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T6i xin cam doan luan an: "Nghién ciru tong hop dung dich ferrate (FeOs)
bang phirong phdp dién héa va g dung trong xit Iy nmiede thai " 1a cong trinh nghién
ctru cua chinh minh duéi sy hudng dan khoa hoc cua tap thé hudng dan. Luan an sir
dung thong tin trich din tir nhidu ngudn tham khao khac nhau va cac thong tin trich
dan duoc ghi rd ngudn gdc. Cac két qua nghién ciru cia t6i duoc cong bd chung véi
cac tac gia khac da duoc su nhit tri ctia dong tac gia khi dwa vao luan an. Cac s liéu,
két qua dugc trinh bay trong luan 4n 1 hoan toan trung thyc va chua timg dugc cong
bd trong bat ky mot cong trinh nao khac ngoai cac cong trinh cong bd cua tac gia.
Luan an dugc hoan thanh trong thoi gian t61 lam nghién ctru sinh tai Hoc vién Khoa

hoc va Cong ngh¢, Vién Han 1am Khoa hoc va Cong ngh¢ Viét Nam.
Ha Noi, ngay  thang  nam 2025
Tac gia luan an

(Ky va ghi ro ho tén)

Nguyén Thi Van Anh
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Em xin bay t6 1ong biét on sau sac dén TS. Mai Thi Thanh Thuy va PGS.TS.
Phan Thi Binh d3 tin tdm hudng dan, truyén dat kién thirc va kinh nghiém quy bau
trong sudt qua trinh em thyc hién luan 4n. Sy chi dan tan tinh, nhitng gop ¥ chan
thanh, cung sy hd tro kip thoi cua thiy, c6 dd giup em hoan thanh cong viéc mot cach

tdt nhat.
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ngli gidang vién va nhan vién tai Hoc vién Khoa hoc va Cong ngh¢, Vién Han 1am
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nghién curu.
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an. Xin tran trong cam on phong Pién hoa di hd tro toan bod hoc phi va kinh phi trong
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Cudi cung, em xin gui 101 cdm on sau sac toi gia dinh, nguoi than va ban be da
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thuc hién luan an.

Xin tran trong cam on!

Nguyén Thi Van Anh
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DANH MUC CAC KY HIEU, CAC CHU VIET TAT

hi¢u Tiéng anh Tiéng Viét
Abs Absorbance Do hap thy quang
ADN | Acid Deoxyribonucleic -
aq aqueous Dung dich nudce
AOP | Advance oxidation process Quy trinh oxi hoa nang cao
BDD | Boron doped dinamond Kim cuong bién tinh boi boron
BOD | Biological oxygen demand Nhu ciu oxi sinh hoc
CAS Chemical Abstracts Service -
COD | Chemical oxygen demand Nhu ciu oxi héa hoc
CvV Cyclic voltammetry Quét thé tuan hoan
DI Ductile iron Gang cau
EDS Energy Dispersive X-ray Pho tan xa ning luong tia X
Spectroscopy ‘
EEC Equivalent electrical circuit Sorvdé? mach dién tuong duong
EIS Electrochemical Impedance Pho tong tré dién hoa
Spectroscopy
GCI Grey cast iron Gang xam
MB Methyl blue Xanh methylen
MO Methyl Orange Metyl da cam
MS Mild steel Thép CT3
NHE | Normal hydrogen electrode Dién cyc hydro chuan
NOM | Nature organic matter Hop chat hitu co ty nhién
RR195 | Reactive Red 195 Reactive Red 195
S Solid Rin
SEC Specific energy consumption Nang luong tiéu thuy riéng
SEM | Scanning Electron Microscope Kinh hién vi dién tir quét
TDS Total Dissolved Solids Téng lwong chat ran hoa tan
TOC | Total organic carbon Toéng luong cacbon
TSS Total suspended solids To6ng chat ran lo ling
Vs. Versus So véi
XRD | X-ray Difraction Gian d6 nhiéu xa tia X
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MO DAU

Dét may 1a mot trong nganh cong nghiép chu luc, dong vai tro quan trong trong
tang truong kinh té. Tuy nhién, sy phat trién manh mé& cta nganh dét may sé& tao ra
mot luong nude thai khong 16, gay ra mot loat cac van dé nghiém trong vé méi truong.
Theo bao céo cua to chirc World Bank, nganh coéng nghiép dét may dong goép khoang
20% tong luong nudc thai cong nghiép trén toan cau. Nude thai chira thuée nhudém
hiru co doc hai khong chi gay tdc dong ti€u cuc dén hé sinh thai ma con de doa t6i
sttc khoe con ngudi [1]. Ngudn nude co chira ham luong thude nhudm vuot tiéu chuan
s& han ché qua trinh quang hop cta céc loai thuy sinh, anh huong dén sy sinh truong
va phat trién ciia ching. Bén canh d6, viéc tiép xuc 1au dai véi ngudn nude bi 6 nhiém
thudc nhudm c6 thé din dén cac van dé sirc khoe nhu cac bénh vé da, phdi va duong

tiéu hoa [2].

Thudc nhudém azo chira mot hodc nhidu nhém chirc bén (-N=N-), chiém téi hai
phan ba tong lugng thude nhudém va duge tmg dung pho bién trong nhiéu nganh cong
nghiép nhu dét may, da gidy va san xuét gidy. Viéc loai bo thudc nhudom azo ra khoi
nudc thai 1a mot van dé cap thiét, thu hut sy quan tim cila cac nha khoa hoc va céc to
chtrc bao vé mdi truong toan cau. Hién nay, nhiéu phuong phap duoc nghién ctru va
tmg dung dé xir Iy thuéc nhudém nhu phan tng Fenton [3], phuong phap dién hoa [4],
déng tu [5], sinh hoc [6], hap phu [7], quang xtc tac [8],... Tuy nhién, cac phuong
phap nay van ton tai mot s6 han ché, chéng han nhu tao ra cac san phém phu gay 6
nhiém thi cap, thoi gian xtr Iy 1au hodc qua trinh tong hop vat liéu phirc tap. Gan day,
phuong phép oxy hoa bang ferrate(VI) da dugc nghién ctru nhiéu trong linh vuc xir
1y thuc nhudém hiru co nhd vao nhitng vu diém so véi phuwong phap truyén thong.
Thir nhét, ferrate 14 chat oxy hoa manh véi thé khir 1én t6i 2,2 V trong méi truong
axit, do d6 n6 c6 thé oxy hoa hiéu qua nhiéu hoa chit doc hai trong thoi gian ngan [9,
10]. So vé6i nhiéu chat oxy hoa khac nhu ozon, NaClO va clo, chit oxy héa ferrate
cho hi€u qua xur ly vuot tréi [11-13]. Thir hai, ferrate con dugce goi 1a chét oxy hoa
xanh vi san pham cudi ciing ctia qua trinh xir 1y tao ra Fe(OH)3, mot chat keo tu than
thién v6i moi trudng [14]. Ngoai ra, ferrate con 1a mot chat khir tring c¢6 kha ning
loai bé cac loai vi sinh vat gdy bénh khac nhau nhu vi khuén, vi rat, nim, trong d6 c6

ca nhitng loai khang clo. Nhu vay, ferrate 1a mot chit da chirc nang dong nhiéu vai
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trd trong chu trinh xir Iy nude thai nhu chat oxy hoa, chit khir trung, chat khir mau

va chit keo tu.

Hién nay c6 ba phuong phap chinh trong téng hop ferrate bao gém: phuong
phap udt, phuong phap nhiét va phuong phap dién hoa. Viéc danh gid va so sanh cac
phuong phép tong hop ferrate cho thdy mot sé han ché cua phuong phap uét va
phuong phap nhiét. Phuong phap wét c6 hiéu suét thap, nhiéu san phdm phu nén can
phai thém budc tinh ché dé loai bo cac san phim du thira sau khi tong hop [15].
Phuong phap nhiét ¢6 hiéu suat phan tng thap, thyc hién ¢ nhiét d6 cao gay nguy co
chay nd va tiéu tén nhiéu ning lugng [16]. Trong khi d6, phuong phap dién hoa c6
quy trinh don gian, khong st dung hoa chat va khong c6 san pham phu doc hai, thoi
gian tong hop ngin, gia thanh thap,... Bén canh d6, phuong phap dién hod c6 thé
tong hop ferrate tai chd (in-situ) dé xtr 1y truc tiép ngudn nudc thai 6 nhiém [17], vi
vay co thé giai quyét duoc nhugc diém khong bén cua ferrate va kho khan trong qué

trinh bao quan va van chuyén.

Hién nay, nhiéu nhom nghién ctru trén thé gidi da tap trung tong hop ferrate
bang phuong phap dién hoa, phat trién hé thong san xuét ferrate tai chd va tmg dung
trong xur Iy nude va nudc thai. Cung voi do 1a cac ing dung cua ferrate trong xur 1y
chét hitu co doc hai khé phan huy va céc loai virus khang clo ciing dugc nghién ctru
va cho hiéu qua xt 1y t6t. Tai Viét Nam, s6 luong cong trinh cong bd nghién ciru vé
ferrate van con han ché, dic biét chua c6 nhom nghién ctru trong nudc nghién ctru vé

tong hop ferrate bang phuong phap dién hoa.

Chinh vi cac 1y do trén, dé tai “Nghién citu tong hop dung dich ferrate(FeO4)
bang phwong phdp dién héa va img dung trong xir Iy nwée thai” duge dit ra.
Muc tiéu cta ludn an
- Tim diéu kién thich hop dé tong hop dung dich ferrate bang phwong phap
dién hoa.
- Xac dinh d6 bén cua dung dich ferrate.

- Ung dung dung dich ferrate di tong hop dé xur 1y chat mau azo.

Noi dung nghién ciru
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- Nghién ctru didu kién anh huéng t6i qua trinh tong hop ferrate bang
phuong phép dién hod bao gdm: vat lidu anot, chat dién ly, thoi gian dién
phan, mat do dong, nhiét do.

- Nghién ctru sy hinh thanh 16p thy dong trén bé mat anot: Nghién ctru tinh
chét dién hod, thanh phﬁn, cAu trac va dic diém hinh thai hoc cua 16p thu
dong tao thanh trén bé mat anot va anh huong cua 16p thu dong tdi hiéu
suat tong hop ferrate.

- Nghién ciru cac yéu té anh hudng téi d6 bén, dong hoc qua trinh phan
huy ferrate.

- Xt Iy chat mau azo bang dung dich ferrate da tong hop: nghién ciru cac
yéu t6 anh hudng t6i hiéu sudt xur 1y chit mau (thoi gian, ty 16 mol
ferrate/chat mau, nhiét d6, ndong do cac ion), so sanh kha nang xur 1y chat

mau azo voi cac phuong phap khac
Y nghia khoa hoc va y nghia thye tién ciia luin an

Nghién ctru s& gdp phan lam rd co ché dién hoa trong qua trinh tong hop
ferrate(VI), cung cép dit liéu vé anh huodng cua vat liéu anot, diéu kién dién phan dén
hiéu suit tong hop. Két qua ciia nghién ciru s& dong gdp co so khoa hoc cho viée phat
trién cong nghé tong hop ferrate dién hod sir dung truc tiép cho qua trinh xir Iy nudc
thai.

Nghién ctru s€ mang lai gidi phép xu Iy nudc thai hi¢u qud, an toan véi moi
truong va chi phi hop 1y. Két qua nghién ctru s& hd tro viée tmg dung ferrate vao cac
hé théng xur Iy nudce thai sinh hoat va cong nghiép, dac biét ddi vé6i cac chat hitu co
kho phan huy va vi sinh vat gay hai. Ngoai ra két qua dé tai s& gop phan mé rong
pham vi trng dung cta cong nghé dién hod trong cac nganh cong nghiép va bao v¢

moi truong.
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CHUONG 1. TONG QUAN NGHIEN CUU

1.1. Téng quan chung vé ferrate
1.1.1. Céu tric, trang thdi ton tai
Sét 1a mot nguyén td phd bién va quan trong nhit trong ty nhién véi sé oxi hoa

phd bién 13 0, +2 va +3. Ngoai ra sat con ton tai & cac trang thai oxi hoa cao hon (+4,
+5 va +6) trong moi trudng c6 kha ning oxy hoa manh. Trong sb do, sit & trang thai
oxy hoa +6 (ferrate(VI)) twong ddi 6n dinh va d& tong hop hon so véi cac trang thai
con lai [18].

Nghién ciru quang pho tia X cho thay ferrate(VI) duoc hinh thanh tir bén nguyén
tlr oxy tao thanh lién két cong hoa tri véi mot nguyén tir sit trung tim c6 sb oxi hoa
1 +6. Cu tric tir dién cua ferrate(VI) duoc xac nhan thong qua cic nghién ciru dong
vi oxy trong dung moi nudc va cho thdy bon nguyén tir oxy bao quanh nguyén tir sat.
Céc nghién ctru khac di ching minh rang ion ferrate(VI) c6 thé co ba ciu tric lai
cong hudng véi cac nguyén tir oxy. Cau trac 2 va 3 duoc coi 1a cc cdu trac chinh

(Hinh 1.1) [19, 20].

“f \_~ \/
/\ /\ \

(1) (2) (3)

Hinh 1.1. Cdu tric cua ferrate [20]

Trong moi trudng nudc, tuy thude vao ddo pH ma ferrate ton tai & 4 dang khac
nhau nhu Hinh 1.2. Hai dang HoFeOus va HFeO4 khong bén dugc tim thdy trong moi
truong dém photphat nong do 0,2 M. H3FeOs" dugc tim thiy trong dung dich dém
photphat/acetate 0,025 M. Dya vao gia tri pK, thiy rang trong méi truong kiém,
ferrate(VI) ton tai chi yéu ¢ dang FeO4>, trong mdi truong trung tinh HFeO4™ chiém

vu thé [21].
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Hinh 1.2. Sy ton tai cac dang khdc nhau ciia ferrate trong méi truong nuwée [22]

Ferrate kha 6n dinh & trang thai ran, tuy nhién trong méi trudng nudc ferrate
khong bén dé bi phan huy thanh st (IIT) theo phan tng (1.1) (trong méi trudng axit)

va phan ung (1.2) ( trong moi trudong bazo).

FeO4 + 8H' +3¢" — Fe3* +4 H,0 B =22V (1.1)

(1.2)

Thé khir ciia Fe(VI)/Fe(III) 1én dén 2,2 V trong mdi trudng axit nén ferrate(VI)

FeO4* + 4H>0 +3e” — Fe(OH); + 50H" , E°= 0,72V

c6 tinh oxi hoa manh, ¢6 thé phan huy nhiéu chat hoa hoc hiru co, v6 co ddc hai trong
ngudn nude thai. Do vay ferrate(VI) 1a mot chat oxi hoa tiém ning trong viée xir 1y
cac van dé méi truong.
1.1.2. Cdc phwong phdp tong hop

C6 ba phuong phap chinh dé tong hop ferrate(VI) bao gdm: phuong phap nhiét,
phuong phap uét va phuong phéap dién hoa.

1.1.2.1. Phuwong phap nhiét

Phuong phap nhiét (hay phuong phap hoa hoc khd) duoc thuc hién bang cach
nung ndéng mat sat, oxit sat vdi kim loai kiém peroxit & nhiét d6 cao theo phan tng
(1.3) va (1.4) [23, 24]. Kanari va cong su ldy ngudn sit 1a mudi sit FeSO4, san pham
phu ctia qua trinh san xuét titan dioxit dé giam chi phi ddu vao (phan tng 1.5) [25,
26]. M6t s nghién ciru khac khong sir dung truc tiép peroxit ma cho sit hodc oxit st

phan img véi KOH néng chay trong khong khi dé tao thanh ferrate(VI). Ban dau K>O
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duoc tao thanh tr phan ing cua KOH vo61 O> trong khong khi theo phan tng (1.6),
sau d6 K20 tham gia phan Gmg véi mudi sit hodc sat oxit dé tao thanh ferrate (phan
tmg 1.4). Phuong phéap nhiét c6 mot wu diém 1a ferrate duoc tao ra ¢ dang ran nén
han ché dugc kha nang phan huy ferrate. Do d6, phuong phéap nhiét hién nay khong
duoc tng dung nhiéu do do tinh khiét cta ferrate tao thanh khong cao chi dat khoang
30 % va phan tng tong hop yéu cau nhiét do cao, ap suit cao nén dé gy ra chay nd.
Ngoai ra vat liéu sir dung cho thiét bi tong hop ferrate theo phuong phap nay ngoai
viéc phai c6 kha nang chiu dugc nhiét do, ap suit cao con phai c6 kha nang chiu an
mon kiém. Chinh nhirng Iy do trén dan dén chi phi san xuét cao nén phuong phap nay

kho c6 thé ap dung & quy mé 16n.

3Na20; + Fe;03 — 2 NaxFeO4 + Na,O (1.3)
3K20:2 + Fe203 — 2 KoFeO4 + K20 (1.4)
4NaxO2 + FeSO4 — NazFeO4 + 2NayO + NaS04+ 02 (1.5)
4KOH + O2 — 2K;0: + 2H>0 (1.6)

1.1.2.2. Phuong phdp uot

Phuong phép uét hay con goi 13 oxi hod hoa hoc duoc biét dén tir nhitng nim
1950 boi Thomson va cong su, ferrate duoc tao thanh do phan ng gitta mudi st va
hypoclorit hodc clo trong méi truong kiém manh (thudng sir dung NaOH hodc KOH).
Phuong phap nay da dugc str dung nhiéu dé tong hop ferrate 16ng va ran do diéu kién
tong hop don gian thuc hién & nhiét do, ap suat thuong va sir dung cac hoa chat ré
tién. Quy trinh téng hop ferrate theo phuong phap uét gdm nhiéu bude: diéu ché clo,
diéu ché hypoclorit. Cac budc tong hop ferrate duoc mé ta bang cac phuong trinh
phan tmg (1.7)-(1.10) [27]. Ngudn mudi sit thudng dugc sir dung chinh dé oxi hoa
thanh ferrate 1a Fe(NO3)s. 9H20, FeCls, FeSO4,... Ngoai cach tong hop clo theo phan

tmg (1.7), clo con c6 thé téng hop tir qua trinh dién phan mudi an [28].

KMnO4 + 8HCI — MnCls + 5/2Cl1 + 4H0 + KCl 1.7)
Cl; + 2NaOH — NaClO + NaCl + H,0 (1.8)
Fe’* + 30H" —Fe(OH); (1.9)

2Fe(OH); + 4NaOH + 3NaClO — 3NaCl +5H,0 + 2NaxFeO4 (1.10)
NayFeO4 + 2KOH — K>FeO4 + 2NaOH (1.11)
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Dung dich ferrate khong bén nén qué trinh bao quan va van chuyén gip kho
khan. Do vay viéc chuyén ferrate tir dang dung dich sang dang rin 1a can thiét dé han
ché qua trinh phan huy. Vi Na;FeOs c¢6 do tan 16n trong dung dich kiém bio hoa
trong khi d6 do tan ctia KoFeOs thap hon nhiéu, do vay dé thu dugc dang ferrate rin
can tao két tia KoFeOu theo phan tng (1.11). Tuy nhién ferrate(VI) tong hop theo
phuong phéap w6t sé 1an nhiéu hoa chét du thira va san pham phu nén doi hoi cac quy
trinh hoa tan va két tua phai duoc lap lai nhiéu 1an nham nang cao chat lugng va do
sach ctia san pham ran. Qua trinh loc rira lic dau sir dung dung dich KOH lodng va
lanh, tiép theo 1a cac dung méi hitu co nhu benzen, etanol va dietyl ete. Ferrate sau
khi loc rira duge sdy kho trong chan khong [29]. San pham cubi cung c6 thé dat do

tinh khiét 99 %. Chinh vi vy ma mudi ferrate rn tré' nén kha dét do.

1.1.2.3. Phuwong phap dién hoa

Hinh 1.3. Mé hinh dién héa tong hop ferrate bang phwong phdp dién héa sir

dung anot hoa tan

Hién nay, phuong phap dién hoa dang duoc nhiéu nha khoa hoc st dung dé tong
hop ferrate nhd vao nhing wru diém vuot trdi nhu quy trinh than thién véi moi truong
va dé trién khai, khong yéu cau nhiéu loai hod chit, khong c6 san phdm phy, thoi gian
téng hop ngan, gia thanh thap,... Doi voi phuong phap dién hoa, qua trinh hinh thanh
ferrate thudng 13 qua trinh oxi hod sit hodc hop hop kim cia sit nhu thép, gang,..
(qua trinh hoa tan anot) bing tic nhan oxi héa 13 dong dién trong méi truong kiém

didc theo phan tng (1.12). Qua trinh tong hop ferrate dién hoa thudng dung binh dién
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phan c6 mang ngan khong cho anion di qua (Hinh 1.3). Dung dich dién phan la dung
dich kiém dic (dung dich NaOH hoic KOH). Phuong trinh phan Gmg xay ra tai cac

dién cuc nhu sau:

Anot: Fe + 80OH" —FeO4* + 4H,0 + 6¢” (1.12)
Catot: 2H,O + 2¢" — H» (1) + 20H" (1.13)
Phan tng tong quat: Fe + 20H" + 2H20 — FeO4> + 3H, (1.14)

Ngoai ra, dung dich ferrate dién hoa con duge tong hop bang cach sir dung chit
dién ly 1a NaOH, KOH noéng chay hodc hdon hop ca hai hydroxit néng chay [30-32].
Hon hop eutecti cia NaOH va KOH trong d6 NaOH chiém 51,5 % la tét nhit do nhiét
d6 nong chay twong déi thap (170 °C) va do dan dién cao [33]. Trong nghién ciru clia
Jan Hives da chirng minh khong c6 sy xuét hién cta 16p thu dong trén bé mait anot
trong moi trudong kiém noéng chay bang phd tong tré dién hoa [34]. Hon hop kiém
noéng chay khong c6 sy xuat hién ciia nude nén sé lam giam dugc qué trinh phan hay
cua ferrate [35]. Tuy nhién nhiét d6 phan tng can duy tri & khoang 200 °C doi hoi
tiéu ton nang luong va thiét bi s& cong kénh, phitc tap hon, gia thanh san xuat cao

hon.

Bén canh d6, c6 mot s it nghién ciru d str dung vat liéu anot 1a dién cyc tro
kim cuong bién tinh béi boron (boron doped dinamond - BDD) va ngudn sit 1a mubi
sat dé tong hop ferrate [35, 36]. Su hinh thanh ferrate 1 qua trinh oxi hoa ion Fe(ILIII)
tryc tiép va gian tiép trén bé mat dién cuc anot BDD theo céc phan tng (1.15)-(1.18)
[37,38] . Vat liéu BDD c6 nhiéu diém manh, dic biét 1a qua thé thoat oxi cao (khoang
2,3-2,4 V so v6i SHE) [39]. Do vay, ferrate c6 thé duoc tong hop & ving pH trung
tinh, ddng thoi han ché xay ra su canh tranh giita qua trinh tong hop ferrate va qua
trinh dién phan nudc. Tuy nhién, vat liu BDD dat tién va hi¢u suat tong hop khong

cao nén viéc tng dung phuong phap nay con han ché.

Fe3' + 4H,0 — FeO4* + 8H' + 3¢ (1.15)
Fe* + 4H:0 — FeOs> + 8H + 4 (1.16)
BDD + H,0O — BDD("OH) + H + ¢ (1.17)

BDD(4°0H) + Fe?* — FeOq2 + 4H* (1.18)
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Nhu vy cac huéng tiép cin tong hop ferrate bang phuong phap dién hoa bao
g@)m st dung dién cyc anot hoa tan, dién cuc anot tro, chét dién ly nong chay. Trong
d6, phuong phap hoa tan anot duoc st dung nhiéu hon vi c6 vu diém 13 hé thiét bi

don giadn, vat licu ré tién, qua trinh téng hop ferrate s& dé dang hon [35].

Khi so sanh voi phwong phap wot va phwong phap nhiét, phwong phap dién hoa
c6 nhiéu wu diém nhu hidu sudt tong hop cao hon, quy trinh tong hop don gian, dé
dang diéu khién va van hanh, ferrate tong hop cé dé tinh khiét cao, gid thanh thap.
Ngodi ra phwong phdp dién héa con dé dang tong hop ferrate triee tiép tai ché (in-

situ) cho viéc xu ly nudc va nudc thai, han ché dwoc chi phi bao quan va van chuyén.

Véi nhitng wu diém néi bt ciia phwong phép dién hod, luén dn tién hanh tong
hop ferrate thong qua qud trinh dién héa sir dung dién cuc anot hoa tan. Hiéu sudt
téng hop ferrate phu thuoc vao cac yéu 16 nhue vt liéu dién cuc, chat dién ly, mdt do
dong anot, nhiét do va thoi gian dién phdn, ty Ié giita dién tich hoat dong cua anot
va thé tich dung dich dién ly S/V.

1.1.3. Cdc yéu té anh hwéng tdi qud trinh tong hop ferrate dién héa
1.1.3.1. Anot

Trong phuong phap dién hoa, ferrate thuong dugc tong hop bang cach hoa tan
anot sit hodc hop kim sit trong moi trudng c6 tinh kiém cao. Co nhiéu ngudn sat
duoc st dung dé ché tao vat liéu anot nhu thanh sat, ddy sat, ludi sit, cudn sit, gang
x6p, gang xam, gang trang va thép mém c6 ham luong cacbon va silic khac nhau [40-
43].Co nhiéu cong bd lién quan dén viée nghién ctru anh hudng cua vat licu dién cuc
anot trong qua trinh tong hop ferrate. Trong d6 c6 hai tiéu chi chinh dugc xem xét
cho viéc lua chon dién cuc anot: thit nhat 1a ham luong sit va cacbon, thir hai 13 do
x6p cta dién cuc [40, 44, 45]. Theo cong trinh [46] hiéu suat trong qué trinh tong hop
ferrate tang theo ham luong cacbon, dat 15 % ddi véi sét tho, 27 % ddi véi thép va
50 % dbi voi gang & mat do dong dién 10 mA/cm? khi sir dung chat dién ly 1a dung
dich NaOH 16,5 M. Nghién ctru khac da cho thiy hi¢u sut tong hop ferrate cao nhat
13 65 % khi sir dung anot bing gang chira 3,16 % C & dang sit cacbua (Fe3C), nhiét
d6 20 °C va dung dich dién ly NaOH 14 M. Denver va Pletcher da chirng minh trong
cung mot didu kién tong hop, anot bang thép c6 ham lugng cacbon 0,9 % c6 hiéu suat

tong hop dat 70 % va giam xudng 12 % khi ham lugng cacbon 13 0,08 % [47]. Anh
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huong cua d6 xbp anot toi qua trinh tong hop ferrate dugc nghién ctru boi De Koninck
M. [48]. Nhém téc gia da so sanh dién cuc 14 va bot sat nguyén chat (dang vién). Két
qua cho thdy dién cuc dang vién c6 c6 hiéu suit tong hop ferrate cao hon, ndng do
ferrate tao thanh cling cao hon. Theo tai li¢u [44] viéc st dung dién cyc anot xép da
lam ting dién tich tiép xtic véi chat dién ly, diéu nay gop phan lam ting hiéu suét
tong hop va ndéng do ferrate tao thanh. Dung dich ferrate khoang 25 mM thu dugc khi
st dung anot dang xép & diéu kién téi vu: néng do dién ly NaOH 16 M, mat d¢ dong
dién phan 3,3 mA/cm?, thoi gian tong hop 5 h, nhiét d6 30 °C va hiéu suét tong hop
la 52,3 %.

Ngoai ra vat li€u anot con li€n quan dén su tao thanh 16p thu dong trén bé mat
dién cuc trong qua trinh tong hop ferrate. Lop thu dong duoc sinh ra trén bé mat anot
gy suy giam hiéu suét trong qué trinh tong hop ferrate. St x6p va gang xam duoc
ding dé ché tao anot cho qua trinh tong hop ferrate bang phuong phép dién hoa va
hiéu suat tong hop ferrate khi st dung anot sit x6p cao hon khi sir dung anot gang
xam do 16p thy dong cia sit x6p it hon [43]. Mot nghién ciru twong tu da so sanh
gang trang v4i anot sat nguyén chat va chirng minh rang sit cacbua trong gang trang
d3 lam tang hiéu suat tong hop ferrate(VI) do 1am giam 16p thu dong [42]. Mt khac,
Macova va cac cong sy da phat hién ra thép giau silic 1a vat liéu anot phu hop dé téng
hop ferrate bang phuong phap dién hoa do lam giam 16p thu dong va hoa tan pha
silicat thudn lgi hon [49]. Trong nghién ctru [40], cac tac gid da so sanh 16p thu dong
hinh thanh trén bé mit cac vat liéu anot khac nhau gdm gang xam, gang trang va thép.
Két qua phan tich 16p thy dong cho thay trén bé mit gang xdm c6 thanh phan chinh
1a y-FeOOH, day 1a mot pha khong 6n dinh dé bi hoa tan. Trong khi d6 trén bé mat
gang trang va thép chi yéu tao thanh pha a-Fe>Os, dy 1 pha c6 do hoa tan thap nhét
trong moi trudng kiém dic. Do d6 16p thu dong trén gang xam kém on dinh nhéat, diéu

nay gitip hiéu suét tong hop ferrate sir dung gang xam tot nhat.

Téng quan vé vit liéu anot sir dung trong tong hop ferrate dién héa cho thdy c6
nhiéu nghién ciru so sanh anh hiedng ciia lwong cacbon cé trong vit lidu ti hidu sudt
tong hop ferrate nhung hau nhw chira ¢é céng bé ndo nghién civu vai tro ciia hinh
dang cacbon doi vé&i hiéu sudt téng hop. Do vdy, trong lugn dan nay sé luwa chon cac

vat liéu co cau truc cacbon khac nhau su dung lam anot dé danh gia anh huong cua
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cdu triic cachon téi hidu sudt tong hop ferrate. Cdc vit liéu sir dung lam anot phdi
dam bao co gia thanh thcfp va dé gia cong. Cdc vdt lieu duwoc lwa chon bao gém vat
liéu gang cdu véi cdu tric cacbon la graphit dang cau, vét liéu gang xdm véi cau
triic cacbon la graphit dang phién va vt liéu thép CT3 véi cacbon phdn tan déu trong
mang tinh thé. Trong dé gang cdu la vdt liéu anot méi, chua tirng c6 cong bé ndo sir
dung anot gang cau dé tong hop ferrate. Mt khéc gang cau c6 ham heong cacbon

va silic twong doi cao, ddy la cdc yéu t6 thudn loi cho qud trinh tong hop ferrate.

Mot s tinh chat co, hod 1y cia céac vat li€éu anot dugc lya chon nghién ctru trong

luan an duoc thé hién trong Bang 1.1.

Bing 1.1. M{t s6 tinh chdt cia gang cau, gang xdm va thép CT3 [50]

Tinh chat Gang cau Gang xam Thép CT3
CAu tric vi md Cacbon dang Cacbon ¢ dang Cacbon phan tan
graphit hinh cau, graphit tim, nén déu trong mang
nén ferrit hodc ferrit hoac peclit tinh thé nén ferrit
peclit hodc peclit
Do bén kéo (MPa) 400-1000 100-400 370-490
Tinh din nhiét 25-42 46-59 50-60
(W/mK)
Do gian nd nhiét 10-12 10-12 11-13
(um/mK)
Kha ning gia cong T6t Rt tot Tét
Kha ning chong Trung binh Thap Cao
oxi hoa
Ung dung tiéu Chi tiét may, truc, | V6 may, bé may, Két cAu xay dung,
bidu banh rang vat duc 16n khong | duong dng, chi tiét
chiu tai trong dong co khi chiu tai
trong dong.

1.1.3.2. Chat dién ly
Mot trong nhitng yéu t6 quan trong quyét dinh hiéu suat tong hop ferrrate dién
hoa 1a chat dién ly va ndng d6 chat dién ly vi né anh huéng dén sy hinh thanh 16p thu

dong, di¢n thé thoat khi trén bé mat anot va sy phan huy ferrate [51]. Dung dich dién
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ly 6 thé 1a cac hydroxit sau NaOH, KOH, LiOH, CsOH, Ba(OH), hodc hdn hop 2
hay nhiéu hydroxit trén. Trong d6, dung dich NaOH, KOH hoac su két hop cua hai
hydroxit ndy véi cc ty 16 khac nhau 1a chit dién phan duogc sir dung nhiéu nhét trong
qua trinh t6ng hop ferrate [50]. Theo nghién ctru cua Sibel Barise1 [52], khi so sanh
cac hydroxit NaOH, KOH va LiOH, dung dich NaOH c6 hiéu suét tong hop ferrate
16n nhét. Theo [53], hiéu sudt téng hop ferrate tai cac nhiét d§ khao sat trong NaOH
cao hon so voi trong dung dich KOH. Nguoc lai cong bd [54] ching minh KOH 1a
chat dién ly t6t hon NaOH. O cung diéu kién tong hop nhu nhau néu sir dung dung
dich NaOH hiéu suit tong hop dat 55 %, trong khi dung dich KOH cho hiéu sut 73,2
%. Khi ting nhiét do 1én trén 50 °C str dung dién ly KOH thi san pham ferrate s& on

dinh va tinh khiét hon.
25
25°C Vung an mon
2.0k ”
= S FeO4
[_IJ N ~
2 15¢ N \.
n REON \
2 10k Fe3+ '\,.\
> f---
2 05f ~ Jx?\ -
‘5. L Fe203
a2 Of g Ving thu dong \\
0.5} - \
1.0 N
Fe
15k HFeO;
| | | 11 | 1 L1 1 | [ 1 | L
-2 2 6 10 14

pH
Hinh 1.4. D6 thi Pourbaix Fe-H>0 [55]

Hinh 1.4 thé hién méi lién hé gitta pH, dién thé va cac trang thai oxy hoa khéc
nhau cta sit (thanh phan chinh cua anot) trong so d6 Pourbaix [55]. O ving pH <10,
dién thé hinh thanh ferrate 16n hon dién thé thoat khi trén vat lidu sat vi viy qua trinh
tong hop ferrate tré' nén kho khian va phan Gng thoat khi s& vu tién xay ra hon. Do
vay ferrate can phai tong hop & méi trudng pH>10 néu st dung dién cuc anot hoa tan

chtra sat. Trude khi bi oxi hoa thanh ferrate, sat s€ trai qua cac budc oxi hoa trung
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gian va tao thanh cac san pham 1a oxit st tir, oxit sat(IL, III). Néu cac chat trung gian
nay khong chuyén hoa thanh ferrate s€ hinh thanh mét 16p thu dong trén bé mat anot
1am ngén can sy tiép xuc giira chit dién ly va 16p bén trong cta dién cyuc. Khi so sanh
ving pH 10-14 va ving pH >14 thay rang ¢ ving pH>14 dién thé hinh thanh ferrate
thip hon, dong thoi sy hinh thanh 16p thu dong ciing it hon nhiéu do san phdm trung
gian ngoai Fe(ILIID)s va Fe(I)s con c6 Fe(Il)aq dang hoa tan. Nhu vay, chit dién ly
c6 pH> 14 s& 1a mot yéu t6 thuan loi hon cho viéc tong hop ferrate dién hoa. Tai lidu
[56] cho thay nong do NaOH t6i uu 1a 10 + 14 M trong khi mot nghién ctru khac [52]
lai chirg minh v&i ndng d6 NaOH 20 M dat hiéu suat tong hop tot nhat.

