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MO PAU

Cac hop chat chira nitrogen va chu trinh chuyén héa cua cac hop chat
nay dong vai trd vo ciing quan trong trong nhiéu khia canh ctia méi trudng tu
nhién noi chung va cta con nguoi ndi riéng. Trong d6 ammonia (NHs) l1a mot
trong nhitng hda chat quan trong duoc st dung va san xuat nhiéu nhat trén thé
gidi hién nay [1]. NHz c6 nhiéu tng dung rong rai trong doi séng hang ngay
cling nhu cac nganh céng nghiép khéac nhau, tir san xuét phan bén, thudc tri
sau, hoa chat cho dén san xuat san pham duoc pham, hda my pham. Ngoai ra
gan day NHs con thu hat nhiéu sy cht y nhu mot hda chat dy trir ning chira
hydrogen nhung khong chia carbon, ¢ thé duogc sir dung truc tiép trong pin
nhién liéu ammonia hoac gian tiép trong pin nhién liéu hydrogen [1, 2].

Hién nay trong cong nghiép, qua trinh tong hop NHs 1a mot thach thirc
to 16n V& mit ning luong, trong d6 chu yéu dua vao quy trinh noi tiéng Haber-
Bosch (N, + 3H, — 2NHs) véi diéu kién tong hop khic nghiét & nhiét do cao
(400—-600°C) va 4p suat cao (200-250 bar). Qua trinh nay tiéu thu mot luong
|6n nang luong (1én dén 1-2% muc tiéu thy nang luong toan cau) va giai phong
mét luong lon CO; vao khi quyén (1,5 tan CO, trén mot tin NHs) [2, 3]. Do
d6 viéc nghién cau mot phuong phap chuyén hoa cac hop chat chtra nitrogen
dé tong hop NHs méi trong diéu kién nhiét do ap suat khi quyén, ¢ kha ning
str dung ning luong tai tao dé giam thiéu tac dong cua qua trinh san xuat dén
moi trudng la vo cling cap thiét.

Xuat phat tir van dé do, qua trinh chuyén hoéa nitrogen tir NOs™ va N,
thanh NH; dang thu hat duoc rat nhiéu sy quan tdm nghién ciu caa cac nha
khoa hoc. Trong sé d6, phuong phap dién héa dé khir NOs™ va N thanh NHs
dugc cac nha khoa hoc trong nuéc ciing nhu qudc té danh gia 1a phuong phap
c6 tiém nang thay thé phuong phap truyén théng cao do tinh d& van hanh ¢
diéu kién nhiét d6 phong va ap suat khi quyén [4], cling nhu kha nang sir dung
ngudn niang lugng tai tao, khdng phat thai ra khi nha kinh cua qué trinh nay.

Tuy nhién, phan ang khtr dién héa NOz va Ny thanh NHs con ton tai
hai van dé chinh. Mot 12 hiéu suat chuyén hda NOs va N, thanh NH3 con thap
do d@ong hoc cham chap va phan tng phu tao khi H, (HER) ¢0 tinh canh tranh
cao, dan dén phan @ng c6 hoat tinh thap va tinh chon loc kém [4, 5]. Do do,
viéc nghién ciru cac chat xuc tac hiéu qua lam tang toc d6 phan tng khir dién
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héa NOs va N, thanh NHj3 12 mau chét dé c6 thé dwa phan (ng nay vao san
Xuat qui mé cdng nghiép dem lai loi ich cho méi trudng — niang luong va kinh
té x4 hoi. Tuy nhién, hién nay d6i v6i phan tng khtr dién héa nitrate va nitrogen
st dung cac xtc tac dién hoa cd hidu suat va do chon loc kha thap, hoic gia
thanh kha cao do phu thudc nhiéu vao céc kim loai quy. Do d6 viéc nghién cau
tim ra xdc tdc mai hiéu qua hon cho phan rng khir dién héa nitrate va nitrogen
1a vo clng quan trong. Vi vay, trong nghién ciru ndy, ching toi tap trung ché
tao Cu-nanosphere c6 dién tich bé mat cao bang phuong phap ma dién don
gian dé khir dién hoa nitrate (NOsRR) va nitrogen (NRR) thanh ammonia mot
cach tich cuc va chon loc. Pang chua y, Cu-nanosphere thé hién hoat tinh xdc
tac dién va tinh 6n dinh nam trong sé nhiing chat xuc tac tét nhat cho NOsRR
va NRR.

Hai 13, viéc phan tich va danh gia cac san pham tao thanh cta qua trinh
phan thg NO3RR va NRR dong vai tro vO cung quan trong trong viéc nghién
ctru cac phan &ng chuyén héa nay. Tuy nhién trong céc cong b hién nay viéc
phan tich nay con nhiéu thiéu sot, dac biét cac san pham khi cua phan tng
thuong bi bé qua khdng tién hanh phan tich danh gia. Do d6 viéc nghién cau
quy trinh phan tich truc tiép cac san pham cua qua trinh chuyén hoa nay voi
d6 chinh xé&c cao 14 vo cung can thiét. Cac phwong phap sac ky va ky thuat
chiét tach da va dang duogc phat trién rat nhanh va tng dung dat két qua cao
trong viéc tach, phan tich dinh tinh va dinh luong cac chat khac nhau trong
hdn hop tir vo co dén hitu co [6, 7]. Tuy nhién, viéc sir dung phuong phép sic
ky dé phan tich cac san pham cua cac phan ung hoa hoc dic biét 1a phan ung
dién hda con nhiéu han ché. Hién nay, hau hét cac nghién cttu néu c6 phan tich
san pham trong pha khi chi sa dung phuong phéap phan tich offline truyén
thdng, trong d6 san pham cua phan ung duoc thu giir trong binh chira mau
trung gian vi du nhu tai chira mau khi “Sample bag” ho#c binh chira mau long
“Vial”. Tuy nhién phuong phap phén tich truyén théng nay gap phai nhiéu kho
khin nhu: sai sb cua cac phép phan tich kha cao, mau dé bi nhim ban, phép
do kho 13p lai, tham chi ¢ nhiéu chat khong xac dinh duoc [8, 9]...Nham giam
thiéu nhiing van dé gap phai do, hé phan tich néi tiép (online) can duoc thiét
lap nghién ciu va ting dung dé do truc tiép cac san pham caa phan tng, tir 46
giai quyét duoc nhiéu van dé thuc té trong qua trinh phan tich san pham cua
cac phan tng chuyén hoa.
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Phuong phap phan tich ghép nbi truc tiép gitra hé sic ky va hé phan ung
dién hoa dugc st dung trong nghién ciru nay sé dong gop 16n trong viéc Xac
dinh truc tiép va chinh xac cac san pham cua cac qua trinh chuyén hoa ciing
nhu nhiéu tng dung cho cac phan tng khac. Tinh dén nay, hé ghép ndi sac ky
— dién hoa con kha méi mé ca ¢ trong nuéc 1an trén thé gisi. Pa phan céc
nghién ctu khir dién hoa déu sir dung cac phuong phap phan tich offline truyén
thng [10]. Pic biét, ¢ Viét Nam phuong phap do dong thai hoac ndi tiép san
pham cua phan tmg nhu thé nay chua duoc nghién cau va phét trién. Vi vay
viéc nghién cau hé ghép ndi sic ky dé phan tich truc tiép cac san pham cua
phan tng hda hoc dugc dé xuat & day co ¥ nghia khoa hoc, Gtng dung va tiém

nang cao.

Do d6 luan an nay lua chon “Nghién ciru ché tao dién cue, dic trung
cau truc, ky thuat ghép ndi hé dién hoa véi sic ky khi dé phan tich cac san
pham cia phan &ng khir cac hop chat chira nitrogen” véi muyc tiéu:

- Ché tao, dic trung tinh chat va danh gia qua trinh khir dién hoa nitrate
va nitrogen cua dién cuc nano déng hinh cau (Cu-nanosphere).

- Phét trién hé thong ghép ndi EC-GC va ting dung dé phan tich céac san
pham khi caa phan ang khr nitrate, nitrogen bang phuong phap dién hoa.

Noi dung nghién ciu

- Nghién cttu ché tao dién cuc Cu-nanosphere.

- Panh gia dic trung cau tric va dic tinh dién héa cua cac dién cuc
- Nghién ctiu ghép néi sic ky khi véi hé dién hoa (EC-GC).

- Xay dung phuong phap phan tich cac khi N2, Hy st dung hé ghép ndi
EC-GC.

- Phan tich cac san pham cua phan ang khtr dién hoa nitrate va nitrogen.

- Banh gia hoat tinh xuc tac cua dién cuc Cu-nanosphere.
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Chuwong 1. TONG QUAN

1.1. Téng quan vé phan #ng khir dién hoa nitrate va nitrogen

1.1.1. Giéi thigu

Véi nhitng lo lang cap bach vé moéi truong toan cau di khién cac nha
nghién ctru theo dudi cac ngudn ning luong sach méi dé bao ton tuwong lai
nang lugng cua chung ta. Ammonia (NH3) khéng chi dong vai tro quan trong
trong san xuit phan bon ma con cé thé duoc coi 12 ngudn ning luong téi tao
tiép theo cho cdng nghé pin nhién liéu do mat do nang lwong cao, kha ning
hoéa long va trung tinh carbon [11, 12]. Do d6, qué trinh chuyén hda nitrogen
thong qua viéc chuyén ddi NOs™ thanh NH; va chuyén doi N2 trong méi truong
thanh NH3 duogc coi la mét trong nhiing qua trinh thir nghiém quan trong. Ngay
nay, ammonia cong nghiép dugc tong hop dic biét thong qua quy trinh truyén
théng cua Haber-Bosch [13, 14]. Phan umg don 1é ndy cung cip ~ 80% luong
ammonia cho dan s thé gigi, chat nay chiu trach nhiém tao ra gan mot nira s
nguyén tir N trong co thé con ngudi, nhung né cuc Ky tiéu tén ning luong vi
no chiém khoang 2% tong nang lwong toan cau va gay ra luong khi thai carbon
hang nam vuot qua 300 triéu tan [15]. Xuat phat tir thuc trang do, diéu quan
trong 1a phai phat trién mot quy trinh bén vitng, xanh va co thé thay thé dé tong
hop ammonia bang cach st dung c&c ngudn tai nguyén c thé tai tao thay vi
nhién liéu hoa thach.

1.1.2. Co ché cia phan wng khir dién hoa nitrate (NO3RR) va
nitrogen (NRR)

1.1.2.1. Co ché ciia phan ing khee dién hoa nitrate (NO3RR)

Véi cac phuong phap truyén théng (nhu phuong phap trao doi ion,
phuong phap tham thdu nguoc, phuong phap sinh hoc. .. ) déu hoi hoi hé thdng
Xt Iy phtic tap véi chi phi cao, va déu tao ra chat 6 nhiém tht: cdp do qua trinh
xt 1y chua triét dé cling nhu van tao ra bun thai gay tac nghén hé thong, kho
khin trong van hanh [16, 17]. Phuong phép xu Iy nitrate bang phan tng khtr
dién hoa duoc cac nha khoa hoc trong nudc ciing nhu quéc té danh gia 1a
phuong phap c6 tiém ning thay thé duoc cho cac quy trinh théng thudng nho
hiéu qua xur ly cao. Khir nitrate bang dién hoa la mot phuong phép don gian,
chi doi hoi qui trinh mot bude duy nhat, dé van hanh, dé& bao dudng, chi phi
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dau tu va duy tri thap, va dic biét 1a c6 kha ning nhan rong qui mé 16n. Phuong
phap nay han ché dugc nhitng diém yéu cua cac phuong phéap khac, vi du nhu
khong tao ra bun thai, va cha dong hon trong viéc dinh hudng san pham cua
qua trinh xu ly [18].

Nam 1921, Kvaelsofaktioeselskab 1an dau cong bd phan ¢ng khtr xtc
tac dién hoa cua nitrate thanh ammonia va téng hop sodium hydrogenxide.
Tuy nhién, sau nhitng nghién ctru budc dau, chi cd mot sé cong trinh hitu han
vé phat trién cac k¥ thuat phan tich dién hoa dé dinh lvgng NOs™ bang phuong
phap cuc phé va ciing c6 rat it cc céng bd vé phan tng khi nitrate bang xuc
tac dién hod. T4i tan nhimg nam 1980, cong nghé khu nitrate bang xuc tac dién
hod mai dugc xem xét (g dung trong xir 1y nudc thu hoéi cac dung dich chat
thai ¢c6 ham Iugng nitrate phong xa cao do cac phuong phap xur ly sinh hoc
khong htru dung.

Thong thuong co ché va con duong phan ung khir nitrate dién hoa duoc
phan tich va xac dinh théng qua cac san pham trung gian. Vi nguyén té
nitrogen c6 nhiéu trang thai sé oxi hoa tir -3 ti +5 nén quéa trinh khir nitrate
c6 co ché phuc tap, bao gom nhiéu san pham trung gian va san pham [19, 20].
Piéu nay lam tang kha nang khir nitrate dién hoa nhung dong thoi ciing khién
co ché va con dudng phan (ng cang phuc tap hon. Phan ung khir nitrate dién
hoa c6 thé tao thanh it nhat 8 loai san pham khéc nhau théng qua qué trinh trao
doi tir 1 t6i 8 electrons véi mdi ion nitrate (Hinh 1.1) [21].

NO;3 NO, NO, NO N.O [\ NH,OH NHs NH;

i 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8

Hinh 1.1. Cac san pham c6 thé c6 tir qua trinh khtr ion nitrate [21].

Phan tng khir nitrate boi qué trinh trao doi electron s& c6 thé sinh ra
nhiéu san pham nhu NO,, NO,', NO, N0, N2, NH,OH, va NHs; trong d6 N
va NHs 1a cac san pham chinh do chiing c6 d6 bén nhiét dong hoc tét hon va
N, 1a san pham khéng c6 hai, than thién véi méi truong [1, 22, 23]. NHs d&
tan trong nudc dé tao thanh ion ammonium (NH4*) trong méi truong acid hay
trung tinh [24].
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Dién thé tuong duong (nE®
N
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Trang thdi oxi hod
Hinh 1.2. Biéu db Frost-Ebsworth ctia cac cac dang hop chét cua nitrogen &
pH 0,0 va pH 14,0 [24].

Theo Hinh 1.2, quan hé nhiét dong hoc caa cac hop chat chira nitrogen
duoc trinh bay trén gian d6 Frost-Ebsworth [20, 25]. Puong luong Volt (Volt
Equivalent) dugc tinh bang céch nhan thé niang ¢ trang thai can bang véi sé
oxi hod cua nitrogen (n). Theo gian dd, xu huéng cua phan @ng cé thé do bang
d6 doc cua duong ndi 2 diém. Do dbc cang duong (cang 16n) thi thé oxi hoé
cang cao. Mot chat nam & dinh trén giira 2 diém 1an can cho thay hop chat d6
khdng bén. Nguoc lai, mot chat nam ¢ dudi 2 diém 1an can cho thay nd bén vé
nhiét dong hoc. Khi hai hoic nhiéu hon trang thai oxi hod nim gan duong
ngang trén gian 6 Frost-Ebsworth, chting c6 xu hudng tao thanh mot hén hop
& trang thai can bang thay vi phan ng téi hoan thanh, mi&n sao can bang nhiét
dong hoc c6 thé dat dugc nhanh chong.

Hinh 1.2 ciing cho thay nitrate bén hon trong mdi trudng kiém. Trong
moi truong kiém, phan ang khir nitrate c6 thé tao ra cac san pham trung gian
nhu dinitrogen tetroxide (N.O4), NO va hydrogenxylamine (NH,OH), tham
chi c6 thé tiép tuc phan &ng phan huy tao ra cac san pham khéc [20, 26].

Theo Hinh 1.3, N, vd NH; 1a dang bén nhat vé nhiét dong hoc cua
nitrogen trong diéu kién tiéu chuan. Trong phan tmg xuc tac dién hod, NO3™ ¢6
thé duoc chuyén hoa thanh N, hay NH3 qua cac qué trinh phan tng trao d6i 5-
electron hay 8-electron nhu sau [22]:
2NO3'(aq) + 12H" + 10e” — Nz(k) + 6H20(|), E°=1,17 V vs. SHE (1.1)
NOg'(aq) + 9H" + 8¢ — NH3(|<) + 3H20(|), E°=-0,12 V vs. SHE (1.2)
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Trong céac trudng hop phan ung khir NOs™ thanh N hay NHs, co ché
phan ung phirc tap hon do anh huéng cua pH. Gian dd Pourbaix trén Hinh 1.3
cho thiy cac qua trinh dién cuc xay ra tai dién thé gan sét véi thé phan huy cua
H,0O. Do vay, pH tai gan cac dién cuc co thé thay d6i do cac qué trinh sinh H,
hoac O, hoac do qua trinh san sinh hay sir dung proton trong qua trinh dién
phan. Trong mdi truong nudc sinh hoat va nuéc ngam cé pH trong khoang tir
6 dén 9, NH3 thuong ton tai ¢ dang NH4OH, trong d6 dang NH4* 14 chi yéu
[25]. Hiéu suat dong dién cua phan ang khir nitrate phu thudc vao nhiét dong
hoc va dong hoc cua ca phan tng khur nitrate va phan ang sinh hydrogen.

1.5
\ NO3(aq)

-
o

3N - -.

o
(4]
T

Dién thé (V so vdi SHE)
& o
o o

pKa(N,H3) = 6.07

'

=

o
—

N,H3(aq)
L 1

0 2 4 6 8 10 12 14

Hinh 1.3. Gian d6 Pourbaix ctia hé No-H,O va cac san pham nitrogen. Puong
lién twong tmg vai cac phan tng oxi hoa khir giita NOs", Na, NH3, va NH,".
Vung gitta duong ké dit a (HOR/HER) va b (OER/ORR) 1a trang thai nuéce

bén [27-29].

Co ché cua phan @ng khir dién hod nitrate phu thudc vao nong do chat
phan tng va pH ctia méi trudng chat dién ly [1, 30-32]. Phan ung khur nitrate
dién hoé cd thé dién ra theo 2 con dudng, bao géom con duong phan tng khir
tu XUc tac gian tiép (indirect autocatalytic reduction pathway) va con dudng
phan wng khir xtic tac dién hod truc tiép (direct electrocatalytic reduction) nhu
trinh bay trén Hinh 1.4 [12, 25, 33-37].



Catot

“H,0+e > H_, + OH" P

I NO; 4+ 2H . > NO, . + H,O

I NO, 4.+ H . > NO,_ + OH"

e e R e T R R e S & e e e e S D s
I NO; .+ H,0+ 2e > NO, ., + 20H"

i NO, 4+ HO + e > NO,, + 20H"

NO,., sl NH;, N, NH,, N, <=
NO, (>1 M)+ H* & Khoa G
(>1 M) + NO,- 73 diantes
g""Con dudng theo Vetter Con dudng theo Schmid
iNO, + e > NO, ! INO* + e > NO
iNO ‘,,...}.-._‘(. E . §"-"" - HY = N( H O
IHNO, + HNO, = N,O, + H,0 ! iHNO, + HNO, - N,O, + H,O
iN,O, = 2NO, § Suiditeo cia cdclodl §py O, 4+ 2NO + 2H,0 % 4HNO,

Hinh 1.4. Con dudng phan Gng khu nitrate dién hod truc tiép va gian tiép [35].

Theo con dudng phan ung khir ty xdc tac gian tiép, NOs~ khéng tham
gia vio qua trinh trao d6i electron va phan ¢ng dién ra trong diéu kién NOs™ ¢6
nong d6 cao (>1 M) va tinh acid cao (pH < 0) [12, 25, 30, 35]. Trong qua trinh
d6, nitrate khong tham gia vao qua trinh trao d6i electron. Nhung NO,* hoic
NO* 1a chat hoat dong dién ho& tham gia vao qua trinh ty xGc tac [36].

Théng thuong, da sd cac phan tng khi nitrate dién hoa déu thuc hién
véi nong do cac chat phan ung thap (< 1 M) thong qua con dudng phan ung
khir xtic tac dién hod truc tiép. Phan ang c6 thé dién ra qua hai con duong, bao
goém qua trinh khir trao doi electron va phan tng khtr nguyén tir hydrogen hap
phu hoat dong (Hags) tai cathode nhu m6 ta trén Hinh 1.4[12, 35, 36]

NO; aqe= NO3~ (ads)%'f’ NO; ™ (aas) %‘T’ NO(ads)%'T' NZO(ads)%'T' N,
2

H* H,0 NO@q2 H* H,0 H,0
2H
(ads) 5e- 5H*
H,0 H,0

NOZ'(ads) ™V No(ads)T‘v"N(ads)T" NH;
Has) OH™  2H, . H,0 3Heaw
Hinh 1.5. Co ché truc tiép ctia phan tng khir nitrate dién hoa bai trao doi
electron (mili tén mau xanh luc) va khtr nguyén tir hydrogen hap phu hoat

dong (miii t€én mau xanh 14 cay) [36].
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Phan tng khir nitrate dién hoa dién ra theo con duong nao hoan toan
phu thudc vao loai xuc tac, vi tri xdc tac cua xuc tac dién hoa, pH cua dung
dich chat dién ly, dién thé ap dung, su c6 mat caa c4c anion trong dung dich
chat dién ly [25, 34].

Theo con duong phan tng kht nitrate boi trao ddi electron, phan tng
bat dau bang sy hip phu cua nitrate trén bé mat dién cuc (phan tng (1.3)). Sau
do, nitrate hap phu bi khir thanh nitrite, day 1a budc quyét dinh téc d6 phan
tng (phan ung (1.4)) [12, 25, 34, 36]. Do d6, ndng d6 cua nitrate dong vai trd
quan trong quyét dinh toc do phan tng kha. O ndng d6 thap, hiéu suat khu
nitrate bi anh huong 16n boi cac ion ddng hap phu. Nhung ¢ ndng d6 cao, yéu
t6 quyét dinh 1a s6 céac trung tam hoat dong tu do trén xuc tac [30].

NO3 (aq) = NO3 (ads) (1.3)
NOg'(ads) + 2H" + 2e — NOZ-(ads) + H,0 (1.4)

Budc chuyén hod NOs™ thanh NOy 1a giai doan cham, budc quyét dinh
tbc do phan tng kht nitrate (NOsRR), xay ra ¢ thé thap hon gia tri nhiét dong
luc hoc (E°=0,01 V vs. SHE). Thong thuong, dong hoc cham la do mac nang
lwgng cao cua orbital phan tir ©° khéng chiém git thap nhat (LUMOT) cua
nitrate, khién cho kho khan chuyén dién tir vao orbital 7", do d6 phan ¢ng dién
ra cham va doi hoi thé 4m hon va niang luong hoat hoa Ién hon [38]. Mot 6
két qua nghién ctu gan ddy cho thdy mic nang luong Fermi cua kim loai c6
orbital d (Pt, Cu, Ag,...) twong tu nhu LUMO®=" caa nitrate, sy chuyén mic dé
dang cua cac electron sé& thiic day phan ung kht nitrate. Su phan ky caa NO*
(NO bj hap phu) s& quyét dinh san pham caa phan tng la nitrogen hay
ammonia [31].

San pham trung gian nitrite (NO7) rat hoat dong trén bé mit caa dién
cuc va sinh ra NO hap phu (NOgas) (theo phan tng (1.5)). Mat khac, NOas)
c6 thé bi khir thanh NH,* 14 san pham cudi theo phan tng (1.6) [39]. Ngoai ra,
NO s €O thé giai hap phu khoi bé mat dién cuc dé sinh ra NO trong dung dich
(phan tng (1.7)). Khi NOgq ¢6 mat trong dung dich, ¢ thé hinh thanh dime
NO lién két hap phu yéu, 1a tién chét dé sinh ra N,O (phan ung (1.8)). N2O tao
thanh tiép tuc bi khir thanh N, theo phan @ng (1.9) va qua trinh nay dong vai
tro chinh trong con duong san sinh N [12, 40].

NOQ'(ads) +2H " +e — NO(ads) + H,0 (1.5)
NOas) + 6H™ + 56 = NH4* + H,O (1.6)
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NO(ads) = NOg) (1.7)
NO(ads) + NO(aq) +2H " +2¢ > NgO(ads) + H,0 (1.8)
NgO(ads) + 2H* + 2e” > N, + H,0 (19)

Phan @ng khu nitrate c6 thé duoc thic day boi qua trinh khtr nguyén tir
hydrogen (Hegs) hap phu [41, 42] tao thanh bai phan tng khir nuée tir qua
trinh VVolmer [43]. Nguyén ti hydrogen 1a mot chat khu rat manh (E° (H*/H)
=— 2,31V vs. SHE) [40], c6 thé khir NO3~ hdp phu va cac san pham trung gian
nhu NO;, NO (phan tng (1.11)-(1.13)). Vi su hinh thanh lién két N-H duoc
xuc tién bai nguyén tir hydrogen hap phu, Heas, thuan loi hon vé mat dong
hoc so vai su hinh thanh lién két N-N va qua trinh nay doi hoi qué thé nho dé
chuyén hod NOs™ thanh NHs, ¢ ché qué trinh phan &ng sinh hydrogen (HER),
cling nhu ¢6 do chon loc NHs va hiéu suat Faraday cao hon nén san pham
chinh cua phan trng la ammonia, NH3 [12, 41, 44] (phan ang (1.14)-(1.16)).

H20 + € = Hads) + OH (voimer) (1.10)
NO3(ads) + 2Hadsy = NO2(ads) + H20 (1.11)
NO2 (ags) + Hads) = NOgags) + OH" (1.12)
NOgs) + 2H(adsy = Neags) + H20 (1.13)
Nads) + Headsy = NHags) (1.14)
NHads) + Heads) = NHagaas) (1.15)
NHa(ags) + Hads) = NHa(ads) (1.16)

Qua trinh khir dién hoa qua con duong nguyén tir hydrogen hap phu hoat
dong Heaas) thuong xay ra & qué thé hap, dong vai trd quan trong trong viéc tc
ché cac phan tng phu khac [45]. Con duong phan tng khir nguyén tir Haas)
thuong xay ra véi cac xuc tac la kim loai quy nhu Pd va Pt vi chiing ¢6 ai luc
manh hap phu hydrogen [46, 47]. Con duong phan ung khir nitrate bai trao doi
electron thudng Xy ra trén cac dién cuc co dung lwong hap phu nitrate cao
nhu cac dién cuc Cu [44, 48, 49].

1.1.2.2. Co ché ciia phan ing khe dign hoa nitrogen (NRR)

Trong qua trinh phan @ng xUc tac, ching ta can nim bat co ché phan
tmg dé tao ra san pham mong mudn va tranh duoc san pham khoéng mong
muén. Trong linh vuc xtc tac dién, co ché phan ung khir oxy (ORR) dugc hiéu
rd bai cac chat xuc tac dién mo hinh (vi du: bach kim) [50, 51]. Mic du NRR
va ORR tuong tu nhau vé nhiéu mat nhung van chua cé co ché thich hop va
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phu hop ddi véi chit xuc tac Iy tudng cho co ché phan tng NRR. Thang
thuong, NRR xuc tac dién trong toan bd chat xuc tac khéng dong nhat cha yéu
dira trén hai co ché thiét yéu, bao gom cac con duong lién két va phan ly lién
quan dén cac chat trung gian khéc nhau.

Trong qué trinh phan ly (Hinh 1.6a), sy phan cat N=N xay ra trén bé
mat xtc tac trudc qua trinh hydrogen hoa, tao thanh hai nguyén tir N riéng biét
trén bé mat, sau d6 duoc hydrogen hda riéng biét va giai phong khoi bé mat
xuc tac dudi dang NH; [15, 52]. Con duong nay hoat dong vai mot rao can
dong hoc 16n nho vao do bén caa Ny, va quy trinh Haber—Bosch chu yéu thuc
hién co ché phan ly nay dé xir Iy NHs thuong can ap suat cao 200-300 atm va
nhiét d6 cao 300-500 °C dé vuot qua rao can.

Trong con duong lién két, phan tir N2 duy tri hai nguyén ta N lién két
véi nhau truedc khi giai phdng phan tir NH; dau tién [53]. Khi xem xét cac trinh
tu khéac nhau cua lién két H véi cac nguyén tar N, qua trinh hydrogen hda trong
con duong lién két s& dién ra theo hai huéng, bao gdm con dudng xa va con
duong xen ké&. Vé con duong xa, nguyén tir N ¢ xa thuong thuc hién qua trinh
hydrogen hoa trudc khi giai phdng phén tir NH; ¢ xa, va sau d6 nguyén tir N
con lai tién hanh qua trinh twong tu dé thu dugc NH; thir hai (Hinh 1.6). Theo
con duong nay, ammonia dé thay da duoc giai phong ma khong co6 bat ky san
pham nao khac. Trén thuc té, rat it cong trinh di theo con duong cb dinh N,
nay. Vi du, Yan va dong nghiép da sir dung Au/TiO, lam chat xtic tac dién lién
quan dén con duong lién két xa [54]. Pau tién, N, duoc hap phu trén bé mat
Au/TiO; vi tAm Au tich dién duong bang cach lién két voi Au—O-Ti . Toan bo
cum Au & vi tri ndy duoc van hanh nhu céc vi tri hoat dong dé hinh thanh céc
lien két Au — N2 bi hap thu héa hoc. Thir hai, do sy khir N2 & cudng do trung
binh nén cé4c proton H hoat hda cua chat dién phan duoc uu tién tao ra lién két
N —H bén hon va phan tach lién két N=N. Cudi cung, qua trinh hydrogen
héa dugc thuc hién trong mot nguyén tir N va tiép tuc cho dén khi NH; dau
tién duoc giai phong, va nguyén tir N con lai 1ap lai quy trinh hydrogen hoa
tuong tu dé tao ra NH3 sau. Gan ddy, Aijun Du et al. tiét 16 ring mot canh BN
két hop nguyén ta B (B@BN) c6 thé dong vai tro 1a chét xdc tac khdng chira
kim loai dé tao ra NHs & nhiét ¢6 phong. Su ¢ dinh N trén canh B@BN ¢
dién thé qua muc thap 14 0,13 V khi st dung duong dan xa [55].
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Dé so sanh, con duong xen ké trong con dudng két hop (Hinh 1.6.¢) goi
y rang mdi nguyén tir N tir xa va mot nguyén tir N khac duoc hydrogen héa
trudc khi phan tich N=N. Do d6, phan t&r NH3z dau tién duoc tao ra va cudi
ciing NHj3 sau d6 ¢6 thé duoc thu nhan va giai phong. Tuong tu nhu vay, & con
duong xa, con duong xen k& c6 thé c6 xu hudng tao ra cac san pham NyHy
nhu polyme carbon nitrite (PCN) [56], va tim nano B4C [57] da duoc cac nha
nghién ciru bao céo rong rai. Gan day, nhém cua Huang di tdng hop cac tim
nano Ni-WS; 1am chat nhan dién ti tir No*, 1am suy yéu lién két N=N. Biéu
d6 nang luong phan tng cua NRR cho thay rang toan bo NRR trén bé mat Ni-
WS, wu tién xay ra doc theo con duong lién két xen k& [57]. Théng qua viéc
hiéu rd co ché phan ung, chiing toi da co dugc mot giai thich tong hop vé toan
bo qué trinh ¢6 dinh N3 s& nguoc lai, gilp thiét ké cac chat xuc tac thuan loi
dé tao ra sb luong t6i da cac san pham mong muén nhu NHs va luong tdi thiéu
cac san pham khong mong muén nhu hydrazine (NoHa).

a) ,::‘:
&0\,

* @ Hydrogen
NH, NH, } . Nitrogen
ﬂ 4(! ‘:YA»V

Con dudng phénly  B& mdt xuc tdc NRR

b)
.ED N,

NH, NH,
}..
N Ve

e [ 'NH  ‘NH,  “NH,
—p N
\; K R ¥V
Con dudng két hgp xa Bé mdt xuc tdc NRR

c)
a N, NH,

NH,
}. .
.

N, "NNH “NHNH ‘NHNH, ‘NH,NH, .
LY
Két hgp xen ké B& mdt xuc tdc NRR

Hinh 1.6. Co ché phan tmg c6 thé c6 ciia NRR trén chat xuc tac khong dong
nhat [58].
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1.1.3. Mot sé loai xiic tac dién héa sir dung trong phan @ng khir
nitrate va khir nitrogen

1.1.3.1. Mgt sé logi xiic tic dién hoa si# dung trong phdn #ng khi
nitrate

Lich st phét trién cua khu dién hda NOsRR, bit dau tir ndm 1834 khi
Michael Faraday lan dau tién dat nén tang khai niém. Nhitng nghién ctu ban
dau chu yéu tap trung vao cac chat xuc tac kim loai quy nhu bach kim (Pt) va
ruthenium (Ru) [59-61], dugc danh gia cho kha ning dang ké trong viéc khu
nitrate.

Cu thé, nim 1997, Gootzen va cong su [59] da tién hanh khir NO3~ bang
xuc tac dién hoa trén cac dién cuc Pt, Pd va Pt + Pd duoc kich hoat bang Ge.
Nghién ctu nay rut ra két luan rang: Mat d6 dong dién dé khir nitrate phu thuoc
nhiéu vao thanh phan bé mit dién cuc. Cac hoat tinh dién héa ting dan theo
thtr tu paladi, bach kim va bach kim + palladium. Trong moi truong hop hoat
dong dién hoa tang 1én cung véi su bao pha cua germanium. Hoat tinh cao hon
cua dién cyuc Pt + Pd cd thé duoc hiéu theo nghia 1a sy thay ddi cau trac dién
tr cua kim loai do qua trinh hop kim hoa. Céac vi tri Pt-Ge tré nén hoat dong
manh hon khi ¢6 su hién dién caa palladium trong khi cac vi tri Pd - Ge tro
nén it hoat dong hon khi c6 mat sy c6 mat cuaa platin.

Hay trong nghién ctu caa Horanyi nam 1985 [60] vé nghién ctu xdc
tac khir ion NO,~ va NO3™ trén dién cuc platin hoa trong méi truong kiém cho
thay rang: Qua trinh khir xtc tac ion NOy va NO3™ duoc nghién ctru trén dién
cuc platin véi sy ¢6 mat cua chat dién phan NaOH 1 M. Budng cong phan cuc
& trang thai 6n dinh duoc thuc hién bing cac phép do dién thé timg diém & cac
ndng d6 khéac nhau trong khoang dién thé 0 — 400 mV (so véi RHE). Trong ca
hai treong hop, cuc dai xuat hién rd nét trén duong cong phan cuc & dién thé
thap (100 — 250 mV). Trong truang hop ion NOy', cuc dai thi hai it rd rét hon
c6 thé dugc quan sét thy & cac dién thé duong hon. Vi tri cuc dai phu thudc
vao ndng do cua cac chat phan tng. Ong cho rang su phan cuc quan sat duoc
c6 lién quan dén hién tugng hap phu canh tranh.
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Hinh 1.7. Puong cong phan cuc & cac nong do ion NOs” khac nhau trong
chit dién ly NaOH 1 M. Cyo-: (1) 3,5%103, (2) 7x10%, (3) 1,4.102M [60].

Véi nghién ciru cua R.B.King va cong su [61] cong b nim 1996 cho ra
két luan: Qua trinh khir céc hop chat Nitrogen-oxy thanh ammonia bang formic
acid duoc xUc tac Rh cho thay co cac dic diém: Nitrate 1a ngudn chinh tao
thanh NHs chir khong phai nitrite. Chat xuc tac kim loai rhodium cé hoat tinh
dién hoéa manh hon rhodium & bat ky dang nao khac, cho thay rang viéc san
Xuat ammonia lién quan dén xuc tac khong dong nhat hon 1a ddng nhat.

Tuy nhién, véi chi phi cao va su khan hiém cua cac kim loai quy hiém
da han ché tng dung thuc té ctia chdng, khién cac nha nghién ctu phai kham
pha céc giai phap thay thé kha thi hon vé mat kinh té. Vao cudi nhimg nam
1970, su chu y dd md rong sang cac kim loai khong quy nhu dong (Cu), sat
(Fe) va coban (Co) [62-64], do su phong phu va chi phi twong dbi thap hon so
véi kim loai quy.

Véi nghién ctu “Khir nitrate va nitrite bang xtac tac dién thanh
hydrogenxylamine va ammonia bang cyclam kim loai” ciia nhom tac gia Isato
Taniguchi cong bé nam 1987 [63] chi ra rang: Co(lll)-cyclam (cyclam =
1,4,8,11-tetra-azacyclotetradecane) da duoc ching minh la co tac dung nhu
mot chat xuc tac méi va tuyét voi dé khir NOs” va NO,” bang phuong phap Von
— Ampe quét thé vong (CV) va do thé theo thoi gian (CP). Phép do CP cua
dung dich KNO;3 ¢ dién cuc Hg tao ra hydrogenxylamine mét cach chon loc
véi hiéu suat dong dién cao (khoang 90%); mat do dong dién 1a > 5 mA/cm?
trong dung dich KNO3 0,1M & —1,5 V (so v&i SCE) khi c6 mit chi 20 pM chat
xuc tac hoic it hon. O céac dién cuc Ag, Cu va Pb, hydrogenxylamine bi khu
thém dé tao ra ammonia tét hon. Ni(I)-cyclam ciing dong vai tro 1a chét x(c
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tac, nhung ving dién thé hiéu qua 1a khoang thé 4m hon 0,2 V so vé&i Co(lI1)-
cyclam.

E / Vivs SCE)
-2.0 . -1.0

Hinh 1.8. Von-Ampe quét thé vong trong KCI 0,1 M véi dién cuc giot thuy
ngan treo HMDE cua a) NO3" 5 mM; Co(lll)-cyclam 20 uM; b) NO5 10 mM,
Co(l11)-cyclam 20 uM; ¢) NO35 mM -, Ni(ll)-cyclam 20 uM; d) NO5 10
mM, Ni(ll)-cyclam 20 uM; €) NOs 10 mM, khéng xtc tac, toc do quét
thé 0,1 V/s [63].

Con trong nghién ctru “Qua trinh khir dién hoa nitrate thanh ammonia
théng qua chuyén tam electron truc tiép bang chat x(c tac ran phan tir dong”
ciia nhom tac gia Gao Feng Chen cong bd nam 2020 [64] cho thay qué trinh
dién khir tryuc tiép nitrate thanh NH; thong qua tam electron, dugc XUc tac boi
hop chit c6 chira dong trong céu tric tinh thé cua 3,4,9,10-
perylenetetracarboxylic dianhydride. Chat xtc tac thé hién téc d6 san xuat NHs
1a 436 + 85 pg/h.cm? va hiéu suat Faraday t6i da 14 85,9% & —0,4 V so véi dién
cuc hydrogen thuan nghich. Hiéu suat dang cht y nay dat duoc nho chat xdc
tac diéu chinh sy chuyén dich cua proton va/hoic electron dén tam déng va
ngin chan viéc san xuat hydrogen.



