusirial sie (Table 3} & is dear that the sod
sample antzinsd mainly hydrocarbons from Cio-Cya which ane nelated
ta the original souwrce of pallution, disssl fusl and maotar ol These
hydracarhans are characerized by a kw water salubility that reduoes
the effickenay of gy trestments.

The aging af the hydmcarhon pallitant in sol & ako a subject of
analysis that allows io know if the contamination comes from reent
spillages ar a historical pallution problem. Based on studies of
Chrisiensen and Lamen [Z1], the mtio of nallanes to soprenaids
changss aver time, which indicates the natural bindegradation befone
sampling, therefare, i is possible to estimaie the age of the diese] fusl in
the soils. The s0il sample showed an estimated age of the pallutant
higher than 16 years 0ld and demonstrated tobe a histori@ Dy poluted
sail In addition, it & possible to evalate the natural biodegradation of
the hydmarbon pallutants using the C)/pristane and G, /phytane
maitio defined by Weiner [25]. The values are(.39and (L74, respectively
which are lower than 10 These ratics revealed that the high amowmnt of
isoprenoids (pristane and phytane) in relstion to nalkanes (G, and

Cia) could be explained due to the history of the hydrocarbon polluted
sail which has been exposed to natural biodeg radation processss il it
was collected

Tahle 2 Tlustrates the sail physialand chemical properties. Due to
the presence in the soi of netural imn, manganese, and magnesmm, the
mridation resctions are favared Thus, it has been determined that the
presence of these metals could provake an influence on the oddation
process, iron i considersd a5 the best activation agent for the
remediztion proess by oxidation using persulfate [2]. The presence
af thess metak has a great influence on the remediation process, but
their hehavior is affected by the pH of the system. Thos, the desorption
of metal pallutants from sodl & favared at low pH; however, at high
values, they @n precipitate causing problems in the tanspart of species
alang the soil For this reason, it & impartant to know the soil acid and
hasic buffering @pacity in onder to determine how the sodl pH changes
when strong ackd ar base are added. As @n be s=en in Fig. 2, the sod
sample shows 3 high add buffering mpacty. The pH of sall sample
showed a different behavior compared to the laalinite when the acid
wa atded, derreasing slightly with the initial HCl addition and afier
9ml. of HC1 (1 M), pH wes around 6 However, the profile of bath
matrixes was quite similar when NaOH (1 M) was added, reaching a
maximum pH around 12 that was maintxinsd after 2-3ml of NaOH.

I addition, the soi dectrical ondudivity was around 418
piem ™", which could be considered & suitshle to apply an elearic
figld and it is expected that the low eledrical resistancee favars the
electrokinetic phenomens.

12 Pedty speriments
First, the chemical oxidation experiments wene done in soil sample

with the thres seladed oxidants (Na0Cl, EMnO,, and Na, 5,001 Based
an previaus studies, in which thess oxidants were used in the degrada-
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tian af ather argamic pallutants, the mncentrations and pHs showed in
Tahle | were selected i evaluate their mddative shility in the presence
of resctive metls contxinsd in the sod. k i impartant to know the
effect of pH on the system, bemme in B the eletmobsis readion
madifies the soil pH increasing from anode to cathode, mnging fom
acid to allaline. In Tabl= 4, it is shown the result of TFH removal after
A0 h. Itis clear that all oxidamts are ahle to resch masdmum degradation
levels higher than 65%. An optimum pH vahie wes determined for each
axidant which is in relstion with the kind of resction that takes plae.
Thus, NagS 0, wes examined af three levels of pH (5, 7, and 9) and the
TPHs degradation was better in the mare acidic onditions (pH = 5.
The persulfxte amion (505" ) itself is 3 strong oxidant with a redm
potential (7 of 201 V. Through activation, the persulfste amion
(B0y"") produces milfse rdicak, which a= more  powerfl
(B = 26 V) [27] and kinetically fast rescting (Eq. (231