1.1.3.3. Nhiét do

Nhiét d6 1a mot yéu t6 then chét anh huong dén qua trinh tong hop ferrate. Thir
nhat, nhiét do s& gay tac dong t&i sy hinh thanh 16p thu dong trén bé mit anot.Trong
nghién ctru [57], Bouzek va cac cong su da chi ra tac dong ctia nhiét do dén qua trinh
tong hop ferrate. Két qua cho thay d6i voi anot 1am tir sat nguyén chat, bé mat anot
c¢6 xu hudng hinh thanh mét 16p thy dong, gdy can tré qué trinh tong hop. Dé giam
su hinh thanh 16p thu dong can duy tri nhiét do cao trong khoang 30—50 °C tuy thudc
vao diéu kién dién phan. Tac dong tht hai cua nhiét d§ lién quan té1 do bén cua
ferrate, toc do phan huy cua ferrate ting 1én theo chiéu ting cua nhiét do. Piéu nay
khién ferrate(VI) dé dang bi khir tré lai thanh Fe(III), 1am giam hiéu suat tong hop,
do mot phén ferrate vira dugc tao ra da bi phan huy nhanh chéng trude khi kip thu
hdi. Theo nghién ctru ctia EI Maghraoui A., tai nhi¢t do 61 °C, hi¢u sudt téng hop
ferrate giam kha nhanh do tbc d6 phan huy vuot qua so véi tbe d6 ctia phan tng tao

thanh ferrate [58].

Khi nghién ctru tic dong ctia nhiét do toi hiéu suét tong hop ferrate sir dung anot
st ludi cho théy nhiét do tdi wu 13 30-35 °C [59]. Trong mot nghién ctru khac, ferrate
duoc téng hop tai mat d6 dong 84 A/m? voi vt liéu anot 1am béng st nguyén chét,
hiéu suat tong hop ferrate cao nhat dat hon 60 % tai nhiét d6 35 °C [60]. Theo tai liéu
[61], st dung vat liéu gang tring cho hiéu suat tong hop ferrate hon 50 % khi nhiét
d6 phan tng 13 20 °C. Trong khi d6 tai nhiét d cao (60 °C), hiéu sut tong hop ferrate
giam xuéng chi con dudi 10 %. Do vay, doi véi mdi loai vat liéu anot khac nhau s&

c6 nhiét do tong hop t6i wu khac nhau cho qua trinh tong hop ferrate.
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1.1.3.4. Mdt do dong dién

Mat d6 dong dién ciing 13 nhitng thong sd quan trong anh huéng dén qué trinh
diéu ché ferrate. Dua vao dd thi Pourbaix va céc tai liéu da cong bd cho théy ferrate
dugc hinh thanh trong khoang thé hep (E= 0,71-1,21 V vs. SHE & pH =14-15), [62,
63]. Khi mat 46 dong qua cao twong tng dién thé dap tng cao thi ngoai viéc tao ra
ferrate con sinh ra phan (mg phu dién phan nudc xdy ra va giai phong nhiéu Oz trén
bé mit anot. Diéu nay dan dén viéc tiéu thu dong dién nhiéu nén giam hi¢u suit tao
ra san phém chinh. Néu mat do dong nho, dién thé anot khong du 16n thi qué trinh
hinh thanh ferrate bi gii han boi qua trinh tao ra san pham phu trung gian. Do d6,
d6i v6i bat ky mot diéu kién nao, chang han nhu vat liéu dién cuc, nhiét do, chat dién

phan thi déu ton tai mot mat do dong dién t6i wu.
1.1.3.5. Thoi gian dién phdn

Thoi gian dién phan ciing 1a mot yéu td anh hudng 16n téi hiéu suit tong hop
ferrate. Ferrate 1a mot chat oxi hoa kém bén nén thoi gian phan ing cang lau thi luong
ferrate bi phan hay cang nhiéu. Ngoai ra, thoi gian dién phan con anh hudng téi do
day 16p thu dong hinh thanh trén bé mat anot. Lop thu dong nay s& gay tré ngai cho
qua trinh chuyén dién tich dén bé mat anot 1am han ché sy hinh thanh ferrate trén bé
mat dién cuc. Khi nghién ctru phé téng trd dién hoa cua cac vat liéu anot khac nhau,
K.M. Wang va cong su cho théy cac vat liéu anot sau 3 h dién phan déu co dién tro
chuyén dién tich 16n hon so véi trude khi tham gia dién phan [41]. Vi vdy hiéu suét
tong hop giam nhiéu theo thoi gian phan tng. Theo nghién ciru ctia Xuhui Sun [43]
tai mat do dong 60 mA/cm?, trong 5 h dau dién thé dap ung kha 6n dinh khoang 0,45
V, tuy nhién tir 5 h tré di dién thé bat dau ting vot do su hinh thanh 16p thy dong trén
bé mit anot, day 13 16p c6 tinh chat dan dién kém 1am cho dién trd bé mat ting dan

dén dién thé dap Gmg tang (Hinh 1.5).
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Hinh 1.5. Puong E-t ciia dién cuc anot sdt xop tai cdc mdt dg dong khdc nhau [43]

Khi nghién ciru hinh anh 16p bé mat cua vt liéu anot sat ludi cho thay sau mot
thoi gian ¢6 sy hinh thanh cta 16p oxit sat bao phu bén ngoai anot va 16p thu dong

nay day 1én theo thoi gian (Hinh 1.6) [45].
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Hinh 1.6. Anh SEM ciia anot sdt ludi trieée (a) va sau 8 h (b) tong hop [45]

Hién nay cdc nghién ciru vé sy thu dong héa bé mdt anot trong tong hop
ferrate(VI) bang phiwong phdp dién héa con nhiéu han ché. Cdac vin dé nhw si thu
dong héa bé mdt anot theo thoi gian tong hop, thanh phdn héa hoc, co ché hinh thanh
ciing nhw tdc déng ciia 16p thu ddng dén tinh chat dién héa va hiéu sudt tong hop
ferrate(VI) van chia dwege nghién civu chi tiét. Vi vy ludn dn nay sé tdp trung vao

viéc khao sat su hinh thanh [op thu dong theo thoi gian tw do danh gia duoc thoi gian
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hoat dong t6i wu cia anot, dong thoi ludn dn sé nghién ciru dé lam ré co ché hinh
thanh 16p thu déng, xdc dinh thanh phan héa hoc, cdu triic ciia I6p thu déng.
1.1.4. Pj bén ciia dung dich ferrate
1.1.4.1. Cdc yéu t6 anh hwong dén dg bén
Do bén cua ferrate phu thudce vao cac yéu t6 chinh nhu: né)ng do ferrate ban dau,

nhiét do, pH, chit dién ly, ndng do ion OH" ([OH']) va céc ion cung ton tai.

Tbc d6 phan huy ferrate bi anh hudng béi néng dd ban dau ctia nd. Theo mot sb
nghién ciru cho thay d6 bén ciia dung dich ferrate loang 16n hon so véi dung dich dic.
Khi dung dich ferrate c6 nong d6 duéi 0,025 M thi d6 bén cao, khi ndong d6 16n hon
0,025 M thi dung dich c6 xu huéng phan hiy nhanh hon. Sau 1 gio, ferrate c6 nong
dd 0,02 dén 0,025 M van con khoang 89 % [64]. Yunho Lee va cong su da nghién
clru tac dong cua nong do ferrate ban dau t6i thoi gian ban huy (ti2) clia qua trinh
phan hily ferrate, gia tri ti2 tang tir 860 gidy 1én 4310 giay khi nong do ferrate ban
dau giam tir 5 mg/L xubng 1 mg/L [65].

Nhiét d6 c6 anh hudéng dang ké t6i do bén cla dung dich ferrate. Dung dich
ferrate 0,01 M & nhiét do 0,5 °C sau 2 h chi bi phan huy 2 % trong khi tai nhiét do 25
°C thi bi phan hity 10 %. Theo tai liéu [52] tdc d6 phan huy cua ferrate trong 1 h & 50
°C 14 35,3 % lén hon hin so véi cac nhiét do thép hon. Toc do phan huy ferrate trong
1 h & 20 °C, 30 °C 1a khé thap chi c6 4,9 %, 6,3 %. Cac yéu td bén ngoai khac nhu

anh sang khong anh huong dén do bén cua ferrate [66]

pH 13 thong s6 quyét dinh toi dang t6n tai cua ferrate trong dung dich. Tai pH
khéc nhau, ferrate ton tai & cac dang khac nhau, mdi dang ton tai cua ferrate lai co do
bén khac nhau. O pH thip, ferrate ton tai & dang HoFeOs va HFeO4 12 hai dang kém
bén, trong moi trudng kiém ferrate ton tai chi yéu & dang FeO4>, trong mdi truong
trung tinh HFeO4™ chiém wu thé [64]. Chinh vi vy ma toc do phan huy cua ferrate
phu thudc 16n vao pH. Trong méi truong axit ferrate kém bén nhanh chéng bi phan
huy. Theo tai li¢u [67] tai pH =5 va néng d6 ferrate ban dau 1 mM, ferrate sé& bi
phan huy hoan toan trong 7 phut. Céc két qua nghién ctru cho thiy riang khi pH ting
dan 1én thi d6 bén cua ferrate ciing ting 1én. Tai pH ~ 10 thi ferrate bén nhat, véi pH
> 10 thi d bén cua ferrate lai c6 xu huéng giam di. Theo nghién ctru [68], tai pH=12,

ferrate co néng d6 0,25 M sau 10 phut chi con lai 60 %.
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Chat dién ly 1a mot trong nhitng yéu t6 then chét lién quan dén tc d6 phan huy
cua ferrate. Theo nghién ctru [52], qua trinh phan huy ferrate dugc so sanh trong cac
moi truong khac nhau (NaOH, KOH, NaOH/KOH). Két qua chi ra rang trong méi
truong KOH, téc do phan hily cua ferrate sau 1 h 1én dén 24 % trong khi trong méi
truong NaOH/KOH 1a 18 %, con trong moi trudng NaOH tc dd phan hiy rat thap
chi ¢6 7 %. Nghién ciru da chimg minh NaOH 1a chat dién ly thich hop nhat dé dat
d6 bén t6t hon cua san pham da tong hop [52].

[OH'] clia méi trudng ciing 1a mot thong sé quyét dinh dén do bén cia dung
dich ferrate. Theo Baris¢1 S. va cong sy chi ra rang sau mot gio ferrate(VI) bi phan
huy 29,3 % trong moi truong NaOH 5 M, trong khi d6 ti 1€ phan huy chi 1a 6,1 %
trong moi1 truong NaOH 20 M [52]. Mot nghién ctru khéc cling phat hién ra anh huéng
ciia [OH] t6i tinh 6n dinh cia ferrate. Két qua chi ra cho thiy téc d6 phan hiy cua
ferrate 14 5 % trong moi trudng KOH 6 M, trong khi toc d6 phan huy trong méi truong
KOH 3 M giam kha nhanh. Theo d0, cac két qua ndy chimg minh ring do bén cia
dung dich ferrate tang 1én khi [OH] tang 1én.

Dé ting d6 bén cua dung dich ferrate c6 thé bd sung mot s6 ion vo co, chat oxi
hoa manh hay chat dém vo6 co. Mot sd chat dém thuong dung dé giam téc o phan
huy cua ferrate 1a dém photphat, borat va cacbonat [67, 69]. Trong d6 dém cacbonat
cho hiéu qua t6t nhat, sy phan huy cua ferrate khi c6 mit dém cabonat chi con 7,65
% tir ngay thir 2 dén ngay thir 10 [67]. Trong cung nghién ctru nay You Kun va cong
su con khao sat t&i sy anh hudng ciia mot s6 chat oxi hoa manh nhu Na»S;0s, NaClOs,
NaBrO; va NaClO t6i téc dd phan huy cia ferrate. Két qua chi ra tang sy xuat hién
clia cac chét oxi hoa trén 1am téc d phan huy cua ferrate giam di dang ké. Véi miu
trang khong chira chat oxi ho4 thi toc d6 phan huy rat 16n dat hon 50 % sau 10 ngay,
khi c6 mat NaxS,Os thi téc d6 phan huy giam di dang ké con 25,5 % trong cung thoi
gian.
1.1.4.2. Co ché phdn hiiy ciia ferrate

Su phén huy cua ferrate trong dung dich chinh la phan tng oxi hoa gitra ferrate
va nudc tao ra cac san pham cudi cung 1a sat(Il) va sit(III). Co ché cua qua trinh phin
huy d3 duoc dé xuat dugc dé xuit theo so d6 dudi day (Hinh 1.7). Cac phuong trinh
phan huy duoc li¢t ké trong Bang 1.2
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Hinh 1.7. Co ché phén hiiy ferrate trong méi truong nuéc [65]

Bing 1.2. Phwong trinh phan vmg phdn hiiy theo so @6 hinh 1.7

Hz"lng ) Tai
liéu
Phwong trinh phan ung k tai pH 7
tham
MY | ko
(1)  2FeV'04* +H0 — H3FeVO4 +H02 26 [65]
(2) HFeV'0s + H20; — H3FeVOy + O, 10 [65]
(3) H3FelVOs+ H202 + H" — Fe''(OH), + Oz + H20O 10 [65]
(4) HFeV'04 + Fe''(OH), +H20 — HyFeVOy +
107 [65]
Fe'''(OH);
(5.1) 2H,FeVO4 + H,0 + H® — Fe'(OH); + O, + H,0: 10? [70]
(5.2) 2HaFe¥O4 + 2H,0 + 2H* — 2Fe(OH)s + 2H202 58x107 | [71]
(6) HoFeVO4 + H20, + HY — Fel''(OH); + O2 + H20 5,6x10° [72]

Sy tao thanh cac chat trung gian nhu Fe(IV), Fe(V) trong qua trinh phan huy

ferrate dugc xem la mot thuan lgi, gop phan tang cuong hiéu qua xur Iy nudc va nude

thai. Vi cac hop chat Fe(IV,V) 1a cac chit c6 tinh oxi hoa manh, tao thuan loi cho qué
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trinh phan hiy cic chit 6 nhidm co trong nudc thai [73]. Co ché cu thé cua qua trinh
phan hay tir Fe(VI) thanh Fe(IV) thé hién trén Hinh 1.8.

OH

Ve
o) o} o] 0 0—o0 OH o
” Y !:l ! == u ! F”\" g F/e" \Fe" - ...-lFeV Fel.
Fely, + _Feiy - wsFe. & ity on ey HowesFe_Feumq-
: OH HO ~n 0 H A
o oP HO™ 'o/ 0 oy 'O/ o o .0/ o "
HoO |- Hz02
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T 9 o TH Ho 2H0
-0OH -
D M - wFe! Fel, WFeV  FeY
Fel, + Fel¥, . wsFel  Feluy, o -Ha02 gy iy s Fe. "ty
< 7 \loH oW HO N (o] ~Na HO ~ fe}
L S S AR o? 07 AR &

Hinh 1.8. Co ché phan hiy tir Fe(VI) thanh Fe(IV)[65]

1.2. Ung dung ciia ferrate
1.2.1. Trong xw ly nwd'c va nwdc thai
Qua trinh keo ty, oxy héa va khir tring 12 nhitng qua trinh thiét yéu cho viéc xtr

Iy nudc va nude thai. Mbi cong doan s€ sir dung mot loai hoa chat riéng. Cac chat
keo tu thuong dung dé xir 1y nudc hodc nudc thai phd bién la: sat(IIl) sunfat
(Fe2(S04)3), nhom sunfat (Alx(SO4)3) va sat(I1I) clorua (FeCls). Mot sé chat oxi hoa
va khir tring quan trong duoc sir dung nhiéu nhu: Clo (Clo), natri hypoclorit (NaClO),
clo dioxit (C102) va ozon (Os). Tuy nhién, viéc sir dung cac chat oxy hoa nay cé thé
gdy ra cac san pham phu doc hai, gy tac dong xau dén méi trudng va strc khoe con
ngudi nhu trihalomethanes va bromate [74]. Hién nay céc cong nghé tién tién da st
dung cac ngudn thay thé khac nhu peroxit, ferrate dé ting dang ké hiéu qua xir Iy
nudc thai. Trong d6 ferate 14 mot lwa chon hira hen dugc st dung dé xu 1y nudc va
nude thai do ferrate c6 thé tham gia nhiéu qué trinh dong thoi va khong hinh thanh
bat ky san pham phu giy hai nao [75, 76]. Ferrate (FeO4%) 1a mot chit oxy hoa rat
manh nén né mang lai hiéu qua cao trong xir Iy chat hiru co va vo co doc hai trong
nhiéu ngudn nudce [74]. San pham hinh thanh sau qué trinh khir ferrate 13 sit(III)
hydroxit, mot chét keo tu than thién v&i mai truong c6 kha nang loai bo céc chit ran
lo Itmg va cac chit giy 6 nhiém nhu asen(V), cadimi(II) va dong(Il) [77, 78]. Ngoai
ra, ferrate con 13 mot chat khir trung hiéu qua, c6 kha nang lam uc ché va bat hoat cac
vi sinh vat gdy bénh nhu vi rat, vi khuin, ndm. Nho tinh hiéu qua cao va da chirc ning
trong xu ly nudc va nudc thai, ferrate da thu hut sy quan tdm tir cac nha nghién ciu

trén toan thé gidi trong thoi gian gan day [15, 79].
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1.2.1.1. Vai tro cia ferrate la chat oxi héa

Bang 1.3 so sanh thé khtr ciia cac chét oxi hoa dung trong qua trinh xtr 1y nude
va nudce thai cho thay thé khtr cua ferrate trong méi trudng axit dat 2,2 V 16n hon ca
thé khtr cta chit oxi hod ozon (2,0 V). Nho kha ndang oxi h6a manh, ferrate dugc danh
gi4 1a chit oxi hoa tiém ning trong viéc xur Iy cac chat hitu co kho phan huy, c6 doc
tinh cao trong cac ngudn nudc thai khac nhau nhu nudc thai sinh hoat, nude thai cong

nghiép tir nganh san xuat dugc pham, dét may va hod chat...

Bing 1.3. Thé khir ciia mét sé chat oxi héa, khir tring

st dung trong xur ly nuwoc va nuoc thai [80]

Chit khir Phan ng E°
TT | trung/ chit V)
oxi hoa
1 Clo Cl (g) + 2¢ « 2C1 1,358

CIO +H20 +2e « Cl +20H" 0,841

2 Hypoclorit HCIO + H" +2¢ « CI + H,0 1,482
3 Clo dioxit ClOz (aq) +e <« ClO2 0,954
4 Peclorat ClO4 + 8H" + 8¢ «» Cl +4H,0 1,389
5 Ozon O3 +2H" +2e « O + H20 2,076
6 | Hydropeoxit H,O0: + 2H" + 2¢ «> O + H,0 1,776
7 Oxi hoa tan O+ 4H" + 4e < 2H,0 1,229
8 | Pemanganat | MnOs +4H" + 3e <> MnO> +2H,O | 1,679

MnO4 + 8H' + 5e «> Mn*" +4H,O | 1,507

9 | Ferrate(VI) FeOs> + 8H + 3e «» Fe** +4H,0 | 2,200

Chat thai trong nganh san xuat duoc pham, nudc thai bénh vién thuong chira
cac chit khang sinh nén viéc st dung phuong phép sinh hoc dé xir 1y s& khong dat
dugc hiéu qua tot. Ferrate da dugc nghién ctru va ap dung trong nhiéu quy trinh xtr
Iy cac chat khang sinh nhu theophylline, doxycycline, ciprofloxacin, tetracyline,
norfloxacin, oxytetracycline, chlortetracycline va fluoroquinlone... Kovalakova P. va
cong su da tién hanh nghién ctru vé kha niang xir 1y cac chit khang sinh bao gdm

ofloxacin, ciprofloxacin, oxytetracycline, sulfamethoxazole va tetracycline trong
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nuéc bang ferrate(VI) [81]. Nghién ctru dd danh gia doc tinh cua cac dung dich sau
xtr 1y bang cach sir dung tao luc nude ngot Raphidocelis subcapitata. Sau khi xur 1y
bang ferrate(VI) voi ty 16 mol 5:1 hodc 10:1 ([Fe(VI)]:[khang sinh]) & diéu kién
pH=8, mdt sb khang sinh da giam hodc loai bo hoan toan doc tinh ddi voi tao luc.
bac biét, cac khang sinh nhu ofloxacin, ciprofloxacin va oxytetracycline da loai bé
doc tinh hoan toan, trong khi cac chat nhu sulfamethoxazole va tetracycline van con

doc tinh dang ké ddi véi sinh vat thiy sinh nay.

Nudc thai sinh hoat thuong chira ham luong déng ké cac hop chat hitu co giau
nito va phdt pho. N6 gy ra hién twong phu dudng dan dén su ting truéng nhanh
chong cua thuc vat pht du nhu réu, tao. Diéu nay lam cho ham luong oxi trong nudc
bi suy giam nghiém trong va s& gy tac dong xau t6i su sinh trudng ciia cac sinh vat
trong moi trudong nudc. Mot sd nghién ciru di bao cao rang hop chat hitu co chira nito
va photpho c6 thé loai bo hoan toan ra khoi nudc thai bang ferrate [82, 83]. Theo
nghién ctru cua Lei Zheng viéc st dung ferrate da loai bd 75 % lugng photpho hiru

co hoa tan c6 trong ngudn nudc thai do thi [84].

Céc hop chit phenolic duoc tng dung phd bién cong nghiép hoa chét va san
xuat. Tuy nhién, néu khi bi xa thai vao méi trudng, cac chit nay cé nguy co de doa
suc khoe con nguoi cling nhu dong vat. Ferrate da dugc chiing minh 1a ¢6 kha nang
oxy hoa cac hop chit phenolic hiéu qua trong thoi gian ngan. Cu thé, 4-tert-
butylphenol (4-tBP) c6 thé bi loai bo hoan toan trong 5 phut khi ty 18 mol [Fe(VI)]:[4-
tBP] 16n hon 10 [85]. Phan tng cua Fe(VI) véi cac hop chit phenolic thuong tuin
theo dong hoc béc hai véi cac hang sb toc d6 phan Gmg 16n cho thay kha ning oxy
hoa nhanh. Vi dy, hang sb téc d6 phan tng cia tetrabromobisphenol A va bisphenol-
F v6i Fe(VI) 6 pH 7,0 1an lugt 12 4,5 x 10* va 2 x 10> M~'s”! cho thidy mirc do hiéu
qua trong xtr 1y chat 6 nhim nay [86, 87].

Nudc thai dét nhuoém chura lugng 16n céac chat mau hitu co lam giam kha nang
quang hop ctia cac loai thuy sinh. Ferrate da thé hién kha nang phan hiy tot nhiéu
loai chit mau hitu co nhu blue 203, congo red [88], methylene blue, acid red 27

[12],...

Nhiéu loai chat hitu co doc hai khéac cling dugc xtr Iy hoan toan bé'mg ferrate nhu

thudc diét co atrazine, thudc trir sau parathion, cac hop chit hitu co chira nguyén t6 S
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nhu s-methylecysteine, axit mercaptopropanesulfonic, thiourea, microcystin-LR,
benzothiophene, dibenzothiophene va methyl dibenzothiophene, benzophenone,

glycylglycine [38, 89-92]....

Ngoai viéc loai bd hi¢u qua cac chét hitu co, ferrate cling cho théy kha nang xu
1y tot cac chit vo co doc hai c6 trong ngudn nuédc thai nhu xyanua, amoniac,
hydrosunfat. Carolina Gonzalez-Merchan va cdng su da nghién ctru sir dung ferrate
dé loai bo thioxyanua c6 trong ngudn nudc thai cong nghiép khai thac mo vang. Két
qua cho thay c6 thé loai bo tdi 97 % luong thioxyanua bang ferrate sau mot gio phan
g [93]. Virender K. Sharma va cong su ciing st dung ferrate(V,VI) dé chuyén hoa
cac hop xyanua, thioxyanua trong nudc thai ciia nganh khai thac moé vang thanh
nhirng chat khong doc hai [94]. Bén canh d6 nhiéu nghién di tng dung ferrate trong
quy trinh loai bo cac ion kim loai nang nhu chi(IT) (Pb*") [95], asen(IIT) (As*") [96],
cadimi(IT) (Cd?") [95], antimon (Sb**) [96] va cac phuc kim loai [97] ciing cho két
qua tot. Ngoai ra, ferrate(VI) ciing c6 thé loai bo cac chat phong xa khoi nuée. Petrov
va cong su da loai bo cac chét phoéng xa a va B khoi nudc thai bﬁng cach st dung

kali ferrate(VI) [98].

Nhu vay c6 thé thay ferrate c6 kha nang xir 1y t6t va da dang céc chét hoa hoc,
céc ngudn nude thai. Qua trinh xtr Iy thudng trong thoi gian ngén, cho hiéu suat loai
b6 TOC, NOM, COD cao. bang ferrate cho thay kha ning loai bo COD tang lén khi
lidu lwong ferrate(VI) va thoi gian tiép xuc tang 1én. Kha nang loai bo COD t6i da dat
55 % véi luong Fe(VI) 15 mg/L [66]. Pbi voi viée xtr Iy nudce thai rira xe bang ferrate
cho hi¢u qua loai bé COD va TOC Ién dén 70,3 va 58,9 %, tai pH 3,5 va lugng ferrate
can 0,328 g/L [99].

%o
"4
""/%7 / FeV + .\"(0)/ FeV+ ,\'(0)/ Fe'+ X'(0)
- |
X ‘Y X
Chuyén le FeV \— FeV \— FeV \— Fel ? Fe'
Chuyén2e | A J L X
i X(0) x X(0)

X(0)

Hinh 1.9. Co ché phdn iing oxi héa hop chdt hitu co bang ferrate [100]
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Co ché phan huy chat hitu co bang ferrate thé hién trén Hinh 1.9 gdm céc buédc
sau: (1) Tao ra Fe(V) va Fe(IV) thong qua qua trinh nhan 1 e” va 2 e, (i1) tao ra cac
gbc tu do va ciing c6 thé tao ra cac loai Fe(V) va Fe(IV), (iii) cac phan tng tiép theo
ctia Fe(V) va Fe(IV) v6i chat 6 nhiém, (iv) phan tng tu phan huy cta Fe(V), Fe(IV)
va Fe(VI), (v) phan trng cta cht 6 nhidm vé6i oxi hoat dong nhw Oz, Ho02 [76, 101].

1.2.1.2. Vai tro ciia ferrate la chat khir tring

Clo 1a mét trong nhirng tac nhan khir trung dugc st dung rong rai trong cac nha
may xir Iy nudc va nude thai. Tuy nhién ddi v6i nhitng ngudn nude ¢ chira nhicu
hop chét hitu co, qua trinh khir tring c6 thé gy ra san pham phu 13 cac din xuét clo
trihalomethanes (chloroform, bromodichloromethane, dibromo-chloromethane va
bromoform). Theo WHO [102], cac san phim phu ndy c6 thé gay ung thu cho con
ngudi nén can phai kiém soét chat ché sy hinh thanh cia cac chat nay. Giai phap dua
ra 13 phai giam thiéu ndng do cac chat hiru co ¢o trong nudc trude qua trinh khir tring
bang clo. Ngoai ra con c6 thé thay thé clo bang ferrate, chat oxi hoa manh c6 kha
nang khir tring va xir 1y ludn cac chat hitu co ¢6 trong ngudn nudc thai [103]. Nho
tinh oxi hoa manh nén ferrate c6 thé oxy hoa thanh té bao, chat nguyén sinh, ADN va
cac co quan vi sinh vat quan trong khéc, ti€u diét chung ngay 1ap tirc (Hinh 1.10). Sau
phan tng oxi hoa khir, ferrate chuyén thanh sat(III) hydroxit 1a mét chat keo tu manh,
do d6 cac vi sinh vat dugce dong tu va loai bé khoi nude. Nhitng dic diém nay khién
ferrate trd thanh chit thay thé thich hop cho céc chit khu trang truyén théng khac.
Céc nghién ctru cho thay ferrate c6 thé khir tring da dang cac loai vi khuan, virut c¢6
trong cac ngudn nudc nhu vi khuan Escherichia coli (E. coli), vi khudn tu cau vang
Staphylococcus aureus, truc khuan co Bacillus subtilis, vi khuan di dudng, vi khuan
lam Microcystis aeruginosa va cac loai vi khuan khang clo Sphingomonas,
Mycobacterium [104-106],....

Trong nghién ctru [107], ferrate da dugc tmg dung dé 1am chat diét khuan trong
nude va két qua cho thiy véi nong do ferrate 50 ppm c6 thé loai bé hoan toan vi sinh
vat trong nudc. Kha nang khir tring ciing bi anh huéng boi pH va nong do ferrate.
Tai pH = 8,2 voi ndng d6 sit 6,2 mg/L, dung dich ferrate c6 thé loai bo 99 % E. coli
trong 7 phat. Trong khi do, ¢ n@)ng do sat 2,5 mg/L, dung dich can dén 18 phut dé dat
duogc hiéu qua khu trung tuong tu. Pac biét, khi pH thép hon 7, dung dich ferrate véi
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ndng do sit 8 mg/L co thé loai bo dén 99,9 % coliforms. Két qua cho thay ferrate khir

tring hiéu qua trong méi trudng kiém nhe [79].

vi khuan

oxi hoa axit nucleic

Su hap phu

phan chia cau triic protein

HO

\ r
/F e— OH Sat(III) hydroxit
HO

\ |
oxi hoa axit nucleic

Hinh 1.10. So d6 khir tring ciia ferrate[15]

Su hap phu

Virus

Bing 1.4. Uu nhirge diém ciia mot sé chat oxi héa va khir trimg [20]

Chit oxi Uu diém Nhuwoc diém
héa, khir
trung
Clo (Cl,) | - Chi phi thap - Tao ra cac san pham phu nguy
- Hiéu qua x1r 1y cao hiém nhu Trihalomethanes
- Dé dang str dung - Doc hai d6i v6i ngudi str dung
- Dé bao quan - Can phai khtr Clo trong nudc

thai da xu ly trude khi xa thai
ra moi truong.

Ozon (03) | - Téc do oxi hoa va khir tring | - C6 kha ning con s6t mot sb

cao virut sau khi khtr trung

- Chuyén ozon thanh oxi sau | - Qué trinh oxi héa bang ozon
qua trinh khtr tring doi hoi thiét bi phuc tap.

- San pham phu khong doc hai. | - Gia san xuat ozon cao

- Coékhanang khirmuivavi |- Co6khanang an mon thiét bi xtr

1y nudce va nudce thai.
Ferrate - Kha niang oxi héa va khu | - Hiéu suét tong hop khong cao
(VI) trung nhanh. - Khéng bén, kho bao quan

- San pham phy khong doc hai.

- (6 kha nang keo tu, oxi hoa
va khir trung dong thoi.

- Chi phi thap

- (6 kha nang loai bo kim loai

nang va chat vo co.
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Khi so sanh véi cac chat khir tring truyén thong khac, ferrate cho thay hiéu qua
khtr tring vuot tréi hon. Cac s liéu chimg minh ferrate c6 hiéu qua cao trong viéc
vO hiéu hoa cac vi sinh vat bao gém cidc mam bénh trong nudc nhu vi rat adeno
va tring roi Giardia duodenalis ngay ca & ndng do thap, ddng thoi tao ra it hodc khong
tao ra cac chat nguy hai so véi clo [108, 109]. Dé 1am bat hoat 6logio vi khuan Ecoli,
Ferrate can lidu luong 6 mg/L trong khi d6 clo can ti lidu luong 10 mg/L [110]. Bang

1.4 so sanh wu va nhugc diém cia ferrate v6i cac chat oxi hoa/ khir trung khéc.
1.2.1.3. Vai tro cia ferrate la chat keo tu

Bdng 1.5. Uu va nhuoc diém sir dung cac chat keo tu khdc nhau [20]

Chat Uu diém Nhwoc diém
keo tu
Fe’* - Luong can thép sau qua trinh keo tu | - Tao ra cac chat rin khong
- Hiéu qua cao dé loai bo cac hat keo tan trong nudc.
- Hiéuqua 0 dd pH tir 4 - 6 va 6,8 — | - Can bo sung kiém dé ting
9,2. hi¢u qua xu ly.
AP* - D& dang kiém so4t qua trinh dong tu | - Tao ra cac chét ran khong
- Hiéuqua cao 6 pH=6,5-7,5 tan trong nudc.

- Khoang pH hep dé xu 1y
hi€u qua cao.

Ferrate | - San pham phu khong doc hai - Hiéu suat tong hop khong
- Co6 kha nang dong tu, oxi hoa va khir cao
trung dong thoi. - Khéng bén, kho bao quan

- Can thiét bj xir Iy nude thai nho hon
- Chi phi thap
- C6 kha nang loai bé kim loai ning

va chat vo co

Khi tham gia qué trinh phan hily cac chat gdy 6 nhiém va vi sinh vat gay bénh,
ferrate bi khtr thanh sét(HI) hydroxit, mdgt chit keo tu manh. Do do, qua trinh keo tu
va tao bong s& xay ra khi sir dung ferrate 1am chat oxy héa va khir tring trong viéc
xu ly cac ngué)n nude 6 nhiém. Trong qua trinh loai bé do duc, lugng bun dugc tao
ra khi st dung kali ferrate (K2FeOs) it hon nhiéu so véi khi sir dung sat(II) sunfat
(FeS04.7H20), sat(Il) nitrat (Fe(NO3)3.9H,0), sat(IIl) clorua (FeCls) va nhém sunfat
(Al2(SO4)3) [111, 112]. Do d6, viéc sir Iy bun ling s& giam dugc chi phi van hanh,

day co thé dugc coi 1a mot trong nhirng thuan loi cho qua trinh st dung ferrate lam
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chét keo tu. Mot s6 wu nhuoce diém cua cac chat keo tu thuong dung va ferrate duogc
thé hién trén Bang 1.5. Di v6i qua trinh xir Iy thir cap nudc thai, c6 thé dat duoc higu
qua loai bd d6 duc, nhu cau oxy hoa hoc (COD) va cac hat lo ling néu nong do

ferrate(VI) 1a 15 mg/l.

1.2.2. Trong xi¢ Iy chit mau dét nhuépm
1.2.2.1. Gidi thiéu vé thudéc nhuém

Theo nguén géc, thudc nhudm duogc phan thanh hai loai g6m thudc nhudom tu
nhién va thudc nhuém téng hop. Thubc nhudém tu nhién dugc chia thanh ba nhém
theo nguén géc cua ching la thyc vat, dong vat va khoang chit. Dua vao céu tric hoa
hoc, thudc nhudém tong hop goém cac nhéom sau: thudc nhudém azo, indigo,
phthalocyanine, anthraquinone, arylmethane va thuéc nhudém di vong [113]. Trong
d6, hau hét thudc nhudm téng hop (60 -70 %) la thudc nhuém azo, c6 mot hodc nhiéu
cau ndi N=N (azo) lién két voi cac vong thom [114].

Nudc thai nhudém nam trong sb nhirng loai nudc thai bi 6 nhiém cao nhét do co6
noéng do COD, BOD, tong chét ran lo ling, mau, kim loai ning,.. cao [1]. Thanh phan
céc chat 6 nhiém trong nudc thai ¢ thé bién doi tiiy theo quy trinh cong nghé va loai
thudc nhudm cia tirg nganh. Tinh chat dién hinh cta nudc thai thuée nhuém duoc
dua ra trong Bang 1.6 [115].