16

a b €
= 10 o 1200 & 100
E E ] i
LY I-.: |
3 3 " ] 3] B I
— =10 3 I S oend
E g. 600 4 ;‘ 1 I I
B 201 £ I E 44
"g. 2 3504 e 1
= 0 5 & 204
APl - - R
= il H=] = 1
40 S 0 e — : a2 0 ——————————
-10-08-06-04-0200 02 04 & =01 02 -03 04 0506 -01 -02 -03 -04 -05 06
Dién the so wdri RHE (V) = Dién the so voi RHE (V) Dién the so w&i RHE (V]
d [ f
] 0 7 40 100 8\
§ F3 i H
< — 80 4 £ 0 T
3 ) 23001 H
= B - | [
=% = B0 4 § &0 E
P:l 'S a 200 4 aly,
= e 40 2 | 0 o
= 2 2001 )
15.1 _E. a0 4 -._E | ) E
I =2 =
i 0 A ————— g 0 _ U
! 2 3 4 1 2 3 4 ¥ Phuongphip Phurong phip
Thari gian (h) Thaoi gian (h) NMR UV-Vis

Hinh 1.9. Hiéu suit xtc tac dién caa O-Cu PTCDA. a) Puong cong Von -
Ampe quét tuyén tinh cia O-Cu-PTCDA duoc thir nghiém trong 0,1 M PBS
(den), 0,1 M PBS chita NO,- (d0) va 0,1 M PBS chira NO5™ (xanh lam); b)
Hiéu suat sinh NH3 & cac thé ning khac nhau ¢ gio tha hai; ¢) Hiéu suat
Faraday NH3 & cac thé nang khac nhau ¢ gid thir hai; d) Téc do san sinh NHs
tai cac thoi diém khac nhau & -0,4V vs. RHE 1én dén 4 gio; e) Hi¢u suét
Faraday ctia NH3 (xanh duong) va NO,” (mau tim) ¢ cc thoi diém khac nhau
& -0,4V vs. RHE; f) Hiéu suat Faraday cuia NH3 tong (mau xanh) va tong
hiéu suat Faraday (mau tim) duoc phat hién bang 'H-NMR va phuong phap
UV-Vis tao phtrc véi indophenol sau 4 gio thi nghiém [64].

Nhitng chat xuc tac trén da chiing to hoat tinh day hta hen ddi véi phan
ting khtr dién hda nitrate (NOsRR) va 1am day 18n mdi quan tdm dén viéc diéu
chinh vat liéu cho cac phan tmg dién héa cu thé. Ké tir khi gi6i thiéu chat xdc
tac ludng kim vao nam 1989 [65, 66].

Nhu trong nim 2003 vé&i nghién ctiru “Chat xuc tac paladi va bach kim
trong phan &ng kht nitrate trong nudc: tac dung cua viée ting cudng dong,
bac hoic vang” cua tac gia Florence Gauthard [65] két luan: Chat xuc tac
palladium ludng kim va bach kim duogc tang cuong boi cac kim loai thuoc
nhoém 11 (Cu, Ag va Au). Sau d6, duoc diéu ché bang bé mat ma va thir nghiém
trong qua trinh khu nitrate ¢ pha long. Trong khi céc chat xuc tac hop kim
duoc bd sung boi vang hoan toan khong hoat c6 hoat tinh, thi ma déng hozc
ma bac dan dén xuc tac ludng kim c6 hoat tinh dé khir nitrate. Tac dung thic
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day cua kim loai tha hai c6 thé lién quan dén dic tinh oxy hda khir ciia no, xac
nhan rang qua trinh khir nitrate xay ra thong qua co ché hai chirc ning theo sau
(i) co ché oxy hda khur truc tiép gitra chat xuc tién va nitrate va (ii) phan tng
xUc tac giira hydrogen, duoc hap phu héa hoc trén kim loai quy va nitrite trung
gian. Céc thi nghiém TEM, TPR va FTIR cua CO bj hap thu hda hoc cua cac
hé thdng khac nhau di dugc st dung dé ching minh sy twong tac kim loai-kim
loai va dic trung cta chit ting cudng. Céc két qua md ta dic tinh c6 méi twong
quan véi dac tinh xuc tac cua vat liéu.

0.2 T e B L
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=
—
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Hinh 1.10. Hoat tinh ban dau kht nitrate phu thudc vao ham luong chét xtc
tién trong pha kim loai (X/(M + X) & %) d6i véi xtic tac hop kim dugc xtic
tac boi dong hoic bac: PtCuAl (@), PtAgAl (1), PACUAIl (#) va
PdAgAI (4) (T = 10°C, nguén nitrate Mg(NOs)) [65].

Nhitng tién bo trong ché tao chat xuc tac di tang toc, bao gom su phét
trién ciia chat xdc tac ¢6 cau tric nano [67, 68] va viéc thuc hién céc ky thuat
pha tap va hop kim [69, 70] dé tang cuong ciu tric dién tir va tinh chat bé mit
cua chlng, tir d6 t6i wu hoa hiéu suat khir nitrate caa chdng.

Dan chang cho sy phét trién caa chat xuc tac ¢é cau tric nano cd thé ké
dén nghién ctu cua Xiaoya va cong su nam 2021 [68]. Ho tién hanh cay hat
Fes0, tai chd trén thép khong gi (Fes04/SS) 1a chét xtc tac dién hiéu suat cao
dé khir NO;~ thanh NHs. Trong dung dich NaOH 0,1M véi NaNO3 0,1M,
Fe;04/SS nhu vay dat hiéu suat Faraday dang cht y 14 91,5% va hiéu suat NHs
cao la 10,145 pg/h.cm? & —0,5 V so véi dién cuc hydrogen thuan nghich
(RHE). Hon nita, n6 sé hitu sy 6n dinh vé ciu tric va dién hda manh mé. Cong
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trinh ndy cung cap nhitng huéng dan hitu ich dé ma rong pham vi st dung chat
dién phan oxit kim loai dé tong hop NHa.
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Hinh 1.11. Hiéu sut Faraday va tbc do tong hop ciia NH3 véi dién cuc
Fes04/SS & cac thé khir khac nhau [68].

Trong nam 2023, Yiyang Zhou va cong sy da nghién ctu Sy tang cuong
khir nitrate xuc tac dién thanh ammonia théng qua thuc day qué trinh phan ly
nuéc [70]. Trong nghién ciu d6, dng da tién hanh ding hop kim Cu;Cos duing
cho chét xuc tac dién NOsRR thanh NHs. Nghién ctru dat duwoc mat ¢ dong
dién cao (453 mA/cm?) va hiéu suat Faraday (96,2%) dé san xuat NHs & muc
0,075 V so véi RHE, véi hiéu suat niang luong nira phan ang la 44,9%, cao
hon so véi Cu, Co va cac loai hgp kim khéc cua Co. Ho nhéan dinh rang su
tuong tac gitra Cu va Co dé cau trdc lai dién tir cua ching trong hop kim. Piéu
quan trong 1a qué trinh phan ly nudc phdi hop véi sy bién déi cua nhém -N
duoc ching minh 1a c6 kha ning xac dinh téc do, tao diéu kién thuan loi trén
cac vj tri Co trong hop kim CuyCos va rat can thiét cho hoat tinh dién héa ting
1én caia NOsRR. Diéu nay tao chién luoc thiét ké cac chat xdc tac hiéu qua hon
cho NOsRR trong diéu kién kiém bang cach thuc day qua trinh phan ly nuéc.
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Hinh 1.12. Mat do dong dién va hiéu suat ning lugng nira phan tmg ctia NHs

v6i cac dién cuc khac nhau [70].
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Mot budc phat trién nira d6i voi nghién ciu phan tng khir dién héa
nitrate, d6 1a dén nam 2004, da dat dugc tién bo dang ké trong viéc tim hiéu
cac co ché phan tmg lién quan dén khtr dién héa NOsRR, diéu nay da tao diéu
kién thuan loi cho viéc ché tao céc chat x(c tac hiéu qua hon [71]. Thoi ky nay
cling danh dau sy ra doi ciia céc chat xtc tac lai, két hop cac vat lidu khac nhau
dé tan dung dic tinh két hop cua ching. Nhitng dbi méi trong ché tao chat xdc
tac nay khong chi ndng cao hoat tinh va tinh chon loc cua cac qua trinh dién
héa ma con dan dén su phat trién cac chat x(c tac lai phic tap hon tich hop
nhiéu vat liéu khac nhau nhu hat nano kim loai, vat liéu goc carbon... [72, 73].

Nhu nghién ctu khir dién hda NOs~va NO,™ trén dién cuc té hop dong
Tali trong dung dich kiém cua Innocenzo G.Casella va cong su [72], 6ng tién
hanh x4c dinh hoat tinh dién hoa ctia mang hon hop dong-thallium da duoc
nghién curu trong dung dich NaOH 10mM hudng téi su khir dién caa cac ion
nitrate va nitritee trong khoang thé tir 0,0 dén —1,4 V so véi SCE. Mang
CuasTlss thé hién hoat tinh xtc tac dién cao hon dé khir NOz~ va NO,™ so Vi
mang dién cuc dong nguyén chat va tali. Sy hién dién caa cac loai thallium
trong mang composite gay ra sy gia tang ro rét hé sé nham dan dén su gia ting
phan mg xuc tac sau d6 do qua trinh khtr nitrate va nitrite. Ngoai ra, cac hat
thallium déng vai tro 1a chat thuc day sy hdp phu NOs~ va NO, trén bé mat
dién cuc véi su tich tu tiép theo cua ching trén céc trung tam xdc tac bé mat
va lam tang dong dién cathode.

Mat do dong (mAlcm?)

—-1.5 —-1.0 —-0.5 0.0 0.5
Plén thé so v&i SCE (V)

Hinh 1.13. Anh hudng ctia gii han dién thé cao hon dén dong dién khtr trong
phép do Von-Ampe quét thé vong. Gi6i han dién thé: (A) 0,4 V so voi SCE;
(B) -0,3 V so v&i SCE; (C) -0,6 V so v6i SCE. Piéu kién thi nghiém: Dién cuc
Cu-TlI, dung dich NaOH 10 mM da loai boé oxy vai 5 mM NO3™ [72].
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Hay trong méot nghién ctru vao nam 2007, nghién ctru su Khir nitrate &
dién cuc ddng va 1op hdn hop dong-PANI (polyaniline — PANI) caia nha nghién
ctru J.Christophe [73] chi ra ring: Qua trinh khir dién cua cac ion nitrate dugc
nghién cau trong dung dich nudc acid va trung tinh (HCIO,4 va NaClO,4 dudi
dang chat dién phan) tai cac dién cuc dong da tinh thé, don tinh thé dong va
tai cac hat dong ma trén l6p polyaniline (PANI). Khi c6 ndng do nitrate thap
(5 mM), qua trinh khir nitrate khéng khéc biét dang ké trén cac cau tric bé mat
nguyén tir ddng khac nhau nhung phu thudc rat nhiéu vao d6 pH & dién cuc.
Nguoc lai véi cac dung dich acid manh, hai song riéng biét dugc phat hién khi
c4c ion nitrate c6 mat trong dung dich trung tinh bat ké viéc str dung dién cuc
dong da tinh thé hay dién cuc don tinh thé. Séng dau tién trong hai song dan
dén su hinh thanh céc ion nitrite. Khi cac hat dong dugc phan tan trong cac 1op
polyaniline, ngudi ta ching to rang hoat dong xtc tac dién phu thudc rat nhiéu
vao cach ma dong trén Iop polymer. Mot su khac biét 1d rang duoc quan sat
thay trong phan tng hién tai khi khéng ¢ va c6 mat céc ion nitrate ddi v6i
d6ng ma o trang thai khtr cia 16p PANI, trong khi dong ma ¢ trang thai oxy
hoa cua 16p PANI van van khdng hoat dong vé mit dién hda. Cac dang tinh
thé ddng chi hoat dong hiéu qua ddi véi phan ung dugc nghién ctu néu co
duong dan déng xuyén qua nén polymer dén bé mat kim loai bén duéi.

E() E(V)

1 09 08 07 46 05 04 03 -02 48 A5 4 43 42 A1 40 09 08 07 08 05 04 03 02

J (mA/cm?)
J (mAfem?)

Hinh 1.14. Von-Ampe quét thé vong dugc do tai: a) déng da tinh thé va b)
dong (111) cac dién cuc véi su co mat cia NaNO3 5 mM trong sodium
perchlorate 0,1 M. Pudng mau xam biéu thi cac phép do khong c6 ion

nitrate. Téc do quét thé = 20 mV/s [73].
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Hinh 1.15. Von-Ampe quét thé vong dugc do & dién cuc da tinh thé dong véi
su c6 mat ciia NaNOz 5 mM (vach dirt) va NaNO; 5 mM (vach den lién)
trong chat dién phan NaClO, 0,1 M (duong lién mau xam). Toc d6 quét thé
20 mV/s [73].

T6m lai, nhiéu kim loai va hop kim, chang han nhu Pt [74, 75], Ni [74],
Cu [74-76], CuPt [77], CuNi [78], CuPb [78], SnPd [79],... di dugc nghién
ctru dé khir dién hoa nitrate NOsRR. Céac san pham cua qua trinh khir nay phu
thudc rat nhiéu vao cac dac tinh cua vat liéu dién cuc. Cac san pham nay co
thé bao gom cé&c phan tir nitrogen than thién véi moi truong (N2) khong doc
hai, 14 c4c hop chét ¢d lgi nhu cation ammonium (NH,*), hozc tham chi 1a cac
chat nguy hiém hon ca nitrate, chang han nhu nitrite (NO") va nitrogen oxide
(NO, NO,, N,0) [80, 81]. Gan day, cac tim nano Cu da duoc cong b c6 hiéu
suat Faradaic (FE) cao la 99,7% & dién thé qué thap 1a -0,15 V so voi RHE
[82]. C4c chat x(c tAc don nguyén tir, chang han nhu Cu-N-C-SAC [83] va Fe-
SAC [84] da dugc cdng bd vai ty 18 the d6 tdng hop NH; cao lan luot 12 4,5
mg/cm?.h va 7,8 mg/cm?.h.

1.1.3.2. Mgt sé logi xiic tac dién hoa si# dung trong phdn #ng khi
nitrogen (NRR)

Gan day, nhiéu chat xic tic NRR, vi duy, cac hop chat kim loai (kim loai
quy [85], oxit kim loai [86, 87], rial vat liéu lai [88, 89],) va vat liéu khéng
chura kim loai [90-92] da dugc nghién cau .

Trong vai nam qua, MOF (vat liéu khung hitu co-kim loai) da duoc st
dung trong NRR va cho thay tiém ning 16n do cau tric va thanh phan doc dao
cua ching [58, 93]. Mot s6 dir liéu vé MOF cho NRR dugc tong hop trinh bay



22

trong Bang 1.1. C4 thé thay rang cac loai vat liéu MOF trén co s¢ Ni [94], Fe
[94, 95], Cu [96, 97], Co [98, 99] va Al [100] déu d3 dugc sir dung lam chat
xUc tac NRR.

Bdng 1.1. Tong hop mot s6 MOF dung cho phan tmg khir dién hoa nitrogen.

Xdc tac Chat dién ly Toc dj tong hop Hiéu suat | Diénthé | TLTK
cua NHs Faraday S0 vGi
(%) RHE (V)
NiFe- NaHCO30,1 M | 9,3 mgh™! mgca ! 11,5 —-0,35 [94]
MOF
NH2-MIL- | Na2S040,1M | 1,205 x 107! mol 5,66 —-0,45 [101]
88B-Fe s'cm™
HKUST-1 | NazSO40,1 M | 46,63 pgh™" mgear ' 2,45 -0,75 [97]
CosHHTP | LiClO405M | 22,14 ugh™ mgeat ' 3,34 —-0,40 [98]
2
CosFe- KOH 0,1 M 8,79 ug h™! mgcar ! 25,64 —-0,20 [99]
MOF
MIL- KOHO0,1 M 10,6 ugh™' cm™ 22,6 0,00 [100]
100(Al) MQcat |
Cu"-MOF Na:SOs 1 M 24,7 pg h™' mgcar ! 11,90 0,40 [96]
(JUC-
1000/CC)
MIL- HCI0,1 M 9,38 ug h™! mgcar ! 13,39 —-0,10 [95]
101(Fe)

Do qué trinh NRR ¢6 thé di kém véi HER nhu mét phan ¢ng canh tranh
nén khi thiét ké chat dién phan MOF cho NRR, can phai xem xét khong chi
kha ning hap phu N; ma con ca kha niang hap phu H,O [102]. Dya trén diéu
nay, Sun va cac déng nghiép da nghién ctu hiéu suat cua mot loat MOF 2D
kim loai chuyén tiép xuc tac NRR bang tinh toan DFT [103]. Lic dau, cac nha
nghién cuu st dung TM3(HAB), (TM = Co, Ni, Cu va Mo; HAB =
hexaaminobenzen) (Hinh 1.16.a) 1am chat xac tic mé hinh dé tinh toan ning
lwgng hap phu cta cac phan tir N2 va H,O tuong tng (Hinh 1.16.b) va sang loc
MOF duya trén Mo 1am chat xuc tac dién hira hen nhat cho NRR. Sau dé, bang
cach sir dung MOF dua trén Mo lam ddi tuong nghién ctu, ho da tinh toan
nang luong tu do Gibbs cua NRR thong qua cac con duong xa va xen ké cling
nhu d6 dai lién két cua ting chét trung gian twong tng (Hinh 1.16¢). Nang
luong tu do Gibbs ciia mdi phan tng buéc cua NRR ciing duoc thé hién trong
Hinh 1.16d-e, va muc dién thé qua mac cia MOF x(c tac NRR dua trén Mo
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thdng qua cé hai co ché dugc tinh todn & muc thap toi 0,18 V. Théng qua cac
nghién cau tiép theo, cac nha nghién ciu phét hién ra rang su hinh thanh
*NH,NH; trong con dudng xen k& biéu hién trang thai tich dién duong. Két
hop véi thuc té 1a d6 dai lién két caa N-Mo trong *NH,NH, 14 2,217 A (Hinh
1.16.c), dai hon d6 dai lién két cua cac chat trung gian khac, co thé két luan
rang NH2NH, khéng d& dang lién két 6n dinh véi vi tri hoat dong va do d6 tré
thanh mot theo san pham. Do d6, ho két luan ring NRR trén MOF duya trén
Mo s€ c6 xu hudng tao ra NH; thong qua con dudng xa hon.
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Con dubng phan tng
Hinh 1.16. a) Mat trén va mat bén ctia MOF 2D. b) Ning lugng hap phu cia
cac phan tir N, va H;O trén cac MOF khac nhau. ¢) Cac mat nhin cta cac
chét trung gian & mdi budc hydrogen hoa thong qua ca co ché xa (Con duong
1) va xen k& (Con duong 2) cua NRR. d-e) Nang lugng tu do Gibbs cia NRR
trén MOF dua trén Mo khéng c6 ning lugng dau vao (mau den) va dién thé
ung dung (mau dod) cé gia tri dugc xac dinh bﬁng cach gioi han di¢n thé

thong qua d) co ché xa va e) xen k& [103].
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Ngoai ra, Zhao va cac dong nghiép di xem xét tiém ning cua mot loai
chat xuc tac dién dya trén MOF méi, tim nano kim loai lién hop =
bis(dithiolene) MC4Ss (M = Fe, Co, Ni, Os, v.v.), 4p dung cho chat x(c tac
dien NRR [104].
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Hinh 1.17. a) Céc co ché lién quan ctia NRR trén bé mit xuc tac thong qua
cac co ché xen k& va xa. Cac ciu hinh nang luong tu do duogc tinh todn ctua
NRR trén nanosheet OsC,4S, thong qua con duong xen ké (b) xa va (c) [104].

1.1.3.3. Xdc tac Cu trong phdn #ng khi di¢n hoa nitrate va nitrogen

Trong viéc tim kiém céc chat xuc tac dién hiéu qua cho phan tng khir
nitrate (NOsRR) va khtr nitrogen (NRR), cac kim loai chuyén tiép nhu Cu, Ag,
Au, Ru, Rh, Ir, Pd va Pt, cling nhu cac hop kim ludng kim, thuong dugc xem
xét nhu 1a nhimg dién cuc tiém nang [23, 36, 105-107].

Trong sé cac kim loai chuyén tiép, cac chat xdc tac dwa trén dong da
cho thay trién vong 1én trong viéc khir chon loc va hiéu qua NOsRR va NRR
thanh ammonia. Piéu nay da khoi goi su quan tam 16n dén viéc diéu chinh vi
tri hoat dong ctia Cu thong qua cac dinh hudng nghién ctru khac nhau, nhu pha
tap kim loai, diéu chinh mat tiép xtc phan ung va ché tao cau triic nano cua
chat xdc tac [82, 108]. Cu thé:

Theo nghién ctru ctia Macova vao nam 2005 [109], 6ng va cong su da
nghién ciru so sanh vé anh huéng cua viéc bd sung Zn vao Cu lam vat liéu
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cathode co ban dén hoat dong xuc tac dién dé khir NOs™ da duoc thuc hién.
Céc phép do thé dong st dung dién cuc dia vong quay duoc thuc hién trong
dung dich mé phong dung dich nhan tao sau khi tai tao cot trao doi ion dé loai
bo NO;™ trong xir Iy nude ubng. Két qua da duoc xac minh bang cac thi nghiém
dién phan hang loat. Su tang cuong cua hoat dong xtc tac dién da dugc quan
sat. Két qua cho thay rang, NH; duoc phét hién 1a san pham chinh caa phan
tng khtr NO3™. Hoat tinh xuc tac dién cao nhat thu duoc khi sir dung dién cuc
chura 41% trong Iuong Zn.

Ciing trong nam 2005, Polatides va cong su da nghién cttu sy khu cua
nitrate bang phuong phéap dién hoa trén céc cathode khac nhau va nghién cau
dong hoc phan tng trén cuc am dong [110]. Ho tién hanh qua trinh khir dién
hoa NO; trong dung dich K,SO4 0,1M va KNO3 0,05M. Ho da nghién cuu
trén nhiéu dién cuc khéac nhau. Két qua cho thay, c4c cathode hiéu qua hon vé
mat chuyén d6i NOs™ thanh N 12 Al va hop kim SngsCuss, trong d6 do chon
loc d6i véi su hinh thanh Nitrogen lan luot 1a 43 va 35,3% ¢ -1,8 va -2,0 V.

Niam 2020, Vuong va cong sy da chi ra rang mang day nano (NWA) caa
CuO nhu mét chat xuc tac dién dé khir nitrate [111]. Diéu thi vi 1a ho da nghién
clru Sy tai cau tric caa NWA trong qué trinh xGc tac. Sy tai cau tric nay duoc
phat hién 1a c6 tac dung wc ché HER canh tranh, tao ra chét x(c tac Cu/Cu,0
NWA ¢4 tinh chon loc cao vai hiéu suét xa la 95,8% dbi véi ammonia.

Nam 2021, Qin va cong su da nghién ctru kha nang phan tng cta cac
mit tiép xtc khac nhau cua chat dién phan Cu,0 [112]. Ho nhan thay hiéu suat
ammonia cao hon ¢ mat (100) khi so sdnh vai mat (111).

Ciing vao nam 2021, nhém nghién ctru cta Yao da nghién ctru dién cuc
tong hop khong chira chat két dinh (CusP/CF). Bién cuc nay lan dau tién dugc
diéu ché bang cach phu truc tiép photphua dong trén bot dong va sau d6 duoc
ap dung dé kha NOs™ bang phuong phap dién héa [113]. Pién cuc CusP/CF
thu duogc cho thay hiéu sut dién hoa ting cudong dé khir NOs~ (84,3%) véi do
chon loc N3 cao (98,01%) trong cac diéu kién ban dau 1a 1500 mg L™ CI- va
50 mg N L™ NOs~. Phép do Von-Ampe quét thé vong (CV) va pho tng tro
dién hoa (EIS) di chirng minh rang qué trinh khir NOs~ dién hoa dat duoc
thong qua su chuyén dién tir gitra NOs~ va Cu® c6 nguon goc tir CF. CusP duoc
ma tai chd dong vai tro 1 chét xdc tac hai chire ning, chat trung gian hoic cau
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ndi dién tur dé tao diéu kién thuan loi cho viéc chuyén dién tir dé khir NOs~ va
la chat xuc tac on dinh dé tao ra nguyén tir H* theo huéng chuyén d6i NO, .
Trong khi d6, CusP/CF van duy tri hoat tinh xtic tic dién ngay ca sau tam thi

nghiém theo chu ky.
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Hinh 1.18. Pudng cong CV cta CusP/CF. a) Anh hudng cia thé cathode dén
qua trinh khir NOs~ dién hoa; b) Hang s6 toc do gia bac nhat dudi cac thong
s6 van hanh khac nhau; ¢) Kha nang loai bo NO3z™ va d6 chon loc cua san
pham & céc thé cathode khac nhau; d) Piéu kién thi nghiém: Nong do NOs~
ban dau = 50 mg N L', pH = 7.0, toc do khuay = 600 vong/pht, thoi gian
dién phan trong 5 gio [113].

Gan day hon, nim 2022, Chen va cong su da chang minh mot chat xdc
tac c6 hoat tinh dac biét va chon loc dé chuyén nitrate thanh ammoniac [114].
Ho d nghién ctru dugc rang dong khir 1 A/lem? & mite qua dién thé thap (—0,13
V so véi RHE) véi hon 99% nitrate duoc chuyén thanh ammonia bang cach
st dung Ru phén tan trén Cu xudc tac day nano (Ru-CuNW).

Ciing trong nam 2022, Zhou va cong su chi ra rang mot cuc &m Cu,O/Cu
NR/CF hiéu qua vé mit chi phi mang nhiéu vi tri hoat dong Cu va vi tri Cu,O
giau electron vai hiéu suat cung cap H* nguyén tir tot dugc béo céo 1a thé hién
dong hoc khtr nitrate nhanh chong (0,04815/phut) va khong tich iy nitritee.
Mic di ammonia 1a san pham khtr nitrate cudi cting chinh nhung hé thong x(c
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tac dién ma ho thiét ké co thé oxy hda ammonia thanh N, mét cach hiéu qua
vé6i su hd trg clia qua trinh dién hoa dong thoi, cudi cung dat duoc d6 chon loc
N 14 96,81%. Trong nghién ctu nay, cuc am 3D Cu,O/Cu NRs/CF 6n dinh va
hiéu qua da dugc phat trién bang cach tai cau trac dién hoa tai chd dé xuc tac
chon loc va tiét kiém chi phi tir NOs~ thanh N,. Két qua dién hda NOsRR cho
thiy cuc &m Cu,O/Cu NRs/CF c6 d6 chuyén héa NOs~ cao 14 99,82% véi hang
s6 toc do phan tng 13 0,04815/phat, cao hon 15 1an so véi dién cuc bot Cu
(0,00301/pht).
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Hinh 1.19. a) Cac FE duoc nghién ctru trudc day vé NOsRR so véi cac chat

dién phan dua trén Cu va Cu da chon. b) Cac FE duogc nghién ctru va do mat

do dong dién ¢ dién thé ung dung cho céc chét dién phan dua trén Cu va Cu
da chon [115].

Hinh 1.19a tém tit cac FE d3 duoc cong b cua NOsRR va NRR tao
thanh ammonia trén mot sé chat xdc tac trén nén Cu. Co thé thay, hau hét tat
ca cac FE duogc nghién ciu déu trén 80% ddi véi chat xdc tac nén Cu. FE cao
c6 thé 1a do hoat dong thap hon d6i véi phan tng tao thanh hydrogen canh
tranh (HER) & dién thé am [116-118]. Hinh 1.19b hién thi dong thoi mat do
dong dién do duoc, dién thé tng dung va FE. Ngoai FE cao, cic chat x(c tac
nén dong thanh cong nhat s& c6 mat do dong dién cao & dién thé ung dung
thap. Phan tich nay cho thay Ru-CuNW la chat xuc tac hoat dong manh nhat
dugc nghién cuu.

Nhu vay, 1a mot vat liéu doi dao va chi phi thap, Cu da duoc nghién ctu
rong rai cho nhiéu tng dung xuc tac dién, chang han nhu siéu tu dién [119],
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pin nhién liéu [120] va khir CO, [121, 122]. Trong sé nhiéu kim loai chuyén
tiép, dong ciing duoc dé xuit 1am vat lidu dién cuc thich hop cho NOsRR va
NRR dé tao thanh NH; nhu da phan tich tim hiéu véi cac nghién ctu néu trén.

Gan day, mot vat liéu nano Cu da duoc nghién cau 1a ¢ hoat tinh xtc
tac dac biét d¢é khir CO, (CRR) [122]. Vi CRR hoi gidng véi NOsRR va NRR,
dic biét tat ca chiing déu phai canh tranh véi HER trong qua trinh dién phan.
Do d6, ching toi dua ra gia thuyét rang chat xtc tac dién CRR tuyét voi co thé
tric ché HER va kich hoat CRR mat cach hiéu qua, ciing co thé 1a chat xuc tac
NOsRR va NRR tbt.

L4y cam hang tir nhitng can nhac trén, trong nghién cau nay, ching toi
tap trung ché tao Cu-nanosphere c6 dién tich bé mat cao bang phuong phap
ma dién don gian dé khtr dién héa NOsRR va NRR thanh ammonia mét cach
tich cuc va chon loc. Pang cha ¥, mang nano Cu thé hién hoat tinh xdc tac
dién va tinh 6n dinh ndm trong sé nhitng chat xuc tac tot nhat cho NOsRR va
NRR.

Hinh 1.20 14 co ché dé xuat caa qua trinh ma Cu c6 phu gia DAT. Co
ché ma 3,5-diamino-1,2,4-triazole lam thay dbi hinh théi cua I6p ma duogc dé
Xuat giai thich bang qua trinh ma bi gigi han boi khuéch tan. O day, 3,5-
diamino-1,2,4-triazole hoat dong nhu mot chat Gc ché ma dién, ban dau DAT
lien két voi bé mat kim loai caa dién cuc, 1am giam sé diém hoat dong dién
hoa cua bé miat kim loai, tir d6 tao ra nhitng diém go ghé dau tién do Cu ma
khéng dong déu 18n bé mat dién cuc. Nhitng diém nay c6 co hoi tiép can Véi
cac ion kim loai khuéch tan dén cao hon so véi nhitng diém bang phang cua
bé mit dién cuc. Ngoai ra nhitng diém goé ghé nay ciing c6 dién tich viing cao
hon so véi bé mat phang, tir d6 thuan loi hon cho phan &ng ma. Sau d6 cac
diém go ghé nay s& phat trién nhanh thanh céc nhanh, trong khi cac ving khac
bi e ché bai DAT va han ché boi khuéch tan nén khong dugc ma. Tir d6 cac
diém ma sé& tiép tuc r& nhanh va tao thanh Iép ma 3D nano xop thay vi tao
thanh 16p ma véi su sap xép chat ché [122].

a) Ma Cu khong c6 DAT
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b) Ma Cu ¢6 phu gia DAT
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Hinh 1.20. Co ché dé xut qu4 trinh ma Cu a) Khong c6 phu gia DAT; b) C6
phu gia DAT [122].

Dé tién hanh ché tao dién cuc dat hiéu qua mong muén, viéc lua chon
diéu kién ma dong vai tro hét sac quan trong. Cac nghién ctru trude dy cho
thay hinh thai cia mang ma dién véi sy ¢6 mat cua 3,5-diamino-1,2,4-triazole
phu thudc rat nhiéu vao 6 pH, mat d6 dong ma va chat nén [122]. Cu thé, theo
nghién cuu cia TS. Hoang Thi Huong Thao va cong sy nam 2017 (Hinh 1.21)
cac loai hinh thai khac nhau dugc hinh thanh theo gia tri pH va mat do dong
dién khac nhau.

a) pH 2.5 at -4 mA/cm” 3 T b) pH 2.5 at -8 mA/cm?®

e) pH 1 at -4 mA/cm?
’ TWE.

Hinh 1.21. Hinh anh SEM ctia mang Cu trong dung dich ma CuS040,1M va
dung dich DAT 0,01M & a) pH 2,5 tai -4 mA/cm?; b) pH 2,5 tai -8 mA/cm?;
c¢) pH 1,5-2.0 tai -4 mA/cm?; d) pH 1,5-2.0 tai -8 mA/cm?; e) pH 1 tai -4
mA/cm? va f) pH 1 tai -8 mA/cm? [122].
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Do d6, diéu kién phu hop cho qué trinh ma dién trong nghién ctu nay
duoc lya chon la mat do dong ma 4,5 mA/cm?, véi dung dich ma chira CuSO4
0,1 M va 3,5-diamino-1,2, 4-triazole 10 mM ¢ pH = 2, trén nén Cu kim loai
dé kiém soat I6p ma Cu c6 hinh dang hat tron kich thuéc nano.

Chinh vi vay trong nghién ctru nay cua chung t6i da st dung dién cuc
Cu va dién cuc Cu-nanosphere 1a dién cuc 1am viéc dé thuc hién phan tng khu
nitrate, khir nitrogen bang phwong phép dién héa.

1.2. Phuwong phap phan tich san pham cia phan wng khir dién hoa
nitrate va nitrogen

1.2.1. Phan tich c4c san pham trong pha khi
1.2.1.1. Phwong phdp sic ky khi (GC) phan tich khi Hz va N

Phén tich khi hydrogen (H,) va khi nitrogen (N,) thuong doi héi cac
phuong phap chinh xac dé xac dinh ndng do va tinh chat cua chiing. Mot trong
nhitng phuong phéap hién nay dugc ung dung rong rai, phd bién va cho hiéu
qua phén tich cao d6 1a sac ky khi GC. MAu sau khi roi khoi cot tach tai cac
diém khac nhau, cac cu tir lan luot di vao detector, tai d6 chiing duoc chuyén
thanh tin hiéu dién. Trén sac do nhan duoc, s& ¢ céc tin hiéu tng voi cac cau
tur duoc tach goi la peak. Thoi gian luu cua peak 1a dai luong dac trung (dinh
tinh) cho chat can tach. Con dién tich cua peak 1a thuéc do dinh luwong cho
ting chét trong hdn hop can nghién cau [123].

Tat ca cac may sac ky bao gom sau thanh phan co ban: Hé thong bom
mau, khi mang, cot tach, 10 cot hodc budng diéu nhiét, detector va hé thong
ghi nhan xir Iy sé liéu.

a. Cat tach

Trong sic ky khi GC, cot tach déng vai tro hét sirc quan trong trong viéc
phan tich va tach cac thanh phan trong mot mau phuc tap. Co hai cach phan
loai chung cta cot tach sac ky khi, d6 1a cot nhoi va cot mao quan. Cot mao
quan dugc st dung rong rai trong phan tich cac hop chat hiru co va khi voi
hiéu suat tach cao, dic biét 1a trong phan tich cac hop chat cé cau truc phic
tap va can do nhay cao [123, 124]. Cot nhéi thudng duoc sir dung trong céc
phan tich don gian hoic dé bay hoi. Ddi twong phan tich cua loai cot nay la
cac khi va cac hop chit nho nhu Hy, Oy, Ny, CO, CH,, COs,... [125-127].
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Dbi véi nghién cau cua ching tdi, ching t6i lya chon loai cot nhdi
MolSieve 13X dé phan tich cac san pham khi. Cot dé st dung nhung van dam
bao hiéu sut tach tét cho phép phan tich.

b. Detector

Detector GC phat hién dugc sy xuat hién caa chat phan tich khi n6 thoat
ra khoi cot GC, tao ra tin hiéu dién ty 18 v6i cudong d6 véi ndng do hoic khoi
lugng caa chat phan tich rua giai. Ké tir khi ra doi phwong phap sic ky khi,
hon 40 detector d4 duogc phét trién [128]. Mot sé duoc thiét ké dé phan ang
véi hau hét cac hop chat néi chung, trong khi mot sé khac duogc thiét ké dé
chon loc cac loai cht cu thé.

Hau hét cac loai detector phé bién duoc sir dung trong GC 1a: Detector
khoi pho (MSD), Detector ion hoa ngon lira (FID), Detector bt dién tir (ECD),
Detector dd dan nhiét (TCD), Detector phat xa nguyén tir (AED), Detector
phan xa quang (PID) , Detector phét quang héa chat [128].

Trong cac detector néu trén, detector dan nhiét TCD thé hién su da dang
vé d6i tuong phan tich, bao gom céac hop chat hitu co va vo co. Co thé ké dén
nhu: khi don gian va hop chat khi (Hz2, He, N2, Oz, CO,, CHy, Ar...) hay cac
hop chét hitu co va vo co (cac hydrogencarbon, Alcohols, aldehydes, ketones,
cac hop chat halogen, va cac khi phan tir nho khéc) [129, 130]. Ngoai su da
dang vé ddi twong phan tich thi detector TDC con ¢6 vu diém d6 1a n6 khong
pha hily mau trong qué trinh phét hién, cho phép thu héi mau sau phan tich
néu can thiét. TCD c6 thé hoat dong véi nhiéu loai khi mang khac nhau, bao
gom heliumum, Nitrogen, va argon, cung cap su linh hoat trong lua chon khi
mang. Va cudi cung TCD van dam bao d6 nhay da cao cho nhiéu tng dung
phan tich khi va hoi.

Tur diéu kién thyc té tai phong thi nghiém ching t6i st dung phuong
phap sic ky khi dung detector dan nhiét TCD véi d6 pho bién, do chinh xac va
d6 nhay cao dé xac dinh ddng thoi hai khi Hzva Nz 12 san pham khi cua phan
ung khu dién hoa nitrate.

c. Cach lay mdu
Thong thuong cac mau dung dich dugc dé trong binh chira mau dang

hd, sau d6 mau dugc dua vao hé thong sic ky khi sit dung kim tiém mau
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(Syringe). Con ddi vai mau khi, do dic thu kho luu trit cia mau khi ma théng
thuong mau khi trude khi dua vao sic ky khi s& dugc chira trong nhitng dung
cu chtra mau khi trung gian vi du nhu tai chta mau khi (gas sampling bag)
(Hinh 1.22.a), hoic binh chta mau khi (gas sampling bottle/bulb) (Hinh
1.22.b). Sau d6 mau khi duoc rat ra khoi dung cu chta trung gian bang kim
tiém kin khi (Gas tight syringe) (Hinh 1.22.c) dé bom vao hé GC. Tuy nhién
dbi voi mau khi, viéc luu giir va lay mau bang cac dung cu nay c6 thé din dén
nhiéu kho khan trong viéc kiém soat ap suat va thé tich tir d6 dan dén sai s6
I6n trong viéc xac dinh lwong khi phan tich trong mot don vi thé tich ¢b dinh.
Ngoai ra sy ro ri trong qua trinh ldy mau va van chuyén mau ciing c6 thé lam
thay di thé tich mau, 1am ban mau do khdng khi bén ngoai xam nhap, hoic
lam hong mau do phan tng caa mau véi khi N,, O, hoic hoi nuée trong khong
khi gay ra, tir 46 dan dén két qua khong chinh xac. Do do, viéc kiém soat luong
khi ¢é dinh va kin khi caa hé phan tich mau khi la van dé then chét dé phan
tich dwoc mau khi véi do chinh xac va do 6n dinh cao.

Hinh 1.22. a) Tui chira mau khi (gas sampling bag), b) Binh chtra mau khi
(gas sampling bottle/bulb), ¢) Kim tiém kin khi (Gas tight syringe).

Do d6, diém can nhan manh trong thiét ké cua chdng t6i trong nghién
ctru ndy thé hién & chd mau san pham khi s& duoc dua tryuc tiép tir binh phan
g dién hoa di vao may sac ky khi GC thdng qua mot hé thong kin khi gom
cac bo phan dam bao thdng sb ky thuat cho qua trinh ldy mau nay. Vé thiét ké
cu thé duoc ching t6i nghién ctu va trinh bay chi tiét & chuong 2.
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1.2.1.2. Tinh hinh nghién cizu phan tich cac san pham khi Hz, N2 si#
dung phwong phdp sdc ky khi (GC)

Theo nghién ciu cua J Li va cong su vao nam 2011, nhém nghién ctiu
chi ra rang c6 thé phan tich H bang phép do phd khéi (MS). MS duoc sir dung
dé phat hién dong vi Ho. Mot s6 may phan tich cy thé va hé théng c6 do phan
giai cao da cho két qua tot nhat [131].