506 + W — S0, 4+ MU 4 S0 {2)

Due to the transition metals are the agents of nitiation of permuifate
activation, these should be awvailable to the place where the readion
ocours. 1t is known that the metal species such a5 inm are relatively
insoluble at the ambient pH = 5 of most aquatic systems; thenefare,
citricacid was added 2 chelating agent avai ding their precipitation and
favaring the adivation of persulfste [23,29]. The remlts showed that
operating at pH 5 was possible to obtain the best degradation level
(76.96%), which & around two times higher than the value reached at

9
]H'T'h: high oxidation state {+7) of manganess stoms in KMnO,
degrades pollutants without forming radical species and it is oonsidersd
a5 a favored oxidant in brealing the carbon-@rbon double bands of 2
hydrocarban structure without forming rdical species [30,31].

MnDy~ + BH® 4 5= — Mn™ + 4HD(E" = 1.51V) {3

It was found that KMnD, was effedive over a wide mnge of pH
valoes 35-7 5 However, the best nesulis ane chizined at pH values
betwem 15 and 5.5

In regands o the MO0, it & known that at pH betwesn 2 and 7, the
equilibrinm fvars HOC whils, pH 7-8 comespands o the mexstence

af bath HCI) and (10~ spedes, and a5 the pH goes above 8, and
increasing proportims of (0™ are present. However, Nal(l & stahle
above pH 12, where the less reactive (001~ is predominant and HOO &
virtually non-existent. These preliminary experiments pemmit to prove
the modative shility of the different studied oddation agents and to
determine the effect of pH. Based on thess results and the fact that the
use of EK has the potential to ncresse the delivery of axidant into the
soil mproving the remediation eficiency, the @mbination of bath
teschnalagies was evalizted by means of severa]l EKOSF experiments. In
these triak, these aeidants were included in the polluted soil of low
permezhility 25 flushing solution by the action of the applied elearic
current.

23 kst FROSF experiments

bghy chemim] mrdation & an environmental remediation tedhni.
que to rednce the coneentrations of targeted emviommental polutants
in sails to acceptable levelks. This & acomplished by the injection of
strmng chemical axdizers dirscfly mto the polluted sod However, a
significant difficulty in this #echnology & promoting the contact
hetwemn the oxidant and the contminant, partimlardy i the low
permeshility suhsurfae. In this context, it is proposed the nse of EKOSF
to overcams this Hmitation. For this resson, based on the sail texturs of
the studied sample, several sxperiments wene performed, in which the
axidant was injected into the soll by applying 3 ¥om ™' betwesn two
graphite hars following the mnditions determined by previons studies
[32]. Doring EKOSF experiments, several parameters sch a5 elactrical
omrent, electmosmatic flow, pH, and hydmcarbons content m the
electrode chambers were momitared. After the trestment, pH, conduc-
tivity, hydmocarboms content, and metal coneentration i three s0d
sections (near to anodic 81, central 52, and near to @thadic seation £3)
were evaluaied.

Initially, to determine the mobility of the avidsnt into the sail,
persulfae wes injected in ome of the chambers (anode or cathode
meservain) in two different experiments. Simdlary to that reparesd by
Pan =t al. [15], persulfate, 2= amin, migrated into the soil by
electromigration towards anode when wes injectsd in the cathode,
but the iomic transport may be hindersd when elsctroosmotic flow
opposss to elsctromigration [1533] To awoid this problem, #t wes
derided 10 inject the oxidants in hoth reservoin.