Bdng 1.6. Ddc tinh nuoc thai dét nhuom

Chi s0 Gia tri
BOD (mg/L) 15 - 800
COD (mg/L) 600 - 2000
pH 6,5-10,3
Nhiét do (°C) 25 - 50
Téng lugng chit ran hoan tan TDS (mg/L) 500 - 2000
Téng lugng chit ran lo limg TSS (mg/L) 30 - 800
Téng lugng cacbon TOC (mg/L) 100 - 350
Sunfit (mg/L) 0,2-2,0
Sunfat (mg/L) 600 - 1050
Mangan (mg/L) 0,005 — 2,000
Kém (mg/L) 0,03 - 1,00
DPong (mg/L) 0,1-0,6
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Clo (mg/L) 400 - 1650
Crom (mg/L) 0,001 - 0,200
NOs™ (mg/L) 34-450
NO; (mg/L) 0,09 - 0,30
Oxi hoa tan (mg/L) 1-6

Al (mg/L) 0,005 — 5,000
Thuy ngan (mg/L) 0,00001 - 0,01
Magie (mg/L) 150 - 200
Phosphat (mg/L) 1-80
Amoniac (mg/L) 0,0001 - 5
Canxi (mg/L) 200 - 240
Dau md (mg/L) 3-500
Hydrocacbon (mg/L) 0,5-5
D6 dan dién 450 - 1400
Sat (mg/L) 0,3 - 20
Chét ran lang dong (mg/L) 1-150
Niken (mg/L) 0,1-04
Amoni (mg/L) 0,6 -1,0

1.2.2.2. Cdc phwong phdp xir 1y chdt mau

Thudc nhudm 1a cac phén tir c6 cau trac hoa hoc phire tap va khé phan huy sinh
hoc. Ciu tao phan tir chira cac vong thom cta thudc nhudém 1am cho chung 6n dinh
hon. Do d6, nude thai chia thude nhudm 13 mot thach thue ddi véi cac nha may xu
1y nude thai.

Céc phuong phap xir 1y cht yéu bao gom: Phuong phap héa 1y, phuong phap
hoa hoc, phuong phap dién hoa, phuong phap oxi hda nang cao [116].

Phwong phap héa ly: Bao gdm phuong phap hap phu [117], déng tu [118], loc
[119] va trao ddi ion [120]. Cac chat hap phu hitu co va vo co di duogc sir dung dé
loai bo thudc nhudém nhung bi han ché boi hiéu qua thap dbi véi cac hop chat kho
phan hay. Hap phu 1a phuong phap truyén thong sir dung than hoat tinh, zeolit. Cac
nghién ctru ctia d chirng minh rang than hoat tinh c6 hiéu qua cao trong viéc loai bd
cac thuéc nhudém nhu Congo Red, Acid Red 97, Acid Orange 61 va Acid Brown

425... nhung hiéu suét phu thudc vao déc tinh vat li¢u nhu dién tich bé mat, kich thude
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hat,... [121]. Sau qu4 trinh x 1y cAn thém buéc giai hap phu dé sir dung cho vong xtr

Iy tiép theo.

Phuwong phap héa hoc: Dung cic chit oxy hoa manh nhu ozon va hypoclorit.
Jiangning Wu da chimg minh rang ozon c6 kha nang xir 1y tot chat mau hoat tinh.
Theo nghién ctru [122] ozon cai thi¢n kha nang phan hiy sinh hoc cua dung dich
thudc nhudém trong nuée, kha ning phan hity sinh hoc tang tir 18,7 dén 68,5 lan. Dong
tho1, ozon loai bo hi¢u qua COD trong nudc thai. Muc loai bé COD dao dong tur 51,7
dén 84,6 %. Mic du phuong phap ozon héa rat hiéu qua nhung lai c¢6 chi phi cao va

nguy co tao ra cic chit doc hai khong mong muén [123].

Phwong phap oxy héa nang cao (AOPs): Bao gom Fenton, quang xuc tc,
song siéu am, quy trinh két hop ozon. Pic diém chung cta cac phuong phap AOPs
1a s& hinh thanh cac gbc tu do giup tang kha nang xu 1y chat mau. Ké tir nim 2004,
quy trinh Fenton 12 mot trong nhiing giai phap xir Iy hiéu qua va trién khai rong rai
trong cong nghiép. Tuy nhién phuong phap Fenton chi hiéu qua ¢ ving pH thap (2-
3) va sau qua trinh xtr 1y lugng 16n bun thai sinh ra va can dugc xir 1y. Ngoai ra can
phai kiém soat lugng H,0,, gbc tir do hydroxyl du thira dé tranh gy trc ché toi qua

trinh sinh hoc & cac giai doan tiép theo va anh hudng t6i moi truong.

Vit liéu quang xtc tac ciing duge tmg dung va cho két qua tt trong cac nghién
ctru vé loai bo thudc nhudém axit [124], thuéc nhudém bazo [125], thudc nhudm hoat
tinh [126]. Tuy nhién nhiéu vat liéu quang chi hoat dong hiéu qua dudi anh sang UV

nén can kém theo hé théng chiéu sang 1am ting chi phi van hanh.

Mic du cac phuong phap xir Iy nude thai nhudm dat hiéu qua cao nhung moi
phuong phap lai ¢6 nhirng han ché riéng vé k§ thuat, chi phi kinh t& va nguy co sinh
ra san pham phu doc hai. Vi vy viéc nghién ctru va phét trién cic cong nghé méi
trong linh vuc xtr Iy nudc thai véi hiéu sudt cao va than thién méi truong dang tro

thanh nhu cau cap thiét hién nay.
1.2.2.3. Xir Iy chdt mau bang ferrate

Trong s6 cac phuong phap xi Iy chat mau hiru co, st dung ferrate 1 mot phuong
phéap diy tiém ning nhd tinh chit oxi hoa manh va khéng gy hai cho méi truong.

Ferrate 1a mot chat oxy héa manh nén c6 thé phan huy duoc cau tric phuc tap cua
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nhiéu loai chit mau khac nhau, gitp loai bé mau sic ciing nhu giam doc tinh cia
nudc thai. Pac bi€t, sau khi thuc hién phan ing oxy hoa, ferrate chuyén thanh Fe(III),
mot chit it doc va co kha nang két taa, gitp loai bd thém céc tap chét va vi sinh vat
con sot lai trong nude thai. Pidu nay giup ferrate trd thanh mot phuong phap xu 1y
mau hiéu qua va an toan hon so vdi nhiéu phwong phap xir Iy hoa chét truyén thong.

Nhiéu cong bd di cho thdy hiéu qua cua ferrate di voi cac loai thubc nhudém
nhu methyl da cam, congo red, reactive brilliant red X-3B, metyl violet.... (Bang 1.7).
Ferrate cho thay kha ning oxy hoa lién két doi trong cu trac cac hop chat nay, lam

gidm mau sac va doc tinh cua cac loai thuoc nhuom.

Bing 1.7. Panh gid xir Iy chdt mau khdc nhau bang ferrate

Chit mau Nongdd | Nong | pH | Thoigian | Hiéu | Tailiéu
ferrate | do chat phan ing | suitloai | tham
4%)) mau (phut) b6 (%) khao
Ty 1& mol [Chat
Congo Red mau]: ferrate = 1: 5 9,2 20 98 [88]
Reactive brilliant 50-200 4,0-
red X3B 75 mg/L me/L 9.0 30 78-98 [127]
Bromothymol
blue, Blue 203, 6,0-
Methyl violet, 1-4 mg 25 mg/L 8.0 10s >96 [128]
Coresol Red
Remazol Black B | 3 1€ Mol [Chat = )¢ o115 95 [129]
mau]: ferrate =1: 5
Reactive brilliant 0,08
red X-3B 25 mg/L M/L 8,5 20 99 [130]
: Ty 1& mol [Chét
Metanil yellow mau]: ferrate = 1: 2 8,0 25 92 [131]
Xanh metylen | > S0mg/L | 13.6 | 35 97 [132]
y me/L g )
: COD
Nudc thai nhuom 83 %
thue t& 40 mg/L | 6980 9,0 30 COD [13]
mg/L
COD
s . 550— 6,5- 90 %
Nudc thai nhudm | 150 mg/L 1000 8.5 20 COD [133]
mg/L
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Trong nghién ctru ctia Qi Han, ferrate c6 kha ning xt Iy chat mau X-3B trén 85
% trong pham vi pH rong 3-9. Nong d6 chat mau ban dau ting tir 50 1én 200 mg/L,
hiéu suét xtr 1y giam tir 98 xudng 77,65 %. Khi so sanh v6i KMnOs, ferrate cho thy
kha nang loai b6 COD va TOC tdt hon. Ferrate loai bo duoc 58,33 % COD va 24,15
% TOC, trong khi d6 KMnO4 chi loai b 42,86 % COD va 9,94 % TOC [127].

Két qua nghién ctru cua Yaghoot-Nezhad A. cho thiy ferrate c6 hiéu qua trong
viéc xir 1y da dang nhiéu loai chat mau c6 vong thom [128]. Tuy thudc vao loai chat
mau ma luong ferrate s dung khac nhau dé hiéu suit loai bo dat trén 90 %.
Véimethyl orange, chi can 0,2 mg ferrate. Pbi v6i bromothymol blue, methyl
red va methyl blue 203, coresol red can 1 mg ferrate. P6i voi methyl violet can 2 mg
ferrate. Riéng methylene blue, do cu tric bén vimg hon, can t6i 4 mg ferrate dé dat
hiéu suit loai bo tuong tu. Bai bdo con nghién ctru sy phu thudc cua hiéu Suit xir ly
vao nhiét d6. Tai nhiét 6 25 °C, hiéu suat xur 1y cac chat mau dat két qua cao nhat va
néu ting nhiét do s& khién hiéu suit giam do nhiét 6 cao 1am ting téc d6 phan hiy

cua ferrate.

Hiéu suét xtr Iy chat mau bang ferrate phu thudc vao nhiéu yéu t6 nhu pH, nhiét
d6, nong do ferrate, chat mau, hay cac ion v co ¢6 trong nude thai... Nhitng yéu tb

nay can dugc diéu chinh phu hop dé tdi wu hoa hiéu qua xir Iy chat mau bang ferrate.

= pH: pH anh hudng 16n dén hoat tinh oxy hoa cia ferrate. Moi truong axit giup
ferrate hoat dong hiéu qua hon trong viéc oxy hda cac hop chét hiru co nhung

lai 1am ferrate d& phan huy hon.

= Nhiét d9: Tang nhiét do thuong ting toc do phan (mg ciia ferrate(VI) véi chat
mau, gitp ting hiéu qua xir Iy. Tuy nhién, nhiét 46 qua cao c6 thé lam giam

dd bén cua ferrate, anh huong dén hi¢u suat xu ly.

= Cac ion vé co: Cac ion nhu CI, SO+ hay NOs-, Mg?*... ¢ thé anh huéng
dén phan ung oxy hoa ciia ferrate. Mot s6 ion cé thé can trd, trong khi mot sd
khac lai ho trg qua trinh phan tng, tiy thudc vao dic tinh cia chiing.

= Nong d ferrate va chit mau: Ty 1¢ mol giita ferrate va chit mau ciing 13 yéu
t6 quan trong. Dé dat hiéu qua xur Iy cao, ty 1& ndy phai dugc tdi uu hoa tuy

theo loai chat mau va yéu cau cia qua trinh xu 1y.
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Trong luan 4n s& st dung chit mau reactive red 195 (RR195) va metyl da cam
(MO) dé danh gi4 hoat tinh cua ferrate trong xtr Iy chat mau azo. Bang 1.8 néu rd dic

tinh héa 1y cia RR195 va MO.

Bing 1.8. Tinh chdt ciia cac chat mau MO va RR 195

MO RR195
Tén thuong C.I. Acid Orange 52 Synozol red HF 6BN
mai
Cong thuc C14H14N3SO3Na C31H19N786019NasCl
phan tir
Cong thire 0 I

z ﬁ—ONa NJ\IN
cau tao /©/O SOsNa OH HN)\\N)\N
N :N N:=N H
/@ OO S0O,CH,CH,0S0;Na
HSC‘N Na0,S

SO;Na

CHs SO:Na Reactive Red 195
M/e=1136
Phan tir khéi 327,3 1136,2
(g/mol)
Nhom mang Nhom azo, don Nhom azo, don
mau
Budc song 464 544
hép thu cuc
dai (nm)
Do hoa tan 5¢g/L§20°C 100 g/L ¢ 20 °C
Khéi luong 1,28 g/cm? -
riéng
CAS number 547-58-0 93050-79-4

1.3. Tinh hinh nghién ctru trong va ngoai nwdéc
1.3.1. Tinh hinh nghién ciru ngoai nwéc

Ferrate(VI) d nhan dugc su quan tAm ctia nhidu nha khoa hoc trong nhitng thap
ky gan day va dugc nghién ctru nhidu bat dau tir nhitng nam 2000. Cho dén nay céc
nhoém nghién cru d thu duoc nhidu két qua dang chi ¥ va tmg dung thyc tién cao.
Duéi day 1a mot vai nhém nghién ctru ndi bat c6 dong gop quan trong trong linh vuc
nay.

Tai My, nhém cta gido su Sharma V.K. thudc Pai hoc Texas A&M, bat dau

nghién ctru vé ferrate tir nhitng ndm 1990 [134, 135]. Pay 1a mot trong nhitng nhoém
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tién phong va ndi bat trong nghién ctru ferrate. Cho dén nay, nhom c6 mot khéi lwong
xuat ban d6 so cac nghién ciru vé ferrate. Cac cong bd nay bao quat toan bd van dén
lién quan dén ferrate bao gdm tong hop, Gmg dung trong xtr Iy cac chat doc hai, vai
tro oxi hoa, khir triing, keo tu, co ché phan huy cac chét vo co, hitu co bang ferrate. . ...
Hién nay nhom cua gido su tap trung vao mot sé hudng nghién ctru tién tién vé ferrate
nhu cai tién cac phuong phap tong hop ferrate dé ning cao hiéu suét tong hop [136,
137], phét trién cac Gtng dung bén viing va hiéu qua cao trong linh vuc méi truong
[138-140] . Gan day, nhém nghién ciru cta gido su Sean T. McBeath tai Pai hoc
Massachusetts Amherst di c¢6 nhitng nghién ciru méi trong viée tong hop ferrate bang
phuong phap dién hoa, voi dién cuc anot tro dugce lam tir vat liéu kim cuong pha bo
(BDD) [36, 38]. K¥ thuat nay cho phép tao ra ferrate mot cach hiéu qua ¢ pH trung
tinh, gitip chat ferrate vira dugc san xuat c6 thé tham gia ngay lap tirc vao qua trinh
phan huy cac chat 6 nhiém hiru co doc hai trong nudc. Hé thiét bi va quy trinh tong
hop ferrate truc tiép dac biét hitu ich cho céc khu vuc vung sau, ving xa hoac nhirng
noi c6 hé théng xir 1y nude phan tan nho 1é. Nho kha ning oxy hoa manh, ferrate c6
thé xir Iy hiéu qua nhiéu hop chét hitu co doc hai bén hod hoc, giup nang cao chat

lugng ngudn nudc.

Tai Chau A, nhom nghién ctru cta gido su Jun Ma, mot chuyén gia hang dau
trong linh vuc ky thudt méi truong va xtr ly nudce tai Hoc vién cong nghé Cap Nhi
Tan, Trung Qudc ciing da c6 nhimng thanh tiu dang ké vé ing dung cua ferrate trong
xtt Iy nuée. Nhom bit dau c6 nhitng nghién ctru ddu tién vé vai trd keo tu cua ferrate
trong xtr Iy nuéc tir nam 2002 [141]. Cho dén nay nhom cé khoang 60 cong trinh da
cong b trén cac tap chi uy tin. Nhitng nim gan day nhom di c6 nhitng nghién ctru
noi bat vé nang cao kha ning oxi hoa ciia ferrate bang cach két hop véi sunfit [142],
bipyridyl [143], canxi, mangan [144], hay tia cuc tim [145]. Tia cuc tim didt phat
sang A (UVA-LED) c6 thé kich hoat Fe(VI) dé phan hiy cac chat 6 nhiém (vi du,
sulfamethoxazole , enrofloxacin va trimethoprim). UVA-LED/Fe(VI) c6 thé thuc day
dang ké qua trinh phan huy cac chit 6 nhiém véi toc do nhanh hon 2,6-7,2 1an so véi
chi str dung Fe(VI) [145]. Nhu vay, c6 thé thay huéng di ctia nhom hién nay tap trung
vao cic cong nghé xir 1y tién tién va cai tién phuong phap sir dung ferrate(VI) dé

mang lai hiéu qua cao véi chi phi thap trong xir Iy nudc thai.
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Tai chau Au, nhom nghién ctru cta gido su Jia-Qian Jiang tai Pai hoc Glasgow
Caledonian (Anh) ciing c¢6 nhiéu nghién ctru vé ferrate trong xu 1y nudc. Nhom cé
nhirng nghién ctru dau tién vé vai tro keo tu cua ferrate trong xur Iy nuée vao dau
nhitng nam 2000. Sau d6 nhém da c6 nhiéu cong trinh vé sir dung ferrate trong xir 1y
chét thai duoc phém, chét hiru co doc hai [146-148]. Nhém nghién ctru cua Sibel
Barisc1 tai Pai hoc K¥ thuat Gebze ¢ Thd Nhi Ky da thuc hién nhiéu nghién cuu vé
viéc tong hop va tmg dung ferrate(VI) trong xir Iy nudc. Nhom cia Sibel Bariset tap
trung vao phuong phap dién hoa dé san xuat ferrate(VI) tir sit nguyén chat hoic cac
vat lidu sit tai ché [51, 52, 149], nham t6i wu hod chi phi van hanh va hiéu qua trong
qua trinh tao ferrate. Mot s cong trinh ctia nhom nghién ciru da cho thay ferrate co
kha nang xir 1y tot nude thai sinh hoat tir cac hoat dong clia cac nha hang, giup giam

céc chi tiéu nhu COD, TOC, do duc va cac chét hoat dong bé mit [51, 150].

1.3.2. Tinh hinh nghién cwu trong nudc

Nguyén Van Hoa va cong su tai truong Pai hoc Tén Ptrc Thing [151] di nghién
ctru diéu ché ferrate KoFeOs bang phuong phap uét. Pau tién dung dich KCIO duoc
tong hop bang cach clo hoa dung dich KOH dam dic ¢ 0-5 °C. Tiép theo, mudi
Fe(NO3)3.9H20 dugce thém cham vao cdc chira dung dich KCIO dd chuén bi san.
Trong qua trinh phan ung h¢ s€ tod nhiét nén luén dam bio nhi¢t 4o cua h¢ khong
qua 30 °C. Trong mdi trudng kiém, Fe(OH); méi hinh thanh thanh s& bi ion C10” oxy

hda tao thanh FeO4%, sau khi loc rtra san phflm c6 do sach cao 90 %.

Nhom nghién ctru tai khoa Mo6i truong va Tai nguyén - truong Dai hoc Bach
Khoa thanh phé Hd Chi Minh di téng hop ferrate bang phuong phap Thompson
(phuong phap uét). Tir dung dich ferrate tong hop dugc nhom nghién ctru da danh
hiéu qua khir mau trong nudc thai dét nhuém bang ferrate so v6i str dung poly alumina
chlorua (PAC). Thi nghiém dugc thuc hién theo mo hinh Jartest voi né)ng do PAC tur
100-600 mg/L va ferrate tir 4-24 mg/L v&i pH tir 5-10. Két qua cho thiy ferrate c6
kha nang xur ly mau cao hon PAC, v&i ham luong 16 mg/L tai pH = 8 ferrate da loai
bd dugc 94 % do mau, 91 % COD [152]. Nhom nghién ctru cling g dung ferrate
véi vai tro 1 chét keo tu dé loai bo tao Chlorella [153]. bay l1a mot loai tdo duoc
thém vao nudc thai sinh hoat nham muc dich loai bé N, P théng qua qua trinh ting

trudng cia tao. Két qua thi nghiém keo tu thu hoi tao cho thay pH = 8 14 thich hop
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nhét dé loai bo tao b.'?mg ferrate va viéc st dung ferrate cho hiéu qua tach tao tdt hon
phén nhom véi luong st dung it hon. Tai nong do ferrate 12 mg/L hiéu qua tach tao
dat 84 - 97 %. Ngd Thiuy An va cOng su [75] da ching to hi¢u qua cua ferrate trong
xtr Iy nude mat (voi ngudn nude ¢ mic do 6 nhidm thay doi 16n giira 2 mua). Ferrate
cho hiéu qua xir Iy CODma cao hon phén nhom 24 % tai diéu kién toi wu. Tai pH 5-
7, ferrate voi ham lugng 10 mgFe/L co thé loai bo 86,9 % CODwn ctia nuoc 1a, 91,3
% CODwn nuéce sau 1t va 100 % Coliforms. Tai pH 9 v61 ham lugng 10 mgFe/L trong
nuoc i, ferrate da loai bo dugc 88,9 % do duc, vo1 ham lugng 5 mgFe/L da loai bo

duogc 97,1 % dd duc trong nudc sau li.
Két lugn

Duea trén tong quan tdi liéu vé ferrate va tinh hinh nghién ciru hién nay c6 thé
khang dinh rang ferrate la mét chat oxy héa vieot tréi véi kha nédng xir 1y hiéu qud
cdc chat hivu co khé phan hity va nhiéu loai niede thai phirc tap. Khéng chi vay,
ferrate con dwge xem la mot gidi phdp than thién véi méi trieong nho vao co ché xir
Iy xanh, it tao ra cdc san pham phu déc hai, déng gép vao xu hwdng phdt trién bén
vitng trong xir Iy nwée thai. Piéu ndy khién ferrate tré thanh mét céng nghé tiém
nang, dwoc danh gid cao va cé trién vong tré thanh gidi phdp cia twong lai trong

nganh cong nghiép maoi truong.

Tuy nhién, céng trinh céng bé vé linh vuee lién quan dén ferrate trong nuéc ta
van con han ché vé sé lwong. Pdc biét chwa c6 nghién ciru nao sir dung phwong phdp
dién hod dé tong hop ferrate — mét phwong phdp cho hiéu qud cao va dang dwoc
nghién ciru nhiéu trén thé giéi. Vi vdy, viéc tién hanh nghién civu vé ferrate tai Viét
Nam la cdp thiét nham bdt kip xu hwdng quoc té. Xudt phat tir nhu cau nay, dé tai
“Nghién ciru tong hop dung dich ferrate(FeOy *) bang phwong phdp di¢n héa va

teng dung trong xir Iy nwéc thai” di dwoc lya chon dé thuc hién.

Ludn dn sé khdo sdt vt liéu anot méi cho qud trinh tong hop ferrate dién hod,
d‘éng thoi lam ro6 hon khia canh ma cac nghién cvu trucce day chwa thuc hién vé s
hinh thanh 16p thu dong trén bé mdt anot theo thoi gian. Két qua dé tai khong chi
dong gép vao viéc phat trién cong nghé xanh tai Viét Nam ma con mé ra co hoi vmg
dung thuec té, givip cdi thién chdt leong xir Iy nwede thdi va giam thiéu tdc dong tiéu

cuc déen moi truong.
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CHUONG 2: THUC NGHIEM VA PHUONG PHAP NGHIEN CUU

2.1. Thyc nghiém

2.1.1. Hod chit, dung cu va thiét bi thi nghiém

2.1.1.1. Hba chat

Céc chét hoa hoc sir dung trong dé tai bao gdm natri hydroxit (NaOH), kali
hydroxit (KOH), axit sunfuric (H2SO4), kali clorua (KCI), natri nitrat (NaNQO3), natri
clorua (NaCl), dong sunfat (CuSOu), sat(Ill) sunfat (Fex(SOs)s;), magie sunfat
(MgS0s4), metyl da cam (MO), reactive red 195 (RR195) dugc mua tir hang Aldrich
Sigma (buc).

2.1.1.2. Cac loai dién cuc

Dién cuc anot sir dung cho qua trinh tong hop ferrate bang phuong phap dién
hoa duge ché tao tir cac vat lidu thép CT3 (mild steel — MS), gang xam (grey cast iron
— GCI) va gang cau (ductile iron — DI) ¢6 ngudn goc tir cong ty TNHH mot thanh
vién co khi Ha Néi. Cac dién cuc anot duoc ché tao thanh hinh tru tron véi duodng

kinh Icm, dién tich hoat dong cua anot 1 0,785 cm?. Thanh phan vat liéu dugc thé

hién trong Bang 2.1

bién cuc catot béng titan.

bién cuc so sanh Ag/AgCl, KCI bao hoa.

Bing 2.1. Thanh phan vit liéu anot diing cho tong hop ferrate dién héa

Vit li¢u

Thanh phan khoi lwong (%)

Fe C Si P S Mn
DI 93,701 3,650 2,330 0,010 0,009 0,300
GCI 92,480 5,214 1,778 0,011 0,021 0,496
MS 98,843 0,270 0,265 0,023 0,021 0,580

2.1.1.3. Dung cu, thiét bi thi nghiém

Cdc thay tinh (dung tich: 10, 25, 50,100 ,1000 ml), binh dinh mirc (dung tich: 100,

250, 500, 1000 ml), pipet (1, 5, 10, 20 ml) diia thuy tinh, phéu loc, gidy nham.
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- Thiét bi do dién hoa da ning IM6, Zahner elektrik (Durc), can phén tich, bé diéu
nhiét, may khudy tir, may ly tim, may mai dién cuc.

2.1.2. Tién hanh thi nghiém
2.1.2.1. Tong hop ferrate bang phirong phdp dién hod

Chuin bj dién cuc:
- bién cuc catot duoc ngam trong dung dich xir Iy gdm KoCroO7 + HzSO4

- Pién cuc anot dugc xir Iy bé mit bang cach mai gidy nham 400, 600. Sau d6 trang

sach bang nudc cat va con trude khi tién hanh thi nghiém.
Tong hop dung dich ferrate di¢n héa:

Dung dich ferrate dugc tong hop bang phuong phap dién hoa (dién phan dong
khong déi) st dung hé 3 di¢n cuc gém dién cyc so sdnh Ag/AgCl (dung dich KCI bao
hoa), dién cuc ddi titan, dién cuc 1am viéc duge 1am tir cac vat liéu DI, GCI, va MS.
Cac dién cyuc da duoc 1am sach va dung dich dién ly dugc lap rap theo Hinh 2.1. Cac
thi nghiém duoc thyc hi¢én trén hé thiét bi dién hoa IM6 Zahner elektrik (Buc). Dung
dich ferrate sau téng hop s€ duoc khao sat do bén va str dung dé xu ly chit mau azo.
Nong d6 ferrate duoc xac dinh bang phuong phap UV- vis.

Chu thich:
(1)-Thiét bi dién héa
(2)-May khudy tir

(3)-Dung dich dién ly
(4)-Dién cuc so sanh Ag/AgCl \\:
(1)

(5)-Dién cuc anot

(6)-Dién cuc doi titan

el

(7)-Mang Hinh 2.1. Mé hinh tong hop ferrate dién héa

Chu y: Trong khi dién phan thyc hién phan ing tao ferrate, tai bé mat catot s&
xuét hién phan tng dién phan nudc tao thanh khi Hy. Khi Hy méi sinh c6 tinh kht
manh s& dé dang khur ferrate thanh Fe(III) 1am giam déng ké hiéu suat tong hop do
vay can st dung binh dién phan c6 mang ngin dé han ché duoc su tiép xuc giita
ferrate va Ha moi sinh. Mang ngin dugc sir dung trong thi nghiém 1a mang trao doi

cation Ultrex CMI-7000 hoic mang ngan x6p thay tinh.
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Nghién ciru diéu kién téng hop ferrate

bé danh gia tac dong cua vat li¢u anot t&1 qua trinh téng hop ferrate, cac vat li¢u
DI, GCI va MS dugc lya chon 1am anot cho qué trinh téng hop ferrrate. Céac thi
nghiém téng hop ferrate st dung dung dich dién ly NaOH 14 M, mat d§ dong 40
mA/cm?, thoi gian dién phan 60 -180 phut, tai nhiét do phong .

Dé khao sat nhiét do téi qua trinh téng hop ferrate, hé duoc on dinh nhiét trong
bé diéu nhiét véi cac nhiét do khao sat thay doi tir 10, 20, 30, 40 va 50 °C. Cac miu
thi nghiém duogc tong hop trong dung dich dién ly NaOH 14 M, mat d6 dong 40
mA/cm?, thoi gian téng hop 1 gio.

Dé xac dinh chat dién ly toi wu cho qua trinh tong hop ferrate, dung dich dién
ly NaOH + KOH c6 néng do OH™ = 14 M dugc st dung, trong do ty 1¢ mol K/Na
duoc khao sat véi cac gia tri: 1/0, 2/1, 1/1, 1/2, 0/1. Sau khi lya chon dugc ty 1€ Na/K
phtt hop, tiép tuc nghién ctru anh hudng ciia nong do OH" trong khoang tir 8 dén 16
M. Céc mau thi nghiém duogc thyc hién tai mat do dong 40 mA/cm?, tai nhiét d6 30

°C, thoi gian tong hop 30 phiit.

Pé lya chon mat do dong téng hop phu hop cho vat liéu DI, mat d¢ dong duogc
khao sat thay doi tir 10 dén 50 mA/cm?. Céc thi nghiém dugc tong hop trong dung
dich dién ly NaOH 14 M, nhiét d¢ tong hop 30 °C, thoi gian tong hop 1 gio.

Dé khao sat ty 1¢ giita tiét dién dién cyuc anot S va thé tich dung dich dién ly V
(S/V), S duoc giit nguyén, V dugc thay doi dé diéu chinh ty 1& S/V tir 0,019 d¢én 0,157
cm’!. Cac mau thi nghiém dugc thuc hién trong dung dich dién ly NaOH 14 M, mat
d6 dong 40 mA/cm?, nhiét d6 tong hop 30 °C, thoi gian tong hop 1 gid.

2.1.2.2. Nghién curu tinh chdt dién héa ciia vt liéu anot

Céc phép do tinh chét dién hoa cua dién cyuc anot bao gém DI, GCI va MS duoc
thuc hién trén thiét bi IM6 Zahner elektrik. Cac phép do bao gdm pho tong tro dién
hoa EIS, pho quét thé tuan hoan CV. Trong d6 phd CV dugc quét trong khoang thé
tr -1,5 dén 0,6 V véi toe do quét thay ddi tir 25 dén 150 mV/s, st dung dung dich
chat dién ly 1a dung dich NaOH 14 M. Cac phép do pho tong trd dién hoa duoc thuc
hién trong ving tan s6 tir 100 kHz dén 10 mHz, voi bién d6 5 mV, trong dung dich
NaOH 14 M.
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2.1.2.3. Nghién ciru tinh chdt héa Iy ciia bé mdt anot thay doi theo thoi gian

Pé so sanh dic diém ciu trc, hinh thai hoc bé mit cac vat liéu anot khac nhau
(DI, GCI, MS) trudc va sau 180 phut tong hop ferrate, cac phép do hiéu vi dién tir
quét (SEM) va gian do nhiéu xa tia X (XRD) dugc thuc hién.

Dé danh gia su thay dbi tinh chat hoa 1y ctia bé mit anot DI theo thoi gian dién
phan, bé mit dién cuc duoc tién hanh chup XRD, SEM, phé Raman, phé tan xa nang
lwong tia X sau 2, 6, 15 h tong hop ferrate. Diéu kién tong hop ferrate 1 : nhiét d6
30° C, dung dich dién ly NaOH 14 M, mat do6 dong 40 mA/cm?.

2.1.2.4. Nghién ciru dé bén cia dung dich ferrate

Mot s6 yéu to anh hudng td1 dO bén cua ferrate bao gom nhiét do, nong do

ferrate ban dau va nong do NaOH dugc khao sat va danh gia.

bé nghién cru anh hudng cua nhi¢t do td1 do bén cua ferrate, dung dich ferrate
sau dién phan v6i ndng do ban dau 418,6 mg/L s& dugc chia thanh 4 phan va sau d6
dé 6n dinh trong bé diéu nhiét & cac nhiét d6 khao sat 4, 20, 30 va 40 °C. Sau mdi

tiéng cac dung dich ferrate sé dugc tién hanh do UV-vis dé xac dinh néng do.

Dé danh gia su anh huong ctia nong NaOH téi do bén ferrate, sy suy giam nong
do ferrate trong moi truong dung dich NaOH véi néng do khac nhau (8, 10, 12, 14,
va 16 M) duoc khao sat. Nong do ferrate ban dau o tat ca cac mau 1a gidng nhau va
dat 465,1 mg/L. Céc mau dugc thuc hién tai nhiét do phong.

Céc dung dich ferrate voi ndng do khac nhau (323 mg/L, 668 mg/L va 1365
mg/L) s& duoc khao sat toc d6 phan hity dé danh gid anh hudng ctia nong do ferrate
ban dau t&i do bén ferrate. Cac mau déu duoc thuc hién & cung diéu kién nhiét do

phong va ndng do NaOH 14 M.
2.1.2.5. Xur Iy chdt mau azo bang ferrate

Chat mau azo gom RR 195 va MO véi nong d6 ban dau 50 mg/L dugc xir ly
bang dung dich ferrate 1500 + 50 mg/L. Dung dich chat mau azo va ferrate duogc tron
v6i nhau. Dung dich da tron duoc khqu lién tuc trong 5 phut dau & toc d6 500

vong/phiit va sau d6 yén khong khudy.
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pH cua dung dich di trén duge didu chinh thay d6i tir 1 dén 9. Céc thi nghiém
dugc thuc hién vdi ty 1€ mol ferrate/MO=3,4/1,0; ferrate/RR195= 12/1, tho1 gian xur
1y chat mau 60 phit. Cac thi nghiém duoc tién hanh tai nhiét d6 phong.

Pé khao sat anh huong ciia nhiét do dén hiéu qua xir Iy chat mau azo, cac thi
nghi¢m duoc tién hanh tai cic nhiét o khac nhau thay ddi tir 10 dén 50 °C, thoi gian
xur Iy 60 phut va ty 1¢ mol ferrate/MO=3,4/1,0; ferrate/RR195=12/1.

bé x4c dinh dugc luong ferrate can thiét dé xur ly chit mau, ty 1€ mol ferrate/ chét
mau duoc khao sat. Ty 1¢ mol ferrate/MO, ferrate/RR 195 lan luot duoc thay doi tur
1,7/1,0 dén 8,5/1,0 va tir 6/1 dén 30/1. Céc thi nghiém dugc thuc hién & nhiét do
phong véi thoi gian xtr 1y 60 phut.

Anh huong cia cac ion khac dén hiéu qua xtr 1y chat mau duoc nghién ctru bang
cach thém vao cac dung dich chat mau ban dau mot sé anion v co (CI-, NOs3) tir
nguon NaCl, NaNOs va cation (Fe**, Cu®", Mg?") tir nguoén Fex(SOus)s, CuSOs,
MgSO.. Sau d6 danh gia tic dong cua cac ion d6 dén hiéu suat xur Iy chat mau véi
ham lugng céc ion dugc thay doi tir 1 dén 10 mM. Piéu kién cac thi nghiém cac miu
déu thuc hién & nhiét d6 phong, thoi gian xtr Iy 60 phut véi ty 16 mol ferrate/MO=
5,1/1,0 va ferrate/RR195=18/1.

2.1.3. Cong thurc tinh todn
2.1.3.1. Tinh todn hiéu sudt tong hop ferrate

Hiéu suét tong hop ferrate duoc tinh theo cong thire (2.1):

H =211 (2.1)

mrr

Trong do: mrrla khdi lugng ferrate thuc té thu duoc, mor 1a khéi lugng ferrate

tinh theo 1y thuyét
Khdi lugng ferrate thuc té mrr dugce tinh theo cong thic (2.2)
mMtT = Crerrate™Vad (2.2)

Trong d6: Cremaee 12 ndng d6 ferrate thu duoc (mg/L), V 1a thé tich dung dich
dién phan (L).