Nam 2012, theo nghién ciru cua Robert Andersson va cong su, ho da
phan tich sac ky khi truc tuyén cac san pham téng hop ruou cao hon tir khi
tong hop [132]. Hé théng va phuong phap GC duoc trinh bay dugc phat trién
dé phan tich céc san pham duoc hinh thanh tir khi tdng hop sir dung chat xdc
tac MoS, duoc thiic day bang kiém, tuy nhién n6 khong giéi han ¢ cac loai
chat x(c tac nay. Trong nghién ciru d6, ho trinh bay mot hé thong truc tuyén
str dung may sic ky khi Agilent 7890 duoc trang bi hai detector ion hda ngon
lira (FID) va mot detector dan nhiét (TCD), cung voi mot Agilent 6890 voi
detector plasma kép phat quang hoa luu huynh (SCD). Hé thong GC hai chiéu
véi cong tac Deans (cat hinh tréi tim) va hai c6t mao quan (HP-FFAP va HP-
Al,03) di duoc sir dung dé phan tich cac san pham hitu co trén FID. Cac khi
v6 co nhe (Hz, CO, CO,, Ny) va methane dugc tach trén cot nhdi va dinh luong
bang TCD. Phuong phap nay cung cap cac phép do dinh luong tt véi mic
can bang vat liéu carbon gan 99,5% (carbon vao/carbon ra) cho timg diém do.

Inlets/outlets Valve oven GC oven Valve oven Detectors
Molecular Sieve SA
COLUMN 5 VALVE 2 [H..O,N,.CO,CH,]
PORAPAK Q - COLUMN &
[CO.] - ‘)))
VALVE 1 ¢ _OFF TCD
Carrier He HAYESEP Q 1
R d & A Inorganic gases
eactor products
sent to sulfur GC o g} COLUMN 4 AN and CHg4
(outlet 1)
Loop
Vent (C2+) <t 290
Carrier He -
Septum Purge
Carrier He =
COLUMN 2
HP- ALOJS FID
COLUMN 1 25m x 0.32mm B
DEAN .
SWITCH Light hydrocarbons

HP-FFAP
(50m x 0.32mm)

Calibration gas inlet
(Infet 2) -

PLATE cOLUMN 3

Gas Sample outiet | FAD
(outlet 2)

Reactor products Oxygenates

inlet (Inlet 1)

Carrier He - 15 -
= swirtcn’
VALVE

Hinh 1.23. So do tong quan ciia GC1 (Agilent 7890) [132].
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Trong nam 2013, theo nghién ctru cua 6ng V. Varlet va cong su [133]
chi ra rang: Céc loai khi khac nhau duoc phan tach bang cac cot cu thé, nhung
néu hydrogen (Hy) c6 trong mau thi viéc phat hién né cé thé dugc thuc hién
biang detector dan nhiét hoac detector ion héa helium. Do d6, chi c6 thé thuc
hién phan tich GC cua H, bang detector do dan nhiét (TCD), detector ion hoa
helium (HID) va detector phat xa nguyén ta (AED). Bé phan tich hau hét cac
loai khi, He 1a khi mang dugc lua chon vi sy khac biét 16n vé d6 dan nhiét giita
He va cac khi khac gitap tang cuong do nhay TCD.

Nhoém téc gia di sau nghién ctru va nhan dinh: khi két hop véi GC, khong
c6 detector nao khéc cd thé thuc hién viéc phat hién H, ngoai trir detector phét
Xa nguyén tar. Dya trén viéc phét hién va phan tich cac dong vi H, bang phuong
phap pho khéi (MS), mot phuong phap méi dé phat hién H, bang GC ghép noi
véi MS bing ngudn ion héa dién tir va may phan tich tr cuc da dugc trinh bay.
Sy hién dién caa H; trong hdn hop khi ¢ thé dé dang dugc dua ra bang ching
bang cach theo ddi ion phan tir caa khi mang proton.

Trong thiét ké nay ciia nhém nghién ctu dung mot may Agilent 6890N
GC (Agilent Technologies, Palo Alto, CA) két hop véi bo lay mau khi ty dong.
Cot nay duoc thiét ké dic biét dé phan tich khi va bao gém hai cot mao quan
dit song song: cot mao quan ray phan tir 5 A PLOT (10m x 0,32mm) va cét
Porabond Q (50m x 0,53mm). Chuong trinh nhiét do la 40°C, duoc gitr trong
5 phat. Kim phun (ché d6 khong phan chia) dugc dit & 100°C va nhiét do MS
& 230°C. He va N duoc stir dung lam khi mang. Viéc phat hién dugc thyuc hién
bing may quang pho khéi Agilent 5973 (Agilent Technologies, Palo Alto,
CA), hoat dong & ché do El ¢ 70 eV va voi TCD (Agilent Technologies, Palo
Alto, CA) dugc duy tri ¢ 170°C. Cot khi chon loc dugc két ndi véi van ba
chiéu cho phép khi duoc dan dén detector TCD hodc MS. Van dugc van hanh
thu cong dé két ndi nudc thai GC véi TCD hoiac MS.

B6 bom mau caa GC

1 S50mx 0.53mm Molsieve SA
\\( \ 7 TCD
\
> A

25mx 0.32mm PoraBONDQ

Hinh 1.24. Thiét ké sac ky dé phan tich hydrogen va khi khéc [133].
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Con theo nghién ctru cua Rodrigues LF va cong sw nam 2014 [134], 6ng
da nghién ctu mot thiét 1ap sic ky khi méi dé mé ta thanh phan khi bang céach
str dung ba detector: Detector ion hda ngon lira (FID), detector do dan nhiét
(TCD) va detector quang ké ngon lira (FPD). Thiét lap sic ky khi méi dugc
phat trien c6 thé dinh lwong khi hydrogencarbon (Ci-Cs) va phi
hydrogencarbon (H,S, CO, CO,, N2, O, va Hy) chi trong mét lan phun va trong
ciing mot phan tich. Sic ky khi thay thé nay cd thé giam thai gian phan tich va
tiét kiém mau c6 thé duoc st dung cho cac loai phan tich khac.

Phuong phap phan tich duoc phét trién bang May sac ky khi Shimadzu
Model GC-2014. Heliumum duoc sir dung 1am khi mang véi toc d6 dong 30
ml/phdt. Thiét bi nay duoc trang bi detector FID sir dung dé dinh luong chu
yéu la hydrogencarbon nhe (C1-Cs), CO va CO,. Hydrogen va khong khi véi
tbc 46 dong 30 ml/phut, dugc st dung 1am khi d6t trong detector FID ¢ 200°C.
Phan tng methane héa CO va CO, xay ra bang céch sir dung may tao methane
(MTN-1) c6 lugng hydrogen du. Khi methane sinh ra dugc phat hién trong
FID. Pé phat hién CO, CHy4, CO,, N,, O, va H,, ngudi ta str dung detector TCD
& 200°C. Khi chuan va toc do dong mao quan 1a 30 ml/phut. Detector FPD &
200°C duoc sir dung dé phat hién HsS.

Cwéong do T(eC) Cwong do T(=C)
]

— , —
TEC) Cuong db -

.....

phfl 3 phl:l

Hinh 1.25. a) FID xac dinh 1000 mg/L (v/v) ctia C; va 250 mg/L (v/v) ctia
C,-Cs; b) FID xac dinh 10.000 mg/L (v/v) CO va COg; ¢) TCD xac dinh
10.000 mg/L (v/v) COy, H,, Oz, N, va CO; d) FPD xac dinh 10 mg/L (v/v)
H,S [134].
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Con trong cdng bé gan ddy cua tac gia Matheus.N Araujo va cong su
vao nam 2023 vé nghién ciru phuong phap xac dinh nhanh thanh phan khi sinh
hoc bang sic ky khi két hop véi detector dan nhiét (GC-TCD) [135]. Trong
nghién cau nay, bo sic ky khi bao gdm Shimadzu/TCD GC-2030 duoc trang
bi cot Supelco Carboxen 1010PLOT duoc sir dung dé xac dinh hydrogen (Hy),
nitrogen (N2), methane (CH,) va dioxide carbon (CO,) bang phuong phap tiém
thu cong chi phi thap. Hai dudng cong phan tich (thap va cao) da thu dugc cho
tirng muc tiéu, cho phép phan tich khi sinh hoc chtra ndng d6 muc tiéu thap va
cao. Cac tham sb x&c nhan duoc danh gia, cu thé 1a d6 tuyén tinh, pham vi [am
viéc, pham vi 1am viéc tuyén tinh va do nhay; giéi han phéat hién (LOD); gidi
han dinh luong (LOQ); va do chinh xac dugc thé hién thong qua do lap lai va
d6 chinh xac trung gian chung thue do tin cay caa phuong phap dbi véi nhiéu
ung dung.

Cac phan tich sic ky duogc thuc hién véi cot Carboxen® 1010 PLOT (30
m x 0,53 mm) trong may sic ky khi Shimadzu Nexis GC-2030 dugc trang bi
TCD st dung argon (Ar) 1am khi mang. T4t ca cac lan tiém dugc thuc hién thi
cong bang hai loai ong tiém kin khi khac nhau: éng tiém SampleLock duoc si
dung cho cac mau thé tich thap (3-100 pL) va éng tiém BD duoc trang bi van
nat nhan (Supelco®) cho cac mau thé tich cao ( 200—1000pL).
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Hinh 1.26. Séc ky d6 ctuia hdn hop cac chit chun ¢ cac diéu kién sic ky quy
dinh [135].

Nhu vay, tir viéc tim hiéu nhitng c6ng trinh da duoc cong b tir trudce
dén nay khi phan tich khi Hz, N cang 1am tang thém tinh thuyét phuc véi viéc
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str dung sic ky khi GC véi detector TCD cho nghién ctu caa ching toi trong
phan tich khi H,va N caa phan tng khtr nitrate bang phuong phéap dién héa.

1.2.2. Phan tich c4c san pham trong dung dich
1.2.2.1. Phan tich ammonium (NH4")

Viéc phan tich NH,* ¢6 thé sir dung bang cac phuong phap nhu: UV-
Vis [136]; cac phwong phép sic ky nhu: sic ky long hiéu ning cao HPLC [137,
138], sic ky khi khéi phd GC-MS [139-141], sic ky ion IC [142, 143]; phuong
phap dién di bao gém dién di mao quan va vi mach [144, 145] va phuong phap
phd cong huong tir hat nhan (NMR) sir dung thi nghiém ghi nhén déng vi st
dung *H-NMR trong viéc xac dinh ngudn N cua san pham [146-148].

Xuat phat tir nhitng phuong phap da duoc nghién ciu trong va ngoai
nudc, tir wu nhuge diém cia nd va diéu kién cho phép cua phong thi nghiém
chung t6i d4 Iya chon phuong phap UV-Vis dé phan tich NH,*.

Dua trén dinh luat Lambert—Beer, quang phé UV-Vis 1a mot ky thuat
dinh luong cd thé duoc st dung dé do ndng do cia mot chat hda hoc théng qua
su hap thy anh sang ¢ budc séng dién hinh trong khi va dung dich [149]. Cac
chat dugc phét hién c6 thé duoc dinh luong bang cach sir dung duong cong
hiéu chuan dua trén cac mau chuan. Trong phat hién ammonia, UV-Vis 1a
phuong phap phd bién nhat do chi phi thap va hoat dong don gian [136]. Trudc
khi thr nghiém do hap thy, can cd cac chat tao mau va phuong phap xanh
indophenol 1a mot trong nhitng phuong phap do mau duoc st dung rong rai,
doi hoi ba thudc thir: dung dich potassium sodium tartrate-salicylic, dung dich
sodium hypochlorite va dung dich sodium nitroferricyanide [150]. 6 hap thu
ctia mau xanh indophenol c6 thé duoc do ¢ budc séng khoang 630 -720 nm
[151]. Mot tac nhan tao mau thuong dugc sir dung khéc 1 thudc thir Nessler,
va do hap thy toi da thuong duge do & khoang 420nm. Tuy nhién, budc séng
hap thu toi da khong phai 1a mot con sé ¢é dinh va bi anh huong béi d6 pH
cua dung dich va su khac biét caa chinh may quang phé [152]. Ngoai ra, nong
d6 cua chat duoc phét hién phai duoc diéu chinh theo pham vi hap thu phi hop
cua ting may quang pho.
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1.2.2.2. Phan tich NOs va NOy

Viéc phan tich NOs va NO; ¢6 thé sir dung béng cac phuong phép nhu:
UV-Vis [153-155]; quang phé Raman cong huong [156, 157]; quang phd hong
ngoai [158, 159]; phuong phap quang phd huynh quang [160]; phuong phap
quang phd khdi [161, 162] va cac phuong phap dwa trén phan tich khoang phét
xa phan tir (MECA) [163].

Trong cac phuong phap cac dinh NO3z™ va NO; trong nudc thi quang
phd UV la phuong phéap duoc si dung rong réi do tinh linh hoat, don gian va
kha thi caa nd. Phuong phap phan tich nay dwa trén phép do d6 hap thu cua
nitrate va nitrite & bugc séng nhat dinh theo tirng nghién ctu cu thé.

Céc phuong phap do quang pho UV-Vis xUc tac khac nhau dya trén tac
dung xUc tac caa nitrite dbi vai qua trinh oxy hoa ciia mot sb chat chi thi hozc
thudc nhudm hitu co véi cac chat oxy hoa thich hop, da duoc sir dung rong réi
dé xac dinh nitrate va nitrite trong cac mau thuc pham, nudc va sinh hoc [153-
155]. Cac dan xuit phenothiazine dugc thay thé, thuéc nhuom kiém
triarylmethane, thuéc nhuom triarylmethane acid, thuéc nhuém azo, thudc
nhuom quinone imine, v.v. da dugc sur dung lam loai chi dinh. Trong khi do,
kali bromat, kali clorat, kali permanganat, hydrogen peroxide, v.v., da duoc st
dung lam tac nhan oxy hoa.

Mot s6 chat chi thi phan Gng véi nitrite dé tao ra san pham ¢ mau trong
truong hop phan tng nitro hoa dé xac dinh nitrite. Aydin va cong sy (2005) da
phét trién phuong phap do quang pho dé xac dinh nitrite trong nudc dua trén
phan tng cua nd véi barbituric acid trong dung dich acid dé tao ra violuric
acid, mot dan xuat nitroso [164]. Binh luat Beer dugc tuan theo ¢ budc séng
310 nm, trong khoang ndng d¢ nitrite tir 0,00-3,22 mg/L. Burakham va cong
su (2004) ciing stir dung phan ng nitro héa gita ion nitrite va phloroglucinol
(1,3,5 trihydrogenxybenzen) va phét hién quang pho & budc song 312 nm, dé
dinh luong nitrite cling nhu nitrate trong cac mau nuéc [165].

1.2.3. Tong quan tinh hinh nghién ciu hé ghép néi phan wng dién
héa véi sic ky khi (EC-GC)

Phuong phép sac ky khi (GC) 1a mot phuong phap hitu hiéu trong viéc
tach va dinh luong hdn hop cac khi trong ciing mot mau phan tich. Tuy nhién
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tinh t6i thoi diém hién nay cac nghién ctu da duoc cong bé trén thé gisi va
trong nuéc cha yéu la phan tich céc chat bang phuong phap GC offline truyén
théng. Trong khi d6, s cac nghién ciu vé phuong phap ghép ndi truc tiép gitra
phan tng dién hoa véi may sic ky khi dé phan tich cac san pham khi caa phan
g nay con it duoc cdng b trén thé giodi ciing nhu tai Viét Nam do viéc tién
hanh do cac san pham khi néu khéng c6 mot quy trinh rd rang, chit ché thi
viéc thét thoat khi Ia rat cao, anh hudng dén hiéu suat phan @ng va tir d6 anh
huong dén do tin cay cua phuong phap [166, 167].

Mot s6 hé ghép néi giira sac ky khi vai phan ang dién hda cu thé 1a phan
tmg dién hoa khtr CO, dé phan tich truc tiép san pham khi caa phan tng nay
ciia mot s6 hé phan tng khtr dugc nghién ciu trén thé gisi cho dén thoi diém
hién nay. Qua trinh dién hoa khir carbon dioxide (hoac phan tng khur CO,, ky
hiéu CO,RR) thanh cac san pham c6 gié tri (vi du, CO, formate) [168, 169]
duoc ky vong s€ dong mot vai tro quan trong trong mét xa hoi bdo hoa carbon
trong tuong lai.

Theo nghién ctru cia Chung Shou Chen nam 2015: Sy khir dién hoa cua
Carbon Dioxide thanh Ethane bang cach sir dung chét xuc tac dong cé cau trdc
nano Cu,O va Paladi(ll) Clorua chi ra rang: Mot phuong phap dé tao diéu kién
thuan loi cho qué trinh khtr carbon dioxide (CO,) thanh ethane (C;Hg) biang
dién hoa duoc phét trién. Chat dién phan duoc sir dung 1a KHCO3 0,1 M trong
nudc. Phép do thoi gian, kinh hién vi dién tir quét, quang phd quang dién tur
tia X, nhiéu xa tia X, sac ky khi truc tuyén va quang pho cong huong tir hat
nhan duogc sir dung dé md ta hé thong dién hda va cac san pham duogc tao thanh.
Qua trinh khtr carbon dioxide bang cach sir dung dién cuc lam viéc bang déng
c6 ngudn goc Cu,O di tao ra ethylene (CoHs) va ethanol 1am san pham C,
chinh, véi hiéu suat Faraday (FE) duoc t6i wu hoa 13 32,1 va 16,4% ¢ — 1,0 V
s0 v6i RHE [170].
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Hinh 1.27. Tap hop cac sac ky d6 dai dién cta cac san pham ¢ thé khi sinh ra
trong qua trinh khir CO,. Piéu kién thi nghiém: Pién cuc Cu tac dung duoc
Cu,0O c6 thém PdCl; vao binh dién phan KHCO3 0,1M. Pién thé ap dung -

1,0 V [170].

Trong khi do, cac cong trinh nghién ctru cua Justus S. Diercks [171],
caa nhdm A.A.Permyakova [172] va cua K. Iwase va cong su [173], ho da
trinh bay mot thiét 1ap hé thong sac ky khi truc tuyén dua trén thiét ké tam
song song cho phép lap rap co thé tai tao va can chinh dién cuc dong thoi co
dién tro tiép xdc thap, khong gian dau giam thiéu va ty 1é bé mat dién cuc trén
dién cuc thap. Ngoai ra, ho d cung cip cac huéng din dé tién hanh cac phép
do dién phan CO, nhu vay mét cach thanh cong va c6 thé tai tao.

Cu thé, ndm 2021, Justus S. Diercks va nhém nghién ctru da thiét lap
mét binh dién hoa linh hoat hé ghép ndi tryc tiép véi may siac ky khi GC dé
tién hanh thuc phan ung khi CO,. Trong d6, mot sé cai tién trong viéc chuan
bi dién cuc (sir dung dién cuc xUc tac Pt/C va Pd/C), lip rap binh, can chinh
va tiép xtic dién cuc ciing nhu ty 18 dién tich bé mat hinh hoc trén chét dién
phan d3 gitip cho nhom nghién ciru di phat hién va dinh luong nhiéu san pham
khi cling nhu chat l1ong thu dugc tir qué trinh khir dién CO, nay véi hiéu suat
Faraday ~ 100% [171].

Viéc phét hién cac san pham duoc thyuc hién riéng biét ddi vai khi va
cac loai ion hoa tan (tic 1a formate). Dé phat hién formate, ngudi ta st dung
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may sic ky ion (Metrohm, 882 Compact IC plus) véi bo 1dy mau tu dong
(Metrohm, 863 Compact) va cot trao d6i anion (Metrosep, A Supp 5—150/4.0)
[171].
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Hinh 1.28. Séc ky d6 cho ca detector ion hoa ngon lira (FID) va detector dan
nhiét (TCD) cho hdn hop khi hiéu chuan. Céc dinh va dic diém duoc hién thi
dai dién cho sy thay doi 4p sut do xoay van (1 & 3), H (2), C2Ha tir lan
phun trude (4), CO (5) va CHy (6) [171].

Mot nghién ciru méi day nhat duoc cdng bd vao thang 7 nim 2024 cua
tac gia Zhen Shen va cong su [174] d3 bd sung minh ching, trich dan thém
cho viéc cap nhat vé hé ghép néi dién hda va sac ky khi (EC-GC). Trong nghién
ctru nay, nhom tac gia da nghién ciru vé mot loai chat xuc tac Cu cho phan tng
khir dién héa nitrate va nitrite thanh NHs trong chat dién phan trung tinh. Cac
san pham khi c6 thé co di véi phan tng khir dién hoa nitrate, bao gdm Hy, N
va O, duoc xac dinh dinh tinh bang phuong phap khéi phd truc tuyén
(AMETEK DYCOR) va H; dugc dinh luong bang phuong phap sac ky khi
truc tuyén véi dau do do dan nhiét (LU GEN ANALYSIS GC 9860). C4c san
pham long duge dinh luong bang phuong phap do mau. Phd hap thu tia cuc
tim kha kién (UV-Vis) dugc do trén may quang phd tdc d¢6 cao (PG2000,
ideaoptics) [174].
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Ciing trong nghién ctu nay, nhém nghién cuu da bao boc cac hat nano
Cu bén trong céc nano carbon phan cap ua nudce pha tap nitrogen (NNCNC) va
chat xuc tac giéi han dugc xay dung nhu vay cia CU@hNCNC ching minh
mot moi treong pH cao cuc bo tu tang cuong xung quanh cac hat nano Cu bén
trong. Do d6, chét xtic tic CU@hNCNC thé hién hoat tinh phan ¢ng khir dién
hoa nitrate (eNOx—RR) thanh NHj tot ngay ca trong chat dién phan trung tinh,
tuong dwong véi chat xic tdc Cu ¢ dinh trén bé mat ngoai cua hNCNC
(Cu/hNCNC) véi mdi truong “mé” trong chat dién phan kiém manh, véi do
6n dinh t6t hon nhiéu d6i Vi chat xuc tac trude. Trong chat dién phan trung
tinh c6 NO,~ 1 M, chat x(ic tic CU@hNCNC thé hién san lwong NH; tuyét voi
Ién téi 4,0 mol/gid.g v6i FE cao 1a 99,7%. Uu diém khong kiém manh cho
thay @ng dung tiém nang va tinh kha thi cua chat xuc tic Cu@hNCNC duoc
chtrng minh bang qua trinh oxy héa N, do plasma két hop véi eNO, RR thanh
NH; dé tong hop NHs [174].

A 0 B

- 100 J-rrrmrrmrrmrnerrnnnrnnaas ;;_--_:m---S =
-— _— =1
—— | - —— _4 —
— —100- < &l I £
e ~. 60/ I 3 2
S £ =
£ _200- —0.1 500 w401 2 =
- S 1000 n =
—10 — 1500 201 [, =
300 100 —— 2000 mM - é
0 300 600 _ 9;')0 12'90 1500 1800 01 70 100 1000
Thoi gian (giay) Néng doé ctia NO,” (mM)
c - =
100] setstatyelatattatiztans ss et gagartalnoncrasssss [0
" LT III s
£ NS
3 eo.ulnmwl\ LLLELLEERLLLLLLLLLLLELL T L 2
; AEEEREEEEELI YR EEEERE: £
g 4o ' Mz
~O
20+ Ly =
P
0 . . ~L0S
0 10 20 30 40 50
Sé chu ky (n)
D 2 a a a
100 k 5 , B
0, A 4 h E ‘:}:.17N0,
'i‘ pH 7 50 mM NO,
i; 80 b A v
2’{, j . Nghi&n_ciru nay : (Ju—PY(,DA‘(dn) B ;Tu.'h()' (1) - (%u—NB& 100 (20)
IJ.JZ 60 4 o ) } ) :(() "‘1'4221 O, (46) A :’: :?:’;:‘-‘n:;;ﬁ;n 4 l:: ;:(;C::’C;.’t“v : z:?vser:rn‘_‘sic (48)
o A \ Co/CoO NSAs (49) W NI, /NC-sd (50) ¥ Co-NAs (21) ¥ Fe SAC (51)
NLB@NB, ,, (52) Fe-PPy SACs (15) » Cu SSCs (53) Cu nanoparticles (54)
™% CoP NAS/CFC (55) Rh@Cu (56) Cu@C (57) BiFeO, (58)
40 Ru-CuNW (24) P Cu-N-C SAC (25) CuPd nanocubes (26)
0 2 4 6 8 10 12

Téc dé tdng hop NH3 (mol/gid.g)
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Cu@hNCNC véi cac ndng do NOx khac nhau & thé —1,5 V trong chét dién
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phan trung tinh (pH = 7). (A) Pudng cong i-t. (B) Hiéu suit Faraday va toc
d6 tao ra NH; (C) do 6n dinh dién xuc tac cia CU@hNCNC (mau do) trong
NO, 1000 mM. Dir liéu tuong tng cia Cu/hNCNC (mau xanh) trong chat
dién phan kiém manh (pH = 12) ciing dugc thé hién trén hinh anh dé so sanh.
(D) So sanh hiéu suat khir dién hoéa NO,~ thanh NH; cua Cu@hNCNC véi
hiéu suét cta cc chit xuc tac dién dién hinh trong tai liéu. Luu y: ty 1€
NO3;/NO; trong NO,~ dugc ¢b dinh ¢ mirc 1:3 [174].

Tinh dén nay, hé ghép ndi sac ky — dién hoa con kha méi mé ca & trong
nuéc 13n trén thé gioi. Pa phan cac nghién ctu khtr dién hoa déu sir dung céc
phuong phap phan tich offline truyén thong [10]. Pac biét, & Viét Nam phuong
phép do dong thoi hoic néi tiép san pham cua phan tng nhu thé nay chua duoc
nghién ciu va phat trién.

Tir cac nghién cau vé hé ghép ndi EC-GC néu trén ciing nhu cac nghién
ctru trén thé gioi cho dén thoi diém hién nay ching toi nhan thay:

- Céc nghién ctu vé nghién ciu hé ghép ndi truc tiép gitta phan ang
dién hoa (EC) va sac ky khi (GC) dé phan tich cac san pham khi cua phan tng
dién hoa khu nitrate va khir nitrogen chua c6 cong b nao.

- Mit khac, céc nghién ctu cua cac hé ghép ndi EC-GC cua cac phan
tng khir dién hoa khéc chi dang dung lai ¢ viéc phan tich cac san pham khu
cua phan tmg dién hoa cht chua di sau vao viéc khao sat diéu kién téi vu phan
tich cac san pham nhat I1a cac san pham khi. Xuat phat tir van dé do, trong
nghién ctru nay chung t6i dé xuat nghién ciru hé ghép néi tryc tiép EC-GC doi
véi phan ang kha dién héa nitrate va khir nitrogen va tién hanh khao sat mot
s6 diéu kién dé ti wu hoa viéc phan tich cac san pham khi trong phan Gmg dién
hoa khir dién hoa nay, gép phan vao viéc nghién ciru phan tich cac san pham
khi dugc day du hon, két qua phan tich dang tin cay hon.

Nhu vy, phuong phap phan tich ghép ndi truc tiép giira hé sic ky va hé
phan img dién hoa dugc su dung trong nghién ciru nay sé dong gop 16n trong
viéc x4c dinh truc tiép va chinh xé&c cac san pham cua cac qua trinh chuyén
hoéa cling nhu nhiéu tng dung cho cac phan ung khac. Vi vay viéc nghién ciu
hé ghép ndi sac ky dé phan tich truc tiép cac san pham caa phan tng hoa hoc
dugc dé xuat ¢ day c6 ¥ nghia khoa hoc, tng dung va tiém ning cao.
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Chwong 2. PHUONG PHAP NGHIEN CUU VA THUC NGHIEM
2.1. Thiét bi, dung cu va hoa chat
2.1.1. Thiét bi

Nghién ctru thuc nghiém dugc thuc hi¢n tai phong thi nghi¢m Héa Phan
tich, Vién Hoéa, Vién Han 1am Khoa hoc va cong nghé Viét Nam.

Cac thiét bi thuc hién nghién ciu bao gom:

- Thiét bi sic ki khi Agilent 6890N; Detector dan nhiét (TCD); Cot
MolSieve 13X 45/60 UM (2Ft 1/8 2mm);

- Luu luong ké co kiém soat (Mass Flow controller - MFC) Cole -
Parmer Gas Mass Flow Controller va Alicat Gas Mass Flow Controller;

- Thiét bi cuc pho da chitc nang 797 VA Computrace (Metrohm - Thuy
S1);

- May quang phd UV-Vis (Cintra 4040 - Australia);

- May tao khi Hydrogen (Peak scientific - Anh);

- M4y do nhiéu xa tia X D8-Advance, A = 1,5406 A (Bruker —Duc);

- Bé siéu am (Elma — buc);

- May khuay tir gia nhiét Velp (Y);

- Can phan tich d¢ chinh xac 0,0001g (bc);

- May loc nuéc siéu tinh khiét Direct Q 5UV (Merck Millipore — Phap)

- May do pH dé ban (Pic);

- Kinh hién vi dién tir quét phan giai cao S-4800 (Hitachi — Nhat) - Vién
Vat liéu, Vién Han 1dam Khoa hoc va Céng nghé Viét Nam.

2.1.2. Dung cu
- Binh phan tng dién hoa: H-cell
- Cuvet thach anh 1cm

- Cac dung cu thay tinh thong thuong va dung cuy, vat liéu phu trg khac
nhu: Binh dinh muac (50ml, 100ml, 200ml); Céc thuy tinh (50ml, 100ml); Pipet
(1ml, 2ml, 5ml, 10ml); Ong dong (50ml, 100ml); Day dan dién kep 2 dau; Gia
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d5 thi nghiém; Piia thiy tinh; Pater pipet; Gidy loc bang xanh, gidy chi thi pH.
2.1.3. Hoa chat

- C4c hoa chat st dung trong nghién ctru nay déu thudc loai tinh khiét
phan tich xuit x& Merck nhu: NaNOs, Na;SO,, KCI, HCIO,, H,SO,, HCI,
CuSQy, H3PO,.

- Céc khi tinh khiét phan tich He, N5, Hz, CO,, CO, CH..

- Céc dién cuc gom: dién cuc 1am viéc: dién cuc Cu, dién cuc so sénh:
dién cuc Ag/AgCI/KCl 3M va dién cuc phu trg: dién cuc Pt.

- Dung dich chuan gdc nitrite 2000 (mg/L)

- Dung dich chuan gdc nitrate 1000 (mg/L)

- Dung dich chuan goc ammonium 1000 (mg/L).

2.2. Ché tao dién cwc va danh gia diic trung cau tric cia vat ligu
dién cuc

2.2.1. Ché tao dién cuc

Chuan bi dién cuc Cu-Nanosphere: Cu-nanosphere dugc chuan bi bang
phuong phap ma dién héa 18n bé mat dién cuc Cu & mat d6 dong dién khong
d6i 4,5 mA/cm? trong 500 gidy trong bé dung dich ma chaa CuSO,4.5H,0 0,1
M va 3,5-diamino-1,2, 4-triazole 10 mM, pH cua dung dich ma duge diéu
chinh vé 2 bing dung dich H,SO4 0,5M. Tam Cu (99,99%) duoc st dung lam
dién cuc nén cho phan ttng ma Cu-nanosphere. Mot miat cua tim Cu nay duoc
pht epoxy dé ngin khong cho phan tng dién hoa xay ra trén mat do, va chi
cho phép phan ung dién hoa xay ra trén mot mat caa tim Cu. Bién cuc Cu
duoc 1am sach bing cach mai bé mat dién cuc trén cac giay nham c6 thong sd
lan luot tir 200 grit, 400 grit, 800 grit, 1000 grit, 2000 grit, va 3000 grit. Bién
cuc dugc mai trén mdi loai gidy nham trong thoi gian 5 phut, sau d6 duoc rira
sach bang nudc cat siéu sach Mili—Q, rdi siéu 4m trong vong 10 phut dé 1am
sach hoan toan truéc chuyén sang gidy nham co kich thudc min hon. Sau khi
lam sach dién cuc lam viéc xong can tién hanh lap hé phan (ng va lam phan
tng khir dién hoa ngay dé tranh viéc dién cuc 1am viéc Cu bi oxi hoé trong
khong khi. Phan (thg ma dugc thuc hién trong binh dién hoa hai ngan (H-cell).
Luéi Pt duoc su dung 1am dién cuc phu trg, dugc ngan cach vai dién cuc lam
viéc bang mang trao doi ion Nafion 117.
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2.2.2. Panh gia dic trung cAu tric caa vat liéu dién cuc

Dic trung tinh chat cua vat liéu: Hinh thai bé mat cua dién cuc duoc
phan tich qua anh SEM thu duoc bang kinh hién vi ¢ phan giai cao Hitachi S
tai Vién Khoa hoc VAt liéu. Cau trdc tinh thé caa cac dién cuc duoc xéac dinh
qua gian d6 XRD thu duoc bang may do nhiéu xa tia X Bruker D8 Advance
tai Phong Héa phén tich, Vién Hoa hoc. Cac phuong phap do dién hoa

Hoat tinh dién hda cua dién cuc Cu va Cu-nanosphere dugc danh gia
bang phuong phap quét thé tuyén tinh (Linear sweep voltamometry - LSV) va
phuong phap dong dién-thoi gian (Chronoamperometry - CA) trén thiét bi dién
hod Metrohm 797 VA. Hé phan tng dién hoa gom dién cuc Cu hoic Cu-
nanosphere lam dién cuc lam viéc, ludi Pt lam dién cuc phu trg va Ag/AgCl
(KC1 3M) lam dién cuc so sanh. Dién cuc Ag/AgCl (KCl 3M) duoc so sanh
vai dién cuc hydrogen thuan nghich (RHE) trong dung dich dién ly caa phan
g trudc mdi thi nghiém. Céc hiéu dién thé trong nghién ctu nay duoc bao
cd0 so v6i RHE. Dién cyc 1am viéc 1a tim Cu (99,99%) va Cu-nanosphere
duoc phu nhya epoxy & mat sau cua dién cuc dé khong cho hoa chat tiép xdc
va cach duogc dién, chi dé lai mot mit caa dién cuc tiép xGc va phan tng véi
chat dién ly. Bién cuc phu trg duoc tach khoi dién cuc 1am viéc bang cach su
dung mang Nafion-117 trong binh dién hoa hai ngan (Hinh 2.3). Bién cuc so
sanh duoc dit gan dién cuc 1am viéc dé do thé hoat dong caa dién cuc nay

Dung dich khtr nitrate chira Na,SO4 0,5M + NaNO3 0,1M. Dung dich
khir N, chtra Na;SO4 0,5M. Khi N, ¢ do tinh khiét cao (99,999%) va khi Ar
(99,999%) duoc suc vao dung dich chat dién ly trong 30 phut dé thu dugc moi
truong N2 hoac bdo hoa Ar va loai bo cac khi hoa tan khac trudc khi thuc hién
phan ung dién hoa. Céc khi nay s& tiép tuc duoc suc vao trong dung dich chat
dién ly dé duy tri moi truong bio hoa trong qua trinh dién phan bang phuong
phap CA. Trong sudt qua trinh quét LSV, cac khi duoc gitt cho chay lién tuc
trong khong gian khi phia trén bé mat dung dich chat dién ly dé tranh sy xam
nhap cua cac khi bén ngoai vao binh phan tng. Phép do quét thé tuyén tinh
LSV duoc thuc hién ¢ toe d6 quét 10 mV/s va cac phép do dong — thoi gian
CA duoc thuc hién trong 1 gio tai cac dién thé khac nhau.

Pé danh gia dién tich bé mat hoat dong thyuc cua dién cuc Cu va Cu-
nanosphere dugc do bang phuong phap ma Pb thé thap (Pb-UPD). Bién cuc
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Cu va Cu-nanosphere sau khi 1am sach hoic duoc ma s& tién hanh xac dinh
dién tich hoat dong dién hda bang phwong phap Pb-UPD. Phép do Von-Ampe
quét thé tuan hoan (CV) ddi vai dién cuc Cu va Cu-nanosphere duoc thyc hién
& tde do quét 10 mV/s trong chat dién phan chita HCIO, 100 mM + Ph(CIO4),
1 mM + KCI 20 mM tir OV dén -0,7V so véi dién cuc so sanh Ag/AgCl. Nhu
vay, dién tich ma duéi thé Pb duoc lay tir phép do CV dé uéc tinh dién tich bé
mat hoat dong cua cac dién cuc.

2.3. Ghép néi hé dién hoa véi sic ky khi (EC-GC)
Hé binh khi chuan va sic ky khi dugc ghép néi theo so do trén Hinh 2.1.

¥ wrc
vong
lay mau
Budng
tron khi
M3y khi | Mau thoat
Sk —{ mrc
e >——@
cot
etector
Khi pha lodng

Khi mang

Hinh 2.1. So' d6 ghép néi hé binh khi va kiém sodt khi chudan véi hé phdn ieng

dién héa (EC) véi sdc ky khi (GC).
':j

e

! Mau thoat
X ~ -
\

Vo N
((('))]] véng ldy mau
\\\WV./)
N\

Cot tach
- - -
| T A, I

Detector

Hinh 2.2. H¢ phdn vmg dién hod (EC) ghép néi online véi hé phén tich sdc ky
khi (GC).
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Trong nghién ciu ndy, hé phan tng dién hda ghép ndi online véi hé sic
ky khi (EC-GC) duoc thiét ké va sir dung nhu trong Hinh 2.2. Hé phan tng
dién hoa ¢ day la hé dién phan ban lién tuc (semi-flow cell), trong d6 khi phan
ung dugc bom lién tuc vao va sau do ra khoi hé phan tng, trong khi dung dich
dién ly duoc gitr khong d6i bén trong binh phan ¢ng trong sudt qua trinh.
Puong khi vao cua binh phan tung dién hoa dugc ndi véi binh khi He théng
qua hé kiém so4t luu luong (Cole-Parmer). Budng khi ra cua binh phan ¢ng
dién hoa duoc ndi véi cot silica gel dé loai bo hét hoi nude trong khi di ra trude
khi dua vao GC. Luu lugng khi He 10 sccm dua vao binh phan tng dé dua céc
khi san pham cua phan ung ra khoi binh phan tmg va theo dong di vao hé phan
tich GC. Vi thiét ké hé phan ung dién héa ghép néi online véi hé sac ky khi
(EC-GC) nay, san pham khi cua phan ung dién hoa duoc dua tryc tiép vao GC
ma khdng can thdng qua mot binh chita mau trung gian nao.

Khi san pham cua phan tmg dién hoa duoc tién hanh phan tich boi sic
ki khi Agilent 6890N; detector dan nhiét (TCD); cot MolSieve 13X 45/60 UM
(2Ft 1/8 2mm); nhiét do Injector 50°C; nhiét do Detector 100°C.

- Cau tao binh H-cell cho phan ng dién hoa

Qo Khi vao o

Khira
‘—

' !

Cathode Mang Anode

Hinh 2.3. Cdu tao binh H-cell cho phan ung dién hoa.

Pé phi hop véi muc dich phan tich duoc san pham khi caa phan ung,
binh dién hoa trong nghién ctru duoc thiét ké va dat hang san xuat dé dam bao
nghiém ngat tinh kin khi caa hé phan ang. Binh phan ung dién hoa duoc thiét
ké theo hinh dang chit H (H-cell) 1am bang vat liéu thay tinh, phia trén binh
dugc day bang nap Teflon dé tao thanh binh kin khi. Giita hai khoang duoc
ngin bai mang Nafion nham muc dich cho ion H* trao d6i, nhung khong cho
c4c san pham caa phan ung (ké ca khi va long) di chuyén sang khoang anot va
nguoc lai. Khoang cathode (dién cyc 4m) cam dién cuc 1am viéc va dién cuc
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so sanh Ag/AgCl 3M. Ngoai ra khoang cathode con gin hai duong éng dan
khi. Mot dudng dng dan khi tir binh khi chuan He dong vai tro 1a khi day trong
hé phan tmg dién héa di vao khoang, con duong 6ng khi con lai dan khi sinh
ra tir phan tmg dién hoa theo dong khi day He di ra khoi khoang cathode dé
dén hé phan tich GC. Khoang anot (dién cuc duong) chira dién cyuc phu tro Pt.

2.4. Xay dung phwong phap phén tich cac san pham trong pha khi
cua phan &ng khir dién hda nitrate

2.4.1. Khao sat diéu kién tach va phan tich khi Hz, N2
2.4.1.1. Thong sé trén may sdc ky khi (GC)

Cac diéu kién dé khao sat viéc phan tich cac khi Ny, H, trén thiét bi GC-
TCD bao gom: ap suat bom mau va chuong trinh nhiét d6 10 cot. Tién hanh
khao sat ¢ong thoi hai thong sb nay.