As it is shown in Fig. 3, the trestments in the presence of permifats
yield higher curnent intensitiss than the other avaluated oxidants. When
permlfae was injeced, the cworent incresssd gradoally and almost
exceeded 220mA, decressing afier 6 days. The higher dosage of
persulfaie camsed a higher jonic concenfration in the imberstitial
solution present in the soil. In the other sxperiments, the mment
increzesd at the beginning of the procss, resching macimum vahies of
-0 ma that gradually decesss afer 3 days. This was probably dus
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to the sail pH variation. The initial soil pH was 7.949. In Fig. 4, the pH of
the different sections after 7 days of treatment i shown. & & clear the
difference among persulfate and #he other oxidanss. Due to the
electlysis reaction, the sall pH increxsed fram 81 to 53, mnging fom
4.0 and & to 10 for KMnOy and Nall, rspectively. The addition of
perml faie lad o lower soil pH, increzsing from 1.96 1o 225 from anode
to cathode. This fact can be explained based on fhe deomposition of
persul faie that decreases the pH, and also enahles more soil minemk io
dissolve imto solution [ 15, 34). Then, the deciric cument ncresssd doe
ta the solubilization of the donic spacies from the sod samples that are
muobilized under the effsctofthe elactric fisld and mi grated fwards the
appositly charged elsctmode.

Fig. 5 describes the variation of cumulative eledromsmotic flow
during the three experiments. Although the murment in the experiments
with permifate was several imes higher than that for other axidants,
the elsctronsmatic flow was not proportional. This muld be aaibed o
the fact that when the ionic @mncentration & high, the thickness of the
diffuse double layer reduces, which may constrict the elecmaematic
flow [35]. In addition, a5 it has been mentioned before, the permifate
addition @used a decrease of the pH in the sail and cathode reservair
and the slsctmosmotic flow may also be inhibied a5 the sall zeta
potential dops [15].

Fig. & summarizes the removal efficency, in terms of peremtage in
relation to the inidal TPH mntent The highest TPH degradation values
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were achisved for the trextment with NagS:0y with an averzge 59,
followed by KMn(y, with a global level of 38%. In sddition, the
hydrocarhans coneent analyzed fom each section revealed the higher
degradation in the 53 section compared to 52 and §1. This fact can be
explainsd by the inchision of both oxidant 25 amions that can be
mobdlized by the electromigration from the cathode 1o anode alang the
501l tostart the oxidation resctions. In addition, these oxidants are alo
inchided imto the anode reservair and can be transparted fom anode
towarnk cathode by dectrommatic flow, slightly incresing their
cmnaentration in the §1 section, @nsing the increasing of degradation
in comparison with section 52. In these experiments, after one day a
near constant electroosmaotic flow rate was maintained at average raies
far ech oxidant in 2 nge of 20 to 17.5mlday~ ! recarded for the
trestment with Na 50, and NaO(l, repactively. The bow alsctro
mmotic flow could be the rexon for the ower degradation level
obtained in 51 in relation to the levels resched in 531

The pH of the s0il has a great influsnce and @n explain the different
degradation levels achieved in these ex periments. As it was conduded
in NagS 0 ey experiments, under acidic condition, like pH of the
soil, in this EKOSF experiment the degradation level is higher than fiar
neuiral ar basic conditions. However, in the @se of experiments with
Nzl the pH & in 51 favors the presence of HOC] and the pHs in 52
and 53 correspand to the increxsing of les nresctive 0017, Thenefore,
although the itial pH of solution wed in both reservains wes that
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determined in the previons s trestments, doring the EKOSF the soi
pH changes and this fsct has a great =ffect on the efficencgy of the
degradation proces.