Khoi lugng ferrate 1y thuyét mir dugc tinh theo dinh luat Faraday
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myr=—- (2.3)

Trong do: M 1a khéi lugng mol cua ferrate (g/mol), t 1a thoi gian dién phan (s),
z s6 electron trao ddi, F 13 hing sb Faraday (F = 96500 C/mol), I 1a cuong do dong
dién (A).

2.1.3.2. Nang luong tiéu thu riéng
Nang lugng tiéu thu riéng (Specific energy consumption - SEC) 1a nang lugng
dién can thiét dé tong hop 1kg ferrate dugc tinh theo cong thic (2.4).

SEC="" (kWhikg) (2.4)

Trong d6: V 1a dién thé dién phan (V), I 1a cudng do dong dién (A), t 13 thoi
gian dién phan (h), m 1a khdi lugng ferrate (kg).

2.1.3.3. Hiéu sudt xir [y chdt mau

Hiéu suit loai bé chat mau azo duoc tinh theo cong thirc (2.5)

Co—C
R = _OCO £ (2.5)

Trong d6: Co 12 ndng d6 ban dau cua ctia chat mau azo (mg/L), C; 12 ndng d6 con lai

ctia chat mau (mg/L) sau thoi gian xir 1y t (phut).
2.2. Phuwong phap nghién ciru

Trong ludn 4n ndy, ferrate duoc tong hop bang k¥ thuat dong khong doi. DBé
danh gia va nghién ctru su tdc dong cua cac yéu td (vat liéu anot, chét dién ly, mat do
dong, nhiét dg, 16p thu dong) téi qué trinh téng hop ferrate, cac phép do dién hoa
duogc thuc hi¢n. Cac thi nghiém vé téng hop ferrate dién hoa va do tinh chat dién hoa
duoc thuc hién trén thiét bi dién hoa IM6 Zahner elektrik (btrc). Cac phép do dién
hoa bao gdom:

- Phéan cyc dong tinh
- Quét thé tuan hoan (cylic voltammetry-CV)
- Tbng trd dién hoa (Electrochemical Impedance Spectroscopy-EIS)
Sy thay ddi cdu trac bé mit anot trudc va sau tong hop ferrate duoc danh gia

bang cac phuong phap phan tich hod Iy sau:
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- Phuong phap hién vi dién tir quét (SEM).

- Phuong phép tan xa nang luong tia X (EDS).
- Phuong phap nhiéu xa tia X (XRD).

- Phuong phéap quang pho Raman.

Dung dich ferrate tong hop duoc s& dugc tién hanh nghién ctru do bén va dung
dé xir Iy chat mau azo MO va RR195. Nong d6 cua ferrate va cac chat mau trudc va

sau xir Iy dugc thuc hién bang phwong phap UV-Vis.

Céc phan dudi day sé néu ngan gon cic nguyén 1y ciia cac phuwong phap nghién
ctru va tng dung cac phuong phép trong nghién ciru téng hop ferrate.
2.2.1. Cdc phwong phdp nghién civu tinh chit dién héa
2.2.1.1. Phuwong phap phan cuc dong tinh

Nguyén ly:

Dong dién mat chiéu ¢6 cuong do khong ddi duge ap vao dién cuc lam viéc
trong khoang thoi gian t (Hinh 2.2a). Sy bién ddi cta dién thé dap ung theo thoi gian
duogc ghi lai (Hinh 2.2b).

Hau hét cac nghién ciru di cong bd vé diéu ché ferrate bang phuong phéap dién
hoa chil yéu ap dung k¥ thuat dong tinh [35]. Ngoai ra, dién thé dap ung E — t trong
qua trinh tong hop ferrate con duoc st dung dé danh gia sy hinh thanh 16p thy dong.
Trong luan an ndy sé& tong hop ferrate sir dung k¥ thuat dong tinh véi mat do dong
khao sat thay d6i trong khoang tir 10 dén 50 mA/cm?.

i E
(a)

Hinh 2.2. Nguyén Iy dp dong khong doi theo thoi gian (a) va su bién
doi ciia E theo t (b) [35]

2.2.1.2. Phuong phdp quét thé tuan hoan CV
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Nguyén ly:
Dién thé bién thién tuyén tinh theo thoi gian dugc ap vao dién cuc 1am viéc, tir
gia tri E1 dén E2 10i quay nguoc lai v6i tbe do xac dinh, cudng do dong dap tng dugce

ghi lai (Hinh 2.3) [154].

Phd CV rat hiéu qua va duoc Gng dung phd bién trong nghién ctiru dién hoa
nham khao st ban chét ciing nhu kha ning oxi hoa/khtr thuan nghich cua cac chit

tham gia va san pham trong phan tmg dién hoa (phwong trinh 2.6):
O+ne &R (2.6)

I(A) A

R=>0 +ne

Hinh 2.3. Quan hé gitta dong va thé trong quét thé tuan hoan [154]

Trong do: Ipa, Ipe: Cuong do dong tai dinh pic anot va catot
Epa, Epc: Dién thé tai dinh pic anot va catot
Phé CV thé hién rd cac phan ing oxi hoa va khir cia qua trinh dién hoa, dac
trung bai dién thé pic (E,) tai d6 dong dién thu duogc dat gia tri 16n nhat (ip).
« Qua trinh khir xut hién pic catot khi dién thé dugc quét tir chiéu tir phia
duong sang am.
« Qua trinh oxi héa xuit hién pic anot khi dién thé duoc quét theo chiéu tir phia
duong sang am
Ph6 CV cung cip thong tin quan trong dé dénh gia cac tinh chat dién hoa dic
trung cta hé, chang han nhu co ché phan tng, sy thuan nghich va tc do cta cac qua

trinh dién hoa.
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Trong cac nghién ctru tong hop dién hoa ferrate, phuong phap CV duoc dung
dé xac dinh qua trinh dién hoa xay ra trén bé mit dién cuc 1am viée. Tir d6 c6 thé biét

duoc vung dién thé hinh thanh ferrate trén cac loai vat liéu anot khac nhau.

2.2.1.3. Phirong phdp tong tré dién hod
Nguyén ly: Dao dong nhé cua dién thé hai chiéu duoc ap 1én dién cuc nghién
ctru. Dong dién dap tng c6 dang hinh sin va 1éch pha véi dién thé ap vao. Su léch
pha va tong trd cua hé thdng duoc ghi lai va cho phép phan tich cac qua trinh dién
hoa bao gom khuéch tan, hip phu, dién tich 16p kép, phan tmg hod hoc,...[154].
Mot binh dién hoa c6 thé dugc xem nhu mot mach dién tuong duong bao gém
cac phan tir co ban sau (Hinh 2.4) [155].
- Dién dung 16p kép, coi nhu mot tu dién Cq
- Tong trd clia qua trinh Faraday Z¢
- Dién tré dung dich R gifra dién cyc so sanh va dién cyc nghién ctru
Tong trd Faraday Zr thuong duge phan thanh hai cach tuong duong:
- Mot dién tré Rs méc ndi tiép voi mot gia dién dung
- Dién trd chuyén dién tich va tong trd khuéch tan Zw (tong tré Warbug).
Néu phan tng chuyén dién tich dé dang Ret — 0 va Zw s& khdng ché. Con khi
phan tng chuyén dién tich kho khin Re — oo, luc nay Ree khong ché.

Cq

Ic
| |_—
R N
—/\/\\—
If‘l‘lc Zf

Hinh 2.4. Mach dién twong dwong cua binh dién phan [155]

Trong luan 4n ndy, phuong phap do téng trd dién hoa s& duoc dung dé so sanh
tinh chét dién ho4 giira cac dién cuc anot gang cau, gang xam va thép CT3 trong dung
dich dién ly kiém dic va xac dinh co ché dién hoa xay ra trén bé mit cac dién cuc
anot. Ngoai ra con dé danh gia sy thay doi bé mit dién cuc gang cau theo thoi gian

dién phan
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2.2.2. Cdc phwong phdp nghién ciru thanh phdn, cdu tritc, hinh thdi hoc bé mdt
ctia anot

2.2.2.1. Phuong phdp hién vi dién tir quét SEM

Hién vi dién tir quét (Scanning Electron Microscope-SEM) 1a mét k§ thuat phan
tich hién dai cho phép quan sat bé mat vat lidu voi do phan giai cao. Khi mot chum
dién tr hep duoc quét di quét lai trén bé mit vat liéu, cac tin hiéu tha cép s€ duoc ghi
nhan va xu ly, tir d6 tao nén hinh anh thé hién dic diém hinh thai va vi cu trac cua

bé mat mau [156].

Hinh 2.5. Anh SEM ciia bé mdt vt liéu anot a) sdt xop, b) gang xdm,
c) sat ludi, d) sdt cuon [41, 43]

Trong nghién ciru vé tong hop ferrate dién hoa, anh SEM thudng duogc ding dé
phan tich hinh anh bé mat cta dién cuc anot (Hinh 2.5). Trong nghién ctru ndy, anh
SEM dugc sir dung dé so sanh bé mit cua céc loai vat lidu dién cuc anot khac nhau
DI, GCI, va MS trudc va sau tong hop ferrate. Bén canh d6 anh SEM con dung dé
nghién ctru sy hinh thanh 16p thu dong theo thoi gian trén bé mit gang cau. Cac anh
SEM trong luan an duoc do trén thiét bji FE SEM Hitachi S-4800 (Nhat Ban) tai phong
Thiét bi dung chung, Vién Khoa hoc Vit li¢u, Vién Han lam Khoa hoc va Cong nghé
Viét Nam.

2.2.2.2. Phwong phdp pho tan xa ning heong tia X
Nguyén ly:
Khi mot chum tia dién tir hodc tia X ¢6 nang lugng cao chiéu vao mau vat, n6

lam bat cac dién tir bén trong cac nguyén tir cia mau 1én cac mirc nang lugng cao
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hon, dé lai cac 16 tréng & cac vo dién tir bén trong (chang han vo K hodc L). Cac 15
trong & vo dién tir bén trong s& dugc 1ap dy boi cc dién tir tir cic vo ngoai di chuyén
vao. Su di chuyén nay giai phong ning luong dudi dang tia X. Ning lugng cia cic
tia X phét ra ndy dic trung cho cac nguyén td trong mau, vi mdi nguyén t c6 cau
truc vo dién tr khac nhau va do dé phat ra cac tia X c6 nang lugng dac trung riéng
[157]. Do d6, phd tan xa ning luong tia X thuong duge két hop voi kinh hién vi dién
tr quét dé quan sat cdu tric bé mit ciia miu va dong thoi phan tich thanh phan hoa

hoc & mirc d vi mo

Trong luan an, phd EDS dung dé xac dinh nguyén té xuat hién trén 16p thu dong
ctia anot, két hop voi cac k¥ thuat phan tich khac dé xac dinh thanh phan 16p thu
dong. Cac phd EDS duoc do trén thiét bi FE SEM Hitachi S-4800 (Nhat Ban) tai
phong Thiét bi dung chung, Vién Khoa hoc Vit li€u, Vién Han 1am Khoa hoc va
Cong ngh¢ Viét Nam.

2.2.2.3. Phirong phdp quang phé Raman

Ph6 Raman dugc st dung rong rai dé phan tich thanh phan héa hoc, cau truc
phan tr va lién két trong céc chat hitu co va vo co. N6 hitu ich trong cac linh vyc nhu
hoa hoc, vat liéu, sinh hoc va khao c6 hoc, giup xac dinh cac hop chat va nghién ctru

dac tinh cua cac loai vat liéu khac nhau ma khong lam héng mau.

Nguyén 1y: Ph6 Raman dya trén hién tuong tan xa Raman, khi anh sang don sdc
(thudng tir tia laser) twong tac v6i cic phan tir cia mau. Mot phan nhé anh sang tan
xa s& thay d6i tan s6 do twong tac voi cac dao dong phan tir, tao ra cac tin hiéu tan xa
c6 tan sb khac voi anh sang t6i (dich chuyén Raman). Phén tich cac dich chuyén nay
cho phép xac dinh cac dic trung dao dong phan tir, tir d6 suy ra cau tric va thanh

phan ctia miu [158, 159].

Trong nghién ctru vé sy hinh thanh cta 16p thu dong trén bé mat sét thép trong
cac moi truong khac nhau, phé Raman thudng duge ding dé xac dinh thanh phan ciia
16p thu dong [160]. Trong luin 4n nay, phd Raman duoc st dung dé xac dinh sy thay
d6i cac thanh phan oxit sit trén bé mit anot theo thoi gian. Cac phép do Raman duoc
thuc hién trén thiét bj LabRAM HR Evolution (HORIBA Scientific, Nhat Ban) tai
Pai hoc Khoa hoc va Cong nghé, Vién Han 1am Khoa hoc va Cong Ngh¢ Viét Nam.

Vat li€u duoc kich thich béi ngué)n laser 532 nm, nguén kich lazer 1a Ar™.
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2.2.2.4. Phwong phdp nhiéu xa tia X

Phuong phép nhiéu xa tia X (XRD) dugc sir dung dé phan tich ciu triic tinh thé
chét ran, vat liéu [161].

Nguyén ly:

Phuong phap XRD dua trén hién twrong nhidu xa tia X bdi mang tinh thé. Khi
mdt chum tia X don sic chiéu vao vat liéu co ciu trac tinh thé, cac tia X s& bi cac mit
phang nguyén tir trong tinh thé phan xa va tao ra cac chum tia giao thoa véi nhau.

Hién tuong ndy dugce mé ta bang dinh luat Bragg (phuong trinh 2.7):

2dsin® = n\ (2.8)

Trong d6: n 1a bac nhiéu xa (thudng 1a 1), A 1a budc song tia X, d 1a khoang cach
giita cic mit phang tinh thé, 0 1a goc tdi tia X (goc Bragg).

Khi diéu kién Bragg duoc thoa mén, tia X phan xa tir cic mit phang nguyén tir
s& giao thoa ting cudng va tao ra mot dinh nhidu xa trén phé XRD.

chim tia 16 chim tia phan xa

Hinh 2.6. Sy nhiéu xa tia X trén bé mat tinh thé

Trong ludn an ndy, gian d6 XRD duoc sir dung dé so sanh cau tric giira cac vat
liéu anot v&i nhau. Ngoai ra, nd con dugce dung dé khao sat sy bién di cau tric pha
tinh thé trén bé mat anot theo thdi gian dién phan. Cac phép do gian d6 XRD dugc
do trén thiét bi D8-ADVANCE (Ptrc) tai Phong phan tich, Vién Hoa hoc, Vién Han
Lam Khoa hoc va Cong ngh¢ Viét Nam. Ché do do cua thiét bi: Goc do 20 tir 20 dén
90 d9, goc dung 0,03 d9, thoi gian dung 0,7 gidy. Tia X ¢ budc soéng 1,54 Angstrom,
cong suit phat tia X 40 kW, dong dién 30 mA.


http://vi.wikipedia.org/w/index.php?title=C%E1%BA%A5u_tr%C3%BAc&action=edit&redlink=1
http://vi.wikipedia.org/wiki/Ch%E1%BA%A5t_r%E1%BA%AFn
http://vi.wikipedia.org/wiki/V%E1%BA%ADt_li%E1%BB%87u
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2.2.3. Phwong phdp phén tich nong dg ferrate, chit mau

Ph6 UV-Vis dung dé x4c dinh néng dd, cAu tric va céac dic tinh hoa hoc ctia cac
chét. N6 c6 tng dung rong rii trong cac nganh héa hoc, sinh hoc va méi trudng.

Nguyén ly:

Phuong phap UV-Vis duya trén sy hip thy anh sang trong ving budc song nhin
thdy va ving tir ngoai (tir 200-800 nm) ctia cac phan tir. Khi 4nh sang UV-Vis chiéu
qua mau, cic electron trong cic phan tir hip thu ning luong tir 4nh sang va chuyén
tir trang thai co ban 1én cac trang thai kich thich c6 mirc ning lugng cao hon. Mai
loai lién két hodc nhom chirc hoa hoc hép thu anh sang & cac budc song dac trung,
tao nén pho hap thu dic trung cho mdi hop chat. Cuong do cua anh sang bi hap thy
ty 16 v6i ndng d6 chat, do d6, phuong phap nay cho phép xac dinh ndng do cua cac
chét trong dung dich dua trén dinh luat Beer-Lambert [158].

Trong cac nghién ctru vé ferrate, phuong phap UV-vis duoc sir dung dé dinh
lugng ferrate. Phé UV-vis cua ferrate ¢6 bude song cuc dai tai 505 nm (Hinh 2.7).
Trong xur ly chit mau phé UV-vis dugc stir dung dé xac dinh néng do cta chit mau

azo gom metyl da cam va reactive red 195 trudc va sau xtr Iy bang ferrate.

2.0 -

Cuong do (a.u)
<o = =
(o] 3] (=)}

&
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Hinh 2.7. Ph6 UV-vis caa dung dich ferrate

Céc mau do UV-Vis thyc hién trong luan an duoc do trén thiét bi Perkin Elmer
UV/Vis spectrometer Lambda 35 (USA) tai phong Héa 1y bé mit va thiét bi Hach-
DR6000 (M¥) tai phong Phan tich, Vién Hoa hoc, Vién Han 1am Khoa hoc va Cong
Nghé Viét Nam. Puong chuan x4ac dinh néng do ferrate, MO, RR195 1an luot tuan
theo cac phuong trinh y=119,26x (2.9); y=11,058x (2.10) va y=22,546x (2.11) duoc
thé hién trong phan phu luc (hinh PL2.1-PL2.4 va bang PL2.1-PL2.3).



48
CHUONG 3: KET QUA VA THAO LUAN

3.1. Nghién ctru tong hop ferrate bing phwong phap dién héa
3.1.1. Nghién cvwu lwa chon vit liéu anot
3.1.1.1. Nghién cuu tinh chat dién hod ciia vt liéu anot

Vat liéu dién cuc anot 1a mot yéu td quan trong anh hudng 16n dén hiéu suit
tong hop ferrate bang phuwong phap dién héa. Céc vat liéu DI, GCI va MS duoc lua
chon 13 vat lidu anot cho qua trinh tong hop ferrate. Tinh chat dién hoa cua cac dién

cuc anot dugc xac dinh bang phd CV va EIS trong mdi truong dién ly NaOH 14 M.

Pho quét thé tudn hoan CV

75 1 Téc do quét (mV/s)
Toc &6 quét (mV/s) 60 1 ... 25
— 50
50 A 40 A — 75
--- 100
~25 a — 150
NE E 20 N
]
= <
{: i E ...................................................
g 0 2 04 S
EYR A 20 GCI
(@) (b)
50 B . . . -40 . . . .
16  -1.1  -06 -0.1 0.4 -16 -1.1  -06 -0.1 0.4
60 Tbe dd quét (mV/s) 75 9
........ 25
— 50
40 - 75 50 A
---- 100
— 150 s
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5 S
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g2 01 -
201 © 231K 150 mV/s
- (d)
-40 T T T T =50 RI T T T T
-l6 -1.1 06 -01 04 -l6 -1.1 06 -01 04
E (V vs. Ag/AgCl) E (V vs. Ag/AgCl)

Hinh 3.1. Phé CV cua cde vt liéu anot (a) DI, (b) GCI, (c) MS trong dung dich
NaOH 14 M tai cdc toc do quét khac nhau, (d) So sanh ph(f CV giita cac vat liéu tai
téc do quét 150 mV/s (nhiét do 20 °C).
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Hinh 3.2. Phé CV cia cde vt liéu anot (a) DI, (b) GCI, (c) MS trong dung dich
NaOH 14 M tai cac nhiét do khdac nhau. (d) So sanh ph(f CV giita cac vdt liéu anot
tai 40 °C (Toc dé quét thé 100 mV/s).

Pé lam rd cac phan ing xay ra trong qua trinh oxi hoéa dién hoa Fe(0) thanh
ferrate trong moi trudng kiém dic, phé CV cua cac vat liéu DI, GCI, MS duoc do

trong khoang dién thé -1,6 dén 0,6 V (vs. Ag/AgCl). Hinh 3.1, 3.2 thé hién phdé CV
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ctia cac dién cuc lam viée (DL, GCL MS) tai cac tbe d6 quét khac nhau (25-150 mV/s)
va cac nhi¢t d¢ khac nhau (10-50 °C).

Trén cac phd CV déu xuat hién 4 pic oxi hoa (01, 02, 03, 04) va 4 pic khur
(R1, R2, R3, R4) voi1 dién thé va chiéu cao céc pic phu thudc vao vat li¢u anot, nhi¢t
d6 va tde do quét thé. Cac pic oxi héa O1, 02, O3, 04 twong tmg voi timg qua trinh
thay d6i sb oxi hoa cua sit theo gian d6 Pourbaix trén bé mit dién curc anot trong méi
truong kiém dic. Cac qua trinh nay xuat hién lan luot theo chiéu ting dién thé nhu
sau: Fe — Fe(Il) — Fe;04 — Fe(III) — Fe(VI), va dugc thé hién bang cc phuong
trinh phan tng dudi day.

Pic O1 xuit hién ¢ dién thé khoang -1,16 V so véi dién cuc Ag/AgCl, tuong
ung voi qua trinh oxi hoa tir Fe thanh Fe(1I)(s) theo phan tng (3.1) va (3.2) [162].

Fe +20H- — Fe(OH), + 2¢ (3.1
Fe +20H — FeO + H,0 + 2¢ (3.2)

Trong mdi truong kiém dic (pH>14), sat(Il) oxit va sit(I) hydroxit bj hoa tan
mot phan thanh dihypoferrite (Fe(IT)(aq)) theo cac phan tng (3.3)-(3.5) [31,55].

Fe(OH), + OH" — HFeO> + H>O (3.3)
FeO + OH" — HFeOx" (3.4)
HFeO> + OH — FeO,* + H,0O (3.5

Pic O2 xuét hién & dién thé khoang -0,8 V, dac trung cho qua trinh oxi hoa cia
Fe(IT) thanh Fe;O4 theo cac phan ung (3.6)-(3.7) [31, 53, 62].

3FeO + 20H" — Fe304 + HO + 2¢° (3.6)
3Fe(OH); + 2 OH" — Fe304 + 4 H2O + 2¢° (3.7

Pic O3 xuit hién & dién thé khoang -0,5 V, dai dién cho qua trinh oxi hda Fe3O4
thanh Fe(I1I)s) theo cac phan tng (3.8) — (3.10) duoi day [31, 63].

2Fe304 + 20H" — 3Fe2Os3 + H,O + 2¢° (3.8)
Fe304 +4H20 + OH" — 3Fe(OH); +e¢ (3.9

Fes04 + H,0 + OH — 3FeO0H + ¢ (3.10)
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Pic O4 xuét hién trong ving qué thé, qua trinh oxi hod Fe(Ill)«s) va Fe(Il)@q) tao
thanh ferrate trén bé mit anot (phan tGng (3.11)-(3.15)) canh tranh v&i qua trinh giai
phong oxy (phan ung (3.16)) [62, 63, 163].

Fe,O0; + 100H  — 2Fe04* + 5H,0 + 6¢” (3.11)
Fe(OH); + 50H" —FeOs* + 4H,0 + 3¢ (3.12)
FeOOH + 30H" — FeOs> + 2H,0 + ¢ (3.13)
FeOs> + H,O — 2FeOy + FeOs> +20H" (3.14)
FeO,> + 40H — FeOs* + 2H,0 + 4e¢” (3.15)
2 OH" — H20 + %0; + 2¢° (3.16)

Phan g tong quat (3.17) xdy ra trén dién cuc anot nhu sau:
Fe + 80OH — FeO4* +4H20 + ¢ (3.17)

Theo chiéu quét thé tir dwong sang 4m, trén nhanh catot ctia pho CV lan luot
xudt hién 4 pic R4, R3, R2 va R1, cac pic nay twong (mg vdi cac qua trinh khir tir
Fe(VI) vé Fe(0) nhu sau: Fe(VI) — Fe(Ill)s (pic R4), Fe(Ill)s) — FesOs (pic R3),
Fe304— Fe(Il) (pic R2), va Fe(I)—Fe (pic R1).

Nhu vay, cac pic oxi hdéa O1, O2, O3 dic trung cho su hinh thanh cac chat trung
gian (Fe(Il), Fe3O4, Fe(I1l)) va vai pic O4 dac trung cho qua trinh hinh thanh ferrate.
Néu cac chat trung gian khong chuyén hoa hét thanh ferrate, 1au dan sé tich tu trén bé
mit anot tao thanh mot 16p thu dong gdy can tré qua trinh dién hoa. Vai pic O4 xuét
hién trong vung thoat khi oxi, do vdy c6 su canh tranh gitta phdn tng hinh thanh

ferrate va phan trng dién phan nudc trén bé mat anot.

Anh huéng ctia toc d6 quét va nhiét d toi qué trinh hinh thanh cac chat trung
gian gitra cac vat li¢u anot DI, GCI va MS duoc xac dinh b%lng mat do dong di¢n tai
céc pic oxi hoa O1, 02, O3 tir cac phd CV trén Hinh 3.1 va 3.2. Pé danh gid va so
sanh sy hinh thanh ferrate, thay vi so sanh cudng do pic 04 (do vi tri pic O4 nim
trong ving thoat khi nén kho xac dinh duoc dinh pic), c6 thé so sanh cudng d6 dinh
pic R4. Néu ferrate duoc hinh thanh nhiéu thi qua trinh khir nguoc lai s& ting 1én, dan

dén cudng do pic R4 sé ting. Cac két qua thu dugc thé hién trén Hinh 3.3 va 3.4.
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Hinh 3.3. Anh hudng ciia toc do quét thé t6i cuong do pic (a) Ol, (b) 02, (c) O3,
(d) R4 cua cac vat liéu dién cuc DI, GCI, MS.
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Khi tbc d6 quét ting tir 25 1én 150 mV/s, hiu hét chibu cao cac pic & cac vat
lidu anot déu tang dic biét 1a hai cap pic oxi hod khir (O1, R1) va (03, R3) (Hinh 3.1
a—c va Hinh 3.3).

Khi ting nhiét d6 tir 10 1én 50 °C, mat do dong tuwong g cua tt ca cc pic anot
va catot déu ting va dién thé cua vai pic O4 dich chuyén vé phia 4m (Hinh 3.2a-c va
Hinh 3.4). Diéu nay chtng to rang sy hinh thanh ferrate trd nén dé dang hon khi ting
nhiét d0. So sanh cuong do céac pic gilta ba dién cuc MS, GCI, DI trén Hinh 3.3 va
3.4 cho théy dién cuc MS c6 cuong do dinh pic O2, O3 Iuoén cao hon GCI va DI ¢ tat
ca cac tde do quét va nhiét do, trong khi d6 cuong do dinh pic O1 va R4 luén thép
nhat. Diéu nay cho thay sy chuyén hoa cac chat trung gian FesOu, Fe(Ill) thanh
ferrate trén bé mit MS 1a kém nhat. Vi thé, sy hinh thanh 16p thu dong trén MS dé
hon va su hinh thanh ferrate trén MS la kho khan hon so vo6i cac dién cuc con lai.
Nguoc lai, dién cuc DI ¢6 cip pic (04, R4) 14 cao nhat. Do vy, kha ning tao thanh
ferrate trén dién cuc DI 1a d& dang nhat. Két qua nay c6 thé duogc giai thich 1a do ham
lugng Si trong vt liéu anot trong d6 DI ¢6 ham luwong Si 16n nhét (2,33%), GCI ¢6
ham lugng Si dat 1,78 % va MS c¢6 ham lugng Si nho nhét dat 0,27%.

Theo nghién ctru an mon thép ctua Fabio E. Furcas va cong su cho théy su ¢co
mit cta silic 1am giam qu4 trinh hinh thanh san phdm Fe(III)s do su tao thanh phuc
Fe-Si hoa tan [164]. Qua trinh oxy hoa anot, silic tao ra cac phan tir silicat hoa tan
Si(OH) tuong tac voi Fe(Il)i), Fe(Ill)i) lam ting kha nang hoa tan cia Fe(Il)s),
Fe(Ill)s) [165]. Do vay su c6 mit caa Si 1am giam su xuat hién san phdm pha rin trén
bé mat anot, han ché su hinh thanh 16p thu dong, tao diéu kién thuén loi cho cac phan
g dién hoa tiép dién.

Pho tong tré dién hod EIS

Phuong phap tong trd dién hoa duoc sir dung dé nghién ctru qua trinh dién hoa
dién ra trén bé mit anot trong moi truong kiém dic. Hinh 3.5 a-c thé hién pho tong
tro dang Nyquist cua cac dién cuc DI, GCI, va MS trong dung dich NaOH 14 M trong
d6 cac biéu tugng la cac diém do thyc nghiém va duong nét lién 1a dudng mé phong
theo so d0 mach dién twong duong (equivalent electrical circuit — EEC). Két qua do
dugc mé phong bang phan mém Thales trén thiét bj do dién hoa Zhaner Elektric gin

trung khit voi két qua do thyc nghiém (sai s6 tong nhé hon 7 %) nén so do tuong
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duong (Hinh 3.5 d) 1a phu hop va duogc sir dung dé giai thich cac cho cac qua trinh
dién hoa xay ra trén bé mit cac dién cyuc. Gia tri cua cac thanh phﬁn trong so dd tuong
duong duoc liét ké trong Bang 3.1. Trong d6 Rs 1a dién tré dung dich, Ccpe 1a thanh
phan pha khong d6i dugc dung dé thay thé tu dién trong diéu kién khong 1y trong. Reu
va Ccpe1 biéu thi cho dién tré chuyén dién tich ctia 16p ngoai va thanh phan pha khong
do6i gitra chét dién ly va bé mat dién cuc. Reo va Cepe: tuong ung la dién tro chuyén dién
tich va thanh phan pha khong ddi ciia 16 x6p. W biéu thi thanh phan khuéch tan Warburg

lién quan dén chuyén khdi va khuéch tan ion.
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Hinh 3.5. Phé Nyquist ciia cdc vt liéu (a) DI, (b) GCI, (¢)MS & cdc nhiét do khdc
nhau, (d) EEC (I) cia DI va GCI, (II) ciia MS. (Sai sé6: <7 %)
(Rs: Dién tro dung dich, Rei1, Re2: Pién tro chuyén dién tich, Ccpe1, Ccpea:
Thanh phan pha khéng doi, W: thanh phan khuéch tan Warburg)
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Bing 3.1. Gid tri cdc thanh phan trong so do twong dwong hinh 3.5d ciia cdc

vat liéu anot tai cac nhiét do khac nhau.

Dién | Nhiét | R, Ccrr1 Rt Ccrr2 R \%%

cuc do

. @ (mQ) @
(°C) (nF) a uF a ¢

(kQ.517)

10 | 1,93 | 147 | 085 | 490 | 167 | 0,62 | 566 | 393
20 | 2,06 | 248 | 098 | 331 | 141 | 0,59 | 349 | 207

DU 30 | 166 | 262 | 092 | 146 | 183 | 0,59 | 295 | 56
40 | 1,56 | 444 | 088 | 128 | 126 | 052|273 | 54
50 | 055 | 443 | 081 | 126 | 108 | 0,47 | 198 | 11
10 |25 | 112 ] 098 | 352 | 92 |060]207| 304
20 | 1,72 ] 217 | 088 | 203 | 115 | 0,73 | 139 279

GCL 130 | 1,07 | 315 | 082 | 156 | 251 | 1,00 | 117 ] 251
4 | 1,15 ]379 | 080 | 115 | 144 | 087 96 | 220
50 | 062 | 472 | 081 | 106 | 244 | 0,83 | 231 13
10 | 27218 | 091 | 500 | - | - | - 351
20 | 243|234 095 ] 308 | - | - | - 247

MS 130 [ 181 | 193] 078 | 238 | - | - | - 116
4 | 164 | 280 | 082 | 195 | - | - | - 99
50 | 086|262 088 | 181 | - | - | - 45

Két qua trong Bang 3.1 cho thay hau hét gia tri Rs giam khi ting nhiét d6 & tat

ca cac dién cyc anot, két qua nay da ching minh d§ dan di¢n cta chat dién ly tang

theo nhiét d6. Nguyén nhan 13 do nhiét d6 ting lam cho cac ion, phan tir trong chat

dién ly hoat dong hon do dé qua trinh chuyén khdi va khuéch tan ion dién ra thuin

loi (thé hién qua gia tri tr& khang khuéch tan W giam dang ké khi nhiét d6 ting). Pién
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tré chuyén dién tich bé mit Req cla tat ca cac anot giam manh khi nhiét d§ tang tir
10 1én 30 °C, sau d6 giam nhe khi nhiét d6 tang 1én 50 °C. Piéu nay phan anh qua
trinh chuyén dién tich dién ra dé dang hon khi ting nhiét d6. Két qua nay phu hop voi
két qua phan tich CV & trén, mat d§ dong dién cua tAt ca cac pic anot va catot déu
tang 1én khi nhiét do ting. So d6 mach twong dwong ctia DI va GCI so véi MS con
c6 thém hai thanh phan Ccprz va Re thude vé céac 16 x6p cua graphit c6 trén bé mit
anot (dugc chirg minh trén anh SEM va gian d6 XRD cua vat liéu). Gid tri Rew cling
¢6 xu hudng giam khi nhiét do ting twong tu nhu Req cho thdy qua trinh dién hoa

dién ra dé dang hon khi tang nhiét dg.
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Hinh 3.6. Pho téng tro dang Bode tai cac nhiét do khac nhau cua cac vat liéu

anot (a) DI, (b) GCI, (c) MS va (d) tong tré tai tan sé 10 mHz.

Pho té)ng tréd dang Bode cua cac vat li€u anot tai cac nhié€t do khac nhau duogc
thé hién trén Hinh 3.6a-c. Dya vao két qua trén Hinh 3.6 a-c xac dinh duoc gia tri
téng trd tai tan s6 10 mHz (Hinh 3.6d). Két qua cho thay gia tri tong trd Z tai tan s6
10 mHz cua tat ca vat liéu déu giam khi nhié€t ¢ tang tr 10 Ién 50 °C. Cu thé gia tri
téng trd cua DI giam tir 768 xudng 164 Q, GCI giam tir 932 xubng 173 Q va MS
giam tir 2350 xubng 159 Q. Nhu vay khi ting nhiét d6 thi kha ning oxi hoa sit cang
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tang. Mit khac so sanh giita cac vat liéu anot v6i nhau, gia tri tong trd ctia DI ludn
thap nhit & tat ca cac nhiét 6 ching to vat liéu DI c¢6 kha ning hoa tan sat tot nhat.

Qua nghién ctru dic tinh dién hod gdm phd CV va phd EIS cua cac vat liéu gdm
DI, GCI va MS da cho thfiy vat li¢u DI c6 nhitng dac tinh dién hoa thuan lgi cho qua
trinh tong hop ferrate(VI).
3.1.1.2. Anh huong ciia vt liéu anot téi qud trinh tong hop ferrate

Dé danh gia anh hudng cia vat liéu anot téi qué trinh tong hop ferrate, cac thi
nghi¢m téng hop ferrate st dung céac vat liéu anot khac nhau g6m DI, GCI va MS

duoc thue hién. Cac két qua dugc chi ra trén Hinh 3.7 dén 3.9.
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Hinh 3.7. Anh huéng ciia cdc vit liéu anot DI, GCI, MS tdi (a) nong dé ferrate tao
thanh, (b) hiéu sudt tong hop tai cdc thoi gian khéc nhau.
(Piéu ki¢n thi nghi¢m: dung dich dién Iy NaOH 14 M, thoi gian dién phdn 60 phiit,
mdt do dong 40 mA/cm?)