Céac thong s6 con lai duoc ¢ dinh trong qua trinh khao sat ddng thoi
diéu kién &p suit va nhiét do bao gom: nhiét do detector: 100°C; nhiét do
Injector: 30°C; thé tich bom mau: 1ml; téc do khi mang He (20sccm) va khi
make up: He (10sccm). Cac diéu kién duoc lya chon khao sat va téi wu hoa lai
theo diéu kién phan tich cua mot s6 céng bd qudc té [8-10].

Quaé trinh khao sat cac diéu kién dugc tién hanh véi viéc sir dung cot
tach 1a cot MolSieve 13X 45/60 UM (2Ft 1/8 2mm) va cac khi chuan tinh khiét
(p.a) duoc pha lodng theo ndng dd mong muén.

2.4.1.2. Thiét lap hé phan ing khao sat

Hé thong dung dé tién hanh cac thi nghiém khao sat ciing duoc thiét lap
giong nhu hé ghép ndi ddi véi phan tng khir dién héa ma ching toi nghién
ctru sau ndy. Hé thdng bao gdm mat binh phan ung H-cell duoc ghép néi truc
tiép vai may sac ky khi GC bang céac 6ng dan ndi dé tao thanh mét hé kin khi.
Trong 2 khoang cua binh H-cell tién hanh cho nuéc cét vao véi thé tich mdi
bén ~ 50ml, lugng thé tich nudc cat cho vao mdi bén nhu thé dé dam bao thi
nghiém khao sat dugc md phong giéng nhat cé thé so véi phan tng khir dién
hod, nham giam thiéu nhitng sai s6 khong dang co. Khi H, duoc ldy tir may
dién phan tao khi H, dugc didu chinh bang bo luu lugng ké c6 gan van kiém
soat (MFC), khi Hz dugc gitr ¢ dinh 12 5% trong suét quéa trinh khao sat. Ding
khi He 1am khi suc day khi Hz vao may GC dé do tin hiéu. Toc do suc day caa
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khi He dugc giir cd dinh 1a 10sccm bang may diéu chinh luu lwgng khi MFC
trong sudt qua trinh khao sat. Khi He va H, duoc suc trong 1ong dung dich
trong qua trinh khao sat.

Sau khi di ghép ndi xong hé khao sét, ching t6i tién hanh khao sat dong
thoi hai thong s ap suat va nhiét do. Biéu kién khao sat dugc thé hién qua
bang quy hoach thuc nghiém sau (Bang 2.1).

Badng 2.1. Bing quy hoach thuc nghiém khdo sdt diéu kién phdn tich Ho

TT | Apsuat (psi) | Nhiét dd (°C) | TT | Apsuat (psi) | Nhiét d@o (°C)
1 1,0 30 19 3,0 40
2 1,5 30 20 3,5 40
3 2,0 30 21 4,0 40
4 2,5 30 22 1,0 45
5 3,0 30 23 1,5 45
6 3,5 30 24 2,0 45
7 4,0 30 25 2,5 45
8 1,0 35 26 3,0 45
9 1,5 35 27 3,5 45
10 2,0 35 28 4,0 45
11 2,5 35 29 1,0 50
12 3,0 35 30 1,5 50
13 3,5 35 31 2,0 50
14 4,0 35 32 2,5 50
15 1,0 40 33 3,0 50
16 1,5 40 34 3,5 50
17 2.0 40 35 4.0 50
18 2.5 40

2.4.2. Xay dwng dwong chuan phan tich cac khi Hz, N2

Puong chuan H, dugc xay dung bang cach dung khi Hy duoc tao ra tir
may tao khi H; (tinh khiét phan tich 99,999%) pha loang véi khi He (tinh khiét
phan tich 99,999%) dugc Iy tir binh khi chuan He.
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DPuong chuan N, dugc xay dung bing cach dung khi N dugce 1y tir binh
khi chuan N (tinh khiét phan tich 99,999%) pha lodng véi khi He (tinh khiét
phan tich 99,999%) dugc Iy tir binh khi chuan He.

Luu lugng mdi chét khi dugc tinh toan va diéu chinh bang bo luu luong
ké c6 gan van kiém soat (MFC) dé xay dung mot day dung dich chuan véi cac
nong d6 thich hgp nham phuc vu cho muc dich sir dung caa cac phép do cu thé
sau nay. Hai dong khi phéan tich (H2 hoac N;) va He dugc pha tron véi nhau va
sau d6 suc vao trong long dung dich trong binh phan ung H-cell. Hon hop khi
phan tich va He véi ndng d6 xac dinh nay dugc dua vao thiét bj sac ky khi GC
dé xac dinh dién tich peak twong ung tir d6 xay dung duong chuan su phu
thudc giira ndng do khi (%) véi dién tich peak.

2.4.2.1. Xay dwng dwong chudn phan tich H,

Puong chuan duoc xay dung trén day khi H, c6 dai ndong d6 tai 8 diém:
0,000; 0,299; 0,498; 0,990; 1,961; 4,762; 6,542 va 9,091% tu cach dung khi
H, tinh khiét duoc tao ra tir may tao khi H, va dung He tir binh khi chuan (tinh
khiét phan tich 99,999%) lam khi pha loang. Luu luong khi He duoc gitr ¢6
dinh 12 10 cm®/phat (10 sccm) trong madi phép do. Luu luong khi Hy duoc tinh
toan dé tao ra ddy nong do phuc vu cho dudng chuan duogc thé hién trongBang
2.2.

Tién hanh xac dinh gié tri dién tich peak cua c4c ndng do twong ung
bang thiét bi sac ky khi GC véi céc thong sb cai dat phép do dugc lua chon
sau khi di khao sat ti wu hoa cac diéu kién &p suat va nhiét do. Tiur d6 xay
dung duong chuan H, va xac dinh hé sé hdi quy twong quan.

Bdng 2.2. Cdch pha day khi dimg trong xdy dung dwong chudn phén tich H,

Nong do H> | Luulwong Hz | Luu lwong He
(%) (sccm) (sccm)
0,000 0,00 10,0
0,299 0,03 10,0
0,498 0,05 10,0
0,990 0,10 10,0
1,961 0,20 10,0
4,762 0,50 10,0
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6,542 0,70 10,0
9,091 1,00 10,0

2.4.2.2. Xay dwng dwong chudn phan tich N

Puong chuan duoc xay dung trén day khi N2 c6 dai nong db tai 5 diém:
0; 2; 5; 10 va 20% tir cach ding khi chuan N 14y tir binh khi chuan (tinh khiét
phan tich 99,999%) va dung He (tinh khiét phan tich 99,999%) lam khi pha
loéng.

Tién hanh xac dinh gia tri dién tich peak cua c4c ndng do twong ung
bang thiét bi sac ky khi GC véi céc thong sb cai dat phép do dugc lua chon
sau khi da khao sét toi uu hoa cac diéu kién 4p suat va nhiét do. Tur d6 xay
dung duong chuan N, va xac dinh hé sé hoi quy tuong quan.

2.4.3. Xac nhan gié tri st dung ctia phwong phap phan tich H. va
N>

2.4.3.1. Xdc dinh gigi han phat hign (MDL) va giéi han dinh lwong
(MQL) ciia phwong phap phén tich cac khi H>, N>

a. Xdc dinh gigi hgn phat hign (MDL) va gigi han dinh lwong (MQL)
Cua phwong phdp phan tich H>

Pé danh gia gidi han phat hién (MDL) va gidi han dinh luong (MQL)
can tién hanh phan tich mau khi thir Hz nong d6 0,498% duoc tao ra tir may
tao khi H, va st dung khi pha lodng He va do Iap 10 lan. Sau d6 tinh cac gia
tri: %, do léch chuan SD, MDL va MQL.

Mau néng do H» 0,498% duoc tao ra nhu sau: Dung khi He 1am khi pha
lo&ng. Binh khi chuan He dugc ndi vao may diéu chinh luu lugng khi thir nhat
(MFC 1), ¢6 dinh luong khi He chay vao trong hé 1a 10sccm.

Khi H, ding trong thi nghiém nay duoc lay tryc tiép tir may dién phan
tao khi Hy, sau d6 dugc ndi vao may diéu chinh luu lwong khi thir hai (MFC
2), diéu chinh luong chay cua khi H 13 0,5 sccm. Hai dong khi H, va He dugc
hoa tron vai nhau cling vao mot duong dng dan khi truéc khi vao hé binh phan
ing H-cell dé vao may GC phan tich.

Sau khi thiét 1ap xong hé phan tng, cai dit thong s6 do may GC theo
dung diéu kién tdi wu da khao sét thi tién hanh do GC dé xac dinh MDL, MQL.
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Tién hanh chay mau nén (Blank) dén khi nén 6n dinh: Nghia 1a dé cho luong
khéng khi trong duong dng néu co trude d6 duge dudi hét ra khoi hé. Mau nén
trong thi nghiém nay la mau khi He 100%, tirc 1a chi cho dong khi He chay
vao hé véi luu lugng cd dinh 10scem.

Sau khi do mau nén 6n dinh thi tién hanh do mau H, 0,498%. Cho hali
dong khi He va H, véi luu lugng da tinh toan cung chay vao hé théng khoang
30 phut sau d6 tién hanh do GC.

b. Xdc dinh gigi han phat hién (MDL) va gigi han dinh lwong (MQL)
Cua phwong phdp phan tich N>

Pé xac dinh gisi han phat hién (MDL) va gidi han dinh luong (MQL)
can tién hanh phan tich mau khi thir N, néng d6 0,5% duoc tao thanh tir binh
khi chuan N, (tinh khiét phan tich 99,999%) va sir dung khi pha lodng He (tinh
khiét phan tich 99,999%) va do 13p 7 lan. Sau d6 tinh cac gia tri: %, do léch
chuan SD, MDL va MQL.

Mau néng do N2 0,5% duoc tao thanh nhu sau:

Dung khi He 1am khi pha. Binh khi chuan He duoc néi vao may diéu
chinh luu luong khi thir nhat (MFC 1), ¢ dinh lugng khi He chay vao trong
hé la 10sccm.

Khi N, ding trong thi nghiém nay duoc Iy truc tiép tir binh khi chuan
N2, sau d6 duoc ndi vao may diéu chinh luu lwong khi thir hai (MFC 2), diéu
chinh lugng chay cua khi N la 0,05sccm. Hai dong khi N, va He dugc hoa
tron vai nhau ciing vao mot duong ong dan khi trudce khi vao hé binh phan vng
H-cell dé vao may GC phan tich. Thiét ké hé phan tng: Binh phan tng: H-
cell, tao hé kin khi. Thiét 1ap thi nghiém giéng nhu khi thuc hién véi hé phan
tng khtr dién hoa sau nay. Nhung thay vi dung dung dich chat phan ung thi ta
ding dung dich nudc cat 2 1an vao binh H-cell véi thé tich 50ml mdi bén. Dé
ong khi trén bé mat dung dich.

Sau khi thiét 1ap xong hé phan tng, cai dit thong sé do may GC theo
dung diéu kién tdi wu da khao sét thi tién hanh do GC dé xac dinh MDL, MQL.
Tién hanh chay mau nén (Blank) dén khi nén 6n dinh: Nghia 1a dé cho
luong khong khi trong dudng éng néu cé trude d6 duge dudi hét ra khoi hé.
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Mau nén trong thi nghiém nay 1a mau khi He 100%, tuc 14 chi cho dong khi
He chay vao hé véi luu luong ¢ dinh 10scem.

Sau khi do mau nén 6n dinh thi tién hanh do mau N 0,5%. Cho hai dong
khi He va N, véi luu luong da tinh toan cing chay vao hé théng khoang 30
phut sau d6 tién hanh do GC.

c. Cong tharc tinh céc gia tri MDL va MQL

Sp= /Z(xi — X)?
n—1

MDL=3XSD
MQL=3xMDL

2.4.3.2. Ddanh gia dj chinh xac cua phwong phap phéin tich H>, N>
a. Danh gia dé chum
- Panh gia do chum cia phwong phap phan tich H>

Panh gia d6 chum cua H, dwa vao viéc phan tich mau trang thém chuan.
Tién hanh do ¢ 3 nong d6 khac nhau 0,498; 1,961 va 9,091% twong Gng Vi
nong do thap, trung binh va cao trong khoang l1am viéc. Mdi nong d6 lap lai 6
lan. Str dung duong chuan H, dé tinh gia tri ndng do. Tir d6 tinh d6 léch chuan
SD va d6 léch chuan twong dbi RSD hay hé sé bién thién CV theo cong thuc.
Sau d6, d6i chiéu gi4 tri tinh duoc so véi RSD% - d6 lap lai toi da chap nhan
tai cac ndng d6 khac nhau theo AOAC duoc thé hién trong phu luc B1. RSD%
tinh dugc khong dugc 16n hon gia tri & ham lugng chat twong tmg duoc cho
boi AOAC.

- Panh gia do chum cia phwong phap phan tich N>

Panh gia ¢6 chum cua N, dwa vao viéc phan tich mau tring thém chuan.
Tién hanh do ¢ 3 nong d6 khac nhau 0.5; 10 va 20% tuwong ung véi nong do
thap, trung binh va cao trong khoang lam viéc. Mdi nong d¢ lap lai 6 lan. St
dung dudng chuan N, dé tinh gié tri nong do. Tir d6 tinh do léch chuan SD va
d6 léch chuan tuong d6i RSD hay hé sb bién thién CV theo cong thire. Sau do,
dbi chiéu gia tri tinh duoc so véi RSD% - @6 1ap lai toi da chap nhan tai cac
nong do khac nhau theo AOAC [175]. RSD% tinh dugc khong duoc 16n hon



55

gia tri & ham luong chat twong tmg dugc cho bai AOAC theo trong Bang phu
luc B.

- Cong thikc tinh

Do lech chuan SD va d6 léch chuan twong d6i RSD hay hé sé bién thién

CV theo céac cong thuc sau:
xX; — X)?
. /2( [~ %)
n—1

SD
RSD%=CV%= 3l X 100

Trong do:
SD: D6 léch chuan
n: S6 lan thi nghiém
Xi: Gia tri do dugc caa lan thi nghiém tha "i"
X: Gia trj trung binh cta cac 1an thi nghiém
RSD%: Do léch chuan twong di
CV%: Hé sd bién thién

b. Danh gia do ding
- Panh gia do dung cia phwong phap phan tich H»

Pé xac dinh do dung cta phuong phap xac dinh Ha, chung t6i thuc hién
thong qua viéc xac dinh do thu hdi ctia phuong phép. Dung mau khi chuan H,
ndng do 2,0% tir binh khi chuan Ha 2,0%, lip lai phép do 6 1an. St dung dudng
chuan H, dé xé4c dinh gia tri néng d6 chat phan tich cia mau vét liéu chuan Hs
(CRM).

- Panh gia do ding cua phuwong phap phan tich N>

Pé xac dinh do dung cua phuong phap xac dinh Ny, ching toi thuc hién
thong qua viéc xac dinh do thu hdi (con goi 1a d6 tim lai) ciia phuong phap.

Thém mét lugng chat chuan 12 0,5%, 10% va 20% vao mau trang, phan
tich cac mau thém chuan do, 1ap lai 6 1an mdi ndng do bang phuong phap khao
sat. Sir dung dudng chuan N, dé xac dinh gia tri ndng do chét phan tich trong
mau trang thém chuan (Cy), tinh d6 thu hdi theo cong thuc.
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- Cong thire tinh dd thu hoi

Crn
R%= = x 100%

c
Trong d6: R%: Do thu hoi, %
Cm: Nong d6 chat chuan thuc té do dugc/ndng d6 chit phan
tich trong mau trang thém chuan.
C.: Nong d6 chat chuan theo ly thuyét
Sau khi d4nh gia do thu hoi, ddi chiéu vai bang d6 thu hoi chap nhan ¢
cac nong do khac nhau (theo AOAC) [175] (bang phu luc B) tir d6 rut ra két

luan.
2.5. Phan tich c4c san pham cia phan wng khir dién hoa
2.5.1. Phan tich cac san pham Ha, N2 trong pha khi

Tién hanh xac dinh gia trj dién tich peak caa khi H, va N bang thiét bi
sac ky khi GC detector TCD, str dung cot tach 1a cot MolSieve 13X 45/60 UM
(2Ft 1/8 2mm), thoi gian do 5 phat, cac thong sb cai dat phép do duoc lya chon
sau khi dd khao sét t6i vu hoa cac diéu kién &p suét va nhiét do.

Sau d6, 4p dung dudng chuan dugc xay dung tir phuwong phap phén tich
H., tinh ra duoc ndng d6 H,2% tuong tng. Phép do GC cho san pham khi duoc
do & phut thir 50 dén 60 caa phan tng khu.

2.5.1.1. COng thirc tinh todn cdc dai lwong dién hoa twong dwong

Nong d6 %V cua khi phén tich duoc tinh toan tir dién tich peak GC va
duong chuan twong quan gitra ndong d6 va dién tich peak GC cua khi twong
g d6. Do tdc d6 cua dong khi duoc kiém soét ¢ dinh, tir ¢6 sé mol chat khi
d6 trong 1 gidy duoc xac dinh. St dung cong thirc Faraday ta c6 thé tinh ra
cuong do dong dién dugc dung dé sinh ra khi do.

Ap dung cong thirc Faraday:

M.1.t
m=-—- (2.1)
Z.F
, It
Mat khac: m = n.M (2.2) =>n= ZF (2.3)

Trong d6:  m: khoi luong chét giai phong & dién cuc (gam)
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n: s6 mol chat giai phong & dién cuc (mol)

M: khdi luong mol nguyén tr ctua chit thu duge & dién cuc
(g/mol)

Z: sb electron ma nguyén tir hodc ion di cho hoic nhan
I: cuong do dong dién (A)
t: thot gian dién phan (s)

F: hing s6 Faraday la dién tich ctia 1 mol electron hay dién luong

can thiét dé 1 mol electron chuyén doi trong mach & cathode hodc & anot (F =
A
1,602.10"9x6,022.10% ~ 96485 ——)
mol

- Phuong trinh trang thai cta khi ly tuong: p.V =n.R.T (2.4)

7 =% (2.5)

Trong d6: p: Ap suét ciia khi (atm)
V: Thé tich ctia khi (m®)

n: SO mol cua khi

atm.L
—)

R: Hang s6 khi 1y tudéng (= 0, 082 >

T: Nhiét d6 tuyét dbi cta khi (= 273K)
- Dbi v6i chit khi:

V. nRT Lt RT ILR.T

—_— 2.
W=7 p.t ZF pt ZF.p (2.6)

Véi Q, : Tdc do khi (sccm)

Thay cac giatri R, T, F, p vao cong thuec trén, ta duoc:

I(A) X 0,082 (o lp x 273K | L
0y = .o = Zx232%107()
7 X 9648522 x latm S
mol
L 13.92¢ ML 2.7)
=—x — .
Z ’ (min)
= [ =22 ) (2.8)

13,92
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Pay 1a cong thuc tinh cudng do6 dong dién can dé sinh ra lugng khi
nghién ciu cia minh véi toe d6 Qv.

- Cong thire tong quat tinh higu suat cua ting khi:

FE % = -2 x 100%  (2.9)

téng

Trong do:
lsp: Cudng d6 dong dién dé tao ra san pham (A)

ligng: Cudng do dong dién thu dugc ciia qua trinh phan tng khir dién ra
(A). 1 duoc lay trung binh tai thoi diém lan can lay mau.

- B4i vai san pham tao thanh tir phan tng khi nitrate thanh khi Ny
2NO3 +10e~ = N, (2.10)

+) Cuong do dong dién khi N sinh ra: i véi qua trinh khir ndy Z = 10. Thay
vao cong thuc tinh I ta duoc:

_ Qv(n, % 10 _ Quvavy)

e ="1392  ~ 1302 W (211)

+) Higu sudt tao khi Nz: FEy, (%) = -2 x 100% (2.12)
Hoac:

FEy, (%) = a0 dong dién Ny _(mh/em) 495 (2.13)

Téng mat do dong dién (mA/cm?)

- B6i vai san pham tao thanh tir phan ang khr nitrate/khir nitrogen thanh khi
Ho:

2H* +2e~ > H, (2.14)

+) Cudng d6 dong khi Hy sinh ra: B6i vai qua trinh khir ndy Z = 2. Thay vao
cong thtrc tinh I ta duoc:

Q X2 Q
Iy, = Vl(;’(;z = Zg;) (A) (2.15)
+) Higu sudt tao khi Ho: - FE, (%) = 2 x 100% (2.16)

Hoac:
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Mat do dong dién H, (mA/cm?)
Téng mat do dong dién (mA/cm?)

2.5.2. Phan tich cac san pham NH.*, NO2", NoH4 trong dung dich

FEH2 (%) =

x 100% (2.17)

Tién hanh phan tmg khir nitrate bang phuong phap dong theo thoi gian
CA ¢ thé khir khic nhau trong thoi gian 60 phit dbi voi dién cuc 1am viéc Cu
va Cu-nanosphere. Dung dich chtra san pham khir trong khoang dién cuc lam
viée duogc lay ra, xac dinh thé tich (ml) va tién hanh phan tich ham luong céc
chat ammonium, nitrite va hydrazine theo quy trinh cua timg chat dugc trinh
bay cu thé & cac muyc 2.5.2.1 —2.5.2.3 dudi day.

2.5.2.1. Phan tich ammonium (NH4")

Nong d¢6 ammonium dugc phan tich bang thube thir Indol phenol & budc
song 640 nm [176].

Piéu kién tién hanh;

- Xay dung dudng chuan: Str dung binh dinh mirc 100 ml

Tir dung dich gdc 1000 (mg/L) ta pha dung dich lam viéc c¢6 nong do 10
(mg/L) dé day dung dich chuin theo Bang 2.3 sau:

Bdng 2.3. Thong sb xay dung dudng chuan phan tich NH,*

T Nong do NH,* Nong do NH,* Thé tich dung dich chuén
(mg/L) (mM) lam viéc NH4* 10 mg/L (ml)
1 0,00 0,00 0,0
2 0,05 0,0029 0,5
3 0,10 0,0059 1,0
4 0,20 0,0118 2,0
5 0,40 0,0236 4,0
6 0,80 0,0472 8,0

- Lay 25ml dung dich cho hdn hop thubc thir (bao gom: 1ml thube thir
1 + 1ml thubc thi 2 + 2,5ml thude thi 5). Lac dung dich réi dé dung dich hdn
hop 6n dinh trong bong tdi 2 gid (dung dich bén trong 24 gio).

- Tién hanh do d6 hap thu quang Abs tuong ing voi mdi ndng do d pha
theo phuong phap do quang UV-Vis tai budc song 640nm. Tur d6 xay dung

duong chuan ammonia tuong ng.
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- Ap dung dudng chuan xdy dung dugc dé tién hanh xac dinh ham luong

NH,* trong dung dich sau phan tmg khir nitrate bang dién hoa.
2.5.2.2. Phén tich nitrite (NO2)

Nong do NOy duoc xac dinh dinh luong bang phuong phap so mau
Diazo [177].
Piéu kién tién hanh;
- X4y dyng duong chuan: Str dung binh dinh muc 25ml
Tir dung dich chudn 1,0 mM ta pha day dung dich 1am viéc c6 nong do
tr 0 — 0,1 mM dé xay dung duong chuan. Cach pha dung dich thé hién theo
Béang 2.4 sau:

Bdng 2.4. Thong sb xay dung dudng chuan phan tich NOy".

5 Thé tich dung dich chuin lam
TT Nong d¢ NO2" (mM) N
viéc NO2 1.0 mM (ml)
1 0,00 0,0
2 0,02 0,5
3 0,04 1,0
4 0,06 1,5
5 0,08 2,0
6 0,10 2,5

- Sau d6 1ay 25 ml dung dich cho hdn hop thuéc thir, dé 6n dinh 15 pht.
Tién hanh do d6 hap thu quang Abs twong (ng v6i mdi nong d6 di pha theo
phuong phap do quang UV-Vis tai budc song 540nm. Tir d6 xay dung duong
chuan nitrite twong tng.

Ap dung duong chuan xay dung duoc dé tién hanh xac dinh ham luong
NO; trong dung dich sau phan tmg khtr nitrate bang dién hoéa.

Tién hanh do dung dich sau phan ung:

- Dung dich sau phan tmg duoc chuyén vao binh chira miu sau d6 pha
lodng 100 lan. Lay 25 ml dung dich, cho 2ml hdn hop thudc thir dé tao phic
mau diazo.

- Can phai dé phic 6n dinh trong khoang 15 phut dé sy tao phic 1a hoan
toan roi mai tién hanh do quang, phirc bén trong 2 gio

- Po @6 hap thu & budc séng 540nm
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2.5.2.3. Phan tich hydrazine (N2Ha)

Nong do NoHs duoc xac dinh dinh luong bang phwong phap Watt va
Chrisp [178].

Piéu kién tién hanh:

- Xay dung dudng chuan: Str dung binh dinh mirc 100 ml

Tir dung dich gdc 1000 (mg/L) ta pha dung dich lam viéc c6 néng do 10
(mg/L) dé diy dung dich chuan theo Bang 2.5 sau.

Bang 2.5. Thong sb xay dung dudng chuan phan tich NyHa.

N R N R Thé tich dung dich chuan
Nong do NoHs Nong do N2Hs N
TT lam viéc N2H410 mg/L
(mg/L) (mM)

(mli)
1 0,00 0,00 0,0
2 0,02 6,25.10* 0,2
3 0,04 0,00125 0,4
4 0,06 0,00188 0,6
5 0,08 0,0025 0,8
6 0,1 0,00313 1,0
7 0,15 0,00469 1,5
8 0,2 0,00625 2,0

- L4y ra 5 ml dung dich chuan, thém 5 ml dung dich thudc thi, cho vao
cdc dé yén 10 phat. Sau dé, tién hanh do do hap thu quang Abs tuong tng voi
mdi ndng do da pha theo phuong phap do quang UV-Vis tai budc song 460nm.
Tir d6 xay dung duong chuan hydrazine tuong tng.

- Ap dung duong chuan xdy dung dugc dé tién hanh xac dinh ham luong
N2Hs (néu co) trong dung dich sau phan tGng khur nitrate bang dién hoa véi
luong dung dich dem phan tich giéng nhu luong chat chuan trong xay dung
duong chuan.

2.5.2.4. COng thec tinh toan sdn phdm trong dung dich

Cuodng do dong dién dung dé tao ra NHs* va NO, duoc tinh toan tur
nong d6 cua chdng st dung cong thic Faraday. Hiéu suat Faraday (FE) cua
cac san pham duoc tinh dya trén cuong do dong dién tao ra san pham dé va
cuong do dong dién tong cua cac phan tng khtr.
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Hiéu suét Faraday caa cac san pham dwec tinh toan dwa trén céng
thirc sau [179]:

- T cdng thie Faraday, ta xac dinh duoc cudng d6 dong dién cua chat
[dng tuong ing.

I
n=Cxv= 2= (2.18)
ZXF
CXVXZXF
= IX=X—1<>< (2.19)

a. Phan tich NH4*

- Mat d6 dong dién dung dé tao thanh NHs duoc tinh theo phuong trinh sau:

CNHI (mg/L) xXV(L)xzxF(s.A/mol)

Mat d6 dong dién NH} (mA/cm?) = gy @Ml XAGD (2.20)
- Ty 1é thu hdi NH3 dugc tinh theo phuong trinh sau:
Higu sudt NH{ (g/vom?) = S ooy
Trong do:
Cyyz (Mg/L): Nong do NHY,
V (L): Thé tich chét dién phan
z: S6 electron
t(h): Thoi gian phan ang Khir
F = 96485 (s.A/mol): Hing s Faraday
A (cm?): Dién tich hinh hoc cua dién cuc
Myy; (g/mol): Khoi lugng mol phan tir cua NH;
- Hiéu suét Faraday:
+) Cdng thire chung tinh hiéu suat thu héi caa san pham long:
Hiéu suat Faraday cia sdn pham = I:;:g = CS‘;:X;Z:F (2.22)

Trong do:

lsp: Cuong d6 dong dién dé tao ra san pham (A);
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lisng: Cuong d6 dong dién tong cua ca qua trinh (A);

Csp: Nong do cuia san pham (mg/L);

V: Thé tich caa dung dich dién ly trong binh phan tng (L);
z: S electron trao doi cua phan ¢ng tao ra san pham;

F: Hing sé Faraday (s.A/mol):

t: Thoi gian phan ung (h).

+) Hiéu suat Faraday (FE) ciia NH4* duoc tinh theo phuong trinh sau:

Ar AA 3N . 2
Mat d6 dong dlenNHI (mA/cm?)

FE(%) = x 100% (2.23)

Téng mat do dong dién (mA/cm?)
b. Phén tich NO2
- Mat do dong dién dung dé tao thanh NO, duoc tinh theo phuong trinh sau:

_ CNOZ— (mg/L) xXV(L)xzXF(s.A/mol)

M4t d6 dong diényo; (mA/cm?) = MG moD XA (2.24)
2

Trong do:
Cno; : Nong do NO, (mg/L)
V: Thé tich cua dung dich chét dién phan (L)
z: S6 electron;
F: Hang sb Faraday (s.A/mol);
t: Thoi gian phan ung (h);
Myo;: Khoi lugng mol phan tir ciia NO, (g/mol);

A: Dién tich hinh hoc cua dién cuc (cm?).
- Hiéu suét Faraday (FE) caa NO,” dugc tinh theo phuong trinh sau:

Mat do dong dién yoz (mA/cm?)

x 100% (2.25)

FE(%) =

Téng mat do dong dién (mA/cm?)
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Chuwong 3. KET QUA VA THAO LUAN
3.1. Ché tao dién cue va diic trung cAu tric cha vat liéu dién cuc

Trong nghién ciu ndy, Cu-nanosphere duoc ma bang phuong phéap kiém
soat cuong do6 dong ma khong ddi tai 4,5mA/cm? trong 500 gidy. Trong d6
dung dich ma chira Cu?* la ion ma va 3,5-diamino-1,2,4-triazole (DAT) la phu
gia cuia quéa trinh ma. Hinh 3.1 cho thay qua trinh ma caa Cu trong dung dich
CuSO, khdng chira phu gia (duong mau den) xay ra & hiéu dién thé ~ -0,1V vs
Ag/AgCl, va qué trinh ma cua Cu trong dung dich CuSQO, cé chira phu gia
DAT (dudng mau do) xay ra & hiéu dién thé ~ -0,4V vs Ag/AgCl. Buong thé
- thoi gian nay cho thay chat phu gia ma DAT doi hoi qua trinh ma phai xay
ra & hiéu dién thé 16n hon dé dap ung duogc cing téc do6 ma khi khéng c6 DAT.
Hay noi cach khac, két qua nay goi ¥ rang DAT dong vai tro 1am chat xdc tac
trc ché/can tré qua trinh ma Cu. Két qua duong thé - thoi gian nay tuong tu
nhu cua cac qua trinh ma vai phu gia DAT cta mot sé kim loai khac duoc
nghién ctu gan day [121, 122, 180].

0.0

= |
o
[=2)
‘45, 0.2 Cu trong CuSO,
j Cu trong CuSO,-DAT
>
-
=
5 k
@
@ .04}
0 100 200 300 400 500

Thei gian (giay)

Hinh 3.1. Do dién thé theo thoi gian & mat do dong -4,5 mA/cm? cua dién
cuc Cu trong dung dich CuSO4 0,1M va trong dung dich CuSO,4 0,1M +
DAT 10mM.

Két qua ché tao dién cuc dugc thé hién ¢ Hinh 3.2 sau.



Hinh 3.2. Hinh anh SEM va hinh anh quang hoc ctia dién cuc Cu c6 ciu triic
nano hat cau (Cu-nanosphere).

Hinh 3.3. Hinh anh SEM va hinh anh quang hoc ctia dién cuc Cu.

a) = Cu-nanosphere b) —— Cu-nanosphere
— U —_ —~Cu
':_!' — U 50 380N —
i (200) &
° (111) l 220) | ®
5 1 -
=

& | | 8
O

L I |l I L I i I LL L & L = 1 2 1

30 40 50 60 70 80 930 940 950 960

2 Theta (d8) Nang lwong lién két (eV)

Hinh 3.4. a) Gian d6 nhiéu xa tia X (XRD); b) pho XPS ctia Cu va Cu-
nanosphere.
Anh SEM (Hinh 3.2) cho thay dién cuc Cu ma trong dung dich ¢6 phu
gia DAT c¢6 dang hat cau kich thudc ~ 30 nm. Bé mat dién cuc Cu c6 cau trdc
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nano hat cau nay c6 mau den nham. Nguoc lai, tim Cu tran c6 bé mat kim loai
nhin sang bong véi mau dé vang dic trung cua dong (Hinh 3.3).

Hinh 3.4a |a gian 6 XRD cua dién cuc Cu va Cu c6 cu tric nano hat
cau. XRD cua ca Cu va Cu c6 cau tric nano hat cau déu xuat hién 3 peak rd
nét cua vat liéu Cu da tinh thé gom c6 Cu(111) tai 20 = 43,29°, Cu(200) tai 20
= 50,43° va Cu(220) tai 26 = 74,13°. Vi tri cac peak trung khop vaéi vi tri cac
peak cua Cu da tinh thé chuan (theo co s& dit liéu JCPDS sé 00- 004-0836).
Pho XPS cua vat liéu Cu va Cu-nanosphere (Hinh 3.4b) ciing ciing xac nhan
dac tinh kim loai cua ca Cu va Cu-nanosphere.

Dién tich bé mat hoat dong cua dién cuc Cu va Cu-nanosphere dugc do
bang phuong phap ma Pb thé thap (Pb UPD) (Hinh 3.5). Peak ma Pb & Pb-
UPD xuat hién & khoang thé -0,25 dén -0,45 V. Tur dién tich peak nay tinh
dugc luong Pb duoc ma va dién tich hoat dong tuwong d6i ctia bé mat. Céch
tinh dién tich hoat dong twong ddi cua bé mit duoc tinh toan theo cong thuc
tinh tir tai liéu tham khao [181].

Két qua cho thay dién cuc Cu-nanosphere c6 dién tich bé mat hoat dong
cao hon 5,7 1an so véi tam Cu (Bang 3.1).
0.8 ; | ' T ; T
o R
g 06+
< 04

Giai h&p Pbpp -
/ -

B ool Hirth thanh Pbypy
] 1

«U- . | . l .

-0.8 -0.6 -0.4 -0.2 0.0
Dién thé so v&i Ag/AgCl (V)

Hinh 3.5. Phép do CV ctia Cu da tinh thé trong dung dich HCIO,4 100 mM +
Pb(CIO4); 1 mM + KCI 20 mM.

Bdang 3.1. Bién tich Pbypp ctia dién cuc Cu va Cu-nanosphere

Dién tichnoat agng/Di€N

MAau Dién tich Pbupp (nC/em?) i
tichninh hec
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Cu 453 + 16 1
Cu-nanosphere 2594 + 323 5,7

3.2. Pac trung dién hoa cua dién cuc Cu-nanosphere
3.2.1. Phuwong phap quét thé tuyén tinh

Dé danh gia hoat tinh xtic tac dién cta dién cuc Cu cd cau tric nano hat
cau cho phan &ng khur cua cac cac dang hop chat caa nitrogen, truéc tién ching
t6i d4 tién hanh khir nitrate bang phwong phap dién hda trong binh chit H hai
ngin (Hinh 2.3). Cac ngin anot va cathode duoc ngin cach bang mang trao
do6i proton Nafion-117 dé tranh qué trinh oxy hda san pham & dién cuc anot.
Phan trng chinh ¢ anot la phan tng oxi hoa nudc giai phong oxy:

(OER) 2H,0 = O, + 4H* + 4e (3.1)

Céac phan tng ¢ cuc cathode la phan tng khtr nitrate (NOsRR) va phan
tng khtr nuée giai phong hydrogen (HER). Céc san pham chinh cia NOsRR
trén dién cuc Cu la NOy, NH4* va Hy; trong khi N2, NoHa, va cac san pham
NO khac la san pham phy hiém ghi xuét hién:

(NOsRR) NOs + H,O + 2 = NO, + 20H  (3.2)
NO, + 6H,0+ 66 = NH,* +70H" (3.3)

(HER) 2H* + 2¢ = H, (3.4)

< 07

g 20 -

T

< -40 -

=t .

S -60

S -60+

«O- l Cu trong Na,SO

E -80 1 Cu trong NaiSOj + NaNO,

g' 1 Cu-nanosphere trong Na,SO,

-100 4 Cu-nanosphere trong Na,SO, + NaNO,

' 1 v 1
1.2 0.8 0.4 0.0
bién thé so v&i RHE (V)

Hinh 3.6. Do dién thé quét tuyén tinh LSV trong Na,SO,4 ¢ va khdng co
NaNQOj; cta dién cuc Cu va Cu-nanosphere.
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Hinh 3.6 thé hién duong cong dién thé quét tuyén tinh LSV cuaa dién cuc
Cu va Cu-nanosphere & téc do quét 10 mV/s trong dung dich Na,SO4 0,5 M
c6 chtra va khdng cd chirta NaNO3 0,1 M. T4t ca mat d6 dong dién khu déu
tang 1én khi hiéu dién thé quét vé phia thé am. Dong kht trong dung dich chat
dién ly khong c6 NaNOjs la qua trinh khir nude thanh H,. Dong khir trong dung
dich chat dién ly c6 chira NaNO; 1a qué trinh khir ciia ca NOs va nudc.

Hinh 3.6 cho thiy dién cuc Cu va Cu-nanosphere c6 hoat tinh dién héa
cao hon trong dung dich chat dién ly c6 chita NaNOs (duwong mau xanh lam va
d6) so vai trong dung dich chat dién ly khdng c6 NaNO; (duong mau den va
xanh luc). Thé bt dau khur (onset potential) cua cac dién cuc trong dung dich
chat dién ly ¢ chira NaNOs 1a ~ 0,0 V, trong khi thé bat dau khir trong dung
dich chét dién ly khong c6 NaNO3 1a ~ -0,6 V. Cac dién cuc trong dung dich
NaNOj3 thé hién mat do dong dién cao hon ~ 2,5 1an so véi dung dich khdng
c6 NaNOs;. Két qua nay cho thay NOs™ bi khir & dién thé < 0,0 V, va 1a phan
ung khir chinh trong dung dich.

Trong khi phép do Von-Ampe quét thé tuyén tinh LSV cua cac dién cuc
trong dung dich khdng ¢ NaNOs thé hién cac duong quét cathode muot do sy
tao thanh cua chi mot san pham H, thi LSV trong dung dich c6 chira NaNO;
thé hién cac dinh dang gon séng khdng rd rang ¢ ~ -0,2 V (Cy) va ~-0,6 V (Cy)
do dén sy hinh thanh cac san pham kht khac nhau. Cac nghién ctru trude day
cho rang C; dai dién cho qué trinh khir NO3 thanh NO,™ (phuong trinh 3.2), C,
dai dién cho qua trinh khit NO," thanh NH4* (phuong trinh 3.3) [116, 182]. Céc
san pham khac c6 thé van hinh thanh nhung khong xuat hién cac dinh trén
duong quét.

Hinh 3.6 ciing cho thay Cu nano thé hién hoat tinh xtic tac dién cao hon
Cu nguyén ban. Bién thé bat dau khir cia Cu-nanosphere sém hon Cu khoang
0,1 V. Mat d6 dong khir caa Cu-nanosphere cao hon Cu ~ 1,5 1an. Hoat tinh
xUc tac ciia Cu-nanosphere cao hon so v&i Cu ¢6 thé duoc giai thich 1a do hinh
thai hoc dang nano hat cau caa Cu-nanosphere. Cau tric cau nano boc 16 nhiéu
vi tri hoat dong khir dién héa hon so v&i bé mat phang 1am cho dién tich hoat
d6ng bé mit cua Cu-nanosphere cao hon so véi Cu.
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3.2.2. Phwong phap do dong dién - thoi gian

Dé danh gia hoat tinh phan &ng khu dién hoa nitrate, ciing nhu hiéu suat
cac san pham trong qué trinh khi, chiing t6i ciing thuc hién phan ang kht ¢
cac dién thé khir ¢6 dinh khéac nhau va do dong dién-thoi gian trén cac dién
cuc Cu-nanophere va Cu trong chat dién ly Na,SO4 + NaNOs.