Although it is impartant to know the conversion ofthe total TPHs, it
is abo neessary io determine which kinds of hydrocarbons are more
affected by the trestment. Far this reson, the mest mepresentative
hybrocarhons found i the initial samples (in Table 3 Ay
ZA100 = 3%) were selested. In Fig. 7, the changes in the fingerprint
af the soil in the three ssctions after the treatment with permulfate are
showed

Reganding the removal of the diferemt hydrocarbans, @t wes
observed that the highest mmvemsion coresponds o the mineral oik
fractions while diese]l fuel shows a slight lower reactivity. This fact
ol be dus to the tremshrmation of severa] hydrocarbans in smaller
hydrocarhans, and for this resm, te degmdation of thess fractoms
can be slowed down In addition, it is abo observed that the lowest
remaoval va hues are nelaied to those present in ssction 52 and the highest
degradation levels are detecisd in section 53 These results show that
each hydmcarbon followed the same patern detected in the svalustion
af total TPFH. It is pomted ouwt that it is pasible © obtain high
degradation levels by EKOSF wing permulfat 25 axidant in a shont
treatment time. The obtained mesults permit to conclude that this

sl st o et RO enparimamitn a1 conatind weltge GV ") vk Moy Shahary

technology muld be a pomising tedinology for the mpid ooy
treztment af soils historically palled by hydmcarban, although more
trestment time & required in ander to reduce the concentration mder
the Romanian legislation limits.

The meta] cmnient of the sals was also evalaied af the end of the
experiments and it distrbution acrem the readion dhamber was
determined in the thres sections. The metl remaval wes determined
2 the reduction of the metal concemtration in relation o the inmitial
levels showed in Table 2. When Nag;0y wes seleced a5 axidant
{Fig. §) in the coupled treatment, it wes observed the rdesses of metak
from the soil and their movement. Thus, the application of an leamic
field i0 a 5ol generaied amEport of metals present nto the soil by
elsctnomigration and elsctroosmasis towards the cathode. The neplace.
ment af cations readily exchangeahle @ the soil by another speces
depends on the cationic exchange @pacity and an the metal cation
adsaption arder, Na™ < KE* < Mg < (™ < Co** < AP*

< Fe' and Co®* = Ni*T = 20’7 [35). Accordingly, Fe and Al
showed the lowest variation in the soil A substantial relesse of Zn,
Wi, and Cu was detected, and a comssgquent decesss in their conentra:
tioms from section 81 to 52 was obiined and in the nearhy of the
cathode, 53, was observed an acoumulaion 25 consequence of the jon
mobil ration and franspart This & abo i concordance with the fack
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expemed abave in relation to the sail pH profile showed i Fig. 4 for
NagSy0y treatment and their effect in the relesse of matals. A similar
pattern was alko deteced in the asys with NaDC and KMnDy
trextments at different degress. Therefare, = synergetic effect of the
trextment applicable to the mobiliztion and removal of toxic metals in
the so0i was abo achieved

In this study, during the EEOSF trestment, the hydmcarhans wens
degraded i g In thess kind of trestments if there ane froe hydro
carhans inin the nterstitial solition they can be mobilimed to cathode
camber by eledmommaotic fiow. In addition, a significant redudtion of
the metal concentration in the sod was deteced reaching valies wp
35% lower than the initial content. The metals are transpartsd from the
s0il tocathode chamber where are concentrated. This electmde solubion
shauld be extracted in ander to remediste the pollitants present it by
canventional treatment processess such s chemical predpitation.

4. Conclusions

The main ho#lenecls in the remediation of sailk polluted by
hydrocarhan are the varsty of mmplex mixtres of hydmarbons,
which & much mare diffionlt to remedis® than spiked samples, and the
low permeshility of the sail To the best of our knowlsdge, this & ane of
the few studies i relation to gt fshing applied to a near el
envimmment using an aged @mtaminated soi with low permeability.
The cambination of sidied echnologies demanstrated o be effective
mn diminishing the pallution i snik and showing a significant redudion
of the different hydmarbons (disse] fuel and mineral ois) contained in
the historically contaminated sail afer a shont trestment period
Persulfate demonstrated to be the best oxidizing agent for it use
the FEOSF, bt to achieve a total remaval of TPHs higher trestment
timess are required. M atal mobilration was also achieved reducing their
cancmiration. in the sail Purther pilot scale stdies are requirsd i
arder to scale up of the propossd salution to fisld application.
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