Hinh 3.7 thé hién anh huong cua vat li€u anot tai cadc nhiét do khac nhau téi
ndng do ferrate tao thanh va hiéu suat tong hop. Két qua cho thiy ndng do ferrate thu
dugc va hiéu suat tong hop ting déang ké khi ting nhiét do tir 10 dén 40 °C, sau d6
giam khi ting nhiét do 1én 50 °C trén tit ca cac dién cuc. Nong do ferrate hinh thanh
trén anot DI 13 cao nhit va trén MS 13 nhd nhit & moi nhiét do. N6ng do ferrate ¢
nhiét d6 40 °C 1an luot 1a 437, 342 va 328 mg/L trén cac anot DI, GCI va MS. Hi¢u
sut tong hop clia anot DI dat mirc cao nhat 1a 74 % tai 40 °C. Két qua nay duoc giai
thich do qué trinh chuyén khéi, khuéch tan va qua trinh chuyén dién tich trén bé mat
anot ting theo nhiét do (theo phan tich phd EIS), thuc day qua trinh oxi hoa sét thanh
ferrate. Tuy nhién khi ting nhiét do 1én 50 °C hiéu suat tong hop giam do su phan



58

huly ferrate dién ra manh m& & nhiét do cao. Theo nghién ctru cta Sibel Barisci va
cong su cho théy tai 50 °C, sau 1 h lugng ferrate co thé bi phan huy lén dén 35,5 %
[52]. Lugng ferrate phan hity do nhiét d6 ting 16n hon lugng ferate tao thanh dan dén
su suy giam ca nong do ferrate va hiéu suat tong hop. Do do, nhiét o thich hop dé

tong hop ferrate dién hoa 1a 30 — 40 °C dbi voi anot DI, 40-50 °C v6i anot GCIL.

Hinh 3.8 cho thdy anh huéng cta cac vat liéu anot khac nhau bao gdm DI, GCI
va MS téi nong do ferrate tao thanh va hiéu suat tong hop véi thoi gian dién phan
thay d6i tai nhiét do 30 °C. Tang thoi gian dién phan tir 30 1én 300 phut, nong do
ferrate tang & tat ca cac vt liéu anot, trong dé anot DI c6 néng do ferrate cao nhat
(Hinh 3.8a). Sau 30 phut dau tién ciia qua trinh dién phan, nong d6 ferrate hinh thanh
trén anot DI cao hon khoang 3 1an so véi trén anot GCI va MS trong cung diéu kién
thuc nghiém. Nong d6 ferrate thu duoc trén anot GCI va MS gan nhu giéng nhau
trong 60 phit dau tién sau d6 nong do ferrate trén GCI cao hon trén MS, trong khi
nong do ferrate hinh thanh trén anot DI cao hon gan 2 dén 3 14n trong thoi gian dién

phan 1a 300 phut.
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Hinh 3.8. Anh huéng ciia cdc vit liéu anot t6i (a) nong dé ferrate tao thanh va (b)
hiéu sudt tong hop tai cdc thoi gian dién phan khdc nhau.
(diéu kién thi nghiém: mdt do dong 40 mA/cm?, nhiét @6 tong hop 30 °C, dung dich
dién ly NaOH 14 M)

Két qua trén Hinh 3.8b cho thiy str dung vat liéu anot DI c6 hiéu suét tong hop
ferrate cao nhét trong s6 ba vat liéu da chon dé nghién ctru, dat 50,6 % trong 30 phit
dau tién va tdi da 1a 74 % trong 90 phut. Hiéu suat tong hop sir dung anot DI ludn cao

hon it nhat khoang 30 % so véi dién cuc GCI va MS. Hiéu sut téng hop trén anot
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GCI cao hon khoang 4 % so v&i anot MS. Néang luong ti€u thu riéng trong qua trinh
téng hop ferrate dién hoa stir dung cac vat liéu anot khac nhau thé hién trén Hinh 3.9
cho thfiy vat liéu DI ¢6 muc nang lugng ti€u thy thép nhét va vat liéu MS c6 mirc
ning luong tiéu thu cao nhat & tit ca cac thoi gian dién phan. Nang luong tiéu thu
riéng trung binh st dung dién cuc GCL, MS lan luot 14 4 va 6 kWh/kg. Gia tri nay
nho hon nhiéu so véi cac gia tri dd cong bd trong cac nghién ctru trude, 8 kWhikg dbi
v6i GCI va 43 kWh/kg d6i v6i MS [40]. Ning luong tiéu thu riéng trung binh déi véi
dién cuc anot DI rat thap chi bang khoang 1/3 so véi GCI va 1/5 so vdi MS.
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Hinh 3.9. Ning lwong tiéu thu riéng ciia qud trinh tong hop ferrate dién hod
s dung cac vat lieu anot DI, GCI va MS

Bang 3.2 so sanh hiéu suit tong hop ferrate bang phuwong phap dién hoa ciia mot
s6 vat liéu anot. Cac nghién ctru trudc ddy da ching minh thanh phan vat liéu anot
dong vai tro quan trong trong qua trinh tong hop ferrate. Him luong cacbon trong vat
liéu anot [40, 166], dang cacbon, ham lugng silic [40] va do xép [44, 56] déu anh
huong dang ké dén hiéu suit tong hop ferrate. Két qua trén bang 3.2 cho thay hiéu
suat tong hop GCI va MS trong tai liéu [40] thap, 1an lugt dat 45 va 10 %. Trong khi
d6 trong luan 4n nay hiéu suit tong hop ferrate st dung anot GCI dat 58 % va anot
MS dat 53 %. Sy chénh 1éch nay c6 thé do sy khac nhau vé diéu kién téng ferrate
gitra hai nghién ctru trong do6 c6 su khac biét rd vé n@)ng dd dién ly NaOH sur dung .
Trong nghién ctru [40] 1 ndng d6 NaOH 1410 M thap hon nhiéu so véi ndng d6 dién
ly 4p dung trong luan 4n nay 1a 14M. Két qua con chi ra rang st dung vat liéu DI cho
hiéu suét téng hop ferrate vuot trdi (dat 74 %) so voi cac vat liéu anot khac da cong

bo.
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Bing 3.2. So sanh hiéu sudt tong hop ferrate bang phwong phdp dién hod trén

cac vat lieu anot khac nhau.

Vit liéu anot Piéu Kién tong hop Hiéu suit (%) | TLTK
Mit @6 dong 50 mA/cm?
Gang xam (GCI) NaOH 10 M, 30 phut 45 [40]
Gang tring KOH 10 M, 30 phut 44
Thép CT3 (MS) NaOH 10 M, 300 phut 10
Gang tring NaOH 14 M, 5 mA/cm?, 63 [168]
20 °C 60 phut.
Sat nguyén chat NaOH 14 M, 44 mA/cm?, 60 [57]
210 phut
Len sat NaOH 10 M, 17 mA/cm?, 59 [169]
5 phut
Sat x6p NaOH 10 M, 32 [56]
0,054 mA/cm?, 180 phut
Vit lidu tir xop NaOH 16 M, 3,3 52 [44]
mA/cm?, 30 °C, 300 phut
Thép (0,11% C) NaOH 16 M, 36 A/m?, 56 [166]
25 phut

Gang ciu (DI) NaOH 14 M, 40 °C, 74 Lun
Gang xam (GCI) 40 mA/cm?, 60 phut 58 o
Thép CT3 (MS) 56 n

Nhu vy, qua trinh tong hop ferrate sir dung dién cuc anot DI cho hiéu suét cao
nhat. Két qua nay duoc giai thich do sy hoa tan sit d& dang trén dién cuc DI vi hai Iy
do. Thir nhét 13 dién cuc DI ¢6 ham lugng Si cao, sy hoa tan cua Si trong NaOH dac
tao thanh phuc Si-Fe hoa tan s€ han ché su hinh thanh 16p thu dong co cAu trac dic
khit [167] va 1y do tht 2 1a do cau triic xdp ciia cac ndt than chi hinh cau trén bé mat
DI tao diéu kién cho dung dich dién ly khuéch tan qua. Do vay, vat ligu DI 1a mdt
lya chon kha thi dugc st dung ché tao anot trong thiét bi téng hop ferrate thuc té do
n6 c6 nong do ferrate va hidu suat tong hop cao véi muc nang luong tidu thy riéng
thép. Hon nfra, vat li¢u DI c6 gié thanh ré, san c6 trén thi truong va rat dé gia cong,

ché tao thanh céc dién cuc c6 nhi€u hinh dang khac nhau.

3.1.1.3. Nghién civu cdu triic, ddc diém hinh thdi hoc cia vt liéu anot
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Dé danh gia sy khac biét vé& ciu trac anh hudng dén hiéu suat tong hop ferrate
va lam 10 1y do tai sao vat li¢u DI dat hi¢u suat téng hop ferrate cao hon so véi GCI
va MS, céc vat liéu anot dugc chup anh SEM va do gian dd XRD trude va sau khi

tong hop ferrate. Cac két qua dugc thé hién trén Hinh 3.10 va 3.11.
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Hinh 3.10. Gian dé nhiéu xa tia X cia cdc vt liéu DI, GCI va MS (a) truoc
va (b) sau tong hop ferrate 3 h

Hinh 3.10 thé hién gian dd XRD cua cac dién cuc DI, GCI va MS trude va sau
3h téng hop. Gian dd XRD cua ca ba vat liéu trudce va sau dién phan déu xuét hién 3
pic dic trung cho ciu tric ferrit (a-Fe) & cac goc 20 44,82°; 65,16° va 82,60°, cac goc
nay lan luot twong tmg v6i cac mit nhidu xa (110), (200), (211) cua tinh thé ferrit,
thanh phan chil yéu co trong cac vat liéu gang va thép. Tuy nhién cudng d6 cac pic
dic trung cho ferrit déu suy giam sau 3 h dién phan & tit ca cac dién cuc do sy hinh
thanh san pham trung gian 14 cac oxi sat & dang vo dinh hinh trén bé mat anot. Ngoai
ra, c6 mdt sy khac biét trén gian dd XRD cua hai vat liéu DI va GCI so véi MS 1a
gian d6 XRD cua DI va GCI con xuit hién thém mét pic nhé & goc 20 26,62° twong
g v6i pic dic trung cho mat nhidu xa (002) ctia cu triic graphit co trong gang. Piéu
nay duoc thé hién trén anh SEM cta bé mat DI va GCI trudce khi dién phan (Hinh
3.11a-b). Trén bé mat DI xuét hién cac hinh tron mau den tuong tng voi ciu tric
graphit dang cau (Hinh 3.11a) [170], trong khi trén bé mit GCI xuét hién cac vét mau
den twong (g 1a cdu trac graphit & dang phién (Hinh 3.11b) [171]. Cac ciu triic
graphit c6 tinh chét xdp tao thanh céac 16 x6p trén bé mit vat liéu DI, GCL. Trong khi
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d6 trén phd XRD ciia MS khong xuat hién pic & 20 26,62° 1a do ham luong cacbon
trong MS rét thip 0,27 %. Cacbon trong vat liéu MS phan tan trong mang tinh thé
ferrit tao thanh dung dich ran, dugc thé hién trén anh SEM cua bé mit MS trude khi
dién phan kha dong nhat (Hinh 3.11c). Cac hién turong nay giai thich tai sao cic thanh
phan Ree va Cepr2 mo phong cho 16 x6p chi xuat hién trén so dd EEC cua vat liéu DI

va GCI ma khong c¢6 trén vat liéu MS.

SEl  5kV WD17mm  SS21 SEl . 5kV WD15mm  SS822 100pm,  S—
ITT- VKTND ITT- VKTND 04 Jan 2023

SEI 5KV WD17mm  $S21 SEI. 5KV WD16mm S22
ITT- VKTND ITT- VKTND :

SEl  5kV WD19mm  SS21 ; < SEI .~ 5kV WD15mm | $§22
ITT-VKTND q ITT- VKTND

Hinh 3.11. Anh SEM cua cdc vit liéu anot (a,b,c) truée dién phan, (d,e,f) sau 3h

dién phan.
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Két qua phan tich anh SEM sau 3 h dién phan cua anot DI va GCI (Hinh 3.11d,e)
cho thay vung tiép gidp giita pha graphit va pha ferrit xdy ra qua trinh in mon manh
hon cac vung khéc 1a do ¢ nhitng ving d6 cdu triic mang tinh thé khong hoan chinh
nén dé bi dn mon dién héa. Khi ap dién thé hay dong dién mot chiéu thi nhing noi
d6 s& xay ra phan tmg dau tién. Hinh 3.11f cho thiy qua trinh téng hop ferrate tao ra
nhiéu 18 nhé dong déu trén bé mat MS, do cdu trac dong nhit ciia MS 1am cho qua
trinh 4n mon diém dién ra déu khip toan bd bé mit. Do vy ma vat liéu DI va GCI

cho hiéu suét tong hop cao hon MS.

Ngoai ra, vt liéu DI cho hiéu suat tong hop ferrate tot hon hai vat liéu GCI va
MS con do graphit dang cau trong DI ¢6 ciu tric x6p hon cau tric graphit dang phién
trong GCI (Hinh 3.12). Diéu nay gitp dung dich dién ly khuéch tan vao sau bén trong
anot lam tang dién tich tiép xuc giita dung dich chat dién ly va anot, thuc day phan

tig hinh thanh ferrate trén bé mat anot.

'SEl 5kV WD17mm  S$S21 xa,oof). 5um Seam—— " SEl 5KV WD17mm. 8821 %3,000  5um e
. ITT- VKTND A | ITT- VKTND {

Hinh 3.12. Anh SEM (a) cdu triic graphit dang cau, (b) cdu triic graphit dang
phién trong vit liéu DI va GCI.

Ferrate dd dwoc tong hop thanh cong bang phirong phdp dién hod sir dung ba
logi vit liéu anot la DI, GCI va MS. Cacbon duwdi dang cdu triic graphit xép hinh cau
¢6 trong vit liéu DI dd tao ra nhiéu khuyét tdt trong mang tinh thé ferrit thiic ddy qud
trinh hod tan anot tao thanh ferrate giip ndang cao hiéu sudt tong hop véi hiéu sudt
16t nhdt dat 74 % tai 40 °C. Chung t6i lya chon DI lam vdt liéu anot cho cac nghién
ciu tiép theo.

3.1.2 Nghién ciru diéu kién tong hop ferrate biang phwong phdp dién héa sir dung
anot gang cau DI
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3.1.2.1. Anh huong cia dung dich dién ly

Thanh phan dung dich dién ly trong qué trinh tong hop ferrate ciing 1 mot yéu
t6 quan trong anh huéng t6i hidu suit tong hop. Cac nghién ctru trude dy cho thiy
dung dich dién ly t6i wu cho qua trinh téng hop ferrate dién hoa thuong 1a KOH hozc
NaOH. Do viy trong phan ndy s& nghién ctru anh hudng cia ty 16 mol K/Na va ndng

d6 OH" trong dung dich dién ly toi qua trinh téng hop ferrate dién hoéa (Hinh 3.13).
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Hinh 3.13. (a) Anh hwéng cia ty 1é mol K/Na trong dung dich hon hop KOH-
NaOH c6 nong do OH 14 M dén nong do ferrate, (b) Anh hudng ciia nong do
NaOH dén néng do ferrate tao thanh.

(Diéu ki¢n thi nghi¢m: Mt dj dong 40 mA/cm?, nhiét @6 tong hop 30 °C, thoi gian
téng hop 30 phit)
Két qua trén Hinh 3.13a cho thay khi ty 1& mol K/Na cang cao thi nong do ferrate

tao ra cang giam. Dung dich KOH 14 M (K/Na = 1/0) c¢6 ndng do ferrate thap nhat
(61 mg/L) trong khi dung dich NaOH 14 M (K/Na = 0/1) c6 ndng do ferrate cao nhat
dat 205 mg/L. Nhu vdy dung dich NaOH c6 hiéu suit tong hop ferrate tot nhat. Sir
dung vat lidu anot GCI ciing cho két qua tuong tu, hiéu suat tong hop ferrate trong
dung dich NaOH cao hon trong dung dich KOH (két qua thé hién trong phan phu luc
— hinh PL3.1). Piéu nay c6 thé giai thich do anot DI, GCI ¢6 ham lwong Si 16n (2,33
%) va sy hoa tan cia silic trong dung dich NaOH dé dang hon dé tao ra silico-ferric
hoa tan lam can tré sy hinh thanh 16p thu dong trén bé mit anot, trong khi silic dugc
ching minh 1a khong bi hoa tan trong KOH [49, 165, 167]. Ngoai ra, do dung dich
KOH c6 d6 nhét thap hon nhiéu so véi dung dich NaOH 14 M din d&én cac phén tir
H>0 trong dung dich KOH tr¢ nén linh dong hon nhiéu 1an [37]. Do vay vi¢c tang su
tiép xtc, va cham gitta cac phan tir H,O va phan tir ferrate trong moi truong KOH 14

M dén dén phan g phéan huy ferrate dién ra nhanh va manh lam anh hudéng dén hiéu
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suat téng hop [30]. Nhu vay dung dich NaOH duoc chon 1am chit dién ly cho qua
trinh tong hop dién hoa Fe(VI).

Anh huodng ciia ndng d6 NaOH dén qué trinh tong hop ferrate duoc thé hién trén
Hinh 3.13b. 6 thi Pourbaix cta hé Fe-H,O (Hinh 1.8) cho thdy nong do OH" thap
thi dién thé hinh thanh 16p thu dong Fe;O4 thap hon, trong khi dién thé hinh thanh
ferrate cao hon. Diéu nay giai thich tai sao ndng ferrate tao thanh rat thip ¢ nong do
NaOH 8 va 10 M. Ngoai ra, ferrate khong bén ¢ ndng d6 NaOH thap hon, din dén su
phan hiy mot phan cia ferrate theo phan tng (3.18)

2Fe02+ SH,0 — 2Fe(OH)s+ 40H" + 3/20,1 (3.18)

Khi tang nong d6 NaOH tir 10 1én 14 M, ham lugng ferrate tao thanh tang nhanh
va dat nong do gan 200 mg/L tai dung dich NaOH 14 M. Tai ndng d¢ dién ly cao,
kha nang hinh thanh 16p thu dong gidm va céc phan tng hoa tan 16p thu dong tao
ferrate xay ra dé dang hon theo phan tng (3.11) — (3.15). Cac yéu t6 nay gitp qua
trinh tong hop ferrate thudn loi hon. Tiép tuc ting ndng NaOH 1én 16 M, ndéng do
ferrate tao thanh giam nhe nguyén nhan do do dan dién cua dung dich NaOH 16 M
thip hon d6 dan dién cua dung dich NaOH 14 M (két qua nay duogc thé hién trong
bang PL3.1). Do d6, dung dich dién Iy NaOH 14 M 1a t6i wu cho qua trinh tong hop

ferrate dién hoa st dung anot DI.

3.1.2.2. Anh huéng ciia mdt dg dong

Trong tong hop ferrate dién hoa thuc hién bang phuong phap dong khong doi,
mat d§ dong dién 1a mot yéu tb quan trong anh huong téi hiéu suét téng hop. Néu
mat do dong qua thap s& 1am cho thé dap Gmg khong du 10n dé tao thanh ferrate hodc
lam cho té¢ d6 phan mg cham di. Tuy nhién néu mat do dong qua cao s& khién phan
g phu dién phan nudc chiém wu thé do dién thé dép ung & ving qua thé dan dén
hiéu suit téng hop thap. Hinh 3.14 thé hién duong cong dién thé dap tng E-t tai cac

mat d¢ dong khao sat khac nhau.

Két qua trong Hinh 3.14 cho thay rang mat do dong dién cang 16n thi dién thé
dap Gmg cang cao. O mat d6 dong dién 10 mA/cm? dién thé ting rat cham chi tir 450
mV 1én 510 mV trong sudt 25 gior dién phan. Diéu nay cho thiy tai mat do dong dién
thap, cac phan ing hinh thanh chét trung gian ciing nhu phan (mg hinh thanh ferrate
dién ra it nén khong tao thanh 16p thu dong. Tuy nhién, khi mat d§ dong dién dugc



66

tang 1én mirc 20 va 30 mA/cm?, 16p thu dong bit ddu xuét hién sau khoang 15 h dién
phan thé hién qua dién thé dap ng ting dan sau 16 h dién phan. Tiép tuc ting mat do
dong 1én 40, 50 mA/cm?, thoi gian hinh thanh 16p thu dong trén anot DI s& giam con
khoang 5-6 h. Két qua nay chi ra rang & mat d6 dong cao hon tdc d6 cung cap dién
lwong ting 1én dang ké din dén cac phan Gng hinh thanh ferrate ting kém theo d6 1a
su tich tu nhanh chong ctia cac san pham phu trén bé mit anot 1am giam hiéu qua cta

qué trinh dién phan.
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Hinh 3.14. Pién thé dap ung cua anot DI tai cac mdt dé dong khac nhau.
(Diéu ki¢n thi nghi¢m: Dung dich dién ly NaOH 14 M, nhiét @6 30 °C)

Hinh 3.15 thé hién anh hudng ciia mat do dong toi n6ng do ferrate tao thanh va
hiéu suét tong hop. Khi ting mat d6 dong tir 10 1én 40 mA/cm? ndng dd ferrate ting
dan tir 120,45 1én 407,87 mg/L nhung hi¢u suat lai giam dan tir 83,75 xuéng 70,65
%. Theo cac nghién ctru trudc do, viée tang mat d§ dong dan dén mot phﬁn 16n dién
lugng bi tiéu hao cho phan tmg phan tach nudc khién cho hiéu suat giam [52, 172].
Tiép tuc ting mat do dong 1én 50 mA/cm?, néng do ferrate gidm nhe kém theo do 1a
hiéu suét gidm manh xuéng con 56,55 %. Tai mat do dong 16n, phan tng dién phan
nude dién ra manh 1am luong 16n khi O- thoat ra tai bé mit anot, gay can tr¢ su tiép

xuc gitra dién cuc va dung dich dién ly [52, 173]. Hé qua 1a phan Gng hoa tan anot dé
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tao thanh ferrate bi han ché, lam giam néng do ferrate. Do vay mat do dong thich hop

cho qua trinh tong hop ferrate dién hoa trong dung dich NaOH 14 M 1a 40 mA/cm?.
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Hinh 3.15. Anh hwong cua mdt do dong toi hiéu sudt va néng do ferrate tao thanh
(Piéu kign thi nghigm: dung dich dién ly NaOH 14 M, thoi gian dién phan 1 gio,
nhiét dé téng hop 30 °C)

3.1.2.3. Anh hudng cia thoi gian dién phén

Hinh 3.16 thé hién su phu thudc cua néng d6 ferrate va hiéu suat téng hop vao
thoi gian dién phan. O giai doan dau tir 1 dén 6 h, nong do ferrate ting nhanh tir 408
dén 2035 mg/L, nhung hiéu suét tong hop lai giam nhe tir 71 xudng 60 %. O giai doan
nay 16p thu dong dan hinh thanh trén bé mit anot DI. Tir cac két qua nghién ctru &
muc 3.2 vé dic diém cua 16p thu dong, c6 thé thay rang trong thoi gian nay 16p thu
dong con mong va chil yéu hinh thanh xung quanh cac nét than chi. Do vay 16p thu
dong lac nay chua anh hudng nhidu téi cac qua trinh dién hoa dién ra trén bé mit
anot, sy suy giam hi¢u suét & giai doan dau chu yéu dén tur su phan huy ferrate tao
thanh. O giai doan thtr hai tir 6 dén 15 h, n6ng do ferrate ting cham hon va hi¢u suét
tong hop giam nhanh hon so vé6i giai doan trude. Lic nay 16p thu dong da day hon
lam han ché qué trinh oxi hoa sit xay ra trén bé mit dién cuc khién cho lugng ferrate
tao thanh ting cham, diéu nay phu hop véi két qua phan tich & trén. O giai doan cubi
tir 15 dén 20 h, khong chi hi¢u suat tong hop giam ma ca luong ferrate cling giam.
Nguyén nhan 13 do ndng d6 ferate kha cao nén téc do phan huy nhanh hon két hop
v6i sy hinh thanh 16p thu dong day va bao phu kin bé mat anot da lam qua trinh oxi
hoa sit thanh ferrate dién ra kho khian hon [174]. Nhitng diéu nay din dén luong

ferrate tao thanh it hon so véi luong ferrate bi phan huy.
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Hinh 3.16. Anh hieéng cia thoi gian dién phdn t&i hiéu sudt va
nong dg ferrate tao thanh
(Piéu kign thi nghigm: Dung dich dién ly NaOH 14 M, mdt dé dong 40
mA/cm? nhiét do tong hop 30 °C)

3.1.2.4. Anh hudng cia ty 16 S/V

Dién tich bé mit ctia dién cuc anot (S) va thé tich dung dich dién ly (V) déu anh
huong dang ké dén qua trinh tong hop dién hoa ferrate. Tang dién tich anot s& thuc
day qua trinh chuyén hoa sit thanh ferrate cao hon va giam thé tich chat dién ly ciing
s& 1am ting ndng do ferrate. Do do, ty 1& S/V 1a mot trong nhitng thong s6 quan trong
anh huong dén qua trinh tong hop ferrate [59]. Két qua trén Hinh 3.17 cho thay khi
tang ty 1¢ S/V thi ndng do ferrate ting ddng ké nhung hiéu suat tong hop lai giam nhe.
Cu thé, khi ty 18 S/V tang tir 0,019 1én 0,157 cm™', ndng do ferrate ting hon bay lan
va hiéu suit tong hop giam khoang 10 %. Nong do ferrate cao hon 1am ting toc do tu
phan hily cua ferrate trong qua trinh dién phan [174], day 1a Iy do khién hi¢u suat tong
hop giam. Tuy nhién khi ting ty 18 S/V s& c6 loi cho qué trinh tong hop ferrate bang
phuong phéap dién hoa vi sé mat it thoi gian hon dé dat dugc nong do ferrate can thiét.
Qua trinh ty phan huy cua ferrate va sy hinh thanh 16p thy dong trén bé mat anot s&
bi han ché do rut ngén thoi gian dién phan. Cu thé néng do ferrate khoang 3 g/l co thé
dat dugc trong 1 h v6i hidu suit 68,19 % & ty 16 S/V 14 0,157 cm!. Trong khi dé dat
duoc néng do khoang 3 g/L 6ty 1€ S/V 14 0,019 cm’! can 15 h dién phan va dat dugc
hiéu suét téng hop thap chi dat 30 % (Hinh 3.16).
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Hinh 3.17. Anh hieong cia ty 1é S/V ti hiéu sudt va nong dé ferrate tao thanh

Cdc nghién citu trén cho thdy diéu kién toi wu trong tong hop ferrate sir dung
anot DI la dung dich dién phan NaOH 14 M, mat do dong dién 40 mA/cm?, thoi gian
dién phan 6 gio va ty 16 S/V 0,08 cm™, nhiét dg tong hop 30 - 40 °C.

3.2. Nghién c1'ru9 st hinh thanh 16p thu déng trén bé mit vat liéu anot gang ciu
theo thoi gian tong hop
3.2.1. Nghién czhi sw thay doi cdu triic va hinh thdi hoc ciia anot gang cau theo
thoi gian tong hop

Theo phan tich pho CV, qua trinh oxi hod dién hoa sat(0) luc dau s& tao ra cac
chét trung gian 13 cac oxit va hydroxit cua sit(ILIII), sau d6 cac chat trung gian nay
s& tiép tuc bi oxi hoa thanh ferrate. Néu céc chét trung gian khong dugc chuyén hoa
hoan toan thanh ferrate, chung s€ dan tich tu trén bé mat anot, hinh thanh 16p thu
dong. Bé ching minh su hinh thanh 16p thu dong nay theo thoi gian dién phan, bé
mit anot DI dugc nghién ctru bang gian dd nhiéu xa tia X va anh SEM. Céc két qua

thé hién trén Hinh 3.18 va 3.19.

Hinh 3.18 thé hién gian d6 XRD cua DI trudc va sau qua trinh dién phan trong
2,6 va 15 h. Cac pic nhiéu xa tai gbc 44,7°; 64,9° va 82,5° lan luot dic trung cho cac
mit (110), (200) va (211) ciia cau tric tinh thé ferrit (a-Fe) xuat hién ¢ ca cac miu
trude va sau khi dién phan 2 va 6 h. Tuy nhién, cudng d6 cta cac pic nay giam dan
theo thoi gian dién phan va bién mat hoan toan & mau DI sau 15 h dién phan. Ngoai
ra trude khi dién phan, gian d6 XRD xuét hién mot pic nho & goc 26,6° dic trung cho
mit nhidu xa (002) ctia ciu tric tinh thé graphit. Pic nay rat nhé do luong graphit trén

bé mit con han ché. Sau 2 h dién phan, cuong do cua pic tang 1én, hién tugng nay
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duoc giai thich do 16p st trén bé mat di bi hoa tan dé tao ferrate, 1am 19 ra céc 16p
graphit bén dudi va ting ham luong graphit trén bé mit. Tuy nhién, khi thoi gian dién
phan tiép tuc kéo dai dén 6 va 15 h, cuong d6 pic graphit lai suy giam. Nguyén nhan
clia sy suy giam cuong do pic nhiéu xa cta ciu tric graphit va ferrit 1a do sy hinh
thanh 16p thu dong oxit sit vo dinh hinh ting dan theo thoi gian. Diéu ndy duoc chimg
minh & anh SEM (Hinh 3.19), xuét hién mét 16p thy dong bao phu hoan toan bé mit

anot sau 15 h dién phan.

(110)

o a-Fe
o ®  Graphite
©02) (200) Wik}
.'- L1} o
e . Oh
(110)
o
(002y (200) (211)
| | I (1] o
N . | o'y 2h
(002) (110) ’
] ] (200) @1
o
l 1 o A 6h
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1l 15h
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26 ()

Hinh 3.18. Gidan do XRD cia anot DI truéc va sau thoi gian dién phan khéc nhau.
(Piéu ki¢n thi nghi¢m: Dung dich dién ly NaOH 14 M, mdt @6 dong 40 mA/cm?,
nhiét do tong hop 30 °C)

Hinh 3.19 thé hién 4nh SEM cua anot DI trudc va sau cac khoang thoi gian dién
phan khac nhau. Nhu phén tich ¢ phan trén, trén bé mat anot DI xuat hién cac ndt
tron mau den duoc cho 13 ciu tric cta graphit, cdu triic nay cho phép dung dich di
sdu vao bén trong va ting dién tich tiép xuc gitta anot va chét dién ly, gitp hiéu suit
téng hop ferrate t6t hon. Hinh anh SEM ctia bé mit anot sau mot thoi gian dién phan
cho thiy rang sat trén DI bi oxi hda manh & viing bién cuia cac hat graphit cau va co
su hinh thanh 16p thu dong c¢6 két ciu min (viing B) bao boc xung quanh céc nét than
chi (ving A). Ngoai ra, 16p thu dong c6 ciu trac x6p ciing duoc hinh thanh & ving C
ngoai nét than chi. Tang thoi gian dién phén tir 2 1én 15 h dién tich ving A va C bj
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thu hep dan va dién tich ving B tang dan, 16p thu dong c6 cau triic min dan bao phi

bé mat anot.
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Hinh 3.19. Anh SEM ciia bé mdt anot DI tride va sau cdc thoi gian dién phdn
khac nhau (2, 6, va 15 h)
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(Piéu ki¢n thi nghi¢m: Dung dich dién ly NaOH 14 M, mdt dé dong 40 mA/cm?,
nhiét dé tong hop 30 °C)

3.2.2. Nghién ciru thanh phan ciia lop thu dong

Thanh phan cta 16p thu dong hinh thanh trén bé mit anot DI duoc xac dinh bang

phuong phap phan tich phd EDS va phé Raman.

3.2.2.1. Phdn tich phé EDS

K¥ thuét phan tich EDS duoc sir dung dé xac dinh thanh phan nguyén t6 cta bé

mit anot sau cac thoi gian dién phan khac nhau, bao gdm cac ving A, B va C. Cac

két qua pho EDS dugc thé hién trén Hinh 3.20.
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Hinh 3.20. Phé EDS ciia anot DI
sau cac thoi gian dién phan khac
nhau (2, 6 va 15 h).

(a) Ving A — N6t than chi hinh cau
(b) Vung B — Vung bién xung quanh
nét than chi hinh ciu

(c) Ving C — Ving bén ngoai ndt

than chi hinh ciu

(Piéu ki¢n thi nghi¢m: Dung dich dién ly NaOH 14 M, mdt @6 dong 40 mA/cm?,
nhiét do tong hop 30 °C)
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Pho EDS ciia cac mau duoc dua ra trong Hinh 3.20 cho thiy cac pic dic trung
cho cac nguyén t6 sit (Fe), oxy (O) va cacbon (C) chiém wu thé. Trong d6 cac pic
xudt hién & cac muc nang lugng 0,7; 6,4 va 7,1 keV dac trung cho nguyén td Fe, cung
vé6i pic ciia nguyén td oxy va cacbon lan lugt ¢ 0,53 keV va 0,28 keV. Ngoai ra, con
xuét hién tin hiéu cta nguyén t6 Si 1a thanh phz‘in Si cua vat li¢u DI va tin hi€u nang
luong ctia Na c6 ngudn gbe tir tién chat NaOH duoc sir dung trong qua trinh tong
hop. Phan traim khdi luong (wt %) cua cac nguyén t6 thu duoc dinh luong tir phd
EDS trong Bang 3.3 di thé hién nhiing thay d6i trong thanh phan nguyén t6 ctia ving
A, B va C theo thoi gian dién phan.

Bing 3.3. Phan tram khéi lwong cdc nguyén té trén bé mdt DI sau cdc

thoi gian dién phdn khdc nhau

Vung Thoi gian Thanh phan khoi lwong (wt %)
dién phin - ™pe ) C Si Na
(h)

2 1,7 3,1 95,2 - -

A 6 2,1 3,6 94,1 0,2 -
15 52,3 25,5 19,7 0,2 1,9
2 57,5 26,9 10,5 3,0 2,2
B 6 54,4 28,6 10,7 3,0 2,3
15 57,8 27,9 9,6 0,7 3,2
2 80,8 11,3 0,1 1,1 0,7
C 6 68,1 15,5 12,6 2,0 0,8
15 59,1 28,6 8,3 0,4 2,8

Thanh phan chinh trén bé mit cac ndt than chi (viing A) sau thoi gian dién phan
2 va 6 h 1a cacbon (95,2 va 94,1 %). Tuy nhién, sau 15 h dién phan, thanh phan cta

cacbon di giam manh xudng 19,7 % , trong khi d6 thanh phan cua Fe va O ting dang
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ké. Piéu nay chimg minh ring ¢ 16p oxit sit trén bé mat cic ndt than chi. Nguyén
nhan 1a do sy phan huy cua ferrate tao thanh oxit sit bam 1én trén bé mat ndt than chi.
O vung B, thanh phan cua cacbon gin nhu khéng thay doi véi thoi gian dién phan
thay d6i (khoang 10 %). Ti 18 khdi luong giira nguyén td sit va oxi sau cac thoi gian
dién phan thay d6i khong dang ké ndm trong khoang tir 1,9 dén 2,1. Do vay c6 thé dy
doan 16p thu dong ¢ vang B gébm hdn hop cac oxit FeOOH, Fe,0s3 va Fe;04. O khu
vuc bén ngoai ctia cac ndt than chi (ving C), thanh phan sit van chiém vu thé sau 2
h dién phan (80,8 %), oxy chiém 11,2 %, do d6 chi c6 mdt it oxit sat duoc hinh thanh
trén bé mat. Thanh phan cta Fe giam va oxy ting dan khi thoi gian dién phén ting
1én 6 va 15h cho thay 16p oxit sit & trén vang C day 1én theo thoi gian.
3.2.2.2. Phan tich phé Raman

Ph6 Raman dugc dua ra trong Hinh 3.21 cho thy sy hinh thanh céc oxit sit trén

bé mit ctia DI sau 2, 6 va 15 h dién phan.