—=—Cu  —s— Cu-nanosphere
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Theoi gian (giay) -

Pién thé so v&i RHE (V)
Hinh 3.7. a) Do CA cua dién cuc Cu va Cu-nanosphere trong dung dich

Na;SO4 0,5 M + NaNOs 0,1 M tai thé khir -1,3 V vs. RHE; b) Tong mat do

dong cua di¢n cyc Cu va Cu-nanosphare tai cac thé khac nhau.

Hinh 3.7 1a duong mat do dong cua dién cuc Cu va Cu-nanosphere theo
thoi gian tai thé -1,3 V so véi RHE trong dung dich Na,SO4 0,5 M + NaNO3
0,1 M. Puong cong dong dién — thoi gian tai cac thé khir khac duoc thé hién
trong phu luc F. Tir mat do dong khir thu duoc tai cac thé khir khac nhau, mat
d6 dong khtr trung binh tai mdi thé khir cia phan tng khtr duoc tinh toan va
thé hién trong Hinh 3.7b. Hinh 3.7b cho thay Cu-nanosphere thé hién mat do
dong khtr cao hon Cu & moi dién thé. Dit liéu mat d6 dong tir phuong phéap do
cuong do dong dién nay phu hop véi dir liéu tir phuong phap LSV dugc mo ta
¢ trén (Hinh 3.6).

3.3. Hé ghép noi sic ky khi véi hé phan ing dién hoa
3.3.1. B¢ lay miu khi tw dong

Pé phan tich cac san pham khi cua phan tng dién hoa thi viéc 1ay mau
dong vai tro vo cung quan trong dé phan tich chinh xac va 6n dinh.
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Dé gia quyét van dé kin khi, trong nghién ctu nay chang toi thiét 1ap
phuong an 14y mau khi ty dong online trén dong khi lién tuc. Trong d6 ngudn
khi (binh khi hoac hé phan tng tao khi) duoc néi truc tiép vao dau vao (inlet)
cia hé GC. bé kiém soat lwgng khi ¢d dinh phan tich GC, trong nghién ctu
nay chung tdi lwa chon ghép néi bo 1ay mau tu dong trén dong khi lién tuc bao
gom: mot bo diéu khién luu lwong khi, mot vong 1dy mau (sample loop), va
mét van 6 cong.

Cu thé trong set-up nay, bd diéu khién luu lugng khi c6 nhiém vy dam
bao luu luong khi diy He 6n dinh di qua hé phan tng dé dua toan bo khi san
pham nam trong 10ng dung dich ciing nhu nam trén bé mit dung dich theo
dong khi day di vao sac ky khi. Cing nhu trong cac thi nghiém xay dung dudng
chuan cac khi, cac bo diéu khién luu luong dong vai tro 1a thiét bi dung dé
kiém soat mot luu lugng chinh xac va 6n dinh cac hdn hop khi st dung trong
nghién ciru dé di vao phan tich bang sac ky khi.

Vong lay mau duoc sir dung dé do va gitt mot lwgng mau chinh xac, cu
thé trong nghién ctu nay 1a 1ml trude khi dua vao cot sac ky. Diéu nay dam
bao rang luong mau dugc dua vao cot GC 1a nhat quan giita cac lan, gop phan
dam bao d6 chinh xac va do lap lai cua cac két qua phan tich.

Van 6 cong (six-port valve) duoc str dung dé dua mau vao cot GC mot
cac tu dong va dam bao kin khi tot giip mau khéng bi that thoat hodc nhiém
ban. Van nay c6 cau tric véi sau cong két néi, cho phép diéu khién dong chay
ciia mau va khi mang vao va ra khoi cot phan tich. O trang thai van mé: Mau
khi vao tir cong 1, qua cong 6 va di vao vong 1dy mau roi di qua cong 3 va 2
va thai ra ¢ outlet. Con khi mang di vao tir cong s6 4, ra khoi van tir cong 5 va
sau d6 di vao cot GC. O trang thai van dong, luc nay van chuyén sang ché do
dua khi mang He di tir cong 4 sang cong 3 va s& day mau tir vong |y mau vao
cong 6 sang cong 5 va vao cot phan tich. Lugng mau dua vao cot 1a lwong mau
da duoc nap trong vong lay mau, dam bao do chinh xac va do l3p cua qué trinh.
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b) Van dong
Hinh 3.8. So d6 bo ldy mau ¢ trang thai a) Van md, va b) Van dong.
3.3.2. Hé pha miu khi dé xay dung phwong phap phin tich

Pé khao sat va xay dung quy trinh phan tich cac san pham khi caa phan
g dién hda, viéc dung ddy cac mau khi véi nong do khac nhau 1a vé ciing
quan trong. Cac mau khi chuan trén thi truong chi ton tai & mot vai nong do
nhat dinh va véi chi phi rat cao. Viéc pha lodng mau ddi véi cac mau long
duogc tién hanh kha don gian véi do chinh xéac khéa cao. Tuy nhién viéc pha
lodng cac mau khi gap nhiéu kho khin hon do dic thi caa chat khi doi hoi hé
pha lodng phai hoan toan kin khi véi méi truong bén ngoai, nham tranh that
thoat khi phan tich hoac nhidm ban mau. Do d6 trong nghién ctu nay ching
t6i da thiét 1ap hé pha mau khi dé pha lodng cac mau khi chuan ndng do cao
thanh bat ky nong d6 nao mong mudn bang cach ghép néi sir dung hai bo diéu
khién luu lugng khi (MFC). Mot may MFC duoc gan vao binh khi nén ding
dé pha lodng khi phan tich, & trong nghién cttu ndy chdng toi sir dung khi He
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lam khi pha lo&ng. Mot may MEC duoc gan ngay sau binh khi chuan nong do
cao cua khi can phan tich. Budng tron khi 1a mot khoang thay tinh hodc nhua
c6 tiét dién 16n hon 6ng dan khi dung dé gitp hai loai khi véi luu lugng khac
nhau duoc hoa tron dong nhat trude khi di vao hé phan tich. Trong nghién ciu
nay budng tron khi dugc sir dung 13 binh phan tmg dién hoa dé diéu kién xay
dung phuong phap phan tich va diéu kién phan tich mau thuc giéng nhau.

Buding tréin khi
—
1
M3u khi
(Q%:—EI—
Khi pha lodng

Hinh 3.9. So d6 hé pha méu khi.

Pé danh gia do tin cay cua hé pha mau khi thiét 1ap trong nghién cau
nay, mau khi H, 2,0% dugc pha tir khi 0,2 sccm khi H, 100% va 9,8 sccm khi
He 100%, va mau khi H. tir binh khi chuan H, 2% duoc tién hanh thi nghiém
phan tich 6 lan. Do 1ap cua hé pha khi duoc danh gia bang gia tri do 1éch chuan
tuong d6i RSD so0 voi ngudng chap nhan caa AOAC. Do dung cua hé pha khi
dugc danh gia bang do twong dong cua hé pha khi va binh khi chuan bang céch
so sanh 2 phuong sai dung chuan F— Fisher va so sanh gia tri trung binh giira
2 loai khi bang chuan t-Student.

Bang 3.2. Két qua dién tich peak GC ciia cac 1an phan tich 13p lai mau khi Hy
2% tir hé pha khi va tir binh khi chuan

Dién tich peak H> 2.0% | Dién tich peak H2 2.0%

STT ) _ . . .
twr hé pha khi Hz véi He twr binh khi chuan

1 0,1204 0,1210
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2 0,1197 0,1185
3 0,1202 0,1202
4 0,1199 0,1214
5 0,1197 0,1206
6 0,1145 0,1187
Trung binh 0,1191 0,1201
Do léch chuan SD 0,0023 0,0012
Do léch chuan
twong déi RSD % 1,8935 1,0045
Phuong sai S? 5,083x10° 1,455x10®
F thuc nghiém Fy, 3,494
Fc(0,05; 5,5) 5,050
Do léch chuan
chung S¢? 3,269x10°
t thuc nghiém ty, 0,875
t(0,05;10) 2,228

Két qua dién tich peak GC cua cac lan phan tich lap lai mau khi H, 2%
tir hé pha khi (Bang 3.2) cho thiy do léch chuan twong d6i RSD cua mau khi
H, 2% tir hé pha khi 1a 1,8935 %. Do 13p lai toi da chap nhan dugc theo AOAC
tai ham luong 1% 1a RSD = 2,7%. Doi chiéu gié trj tinh dwugc ndy vai gia tri
mong muén theo AOAC cho thay phuong phap pha khi vira xay dung c6 do
chum dat y&u cau.

So sanh phuong sai cta 2 loai mau khi cho thay gia tri Fy, = 3,494, con
gia tri F véi mic y nghia o=0,05 va bac tu do ki=k,=n;-1=n,-1=5 la F(0,05;
5,5) = 5,050. Két qua Fy, < F¢(0,05; 5,5), do d6 phwong phéap chuan bi khi bang
hé pha khi caa nghién ciru nay c6 do lap lai (46 chum) twong dong véi khi
chuan.

So sé&nh hai gia tri tin hiéu trung binh cua 2 loai mau khi cho thay gia tri
Gia tri t thuc nghiém ty, = 0,875, con gia tri t véi mac y nghia o = 0,05 va bac
tu do k = ny+n,-2 = 10 14 t(0,05;10) = 2,228. Két qua ty, < t(0,05;10), do do
phuong phép chuan bi khi bang hé pha khi cia nghién ctu nay c6 két qua
tuong déng so vai khi chuan.
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Két qua danh gia cho thdy phuong phap chuan bi khi bang hé pha khi
cta nghién ctru nay 1a dang tin cdy dé sir dung trong viéc xay dung phuong
phap phan tich.

3.3.3. Hé ghép ndi EC-GC

Pé phan tich cac san pham khi ciia phan tung khtr nitrate, cac khi san
pham can phai dugc 14y ra khoi hé phan Gmg va dua vao hé phan tich mét cach
chinh x4c va 6n dinh. Do d6 trong nghién ctru nay ching t6i thiét 1ap hé phan
tich trong d6 khi san pham sinh ra ctia phan Gng dién hoa tir khoang cathode
trong binh phan tmg chir H theo dong khi day He di ra khoi binh phan tng.
Dong khi sau khi ra khoi binh phan tmg dugc di qua cot chira cac hat tinh thé
silica gel nham muc dich gitr lai hoi nudc c6 thé boc 1én tir binh phan tng, dé
khi di vao cot GC phai 12 khi khd, tranh 1am anh huéng dén d6 bén cua cot GC
va anh hudng dén phép do (Hinh 2.2).

Véi thiét ké hé nay chung toi phai dung khi day dé dua khi phan tng
dién hoa ra khoi hé, ké ca khi thoat ra Ian khi hoa tan trong dung dich. Ong
dan khi day duoc cam sau vao dung dich phan tmg dé suc va dudi tat ca khi
san pham ra khoi dung dich, 6ng khi din khi ra khoi binh phan tng duoc cim
trén bé mit dung dich phan tng dé thu dugc khi va ngin dung dich phan tng
tran vao hé phan tich khi. Lya chon loai khi day phU hop voi phép do nay 1a
khi He boi vi He 12 mot khi tro, khong tham gia phan tng véi cac thanh phan
trong khoang cathode cua binh H-cell, ngoai ra He cling khong phai la khi tao
thanh caia phan ¢ng nén khong anh hudng dén két qua cua phép do. Hon nira
khi day duoc chon triung véi khi mang ctua hé GC 1a khi nén, do d6 phd sac ky
khi chi thé hién cac khi phan tng ma khong chia peak cua khi day. Diéu nay
tranh duoc sai s6 cua phép do trong trudng hop khi day 1a khi ¢6 thoi gian luu
gan sat vai khi sinh ra ciia phan ung, lic d6 viéc xac dinh dién tich peak khi
san pham cd phan it nhiéu bi anh hudng tir peak khi day vi khi d6 viéc nhin
nhan, danh gia chinh xac dau la dién tich thuc cua khi phan trng gap kho khan.
Dong khi sau khi di qua cot silica gel thi s& theo dudng dng di vao hé ldy mau
tu dong online trén dong khi lién tuc va di vao c6t GC va sau do phan tich ra
két qua.
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3.4. Phan &ng khir dién hod nitrate

3.4.1. Xay dung phwong phap va xac nhan gia tri sit dung cua
phwong phap phan tich khi Hz, N>

3.4.1.1. Phan tich khi H:

a. Khdo sdt diéu ki¢n phan tich H,

N>

(o}

Dién tich pic (a.u)

H2

0 . 'i . 2
The&i gian lwu (phat)

Hinh 3.10. Sac ky d6 cua khi Ha.

Hinh 3.10 14 sic ky dd cua khi Hy; trong d6 peak am dau tién 1a peak
ctia Hy, peak tiép theo lan luot 12 O, va N2 tir khi quyén khdng thé loai bo trong
qua trinh phan tich. Pé dat duoc hiéu qua phan tich H, tét bang GC, cac tiéu
chi vé peak nhu dién tich peak, thoi gian luu va do phan giai can duoc t6i uu
va dam bao.

Ap suat va nhiét do cot co anh huong Ion dén thoi gian luu, 6 nhay, d6
phan giai va do rong chan peak cua chat phan tich. Ap suat cot 16n s& gilp qué
trinh di chuyén caa chat phan tich nhanh hon, thoi gian lvu ngan hon, nhung
cling lam giam d6 phan giai. Nhiét do cot cang cao thoi gian luu cang ngan,
nhung d6 phan giai cling giam theo, cac chat phan tich khé phan tich khoi
nhau.

Do d6 chung toi tién hanh khao sat dong thoi hai yéu t ap suat va nhiét
d6 cot dé toi vu hoa ba chi sb bao gom dién tich peak, thoi gian luu va d6 phan
giai R. Yéu t6 ap suét dugc khao sét tai cac diéu kién 1,0 psi, 1,5 psi, 2,0 psi,



76

2,5 psi, 3,0 psi, 3,5 psi, va 4,0 psi. Yéu t6 nhiét d6 duoc khao sét tai cac diéu
Kién 30°C, 35°C, 40°C, 45°C, 50°C. MAu khao sat la mau khi H, 4,762% dugc
pha tir 0,5 sccm khi H, 100% va 10 sccm khi He 100%.

Hinh 3.11. 1 so sanh sic ky 6 GC cua H. ¢ c4c nhiét do cot khac nhau
tai cing mot diéu kién ap suat cot. Hinh 3.12. 14 so sénh sac ky ¢6 GC cua H;
& Cac &p suit cot khac nhau tai cing mot diéu kién nhiét do cot. Tur két qua
phan tich Hy ¢ 35 t6 hop diéu kién phan tich trén, dién tich peak Hy, thoi gian
luu peak H, va do phan giai cua peak H, véi peak O, duge xac dinh, két qua
duoc thé hién lan luot trong Bang 3.3, Bang 3.4 va

Bang 3.5.

Hinh 3.11.a cho thay sic d6 GC cua H, tai diéu kién ap suat cot 1,0 psi
khong thé hién rd peak cua H, & tat ca cac nhiét do cot trong khoang khao sat.
Peak GC cua H, chi xuat hién rd rang bat dau tir ap suat 1,5 psi tro di. Hinh
3.11. va Bang 3.3. cho thay tai cing mot diéu kién ap suat cot, peak H, ¢d xu
huéng nho dan khi ting nhiét do cot. Hinh 3.11. va Bang 3.4. cho thay tai cling
mot diéu kién ap suat cot, thoi gian luu cia peak Hz ¢ xu hudng khdng thay
ddi & cac nhiét do cot khac nhau. Hinh 3.11. va

Bang 3.5. cho thiy tai cing mét diéu kién ap suit, do phan giai tach
chan peak cua peak H; vai peak O, c6 xu huéng giam dan khi nhiét do cot ting
dan. Hinh 3.12. va Bang 3.4. cho thay tai cing mot diéu kién nhiét do thi thoi
gian luu phu thudc rd rét vao ap suat cot, 4p suat cang ting thi thoi gian luu
cang giam.

Két qua khao sét trén cho thiy cd 6 cap diéu kién &p suat va nhiét do cot
c6 thé phan tich H, hiéu qua véi peak H, rd rang, can d6i va do phan giai >
1,5. D6 1a céc cap ap suit va nhiét do cot (2,5 psi, 30°C), (3,0 psi, 30°C), (3,5
psi, 30°C), (3.5 psi, 35°C), (4,0 psi, 30°C), va (4,0 psi, 35°C). Dua vao cAc két
qua khao sat trén, chiing t6i lwa chon diéu kién 4p suat 3,0 psi va 30°C dé tiép
tuc xay dung quy trinh phan tich H, cho phan ung khtr nitrate. Véi cap diéu
kién phan tich nay, dién tich peak Hy 12 I6n nhat trong cac diéu kién khao sét,
thoi gian luu ngédn, va d6 phan giai = 1,539 > 1,5 cho phép peak H; va O, tach
nhau gan nhu hoan toan véi su xen pha chi khoang 0,3%. Trong céc tng dung
phan @ng khéc, khi hdn hop khi san pham bao gom nhiéu khi khéac thi diéu
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kién phan tich H; c6 thé dugc can nhéc 1a chon lya lai dé phu hop véi diéu
kién phan tich hon hop khi méi.

a) Ap suat cot =1,0 psi b) Ap suat cot =1,5 psi

5 E)
& 8
(&) [S]
o o
3 &
= =
£ £
[ =

0 é 4;- 0.0 0j5 1l.0

Thei gian (phat) Th&i gian (phat)

¢) Ap suat cot =2,0 psi d) Ap suat cot =2,5 psi
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e) Ap suat cot =3,0 psi f) Ap suat cot =3,5 psi

Tin hiéu GC (a.u)
Tin hiéu GC (a.u)

0.0 ofz oj4 0.0 0.2 0.4
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9) Ap suat cot =4,0 psi

Tin hiéu GC (a.u)

0.0 0.1

0j2
Thei gian (phat)
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Hinh 3.11. Sic ky d6 GC ctia H, & cac nhiét do cot khac nhau tai ciing mot

Tin hiéu GC (a.u)

diéu kién ap suat cot.

a) Nhiét do cot = 30°C

b) Nhidt do cot = 35°C

——1.0 psi
— 1.5 psi
——2.0psi
—2.5 psi
——3.0psi
——3.5 psi
——4.0 psi

0.5 1.0

Thei gian (phat)

1.5

c) Nhiét do cot =40°C

Tin hiéu GC (a.u)

Y

—— 1.0 psi
—— 1.5 psi
——20psi
——2.5psi
——3.0 psi
—3.5psi

js

05
Theéi gian (phut)

1.0

Nhiét do cot = 50°C

Tin hiéu GC (a.u)

Tin hiéu GC (a.u)

—— 1.0 psi
——15psi
——2.0psi
——2.5psi
——3.0psi
—— 3.5 psi
——4.0 psi

T
0.5 1.0

Thé&i gian (phat)

d) Nhiét do cot = 45°C

y

—— 1.0 psi
— 1.5 psi
— 2.0 psi
—2.5psi
—— 3.0 psi
——3.5psi
—— 4.0 psi

0:5 1:0
Theéi gian (phat)
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— 1.0 psi
—— 1.5 psi
——2.0 psi
— 2.5 psi
—— 3.0 psi
—3.5 psi
—4.0 psi

Tin hiéu GC (a.u)

0:5 1?0 1:5
Thi gian (phut)

Hinh 3.12. Sac ky d6 GC cua H, & cac ap suét cot khac nhau tai ciing mot
diéu kién nhiét do cot.

Bdang 3.3. Dién tich peak H; tai cac diéu kién nhiét do va ap suat cot khao sat.

Nhiét d9 (°C)
30 35 40 45 50

Ap suit (psi)

1,0 - - - 0,0403 |0,0385
1,5 0,1444 |0,1324 |0,1090 |0,1021 |0,0839
2,0 0,1592 |0,1399 |0,1246 |0,1218 |0,1025
2,5 0,1792 |0,1469 |0,1315 |0,1232 |0,1210
3,0 0,1878 |0,1712 |0,1410 |0,1284 |0,1224
3,5 0,1529 |0,1525 |0,1519 |0,1457 |0,1430
4,0 0,1439 |0,1436 |0,1432 |0,1426 |0,1360

Bdang 3.4. Thoi gian luu cta peak H (phut) tai cac diéu kién nhiét d6 cot va

ap suat cot khao sat.

I 35 40 45 50

Ap suét (psi)
1,0 3,750 3,570 3,884 3,580 3,390
15 0,908 0,004 0,930 0,922 0,013
2.0 0,524 0,524 0,529 0,524 0,528
25 0,374 0,372 0,371 0,371 0,375
3.0 0,290 0,284 0,289 0,289 0,293
35 0.243 0,241 0,243 0,245 0,244
2.0 0,204 0,202 0,205 0,205 0,206
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Bdng 3.5. DO phan giai cua peak H, véi peak O tai cac diéu kién nhiét do cot

va ap suat cot khao sat.

Nhi¢t 49 (°C)
30 35 40 45 50
Ap suét (psi)
1,0 1,185 1,191 0,982 1,104 0,991
15 1,226 1,220 1,144 1,248 1,249
2,0 1,367 1,271 1,265 1,282 1,270
2,5 1,511 1,337 1,312 1,310 1,277
3,0 1,539 1,415 1,348 1,317 1,288
3,5 1,653 1,507 1,420 1,336 1,294
4,0 1,674 1,569 1,455 1,380 1,330

b. Xdc dinh khodng tuyén tinh va xay dwng dwong chudn cia

phuwong phdp phéan tich Ha

- Xac dinh khoang tuyén tinh cia phwong phép phén tich khi H,

Dé tién hanh xac dinh khoang tuyén tinh cua phép phan tich H, bing sic
ky khi, ddy khi H, véi cac ndng do khac nhau gom 0,000; 0,299; 0,5498: 0,990;
1,961; 4,762; 6,542 va 9,091% duoc phan tich va khao sat su phu thudc cua
dién tich peak H, vao nong d6. Day nong do khi duoc pha bang cach pha lodng
khi H, tinh khiét bang khi He tin khiét trén hé pha khi duogc thiét lap trong
phan 3.1.2.

Bdng 3.6. Tuong quan giita ndng d6 va dién tich peak GC cta khi Ha.

Luu lwong Hz | Luu lwong He | Nong d§ Hz | Dién tich peak
(sccm) (sccm) (%) Ha
0 10,00 0,000 -6,8x10*
0,03 10,00 0,299 0,0135
0,05 10,00 0,498 0,0296
0,10 10,00 0,990 0,0551
0,20 10,00 1,961 0,1215
0,50 10,00 4,762 0,5169
0,70 10,00 6,542 0,9077
1,00 10,00 9,091 1,6930
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Hinh 3.13. &) Sac ky d6 GC cua khi H, & cac nong do khac nhau; b) Khao sat
khoang tuyén tinh ctia phuong phéap phan tich Ho.

Hinh 3.13.a 1a sic ky d6 GC cua khi H, & cac nong do khac nhau cho
thay tin hiéu GC ti 1é thuan véi nong d6 khi H,. Su twong quan giita nong do
va dién tich peak GC cua khi H, dugc thé hién trong Bang 3.6 va Hinh 3.13.b.
Két qua thu dugc cho thay khoang tuyén tinh cia phuong phap phan tich H,
bing GC 12 0 — 1,961%.

- Xay dwng dwong chuan phan tich Hz

Xay dung dwong chudn H: bégc 1

Sau khi xac dinh duoc khoang tuyén tinh ctia phuong phap phan tich H,
bang GC 1a 0 — 1,961% nhu trén, chung t6i tién téi xay dung duong chuan
tuyén tinh bac 1 c6 khoang nong do tir 0 — 1,961% H, cu thé gom: 0; 0,299;
0,498; 0,990 va 1,961%.

y = 0.0626x - 0.003 /'
R2 = 0.996 o
0.10 4 4
E)
s
2
o
=
S 0,05 B .
=]
c
@
g //
0.00 - v
0.0 0.5 1.0 1.5 2.0

Néng do H, (%)

Hinh 3.14. Puong chuan tuyén tinh bac 1 cta khi Ho.
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Két qua cho thay khoang tuyén tinh cua phép do c6 phuong trinh hoi
quy y = 0,0626x — 0,003 véi hé s6 turong quan R2 = 0,996.

Xay dung dwong chudn Ha béc 2

Su tuong quan giita ndng do va dién tich peak GC cua khi Hz con cho
thay tuy & ndng do lé6n hon 1,961%, twong quan khéng con 1a tuyén tinh bac
1. Trong sac ky khi, mdi twong quan giita ndng d6 cua chat phan tich (nhu Hy)
va dién tich peak thuong duoc ky vong 1 tuyén tinh trong pham vi nong do
nhat dinh. Tuy nhién, trong truong hop ndy, méi quan hé gitra nong do6 H, va
d6 dan nhiét cua Hy 1a phi tuyén tinh ¢ ndng do cao co thé dan dén méi twong
quan quadratic (bac 2) gitta ndng d6 va dién tich peak. Do d6 ngoai xay dung
duong chuan hoi quy tuyén tinh bac 1 ¢ trén, ching t6i xay dung dudng chuan
hoi quy bac 2 dbi vai ddy nong do Hy cao hon tir 0 — 9,091%

y = 0.0181x2 + 0.02022x + 0.00923
R2 =0.99983

-
(&)}
1

-
o
1

Dién tich pic (a.u)

o
(4}

0.0 /
0 2 4 6 8 10
Néng dd H, (%)

Hinh 3.15. Buong chuan bac 2 cua khi Ho.

Két qua xay dung duong chuan cho thiy khoang ndng do tir 0 — 9,091%
ctia Hy ¢6 phuong trinh hdi quy bac 2 véi y = 0,0181x2 + 0,02022x + 0,00923
va hé s6 twong quan 1a R? = 0,99983.

Viéc do ndong do Hy bang sic ky khi doi khi dan dén duong chuan co
dang bac hai thay vi tuyén tinh. Hién twong nay c6 thé xay ra do mot s yéu tb
sau. Cac detector @6 dan nhiét (TCD) duoc sir dung trong séc ky khi do do dan
nhiét cua hdn hop khi. Mdi quan hé gitra nong do hydrogen va do dan nhiét
khong phai lic nao cling tuyén tinh, dic biét & ndng do cao. Bo phi tuyén tinh
nay c6 thé 1am cho duong chuan léch khoi duong thing va cé dang bac hai.
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Bén canh d6 ¢ ndng d6 hydrogen cao hon, detector c6 thé bat dau bao hoa,
khién cho phan tmg ting cham hon so véi du kién. Hiéu tng bdo hoa nay c6
thé gop phan tao ra méi quan hé bac hai gitra ndng do va phan tng cua detector.
Hién nay, viéc str dung phuong trinh duong chuan bac 2 dé phan tich chat duoc
ring dung trong nhiéu truong hop thyc té [183, 184].

Nhu vay, str dung phuong trinh duong chuan bac 2 trong sic ky khi gitp
tang cuong do chinh xac va do tin cay cta phép do ndng do khi hydrogen, dam
bao rang két qua phan tich phan anh dung mdi quan hé thuc té giita nong do
chét phan tich va tin hiéu detector.

C. Xdc dinh gia tri MDL, MQL ciia phwong phép phan tich khi H:

Pé xac dinh gia tri MDL, MQL cuia phuong phap phan tich khi H, bang
GC, ching tdi tién hanh phan tich 10 1an mau khi H, c6 néng do thap 1a
0,498%. Ca duong chuan H, bac 1 va bac 2 s& dugc st dung dé tinh toan nong
d6 Hy, tir 46 danh gia dugc MDL va MQL cua ca hai phép phan tich.

Bang 3.7. Gidi han phat hi¢n (MDL) va gidi han dinh lugng (MQL) cua
phuong phap phan tich khi Ha.

L Nong d¢ H: Nong d¢ H-
Dién tich
TT tinh theo dwong | tinh theo dwong
peak H2 oA oA
chuan bac 1 (%) | chuan bac 2 (%)
1 0,0283 0,5006 0,6120
2 0,0289 0,5088 0,6239
3 0,0289 0,5091 0,6244
4 0,0296 0,5212 0,6420
5 0,0282 0,4982 0,6084
6 0,0288 0,5083 0,6232
7 0,0284 0,5021 0,6141
8 0,0293 0,5159 0,6344
9 0,0283 0,5002 0,6113
10 0,0285 0,5034 0,6160
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Néng dd trung binh
0,5068 0,6210
(%0)
Pj lech chudn SD 0,0074 0,0108
MDL (%) 0,022 0,0325
MQL (%) 0,067 0,0975

Két qua thue nghiém cho thay: Déi véi duong chuan bac 1: Gia tri MDL
= 0,022%; MQL = 0,067%. Con vd&i duong chuan bac 2: Gia tri MQL =
0,0325%; MQL = 0,0975%. V6i duong chuan bac 1 cho gié tri MDL va MQL
thap hon so v&i duong chuan bac 2. Ca 2 duong chuan déu cho gia tri MDL,
MQL thap minh chiing rang phuong phéap va ca 2 phép hdi quy 1a dang tin cay,

c6 do nhay cao.

d. P chinh xac cua phwong phdp phéan tich Hx

- Xac dinh do chum ctia phwong phap phéan tich H»

Pé xac dinh do chum ching tdi tién hanh do & 3 néng do khac nhau
0,498; 1,961 va 9,091% twong ung véi nong do thap, trung binh va cao trong
khoang lam viéc. Mdi nong do lap lai 6 1an. St dung duong chuan Ha ham bac
1 va bac 2 dé tinh gia tri nong do.

Bdng 3.8. Két qua cac 1an phan tich lip cua mau H, 0,498%.

T Dién tich | Nong dé H; :u’nh theo | Nong d¢ H: :u’nh theo
peak H, | dwongchuanbicl | dwong chuan bic 2
1 0,02834 0,501 0,61196
2 0,02885 0,509 0,62394
3 0,02882 0,508 0,62324
4 0,02843 0,502 0,61408
5 0,02831 0,500 0,61125
6 0,02851 0,503 0,61597
Nong dd trung 0,504 0,61674
binh (%0)
P ""’?DCh“a” 0,00378 0,00556
RSD (%) 0,751 0,902
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Bdng 3.9. Két qua cac 1an phan tich lip cua mau H, 1,961%.

TT Dién tich | Néng d$ H: tuwong Nong d9 H. twong
peak ung tinh theo dwong | ung tinh theo duwd'ng
chuan bac 1 chuan bac 2
1 0,1210 1,981 1,989
2 0,1202 1,968 1,981
3 0,1214 1,987 1,994
4 0,1206 1,974 1,985
5 0,1203 1,970 1,982
6 0,1194 1,955 1,972
Nong dé trun 1,984
b‘:gnh.(%) g 1973
b "??DCh”a” 0,01109 0,00755
RSD (%) 0,5621 0,381

Bang 3.10. Két qua cac lan phan tich lip cia mau H, 9,091%.

TT Dién tich | Néng d$ H. twong Nong d¢ H. twong
peak ung tinh theo dwong | wng tinh theo dwong
chuan bac 1 chuan bac 2
1 1,697 27,16 9,115
2 1,691 27,06 9,097
3 1,685 26,96 9,080
4 1,668 26,69 9,031
5 1,657 26,52 8,999
6 1,612 25,80 8,869
Nong dé trung
binh (%) 26,70 9,032
P4 léch chuj
¢ Teen ehen 0,5009 0,00071
SD
RSD (%) 1,876 1,004

Déi voi mau nong do Ha 0,498% két qua RSD% thu duoc khi tinh theo
duong chuan H, bac 1 14 0,751%, RSD% tinh theo duong chuan H, bac 2 1a
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0,902%. Bbi chiéu hai gia nay theo bang Do 1ap lai ti da chap nhan tai cac
nong d6 khac nhau (theo AOAC) ta thay hai gia tri nay déu nho hon gid tri
nam trong khoang cho phép duoc chap nhan (nhé hon 2,7 — 3,7%). Két qua
cho thay phuong phép phan tich va ca 2 phép hdi quy déu cho d6 chum dat
yéu cau ¢ khoang nong do6 thap 0,498%.

Tuong ty d6i v6i mau ndng do 1,961%, gia tri RSD% thu duoc khi tinh
theo duong chuan bac 1 cua H, 14 0,5621%, RSD% tinh theo dudng chuan H,
bac 2 12 0,381%. Hai gié tri nay déu nho hon gia tri nam trong khoang cho
phép duoc chap nhan theo AOAC (nho hon 1,8 — 2,7%). Két qua cho thay
phuong phap phan tich va ca 2 phép hdi quy déu cho do chum dat yéu cau ¢
khoang nong do trung binh 1,961%.

Véi mau nong do 9,091%, gia tri RSD% thu duoc khi tinh theo duong
chuan bac 1 caa H; 1a 1,8760% gia tri nay Ién hon gia tri duoc chap nhan dung
theo AOAC (D¢ lap lai tdi da chdp nhan duoc theo AOAC tai ham luong 10%
la RSD = 1,8%). Con RSD% tinh theo dudng chuan H, bac 2 1a 1,004%, gia
tri nay déu nho hon gi tri nam trong khoang cho phép dugc chap nhan do theo
AOAC (<1,8 %). Két qua cho thdy phuong phap phan tich va phép hoi quy
bac 2 cho d6 chum dat yéu cau ¢ khoang nong do cao 9,091%. Tuy nhién phép
hoi quy bac 1 cho d6 chum khong dat yéu cau do d6 khong phu hop dé phan
tich & khoang nong do cao nay.

Tur cac két qua thu duoc 6 trén ta rat ra két luan: Di véi dudng chuan
bac 1 cua H, d6 chum dat yéu cau d6i véi viéc phan tich cac mau c6 nong do
thap trong khoang 0 — 1,961%. Con d6i véi duong chuan bac 2 cua H, gié tri
RSD% thu dugce déu dam bao thap hon thap hon gia tri twong (ng theo AOAC,
ching t6 phép do c6 d6 chum dam bao véi tit ca cac mau nong do tir 0 —
9,091%. Két luan nay rat quan trong trong viéc lua chon duong chuan phi hop
Vvéi ting mau nong do khac nhau khi thyuc hién cac phép do sau nay.

- Xac dinh do dung cua phuwong phap phan tich H»

Dé xac dinh do dung cta phuong phap xac dinh Ha, chung t6i thuc hién
thong qua viéc xac dinh d6 thu hoi (hay con goi 1a d tim lai) cua phuong phap.
Dung mau khi chuan Hyndéng do 2,0% tir binh khi chuan H, 2,0%, 1ap lai phép
phan tich 6 lan. Ca hai duong chuan bac 1 va bac 2 duge st dung dé xac dinh
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ndng do chat phan tich ciia mau vt lidu chuan (CRM) tir d6 danh gia phuong
phap. Két qua do thu hdi caa mau vt liéu chuan duoc thé hién dudi Bang 3.11.

Bang 3.11. Két qua d6 thu hodi cia mau CRM khi H; 2,0%.

. Nong d6 H. tinh Nong dé H: tinh
Dién tich 2 ) .
TT cak theo dwong chuan theo dwong chuan
P bac 1 bac 2
1 0,1210 1,981 1,989
2 0,1202 1,968 1,981
3 0,1214 1,987 1,994
4 0,1206 1,974 1,985
5 0,1203 1,970 1,982
6 0,1194 1,955 1,972
Nong dd
trung binh 1,973 1,984
(%)
P thu hoi
98,63 99,18
(R%)

Két qua cho thdy: Do thu hdi H, tinh theo duong chuan bac 1 12 98,63%,
d6 thu hoi Hy theo duong chuan bac 2 13 99,18%. Do ding tdi da chap nhan
duoc theo AOAC tai ham lugng >10% la H = 98 — 102%. Déi chiéu gia tri tinh
dugc nay véi gia tri mong muén theo AOAC cho thay phuong phap phan tich
H, vira xay dung véi ca hai phuong trinh hdi quy déu c6 do dung dat yéu cau.

Nhu vay, quy trinh phan tich ham lugng H, bang phuong phap GC ¢6
d6 chinh xac cao, d6 lap tot va cd thé ung dung dé phan tich ham luong H.
trong mau khi. Phuong trinh hdi quy bac 1 phi hop véi nong d6 Hy tir 0 — 2%,
phuong trinh hoi quy tuyén tinh bac 2 ph hop véi ndng do Hy 1én dén 10%.
3.4.1.2. Phan tich khi N2
a. Khdo sdt diéu kign phan tich N

Pé dat dugc hiéu qua phan tich N tét bang GC, peak N, va O, can dugc
phan tach tét. Twong tu nhu khao sat diéu kién phan tich cua H,, dé toi uvu hoa
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hiéu qua tach cia N chdng tdi tién hanh khao sat ¢ong thai hai théng sé nhiét
d6 va ap suat. Két qua thoi gian luu va d6 phan giai cua peak N duoc thé hién
qua Bang 3.12, Bang 3.13.

Bang 3.12 cho thay thoi gian luu cua peak N, (phut) c6 phu thudc vao
diéu kién nhiét do cot va ap suat cot. Thoi gian lwu ctia peak N2 ¢6 xu hudng
giam di khi nhiét d6 va ap suit ting. Khi 4p suat > 2,5 psi trd 1én, thoi gian luu
cua peak N la khoang < 1 phut.

Bang 3.13 cho thdy d6 phan giai R cua peak N, véi peak O, ciing phu
thudc 1d rang vao diéu kién nhiét do va ap suat caa cot. Do phan giai nay co
xu hudng ting 1én khi 4p suat tang 1én, va nhiét d6 giam di. Trong d6 c6 18
cap diéu kién cho gia tri do phan giai R > 1,5 dé c6 do tach tét giira 2 peak
ngan.

Bdng 3.12. Thoi gian luu cua peak Ny (phat) tai cac diéu kién nhiét do cot va

ap suat cot khao sat.

Nhiét ¢ (°C)
30 35 40 45 50
Ap suit (psi)
1,0 12,314 11,396 11,435 10,371 10,042
1,5 2,700 2,579 2,494 2,363 2,254
2,0 1,545 1,469 1,404 1,339 1,274
2,5 1,088 1,030 0,984 0,933 0,892
3,0 0,823 0,788 0,758 0,717 0,684
3,5 0,757 0,705 0,665 0,632 0,601
4,0 0,638 0,598 0,564 0,533 0,508

Bang 3.13. Do phan giai peak N, va O, tai cac diéu kién nhiét do cot va ap

suat cot khao sat.

Nhiét dp (°C)
30 35 40 45 50
Ap suat (psi)
1,0 0,881 0,904 0,901 0,907 1,004
1,5 1,452 1,325 1,273 1,254 1,124
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2,0 1,673 1,546 1,466 1,356 1,326
2,5 1,807 1,643 1,583 1,414 1,379
3,0 1,935 1,730 1,646 1,508 1,381
3,5 2,379 2,100 1,955 1,714 1,678
4,0 2,424 2,117 1,965 1,801 1,681

Két qua khao sat cho thay N 1a mot chat khi dé phan tich, hiéu qua phan
tich tot cd thé dat duoc & nhiéu diéu Kién phan tich khac nhau. Do d6 khi phan
tich N trong hdn hop khac khi can phan tich khac, diéu kién phan tich co thé
duoc lya chon theo wu tién ctia cac khi can phan tich khac. Dya vao céc két
qua khao sét trén, ching tdi lya chon diéu kién ap suat 3,0 psi va 30°C dé tiép
tuc xay dung quy trinh phan tich N, cho phan ung khtr nitrate. Véi cap diéu
kién phan tich nay, peak N2 xuét hién can ddi, rd rang, thoi gian luu cua peak
N, ngan, va d6 phan giai = 1,935 > 1,5 cho phép peak N, va O, tach nhau gan

nhu hoan toan.

b. Xdc dinh khodng tuyén tinh va xay dung dwong chudn cia

phwong phap phan tich khi N

- X4ac dinh khoang tuyén tinh ciia phwong phap phén tich khi N,

Pé tién hanh xac dinh khoang tuyén tinh cua phép phan tich N, bang sac
ky khi, ddy khi N2 vé&i cac nong do khac nhau tir 0 — 100 % voi 9 diém bao
gom cé4c noéng do: 0; 2; 5; 10; 20; 50; 70; 90 va 100% duoc phan tich va khao
sat su phu thuoc cua dién tich peak N, vao ndng do. Dy ndng d6 khi duoc pha
bang cach pha lodng khi N tinh khiét bang khi He tinh khiét trén hé pha khi
duoc thiét lap trong phan 3.1.2.

6000 4

u)

4000 4

Dién tich pic (a

[
[=]
[=]
(=]

(I] 2‘0 4‘0 6‘0 8‘0 160
Néng d6 N, (%)

Hinh 3.16. Khoang tuyén tinh cua phuong phap phan tich khi N..
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Tir Hinh 3.16 nhan thdy phuong phap phan tich khi N, ¢6 khoang tuyén
tinh ndng do tir 0 — 100%.

- Xay dung dwong chuan phan tich N,

Xuat phét tir nhu cu thuc tién phuc vu phan tich san pham N, sinh ra tir
phan ung khir nitrate véi lwong khi san pham nho, ching toi tién hanh xay
dung duong chuan khi N2 & ndng d6 nho. Puong chuan dugc xay dung trén
day khi N2 c6 dai nong do 14 0; 2; 5; 10 va 20%.

60004

20% N,
N2

40
——Blank
40004 —2%
5%
—10%
——20%

304 —BL
— 1% N2

20004

Dién tich pic (a.u)

Dién tich pic (a.u)

204

104 0% N,

1 2 % 2
Thoi gian Iwu (phut) Thei gian lwu (phat)

a) b)

Hinh 3.17. &) Sac ky d6 GC phan tich khi N tir khong khi trong mau trang va
tir mau khi 1% Nj; b) Pho khi N, tir ndng d6 0 — 20%.

Bdng 3.14. Tuong quan giita ndng do va dién tich peak GC cta khi N».

Nong d6 (%) | Luu lwong khi N2 | Lwu hrong khi He | Dién tich peak
(sccm) (sccm) N2
0,0 50,0 8,643
2 1,0 49,0 90,30
2,5 47,5 270,5
10 50 45,0 556,1
20 10,0 40,0 1116,0

Hinh 3.17a 14 sic ky d6 GC cua mau trang 100% He (dudng mau den ki
hiéu BL) va mau khi N 1% (duong mau d6 ki hiéu 1% N,). Phd GC cho thay
tap khong khi 1an trong hé théng dng néi tir binh khi dén hé GC ludn ton tai va
thé hién rd ¢ 2 peak nho cia O, va N, theo dung ti 1é cua O, va Ny trong khong
khi. Peak tap ciia O, va N tir khdng khi ndy khong thé loai bé hoan toan, ké
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ca khi ching tdi xa khi He 100% lién tuc vao GC trong 8 tiéng lién tiép. Do
d6 dé xac dinh chinh xac tin hiéu N, dén tir mau phan tich, viéc xac dinh tin
hiéu N trong mau trang va tinh toan loai bo (trir nén) cua tin hiéu N, tap nay
la vo cung quan trong. Ching toi tién hanh khao sat viéc xay dung duong
chuan N, véi 3 phuong phap i) trir nén truc tiép dién tich peak N, mau — dién
tich peak Ny nén, va ii) trir nén theo ty 18 N/O,. Cu thé nhu sau:

Xay dung dwong chudn N2 bang phwong phdp trir nén truec tiép

Dién tich peak N, cua tat ca cac mau dugc hiéu chinh bang cach cach
trir dién tich peak N, cua mau trang, dién tich peak N, mau = peak N, do duoc
— peak Ny nén. Piéu nay la can thiét vi khi N; ton tai trong khong khi voi thé
tich chiém khoang 80% thé tich khong khi, mac du hé nghién ctiu cta ching
t6i da duoc thiét 1ap 1 hé kin khi va trong mdi lan do déu chay nén mau trong
thoi gian dai ¢é dudi khong khi ra khoi duong éng trudc khi chay phép do.
Tuy peak O, va N, tir tap khong khi van ludn tdn tai trong mau trang, va co
gia tri khac nhau tai cac thoi diém tién hanh thi nghiém khac nhau. Chinh vi
vay, peak N, dugc hiéu chinh dé giam thiéu anh huang cia nén mau.

Bdng 3.15. Két qua su phu thudc giita dién tich peak véi nong d6 N sau khi

tre nén tryc tiep.

Nong dd Dién tich peak N
0
81,663
261,873
10 547,373
20 1107,473

Két qua cho thay khoang tuyén tinh cua phép do c6 phuong trinh hoi
quy y = 56,065x — 15,206 Vi hé sd twong quan R? = 0,9992.
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Hinh 3.18. Pudng chuan N, sau khi trir nén truc tiép peak N2 mau = peak N;
do duogc — peak Ny nén.

Xay dwng dwong chudn N trie nén blank theo ty 1é N2/O;

Véi céach hiéu chinh peak N, bang cach céch trir dién tich peak N, cua
mau trang, dién tich peak N, mau = dién tich peak N, do duoc — dién tich peak
N, mau trang, thi sai léch do su xuét hién peak N, trong mau trang vai tin hiéu
khac nhau mdi ngay da duoc héu chinh. Tuy nhién ngoai van dé c6 su chénh
léch duong nén giita cac ngay phan tich thi trong cing mot ngay phan tich
peak tap cua O,, N cling van thay doi theo thoi gian. Cu thé, thoi gian raa giai
cang dai peak tap cang nho dan di. Viéc peak Ozva Ny tap chat giam theo thoi
gian khién cho viéc hiéu chinh bang céch trir tin hiéu N, trong mau trang do ¢
dau ngay thi nghiém khong con Ia phép hiéu chinh chinh xac. Xuat phat tur
nhitng van dé nay, ching t6i da tién hanh xay dung duong chuan N, sau khi
da trir nén theo ty 18 No/O,. Céch hiéu chinh peak N, mo ta chi tiét nhu sau:
T mau trang, xac dinh dién tich peak cua khi Oz va Ny, tinh ty 1é giira N va
02 (N2ianky/O2lank)). CAC Mau phan tich chira Ny, dién tich thuc cua N, dugc
tinh toan theo céng thac sau:

SN2 miu = SN2 do— (SN2 tréng/ So2 tréing X S02 do)
Trong d6:  Snzmau: Dién tich N, ctia mau
Sn2 4o Dién tich peak N, do duoc
Sz trang: Dién tich N cia mau trang
Soz trang: Dién tich O, cia mau trang
So2 ¢0: Dién tich peak O, do duoc

Bang 3.16. Twong quan giita nong dé va dién tich peak N,
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Dién tich peak o Dién tich peak N2
5 Dién tich peak N x _
Nong do O2do dugc caua mau (sau khi
, x do dwgc trong . ox .
khi N2 (%) trong mau : o trir nén theo ty I¢
o mau phan tich
phan tich N2/O>)
0 0,768 8,643 0
2 3,291 90,3 53,2
5 1,010 270,5 259,1
10 1,075 556,1 544,2
20 1,205 1116,0 1102,4
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Hinh 3.19. Pudng chuan N trir nén theo ty 1& No/Os.

Két qua cho thay khoang tuyén tinh cta phép do c6 phuong trinh hoi
quy y = 56,411x — 25,639 véi hé s twong quan R? = 0,997.

C. Xdc dinh gia tri MDL, MQL cuia phwong phap phédn tich khi N>

Pé xac dinh gia tri MDL, MQL caa phuong phap phan tich khi N bang
GC, chaing t6i tién hanh phan tich 7 1an mau khi N2 c6 nong do thap 1a 0,5%.
Ca duong chuan N, véi peak N, hiéu chuan trir nén truc tiép va trir nén theo ti
1& N2/O; s& duoc sir dung dé tinh toan nong do No, tir d6 danh gia duoc MDL,
MQL cua ca hai phuong phap phén tich.
Két qua xac dinh MDL, MQL cua phuong phap phén tich khi N, duoc

thé hién trong Bang 3.17 sau:
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Bang 3.17. Gi61 han phat hién (MDL) va gi61 han dinh lugng (MQL) ctua
phuong phép phan tich khi Nj.

B s Néng d6 N, tinh
Dién Nong do N> tinh . <
, . 2 theo dwong chuan
TT tich theo dwong chuan 5
R trir nén theo ty I¢
peak trir nen
N2/O-
1 1,2372 0,2933 0,4764
2 1,2262 0,2931 0,4762
3 1,2421 0,2934 0,4765
4 1,2853 0,2942 0,4773
5 1,3230 0,2948 0,4780
6 1,3229 0,2947 0,4779
7 1,3430 0,2952 0,4783
Nong dd trung
. 0,2941 0,477
binh (%)
P léch chuan
0,1978 0,00085
SD
MDL (%) 0,5935 0,0026
MQL (%) 1,780 0,0077
P thu hoi (%) 58,82 95,40

Két qua thuc nghiém cho thay: Puong chuan N trir nén tryc tiép cho
gia tri MDL = 0,1978%, MQL = 0,5935%; duong chuan N trir nén theo ty 18
N/O; cho gia tri MDL = 0,0026%, MQL = 0,0077%. MDL, MQL tinh dugc
khi str duong chuan Na trir nén truc tiép c6 gia tri cao hon han so véi gia tri
MDL, MQL khi str dung duong chuan trir nén theo ty 1& No/O,. Bén canh do,
do peak tap cua O,, N thay doi theo thoi gian nhu di dién giai ¢ phan xay
dung dudng chuan trir nén theo ty 16 ¢ trén. Hon nita, tir két qua do thu hoi N
tinh dwogc tir hai dudng chuan cho thiy, do thu héi tinh theo duong chuan trir
nén theo ty 1é N2/O, cho két qua H = 95,40 % dam bao theo tiéu chuan AOAC,
trong khi d6 thu hoi N theo dudng chuan trir nén cho két qua thap. Tur két qua
x4c dinh MDL, MQL, xac dinh d6 thu hoi va nhitng 1y do trén, chiing t6i théng
nhat sir dung duong chuan Ny trir duong nén theo ti 16 No/O, cho cac phép
phan tich mau thuc caa phan ung khir nitrate.
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thé hién trong cac bang duéi day.

d. Xdc dinh d¢ chinh x&c ciia phwong phdp phén tich N>
- Xac dinh do chum cua phwong phap phan tich N>

Pé xac dinh d6 chum cta phuong phap chung toi tién hanh phan tich ¢
3 nong do khéac nhau 0,5%; 10% va 20% tuwong ung véi ndng do thap, trung
binh va cao trong khoang lam viéc. Mdi nong do lap lai 6 1an. Dién tich peak
N, duoc hiéu chinh theo phuong phép trir nén theo ti 16 No/O; véi duong chuan
y = 56,4109x — 25,639 duoc st dung dé xac dinh ndng d6 N,. Két qua duoc

Bang 3.18. Két qua phan tich 1ip ctia mau N3 0,5%.

T Dién tich | Nong dd N2 twong t’rrjg Két qua
peak tinh theo dwong chuan
1 1,2372 0,4764 - Néong dé trung binh:
2 1,2262 0,4762 0,4771
3 1,2421 0,4765 - P léch chuan SD:
4 1,2853 0,4773 0,00088
5 1,3230 0,4780 - RSD: 0,18%
6 1,3430 0,4783 -CV:0,18%
Bdng 3.19. Két qua phan tich 1ap ctia mau N, 10%.
TT | Diéntich | Nong dd N, twong ing Két qua
peak tinh theo dwong chuan
1 548,986 10,186 - Nong @ trung binh:
2 549,624 10,198 10,194
3 549,559 10,197 - P§ léch chuan SD:
4 549,591 10,198 0,00440
5 549,305 10,192 - RSD: 0,0431%
6 549,272 10,191 - CV:0,0431%
Bdng 3.20. Két qua phan tich 1ap ctia mau N; 20%.
TT | Diéntich | Nong dé N twong irng Két qua
peak tinh theo dwdng chuan
1109,794 20,128 - Nong dd trung binh:
1111,377 20,156 20,142
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3 | 1110,566 20,142 - P§ léch chuin SD:
4 | 1110,971 20,149 0,00992

5 | 1110,586 20,142 - RSD: 0,0493%
6 | 1110,180 20,138 - CV: 0,0493%

Két qua cho thay, voi mau N, ndng d6 0,5% gia tri RSD% = 0,18%;
mau N, 10% c6 RSD% = 0,0431% va mau N2 20% cd RSD% = 0,0493%. Do
lap lai toi da chap nhan duoc theo AOAC tai ham lugng 1% 1a RSD = 2,7%;
tai ham luong 10% = 1,8% va tai ham luong 100% la 1,3%. Di chiéu gié tri
tinh dugc ndy véi gia tri mong mudn theo AOAC cho thay phuong phép xac
phan tich N c6 do chum dat yéu cau.

- Xac dinh do diang cua phwong phap phéan tich N>

Pé xac dinh d6 ding ctia phuong phap phan tich N2, chiing t6i thuc hién
thong qua viéc xac dinh do thu hdi ctia phuwong phap. Thém mot luong chat
chuan 12 0,5%; 10% va 20% vao mau trang, phan tich cac mau thém chuan do,
lap lai 6 1an mdi nong do Dién tich peak N, duoc hiéu chinh theo phuong phap
trir nén theo ti 18 No/O, véi dudng chuan y = 56,4109x — 25,639 duogc st dung
dé xac dinh ndng do N,. Két qua do thu hdi twong ng voi cAc mau trang thém
chuan duoc thé hién trong Bang 3.21, Bang 3.22, Bang 3.23.

Két qua cho thay, mau N3 0,5% c6 do thu hoi H = 95,43%; mau N, 10%
c6 d6 thu hdéi H = 101,94% va mau N 20% c6 do thu hoi H = 100,71%. Do
dung t6i da chap nhan duoc theo AOAC véi ham luong: 0,1 — 1,0% 14 95 —
105%; v&i ham luong tir 10 — 100% 1a H = 98 — 102%. Béi chiéu gia tri tinh
duoc nay Vai gia tri mong mudn theo AOAC cho thay phuong phap phén tich
N, vira xay dung c6 do dung dat yéu cau.

Nhu vdy, quy trinh phan tich ham luong N2 bang phwong phap GC khao
sat va xay dung ¢ trén c6 do chinh xac cao, d6 lp tét va co6 thé ung dung dé
phan tich ham lwgng N, trong mau khi.

Bdng 3.21. Két qua d6 thu hoi cia mau CRM khi N; 0,5%.

Dién tich | Néng dd N2 twong wng o
TT ] . R Keét qua
peak tinh theo dwong chuan

1 1,2372 0,4764
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2 1,2262 0,4762 - Nong dé trung binh:
3 1,2421 0,4765 0,4771
4 1,2853 0,4773 - R =95,43%
5 1,3230 0,4780
6 1,3430 0,4783
Bang 3.22. Két qua do thu hdi cia miu CRM khi N 10%.
T Dién tich | Nong dd N twong 1’rr3g Két qua
peak tinh theo dwong chuan
1 548,986 10,186 - Nong d@o trung binh:
2 549,624 10,198 10,194
3 549,559 10,197 - R =101,94%
4 549,591 10,196
5 549,305 10,192
6 549,272 10,191
Bang 3.23. Két qua do thu hoi cia mau CRM khi N 20%.
- Dién tich | Nong dd N2 twong t’rrJg Két qua
peak tinh theo dwong chuan
1 1109,794 20,128 - Nong dé trung binh:
2 1111,377 20,156 20,142
3 1110,566 20,142 -R =100,71%
4 1110,971 20,149
5 1110,586 20,142
6 1110,180 20,135

3.4.2. Phan tich cac san pham cia phan &ng khir dién héa nitrate

Dé phan tich cac san pham cua qua trinh khi nay, sau khi tién hanh khir
nitrate & cac thé khtr khac nhau, chdng t6i tién hanh phan tich cac san pham
trong pha khi bao gom H, va N, va cac san pham trong pha long bao gom
NH4*, NOy va NoHg.

Cac san pham trong pha khi bao gdm H; va N duoc phén tich dong thoi
bang phuong phap GC-TCD di trinh bay & phan truéc. Két qua phan tich H,

va N dugc thé hién trong Hinh 3.20 va Bang 3.24, Bang 3.25.
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Tién hanh phan tich cac san pham trong pha léng cua phan ung khir
nitrate bang phwong phap UV-Vis. Két qua phan tich cho thay khdng c6 san
pham N;H, tao thanh & tat ca cac thé phan ung cua phan ung kha. Két qua
phan tich cac san pham trong pha long bao gém NH,* va NO, & cac dién thé
khir khac nhau duoc thé hién trong Bang 3.26 va Bang 3.27.

Téng hiéu suat cua cac san pham khu hién hoa nitrate duoc tong hop
trong Bang 3.28.

140 J
120 4 :
100 4
80 -
60 - 02
40 -

20 -

Dién tich pic (a.u)

0 1 2 3
Thei gian lweu (phuat)

Hinh 3.20. Sac d6 san pham khi H, va N, ctia phan tng khir dién hoa nitrate
khi str dung dién cuc Cu-nanosphere tai thé -1,3 V so voi RHE.

Bdng 3.24. Két qua phan tich H, trong phan tmg khtr dién hoa nitrate.

Cwong

. P R Mat do Tong Hiéu
bién the . N Luu do . . i
Dién Nong . dong mat do suat
Cathode . R lwgng | dong . ]
tich dé H2 N dién cua dong Faraday
(Vvs H: dién N 3 )
peak H: (%) ) H: dién khw | caa Hz
RHE) (sccm) | caa H:
(mA/cm?) | (mA/cm?) (%)
(mA)

-0,1 KPH | KPH | KPH | KPH | KPH 0,85 0
-0,4 KPH | KPH | KPH | KPH | KPH 3,46 0
Cu -0,7 10,0067 | 0,155 | 0,015 | 2,22 1,11 14,21 7,83
-1,0 |0,0239 | 0,430 | 0,043 | 6,17 2,06 20,90 | 9,85
-1,3 10,0330 | 0,575 | 0,058 | 8,26 | 5,51 4599 | 11,98
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-0,1 KPH | KPH | KPH | KPH | KPH 1,25 0
c -0,4 KPH | KPH | KPH | KPH | KPH 5,06 0
v -0,7 |0,0057 | 0,139 | 0,014 | 2,00 1,00 25,81 3,87
nanosphere
-1,0 |0,0192 | 0,355|0,035| 5,10 2,55 36,15 7,05
-1,3 |0,0103 | 0,213 | 0,021 | 3,06 3,40 75,92 4,47
Bang 3.25. Két qua phan tich N trong phan tng khir dién hoéa nitrate.
Dién
tich Cuong Mat do .
. N . Hiéu
Pién the peak Luu do dong Tong mat ;t
Cathode | Natrir | Nongdd | lweng dong dién cia do dong sud
A n " i Faraday
(Vvs nen N2z (%) \P) dién N2 dién khir N
RHE) theo ti (scem) | cdaN2 | (mAlcm? | (mA/cm?) Cu; 2
¢ ma) | ) >0
N2/O2
-0,1 KPH KPH 0 0 0 0,85 0
0,023 | 0,002
-04 1,28 9 4 1,72 0,43 3,46 12,41
0,004 | 0,000
-0,7 0,24 0,33 0,16 14,21 1,15
Cu ) 5
0,001 | 0,000
-1,0 0,05 0 1 0,07 0,02 20,90 0,11
0,012 | 0,001
-1,3 0,69 8 3 0,92 0,61 45,99 1,34
-0,1 KPH | KPH 0 1,25 0
-04 KPH | KPH 0 5,06 0
0,021 | 0,002
Cu- -0,7
1,13 1 1 1,52 0,76 25,81 2,94
nanospher
e 10 0,052 | 0,005
’ 2,81 6 3 3,78 1,89 36,15 5,23
13 0,025 | 0,002
’ 1,38 9 6 1,86 2,06 75,92 2,72

Bdng 3.26. Két qua phan tich NH,* trong phan tg khir dién hoa nitrate.

£ N Mat do g
the A R Cuong do . . Hiéu suat

Nong do . N dong di¢én
cathode dong dién Faraday

NHs* (mM) NH4*

(Vs NH4* (MmA) NH4* (%)

(MmA/cm?)

RHE)
Cu -0,1 2,8.10°° -0,03 -0,025 2,94
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0.4 0.17 2,00 20,50 14,48
0.7 143 15,51 7,76 54.60
1.0 3,67 40,35 13.45 64.35
13 4,66 51,59 34.40 74.80
01 53.107 20,06 20,047 3.79
0.4 0,29 2,95 20,65 12,94
nan;‘;'here 0.7 1,98 220,67 110,33 40,04
1.0 4,70 49.37 24,69 68.28
13 5,69 5851 65,01 85.63

Bdng 3.27. Két qua phan tich NO, trong phan tng khtr dién hoa nitrate.

I B Cwong o
bién the 5 . Mat do ) .
Nong do | d¢ dong . . Hi¢u suat
cathode N dong dién
NO2 dién Faraday
(V vs NO2
(mM) NO2 NOz (%)
RHE) (mA/cm?)
(mA)
-0,1 0,35 -0,93 -0,77 90,75
-0,4 4,06 -11,75 -2,94 84,99
Cu -0,7 2,80 -7,60 -3,80 26,77
-1,0 4,55 -12,5 -4,17 19,94
-1,3 2,08 -5,76 -3,84 8,358
-0,1 0,52 -1,38 -1,15 92,08
c -0,4 7,86 -19,76 -4,39 86,71
u_
-0,7 11,53 -30,14 -15,07 58,38
nanosphere
-1,0 5,10 -13,40 -6,70 18,54
-1,3 2,67 -7,10 -7,88 10,38

Bdng 3.28. Tong hiéu suit cta cac san pham khir dién hoa nitrate.

piénthé | Hiéu Hiéu Hiéu Hia Tong
. . ] iéu
Cathode | suat suat suat 3 .‘t hiéu
ua .
(Vvs | Faraday | Faraday | Faraday suat
X X i Faraday
RHE) cua H: cua N2 cua Faraday
cua NOz
(%) (%) NH,4" (%)
(%)
(%)
Cu -0,1 0 0 2,94 90,75 93,69
-0,4 0 12,41 14,48 84,99 111,88
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-0,7 7,83 1,15 54,60 26,77 90,35

-1,0 9,85 0,11 64,35 19,94 94,25

-1,3 11,98 1,34 74,80 8,358 96,48

Cu- -0,1 0 0 3,790 92,08 95,87
nanosphere -0,4 0 0 12,94 86,71 99,65
-0,7 3,87 2,94 40,04 58,38 105,23

-1,0 7,05 5,23 68,28 18,54 99,10

-1,3 4,47 2,72 85,63 10,38 103,20

Str dung cac quy trinh phéan tich xay dung trong nghién ctru nay, cac san
pham bao gom Ha, N2, NH4* va NO,™ di duoc tim thay 1a xac dinh ham lugng
cu thé cho timg diéu kién cua phan ung kht nitrate. Tong hiéu suat Faraday
cua tat ca cac san pham dat tir 93,7 — 105,2%. Pay 1a mot két qua tuong doi
tt trong diéu kién phan (ng va phan tich c6 nhiéu yéu to anh hudng cé thé
gay hao hut. Két qua nay cho thiy cac phuong phap xay dung duoc da dap tng
duoc yéu cau phan tich gan nhu hoan toan cac san pham cua phan ung khtr
dién hoéa nitrate.

3.4.3. Panh gia hiéu suat va téc @ tong hop NH.4* ciia phan wng khir
dién hoa nitrate

Trong sb cc san pham cua phan tng khir nitrate, san pham ammonium
dang duoc dinh hudng nghién ciu tong hop nhiéu nhat do tiém ning tng dung
va hiéu qua kinh té cling nhu méi truong cua nd. Pé danh gia hiéu qua tong
hop NH4" trong qua trinh NO3RR, ching t6i da phan tich ham lugng NH,4* tao
thanh, tir d6 tinh toan hiéu suét va toc do tong hop NH4* cua phan tng khur
nitrate trén cac dién cuc Cu-nanophere va Cu.

Hinh 3.21.a cho thay hiéu suat Faraday NH,4* cua Cu va Cu-nanosphere
tang khi thé khir I6n hon (4m hon). Hiéu suat Faraday NH4* ciia Cu bat dau tur
~3% & -0,1 V va dat ~75% & -1,3 V NH,*; hiéu suat FE NH,* cia Cu-
nanosphere bat dau tir ~4% & -0,1V va dat ~85% ¢ -1,3 V. Nhiing dix liéu nay
chang minh rang NO3RR dé tao thanh NH,* xay ra & tat ca cac dién thé trén -
0,1 V. Trong khi hiéu suat Faraday NH4* ctua Cu va Cu-nanosphere c6 phan
gidng nhau, hiéu suat NH,* cia Cu-nanosphere cao hon Cu (Hinh 3.21.b). O -
1,3 V, toc d6 tong hop NH,4* cua Cu-nanosphere dat 5,2 mg/h.cm?, cao hon ~2
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1an so vé&i Cu. Dit liéu nay cho thay hoat tinh xuc tac dién ddi véi NOsRR dé
tao thanh NH,* cua Cu-nanosphere cao hon so véi dién cuc Cu.

Hinh thai hoc va dién tich bé mat hoat dong dién hoa cua Cu-nanosphere
(Hinh 3.2) cho thay ring hiéu suat Faraday cia NH4* va téc do tong hop NH,*
cuia Cu-nanosphere cao hon Cu cé thé duoc giai thich bang dién tich bé mat
cao cua vat liéu.

Ngoai ra, két qua XRD (Hinh 3.4.a) cho thay & dién cuc Cu -nanosphere
thi Cu(200) chiém wu thé trong khi & Cu binh thuong Cu(111) chiém wu thé.
Gan ddy, nhom ciia Koper d bao cdo rang Cu(111) thé hién hoat tinh cao dbi
véi HER; su uc ché va khir hoat tinh do hydrogen hap phu trén mat Cu(111)
cling dan dén NOzRR kém hiéu qua [116]. Ngoai ra, nhém ctia Wang da bao
c4o céc thi nghiém va tinh toan DFT chang minh rang mang Cu chiém uu thé
véi Cu(200) thé hién chat xdc tic NOsRR hiéu qua ddi véi ammonium hon
Cu(111) [185]. Do d6, hiéu suat NH4* t6t cuia Cu-nanosphere ddi véi NOsRR
c6 thé bat ngudn tir wu thé cua mat Cu(200) cua vat liéu. Gan day, vat ligu dién
cuC Mai Vai cac mat duogc thiét ké riéng da tré thanh diém néng trong linh vuc
thiét bi luu trir ning luong dién hoa, nhiéu vat liéu c6 cac mat dugc thiét ké
riéng da duoc béo céo 1a cd hoat tinh dién hoa cao [186]. Tuy nhién, co ché
nang cao hiéu suat dién hoa cia Cu-nanosphere cua ching ta va cic co ché
khac van can nhiing nghién ciu chi tiét hon.

—a—Cu  ——Cu-nanosphere

8o{ © a)
I§

1N

40+ o,

6
3 b)

4
3

2

20+ 1
0

- N

0 —————————— ———————
-1.4 1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 1412 -10-08 -06-04-02 00
Pién thé so v&i RHE (V) Dién thé so v&i RHE (V)

Hinh 3.21. a) Hiéu suét Faraday (FE) cta sy hinh thanh NH4*; b) Téc do téng
hop NH4* cua Cu-nanosphere ciia NO3RR ¢ -1,3 V trong dung dich Na,;SO4
0,5M + NaNO3 0,1 M.

Hiéu suat Faraday cua NH," (%)

Téc dé téng hop NH,* (mg/h.cm?)

Pé danh gia d6 bén cua Cu-nanosphere, cac thi nghiém do dong theo
thoi gian CA duoc thuc hién ¢ -1,3 V trong 10 chu ky lién tiép.Hinh 3.22 cho
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thiy Cu-nanosphere thé hién tinh 6n dinh cao véi toc do tong hop NH,* va
hiéu suat FE gan nhu gitr nguyén sau 10 chu ky (duy tri hiéu suat ~ 98%). Do
6n dinh cao d6i véi phan tmg dién hoéa caa Cu-nanosphere c6 dugc cha yéu 13
do phuong phép ché tao n6. Cu-nanosphere dugc ché tao bang phuong phap
ma dién trén dién cuc Cu, khong can bat ky chat két dinh nao dé gan céac hat
nano vao dién cuc nén Cu. CAu trdc tu gan két nay ciia Cu-nanosphere cho x(c
tac bao toan dugc toan bo dién tich hoat dong bé mat ciing nhu tinh dan dién
cuia no, tir d6 kha ning dan dién ciing nhu do 6n dinh cua xuc tac duoc tang

cuong dang ke.

T T T T T T T T T T T T T T T T T T T 1[][] =
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Hinh 3.22. Tdc do téng hop NH,4* va hiéu suat Faraday NH,* ctia dién cyuc Cu-
nanosphere d6i véi NO3RR trong dung dich Na,SO,4 0,5 M + NaNOs3 0,1 M.

Céc thi nghiém danh dau dong vi ®N d3 duoc tién hanh dé xac nhan
rang ammonia duoc phat hién trong thi nghiém NOsRR thuc su ¢6 ngudn géc
tir nitrate (Hinh 3.23). Phd '*H NMR cuia céc chat dién phén sau khi khtr ®®NO3
cho thay cac dinh kép c6 khoang cach ~73 Hz lién két voi *NH,*, pht hop voi
pho caa tham chiéu tiéu chuan ®*NH,* va cac bao cao trude d6 [83, 187, 188].
Nguoc lai, 'H NMR cua **“NH,*" duogc chia thanh ba dinh voi khoang cach nho
hon ~52 Hz [188]. Két qua nay xac nhan rang sy hinh thanh ammonia c6 nguén
géc tir qua trinh khtr nitrate bang dién va loai trir 6 nhiém tir khi N,, hda chat,
mdi truong phong thi nghiém va chét xdc tac.

Na®>NOs (99% nguyén tir) duoc st dung 1am chat phan tng dé thuc hién
cac thi nghiém dong vi NOsRR nham Iam rd ngudn goc caa ammonia duoc
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tao ra tH-NMR duoc thuc hién ¢ 25°C trén Bruker Ascend 600 MHz str dung
dung m6i DMSO-d6.

Na'*NO,nhir 14 chat phan (eng
"SNH,* chuan doi chiéu

Tihz

- -

— p— L S
69 70 71 72 73 74 75 7.6
Dich chuyén héa hoc (ppm)

Hinh 3.23. Ph6 'H-NMR (600 MHz, DMSO-d6) ctiia SNH,4* dugc tao ra tir
NO3RR sir dung Na'®>NOs lam chat phan tng.

3.5. Phan &ng khir dién hda nitrogen
3.5.1. Hoat tinh xitic tac dién cho NRR cia Cu-nanosphere

Pé danh gia hoat tinh xuc tac dién cua chat xdc tac Cu-nanosphere cho
phan tng khu nitrogen, LSV dugc tién hanh trong binh chit H hai ngan. Phan
ung ¢ cuc cathode la HER va phan ung khi Nitrogen. Cac ngan anot va
cathode duoc ngin cach bang mang trao d6i proton Nafion-117 dé tranh qué
trinh oxy héa san pham & cuc anot. Phan tng & cuc cathode 1a phan ang sinh
khi hydrogen (Hydrogen Evolution Reaction — HER) va phan ung khu
nitrogen:

(NRR) N, +8H*+6e = 2NH,” (3.5)
(HER) 2H* + 2¢ = H (3.6)

Hinh 3.24 thé hién duong cong LSV cua cac dién cuc Cu va Cu-
nanosphere trong Na,SO, 0,5 M b&o hoa Ar va N, & toc do quét 10 mV/s. Mat
d6 dong dién déu ting 1én khi dién thé quét vé phia gia tri am Ién hon. Dong
khtr trong moi truong bdo hoa Ar la dong khir cia HER. Dong dién khir trong
moi truong béo hoa N2 co sy dong gop cia ca HER va NRR [189].
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Hinh 3.24. LSV trong moi truong bao hoa Ar va N, trong Na,SO, cia dién
cuc Cu va Cu-nanosphere.

Hinh 3.24 cho thay Cu thé hién hoat tinh khir thap trong ca mai trudng
Ar va Ny. Nguoc lai, dién cuc Cu-nanosphere thé hién dong khir cao hon va
thé khir bat dau sém hon Cu. Hoat tinh khtr caa Cu-nanosphere 16n hon so v6i
Cu, c6 thé dugc giai thich 1a do hinh thai nano hat cau caa Cu-nanosphere va
su gia tang dién tich bé mat hoat dong cua cac chat xuc tac, nhu da giai thich
cho NOsRR. bac biét, mat do dong dién cta Cu-nanosphere 16n hon Cu
khoang 3,5 lan. Su gia ting mat d6 dong dién phl hop véi phép do Pb UPD,
trong d6 bé mat hoat dong dién hda caa Cu-nanosphere [én hon 5,7 13n so V4i
Cu. Sy sai khac nho ¢ day co thé 1a do qué trinh khuéch tan Pb?* huéng téi va
vao trong dién cuc xop dé dang hon qué trinh khuéch tan N,. Ngoai ra, sy sai
khac nay ciling c6 thé cho thiy mat do dong dién khéng chi phu thudc vao dién
tich bé mat dién cuc.

Hinh 3.24 ciing cho thidy Cu va Cu-nanosphere c¢6 mat 6 dong dién
trong moi truong bdo hoa N, cao hon so véi trong Ar. Su khac biét dang ké vé
duong cong LSV cua N, va Ar duoc tim thay ¢ dién thé tir -0,4 V dén -0,8 V.
Hién tuong nady goi ¥ rang qua trinh khtr N, xay ra o trong khoang dién thé
nay va gop phan vao téng dong dién khir, hoac it nhat 1a su hién dién cua N,
gitip tang cuong HER. O dién thé am hon -0,8 V khéng co sy khéc biét vé mat
d6 dong dién gitra moi truong bdo hoa Ar va N, trén ca hai dién cuc. Hién
tuong nay cho thay rang ¢ hiéu dién thé trén -0,8 V, HER Ia phan tng duy
nhat; hoac NRR va HER bu trir 13n nhau, do d6 khong lam ting tong mat do



106

dong dién. Hién tuongciing da duoc bao c4o trong cac cong bd trude day [190-
192].

3.5.2. Panh gia hiéu suat va toéc do tong hop NH4* trong qua trinh
phan wng khir dién hoa nitrogen

Pé danh gia toc do tong hop NH,4* va hiéu suat Faraday NH,* trong qua
trinh khtr dién hoéa nitrogen, ching t6i cting thuc hién phép do dong dién theo
thoi gian & cac dién thé khac nhau trén cac dién cuc Cu va Cu-nanosphere
trong moi trudng bdo hoa N. Hinh 3.25.a cho thay Cu-nanosphere thé hién
mat d6 dong dién khir cao hon Cu & cac buéc thé tir -0,4 V d¢én -0,8 V, dic
biét ¢ -0,7 V va -0,8 V. Dong dong khir thu duoc tir phuong phéap ap thé cb
dinh CA nay cho sb liéu twong dong véi dong khir thu dugc tir phuong phap
quét thé tuyén tinh LSV duoc md ta ¢ trén Hinh 3.24.
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Hinh 3.25. a) Tong dong dién giam ¢ cac dién thé twong ung; b) Mat d6 dong
dién mot phan; ¢) Toc do tong hop; va d) Hiéu suat Faraday ctia su hinh
thanh NH,* tir NRR trong Na,SO,4 0,5 M bao hoa N,.

Téc d6 hinh thanh NH4* duoc trinh bay trén Hinh 3.25.b va Hinh 3.25.c
lan luot 12 mat do dong dién riéng phan NH,* (mA/cm?) va tdc do sinh ra NH,*
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(ug/h.cm?). Hinh 3.25.b va Hinh 3.25.c cho thay dong khir va toc d6 tong hop
NH,* déu 16n hon 0 & tat ca cac budc thé tir -0,3 V dén -0,8 V. Nhiing dix liéu
nay chiing minh rang NRR xay ra & moi dién thé tir -0,3 V dén -0,8 V. Ngay
ca ¢ -0,8 V, ¢ hiéu dién thé ma khong co su khéac biét dang ké giira mat do
dong dién trong LSV trong mdi trudng N, va Ar (Hinh 3.25), NRR van xay ra
nhung véi tde do twong dbi nho. Toe do hinh thanh NH,* cia Cu-nanosphere
cao hon Cu ¢ moi dién thé, ching to hoat tinh xuc tac dién hoa ddi véi NRR
cua Cu-nanosphere cao hon Cu.

Téc d6 tong hop NH,* cua Cu va Cu-nanosphere ting 1én khi dién thé
khir tang 1én va dat gié tri cuc dai ¢ -0,5 V. Trong khi téc d6 téng hop NH,*
cua Cu van quanh & muc cuc dai ndy ngay ca ¢ cac thé khir cao hon, thi toc do
tao NH,4* caa Cu-nanosphere giam dang ké voi khi thé khir am hon. Hién tuong
nay c6 thé duoc giai thich do & thé khir cao thi phan tng HER dién ra manh
mé& gay can trd su hap phu hiéu qua caa N, trén bé mat chat xdc tac. Su can
tré hap phu N, do HER nay xay ra manh mé trén Cu-nanosphere véi bé mat
g6 ghé va xbp hon so véi Cu cd bé mat nhan. Tc do tong hop NH,* téi da
cua Cu-nanosphere 1a 16,2 pug/hcm?, cao hon ~2,5 1an so véi Cu tran (6,4
ug/hcm3).

Hinh 3.25.d cho thiy hiéu suat Faraday tong hop NH,* caa Cu va Cu-
nanosphere ting 1én khi thé khir &m hon. Trong khi hiéu suat Faraday tong hop
NH,4* cia Cu dat gia tri toi da 16,0% & -0,5 V thi hiéu suat Faraday tong hop
NH,* cua Cu-nanosphere dat gié tri t6i da 41,6% & dién thé nho hon -0,4 V.
O murc dién thé am hon, hiéu suat Faraday téng hop NH4* cua ca Cu va Cu-
nanosphere giam dang ké va dat ~0,7% ¢ -0,8 V, diéu nay cho thay HER Ia
phan (g chiém wu thé & cuc am. Khi HER chiém wu thé, hau hét cac electron
va proton s& chuyén sang khtr H,O thanh H, thay vi khte N, thanh ammonium,
dan dén hiéu suat Faraday NH,* thap [189]. Su chiém uu thé cua HER & cac
dién thé am ciing giai thich dong khir tuong tu dugc quan sat thay ¢ LSV & N
va trong Ar cta ca hai dién cuc Cu va Cu-nanosphere & cac dién thé vuot quéa
-0,8 .V (Hinh 3.25),

Ngoai ra, N2Ha, san pham phu chinh trong qué trinh tong hop NH4* caa
Haber-Bosch khong dugc phét hién ¢ tat ca cac dién thé tong hop NH,* tir Ny,
chtng to rang Cu-nanosphere thé hién tinh chon loc tt.
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Ddi voi hau hét cac chat xic tac NRR, hiéu suit Faraday cao hon thu
dugc & dién thé trong ddi thip va mat d6 dong dién nho, dan dén hiéu suat
NH,* nho. Tuy nhién, mat d6 dong dién cao va toc hiéu suét cao thuong dan
dén hiéu suat Faraday nho vi bé mit chat dién phan bi HER chiém wu thé,
khong dé lai tam hoat dong cho NRR [189]. Chi c6 mot sb chét xUc tac co thé
mang lai hiéu suat tét ca vé hiéu suét Faraday va ty Ié niang suat [54, 192, 193].
RO rang l1a ting Cu cua ching toi thé hién hiéu suat Faraday FE vuot troi
(41,6%) va téc do tong hop NH4* tuong ddi cao (16,2 pg/h.cm?) so véi cac
chat dién phan NRR khac dugc bao céo cho dén nay.