Ving A xuét hién hai pic cao va nhon & s6 song 1581 va 1354 cm™! dic trung
cho cac dao dong lién két c6 trong graphit caa DI sau 2 h dién phan [175]. Hai pic
tuong tu ciing dugc quan sat thay trén DI sau 6 h dién phan nhung cuong d6 di giam
dang ké. Ngoai viéc c¢6 2 dinh pic ¢ s6 song 1585 va 1356 cm™! thudc vé graphit, miu
sau 15 h dién phan c6 2 pic ¢ s6 song 241 va 379 cm™ dic trung cho dao dong lién
két ctia a-Fe203 va 1 pic ¢ s6 song 683 cm! dic trung lién két co trong phan tir Fe;Os4
[176]. Do d6, tang thoi gian dién phan 1én 15 h, cac ndt than chi dugc pha bai Fe,0s
va Fe304 tao thanh do su phan huy cua ferrate(VI).

O ving B (Hinh 3.21b), phd Raman ctia anot DI sau 2 h dién phan xuét hién véi
2 pic &'s6 s6ng 216 va 294 cm™! dic trung cho a-FeOOH, 2 pic & s6 song 353 va 1302
cm’! dic trung cho a-Fe,O3 va 2 dinh tai 527 va 692 cm™! dic trung cho FesOs. Tuy
nhién, mau sau 6 h dién phan chi xuat hién 2 pic ¢ s6 séng 506 va 664 cm™ dic trung
cho Fe304 va 1 pic yéu ¢ 1360 cm™! dic trung cho 0-FexOs. Diéu ndy chimg to cac
chét trung gian 13 FeOOH va Fe;Os hau nhu da dugc chuyén héa hét thanh ferrate,
va trén bé mit anot chii yéu chi con lai Fe;Os. Tuy nhién sau 15 h dién phén, phd
Raman xuét hién 3 pic ¢ s6 song 234, 372 va 1392 cm! thudc vé o-FexOs3 va 2 pic ¢

s6 song 541 va 686 cm! dic trung cho FesO4 [176].
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Hinh 3.21. Phé Raman ciia anot DI & cdc thoi gian dién phan khdc nhau (2, 6 va
15h) (a) Ving A — Not than chi hinh cau, (b) Vimg B — Ving bién xung quanh not
than chi hinh cau, (c) Vimg C — Viing bén ngodi nét than chi hinh cdu.
(Piéu ki¢n thi nghi¢m: Dung dich dién ly NaOH 14 M, mdt @6 dong 40 mA/cm?,
nhiét do tong hop 30 °C)

Pho Raman trong Hinh 3.21¢ twong ty nhu Hinh 3.21b, & khu vuc bén ngoai
ctia cac ndt than chi sau 2 h dién phan chira hdn hop 0-FeOOH, a-Fe,0s3 va Fe;04,
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nhung sau thoi gian téng hop 6 va 15 h trén bé mit anot chi xuit hién a-Fe,O3 va
Fe304. Cudng do céac pic cua 0-Fe203 va Fe;04 ¢ mau 15 h déu 16n hon so véi mau 6
h do sy phéan hiy cua ferrate ting dan theo thoi gian. Ngoai ra, cac pic dic trung cho
dao dong lién két cua FesO4 ludn cao hon nhiéu so véi a-Fe2Os va FeOOH & cac
vung B va C tai cac thoi gian di¢n phan khac nhau. Hién tuong nay chirng té thanh
phan chinh cua 16p thu dong 1a Fe;Oa, két qua ndy twong ddng vé6i phan tich phd CV
(muc 3.2.3).

Sau 15 h dién phan & ca 3 ving déu xuat hién céc pic dic trung cho cac dao
dong lién két cua 0-FexOs ching minh rang ferrate trong dung dich da bi phan huay

thanh Fe2O3 va bao phu toan bo bé mit anot.

Céc két qua phan tich Raman ciing hoan toan phu hop véi két qua EDS. Ban
dau 16p thu dong hinh thanh tir khu vuc xung quanh céc ndt than chi trén bé mat anot.
Sau khi 16p sat trén bé mit anot dan bi hoa tan, cac ndt than chi bén trong 1 ra va 16p
thu dong tiép tuc hinh thanh & xung quanh ciing nhu bén ngoai ndt than chi. Cudi
cung 1a 16p thu dong ngay cang day 1én va bao phu cac nét than chi cling nhu toan bo
bé mat anot.

3.2.3. Anh hwéng ciia I6p thu déng t6i tinh chét dién héa ciia anot

Nhu d ching minh & phan trén, thanh phan chinh cta 16p thu dong trén bé mat
anot 14 Fe3Oa. Vi thé 16p thu dong nay sé& co tinh dan dién kém, dong thoi 1am can tré
su tiép xtic gita anot va chat dién ly. Do d6, 16p thy dong s& anh hudng khong tét t6i
hoat dong dién hoa cua anot. bé nghién ctru sy thay ddi tinh chat dién hoa cua anot
trong qué trinh tong hop ferrate do sy hinh thanh ciia 16p thu dong, phd CV va EIS

da dugc thuc hién trén cadc mau anot sau cac thoi gian dién phan khac nhau.

3.2.3.1. Phé quét thé tuan hoan CV
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Hinh 3.22. Phé CV ciia vat liéu DI (a) trieée khi dién phan, (b) sau khi dién
phdn o cdc thoi gian khac nhau.

(Piéu ki¢n thi nghi¢m: dung dich dién Iy NaOH 14 M, téc dé quét 100 mV/s)

Phd CV cuia anot DI sau céc thoi gian dién phan khac nhau duoc thé hién trong
Hinh 3.22 . Sau thoi gian dién phan 2, 4 va 6 h, pho CV cua anot DI déu xuat hién 4
pic oxy hoa va 4 pic khir dién hinh tuong tw nhu pho CV trudce khi dién phan (Hinh
3.22a). Tuy nhién, sau thoi gian dién phan 16n hon 6 gio, cac duong cong CV chu
yéu xuat hién pic 02, vai pic 04 va dinh R4. Khi thoi gian dién phan ting tir 8 dén
20 h, chiéu cao cua pic O2 ting do su hinh thanh 16p Fe;04 day hon, vai pic O4 va
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pic R4 gidm ching to sy hinh thanh ferrate(VI) kh6 khan hon. Do d6, voi thoi gian
dién phan 16n hon 6 h, 16p thu dong day trén anot DI s& ngan can déng ké su tao thanh

ferrate.

3.2.3.2. Phé tong tré dién hod EIS

Hinh 3.23a hién thi phd tong tré dang Bode va Hinh 3.23b thé hién céc gia tri
téng trd tai tan s6 10 mHz duge xac dinh tir phd Bode. Két qua cho thay gia trj tong
tré tai 10 mHz ting dang ké khi thoi gian dién phan ting tir 2 1én 20 h. Diéu nay co
thé duogc giai thich do 16p thu dong day 1én theo thoi gian dién phan. Két qua nay phu
hop véi cac két qua do CV d4 trinh bay & trén.
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Hinh 3.23. (a)Phé tong tré dang Bode ciia anot DI tai cdc thoi gian dién phén
khdc nhau, (b) tong tro tai tan sé6 10 mHz.
(Piéu ki¢n thi nghi¢m: Dung dich dién ly NaOH 14 M, bién d6 5 mV,
tan s6 10 mHz < 100 kHz).

3.2.4. Anh hwéng ciia I6p thu ddng t6i qud trinh tong hop ferrate

Theo cac phan tich bé mat anot ¢ phan trén, 16p thu dong s€ hinh thanh dan theo
thoi gian. Do vay dé danh gia anh hudng cta 16p thu dong t6i qua trinh téng hop
ferrate, dién cuc anot sau mot thoi gian dién phan khac nhau (thay ddi tir 1 dén 20 h)
s& dugc str dung lai dé tong hop ferrate & diéu kién mat d6 dong 40 mA/cm?, nhiét do
30 °C, trong 1 h. Két qua thé hién trén Hinh 3.24 cho thiy ndng do ferrate ctia anot
DI sau 1- 6 h dién phan thay d6i khong déng ké tir 410 dén 426 mg/L. Sau d6, nong
do ferrate ctia anot DI hoat dong 8-20 h giam nhiéu, cu thé 1a giam 46 % dbi véi anot
hoat dong trong 20 h. Nhu vay thoi gian hoat dong t6i wu cua chu trinh dién phén st

dung anot DI 12 6 h. Khi sir dung céac vat liéu anot khac (gang xam, gang tring va
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thép xay dung), nhom nghién ctru cua Diaz M. va cdng su [40] da tim ra thoi gian
hoat dong tdi wu cua anot 13 5 h. Do vay sau mot khoang thoi gian lam viée, cac vat
liéu anot can duge lam sach bé mat dé loai bo 16p thu dong dam bao cho qua trinh
tong hop ferrate dién ra hiéu qua. Lop thu dong nay co thé duoc loai bo bang cach co

hoc hoac phan cuc catot.

500 -

] (U8} iy
o [} o
[ (= [
L L L

Nong do ferrate (mg/L)
S
S

o

0 4 8 12 16 20
Thoti gian hoat dong cua anot (h)
Hinh 3.24. Anh hieong thoi gian hoat déng ciia anot t6i nong dg ferrate tao thanh
(Piéu ki¢n thi nghi¢m: Dung dich dién ly NaOH 14 M, mdt @6 dong 40 mA/cm?,
nhiét do 30°C, thoi gian tong hop 1 h)

Nhue vdy, cdc két qua phan tich anh SEM cho thdy giai doan dau phan g dién
ra manh & ving xung quanh cdc nét than chi cé trong vt liéu DI. Téing thoi gian
dién phan cdc chdt trung gian chia kip chuyén héa thanh ferate sé tao thanh I6p thu
déng bao boc xung quanh cdc not than chi hinh cau va viing bén ngodi. Lép thu dong
nay day lén theo thoi gian va ngdn can cdc qud trinh trinh dién hod dién ra trén bé
mdt anot, giam si hinh thanh ferrate (theo phan tich phé EIS, CV). Phé CV, Raman
va EDS cho thdy thanh phdn ciia 16p thu déng bao gom hén hop cdc oxit sat FeOOH,
Fe;0s va Fe;Oy trong d6 Fe;Oy chiém phan I6n. Lép thu dong nay sé ngdn can su
tiép xiic giita dung dich dién ly va I6p bé mdt bén trong ciia anot lam gidm hiéu sudt
tong hop ferrate. Do vdy dé dam bdo hiéu qua trong qud trinh tong hop ferrate, 16p
thu ddng can loai bo sau méi chu ky hoat déng cia anot gang cau. Chu ky hoat dong
t6i wu cia anot gang cau dwoe xdc dinh 1a 6 h.

3.3. Nghién ctru d§ bén ciia dung dich ferrate da tong hop
3.3.1. Cdc yéu to anh hwong téi dj bén ciia dung dich ferrate.
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3.3.1.1. Anh huong cia nhiét do

Hinh 3.25 chi ra sy anh huéng cua nhiét do khao sat trong khoang tir 4 dén 40
°C t&i d bén cua dung dich ferrate. Két qua cho théy dd bén cua ferrate phu thudc
nhiéu vao nhiét do, nhiét do cang cao thi sy phan huy cang nhanh. Tai nhiét do 4 °C,
ferrate phan hity kha chdm, sau 8 h ham luong ferrate hiu nhu khong d6i. Nguoc lai,
& cac nhiét dd cao hon, cu thé 13 tai 20, 30 va 40 °C, téc d6 phan huy ferrate cao hon
nhiéu so véi tai nhiét d6 4 °C. Ham luong ferrate con lai sau 8 h ¢ 20, 30 °C 1an luot
1a khoang 90 va 80 %. Pic biét & 40 °C, ferrate phan hily rt nhanh, sau 8 h ham
lugng ferrate con lai chua dén 60 %. Nhiét do cao khién cac phén tr tro nén linh dong
hon 1am ting su twong tac giita phan tir ferrate va nudc. Piéu ndy lam cho phan tng
phan hity ferrate xdy ra véi toc d6 cao hon. Chinh vi vay néu dung dich ferrate chua
sit dung can dugc bao quan lanh dé tranh viéc phan huy 1am anh hudng dén chat

lugng cua ferrate.

Nhiét da (° C)

L= ——4
207 -e-20
06 - —&—30
—8-40

ﬁ-j T I T 1 T I T 1

0 2 4 ) 8

Thoi gian (h)

Hinh 3.25. Anh hwong cua nhiét do toi do bén cia dung dich ferrate
(DPiéu ki¢n thi nghi¢m: Nong do ferrate ban dau 418,6 mg/L)

3.3.1.2. Anh hudng ciia nong dé ferrate ban dau

Hinh 3.26 cho thiy toc d6 phan hiy cua ferrate phu thudc vao nong do ban dau
ctia nd, ndng do ban dau cang cao thi tbc dd phan huy cang nhanh hon. Cy thé sau 7
gi0, lugng ferrate cia mau c6 ndng d6 ban dau 1a 323 mg/L bi phan hiy khoang 6 %,
trong khi d6i voi miu c6 ndng d6 ban dau 13 1365 mg/L, gia tri nay ting 1én gan 23
%. Két qua nay co thé duoc giai thich bang co ché phan huy cua ferrate da duoc

chtrng minh trong nghién ctru trude ddy [177]. Bing thuc nghiém va tinh toan 1y
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thuyét phiém ham mat do (DFT), Gui Chen va cong sy da chimg minh co ché phan
huy ferrate trong méi truong kiém bao gdm 3 giai doan nhu sau. Ban déu, ferrate bi
proton hoéa tao thanh [Fe(O3(OH)] - theo phan trng (3.19). Céc ion [FeO3(OH)] " nay
sau d6 tuong tac voi nhau dé tao thanh cac phirc chat di-ferrate(VI) theo phan tng
(3.20). Sau d9, cac phtrc chat di-ferrate (VI) phan huty thanh di-ferrate (V) (3.21). Su
gia ting ndng d¢ ferrate din dén su hinh thanh nhiéu hon [FeO3(OH)] - duoc md ta
boi phan tng (3.22). Piéu ndy ting cudng cic twong tic giita cac ion [FeO3(OH)] -,
dan dén sy hinh thanh di-ferrate, lam ting toc qué trinh ty phan hity tir Fe(VI) thanh
Fe(V).

FeOs> + H'  [FeOs(OH)T (3.19)
2[Fe03(OH)] <> Fe:07% + Hx0 (3.20)
Fe:07 > Fe:0s7+ 05 (3.21)
Phan trng chung: 2FeQ4> + 6H" - Fe20s% + 3H,0 (3.22)

095
090 s
f-;_ 0.85 N:;:‘-ng dd ferrate ban dau
@]
0.80 - ——323 mg/L
—=—668 mg/L
075 -
——1365 mg/L
ﬂ.?ﬂ L] L] L] L] L] L] 1
0 1 2 3 4 5 6 7

Thot gian (h)
Hinh 3.26. Anh hieong ciia nong do ferrate ban dau téi qud trinh phdn huy ferrate
(Diéu kién thi nghi¢m: dung dich NaOH 14 M)
3.3.1.3. Anh huong ciia nong dé NaOH
Hinh 3.27 cho théy tac dong cua néng do NaOH dén d6 6n dinh cta ferrate, tdc
d6 phan huy ferrate ting khi ndng do NaOH giam. O ndng d6 NaOH 8 M, luong

ferrate phan huy sau 7 h khoang 30 % ting gip doi luong ferrate phan huy trong dung
dich NaOH 16 M. Nguyén nhén 13 do dung dich NaOH tai néng d6 thap co luong
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nuée phan ly cao hon va do nhét giam, tao ra nhiéu proton linh hoat hon [178]. Céc
proton trong dung dich dé& dang tan cong cac ion FeOs*, diy nhanh qua trinh phan

huy ferrate theo phan ung (3.22).

1.00
0.95
0.90

=]
Y 1o .
= 085 Inéng 46 NaOH
0801
—A—10M
075 { ——14M
—5-16M
D.?D L] T T T T L] 1
0 1 2 3 4 5 6 7

Tho gian (h)

Hinh 3.27. Anh hieong ciia nong dé NaOH t6i qua trinh phdn huy ferrate
(Diéu kién thi nghi¢m: Nong do ferrate ban dau 461,5 mg/L)

3.3.2. Dong hoc qua trinh tw phdn huy cua ferrate

Theo cac nghién ctru trude day [64, 73, 179, 180], qua trinh tu phan huy cua
ferrate tuan theo phan trng dong hoc bac mot hoac bac hai, phu thudc vao diéu kién
pH. D6i voi phan tng dong hoc bic mot, thoi gian ban huy cua ferrate khong phu
thudc vao ndng do ban dau ctiia né (phuong trinh (3.23)). Nguoc lai, dbi véi phan tng
dong hoc bac hai, thoi gian ban huy phu thudc vao néng do ban dau cua ferrate; néng
d6 ban dau cang cao, thoi gian ban hity cang nho (phuong trinh (3.24)). Bang 3.4 thé
hién thoi gian ban huy cua ferrate & cac ndng do khac nhau (dugc xac dinh theo hinh
PL3.3). Két qua cho thay khi ndng do ferrate ting tir 345 1én 845 mg/L, thoi gian ban
hay cua ferrate giam tir 86,4 xudng 50,4 h. Diéu nay ching té rang phan ung phan
huy ferrate trong dung dich NaOH 14 M khong tudn theo dong hoc bac nhat va co
kha nang tuan theo dong hoc bac hai (phuong trinh (3.25)).

In2

ti)s = k% (3.23)
1

tl/z == K2Co t (324)

1 1
=) =kt (3.25)
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Trong d6 t v (h) 1a thoi gian ban hay, ki (h™), ko (mg'Lh™) 1an luot 14 hing sb
tdc d6 phan g bac 1 va bac 2, C, 1a ndng do ban dau cua ferrate (mg/L), C; (mg/L)
12 ndng d6 ferrate phan hay sau thoi gian t (h).

Bing 3.4. Thoi gian bdn hiy ciia ferrate tai cdc nong d khéc nhau

Nong do ferrate ban dau t12
(mg/L) (h)

345 86,4

520 62,4

845 50,4

Mdi quan hé giira (Cl - Ci) va t & cac nhiét do khac nhau duoc thé hién trén
t o
Hinh 3.28. C6 thé théy réng (= — —) tang tuyén tinh theo thoi gian vi gid tri R* Ion
t o

hon 0,99 & tit ca cac nhiét do duoc nghién ctru. Do d6, m6 hinh dong hoc bac hai

hoan toan phu hop v6i qua trinh phan huy ferrate trong moi truong NaOH 14 M.

2.0E-03 -
Nhiét do (°C)
16E-03 - -
A4 -
”_‘n"'l
& 12E.03 | 020 R
= 630 L
Y 8.0E-04 - 040 B
S
I:I Y
4.0E-04 - ) o9
e 0
B
0.0 E+00 B
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Time (h)

Hinh 3.28. Méi quan hé giiva (Cl — Ci) va thoi gian t
t o

Gia tri do dbc ctia phuong trinh 14 hang s6 téc do phan Gmg dugc thé hién trong
Béang 3.5 tai cac nhi¢t do dugc nghién ctru. Héng sb tbe do phan ing ting dang ké khi
nhiét do tang. Toc do phan (mg tang 16 1an khi nhiét d6 ting tir 4 dén 20 °C va ting
tGi 100 1an khi nhiét d6 tang tir 4 dén 40 °C.
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Bing 3.5. Hing s6 toc dé phan g tai cdc nhiét do khdc nhau

Nhiét 39 k:
RZ
(°C) (mg/L)'h! \Y e
4 2,03x107¢ 4,70x107 0,9945
20 3,16x10° 7,31x108 0,9989
30 8,42x107 1,95x1077 0,9969
40 2,03x10 4,70x107 0,9977
4 -
-5 4 G
-6 1 ' y=-11137x + 30.801
Mo e R2=0.9802
e
-8 -
9 .
_10 T L] I. 1
0.003 0.0032 0.0034 0.0036 0.0038
/T

Hinh 3.29. Mé6i quan hé giiva Ink va 1/T

Ning lugng hoat hoa ciia phan ng phan huy ferrate duoc xac dinh bang phuong
trinh Arrhenius (phwong trinh (3.26)). Mdi quan hé giita Ink va 1/T duoc thé hién
trong Hinh 3.29 ¢6 d¢ doc 1 -11137 (K) va nang lugng hoat hoa dugce tinh 14 92.593

J/mol.
“Ea
k = Ae®T (3.26)
Ink = —2% 4 InA (3.27)
RT

Trong d6 k 1a hang s6 toc do phan (mg, E, 1 ning lugng hoat hoa, R 1a hang s6
khi (R= 8,3144 J/(K.mol), T 1a nhiét do (K), A 1a hiang sd Arrhenius.

3.4. Nghién citu xir Iy chiat mau azo methyl da cam (MO) va reactive red 195
(RR195) bang ferrate

3.4.1. Nghién civu diéu kién t6i wu cho qud trinh xir Iy chét mau
3.4.1.1. Anh hudng ciia pH
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pH déng mét vai trd quan trong trong xir 1y chat mau azo bang ferrate vi né lién
quan dén kha ning oxi hoa va toc do phan huy cua ferrate [73, 181]. Cac két qua trén
Hinh 3.30 cho thay tac dong cia pH dén hiéu suét xtr Iy chdt mau MO, RR195 tuong
ty nhau. Hiéu suat xir 1y (R) c4 hai chit mau trong méi trudng bazo thap hon so véi
trong mdi trudng axit. Cu thé hiéu suat xtr Iy RR195, MO 1an luot chi dat khoang 60
va 70 % trong moi truong bazo (pH=9), trong khi d6 1an luot dat khoang 80 va 90 %
trong méi trudng axit (pH=3-6). Nguyén nhén 13 do tinh oxi hoa cta ferrate thip hon
trong moi trudng bazo thé hién qua thé khir cta ferrate trong moi truong bazo chi dat

0,72 V, trong khi d6 dat 2,2 V trong moi truong axit [22].

100 -

<0 | I I I RR195
0 I

rH

R (%)
Y
]

e
o
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Hinh 3.30. Anh huong cia pH t6i hiéu sudt xir Iy chat mau MO va RR195
(Piéu ki¢n thi nghi¢m: Ty 1é mol ferrate/MO = 3,4/1,0;
ferrate/RR195 = 12/1, thoi gian xu Iy 60 phut)
Trong mdi truong axit, khi giam pH tir 6 xudng 3, hiéu suat xir 1y ca hai chat
mau déu ting va sau d6 giam nhe khi pH giam xuéng 1. Sy thay doi hi¢u suat xir ly
chat mau 1 do su ton tai cua ferrate & cac dang khac nhau theo pH dugc thé hién theo

phan tmg (3.28-3.30) [64, 174].

H3FeOs" <> H' + HoFeOq pKi=1,6 (3.28)
HoFeOs <> H" + HFeO4 pK>=3,5 (3.29)
HFeOs <« H" + FeO4* pKs =73 (3.30)

Ferrate ton tai & dang triproton ferrate (H;FeO4"), diproton ferrate (HaFeOs) va
monoproton ferrate (HFeO4") & pH 1, 3, 6, twong ing. Su proton hoa ferrate lam tang

chiéu dai lién két Fe — O trong phan tir ferate, ddn dén dic tinh oxi hoa ting dan theo
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thr ty FeO4>< HFeO4s< HoFeO4 [179]. Diéu nay giai thich tai sao hiéu suat xt Iy ca
hai chat mau ¢ pH 3 t6t hon & pH 6. Tuy nhién do bén cua ferrate lai giam theo chiéu
giam pH. Theo nghién ctru ctia Lee YY’s va cong su, tc do phan tmg ctia qua trinh
phan hay HFeOs, HaFeOs, va H3FeO4" 1an luot 14 (1,19+0,09)x102, (3,68+0,61)x10%,
va (1,01£0,22)x10° M's7![64]. Téc do phan hiry ciia HsFeO4t gip gan 300 lan so véi
ctiia HoFeOs . Do vay mot phan ferrate HsFeO4* bi phan hay truée khi tham gia phan
g v6i chat mau MO, RR195, dan dén sy suy giam hiéu suat & pH 1. Nhu vay, pH

t6i wu cho qua trinh xir Iy chat mau azo bang ferrate 13 3.
3.4.1.2. Anh hwong ciia nhiét o

Hinh 3.31 thé hién anh hudng ctia nhiét d6 phan ing dén su phan huy chat mau

azo RR195 va MO.

100 -
90 -
= = —£
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70 MO
-6-RR195
60 -
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Nhiét 46 (°C)

Hinh 3.31. Anh huong ciia nhiét do t&i hiéu sudt xir 1) MO, RR195
(Piéu ki¢n thi nghi¢m: Ty 1¢é mol ferrate/MO = 3,4/1,0;
ferrate/RR195 = 12/1, thoi gian xu ly 60 phut)

Pbi voi MO, khi tang nhiét do tir 10 1én 20 °C, hiéu suat phan huy ting tir 85,8
dén 92,0 %, sau d6 6n dinh trong khoang tir 20 dén 50 °C. Bdi véi RR195, nhiét do
tang tir 10 1én 30 °C da lam hiéu suat phan huy ting tir 80,9 dén 85.2 %, sau d6 6n
dinh trong khoang tir 30 dén 50 °C. Piéu nay do khi nhiét d6 ting tao diéu kién thuin
loi cho phan trng phan hity RR195 va MO biang ferrate. Tuy nhién, khi ting tiép nhiét
d6 1én 50 °C, hiéu suat phan hity RR195, MO khong thay d6i nhiéu vi téc dd phan

huy ferrate xay ra nhanh & nhiét dé cao hon.
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So sanh kha ning xir 1y cua ferrate d6i v6i chit mau MO va RR195 cho thiy
v6i cung mot lugng ferrate, hidu suat xir Iy cia MO bang ferrate luén cao hon RR195
& tat ca cac pH va nhiét do khao sat. Nguyén nhan 1a do phan tor MO ¢6 cau trac don
gian gom 1 nhom chirc azo va hai vong thom (Hinh 3.35a), trong khi d6 phén tr
RR195 c6 ciu tric cong kénh gdm 1 nhom chire azo, 5 vong thom va 5 nhém sulfonat
(Hinh 3.35b). Do vay céc phan tir ferrate d& dang tin cong vao nhom chirc va vong

thom ctia MO ma khong bi can tré nhiéu vé mit khong gian nhu véi phan tir RR195.
3.4.1.3. Anh huong cia ti 1é mol ferrate/chdt mau

Ty 16 mol Fe(VI)/RR195 va Fe(VI)/MO duoc nghién ctru dé tim ra ty 18 tdi wu
¢6 thé loai bo hoan toan RR195 va MO. Hinh 3.32 thé hién kha nang phan hiy MO
va RR195 theo thoi gian ¢ cac ty 1€ mol khac nhau.

Két qua dua ra trong Hinh 3.32a cho thdy MO duoc phéan hity chi yéu trong 3
phut dau tién & moi ty 1€ mol ferrate(VI)/MO. Vi ty 1€ ferrate/MO cao hon (5,1/1,0;
6,8/1,0; 8,5/1,0), hiéu suat xur 1y dat 94,9-99,3 % sau 3 phut. Nguoc lai, tai ty I¢ mol
thip hon (3,4/1,0; 1,7/1,0), hiéu suét chi dat 1an luot 79,3 % va 55,2 %. Trong 60
phut tiép theo, hiéu suét ting cham véi ty 1 cao nhung ting dang ké hon & ty 1¢ thap.
Sy phan huy MO ting lién tuc khi ty 1é mol Fe(VI) so vdi MO ting. Piéu nay duoc
gidi thich béng su gia tang lugng Fe(VI) co sin dé oxy hoa MO. Khi ty 1€ vuot 5,1/1,0,

ferrate c6 thé oxy héa hoan toan MO dat hiéu suat 99 %.

Quan sat Hinh 3.32b cho thdy RR195 bi phan huay nhanh & trong 3 phut dau,
sau d6 hiéu suat phan huy thay doi khong dang ké khi thoi gian phan tng ting tir 3
dén 60 phit & moi ty 16 mol. Cu thé, véi ty 16 mol Fe(VI)/RR195 14 30/1, hiéu qua xur
1y dat 96,3 % sau 3 phut va tiang nhe 1én 97,3 % sau 60 phut. Két qua cho thay phan
g phan hity RR 195 bang ferrate dién ra cuc ky nhanh va chu yéu xay ra trong nhirng
phut dau. So sanh giita cac ty 16 & cing thdi gian phan hiy cho thiy hiéu suit xu 1y
RR195 tang nhanh khi tdng ty 1¢ mol Fe(VI)/RR195 tang tir 6/1 1én 18/1, sau d6 hi¢u
sut ting 1én khong nhiéu khi ting ty 16 mol 1én 30/1. Cu thé, hiéu suat xt Iy RR195
sau 60 phut tang tr 67,6 1én 92 % khi ty 1€ mol Fe(VI)/RR195 tang tir 6/1 1€n 18/1 va
dat 97,3 % khi tang ty 1€ mol 1én 30/1. Do d6, ty 1€ mol Fe(VI)/RR 195 16n hon 18/1
c6 thé loai bé hon 90 % RR195.
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Hinh 3.32. Anh hieong ciia ty 1é mol ferrate/chdt mau tGi hiéu sudt phan hiiy
a) MO, b) RR195

So sanh kha ning phan hiy cua hai chdt mau azo MO va RR195, cho thay su
khac biét vé hiéu suat va luong ferrate sir dung. Hiéu sudt phan huy MO dat trén 95
% véi ty 16 mol ferrate/chat mau 1a 5,1/1,0 trong khi d6 RR195 can ty 1& mol 1én dén
18/1 dé dat hiéu suat trén 90 %. Su khéc biét nay 14 do ciu tric ciia RR195 chira nhiéu
vong thom hon, doi hoi lugng chit oxy hoa 16n hon dé pha huy hoan toan cac lién

két trong phan ti.
3.4.2. Anh huwéng ciia mét sé ion vé co téi qud trinh xi¢ Iy} chit mau

Trong qua trinh nhudém mot sé mudi thuong duoc sir dung lam chit phu gia dé

thudc nhudom bam vao sgi vai toét hon. Do vay trong nudc thadi nhud¢m ngoai chat mau
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hitu co con chira mot ham lwong nhét dinh cac ion v6 co nhu Cu?*, Mg?*, Fe**, Mn?,
CIl', NOs", COs%, SO4*.... Céc ion v co khong nhitng 1am ting mirc dd 6 nhiém ma
con lam anh hudng dén qua trinh oxi hoa thuc nhuém. Do vy nghién ctru anh hudng
ctia mot s6 ion vo co tdi qué trinh xir Iy thude nhudém bang ferrate 14 can thiét. Trong
luan 4n d3 lua chon mét sb ion gdbm Cu?*, Mg2*, Fe**, Cl, NO;" tir cac ngudn CuSOsq,
MgSO4, Fea(SO4)3, NaCl, NaNOs dé danh gia tac dong cua cac ion ndy toi hiéu suét

xtr Iy chat mau bang ferrate.

Hinh 3.33 thé hién anh hudng cta cation t&i qua trinh xtr 1y chat mau azo, két
qua cho thiy cac ion Fe’", Mg?" hau nhu khong anh hudng téi hiéu suat phan huy
chat mau. Trong khi d6 su c6 mit ctia ion Cu?* 1am hiéu suat suy giam, nong do Cu®*
trong dung dich ting d3 lam hiéu suat phan huy giam dan. Cu thé, ddi v6i qua trinh
xtr Iy MO hiéu suat xu 1y dat 97,7 % ddi véi mau trang khong chira Cu?’, trong khi
d6 v6i ham luong Cu?* 13 10 mM, hiéu sut giam con 95,6 %. Phat hién nay co thé
duogc giai thich biang xu hudng cac ion kim loai chuyén tiép tao thanh phuc chat véi
cac phan tr hitu co, lam giam hi€u qua phan hiy hitu co cua ferrate(VI) [182]. Theo
bang 1.6, ham luong sit va magie c6 trong nudc thai dét nhudém 1an lugt ndm trong
khoang 0,3 — 20 mg/L va 150 -200 mg/L tuong Gng véi ndong do quy ddi ra milimol
(mM) 1an luot 12 0,005 — 0,357 mM va 6,25 — 8,33 mM. C6 thé thdy ham luong sat
¢6 trong nudc thai thyc té nho so voi ndong do khao sat, ndng d6 magie nam trong
ving khao sat. Do vdy sit va magie déu khong anh huong dén hiéu suat xt 1y thuc
té. Pbi voi dong, nong do thuc té ndm trong khoang 0,0016 — 0,009 mM (duoc quy
d6i tir bang 1.6). Ma ¢ nong d6 1 mM, ion dong ciling anh huéng khong nhiéu 1én
hiéu sut. Do d6 v6i ham luong ddng co trong nude thai thuc té ciing s& khong tac

dong nhi€u t61 hiéu suat xu 1y.



90

MO
100 7 (a)
95 & = Néng d6 cation ban dau
w201 HME 85 mM
= = =10 mM
851 Wb
80 J =
Cu-" M Blank
100 -
(b) RR195
95 -
a EE ] Nongdd cation ban dau
o i
— 90 - 2
o E ®m 1 mh
= 85 mM
85 4 210 mM
80 - 1S
Mg-_ Blﬂ_ﬂk

Hinh 3.33. Anh hieong ciia cation téi hiéu sudt phan hity (a) MO, (b) RR195
bang ferrate
(Diéu kién thi nghiém: pH 3, ty 1é mol Fe(VI)/MO = 5,1/1,0;
Fe(VI)/RR195 = 18/1, thoi gian xur ly 60 phut)
Tac dong cia anion téi qua trinh xtr Iy chat mau dugc thé hién trén Hinh 3.34 .
Két qué cho thay su ¢ xudt hién ctia anion trong dung dich giup ting hiéu suat xir 1y
MO va RR195. DBbi v6i MO, khi ham lugng NOs5™ ¢6 trong dung dich ting tir 1mM
1én 10 mM giap hiéu suat phan ung tang tir 98,7 1én 99,3 % va déu cao hon miu
khong ¢6 ion NO3™ (97,7 %). Bdi véi RR195, trong mau khong c¢6 ion CI- hiéu suat
chi dat 92,96 %, trong khi cdc mau chta ion CI', hiéu sudt tdng dan tir 93,05 % lén
94,50 % khi néng do Cl tang tur 1 dén 10 mM. Trén thuc té thi ham luong clo co
trong nudc thai dét nhudém twong dbi cao nam trong khoang 11 — 46 mM (bang 1.6)
nén sé& thiic diy hon qua trinh oxi héa bang ferrate. Cac nghién ctru da chi ra rang
anion dong vai trd quan trong trong viéc cai thién hiéu qua xtr 1y chit mau bang ferrate

va céac qua trinh oxy hoa nang cao (AOPs). Theo Qi Han va cOng sy, su hién dién cua
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anion giup lam cham qua trinh phan hay cua ferrate, kéo dai thoi gian phan tng véi
cac chat 6 nhiém va t6i vu hoa kha ning oxy hoa [127]. Mit khac, nghién ctru cla
Jianlong Wang va cong su cho thdy cac anion nhu CI" va NOs™ ¢ kha ning tuong tic
v6i cac gbe oxy héa manh hodc cac gde tu do sinh ra trong AOPs, tao thanh cac gdc
tu do thtr cip nhu Cle va NOse. Céac gdc tu do nay tiép tuc tham gia vao qua trinh

phan huy céc chét hitu co, gop phan nang cao hiéu qua xir 1y [183].

lw il e )
== —
o : § | Noéng do anion ban dau
%0 = 85 mM
o 2= 810 mM
=
8=
85 3=
A
80 4 L
NOs Blank
(b)
100 - R
& Néng do anion ban dau
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80 -

cr NOs3 Blank

Hinh 3.34. Anh huréng ciia mét sé anion t6i hiéu sudt phdn hity (a) MO, (b) RR195
bang ferrate.
(Diéu kién thi nghiém: pH 3, ty 1¢é mol Fe(VI)/MO = 5,1/1,0;
Fe(VI)/RR195 = 18/1, thoi gian xu ly 60 phut)

3.4.4. So sanh hi¢u qud phdn hiiy chit mau azo bang ferrate véi cdc phwong phdp
khac.

Phin huy chit mau azo bang ferrate

Pé nghién ctru qué trinh phan hiy chat mau azo gom MO, RR195 bang ferrate,
cac dung dich MO, RR195 trudc va sau thoi gian xir 1y 5, 60 phut duge tién hanh do
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phd UV-vis.

Ph6 UV-vis ctia dung dich MO ban d4u trong Hinh 3.35a cho thiy mét dinh pic
hép thy manh & budc séng 509 nm duge gan cho lién két azo (-N=N-) va hai pic ¢
budc song 280 nm va 320 nm duge gan cho vong thom [184, 185]. Khi thot gian xir
1y tang tir 5 dén 60 phut, cudng do cua tit ca cac dinh déu giam, cho thiy su pha v&
lién két azo va su pha hity vong thom. Sau thoi gian xir Iy 60 phut, tt ca cac dinh hap
thu déu rat thip va hau nhu khong con, cho thdy hau hét cac phéan tir hitu co trung

gian va MO da bi phé huy va loai bo.
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Hinh 3.35. Phé UV-vis ciia dung dich (a) MO, (b) RR195 trueée va sau xik Iy

Phd UV-Vis cta RR 195 trudce xtr 1y xuat hién mot pic ¢ ving nhin thay (545
nm) dugc cho 1a sy hip thy mau cia lién két azo trong phan tir RR195. Ngoai ra, con
c0 4 pic vung tr ngoai tai cac budc song duogc cho la cua cac vong thom. Sau xu ly 5
phut tat ca cac pic déu giam rd rét, cho thdy qua trinh pha v lién két azo va cac vong

thom bang ferrate dién ra nhanh chéng. Sau thdi gian xt 1y 60 phut, pic dic trung cho
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lién két azo khong con, pic dic trung cho vong thom giam di dang ké. Piéu nay cho

thay hau hét cac phan tt RR195 va cac phan tir trung gian di dugc loai bo.

Déi v6i cac chat mau azo nhu MO va R195, qua trinh oxy hoa bit dau bang sy
tan cong ctia Fe(VI) va cac tac nhan oxi hoa trung gian nhu Fe(IV), Fe(V) vao céac vi

tri giau electron, dac biét 1a lién két azo.
So sanh cac phwong phap phan huy chit mau azo

Dé loai bd MO va RR195 ra khoi nudc thai, nhiéu phuong phap xt Iy da duoc
st dung, chéng han nhu hép phu, dong tu hoa hoc, quang xuc tac, xac tac di€n hoa,
quy trinh oxy hoa ning cao (AOP) va phuong phép sinh hoc. Tuy nhién, hip phu va
dong tu hoa hoc chuyén thuéc nhudm tir pha 1ong sang pha ran do d6 gay ra 6 nhiém
thir cip. Phuwong phap sinh hoc khong phu hop dé xir Iy MO do kha niang phéan hity
sinh hoc thap. Cac phwong phap khac gay ra nhitng thach thirc vé van hanh va chi phi
cao. Bang 3.6 va 3.7 da so sanh cac phuwong phap khac nhau dé xir Iy MO, RR195.
Két qua cho thiy ferrate(VI) c6 hiéu suit xtr Iy tot hon trong thoi gian ngin. Hon nita
do ferrate 1a chat oxy héa xanh, d& tong hop nén ferrate(VI) trd thanh Iya chon kha

thi dé sir dung loai bé chit mau azo trong nude thai dét nhudm.
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Bang 3.6. So sanh cac phuwong phap trong xu ly MO

Phwong phap/Vit liéu Piéu kién Thoigian | Hiu | Tailigu
phéan huy suat tham
(phut) (%) khao
Oxi héa (05/K;8:05) | MOI ;;102 mg/L, 50 98,6 [186]
[MO] = 5,4x10“ M,
Phan ung Feton pH 2,79,
(H0,/Fe?* - UV) [Fe?*] = 1,9x10"M, 15 o7.8 L187]
[H,0,]= 2,93x10-M.
Quang x1c tac [MO]=20 ppm,
[FemIL@SiO2@Magly |  mygeric = 1 g/ml, 30 99,0 [188]
MoO4 dén UV 365 nm
Quang x1c tac [MO] = 10 ppm,
(Fe;04/TiO) dén UV 254 nm 60 20,3 | [189]
Quang xuc tac [MO] =10 mg/L,
(MoS2/Fe;0s ) dén UV 400 nm 100 79,3 [190]
Xuc tac dién hoa [MO] =50 mg/L, pH
(PO, -TiO) 6.i= 1,75 mA/cm’ >0 993 | 19
Ox1 hoa dién hoa B
(Ti/Sn0; -Sb0; /PbO, | MO1=30 me/L, 240 95,5 [192]
. 1=30 mA/cm
-TiO»)
Hép phu _
(Vat liéu khung co kim: | O] éﬁ;ﬂg/ L 120 82,9 | [193]
Ni-doped ZIF-67) P
. s A1, [MO] =50 mg/L,
Xu(clzt:&?cﬁn% %@5‘ ;‘Oa pH 6; i =3 mA/cm?, 30 98,4 [185]
2 dén UV 365 nm
Oxi héa nang cao [MO] =50 mg/L, 3 98,3 Luan an
(Ferrate(VI)) pH 3, 60 99,4
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Bdng 3.7. So sanh cdac phwong phdp trong xur [y RR195

Phwong phap/Vit liéu Diéu kién Thoigian | Hiéu | Tailiéu
phéan huy suat tham
(phut) (%) khao
Oxi hoa dién hoa (Dién [RR195] =200 mg/L, 60 93,9 [194]
cuc graphit) 3,75 mA/cm?, pH 7
Phan ung electro-Fenton | [RR195] = 168,43 mg/L, 60 93,3 [195]
(Fez04/rGO) pH 3,04; 194,96 mA;
Fe304/ rGO 2,0 mg
Xuc tac két hop ozon [RR195] =25 mg/L, pH 90 99,0 [196]
(nZVI-Ca-Alginate 3, [ZVI-Alg beads] = 50
Beads) g/L, téc 6 dong O3 =1
L/min
Ozon dién héa (Pién [RR195] =300 mg/L, 30 96,0 [197]
cuc T1/TiHx/SnO»- 20 mA/CmZ
Sb205-NiO-CNT)
Quang x1c tac (nano [RR195] =25 mg/L, 30 98,0 [198]
compozit pH 3
Ag/Ti02/Fe30u) Ag/TiO2/Fes04 0,1 g/L
Hap phu (chitosan- [RR195] =25 mg/L 320 97,2 [199]
cellulose) pH 2
Hap phu (cross-linked [RR195] =300 mg/L, 600 90,6 [200]
oxalic acid/Chitosan pH 4
hydrogels)
Oxi héa nang cao [RR195] =50 mg/L, 3 96,3 Luan an
(ferrate(VI)) pH3 60 97,3
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KET LUAN

1. Da tong hop thanh cong dung dich ferrate(VI) bang phuong phap dong khong
d6i. So sanh voi vt liéu gang xam va thép CT3, vat liéu gang cau c6 hibu suit
tong hop ferrate cao hon han va dat 74 % tai 40 °C. Piéu kién ti wu cho qué trinh
tong hop ferrate st dung anot gang cau 1a: dung dich dién phan NaOH 14 M, mat
do dong dién 40 mA/cm?, nhiét do 30 — 40 °C, thoi gian dién phan khoéang 6 h, ty
16 S/V 0,08 cm™'.

2. Anh SEM, gian d6 XRD da chtimg minh c6 16p thy dong hinh thanh trén anot
gang cau trong qua trinh tong hop ferrate dién hoa va day 1én theo thoi gian. Pho
CV, Raman va EDS cho thay thanh phan cta 16p thu dong bao gom hén hop cac
oxit sit FeOOH, Fe 03, va Fe;04 trong d6 Fe;Os chiém phan 16n. Pho EIS, CV
cho thay 16p thu dong nay da han ché cac qua trinh dién hoa dién ra trén bé mat
anot 1am suy giam hiéu suét tong hop ferrate. Chu ky hoat dong t6i wu cta anot
gang cau 1a 6 h. Sau mdi chu ky can phai xir Iy bé mit anot dé loai bo 16p thu

dong.

3. Do bén cua dung dich ferrate(VI) phu thudc vao cac yéu td bao gom: nhiét do,
néng do NaOH va néng d6 ferrate ban dau. Khi nhiét do va néng do ferrate ban
dau cang tang thi do bén cang giam, nguoc lai ndng d6 NaOH cang ting thi do
bén cang ting. Dung dich ferrate bao quan t6i wu ¢ 4 °C va ndng d6 NaOH 14-

16 M.

4. Qua trinh xr Iy MO va RR195 bang ferrate(VI) phu thudc vao pH va ty 1¢ mol
Fe(VI): chit mau. Gia tri pH t6i wu 13 3 va tai pH 3 hiéu suit xtr Iy MO va RR
195 dat gia tri trén 90% khi ty 1¢ mol Fe(VI)/MO 16n hon 5,1/1 va ty 1€ mol
Fe(VI)/RR 195 16n hon 18/1. Phan (mg oxy héa MO va RR 195 bang ferrate xay
ra chi yéu trong nhitng phtt dau tién. Hiéu qua loai bd RR 195 dat 93 % sau 3
phut véi ty 1€ mol Fe(VI)/RR 195 = 24,1/1,0. Hiu suat loai bo MO dat 99.3 %
sau 3 phut voi ty 1€ mol Fe(VI)/MO 1a 8.5/1,0.



97

NHUNG PONG GOP MOI CUA LUAN AN

1. D tién hanh nghién ctru tong hop ferrate bang phuong phap dién hoa sir dung
vat liéu anot gang cau, co chi phi thip va chua timg duoc sir dung trude day. Vat
ligu gang cau cho théy hiéu suat téng hop cao, dat 74 % & nhiét do 40 °C. Da tim
ra dugc diéu kién téng hop dién héa ti wu cho qué trinh tong hop ferrate st dung
anot gang cau.

2. Daic biét trong nghién ctru da l1am ro6 co ché hinh thanh 16p thu dong trén bé mat
anot gang cau trong qua trinh tong hop ferrate bang phuong phap dién hoa. Két
qua cho thiy thanh phan chinh cta 16p thu dong 13 Fe;O4. Pong thoi, dd danh gia
dugc tac dong cua 16p thu dong 1am suy giam hiéu suat tong hop ferrate.

3. Pi nghién ctru xtr 1y thanh cong chit mau azo reactive red 195 bang ferrate voi
ty 1€ mol ferrate/RR195 16n hon 18/1. BPa chirng minh dugc qué trinh xu 1y
RR195 dién ra nhanh chi trong 3 — 5 phit dau tién.



98

DANH SACH CONG TRINH CONG BO

. Thi Thanh Thuy Mai, Thi Van Anh Nguyen, Thi Binh Phan, Truong Giang Le,
A Low-Cost Optimal Anode Material for Electrochemical Generation of

Ferrate(V1), Journal of The Electrochemical Society, 2023, 170, 8, 83510. (ISI,
Q1).

. Thi Van Anh Nguyen, Thi Thanh Thuy Mai, Thi Binh Phan, Huu Quang Tran,
Minh Quy Bui, Ferrate(VI) green oxidant: electrochemical generation, self-

decomposition, and application for reactive red 195 azo dye treatment, Journal

of Chemical Technology & Biotechnology, 2024, 99, 2454-2463, (IS1, Q1).

. Thi Thanh Thuy Mai, Thi Van Anh Nguyen, Thi Binh Phan, Effect of anode
passivation on ferrate(VI) electro-generation wusing ductile iron anode
and application  for methylene blue treatment, Journal of Applied
Electrochemistry, 2024, 54, 1783—-1794. (ISI, Q2).

. Nguyen Thi Van Anh, Phan Thi Binh, Mai Thi Xuan, Mai Thi Thanh Thuy, The
effect of NaOH concentration on ferrate electrosynthesis, Vietnam Journal of

Chemistry , 2024, 62, 4, 437-445. (Scopus, Q3).

. Nguyen Thi Van Anh, Phan Thi Binh, Tran Huu Quang, Nguyen The Duyen,
Phan Hoang Yen, Mai Thi Thanh Thuy, Efficient removal of methyl orange by
terrate(VI), Vietnam Journal of Sciences and Technology. (VAST1, Scopus,
chip nhin ding)

. Nguyén Thi Van Anh, Mai Thi Thanh Thuy, Phan Thi Binh, Nghién ctru tinh
chét dién hoa va qua trinh tong hop ferrate (VI) trén dién curc anot gang xam trong
moi truong kiém dic, T. ap chi Khoa hoc va Cong nghé Viet Nam, 2025.
https://doi.org/10.31276/VIST.2025.2998



10.

11.

12.

13.

99

TAI LIEU THAM KHAO

Wang X., Jiang J., Gao W., 2022, Reviewing textile wastewater produced by
industries: characteristics, environmental impacts, and treatment strategies,
Water Science and Technology, 85(7), pp. 2076-2096.

Sudarshan S., Harikrishnan S., RathiBhuvaneswari G., Alamelu V., Aanand
S., Rajasekar A., Govarthanan M., 2023, Impact of textile dyes on human
health and bioremediation of textile industry effluent using microorganisms:
current status and future prospects, Journal of Applied Microbiology, 134(2),
Ixac064.

Fernandes N.C., Brito L.B., Costa G.G., Taveira S.F., Cunha—Filho M.S.S.,
Oliveira G.A.R., Marreto R.N., 2018, Removal of azo dye using Fenton and
Fenton-like processes: Evaluation of process factors by Box—Behnken design
and ecotoxicity tests, Chemico-Biological Interactions, 291, pp. 47-54.
Anantha M., Olivera S., Hu C., Jayanna B., Reddy N., Venkatesh K.,
Muralidhara H., Naidu R., 2020, Comparison of the photocatalytic, adsorption
and electrochemical methods for the removal of cationic dyes from aqueous
solutions, Environmental Technology & Innovation, 17, 100612.
Moghaddam S.S., Moghaddam M.A., Arami M., 2010, Coagulation/
flocculation process for dye removal using sludge from water treatment plant:
optimization through response surface methodology, Journal of Hazardous
Materials, 175(1-3), pp. 651-657.

Singh A., Pal D.B., Mohammad A., Alhazmi A., Haque S., Yoon T.,
Srivastava N., Gupta V.K., 2022, Biological remediation technologies for dyes
and heavy metals in wastewater treatment: New insight, Bioresource
Technology, 343, 126154.

Chakraborty S., De S., DasGupta S., Basu J.K., 2005, Adsorption study for the
removal of a basic dye: experimental and modeling, Chemosphere, 58(8), pp.
1079-1086.

Rafiq A., Ikram M., Ali S., Niaz F., Khan M., Khan Q., Magbool M., 2021,
Photocatalytic degradation of dyes using semiconductor photocatalysts to
clean industrial water pollution, Journal of Industrial and Engineering
Chemistry, 97, pp. 111-128.

He T., Zhou B., Chen H., Yuan R., 2022, Degradation of organic chemicals in
aqueous system through ferrate-based processes: A review, Journal of
Environmental Chemical Engineering, 10(6), 108706.

Sharma V.K., 2010, Oxidation of inorganic compounds by ferrate (VI) and
ferrate (V): one-electron and two-electron transfer steps, Environmental
Science & Technology, 44(13), pp. 5148-5152.

Li G., Wang N., Liu B., Zhang X., 2009, Decolorization of azo dye Orange II
by ferrate (VI)-hypochlorite liquid mixture, potassium ferrate (VI) and
potassium permanganate, Desalination, 249(3), pp. 936-941.

Jargalsaikhan M., Lee J., Jang A., Jeong S., 2021, Efficient removal of Azo
dye from wastewater using the non-toxic potassium ferrate oxidation—
coagulation process, Applied Sciences, 11(15), 6825.

Malik S.N., Ghosh P.C., Vaidya A.N., Waindeskar V., Das S., Mudliar S.N.,
2017, Comparison of coagulation, ozone and ferrate treatment processes for



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

100

color, COD and toxicity removal from complex textile wastewater, Water
Science and Technology, 76(5), pp. 1001-1010.

Khoi T.T., An N.T., Huy N.N., Thuy N.T., 2023, Ferrate as an all-in-one
coagulant, oxidant, and disinfectant for drinking water treatment, Journal of
Applied Water Engineering and Research, pp. 1-10.

Yu J., Sumita, Zhang K., Zhu Q., Wu C., Huang S., Zhang Y., Yao S., Pang
W., 2023, A review of research progress in the preparation and application of
ferrate (VI), Water, 15(4), pp. 699.

Jiang J.-Q., Lloyd B., 2002, Progress in the development and use of ferrate
(VI) salt as an oxidant and coagulant for water and wastewater treatment,
Water Research, 36(6), pp. 1397-1408.

Ghernaout D., Naceur M., 2011, Ferrate (VI): In situ generation and water
treatment—A review, Desalination and Water Treatment, 30(1-3), pp. 319-332.
Tsapin A., Goldfeld M., McDonald G., Nealson K., Moskovitz B., Solheid P.,
Kemner K., Kelly S., Orlandini K., 2000, Iron (VI): Hypothetical candidate
for the Martian oxidant, Icarus, 147(1), pp. 68-78.

Lee Y., Cho M., Kim J.Y., Yoon J., 2004, Chemistry of ferrate (Fe (VI)) in
aqueous solution and its applications as a green chemical, Journal of Industrial
and Engineering Chemistry, 10(1), pp. 161-171.

Bagheri M., Talaei M.R., Jaafarzadeh N., Talaiekhozani A., 2016, An
Overview on Production and Applications of Ferrate (VI), Jundishapur
Journal of Health Sciences, 8(3): :e34904.

Sharma V.K., Burnett C.R., Millero F.J., 2001, Dissociation constants of the
monoprotic ferrate (VI) ion in NaCl media, Physical Chemistry Chemical
Physics, 3(11), pp. 2059-2062.

Sharma V.K., 2002, Potassium ferrate (VI): an environmentally friendly
oxidant, Advances in Environmental Research, 6(2), pp. 143-156.

El Maghraoui A., Zerouale A., [jjaali M., 2023, Synthesis of Stable Alkaline
Ferrates (VI) by Dry Process: Quantitative and Qualitative Assessment,
International Journal of Thin Films Science and Technology, 12(3), pp. 225-
232.

El Maghraoui A., Zerouale A., [jjaali M., 2015, Process for the synthesis of
ferrate (VI) Alkali metal dry, Advances in Materials Physics and Chemistry,
5(01), pp. 10.

Kanari N., Ostrosi E., Ninane L., Neveux N., Evrard O., 2005, Synthesizing
alkali ferrates using a waste as a raw material, JOM, 57(8), pp. 39-42.

Kanari N, Filippova 1., Diot F., Mochon J., Ruiz-Bustinza 1., Allain E., Yvon
J., 2014, Utilization of a waste from titanium oxide industry for the synthesis
of sodium ferrate by gas—solid reactions, Thermochimica Acta, 575, pp. 219-
225.

Thompson G., Ockerman L.T., Schreyer J., 1951, Preparation and purification
of potassium ferrate. VI, Journal of the American Chemical Society, 73(3), pp.
1379-1381.

Gunawan G., Prasetya N.B.A., Haris A., Pratista E., 2022, Ferrate synthesis
using NaOCl and its application for dye removal, Open Chemistry, 20(1), pp.
1142-1154.

Li C,, Li X., Graham N., 2005, A study of the preparation and reactivity of
potassium ferrate, Chemosphere, 61(4), pp. 537-543.



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

101

Hrnciarikova L., Kerekes K., Hives J., Gal M., 2013, The influence of anode
composition on the electrochemical ferrate (VI) production in molten KOH,
International Journal of Electrochemical Science, 8(6), pp. 7768-7778.
Hrnciarikova L., Gal M., Kerekes K., Hives J., 2013, Voltammetric and
impedance study of the influence of the anode composition on the
electrochemical ferrate (VI) production in molten NaOH, Electrochimica
Acta, 110, pp. 581-586.

Hives J., Benova M., Bouzek K., Sharma V.K., 2006, Electrochemical
formation of ferrate(VI) in a molten NaOH-KOH system, Electrochemistry
communications, 8(11), pp. 1737-1740.

Glibert J., Claes P., 1979, Electrical conductivity and specific mass of the
molten NaOH-KOH eutectic mixture, Electrochimica Acta, 24(1), pp. 35-39.
Hrnciarikova L., Hives J., Kerekes K., Kamenar J.,, Gal M., 2010,
Electrochemical behaviour of Fe and Fe-Si electrodes in molten hydroxides
mixture, Acta Chimica Slovaca, 3(2), pp. 74-83.

Maécova Z., Bouzek K., Hives J., Sharma V.K., Terryn R.J., Baum J.C., 2009,
Research progress in the -electrochemical synthesis of ferrate (VI),
Electrochimica Acta, 54(10), pp. 2673-2683.

McBeath S.T., Zhang Y., Hoffmann M.R., 2023, Novel synthesis pathways
for highly oxidative iron species: generation, stability, and treatment
applications of ferrate (IV/V/VI), Environmental Science & Technology,
57(47), pp. 18700-18709.

Cataldo-Hernandez M.A., Govindarajan R., Bonakdarpour A., Mohseni M.,
Wilkinson D.P., 2018, Electrosynthesis of ferrate in a batch reactor at neutral
conditions for drinking water applications, The Canadian Journal of Chemical
Engineering, 96(8), pp. 1648-1655.

McBeath S.T., Graham N.J., 2021, Simultaneous electrochemical oxidation
and ferrate generation for the treatment of atrazine: A novel process for water
treatment applications, Journal of Hazardous Materials, 411, pp. 125167.
Comninellis C., Electrochemistry for the Environment. 2010, Springer.

Diaz M., Doederer K., Keller J., Cataldo M., Donose B.C., Ali Y., Ledezma
P., 2021, Towards in situ electro-generation of ferrate for drinking water
treatment: A comparison of three low-cost sacrificial iron electrodes, Journal
of Electroanalytical Chemistry, 880, pp. 114897.

Wang K., Shu J.,, Wang S., Hong T., Xu X., Wang H., 2020, Efficient
electrochemical generation of ferrate (VI) by iron coil anode imposed with
square alternating current and treatment of antibiotics, Journal of Hazardous
Materials, 384, 121458.

Bouzek K., Flower L., Rousar I., Wragg A., 1999, Electrochemical production
of ferrate (VI) using sinusoidal alternating current superimposed on direct
current. Pure iron electrode, Journal of Applied Electrochemistry, 29, pp. 569-
576.

Sun X., Zu K., Liang H., Sun L., Zhang L., Wang C., Sharma V. K., 2018,
Electrochemical synthesis of ferrate (VI) using sponge iron anode and
oxidative transformations of antibiotic and pesticide, Journal of Hazardous
Materials, 344, pp. 1155-1164.

Ding Z., Yang C., Wu Q., 2004, The electrochemical generation of ferrate at
porous magnetite electrode, Electrochimica Acta, 49(19), pp. 3155-3159.



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

102

He W., Wang J., Yang C., Zhang J., 2006, The rapid electrochemical
preparation of dissolved ferrate (VI): Effects of various operating parameters,
Electrochimica Acta, 51(10), pp. 1967-1973.

Bouzek K., Schmidt M.J., Wragg A.A., 1999, Influence of anode material
composition on the stability of electrochemically-prepared ferrate (VI)
solutions, Journal of Chemical Technology & Biotechnology, T74(12), pp.
1188-1194.

Denvir A., Pletcher D., 1996, Electrochemical generation of ferrate Part 2:
Influence of anode composition, Journal of Applied Electrochemistry, 26(8),
pp. 823-827.

De Koninck M., Bélanger D., 2003, The electrochemical generation of ferrate
at pressed iron powder electrode: comparison with a foil electrode,
Electrochimica Acta, 48(10), pp. 1435-1442.

Micova Z., Bouzek K., 2011, The influence of electrolyte composition on
electrochemical ferrate (VI) synthesis. Part II: anodic dissolution kinetics of a
steel anode rich in silicon, Journal of Applied Electrochemistry, 41, pp. 1125-
1133.

Lé Cong Dudng, 2000, Vat liéu hoc, Nha xuét ban Khoa hoc va K¥ thuat Ha
Noi.

Barisc1 S., 2018, Electrochemical ferrate (VI) synthesis with cast iron shavings
and its potential application for household graywater recycling, Journal of
Environmental Engineering, 144(9), 04018073.

Barigg1 S., Ulu F., Siarkkd H., Dimoglo A., Sillanpda M., 2014,
Electrosynthesis of ferrate (VI) ion using high purity iron electrodes:
Optimization of influencing parameters on the process and investigating its
stability, International Journal of Electrochemical Science, 9(6), pp. 3099-
3117.

Miacova Z., Bouzek K., Sharma V.K., 2010, The influence of electrolyte
composition on electrochemical ferrate (VI) synthesis. Part I: anodic
dissolution kinetics of pure iron, Journal of Applied Electrochemistry, 40, pp.
1019-1028.

He W., Wang J., Shao H., Zhang J., Cao C.N., 2005, Novel KOH electrolyte
for one-step electrochemical synthesis of high purity solid K:FeOs:
Comparison with NaOH, Electrochemistry Communications, 7(6), pp. 607-
611.

Richardson J.A., in Shreir's Corrosion. 2010, Elsevier Amsterdam, pp. 1191-
1260.

Sun X., Zhang Q., Liang H., Ying L., Xiangxu M., Sharma V.K., 2016, Ferrate
(VI) as a greener oxidant: Electrochemical generation and treatment of phenol,
Journal of Hazardous Materials, 319, pp. 130-136.

Bouzek K., Rousar 1., 1997, Influence of anode material on current yield
during ferrate (vi) production by anodic iron dissolution: Part III: Current
efficiency during anodic dissolution of pure iron to ferrate (VI) in concentrated
alkali hydroxide solutions, Journal of Applied Electrochemistry, 27(6), pp.
679-684.



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

103

El Maghraoui A., Zerouale A., Ijjaali M., Sajieddine M., 2013, Synthesis and
characterization of ferrate (VI) alkali metal by electrochemical method.
Advances in Materials Physics and Chemistry, 3, pp. 83-87.

Wang H., Liu Y., Zeng F., Song S., 2015, Electrochemical synthesis of ferrate
(VI) by regular anodic replacement, International Journal of Electrochemical
Science, 10(10), pp. 7966-7976.

Quino-Favero J., Espinoza A.G., Saettone E., Llanos J.C.Y., Larroca F.P.,
2024, The effect of temperature on the rate of oxygen evolution reaction
during ferrate (VI) synthesis by anodic dissolution of iron in highly alkaline
media, Heliyon, 10(15): e35414.

Macova Z., Bouzek K., Sharma V. K., 2008, Ferrate, ACS Publications, pp.
52-67.

Nikoli¢-Bujanovi¢ L., Cekerevac M., Vojinovi¢-Miloradov M., Joki¢ A.,
Simic¢i¢ M., 2012, A comparative study of iron-containing anodes and their
influence on electrochemical synthesis of ferrate (VI), Journal of Industrial
and Engineering Chemistry, 18(6), pp. 1931-1936.

Hives$ J., Macova Z., Benova M., Bouzek K., 2008, Comparison of Ferrate
(VI) Synthesis in Eutectic NaOH-KOH Melts and in Aqueous Solutions,
Journal of The Electrochemical Society, 155(9), pp. E113.

Schreyer J., Ockerman L., 1951, Stability of ferrate (VI) ion in aqueous
solution, Analytical Chemistry, 23(9), pp. 1312-1314.

Lee Y., Kissner R., von Gunten U., 2014, Reaction of ferrate (VI) with ABTS
and self-decay of ferrate (VI): kinetics and mechanisms, Environmental
Science & Technology, 48(9), pp. 5154-5162.

Karim A.V., Krishnan S., Pisharody L., Malhotra M., Bustillo-Lecompte C.,
2020, Application of ferrate for advanced water and wastewater treatment,
Adv. Oxid. Process, 5, pp. 79.

YouK., FulJ.X,, Tang Y.L., Zhao Y.H., Lan Y.Y ., 2010, Study on Stability of
Ferrate (VI) under the Effect of the Buffering Agent and the Strong Oxidizer,
Advanced Materials Research, 113, pp. 2319-2322.

Graham N., Jiang C.-c., L1 X.-Z., Jiang J.-Q., Ma J., 2004, The influence of
pH on the degradation of phenol and chlorophenols by potassium ferrate,
Chemosphere, 56(10), pp. 949-956.

Kolaf M., Novak P., Siskova K.M., Machala L., Malina O., Tuéek J., Sharma
V.K., Zboiil R., 2016, Impact of inorganic buffering ions on the stability of Fe
(VD) in aqueous solution: role of the carbonate ion, Physical Chemistry
Chemical Physics, 18(6), pp. 4415-4422.

Rush J.D., Bielski B.H., 1994, Decay of ferrate (V) in neutral and acidic
solutions. A premix pulse radiolysis study, /norganic Chemistry, 33(24), pp.
5499-5502.

Rush J., Bielski B.H., 1989, Kinetics of ferrate (V) decay in aqueous solution.
A pulse-radiolysis study, Inorganic Chemistry, 28(21), pp. 3947-3951.

Rush J.D., Zhao Z., Bielski B.H., 1996, Reaction of ferrate (VI)/ferrate (V)
with hydrogen peroxide and superoxide anion-a stopped-flow and premix
pulse radiolysis study, Free Radical Research, 24(3), pp. 187-198.

Huang Z.-S., Wang L., Liu Y.-L., Zhang H.-Y., Zhao X.-N., Bai Y., Ma J.,,
2021, Ferrate self-decomposition in water is also a self-activation process: role



74.

75.

76.

77.

78.

79.

80.

1.

82.

83

84.

85.

86.

87.

104

of Fe (V) species and enhancement with Fe (III) in methyl phenyl sulfoxide
oxidation by excess ferrate, Water Research, 197, 117094.

Jiang J., 2007, Research progress in the use of ferrate (VI) for the
environmental remediation, Journal of Hazardous Materials, 146(3), pp. 617-
623.

Khoi T.T., An N.T., Huy N.N., Thuy N.T., 2024, Ferrate as an all-in-one
coagulant, oxidant, and disinfectant for drinking water treatment, Journal of
Applied Water Engineering and Research, 12(3), pp. 277-286.

Sharma V.K., Zboril R., Varma R.S., 2015, Ferrates: greener oxidants with
multimodal action in water treatment technologies, Accounts of Chemical
Research, 48(2), pp. 182-191.

Lee Y., Um [.LH., Yoon J., 2003, Arsenic (III) oxidation by iron (VI)(ferrate)
and subsequent removal of arsenic (V) by iron (III) coagulation,
Environmental Science & Technology, 37(24), pp. 5750-5756.

Prucek R., Tucek J., Kolafik J., Huskova I., Filip J., Varma R.S., Sharma V K.,
Zbotil R., 2015, Ferrate (VI)-prompted removal of metals in aqueous media:
mechanistic delineation of enhanced efficiency via metal entrenchment in
magnetic oxides, Environmental science & technology, 49(4), pp. 2319-2327.
Talaiekhozani A., Talaei M.R., Rezania S., 2017, An overview on production
and application of ferrate (VI) for chemical oxidation, coagulation and
disinfection of water and wastewater, Journal of Environmental Chemical
Engineering, 5(2), pp. 1828-1842.

Sharma V.K., 2004, Use of iron (VI) and iron (V) in water and wastewater
treatment, Water Science and Technology, 49(4), pp. 69-74.

Kovalakova P., Cizmas L., Feng M., McDonald T.J., Marsalek B., Sharma
V K., 2021, Oxidation of antibiotics by ferrate (VI) in water: Evaluation of
their removal efficiency and toxicity changes, Chemosphere, 277, 130365.
Baum J.C., Feng M., Guo B., Huang C.-H., Sharma V.K., 2021, Generation of
iron (IV) in the oxidation of amines by ferrate (VI): Theoretical insight and
implications in oxidizing pharmaceuticals, ACS ES&T Water, 1(8), pp. 1932-
1940.

Sharma V.K., 2010, Oxidation of nitrogen-containing pollutants by novel
ferrate (VI) technology: A review, Journal of Environmental Science and
Health Part A, 45(6), pp. 645-667.

Zheng L., Gao P., Song Y., Wang H., Deng Y., 2023, Dissolved Organic
Phosphorus Removal in Secondary Effluent by Ferrate (VI): Performance and
Mechanism, International Journal of Environmental Research and Public
Health, 20(4), 2849.

Zheng Q., Wu N., Qu R., Albasher G., Cao W., Li B., Alsultan N., Wang Z.,
2021, Kinetics and reaction pathways for the transformation of 4-tert-
butylphenol by ferrate (VI), Journal of Hazardous Materials, 401, 123405.
Han Q., Dong W., Wang H., Liu T., Tian Y., Song X., 2018, Degradation of
tetrabromobisphenol A by ferrate (VI) oxidation: performance, inorganic and
organic products, pathway and toxicity control, Chemosphere, 198, pp. 92-
102.

Yang T., Wang L., Liu Y.L., Zhang W., Cheng H.J., Liu M.C., Ma J., 2020,
Ferrate oxidation of bisphenol F and removal of oxidation products with
ferrate resulted particles, Chemical Engineering Journal, 383, 123167.



88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

105

Fatimah S., Widyawati S., Jannah N., Mei A. Ferrate As an Advance Oxidator
Materials (AOM) for Removing the Congo Red Dyes: Study of Optimization
and Kinetics Degradation, Journal of Physics: Conference Series, 2021. 10P
Publishing.

LiuH., Pan X., ChenJ., Q1 Y., QuR., Wang Z., 2019, Kinetics and mechanism
of the oxidative degradation of parathion by Ferrate (VI), Chemical
Engineering Journal, 365, pp. 142-152.

Malisova E., Faskova L., Pavikova D., HiveS J., Benkdova M., 2021,
Removal of cyanobacteria and cyanotoxins by ferrate from polluted lake
water, Environmental Science and Pollution Research, 28, pp. 27084-27094.
Al-Abduly A., Sharma V.K., 2014, Oxidation of benzothiophene,
dibenzothiophene, and methyl-dibenzothiophene by ferrate (VI), Journal of
hazardous materials, 279, pp. 296-301.