Panh gia do bén cia xuc tac

Pé danh gia d6 bén cua Cu-nanosphere, phan ung khtr duoc thuc hién
lién tiép 10 chu ky, mdi chu ky kéo dai 1h & dién thé cho hiéu suat Faraday
tong hop NH,4* ti da -0,4 V. Hinh 3.26.b cho thdy Cu-nanosphere thé hién tinh
6n dinh tét véi tde d6 tong hop NH,* va hiéu suit Faraday gan nhu van git
nguyén sau 10 chu ky. D¢ 6n dinh cao nay ddi voi NRR caa Cu-nanosphere
c6 cau triic nano hat cau cé thé bat nguon tir cau trdc tu hd tro cia tang nano
Cu duoc ma dién, nhu da giai thich & trén. Mau XRD va XPS (Hinh 3.26.c,
Hinh 3.26.d) cho thiy Cu-nanosphere van giir duoc tinh chat kim loai va (200)
uu thé cua mit sau cac thi nghiém dién phan. Dir liéu ndy cho thiy Cu-
nanosphere 6n dinh trén dién cuc ngay ca khi phan tmg trong méi truong khi
suc manh va san pham lién tyuc tao thanh trén bé mit dién cuc.

Pé x4c minh thém rang NH4* duoc tao ra tir qua trinh khir dién hda N,
ctia Cu-nanosphere, cc thi nghiém va cac diéu kién kiém soat dugc thuc hién
[194, 195]. Lugng NOs, NOy va NH,* trong chat dién phan duogc xac dinh dé
xé&c nhan rang khdng ¢ ngudn nitrogen nao trong moi trudng phan wng ¢ thé
tao ra NH,*. Khi N, va Ar c6 d6 tinh khiét cuc cao (99,999%) da duoc thir
nghiém dé dam bao khong c6 NO, hoic NHs trong khi cap. Qua trinh dién
phan Cu-nanosphere voi khi Ar trong diéu kién twong ty nhu Hinh 3.26.a,
ngoai trir viéc st dung khi Ar thay vi khi N, dugc thuc hién dé xé4c nhan rang
su hinh thanh NH,4* khdng phai do cac ngudn & nhidm, ching han nhu té bao
dién hoa, mang ngan, dién cuc. Thi nghiém kiém soét véi dién cuc Cu-
nanosphere trong moi trudong chat dién ly bdo hoa khi N, nhung khong ap thé
khir (thé mach ha-OCP) duoc thuc hién dé khang dinh sy hinh thanh NH,*
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khdng phai 1a qua trinh phan tng tu dién bién; NRR chi xay ra dudi dién thé
thich hop. Hinh 3.26.a cho thiy khdng phat hién NH4* trudce khi dién phan, sau
dién phan trong moi treong chi co Ar khéng co N, va & OCP khong dién phan.
Nhitng dir liéu ndy ching minh rang NH,* chi duoc tao ra théng qua qué trinh
khir dién hoa N thanh NH,4* trén Cu-nanosphere.
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Hinh 3.26. a) Tdc d6 tong hop NH,* ctia Cu-nanosphere trong moi trudng
N,, moi trudng Ar, tai OCP khong dién phan va trudc khi dién phén; b) Kiém
tra d6 On dinh ctia NRR trén tr:fmg Cu ¢ dién thé -0,4V trong 10 chu ky lién
tiép; ¢) Mau XRD; va d) Phd XPS ctia Cu-nanosphere trudc va sau khi dién
phan.

Cac thi nghiém danh dau dong vi ®N d3 duoc tién hanh dé xac nhan
rang ammonium dugc phat hién trong cac thi nghiém NRR thuc sy c6 ngudn
géc tir nitrogen (Hinh 3.27). Pho H-NMR cua cac chat dién phan sau khi khi
15N, cho thay cac peak kép lién két vai SNH4* teong tu cac nghién ciu khac
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[83, 187, 188, 196]. Ké&t qua nay xé&c nhan rang sy hinh thanh ammonium c6
ngudn gdc tir qué trinh khir nitrogen bang dién va loai trir 6 nhiém tir cac nguon
khac.

’5N2 nhur la chat phan (eng

'*NH,* chuén déi chiéu

69 70 71 72 73 74 75 76
Dich chuyén héa hoc (ppm)

Hinh 3.27. Ph6 'H-NMR (600 MHz, DMSO-d6) ctia SNH,4* dugc tao ra tir
NRR sir dung **N; 1am chat phan tng.

3.5.3. Nhan xét vé hoat tinh xic tac cia dién cuc Cu va Cu-
nanosphere d6i voi phan wng khir dién hoa nitrate va nitrogen

Cac két qua trén cho thdy Cu-nanosphere thé hién hoat tinh xuc tac tot,
tbc do tong hop NH,* cao ddi véi ca NOsRR va NRR. Diéu thi vi 12 tée do
tong hop NH,4* cia NO3RR cao hon nhiéu so véi NRR. Riéng téc do tong hop
NH,* cao nhat cia NRR 1a 16,2 pg/h.cm? ¢ -0,5 V. Trong khi & cling khoang
dién thé, tbe do tong hop NH,* cia NOsRR 12 51,9 pg/h.cm?. Toc do tong hop
NH,4* cao nhat cia NOsRR 18n téi 5,2 mg/h.cm?. Sy khac biét giira toe do tong
hop NH4* cia NO3RR va NRR bit ngudn tir thuc té 1a khi Nitrogen (N2) rat on
dinh do lién két ba N=N cua n6 (941 kJ/mol). Vi vay, viéc chuyén héa N,
thanh NH," bang phuong phap nhan tao 1a vo cung kho khin vé mat niang
lwgng. Mit khac, cac ion nitrate (NO3) ¢ loi thé cho qua trinh tong hop
ammonium do kha ning hoa tan va ning luong phan ly twong ddi thap cua lién
két N=O (204 kJ/mol). Rao can ning luong thip hon nay tao diéu kién cho
dong hoc cua NO3RR tao thanh ammonium kha thi hon NRR [197]. Hinh 3.25
cho thdy NOsRR hinh thanh NH4* & tat ca cac budc co dién thé trén -0,1 V,
1én @én -1,3 V va rat cd thé tiép tuc hinh thanh NH4* & dién thé cao hon. Trong
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khi Hinh 3.26 cho thay khoang thé khir hiéu qua cia NRR dé tao ra NH,* 13 tir
-0,3 V d&n -0,7 V, thi ¢ -0,8 V thi hiéu suat Faraday FE caa NH4* giam xuéng
~0%. Két qua nay mot 1an nita khang dinh rang viéc khu nitrate thanh ammonia
dé dang hon so véi viéc khir nitrogen thanh ammonia.

LSV (Hinh 3.6 va Hinh 3.24) va CA (Hinh 3.7 va Hinh 3.25a) cho thay
dac tinh dién hda cta Cu-nanosphere va Cu la twong tu nhau, tuy nhién Cu-
nanosphere thé hién mat d6 dong dién cao hon. Hiéu suat NH4* (Hinh 3.21.b,
¢, Hinh 3.25.b, ¢) cho thay rang su hinh thanh san pham cua Cu va Cu-
nanosphere 1a twong ty nhau, tuy nhién Cu-nanosphere cé hiéu suét cao hon.
Nhitng dit liéu nay cho thay co ché cia NOsRR va NRR trén dién cuc Cu-
nanosphere c6 phan giéng voi Cu. Co ché ciia NOsRR va NRR trén dién cuc
Cu da duoc nghién ciu va céng bd trong nhiéu bai bao khac [83, 116, 187,
198]. Hinh thai hoc, dién tich bé mat hoat dong dién hda va cau tric tinh thé
ctia Cu-nanosphere (Hinh 3.4) cho thay rang téc d6 tong hop NH,* va hiéu suat
NH,4* Faraday caa Cu-nanosphere bat ngudn tir dién tich bé mat cao va wu thé
cua mat (200) cua vat ligu.

Tir cac nghién ctu trén ta thay, Cu-nanosphere cé dién tich bé mat cao
d3 duoc ma thanh cong trén dé Cu tran bang phuong phap ma dién. Cau trlc
nano tu hd tro caa Cu-nanosphere cho phép tiép xc véi nhiéu vi tri hoat dong
hon dé khir dién hda, dan dén hoat dong dién hoa cao hon so véi dién cuc Cu
phang. Cé4c thir nghiém dién hoa cho thiy Cu-nanosphere thé hién hoat tinh
xuc tac dién vuot troi d6i voi NOsRR va NRR trong diéu kién thuong.

Nhu vay, nghién ctru nay dong gop mot phan rat quan trong va y nghia
trong chu trinh chuyén héa tao ra cac nhién liéu va héa chat hitu ich va gop
phan dinh hudng trong linh vuc xir Iy méi truong vi phan &ng khir véi xic tac
duoc ché tao tao ra san pham than thién véi méi truong 1a ammoni.
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KET LUAN
Véi muc tiéu nghién ciu xay dung hé ghép ndi truc tiép giira dién hoa
va sic ky khi trong phan tich cac san pham caa phan tng khir nitrate va danh
gia hoat tinh xdc tac cua dién cuc lam viéc Cu va Cu-nanosphere, luan an da
thu dugc nhitng két qua sau:

1. B ché tao duogc dién cuc Cu-nanosphere cé dién tich hoat dong dién
hoa 16n bang phuong phap ma dién vai sy ¢ mat cua phu gia ma DAT. Dién
cuc Cu-nanosphere thé hién hoat tinh xdc tac cho phan ¢ng khu nitrate va
nitrogen vuot troi so voi dién cuc Cu thong thuong.

2. P nghién ciu ghép ndi truc tiép thanh cdng hé phan tng dién hoa
khir nitrate vai sac ky khi GC dé phan tich cac san pham khi.

3. bi nghién ctu, khao sat, lya chon cac diéu kién t6i wu va danh gia do
tin cay cua phuong phap phan tich khi Hp, khi N,. Phuong phap phan tich co6
d6 tin cay cao, dap umg yéu cau phan tich ham luong cta khi H, va N, voi

khoang nong do ma phuong phap di xay dung duoc.

- P6i véi khi Hy, gidi han phat hién (MDL) va gidi han dinh lugng
(MQL) ctia phuong phap 1an lugt 12 0,022% va 0,067% d6i véi duong chuan
H, bac 1; 0,033% va 0,098% d6i voi duong chuan Hy bac 2. Phuong phap co

do chum t6t va do chinh xac cao.

- Péi voi khi N gidi han phéat hién (MDL) va gii han dinh lugng
(MQL) ctia phuong phép lan lugt 1 0,0026% va 0,0077%. Phuong phéap c6 do

chum tot va d chinh xac cao.

4. Pa danh gia duoc tit ca cic san pham cua phan tng khir nitrate, bao
gdm san pham khi H,, N, va san pham long (NH,*, NO»") tir phuong phép xay
dung duoc. Tong hiéu suit cta tit ca cic san pham ctia phan tmg khir nitrate
~ 100%. Piéu d6 cé nghia la chung t6i da danh gia dugc tat ca cac san pham

cua phan ung khtr nitrate thong qua phuong phap da xay dung.

5. Pa ap dung dién cuc xuc tdc Cu-nanosphere trong nghién ctru phan
trng khr nitrogen bang phuong phap dién hda. Phan ang nay ciing di gop phan
vao viéc mé rong thém cac d6i twong phan tich trong nghién dién cuc xuc tac
Cu-nanosphere.
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NHUNG PONG GOP MO| CUA LUAN AN

1. Pi ché tao dugc dién cuc Cu-nanosphere c6 cu triic nano bang phuong
phép ma dién véi sy c6 mat cua phu gia ma DAT. Dién cuc Cu-nanosphere
thé hién hoat tinh xtc tac cho phan tng khir nitrate va nitrogen vuot trdi so voi
dién cuc Cu thong thuong voi hi¢u suat va do chon loc cao cho theo hudng
tong hop NHy4*.

2. Lan dau tién da xay dung thanh céng hé théng ghép ndi giita EC-GC va
t6i wu cac thong sd dé tmg dung trong phan tich cac san pham khi ctia phan
ung hoa hoc.

3. Ung dung hé ghép ndi gitta EC-GC dé tdi uu va xac nhan gia tri stt dung
ctia quy trinh phan tich san pham khi ciia phan ung khur nitrate bang phuong
phap dién hoa.

4, D3 phan tich dugc tit ca cac san pham chinh cua phan tung khir nitrate,
tir d6 danh gia dugc hoat tinh xuc tac Cu-nanosphere cho phan rng khir nitrate
bang phuong phap dién hoa dé tong hop NH,4*.

5. ba mé rong ung dung trong viéc danh gid hoat tinh xtc tac Cu-
nanosphere sit dung cho phan tng khir nitrogen bang phuong phéap dién hoa
dé téng hop NH4".



114

DANH MUC CONG TRINH LIEN QUAN PEN LUAN AN

. Hoang Thi Huong Thao, Trwong Thi Binh Giang, Nguyén Thi Ngoc
Bich, Duong Tuan Hung, Vii Pirc Loi, 2021, Tong hop CuFe trén nén dién
cuc Cu dinh hudng lam xtc tac c¢6 hoat tinh cao cho phan ung khur nitrat
bang phuong phap dién hoa, Ban B ciia Tap chi Khoa hoc va Cong nghé
Viéet Nam, 63(11DbB), pp. 60-65.
https://doi.org/10.31276/VJST.63(11DB).60-65.

. Truwong Thi Binh Giang, Nguyén Thi Ngoc Bich, Duong Tuan Hung, Vil
buc Loi, Hoang Thi Huong Thao, 2021, Xac dinh online san phrfun N, va

H, ctia phan Gmg khir dién hoa nitrat bang phuong phép sic ky khi detector
dan nhiét TCD, Tap chi Phan tich Héa, Ly va Sinh hoc, 26(2), pp. 61-66.
. Truong Thi Binh Giang, Vu Duc Loi, Duong Tuan Hung, Hoang Thi
Huong Thao, 2022, Determination of nitrate reduction reaction products
on Cu catalyst by UV-VIS spectroscopy and online Gas Chromatography,
The 7" analytica Vietnam Conference, Vietnam National University Press,
Hanoi, Ho Chi Minh City, pp. 303-311.

. Giang Binh Truong, Hung Tuan Duong, Loi Duc Vu, Thao Thi Huong
Hoang, 2023, Highly Efficient Electrochemical Nitrate and Nitrogen
Reduction to Ammonia under Ambient Conditions on Electrodeposited
Cu-Nanosphere Electrode, European Journal of Inorganic Chemistry,
26(31), p e202300371. https://doi.org/10.1002/ejic.202300371.

. Trwong Thi Binh Giang, Duong Tuin Hung, Vii Ptic Loi, Hoang Thi

Huong Thao, 2023, Xac dinh cac san pham cua phan tng khir dién hoa
nitrat trén xtc tic Cu bang phuong phap quang phd hap thu UV-Vis va sic
ky khi online, Bdn B cua Tap chi Khoa hoc va Cong nghé Viét Nam, 65(8),
pp. 45-49. https://doi.org/10.31276/VJST.65(8).45-49.



https://doi.org/10.31276/VJST.63(11DB).60-65
https://doi.org/10.1002/ejic.202300371
https://doi.org/10.31276/VJST.65(8).45-49

3.
4.

10.

11.

12.

13.

14,

115

TAI LIEU THAM KHAO

V. Rosca, M. Duca, M.T. de Groot, M.T.M. Koper, 2009, Nitrogen Cycle
Electrocatalysis, Chem Rev, 109(6), pp. 2209-2244.

C.J.M. van der Ham, M.T.M. Koper, D.G.H. Hetterscheid, 2014,
Challenges in reduction of dinitrogen by proton and electron transfer,
Chem Soc Rev, 43(15), pp. 5183-5191.

P.J. Chirik, 2009, One electron at a time, Nat Chem, 1(7), pp. 520-522.

G. Qing, R. Ghazfar, S.T. Jackowski, F. Habibzadeh, M.M. Ashtiani, C.P.
Chen, M.R. Smith, 3rd, T.W. Hamann, 2020, Recent Advances and
Challenges of Electrocatalytic N2 Reduction to Ammonia, Chem Rev,
120(12), pp. 5437-5516.

J.H. Montoya, C. Tsai, A. Vojvodic, J.K. Norskov, 2015, The Challenge
of Electrochemical Ammonia Synthesis: A New Perspective on the Role
of Nitrogen Scaling Relations, Chemsuschem, 8(13), pp. 2180-2186.
Hoang Minh Chau, Tir Van Mac, Tu Vong Nghi, 2007, Co so hoa hoc
phan tich, Khoa hoc va k¥ thuat.

Pham Luan, 2014, Phuwong phdp phdn tich sdc ky va chiét tach, Nha xuét
ban Bach Khoa Ha Noi.

J. de Zeeuw, 2021, Column technology: porous layer open-tubular
columns, Gas Chromatography, Elsevier.

A. Lamb, K. Larson, E. Tollefson, 1973, A gas chromatographic method
for exhaust gas analysis, Journal of the Air Pollution Control
Association, 23(3), pp. 200-202.

R.N. Dietz, 1968, Gas chromatographic determination of nitric oxide on
treated molecular sieve, Analytical Chemistry, 40(10), pp. 1576-1578.
Y. Wan, J. Xu, R. Lv, 2019, Heterogeneous electrocatalysts design for
nitrogen reduction reaction under ambient conditions, Materials Today,
27, pp. 69-90.

W. Song, L. Yue, X. Fan, Y. Luo, B. Ying, S. Sun, D. Zheng, Q. Liu,
M.S. Hamdy, X. Sun, 2023, Recent progress and strategies on the design
of catalysts for electrochemical ammonia synthesis from nitrate
reduction, Inorganic Chemistry Frontiers, 10(12), pp. 3489-3514.

J.W. Erisman, M.A. Sutton, J. Galloway, Z. Klimont, W. Winiwarter,
2008, How a century of ammonia synthesis changed the world, Nature
geoscience, 1(10), pp. 636-639.

V. Smil, 1999, Detonator of the population explosion, Nature, 400(6743),
pp. 415-415.



15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

217,

116

C.J. Van der Ham, M.T. Koper, D.G. Hetterscheid, 2014, Challenges in
reduction of dinitrogen by proton and electron transfer, Chemical Society
Reviews, 43(15), pp. 5183-5191.

A. Kapoor, T. Viraraghavan, 1997, Nitrate removal from drinking water,
Journal of environmental engineering, 123(4), pp. 371-380.

C. van Kessel, D. Powlson, T. Addisott, N. Benjamin, K. Cassman, T.
de Kok, H. van Grinsven, J. L’hirondel, A. Avery, 2008, When does
nitrate become a risk for humans, J. Environ. Qual., 37, pp. 291-295.
S.R. Carpenter, N.F. Caraco, D.L. Correll, R.W. Howarth, A.N. Sharpley,
V.H. Smith, 1998, Nonpoint pollution of surface waters with phosphorus
and nitrogen, Ecological applications, 8(3), pp. 559-568.

S. Meng, Y. Ling, M. Yang, X. Zhao, A.l. Osman, A.a.H. Al-Muhtaseb,
D.W. Rooney, P.-S. Yap, 2023, Recent research progress of
electrocatalytic reduction technology for nitrate wastewater: A review,
Journal of Environmental Chemical Engineering, 11(2), p 109418.

Y. Zeng, C. Priest, G. Wang, G. Wu, 2020, Restoring the Nitrogen Cycle
by Electrochemical Reduction of Nitrate: Progress and Prospects, Small
Methods, 4(12), p 2000672.

C. Milhano, D. Pletcher, 2009, The Electrochemistry and Electrochemical
Technology of Nitrate, in: R.E. White (Ed.) Modern Aspects of
Electrochemistry, No. 45, Springer New York, New York, NY.

S. Garcia-Segura, M. Lanzarini-Lopes, K. Hristovski, P. Westerhoff,
2018, Electrocatalytic reduction of nitrate: Fundamentals to full-scale
water treatment applications, Applied Catalysis B: Environmental, 236,
pp. 546-568.

Y. Yao, S. Zhu, H. Wang, H. Li, M. Shao, 2020, A spectroscopeak study
of electrochemical nitrogen and nitrate reduction on rhodium surfaces,
Angewandte Chemie International Edition, 59(26), pp. 10479-10483.
Y. Wu, K-K. Lu, L.-H. Xu, 2023, Progress and prospects of
electrochemical reduction of nitrate to restore the nitrogen cycle, Journal
of Materials Chemistry A, 11(33), pp. 17392-17417.

J. Zhou, S. Gao, G. Hu, 2024, Recent Progress and Perspectives on
Transition Metal-Based Electrocatalysts for Efficient Nitrate Reduction,
Energy & Fuels, 38(8), pp. 6701-6722.

Y. Wang, Z. Ji, Y. Pei, 2024, Highly selective electrochemical reduction
of nitrate via CoO/Ir-nickel foam cathode to treat wastewater with a low
C/N ratio, Journal of Hazardous Materials, 463, p 132813.

Z. Zhang, N. Zhang, J. Zhang, B. Deng, Z. Cao, Z. Wang, G. Wei, Q.
Zhang, R. Jia, P. Xiang, S. Xia, 2024, Critical review in electrocatalytic



28.

29,

30.

31.

32,

33.

34,

35.

36.

37.

38.

117

nitrate reduction to ammonia towards a sustainable nitrogen utilization,
Chemical Engineering Journal, 483, p 148952.

W. Guo, K. Zhang, Z. Liang, R. Zou, Q. Xu, 2019, Electrochemical
nitrogen fixation and utilization: theories, advanced catalyst materials
and system design, Chemical Society Reviews, 48(24), pp. 5658-5716.

H. Xu, Y. Ma, J. Chen, W.-x. Zhang, J. Yang, 2022, Electrocatalytic
reduction of nitrate — a step towards a sustainable nitrogen cycle,
Chemical Society Reviews, 51(7), pp. 2710-2758.

M.T. de Groot, M.T.M. Koper, 2004, The influence of nitrate
concentration and acidity on the electrocatalytic reduction of nitrate on
platinum, Journal of Electroanalytical Chemistry, 562(1), pp. 81-94.
J.-X. Liu, D. Richards, N. Singh, B.R. Goldsmith, 2019, Activity and
Selectivity Trends in Electrocatalytic Nitrate Reduction on Transition
Metals, ACS Catalysis, 9(8), pp. 7052-7064.

H. Huang, K. Peramaiah, K.-W. Huang, 2024, Rethinking nitrate
reduction: redirecting electrochemical efforts from ammonia to nitrogen
for realistic environmental impacts, Energy & Environmental Science,
17(8), pp. 2682-2685.

W. Qiu, Y. Liu, M. Xie, Z. Jin, P. Li, G. Yu, 2024, Structural engineering
of catalysts for ammonia electrosynthesis from nitrate: recent advances
and challenges, EES Catalysis, 2(1), pp. 202-219.

W. Zhong, Z. Gong, P. Chen, Q. Cao, X. Liu, Y. Chen, Z. Lin, 2024,
Electrochemical reduction of nitrate to ammonia: From fundamental
understanding to practical applications, Chem Catalysis, p 101060.

Y. Wang, C. Wang, M. Li, Y. Yu, B. Zhang, 2021, Nitrate
electroreduction: mechanism insight, in situ characterization,
performance evaluation, and challenges, Chemical Society Reviews,
50(12), pp. 6720-6733.

X. Zhang, Y. Wang, C. Liu, Y. Yu, S. Lu, B. Zhang, 2021, Recent
advances in non-noble metal electrocatalysts for nitrate reduction,
Chemical Engineering Journal, 403, p 126269.

Y. Cao, S. Yuan, L. Meng, Y. Wang, Y. Hai, S. Su, W. Ding, Z. Liu, X.
Li, M. Luo, 2023, Recent Advances in Electrocatalytic Nitrate Reduction
to Ammonia: Mechanism Insight and Catalyst Design, ACS Sustainable
Chemistry & Engineering, 11(21), pp. 7965-7985.

X. Lu, H. Song, J. Cai, S. Lu, 2021, Recent development of
electrochemical nitrate reduction to ammonia: A mini review,
Electrochemistry Communications, 129, p 107094.



39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

118

J. Long, S. Chen, Y. Zhang, C. Guo, X. Fu, D. Deng, J. Xiao, 2020, Direct

electrochemical ammonia synthesis from nitric oxide, Angewandte
Chemie International Edition, 59(24), pp. 9711-9718.
A.C.A. de Vooys, M.T.M. Koper, R.A. van Santen, J.A.R. van Veen,
2001, The role of adsorbates in the electrochemical oxidation of
ammonia on noble and transition metal electrodes, Journal of
Electroanalytical Chemistry, 506(2), pp. 127-137.
J. Gao, B. Jiang, C. Ni, Y. Qi, X. Bi, 2020, Enhanced reduction of nitrate
by noble metal-free electrocatalysis on P doped three-dimensional
Co304 cathode: Mechanism exploration from both experimental and
DFT studies, Chemical Engineering Journal, 382, p 123034.
J. Gao, B. Jiang, C. Ni, Y. Qi, Y. Zhang, N. Oturan, M.A. Oturan, 2019,
Non-precious Co304-TiO2/Ti cathode based electrocatalytic nitrate
reduction: Preparation, performance and mechanism, Applied Catalysis
B: Environmental, 254, pp. 391-402.

M.R. Gennero de Chialvo, A.C. Chialvo, 1998, Kinetics of hydrogen
evolution reaction with Frumkin adsorption: re-examination of the
Volmer—Heyrovsky and Volmer—Tafel routes, Electrochimica Acta,
44(5), pp. 841-851.

D. Xu, Y. Li, L. Yin, Y. Ji, J. Niu, Y. Yu, 2018, Electrochemical removal
of nitrate in industrial wastewater, Frontiers of Environmental Science
& Engineering, 12(1), p 9.

R. Liu, H. Zhao, X. Zhao, Z. He, Y. Lai, W. Shan, D. Bekana, G. Li, J.
Liu, 2018, Defect Sites in Ultrathin Pd Nanowires Facilitate the Highly
Efficient Electrochemical Hydrodechlorination of Pollutants by H*ads,
Environmental Science & Technology, 52(17), pp. 9992-10002.

A. Wang, J. Ye, Y. Yang, G. He, H. Chen, 2024, Recent advances in
nickel-based catalysts for electrochemical nitrate reduction to ammonia,
Journal of Industrial and Engineering Chemistry, 132, pp. 66-79.

N. Hoang Truong, J.-S. Kim, J. Lim, H. Shin, 2024, Electrochemical
reduction of nitrate to Ammonia: Recent progress and future directions,
Chemical Engineering Journal, 495, p 153108.

A. Paliwal, C.D. Bandas, E.S. Thornburg, R.T. Haasch, A.A. Gewirth,
2023, Enhanced Nitrate Reduction Activity from Cu-Alloy Electrodes in
an Alkaline Electrolyte, ACS Catalysis, 13(10), pp. 6754-6762.

Z.Jia, T. Feng, M. Ma, Z. Li, L. Tang, 2024, Emerging Advances in Cu-
based electrocatalysts for electrochemical nitrate reduction (NO3RR),
Surfaces and Interfaces, 48, p 104294.



50.

o1,

52,

53.

54,

55.

56.

57,

58.

59.

60.

119

N. Tian, Z.-Y. Zhou, S.-G. Sun, Y. Ding, Z.L. Wang, 2007, Synthesis of
tetrahexahedral platinum nanocrystals with high-index facets and high
electro-oxidation activity, science, 316(5825), pp. 732-735.

Z.W. Seh, J. Kibsgaard, C.F. Dickens, I. Chorkendorff, J.K. Ngrskov,
T.F. Jaramillo, 2017, Combining theory and experiment in
electrocatalysis: Insights into materials design, Science, 355(6321), p
eaad4998.

L. Diekhoner, H. Mortensen, A. Baurichter, A. Luntz, 2001, Laser
assisted associative desorption of N 2 and CO from Ru (0001), The
Journal of Chemical Physics, 115(7), pp. 3356-3373.

M.A. Shipman, M.D. Symes, 2017, Recent progress towards the
electrosynthesis of ammonia from sustainable resources, Catalysis
Today, 286, pp. 57-68.
M.M. Shi, D. Bao, B.R. Wulan, Y.H. Li, Y.F. Zhang, J.M. Yan, Q. Jiang,
2017, Au sub-nanoclusters on TiO2 toward highly efficient and selective
electrocatalyst for N2 conversion to NH3 at ambient conditions,
Advanced Materials, 29(17), p 1606550.
X. Mao, S. Zhou, C. Yan, Z. Zhu, A. Du, 2019, A single boron atom
doped boron nitride edge as a metal-free catalyst for N 2 fixation,
Physical Chemistry Chemical Physics, 21(3), pp. 1110-1116.
C. Lv, Y. Qian, C. Yan, Y. Ding, Y. Liu, G. Chen, G. Yu, 2018, Defect
engineering metal-free polymeric carbon nitride electrocatalyst for
effective nitrogen fixation under ambient conditions, Angewandte
Chemie, 130(32), pp. 10403-10407.
W. Qiu, X.-Y. Xie, J. Qiu, W.-H. Fang, R. Liang, X. Ren, X. Ji, G. Culi,
A.M. Asiri, G. Cui, 2018, High-performance artificial nitrogen fixation
at ambient conditions using a metal-free electrocatalyst, Nature
communications, 9(1), p 3485.

I.E. Khalil, C. Xue, W. Liu, X. Li, Y. Shen, S. Li, W. Zhang, F. Huo,
2021, The role of defects in metal-organic frameworks for nitrogen
reduction reaction: when defects switch to features, Advanced
Functional Materials, 31(17), p 2010052.

J. Gootzen, P. Peeters, J. Dukers, L. Lefferts, W. Visscher, J. Van Veen,

1997, The electrocatalytic reduction of NO3— on Pt, Pd and Pt+ Pd
electrodes activated with Ge, Journal of electroanalytical chemistry,
434(1-2), pp. 171-183.

G. Horanyi, E. Rizmayer, 1985, Electrocatalytic reduction of NO2— and
NO3- ions at a platinized platinum electrode in alkaline medium,
Journal of electroanalytical chemistry and interfacial electrochemistry,
188(1-2), pp. 265-272.



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

120

R. King, N. Bhattacharyya, H. Smith, K. Wiemers, 1996, Noble metal-
catalyzed homogeneous and heterogeneous processes in treating
simulated nuclear waste media with formic acid, Journal of Molecular
Catalysis A: Chemical, 107(1-3), pp. 145-152.
D. Pletcher, Z. Poorabedi, 1979, The reduction of nitrate at a copper
cathode in aqueous acid, Electrochimica Acta, 24(12), pp. 1253-1256.

I. Taniguchi, N. Nakashima, K. Matsushita, K. Yasukouchi, 1987,
Electrocatalytic reduction of nitrate and nitrite to hydroxylamine and
ammonia using metal cyclams, Journal of electroanalytical chemistry
and interfacial electrochemistry, 224(1-2), pp. 199-209.

G.-F. Chen, Y. Yuan, H. Jiang, S.-Y. Ren, L.-X. Ding, L. Ma, T. Wu, J.
Lu, H. Wang, 2020, Electrochemical reduction of nitrate to ammonia via
direct eight-electron transfer using a copper—molecular solid catalyst,
Nature Energy, 5(8), pp. 605-613.

F. Gauthard, F. Epron, J. Barbier, 2003, Palladium and platinum-based
catalysts in the catalytic reduction of nitrate in water: effect of copper,
silver, or gold addition, Journal of Catalysis, 220(1), pp. 182-191.
K.-D. Vorlop, T. Tacke, 1989, Erste schritte auf dem weg zur
edelmetallkatalysierten nitrat-und nitrit-entfernung aus trinkwasser,
Chemieingenieurtechnik, 61(10), pp. 836-837.

R. Daiyan, T. Tran-Phu, P. Kumar, K. Iputera, Z. Tong, J. Leverett,
M.H.A. Khan, A.A. Esmailpour, A. Jalili, M. Lim, 2021, Nitrate
reduction to ammonium: from CuO defect engineering to waste NO x-
to-NH 3 economic feasibility, Energy & Environmental Science, 14(6),
pp. 3588-3598.

X. Fan, L. Xie, J. Liang, Y. Ren, L. Zhang, L. Yue, T. Li, Y. Luo, N. Li,
B. Tang, 2022, In situ grown Fe 3 O 4 particle on stainless steel: A highly
efficient electrocatalyst for nitrate reduction to ammonia, Nano
Research, pp. 1-6.

D. Wu, P. Lv, J. Wu, B. He, X. Li, K. Chu, Y. Jia, D. Ma, 2023, Catalytic
active centers beyond transition metals: Atomically dispersed alkaline-
earth metals for the electroreduction of nitrate to ammonia, Journal of
Materials Chemistry A, 11(4), pp. 1817-1828.
Y. Zhou, R. Duan, H. Li, M. Zhao, C. Ding, C. Li, 2023, Boosting
electrocatalytic nitrate reduction to ammonia via promoting water
dissociation, ACS Catalysis, 13(16), pp. 10846-10854.

M. De Groot, M. Koper, 2004, The influence of nitrate concentration and
acidity on the electrocatalytic reduction of nitrate on platinum, Journal
of Electroanalytical Chemistry, 562(1), pp. 81-94.



72,

73.

74.

75,

76.

77,

78.

79.

80.

81.

82.

83.

84.

121

I.G. Casella, M. Gatta, 2004, Electrochemical reduction of NO3— and
NO2- on a composite copper thallium electrode in alkaline solutions,
Journal of Electroanalytical Chemistry, 568, pp. 183-188.

J. Christophe, V. Tsakova, C. Buess-Herman, 2007, Electroreduction of
nitrate at copper electrodes and copper-PANI composite layers,
Zeitschrift fur physikalische Chemie, 221(9-10), pp. 1123-1136.

K. Bouzek, M. Paidar, A. Sadilkova, H. Bergmann, 2001, Electrochemical
reduction of nitrate in weakly alkaline solutions, Journal of Applied
Electrochemistry, 31, pp. 1185-1193.

G. Dima, A. De Vooys, M. Koper, 2003, Electrocatalytic reduction of
nitrate at low concentration on coinage and transition-metal electrodes in
acid solutions, Journal of Electroanalytical Chemistry, 554, pp. 15-23.
G.E. Badea, 2009, Electrocatalytic reduction of nitrate on copper
electrode in alkaline solution, Electrochimica Acta, 54(3), pp. 996-1001.
S. Kerkeni, E. Lamy-Pitara, J. Barbier, 2002, Copper—platinum catalysts
prepared and characterized by electrochemical methods for the reduction
of nitrate and nitrite, Catalysis Today, 75(1-4), pp. 35-42.
L. Li, Y. Yun, Y. Zhang, Y. Huang, Z. Xu, 2018, Electrolytic reduction
of nitrate on copper and its binary composite electrodes, Journal of
Alloys and Compounds, 766, pp. 157-160.
Y. Birdja, J. Yang, M. Koper, 2014, Electrocatalytic reduction of nitrate
on tin-modified palladium electrodes, Electrochimica Acta, 140, pp. 518-
524,
K.-i. Ota, G. Kreysa, R.F. Savinell, 2014, Encyclopedia of applied
electrochemistry, Springer New York.
M. Duca, M.T. Koper, 2012, Powering denitrification: the perspectives
of electrocatalytic nitrate reduction, Energy & Environmental Science,
5(12), pp. 9726-9742.
X. Fu, X. Zhao, X. Hu, K. He, Y. Yu, T. Li, Q. Tu, X. Qian, Q. Yue,
M.R. Wasielewski, 2020, Alternative route for electrochemical ammonia
synthesis by reduction of nitrate on copper nanosheets, Applied
Materials Today, 19, p 100620.
J. Yang, H. Qi, A. Li, X. Liu, X. Yang, S. Zhang, Q. Zhao, Q. Jiang, Y.
Su, L. Zhang, 2022, Potential-driven restructuring of Cu single atoms to
nanoparticles for boosting the electrochemical reduction of nitrate to
ammonia, Journal of the American Chemical Society, 144(27), pp.
12062-12071.
Z.-Y. Wu, M. Karamad, X. Yong, Q. Huang, D.A. Cullen, P. Zhu, C.
Xia, Q. Xiao, M. Shakouri, F.-Y. Chen, 2021, Electrochemical ammonia



85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

122

synthesis via nitrate reduction on Fe single atom catalyst, Nature
communications, 12(1), p 2870.

H.-M. Liu, S.-H. Han, Y. Zhao, Y.-Y. Zhu, X.-L. Tian, J.-H. Zeng, J.-X.
Jiang, B.Y. Xia, Y. Chen, 2018, Surfactant-free atomically ultrathin
rhodium  nanosheet nanoassemblies  for  efficient  nitrogen
electroreduction, Journal of Materials Chemistry A, 6(7), pp. 3211-3217.
X. Zhu, Z. Liu, H. Wang, R. Zhao, H. Chen, T. Wang, F. Wang, Y. Luo,
Y. Wu, X. Sun, 2019, Boosting electrocatalytic N 2 reduction to NH 3
on B-FeOOH by fluorine doping, Chemical Communications, 55(27), pp.
3987-3990.

D. Wu, H. Wang, H. Huang, R. Zhang, L. Ji, H. Chen, Y. Luo, J. You,
D. Tang, Z. Zhang, 2019, Ambient electrochemical N 2 reduction to NH
3 under alkaline conditions enabled by a layered K 2 Ti 4 O 9 nanobelt,
Chemical Communications, 55(52), pp. 7546-7549.

P. Chen, N. Zhang, S. Wang, T. Zhou, Y. Tong, C. Ao, W. Yan, L. Zhang,
W. Chu, C. Wu, 2019, Interfacial engineering of cobalt sulfide/graphene
hybrids for highly efficient ammonia electrosynthesis, Proceedings of
the National Academy of Sciences, 116(14), pp. 6635-6640.

Q. Liu, L. Al, J. Jiang, 2018, MXene-derived TiO 2@ C/gC 3 N 4
heterojunctions for highly efficient nitrogen photofixation, Journal of
Materials Chemistry A, 6(9), pp. 4102-4110.

L. Xia, J. Yang, H. Wang, R. Zhao, H. Chen, W. Fang, A.M. Asiri, F.
Xie, G. Cui, X. Sun, 2019, Sulfur-doped graphene for efficient
electrocatalytic N 2-to-NH 3 fixation, Chemical communications,
55(23), pp. 3371-3374.

L. Shi, Q. Li, C. Ling, Y. Zhang, Y. Ouyang, X. Bai, J. Wang, 2019,
Metal-free electrocatalyst for reducing nitrogen to ammonia using a
Lewis acid pair, Journal of Materials Chemistry A, 7(9), pp. 4865-4871.
X.Yu, P. Han, Z. Wei, L. Huang, Z. Gu, S. Peng, J. Ma, G. Zheng, 2018,
Boron-doped graphene for electrocatalytic N2 reduction, Joule, 2(8), pp.
1610-1622.

Y. Wang, Q. Li, W. Shi, P. Cheng, 2020, The application of metal-organic
frameworks in electrocatalytic nitrogen reduction, Chinese Chemical
Letters, 31(7), pp. 1768-1772.

J. Duan, Y. Sun, S. Chen, X. Chen, C. Zhao, 2020, A zero-dimensional
nickel, iron—metal-organic framework (MOF) for synergistic N 2
electrofixation, Journal of Materials Chemistry A, 8(36), pp. 18810-
18815.