Liu M., Wu N, Li X., Zhang S., Sharma V.K., Ajarem J.S., Allam A.A., Qu
R., 2023, Insights into manganese (VII) enhanced oxidation of benzophenone-
8 by ferrate (VI): mechanism and transformation products, Water Research,
238, 120034.

Gonzalez-Merchan C., Genty T., Bussiere B., Potvin R., Paquin M.,
Benhammadi M., Neculita C.M., 2016, Ferrates performance in thiocyanates
and ammonia degradation in gold mine effluents, Minerals Engineering, 95,
pp. 124-130.

Sharma V.K., Yngard R.A., Cabelli D.E., Baum J.C., 2008, Ferrate (VI) and
ferrate (V) oxidation of cyanide, thiocyanate, and copper (I) cyanide,
Radiation Physics and Chemistry, 77(6), pp. 761-767.

Liang Y.m., Jun M., Liu W., 2007, Enhanced removal of lead (II) and
cadmium (II) from water in alum coagulation by ferrate (VI) pretreatment,
Water environment research, 79(12), pp. 2420-2426.

Wang N., Wang N., Tan L., Zhang R., Zhao Q., Wang H., 2020, Removal of
aqueous As (IIT) Sb (III) by potassium ferrate (K2FeO4): The function of
oxidation and flocculation, Science of the Total Environment, 726, 138541.
Pachuau L., Lee S.M., Tiwari D., 2013, Ferrate (VI) in wastewater treatment
contaminated with metal (II)-iminodiacetic acid complexed species, Chemical
Engineering Journal, 230, pp. 141-148.

Petrov V.G., Perfiliev Y.D., Dedushenko S.K., Kuchinskaya T.S., Kalmykov
S.N., 2016, Radionuclide removal from aqueous solutions using potassium
terrate (VI), Journal of Radioanalytical and Nuclear Chemistry, 310, pp. 347-
352.

Thomas M., Drzewicz P., Wieckol-Ryk A., Panneerselvam B., 2022,
Effectiveness of potassium ferrate (VI) as a green agent in the treatment and
disinfection of carwash wastewater, Environmental Science and Pollution
Research, pp. 1-11.

Afzal Ahmed D., Bao P., Jiani Q., Qiuhui Z., Eric L., Muhaad U., Chuanyi
W., 2021, Sustainable ferrate oxidation: Reaction chemistry, mechanisms and
removal of pollutants in wastewater, Environmental Pollution, 290, 117957.

Licht S., Yu X., 2005, Electrochemical alkaline Fe (VI) water purification and
remediation, Environmental science & technology, 39(20), pp. 8071-8076.



102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

106

Edition F., 2011, Guidelines for drinking-water quality, WHO chronicle,
38(4), pp. 104-8.

Barig¢t S., 2017, The disinfection and natural organic matter removal
performance of electro-synthesized ferrate (VI), Journal of Water Process
Engineering, 20, pp. 84-89.

Gunawan G., Prasetya N.B.A., Wijaya R.A., 2024, Electrosynthesis of ferrate
from iron waste and seawater salts as Antibacterials for water pollutant
treatment, Chemical Engineering Journal, 498, 155422.

Mao Y., Chen Z., Xue S., Lu Y., Cao K.-F., Wu Y.-H., Hu H.-Y., 2024,
Synergistic ferrate (VI) and chlorine for reclaimed water disinfection:
Microbial control and chlorine decay mitigation, Science of The Total
Environment, 947, 174521.

Mao Y., Chen Z., Zhang Z.-W., Xue S., Lu Y., Shi Q., Cao K.-F., Chen X.-
W., Wu Y.-H., Hu H.-Y., 2022, Comparison of the disinfection efficacy
between ferrate (V1) and chlorine in secondary effluent, Science of The Total
Environment, 848, 157712.

Talaiekhozani A., Fulazzaky M.A., Ponraj M., Abd Majid M., 2014, Removal
of formaldehyde from polluted air in a biotrickling filter reactor, Desalination
and Water Treatment, 52(19-21), pp. 3663-3671.

Boczek L.A., Ware M.W., Rodgers M.R., Ryu H., 2024, Potassium ferrate's
disinfecting ability: a study on human adenovirus, Giardia duodenalis, and
microbial indicators under varying pH and water temperature conditions,
Journal of Water and Health, 22(6), pp. 1102-1110.

Rougé V., von Gunten U., de Sentenac M.L., Massi M., Wright P.J., Croué J.-
P., Allard S., 2020, Comparison of the impact of ozone, chlorine dioxide,
ferrate and permanganate pre-oxidation on organic disinfection byproduct
formation during post-chlorination, Environmental Science: Water Research
& Technology, 6(9), pp. 2382-2395.

Ghernaout D., Elboughdiri N., 2019, Water Disinfection: Ferrate (VI) as the
Greenest Chemical - A Review, Applied Engineering, 3(2), pp. 171 - 180.
Jiang J.Q., Wang S., Panagoulopoulos A., 2006, The exploration of potassium
ferrate (VI) as a disinfectant/coagulant in water and wastewater treatment,
Chemosphere, 63(2), pp. 212-219.

Aslani H., Nabizadeh R., Nasseri S., Mesdaghinia A., Alimohammadi M.,
Mahvi A.H., Rastkari N., Nazmara S., 2016, Application of response surface
methodology for modeling and optimization of trichloroacetic acid and
turbidity removal using potassium ferrate (VI), Desalination and Water
Treatment, 57(52), pp. 25317-25328.

Benkhaya S., M'rabet S., El Harfi A., 2020, A review on classifications, recent
synthesis and applications of textile dyes, [Inorganic Chemistry
Communications, 115, 107891.

Solis M., Solis A., Pérez H.I.,, Manjarrez N., Flores M., 2012, Microbial
decolouration of azo dyes: a review, Process Biochemistry, 47(12), pp. 1723-
1748.

Barisct S., Turkay O., Dimoglo A., 2016, Review on greywater treatment and
dye removal from aqueous solution by ferrate (VI), Ferrites and Ferrates:
Chemistry and Applications in Sustainable Energy and Environmental
Remediation, pp. 349-409.



116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

107

Katheresan V., Kansedo J., Lau S.Y., 2018, Efficiency of various recent
wastewater dye removal methods: A review, Journal of Environmental
Chemical Engineering, 6(4), pp. 4676-4697.

Gupta V., 2009, Application of low-cost adsorbents for dye removal—a review,
Journal of Environmental Management, 90(8), pp. 2313-2342.

Kasperchik V., Yaskevich A., Bil’Dyukevich A., 2012, Wastewater treatment
for removal of dyes by coagulation and membrane processes, Petroleum
Chemistry, 52, pp. 545-556.

Cevallos-Mendoza J., Amorim C.G., Rodriguez-Diaz J.M., Montenegro
M.d.C.B., 2022, Removal of contaminants from water by membrane filtration:
a review, Membranes, 12(6), 570.

Hassan M.M., Carr C.M., 2018, A critical review on recent advancements of
the removal of reactive dyes from dyehouse effluent by ion-exchange
adsorbents, Chemosphere, 209, pp. 201-219.

Gomez V., Larrechi M.S., Callao M.P., 2007, Kinetic and adsorption study of
acid dye removal using activated carbon, Chemosphere, 69(7), pp. 1151-1158.
Wu J., Doan H., Upreti S., 2008, Decolorization of aqueous textile reactive
dye by ozone, Chemical Engineering Journal, 142(2), pp. 156-160.
Richardson S.D., Thruston A.D., Caughran T.V., Chen P.H., Collette T.W.,
Floyd T.L., Schenck K.M., Lykins B.W., Sun G.-r., Majetich G., 1999,
Identification of new ozone disinfection byproducts in drinking water,
Environmental Science & Technology, 33(19), pp. 3368-3377.

Leichtweis J., Silvestri S., Carissimi E., 2020, New composite of pecan
nutshells biochar-ZnO for sequential removal of acid red 97 by adsorption and
photocatalysis, Biomass and Bioenergy, 140, pp. 105648.

Du Y., Liu H., 2021, Triazine-Functionalized Silsesquioxane-based hybrid
porous polymers for efficient photocatalytic degradation of both Acidic and
basic Dyes under visible light, ChemCatChem, 13(24), pp. 5178-5190.
Chankhanittha T., Komchoo N., Senasu T., Piriyanon J., Youngme S.,
Hemavibool K., Nanan S., 2021, Silver decorated ZnO photocatalyst for
effective removal of reactive red azo dye and ofloxacin antibiotic under solar
light irradiation, Colloids and Surfaces A: Physicochemical and Engineering
Aspects, 626, pp. 127034.

Han Q., Dong W., Wang H., Liu T., Sun F., Ying Y., Yan X., 2013, Effects of
coexisting anions on decolorization of azo dye X-3B by ferrate (VI) and a
comparative study between ferrate (VI) and potassium permanganate,
Separation and Purification Technology, 108, pp. 74-82.

Yaghoot-Nezhad A., Saebnoori E., Danaee 1., Elahi S., Panah N.B., Khosravi-
Nikou M.R., 2022, Evaluation of the oxidative degradation of aromatic dyes
by synthesized nano ferrate (VI) as a simple and effective treatment method,
Journal of Water Process Engineering, 49, pp. 103017.

Prasetya N.B.A., Suripto S.J., Haris A., Mohammed N.S., 2021, Synthesis of
ferrate from ferrous sulfate using wet chemical approach and its application
for remazol black B degradation: optimization and kinetic studies, Journal of
Physics: Conference Series. 1943, 012184.

Xu G., Zhang Y., Li G., 2009, Degradation of azo dye active brilliant red X-
3B by composite ferrate solution, Journal of Hazardous Materials, 161(2-3),
pp. 1299-1305.



131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

108

Gunawan, Prasetya N.B.A., Haris A., Febriliani F., 2021, Synthesis of ferrate
using NaOCI and Fe(OH)s from electrolysis of used iron, and its application
for metanil yellow degradation, Journal of Physics: Conference Series, 1943,
012184.

Turkay O., Baris¢1 S., Dimoglo A., 2016, Kinetics and mechanism of
methylene blue removal by electrosynthesized ferrate (VI), Separation
Science and Technology, 51(11), pp. 1924-1931.

Ciabatti 1., Tognotti F., Lombardi L., 2010, Treatment and reuse of dyeing
effluents by potassium ferrate, Desalination, 250(1), pp. 222-228.

Sharma V.K., Bielski B.H., 1991, Reactivity of ferrate (VI) and ferrate (V)
with amino acids, Inorganic Chemistry, 30(23), pp. 4306-4310.

Tong R., Zhang P., Yang Y., Zhang R., Sun X., Ma X., Sharma V.K., 2021,
On line continuous chemical synthesis of ferrate (VI): Enhanced yield and
removal of pollutants, Journal of Environmental Chemical Engineering, 9(6),
106512.

Pi R., Liu H., Sun X., Zhang R., Zhang J., Sharma V.K., 2021, Strategy of
periodic reverse current electrolysis to synthesize Ferrate (VI): Enhanced yield
and removal of sulfachloropyridazine, Separation and Purification
Technology, 263, pp. 118420.

El Kateb M., Trellu C., Oturan N., Bellakhal N., Nesnas N., Sharma V.K.,
Oturan M.A., 2022, Ferrate (VI) pre-treatment and subsequent
electrochemical advanced oxidation processes: recycling iron for enhancing
oxidation of organic pollutants, Chemical Engineering Journal, 431, pp.
134177.

Li X., Liu M., Wu N., Sharma V.K., Qu R., 2024, Enhanced removal of
phenolic compounds by ferrate (VI): Unveiling the Bi (III)-Bi (V) valence
cycle with in situ formed bismuth hydroxide as catalyst, Water Research, 248,
pp. 120827.

Guo B., Wang J., Sathiyan K., Ma X., Lichtfouse E., Huang C.H., Sharma
V.K., 2023, Enhanced oxidation of antibiotics by ferrate mediated with natural
organic matter: role of phenolic moieties, Environmental Science &
Technology, 57(47), pp. 19033-19042.

Ma J., Liu W., 2002, Effectiveness of ferrate (VI) preoxidation in enhancing
the coagulation of surface waters, Water Research, 36(20), pp. 4959-4962.
Yang T., Wu S., Mai J., Chen L., Huang C., Zeng G., Wu Y., Zhu M., Huang
Y., Mo Z., 2022, Activation of ferrate (VI) by sulfite for effectively degrading
iodinated contrast media and synchronously controlling I-DBPs formation,
Chemical Engineering Journal, 442, 136011.

LiJ., CaoJ., Jiang M., An L., Zeng G., Mai J., SuP., Jing B., Feng M., Ao Z.,
2024, Role of bipyridyl in enhancing ferrate oxidation toward micropollutants,
Journal of Hazardous Materials, 469, 133982.

Zhao X.N., Huang Z.S., Wang G.J., Liu Y.L., Song W.W., Ma J., Wang L.,
2023, Highly efficient utilization of ferrate (VI) oxidation capacity initiated by
Mn (IT) for contaminant oxidation: Role of manganese species, Environmental
Science & Technology, 57(6), pp. 2527-2537.

Yang T., Mai J., Cheng H., Zhu M., Wu S., Tang L., Liang P., Jia J.,, Ma J.,
2021, UVA-LED-assisted activation of the ferrate (VI) process for enhanced



145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157

158.

159.

160.

161.

109

micropollutant degradation: important role of ferrate (IV) and ferrate (V),
Environmental Science & Technology, 56(2), pp. 1221-1232.

Zhang S., Jiang J.-Q., Petri M., 2022, Removing imidacloprid, bisphenol-S
and azithromycin by ferrate (Fe (VI)): efficiency, oxidation products, toxicity
and kinetics, Environmental Challenges, 8, 100552.

Wang H., Wang S., Jiang J.Q., Shu J., 2019, Removal of sulfadiazine by
ferrate (V1) oxidation and montmorillonite adsorption synergistic effect and
degradation pathways, Journal of Environmental Chemical Engineering, 7(4),
pp. 103225.

Patibandla S., Jiang J.Q., Shu X., 2018, Toxicity assessment of four
pharmaceuticals in aquatic environment before and after ferrate (VI)
treatment, Journal of Environmental Chemical Engineering, 6(4), pp. 3787-
3797.

Bariggt S., 2018, Investigation of different reactor configurations for
electrochemical ferrate (VI) synthesis, International Journal of Chemistry and
Technology, 2(2), pp. 89-94.

Baris¢t S., Sarkkd H., Sillanpdd M., Dimoglo A., 2016, The treatment of
greywater from a restaurant by electrosynthesized ferrate (VI) ion,
Desalination and Water Treatment, 57(24), pp. 11375-11385.

Van Hoa N., 2017, Nghién cuu ché tao vat liéu KoFeOu, Hoi nghi khoa hoc
lan thir 1, (Tiéu ban hoa hoc), pp. 41-45.

Ngb Thay An, Tran Tién Khoi, Nguyén Thi Ngoc Duy, Bui Qubc Nguyén,
2016, Panh gia hiéu qua khir tring va xtr 1y chat hitu co trong nudc mit bang
Ferrate, Tap chi Tai nguyén va moi truong, 2, pp. 24-26.

Bui Q.N., Tran T.K., Nguyén M.H., Nguyén T.A., 2016, Panh gi4 kha ning
khir mau nuée thai dét nhudom bang Ferrate, Tap chi Tai nguyén va Méi trieong,
(1-2), pp. 68-69.

Tran T.K., Truong N.T., Nguyen N.H., 2019, Ability of Chlorella vulgaris
algae for nutrients removal in domestic wastewater and its collection by
ferrate, Journal of Vietnamese Environment, 11(1), pp. 27-32.

Truong Ngoc Lién, 2000, Dién héa 1y thuyét, Nha xuat ban Khoa hoc va K¥
thuat, Ha Noi.

L& Qubc Hung, Phan Thi Binh, Vi Thi Thu Ha, Pham H@)ng Phong, 2016,
Dién hoa hoc nang cao, Nha xuit ban Khoa hoc Ty nhién va Cong nghé¢, Ha
Noi.

Lam T.D., Dung N.T., Huy N.L., Hai L.V., 2017, Cac phwong phdp phan tich
héa 1y vt liéu, Nha xuét ban khoa hoc Tu nhién va Cong nghé, Ha Noi.

Lé Van Vi, 2004, Gido trinh cdu tric va phan tich cdau triic vt liéu, Nha xuét
ban Dai hoc Qué)c gia Ha Noi.

Nguyén DinhThanh, 2011, Co 56 cdc phwong phdp phé iing dung trong hod
hoc, Nha xuét ban Khoa hoc va K¥ thuat, Ha Noi.

Nguyén Dinh Triéu, 2001, Cdc phuwong phdp phén tich vat Iy va hod Iy, Nha
xuét ban Khoa hoc va Ky thuat, Ha Noi.

Mi T., Wang J.J., Mccague C., Bai Y., 2023, Application of Raman
Spectroscopy in the study of the corrosion of steel reinforcement in concrete:
A critical review, Cement and Concrete Composites, 143, 105231.

Vii Pang Do, 2006, Cdc phirong phdp vt 1y trong hod hoc, Nha xuat ban Dai
hoc Quéc gia Ha Noi, Ha Noi.



162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173

174.

175.

176.

110

Kerekes K., Hrn¢iarikova L., Hives J., Gal M., 2013, On the mechanism of
electrochemical transpassive dissolution of Fe-based anodes in binary
hydroxide media, Journal of the electrochemical society, 161(1), C62.
Simonovi¢ D., PeSovski B., Krsti¢ V., 2018, Electrochemical synthesis of
ferrate (VI) for the wastewater treatment, Mining and Metallurgy Engineering
Bor, (3-4), pp. 49-54.

Furcas F.E., Mundra S., Lothenbach B., Borca C.N., Huthwelker T., Angst
U.M., 2024, The influence of silicon on the formation and transformation of
corrosion products, Cement and Concrete Research, 182, 107554.

Cekerevac M., Simi¢ié M., Bujanovi¢ L.N., Popovi¢ N., 2012, The influence
of silicate and sulphate anions on the anodic corrosion and the transpassivity
of iron and silicon-rich steel in concentrated KOH solution, Corrosion
Science, 64, pp. 204-212.

Alsheyab M., Jiang J.-Q., Stanford C., 2010, Electrochemical generation of
ferrate (VI): Determination of optimum conditions, Desalination, 254(1-3),
pp. 175-178.

Shein A., Rakityanskaya 1., Lomaeva S., 2007, Anodic dissolution of iron
silicides in alkaline electrolyte, Protection of Metals, 43, pp. 54-58.

Bouzek K., Rousar 1., Taylor M., 1996, Influence of anode material on current
yield during ferrate (VI) production by anodic iron dissolution Part II: Current
efficiency during anodic dissolution of white cast iron to ferrate (VI) in
concentrated alkali hydroxide solutions, Journal of Applied Electrochemistry,
26, pp. 925-931.

Denvir A., Pletcher D., 1996, Electrochemical generation of ferrate Part I:
Dissolution of an iron wool bed anode, Journal of Applied Electrochemistry,
26, pp. 815-822.

De Santis A., Di Bartolomeo O., lacoviello D., Iacoviello F., 2008,
Quantitative shape evaluation of graphite particles in ductile iron, Journal of
Materials Processing Technology, 196(1-3), pp. 292-302.

Jiang H., Tan Y., LeiJ., Zeng L., Zhang Z., Hu J., 2003, Auto-analysis system
for graphite morphology of grey cast iron, Journal of Analytical Methods in
Chemistry, 25(4), pp. 87-92.

Samimi-Sedeh S., Saebnoori E., Hassanzadeh A., 2019, An optimization and
characterization study on sodium ferrate production by electrochemical
method, Journal of Advanced Materials and Processing, 7(4), pp. 3-15.

Yu X., Licht S., 2008, Advances in electrochemical Fe (VI) synthesis and
analysis, Journal of Applied Electrochemistry, 38, pp. 731-742.

Barisct S., Dimoglo A., 2016, Review on the stability of ferrate (VI) species
in aqueous medium and oxidation of pharmaceuticals and personal care
products (PPCPs) by ferrate (VI): Identification of transformation by-
products, Ferrites and Ferrates: Chemistry and Applications in Sustainable
Energy and Environmental Remediation, ACS Publications, pp. 287-335.
Bokobza L., Bruneel J.-L., Couzi M., 2015, Raman spectra of Carbon-based
materials (from Graphite to Carbon Black) and of some Silicone composites,
C — Journal of Carbon Research, 1(1), pp. 77-94.

Singh G., Moon A., Sengupta S., Deo G., Sangal S., Mondal K., 2015,
Corrosion behavior of IF steel in various media and its comparison with mild
steel, Journal of Materials Engineering and Performance, 24, pp. 1961-1974.



177.

178.

179.

180.

181

182.

183.

184.

185.

186.

187.

188.

189.

190.

111

Chen G., Lam W.W., Lo P.K., Man W.L., Chen L., LauK.C., Lau T.C., 2018,
Mechanism of water oxidation by ferrate (VI) at pH 7-9, Chemistry—A
European Journal, 24(70), pp. 18735-18742.

Sipos P.M., Hefter G., May P.M., 2000, Viscosities and densities of highly
concentrated aqueous MOH solutions (M= Na*, K*, Li*, Cs",(CH3)4N") at
25.0 °C, Journal of Chemical & Engineering Data, 45(4), pp. 613-617.

Luo C., Feng M., Sharma V K., Huang C.-H., 2020, Revelation of ferrate (VI)
unimolecular decay under alkaline conditions: Investigation of involvement of
Fe (IV) and Fe (V) species, Chemical Engineering Journal, 388, 124134.
Deng Y., Jung C., Liang Y., Goodey N., Waite T.D., 2018, Ferrate (VI)
decomposition in water in the absence and presence of natural organic matter
(NOM), Chemical Engineering Journal, 334, pp. 2335-2342.

Wang D., Zeng Z., Zhang H., Zhang J., Bai R., 2022, How does pH influence
ferrate (VI) oxidation of fluoroquinolone antibiotics?, Chemical Engineering
Journal, 431, 133381.

Feng M., Wang X., Chen J., QuR., Sui Y., Cizmas L., Wang Z., Sharma V.K.,
2016, Degradation of fluoroquinolone antibiotics by ferrate (VI): Effects of
water constituents and oxidized products, Water Research, 103, pp. 48-57.
Wang J., Wang S., 2021, Effect of inorganic anions on the performance of
advanced oxidation processes for degradation of organic contaminants,
Chemical Engineering Journal, 411, 128392.

Sun Z., Ni Y., Wu Y., Yue W., Zhang G., Bai J., 2023, Electrocatalytic
degradation of methyl orange and 4-nitrophenol on a Ti/TiO2-NTA/La-PbO;
electrode: electrode characterization and operating parameters, Environmental
Science and Pollution Research, 30(3), pp. 6262-6274.

Thi Thanh Thuy M., Thi Van Anh N., Thi Xuan M., Vinh T.Q., Thi Binh P.,
2023, Study on the photoelectrocatalytic activity of reduced TiO» nanotube
films for removal of methyl orange, Green Processing and Synthesis, 12(1),
pp- 20228159.

Razali N.A., Abidin C.Z.A., An O.S., Ridwan F.M., Ibrahim A .H., Sabri S.N.,
Kow S.H., 2018, Preliminary screening oxidative degradation methyl orange
using ozone/persulfate, E3S Web of Conferences., 34: 002038.

Youssef N.A., Shaban S.A., Ibrahim F.A., Mahmoud A.S., 2016, Degradation
of methyl orange using Fenton catalytic reaction, Egyptian Journal of
Petroleum, 25(3), pp. 317-321.

Naikwade A.G., Jagadale M.B., Kale D.P., Gophane A.D., Garadkar K.M.,
Rashinkar G.S., 2020, Photocatalytic degradation of methyl orange by
magnetically retrievable supported ionic liquid phase photocatalyst, ACS
omega, 5(1), pp. 131-144.

Razip N.I.LM., Lee K.M., Lai C.W., Ong B.H., 2019, Recoverability of
Fe304/Ti02 nanocatalyst in methyl orange degradation, Materials Research
Express, 6(7), 075517.

Lin X., Wang X., Zhou Q., Wen C., Su S., Xiang J., Cheng P.,, Hu X,, Li Y.,
Wang X., 2018, Magnetically recyclable MoS2/Fe;O4 hybrid composite as
visible light responsive photocatalyst with enhanced photocatalytic
performance, ACS Sustainable Chemistry & Engineering, 7(1), pp. 1673-
1682.



191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

112

Pham T.T., Mai T.T., Phan B.T., 2022, Removal of methyl orange from
aqueous solution by electrochemical process using stainless steel/PbO»-TiO>
stable electrode, Desalination and Water Treatment, 266, pp. 202-211.
YaoY., CuiL,LiY., YuN., Dong H., Chen X., Wei F., 2015, Electrocatalytic
Degradation of Methyl Orange on PbO»-TiO2 Nanocomposite Electrodes,
International Journal of Environmental Research, 9(4).

Nazir M.A., Najam T., Zarin K., Shahzad K., Javed M.S., Jamshaid M., Bashir
M.A., Shah S.S.A., Rehman A.U., 2023, Enhanced adsorption removal of
methyl orange from water by porous bimetallic Ni/Co MOF composite: a
systematic study of adsorption kinetics, International Journal of
Environmental Analytical Chemistry, 103(16), pp. 4841-4856.

Umadevi M., Rathinam R., Brindha T., Dheenadhayalan S., Pattabhi S., 2022,
Application of electro-chemical oxidation for the treatment of reactive red 195
using graphite electrode, Asian Journal of Biological and Life Sciences, 10(3),
pp. 620-625.

Nazari P., Setayesh S.R., 2019, Effective degradation of Reactive Red 195 via
heterogeneous electro-Fenton treatment: theoretical study and optimization,
International Journal of Environmental Science and Technology, 16, pp.
6329-6346.

Pereira C.A.A., Nava M.R., Walter J.B., Scherer C.E., Dalfovo A.D.K.,
Barreto-Rodrigues M., 2021, Application of zero valent iron (ZVI)
immobilized in Ca-Alginate beads for CI Reactive Red 195 -catalytic
degradation in an air lift reactor operated with ozone, Journal of Hazardous
Materials, 401, pp. 123275.

Karimi M., Bidoki S.M., Benvidi A., 2022, Novel Ti/TiHx/SnO;-Sb20s5-NiO-
CNT electrode for electrochemical Ozone generation for degradation of toxic
textile azo dyes, Environmental Engineering Research, 27(3).

Kucukcongar S., Alwindawi A.G.J., Turkyilmaz M., Ozaytekin 1., 2023,
Reactive dye removal by photocatalysis and sonophotocatalysis processes
using Ag/TiO2/Fe3O4 nanocomposite, Water, Air, & Soil Pollution, 234(2),
103.

Kausar A., Ijaz S., Rafagat M., Dahshan A., Latif A.A., Bibi S., Al-Kadhi N.S.,
Alissa S.A., Nazir A., Igbal M., 2023, Chitosan-cellulose composite for the
adsorptive removal of anionic dyes: Experimental and theoretically approach,
Journal of Molecular Liquids, 391, 123347.

Pérez-Calderdn J., Santos M. V., Zaritzky N., 2020, Synthesis, characterization
and application of cross-linked chitosan/oxalic acid hydrogels to improve azo
dye (Reactive Red 195) adsorption, Reactive and Functional Polymers, 155,
104699.



PL1

PHU LUC

Xay dung dwong chuin xac dinh ndng d¢ ferrate

Cac mau ferrate(VI) dugc tién hanh do UV-vis va x4c dinh duoc cuong do dinh

pic tai budc song 507 nm (hinh PL2.1 va bang PL2.2). Sau d6 cac mau niy duoc xac

dinh ndng d6 ferrate (VI) bang phwong phap chuin d6 Cromat. Két qua di xay dung

dugc dudng chuan nhu trén hinh PL2.3, phuong trinh phy thudc giita nong do ferrate

va cudng do (a.u) nhu sau: y = 119,26x (3.1). Phuong trinh duong chuan c6 do chinh

xac R?=0,99438.
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Hinh PL2.1. Phé UV-vis ciia cdc mdu ferrate

Bing PL2.1. Cuong dé hdp thu quang cia dung dich ferrate tai buéc séng 507 nm

Miu Nong dé dung dich D) hap thu quang
ferrate (mg/L) (a.u)
1 51,86 0,1335
2 100,07 0,2626
3 192,85 0,3922
4 364,28 0,5203
5 513,21 0,6493
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Hinh PL2.2. Puong chudn xdc dinh nong dé dung dich ferrate (VI)

Xay dung dwong chuin xac dinh ndng d6 MO

Cac mau MO duoc tién hanh do UV-vis va xé4c dinh duogc cuong do dinh pic tai
budc song 507 nm (bang PL2.2). Két qua di xay dung duoc dudng chuan nhu trén
hinh PL2.3, phuong trinh phu thudc gitta ndng do MO va cudng do hap thu quang
nhu sau: y = 11,058x (Hinh PL2.3). Phuong trinh dudng chuan c6 d6 chinh xac R%=
0,9993.

Bing PL2.2. Curong dé hdp thu quang cia dung dich MO tai bude séng 507 nm

. Nong d6 dung dich RR195 | P hip thu quang
(mg/L) (a.u)
1 10,00 0,916
2 7,50 0,662
3 5,00 0,463
4 2,50 0,210
5 1,25 0,096
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Hinh PL2.3. Puong chuan xdc dinh néng do dung dich MO

Xay dung dwong chuin xac dinh nong do RR195

Céac mau RR195 dugc tién hanh do UV-vis va x4c dinh duoc cudng do dinh pic
tai budc song 545 nm (bang PL2.3). Két qua da xdy dung dugc duong chuan nhu trén
hinh PL2.3, phwong trinh phu thudc giita nong d6 RR 195 va cudng do hap thy quang
nhu sau: y = 22,546x (Hinh PL2.4). Phuong trinh dudng chuan c6 d6 chinh xac R%=
0,9999.

Bing PL2.3. Cuong dé hdp thu quang ciia dung dich RR195 tai buéc song 545 nm

MAiu | Nong d dung dich RR195 | P§ hap thu quang
(mg/L) (a.u)
1 2,5 0,108
2 5,0 0,230
3 7,5 0,333
4 10,0 0,441
5 12,5 0,553
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Hinh PL2.4. Puong chudn xdc dinh nong dé dung dich RR195

So sanh tong hop ferrate trong dung dich dién ly NaOH va KOH sir dung dién

cuc gang xam.

300 1
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Hinh PL3.1. Anh hwong cua mdt do dong toi néng do ferrate va hiéu suat
tong hop trong dung dich NaOH 14 M va dung dich KOH 14 M.

(Diéu kién thi nghi¢m: Thoi gian dién phdn 1 gio, nhiét dé tong hop 30 °C)

Khi so sanh hi¢u suat tong hop ferrate trong dung dich KOH 14 M va dung dich

NaOH 14 M cho thiy ndng d6 ferrate va hiéu suét tong hop trong dung dich NaOH

14 M cao hon han trong dung dich KOH 14 M & tét ca cac mat do dong khao sat.

Xic dinh dé din dién ciia dung dich dién ly NaOH

Do dan dién cua dung dich dién ly dugc xac dinh bang phuong phap do tong tro

O vung tan sd cao. PO dan dién cua dung dich duogc tinh theo cong thuc (PL2.1) va

cac két qua duoc thé hién trén bang PL3.1

l

XZE

(PL2.1)
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Trong d6: 114 chiéu dai ctua khdi dung dich dién ly (cm), S 12 tiét dién cua khoi
dung dich chat dién ly (cm?), R 1a dién tr& dung dich dugc x4c dinh bang phuong
phap do téng trd (tin s6: 8 MHz—1 kHz; bién do: 5 mV).

Bdng PL3.1. Do dan dién cua dung dich dién ly tai cac néng do khac nhau

Nong @6 NaOH R@) P din dién P nhét
M) (S/cm) (mPa.s)

8 18,33 0,345 6,33

10 24,13 0,262 10,52

12 29,47 0,214 16,74

14 34,68 0,182 25,17

16 42,49 0,148 34,65

Két qua cho thdy d6 din dién ciia dung dich NaOH ty 18 nghich v&i nong do,
néng do cang cao do dan dién cang giam. B9 dan dién tai néng do 8 M 1a cao nhét va
dat gia tr1 0,345 S/cm, cao gép 2,3 1an d6 dan dién cua dung dich tai néng do 16 M.
biéu nay dugc giai thich do thuc té & néng do NaOH cao thi d¢ nhét cia dung dich
cang tang. Theo tai liéu [8], d0 nhot cua dung dich NaOH 8 M ¢6 gia tri 6,33 mPA.s
trong khi d§ nhot cia dung dich NaOH 16 M c6 gia tri 34,65 mPa.s. B nhét cua
dung dich cao gay lén sy kém linh dong cac ion, diéu nay lam cho d¢ dan dién cuoa

dung dich giam.

Xir Iy MB bang ferrate

Qua trinh xir Iy MB bang ferrate duoc nghién ctru & cac ty 1é mol Fe(VI)/MB
thay ddi tir 2,5/1,0 dén 10/11 (hinh PL3.2) theo thoi gian & pH=3. Két qua cho thay
cd MB bi phan hiy chu yéu trong vong 3 — 5 phut dau tién & tat ca cac ty 1& mol
Fe(VI)/MB.

Hiéu suat xtr Iy MB dat lan luot 13 83 va 93 % sau 5 phat, 87 % va 96 % sau
10 phut ¢ ty 18 mol Fe(VI)/MB 7,5/1 va 10/1. Tiép theo ting thoi gian tir 10 1én 50
phut thi hiéu suét xir Iy MB ting rat cham. Tai cac ty 1& mol Fe(VI)/MB thip hon
2,5/1 va 5,0/1, hiéu suat xtr Iy MB dat 60 % va 84 % sau thoi gian 20 phut, sau d6
hau nhu khong d6i néu tiép tuc ting thoi gian xur 1y 1én 50 phuat. O cung mét thoi gian

xtr 1y khac nhau, khi tang ty 16 mol Fe(VI)/MB thi hiéu suét xtr Iy MB ting. MB duoc
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xtt Iy gan nhu hoan toan sau 50 phut khi ty 16 mol Fe(VI)/MB 16n hon 7,5/1. Nhu vy
diéu kién t6i vu dé xir Iy MB bang ferrate tai pH = 3 13 ty 18 mol Fe(VI)/MB 16n hon
7,5/1.

100 - - - —g
= M 3 3
X3 fo"/ﬁa
..;;,.\
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5. 20 7501
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Thei gian (phit)
Hinh PL3.2. Hiéu sudt xir [y MB tai cdc ty 1é mol Fe(VI)/MB khdc nhau

Xac dinh thoi gian ban huy cuia ferrate

Noéng @6 ferrate ban ddu

(mg/L)
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Thot gian (ngay)
Hinh PL3.3. Suy gidm nong dé ferrate theo ngay tai cdc nong do khdc nhau
Hinh PL3.3 thé hién su suy giam ndng d6 theo ngdy ctia cac dung dich ferrate
v6i ndng do ban dau khac nhau bao gém: 345, 520, va 845 mg/L. Thoi gian ban huy
ctia cac mau ferrate dugc xac dinh bang phuong phap noi suy tir d6 thi thu dugc. Két
qua cho thay mau dung dich ferrate v6i ndng do ban dau 345, 520, va 845 mg/L co
thoi gian ban hay 1an luot 14 3,6 ngay (86,4 h), 2,6 ngay (62,4 h), 2,1 ngay (50.4 h).