W.-Y. Xu, C. Li, F.-L. Li, J.-Y. Xue, W. Zhang, H. Gu, B.F. Abrahams,
J.-P. Lang, 2022, A hybrid catalyst for efficient electrochemical N2



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

123

fixation formed by decorating amorphous MoS3 nanosheets with MIL-
101 (Fe) nanodots, Science China Chemistry, 65(5), pp. 885-891.

L. Zhao, X. Kuang, C. Chen, X. Sun, Z. Wang, Q. Wei, 2019, Boosting
electrocatalytic nitrogen fixation via energy-efficient anodic oxidation of
sodium gluconate, Chemical Communications, 55(68), pp. 10170-10173.
Y. Cao, P. Li, T. Wu, M. Liu, Y. Zhang, 2020, Electrocatalysis of N2 to
NH3 by HKUST-1 with High NH3 Yield, Chemistry—An Asian Journal,
15(8), pp. 1272-1276.

W. Xiong, X. Cheng, T. Wang, Y. Luo, J. Feng, S. Lu, A.M. Asiri, W.
Li, Z. Jiang, X. Sun, 2020, Co 3 (hexahydroxytriphenylene) 2: A
conductive metal-—organic framework for ambient electrocatalytic N 2
reduction to NH 3, Nano Research, 13, pp. 1008-1012.

W. Li, W. Fang, C. Wu, K.N. Dinh, H. Ren, L. Zhao, C. Liu, Q. Yan,
2020, Bimetal-MOF nanosheets as efficient bifunctional electrocatalysts
for oxygen evolution and nitrogen reduction reaction, Journal of
Materials Chemistry A, 8(7), pp. 3658-3666.

Y. Fu, K. Li, M. Batmunkh, H. Yu, S. Donne, B. Jia, T. Ma, 2020,
Unsaturated p-metal-based metal-organic frameworks for selective
nitrogen reduction under ambient conditions, ACS Applied Materials &
Interfaces, 12(40), pp. 44830-44839.

X. Yi, X. He, F. Yin, T. Yang, B. Chen, G. Li, 2020, NH 2-MIL-88B—
Fe for electrocatalytic N 2 fixation to NH 3 with high Faradaic efficiency
under ambient conditions in neutral electrolyte, Journal of Materials
Science, 55, pp. 12041-12052.

J. Chen, H. Cheng, L.-X. Ding, H. Wang, 2021, Competing hydrogen
evolution reaction: a challenge in electrocatalytic nitrogen fixation,
Materials Chemistry Frontiers, 5(16), pp. 5954-5969.

Q. Cui, G. Qin, W. Wang, K. Geethalakshmi, A. Du, Q. Sun, 2019, Mo-
based 2D MOF as a highly efficient electrocatalyst for reduction of N 2
to NH 3: a density functional theory study, Journal of Materials
Chemistry A, 7(24), pp. 14510-14518.

X. Liu, Z. Wang, J. Zhao, J. Zhao, Y. Liu, 2019, Two-dimensional z-
conjugated osmium bis (dithiolene) complex (OsC4S4) as a promising
electrocatalyst for ambient nitrogen reduction to ammonia, Applied
Surface Science, 487, pp. 833-839.

P.H.van Langevelde, I. Katsounaros, M.T. Koper, 2021, Electrocatalytic
nitrate reduction for sustainable ammonia production, Joule, 5(2), pp.
290-294.

B.H. Ko, B. Hasa, H. Shin, Y. Zhao, F. Jiao, 2022, Electrochemical
reduction of gaseous nitrogen oxides on transition metals at ambient



107.

108.

109.

110.

111.

112.

113.

114.

115.

124

conditions, Journal of the American Chemical Society, 144(3), pp. 1258-
1266.

C. Huang, L. Shang, P. Han, Z. Gu, A.M. Al-Enizi, T.M. Almutairi, N.
Cao, G. Zheng, 2019, Electrochemical N2 fixation by Cu-modified iron
oxide dendrites, Journal of colloid and interface science, 552, pp. 312-
318.

H. Liu, X. Lang, C. Zhu, J. Timoshenko, M. Rischer, L. Bai, N. Guijarro,
H. Yin, Y. Peng, J. Li, 2022, Efficient electrochemical nitrate reduction
to ammonia with copper-supported rhodium cluster and single-atom
catalysts, Angewandte Chemie International Edition, 61(23), p
e202202556.

Z. Macova, K. Bouzek, 2005, Electrocatalytic activity of copper alloys
for reduction in a weakly alkaline solution Part 1: Copper—zinc, Journal
of applied electrochemistry, 35(12), pp. 1203-1211.

C. Polatides, G. Kyriacou, 2005, Electrochemical reduction of nitrate ion
on various cathodes—reaction kinetics on bronze cathode, Journal of
Applied Electrochemistry, 35, pp. 421-427.

Y. Wang, W. Zhou, R. Jia, Y. Yu, B. Zhang, 2020, Unveiling the activity
origin of a copper-based electrocatalyst for selective nitrate reduction to
ammonia, Angewandte chemie international edition, 59(13), pp. 5350-
5354.

J. Qin, L. Chen, K. Wu, X. Wang, Q. Zhao, L. Li, B. Liu, Z. Ye, 2021,
Electrochemical synthesis of ammonium from nitrates via surface
engineering in Cu20 (100) facets, ACS Applied Energy Materials, 5(1),
pp. 71-76.

F. Yao, M. Jia, Q. Yang, F. Chen, Y. Zhong, S. Chen, L. He, Z. Pi, K.
Hou, D. Wang, 2021, Highly selective electrochemical nitrate reduction
using copper phosphide self-supported copper foam electrode:
Performance, mechanism, and application, Water Research, 193, p
116881.

F.-Y. Chen, Z.-Y. Wu, S. Gupta, D.J. Rivera, S.V. Lambeets, S. Pecaut,
JY.T. Kim, P. Zhu, Y.Z. Finfrock, D.M. Meira, 2022, Efficient
conversion of low-concentration nitrate sources into ammonia on a Ru-
dispersed Cu nanowire electrocatalyst, Nature nanotechnology, 17(7),
pp. 759-767.

M. Karamad, T.J. Goncalves, S. Jimenez-Villegas, I.D. Gates, S.
Siahrostami, 2023, Why copper catalyzes electrochemical reduction of
nitrate to ammonia, Faraday Discussions, 243, pp. 502-519.



116.

117.

118.

119.

120.

121

122.

123.

124.
125.

126.

127.

125

E. Pérez-Gallent, M.C. Figueiredo, I. Katsounaros, M.T. Koper, 2017,
Electrocatalytic reduction of Nitrate on Copper single crystals in acidic
and alkaline solutions, Electrochimica Acta, 227, pp. 77-84.

T. Chen, H. Li, H. Ma, M.T. Koper, 2015, Surface modification of Pt
(100) for electrocatalytic nitrate reduction to dinitrogen in alkaline
solution, Langmuir, 31(10), pp. 3277-3281.

Q. Hu, Y. Qin, X. Wang, Z. Wang, X. Huang, H. Zheng, K. Gao, H.
Yang, P. Zhang, M. Shao, 2021, Reaction intermediate-mediated
electrocatalyst synthesis favors specified facet and defect exposure for
efficient nitrate—ammonia conversion, Energy & Environmental Science,
14(9), pp. 4989-4997.

D. Dubal, D. Dhawale, R. Salunkhe, V. Jamdade, C. Lokhande, 2010,
Fabrication of copper oxide multilayer nanosheets for supercapacitor
application, Journal of Alloys and Compounds, 492(1-2), pp. 26-30.
M.A. Thorseth, C.E. Tornow, C. Edmund, A.A. Gewirth, 2013, Cu
complexes that catalyze the oxygen reduction reaction, Coordination
Chemistry Reviews, 257(1), pp. 130-139.

. T.T. Hoang, S. Verma, S. Ma, T.T. Fister, J. Timoshenko, A.l. Frenkel,

P.J. Kenis, A.A. Gewirth, 2018, Nanoporous copper-silver alloys by
additive-controlled electrodeposition for the selective electroreduction
of CO2 to ethylene and ethanol, Journal of the American Chemical
Society, 140(17), pp. 5791-5797.

T.T. Hoang, S. Ma, J.I. Gold, P.J. Kenis, A.A. Gewirth, 2017,
Nanoporous copper films by additive-controlled electrodeposition: CO2
reduction catalysis, ACS catalysis, 7(5), pp. 3313-3321.

Pham Hung Viét, 2004, Sic ky khi: Co so 1y thuyét va kha niang ng
dung, Pai hoc Qubc gia Ha Noi.

G. Kaur, S. Sharma, Gas Chromatography—A Brief Review.

F. Bandarchian, M. Anbia, 2015, Conventional hydrothermal synthesis
of nanoporous molecular sieve 13X for selective adsorption of trace
amount of hydrogen sulfide from mixture with propane, Journal of
Natural Gas Science and Engineering, 26, pp. 1380-1387.

P. Aprea, D. Caputo, N. Gargiulo, F. lucolano, F. Pepe, 2010, Modeling
carbon dioxide adsorption on microporous substrates: comparison
between Cu-BTC metal— organic framework and 13X zeolitic molecular
sieve, Journal of Chemical & Engineering Data, 55(9), pp. 3655-3661.
Y.-J. Park, S.-J. Lee, J.-H. Moon, D.-K. Choi, C.-H. Lee, 2006,
Adsorption equilibria of O2, N2, and Ar on carbon molecular sieve and
zeolites 10X, 13X, and LiX, Journal of Chemical & Engineering Data,
51(3), pp- 1001-1008.



128

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

126

Z.Wang, J.J. Paré, 1997, 18, Gas chromatography (GC): Principles and
applications, Techniques and Instrumentation in Analytical Chemistry,
Elsevier.

J. Hong, W. Zhang, J. Ren, R. Xu, 2013, Photocatalytic reduction of CO
2: a brief review on product analysis and systematic methods, Analytical
methods, 5(5), pp. 1086-1097.

R.K. Singh, B. Ruj, 2016, Time and temperature depended fuel gas
generation from pyrolysis of real world municipal plastic waste, Fuel,
174, pp. 164-171.

J.-y. Li, L. Shi, S.-I. Hu, 2011, Methodological study on measurement of
hydrogen abundance in hydrogen isotopes system by low resolution
mass spectrometry, Mass Spectrometry Letters, 2(1), pp. 1-7.

R. Andersson, M. Boutonnet, S. Jards, 2012, On-line gas
chromatographic analysis of higher alcohol synthesis products from
syngas, Journal of Chromatography a, 1247, pp. 134-145.

V. Varlet, F. Smith, M. Augsburger, 2013, Indirect hydrogen analysis by
gas chromatography coupled to mass spectrometry (GC-MS), Journal of
Mass Spectrometry, 48(8), pp. 914-918.

L.F. Rodrigues, F.S. Goudinho, D.O. Laroque, R.V. Lourega, R.
Heemann, J.M.M. Ketzer, 2014, An alternative gas chromatography
setting for geochemical analysis, Journal of Chemical Engineering &
Process Technology.

M.N. Araujo, S.R. Vargas, L.A. Soares, L.F. Trindade, L.T. Fuess, M.A.
Adorno, 2023, Rapid method for determination of biogas composition
by gas chromatography coupled to a thermal conductivity detector (GC-
TCD), International Journal of Environmental Analytical Chemistry, pp.
1-18.

J. Guo, P. Brimley, M.J. Liu, E.R. Corson, C. Mufioz, W.A. Smith, W.A.
Tarpeh, 2023, Mass transport modifies the interfacial electrolyte to
influence electrochemical nitrate reduction, ACS Sustainable Chemistry
& Engineering, 11(20), pp. 7882-7893.

G. Huang, J. Hou, X. Zhou, 2009, A measurement method for
atmospheric ammonia and primary amines based on aqueous sampling,
OPA derivatization and HPLC analysis, Environmental science &
technology, 43(15), pp. 5851-5856.

S. Muniraj, C.-T. Yan, H.-K. Shih, V.K. Ponnusamy, J.-F. Jen, 2012,
Determination of ammonium in aqueous samples using new headspace
dynamic in-syringe liquid-phase microextraction with in situ
derivitazation coupled with liquid chromatography—fluorescence
detection, Analytica chimica acta, 754, pp. 54-60.



139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

127

C.J. Katilie, A.G. Simon, L.E. DeGreeff, 2019, Quantitative analysis of
vaporous ammonia by online derivatization with gas chromatography-
mass spectrometry with applications to ammonium nitrate-based
explosives, Talanta, 193, pp. 87-92.

A.L. Lubrano, B. Andrews, M. Hammond, G.E. Collins, S. Rose-
Pehrsson, 2016, Analysis of ammonium nitrate headspace by on-fiber
solid phase microextraction derivatization with gas chromatography
mass spectrometry, Journal of Chromatography A, 1429, pp. 8-12.

H. Brown, G. Walker, K. Kirkbride, P. Pigou, 2004, New developments
in SPME Part 2: Analysis of ammonium nitrate-based explosives,
Journal of forensic sciences, 49(2), p JFS20032109.

M. Mori, K. Tanaka, M.I. Helaleh, Q. Xu, M. Ikedo, Y. Ogura, S. Sato,
W. Hu, K. Hasebe, 2003, Selective determination of ammonium ions by
high-speed ion-exclusion chromatography on a weakly basic anion-
exchange resin column, Journal of Chromatography A, 997(1-2), pp.
191-197.

B. Noller, N. Currey, 1990, The evaluation of ammonium ion
determination in waters by cation exchange ion chromatography over
wide concentration ranges, Water Research, 24(4), pp. 471-476.

M. Luc, P. Kruk, M. Masar, 2011, Determination of ammonium in
wastewaters by capillary electrophoresis on a column-coupling chip with
conductivity detection, Journal of separation science, 34(13), pp. 1561-
1567.

M. Masar, D. Sydes, M. Luc, D. Kaniansky, H.-M. Kuss, 2009,
Determination of ammonium, calcium, magnesium, potassium and
sodium in drinking waters by capillary zone electrophoresis on a column-
coupling chip, Journal of Chromatography A, 1216(34), pp. 6252-6255.
Y. Li, Y. Zhang, R. Timofte, L. Van Gool, L. Yu, Y. Li, X. Li, T. Jiang,
Q. Wu, M. Han, 2023, NTIRE 2023 challenge on efficient super-
resolution: Methods and results, Proceedings of the IEEE/CVF
Conference on Computer Vision and Pattern Recognition, pp. 1922-
1960.

Y. Yao, L. Zhao, J. Dai, J. Wang, C. Fang, G. Zhan, Q. Zheng, W. Hou,
L. Zhang, 2022, Single atom Ru monolithic electrode for efficient
chlorine evolution and nitrate reduction, Angewandte Chemie
International Edition, 61(41), p €202208215.

J.-W. Song, C. Zhang, X. Fan, F.-P. Meng, Z. Xu, P. Xia, W.-J. Cao, T.
Yang, X.-P. Dai, S.-Y. Wang, 2020, Immunological and inflammatory
profiles in mild and severe cases of COVID-19, Nature communications,
11(1), p 3410.



149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

128

H.-H. Perkampus, 2013, UV-VIS Spectroscopy and its Applications,
Springer Science & Business Media.

N.M. Tzollas, G.A. Zachariadis, A.N. Anthemidis, J.A. Stratis, 2010, A
new approach to indophenol blue method for determination of
ammonium in geothermal waters with high mineral content,
International Journal of Environmental and Analytical Chemistry, 90(2),
pp. 115-126.

P.L. Searle, 1984, The Berthelot or indophenol reaction and its use in the
analytical chemistry of nitrogen. A review, Analyst, 109(5), pp. 549-568.
C.D. Stalikas, A.C. Pappas, M.I. Karayannis, P.G. Veltsistas, 2003,
Simple and selective spectrophotometric method for the determination
of iron (111) and total iron content, based on the reaction of Fe (I11) with
1, 2-dihydroxy-3, 4-diketocyclo-butene (squaric acid), Microchimica
Acta, 142, pp. 43-48.

A.T. Mubarak, A.A. Mohamed, K.F. Fawy, A.S. Al-Shihry, 2007, A
novel kinetic determination of nitrite based on the perphenazine-bromate
redox reaction, Microchimica Acta, 157, pp. 99-105.

A.A. Ensafi, B. Rezaei, S. Nouroozi, 2004, Simultaneous
spectrophotometric determination of nitrite and nitrate by flow injection
analysis, Analytical sciences, 20(12), pp. 1749-1753.

Z. Moldovan, 2010, Kinetic spectrophotometric determination of nitrite
with Tropaeolin 00-Bromate System, Analytical letters, 43(7-8), pp.
1344-1354.

N. Furuya, A. Matsuyuki, S. Higuchi, S. Tanaka, 1980, Determination of
nitrite ion in waste and treated waters by resonance Raman spectrometry,
Water Research, 14(7), pp. 747-752.

D.R. Lombardi, C. Wang, B. Sun, A\W. Fountain, T.J. Vickers, C.K.
Mann, F.R. Reich, J.G. Douglas, B.A. Crawford, F.L. Kohlasch, 1994,
Quantitative and qualitative analysis of some inorganic compounds by
Raman spectroscopy, Applied spectroscopy, 48(7), pp. 875-883.

M. Falk, 1990, Infrared spectrometric determination of nitrate, nitrite and
ammonium ions by means of matrix isolation in pressed alkali metal
halide pellets, Vibrational spectroscopy, 1(1), pp. 69-79.

R. Linker, A. Shaviv, 2006, Nitrate determination using anion exchange
membrane and mid-infrared spectroscopy, Applied spectroscopy, 60(9),
pp. 1008-1012.

M.a.T. Fernandez-Arguelles, B. Cafabate, J.M. Costa-Fernandez, R.
Pereiro, A. Sanz-Medel, 2004, Flow injection determination of nitrite by
fluorescence quenching, Talanta, 62(5), pp. 991-995.



161.

162.

163.

164.

165.

166.

167.

168.

129

S.M. Helmke, M.W. Duncan, 2007, Measurement of the NO metabolites,
nitrite and nitrate, in human biological fluids by GC-MS, Journal of
Chromatography B, 851(1-2), pp. 83-92.

D. Tsikas, 2000, Simultaneous derivatization and quantification of the
nitric oxide metabolites nitrite and nitrate in biological fluids by gas
chromatography/mass spectrometry, Analytical Chemistry, 72(17), pp.
4064-4072.

A. Celik, E. Henden, 1989, Determination of ammonium-, nitrite-and
nitrate-nitrogen by molecular emission cavity analysis using a cavity
containing an entire flame, Analyst, 114(5), pp. 563-566.

A. Aydin, O. Ercan, S. Tascioglu, 2005, A novel method for the
spectrophotometric determination of nitrite in water, Talanta, 66(5), pp.
1181-1186.

R. Burakham, M. Oshima, K. Grudpan, S. Motomizu, 2004, Simple flow-
injection system for the simultaneous determination of nitrite and nitrate
in water samples, Talanta, 64(5), pp. 1259-1265.

J.-L. Ravanat, R.J. Turesky, E. Gremaud, L.J. Trudel, R.H. Stadler, 1995,
Determination of 8-oxoguanine in DNA by gas chromatography-mass
spectrometry and HPLC-electrochemical detection: overestimation of
the background level of the oxidized base by the gas chromatography-
mass spectrometry assay, Chemical research in toxicology, 8(8), pp.
1039-1045.

J.M. Garrido, C. Delerue-Matos, F. Borges, T.R. Macedo, A. Oliveira-
Brett, 2004, Electrochemical analysis of opiates—an overview,
Analytical letters, 37(5), pp. 831-844.

J. Durst, A. Rudnev, A. Dutta, Y. Fu, J. Herranz, V. Kaliginedi, A.
Kuzume, A.A. Permyakova, Y. Paratcha, P. Broekmann, 2015,
Electrochemical CO2 reduction—a critical view on fundamentals,
materials and applications, CHIMIA International Journal for
Chemistry, 69(12), pp. 769-776.

169. J.M. Spurgeon, B. Kumar, 2018, A comparative technoeconomic analysis

170.

171.

of pathways for commercial electrochemical CO 2 reduction to liquid
products, Energy & Environmental Science, 11(6), pp. 1536-1551.

C.S. Chen, J.H. Wan, B.S. Yeo, 2015, Electrochemical reduction of
carbon dioxide to ethane using nanostructured Cu20-derived copper
catalyst and palladium (Il) chloride, The Journal of Physical Chemistry
C, 119(48), pp. 26875-26882.

J.S. Diercks, B. Pribyl-Kranewitter, J. Herranz, P. Chauhan, A. Faisnel,
T.J. Schmidt, 2021, An online gas chromatography cell setup for



172.

173.

174.

175.

176.

177.

178.

179.

180

181.

182.

130

accurate CO2-electroreduction product quantification, Journal of The
Electrochemical Society, 168(6), p 064504.

A.A. Permyakova, J. Herranz, M. El Kazzi, J.S. Diercks, M. Povia, L.R.
Mangani, M. Horisberger, A. Patru, T.J. Schmidt, 2019, On the oxidation
state of Cu20 upon electrochemical CO2 reduction: an XPS study,
ChemPhysChem, 20(22), pp. 3120-3127.

K. Iwase, K. Ebner, J.S. Diercks, V.A. Saveleva, S. Unsal, F. Krumeich,
T. Harada, 1. Honma, S. Nakanishi, K. Kamiya, 2021, Effect of cobalt
speciation and the graphitization of the carbon matrix on the CO2
electroreduction activity of Co/N-doped carbon materials, ACS Applied
Materials & Interfaces, 13(13), pp. 15122-15131.

Z. Shen, G. Chen, X. Cheng, F. Xu, H. Huang, X. Wang, L. Yang, Q.
Wu, Z. Hu, 2024, Self-enhanced localized alkalinity at the encapsulated
Cu catalyst for superb electrocatalytic nitrate/nitrite reduction to NH3 in
neutral electrolyte, Science Advances, 10(28), p eadm9325.

G.W. Latimer, Jr., G.W. Latimer, Jr. (Eds.) ,2023, AF-1Guidelines for
Standard Method Performance Requirements, in: Official Methods of
Analysis of AOAC INTERNATIONAL, Oxford University Press.
R.B.B. E.W. Rice, A.D. Eaton, editors, 2017, Standard methods for the
examination of water and wastewater, 23rd, American Public Health
Association, American Water Works Association, Water Environment
Federation.

B. Rider, M. Mellon, 1946, Colorimetric determination of nitrites,
Industrial & Engineering Chemistry Analytical Edition, 18(2), pp. 96-
99.

G.W. Watt, J.D. Chrisp, 1952, Spectrophotometric method for
determination of hydrazine, Analytical Chemistry, 24(12), pp. 2006-
2008.

AJ. Bard, L.R. Faulkner, 2001, Fundamentals and applications,
Electrochemical methods, 2(482), pp. 580-632.

. T.T. Hoang, A.A. Gewirth, 2016, High activity oxygen evolution reaction

catalysts from additive-controlled electrodeposited Ni and NiFe films,
Acs Catalysis, 6(2), pp. 1159-1164.

G.M. Brisard, E. Zenati, H.A. Gasteiger, N.M. Markovi¢, P.N. Ross,
1997, Underpotential deposition of lead on Cu (100) in the presence of
chloride: ex-situ low-energy electron diffraction, auger -electron
spectroscopy, and electrochemical studies, langmuir, 13(8), pp. 2390-
2397.

T. Wu, X. Kong, S. Tong, Y. Chen, J. Liu, Y. Tang, X. Yang, Y. Chen,
P. Wan, 2019, Self-supported Cu nanosheets derived from CuCl-CuO for



183.

184

185

186

187

188

189

190.

191.

192.

131

highly efficient electrochemical degradation of NO3—, Applied Surface
Science, 489, pp. 321-329.

A. El-Beqqali, A. Kussak, M. Abdel-Rehim, 2006, Fast and sensitive
environmental analysis utilizing microextraction in packed syringe
online with gas chromatography—mass spectrometry: determination of
polycyclic aromatic hydrocarbons in water, Journal of Chromatography
A, 1114(2), pp. 234-238.

. T.C. Detector, Hydrogen Detection with a TCD using Mixed Carrier Gas

on the Agilent Micro GC, Signal, 1(R2), p R3.

. S.B. Patil, T.-R. Liu, H.-L. Chou, Y.-B. Huang, C.-C. Chang, Y.-C. Chen,

Y.-S. Lin, H. Li, Y.-C. Lee, Y.J. Chang, 2021, Electrocatalytic reduction
of NO3-to ultrapure ammonia on {200} facet dominant Cu
nanodendrites with high conversion faradaic efficiency, The Journal of
Physical Chemistry Letters, 12(33), pp. 8121-8128.

F. Wang, X. Wang, Z. Chang, Y. Zhu, L. Fu, X. Liu, Y. Wu, 2016,
Electrode materials with tailored facets for electrochemical energy
storage, Nanoscale Horizons, 1(4), pp. 272-289.

Y.-X. Lin, S.-N. Zhang, Z.-H. Xue, J.-J. Zhang, H. Su, T.-J. Zhao, G.-Y.
Zhai, X.-H. Li, M. Antonietti, J.-S. Chen, 2019, Boosting selective
nitrogen reduction to ammonia on electron-deficient copper
nanoparticles, Nature Communications, 10(1), p 4380.

D. Liu, M. Chen, X. Du, H. Ai, K.H. Lo, S. Wang, S. Chen, G. Xing, X.
Wang, H. Pan, 2021, Development of electrocatalysts for efficient
nitrogen reduction reaction under ambient condition, Advanced
Functional Materials, 31(11), p 2008983.

. G. Qing, R. Ghazfar, S.T. Jackowski, F. Habibzadeh, M.M. Ashtiani, C.-

P. Chen, M.R. Smith 111, T.W. Hamann, 2020, Recent advances and
challenges of electrocatalytic N2 reduction to ammonia, Chemical
reviews, 120(12), pp. 5437-5516.

M. Nazemi, S.R. Panikkanvalappil, M.A. El-Sayed, 2018, Enhancing the
rate of electrochemical nitrogen reduction reaction for ammonia
synthesis under ambient conditions using hollow gold nanocages, Nano
Energy, 49, pp. 316-323.

K. Chu, Y.-p. Liu, J. Wang, H. Zhang, 2019, NiO nanodots on graphene
for efficient electrochemical N2 reduction to NH3, ACS Applied Energy
Materials, 2(3), pp. 2288-2295.

W. Zang, T. Yang, H. Zou, S. Xi, H. Zhang, X. Liu, Z. Kou, Y. Du, Y.P.
Feng, L. Shen, 2019, Copper single atoms anchored in porous nitrogen-
doped carbon as efficient pH-universal catalysts for the nitrogen
reduction reaction, Acs Catalysis, 9(11), pp. 10166-10173.



193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

132

Z. Geng, Y. Liu, X. Kong, P. Li, K. Li, Z. Liu, J. Du, M. Shu, R. Si, J.
Zeng, 2018, Achieving a record-high yield rate of 120.9 for N2
electrochemical reduction over Ru single-atom catalysts, Advanced
Materials, 30(40), p 1803498.

L. Li, C. Tang, D. Yao, Y. Zheng, S.-Z. Qiao, 2019, Electrochemical
nitrogen reduction: identification and elimination of contamination in
electrolyte, ACS Energy Letters, 4(9), pp. 2111-2116.

B.H. Suryanto, H.-L. Du, D. Wang, J. Chen, A.N. Simonov, D.R.
MacFarlane, 2019, Challenges and prospects in the catalysis of
electroreduction of nitrogen to ammonia, Nature Catalysis, 2(4), pp.
290-296.

C. Wang, F. Ye, J. Shen, K.-H. Xue, Y. Zhu, C. Li, 2022, In situ loading
of Cu20 active sites on island-like copper for efficient electrochemical
reduction of nitrate to ammonia, ACS Applied Materials & Interfaces,
14(5), pp. 6680-6688.

Q. Liu, L. Xie, J. Liang, Y. Ren, Y. Wang, L. Zhang, L. Yue, T. Li, Y.
Luo, N. Li, 2022, Ambient ammonia synthesis via electrochemical
reduction of nitrate enabled by NiCo204 nanowire array, Small, 18(13),
p 2106961.

X. Wang, M. Zhu, G. Zeng, X. Liu, C. Fang, C. Li, 2020, A three-
dimensional Cu nanobelt cathode for highly efficient electrocatalytic
nitrate reduction, Nanoscale, 12(17), pp. 9385-9391.

M.M. Shi, D. Bao, B.R. Wulan, Y.H. Li, Y.F. Zhang, J.M. Yan, Q. Jiang,
2017, Au Sub-Nanoclusters on TiO2 toward Highly Efficient and
Selective Electrocatalyst for N-2 Conversion to NH3 at Ambient
Conditions, Adv Mater, 29(17).

Z.Geng, Y. Liu, X. Kong, P. Li, K. Li, Z. Liu, J. Du, M. Shu, R. Si, J.A.-
O. Zeng, Achieving a Record-High Yield Rate of 120.9 ugNH3 mgcat.-
1 h-1 for N(2) Electrochemical Reduction over Ru Single-Atom
Catalysts, (1521-4095 (Electronic)).

L. Zhang, X.Q. Ji, X. Ren, Y.J. Ma, X.F. Shi, Z.Q. Tian, A.M. Asiri, L.
Chen, B. Tang, X.P. Sun, 2018, Electrochemical Ammonia Synthesis via
Nitrogen Reduction Reaction on a MoS2 Catalyst: Theoretical and
Experimental Studies, Adv Mater, 30(28).

K. Kim, C.Y. Yoo, J.N. Kim, H.C. Yoon, J.I. Han, 2016, Electrochemical
Synthesis of Ammonia from Water and Nitrogen in Ethylenediamine
under Ambient Temperature and Pressure, J Electrochem Soc, 163(14),
pp. F1523-F1526.



203

204.

205.

206.

207.

208.

133

K. Chu, Y.P. Liu, J. Wang, H. Zhang, 2019, NiO Nanodots on Graphene
for Efficient Electrochemical N-2 Reduction to NH3, Acs Appl Energ
Mater, 2(3), pp. 2288-2295.

S. Mukherjee, D.A. Cullen, S. Karakalos, K.X. Liu, H. Zhang, S. Zhao,
H. Xu, K.L. More, G.F. Wang, G. Wu, 2018, Metal-organic framework-
derived nitrogen-doped highly disordered carbon for electrochemical
ammonia synthesis using N-2 and H20 in alkaline electrolytes, Nano
Energy, 48, pp. 217-226.

Y.X. Lin, S.N. Zhang, Z.H. Xue, J.J. Zhang, H. Su, T.J. Zhao, G.Y. Zhai,
X.H. Li, M. Antonietti, J.S. Chen, 2019, Boosting selective nitrogen
reduction to ammonia on electron-deficient copper nanoparticles, Nat
Commun, 10.

F. Wang, Y.P. Liu, H. Zhang, K. Chu, 2019, CuO/Graphene
Nanocomposite for Nitrogen Reduction Reaction, Chemcatchem, 11(5),
pp. 1441-1447.

P. Jing, P. Liu, M. Hu, X. Xu, B. Liu, J. Zhang, 2022, Formation of
Interfacial Cu-[OX ]-Ce Structures with Oxygen Vacancies for
Enhanced Electrocatalytic Nitrogen Reduction, Small, 18(23), p
e2201200.

W.J. Zang, T. Yang, H.Y. Zou, S.B. Xi, H. Zhang, X.M. Liu, Z.K. Kou,
Y.H. Du, Y.P. Feng, L. Shen, L.L. Duan, J. Wang, S.J. Pennycook, 2019,
Copper Single Atoms Anchored in Porous Nitrogen-Doped Carbon as
Efficient pH-Universal Catalysts for the Nitrogen Reduction Reaction,
Acs Catal, 9(11), pp. 10166-10173.



134

PHU LUC

Phu luc A. Mét so thiét bi sir dung trong nghién ciu

D8 ADVANCE

Phu luc Hinh A.2. Thiét bi dién hoa, UV-Vis, XRD.
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Phu luc B. Quy dinh AOAC

Phu luc Bang B.1. B0 lap lai ti da chép nhan tai cac néng do khac nhau theo

AOAC [175].

TT | Ham lwong % | Tylé chat | Ponvi | RSD (%)
1 100 1 100% 1,3
2 10 10 10% 1,8
3 1 102 1% 2,7
4 0,1 10 0,1 % 3,7
5 0,01 10 100 ppm 53
6 0,001 10° 10 ppm 7,3
7 0,0001 10° 1 ppm 11
8 0,00001 107 100 ppb 15
9 0,000001 108 10 ppb 21
10 0,0000001 10°° 1 ppb 30

Phu luc Bang B.2. Do thu hoi chdp nhan ¢ cac ndng do khac nhau (theo
AOAC) [175].

TT | Ham lwong [%] | Ty 1é chat | Pon vi P thu hoi [%]
1 100 1 100% 98-102
2 > 10 101 10% 98-102
3 > 1 102 1% 97-103
4 >0,1 10°° 0,1 % 95-105
5 0,01 10* 100 ppm 90-107
6 0,001 10° 10 ppm 80-110
7 0,0001 106 1 ppm 80-110
8 0,00001 107 100 ppb 80-110
9 0,000001 108 10 ppb 60-115
10 0,0000001 10°° 1 ppb 40-120
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Phu luc C. Két qua khao sat diéu kién phan tich khi Hz, N2
C.1. Khao sat diéu kién tach giira peak khi Hz va Oz — Xac dinh d§ phan
giai R
Phu luc Bang C.1. B4 phan giai gitra peak H, va O, ¢ 30°C.

p t(H2) | t(O2) | x1(H2) | x2(H2) | W(H2) | x1(O2) | x2(02) | W(O2) R
1,0 3,750 |7,210 {2990 |4,290 |1,300 |5,180 |9,720 |4,540 | 1,185
15 |0908 |1,608 |0643 |1,175 |0532 |1,307 |1,917 |0,610 |1,226
20 (0524 |0921 |0,388 |0,652 |0,264 |0,764 |1,081 |0,317 | 1,367
25 10374 |0,649 |0,278 | 0,45 0,172 | 0,554 |0,746 | 0,192 | 1,511
30 0,290 |0,497 |0,220 |0,340 |0,120 |0,422 |0,571 |0,149 | 1,539
35 10,243 0,424 |0,187 |0,283 |0,096 |0,361 |0,484 |0,123 | 1,653
40 |0,204 |0,358 |0,159 |0,240 |0,081 |0,307 |0,410 |0,103 |1,674

Phu luc Bang C.2. DJ phan giai gitra peak H, va O, ¢ 35°C.

p | t(H2) | t(O2) | x1(H2) | X2(H2) | W(H2) | X1(0O2) | x2(02) | W(O2) | R
1,0 | 3,570 | 6,800 | 2,197 | 4,210 | 2,013 | 4,920 | 8,330 | 3,410 | 1,191
15 |0,904 | 1,567 | 0,660 | 1,140 | 0,480 | 1,273 | 1,880 | 0,607 | 1,220
20 (05240897 | 0,393 | 0,648 | 0,255 | 0,744 | 1,076 | 0,332 | 1,271
25 (0,372 0,634 | 0,278 | 0,453 | 0,175 | 0,525 | 0,742 | 0,217 | 1,337
3,0 | 0,284 | 0,487 | 0,220 | 0,346 | 0,126 | 0,409 | 0,570 | 0,161 | 1,415
3,5 (0,241 | 0,412 | 0,184 | 0,288 | 0,104 | 0,352 | 0,475 | 0,123 | 1,507
4,0 | 0,202 | 0,348 | 0,159 | 0,240 | 0,0811 | 0,296 | 0,401 | 0,105 | 1,569

Phu luc Bang C.3. D6 phan giai gitra peak H, va O, ¢ 40°C.

p | t(H2) | t(O2) | x1(H2) | x2(H2) | W(H2) | X1(O2) | x2(02) | W(O) R
1,0 | 3,884 | 6,980 | 1,436 | 4,741 | 3,305 | 5,303 | 8,305 | 3,002 | 0,982
15 10,930 | 1553 | 0,661 | 1,138 | 0,477 | 1,258 | 1,870 | 0,612 | 1,144
2,0 | 0,529 | 0,880 | 0,400 | 0,640 | 0,240 | 0,722 | 1,037 | 0,315 | 1,265
25 |0,371 0,619 | 0,280 | 0,454 | 0,174 | 0,518 | 0,722 | 0,204 | 1,312
3,0 10,289 | 0,479 | 0,220 | 0,349 | 0,129 | 0,401 | 0,554 | 0,153 | 1,348
3,5 0,243 | 0,402 | 0,184 | 0,288 | 0,104 | 0,343 | 0,463 | 0,120 | 1,420
4,0 | 0,205 | 0,341 | 0,159 | 0,244 | 0,085 | 0,291 | 0,393 | 0,102 | 1,455

Phu luc Bang C.4. D6 phan giai gitra peak H, va O, ¢ 45°C.

p | t(H2) | t(O2) | xa(H2) | x2(H2) | W(Hz2) | x1(Oz2) | x2(O2) | W(O2) | R

1,0 | 3,580 | 6,610 | 0,980 | 4,020 | 3,040 | 5,180 | 7,630 | 2,450 | 1,104
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1,5 10,922 | 1,520 | 0,659 | 1,091 | 0,432 | 1,254 | 1,78 | 0,526 | 1,248
2,0 10,524 | 0,872 | 0,396 | 0,649 | 0,253 | 0,720 | 1,010 | 0,290 | 1,282
2,5 103710612 | 0,295 | 0,459 | 0,164 | 0,504 | 0,708 | 0,204 | 1,310
30 |0289 0472 | 0,217 | 0,347 | 0,130 | 0,393 | 0,541 | 0,148 | 1,317
3,5 10,245 | 0,398 | 0,185 | 0,290 | 0,105 | 0,331 | 0,455 | 0,124 | 1,336
4,0 | 0,205 | 0,334 | 0,158 | 0,245 | 0,087 | 0,283 | 0,383 | 0,100 | 1,380

Phu luc Bang C.5. D6 phan giai gitra peak H, va O, ¢ 50°C.

p t(H2) | t(O2) | x1(H2) | X2(H2) | W(H2) | x1(O2) | x2(O2) | W(O3) R
1,0 | 3,390 | 6,100 | 0,660 | 4,070 | 3,410 | 5,250 | 7,310 | 2,060 | 0,991
1,5 | 0,913 | 1,500 | 0,690 | 1,060 | 0,370 | 1,220 | 1,790 | 0,570 | 1,249
2,0 10,528 | 0,853 | 0,386 | 0,634 | 0,248 | 0,730 | 0,994 | 0,264 | 1,270
2,5 10375 0,603 | 0,278 | 0,453 | 0,175 | 0,505 | 0,687 | 0,182 | 1,277
3,0 | 0,293 | 0,465 | 0,217 | 0,349 | 0,132 | 0,390 | 0,525 | 0,135 | 1,288
3,5 |0,244 | 0,387 | 0,184 | 0,290 | 0,106 | 0,327 | 0,442 | 0,115 | 1,294
4,0 | 0,206 | 0,329 | 0,159 | 0,244 | 0,085 | 0,276 | 0,376 | 0,100 | 1,330

C.2. Khao sat diéu kién tach giira peak khi N2 va Oz — Xac dinh d phan
giai R
Phu luc Bang C.6. DJ phan giai gitra peak N, va O, ¢ 30°C.

p | t(N2) | t(O2) | xa(N2) | x2(N2) | W(N2) | x1(02) | x2(O2) | W(O2) | R
1,0 | 12,314 | 7,210 | 9,492 | 16,535 | 7,043 | 5,180 | 9,720 | 4,540 | 0,881
15| 2,700 | 1,608 | 2,329 | 3,223 | 0,894 | 1,307 | 1,917 | 0,610 | 1,452
20 | 1545 10921 | 1,351 | 1,780 | 0,429 | 0,764 | 1,081 | 0,317 | 1,673
25 11,088 | 0,648 | 0,972 | 1,246 | 0,274 | 0,541 | 0,754 | 0,213 | 1,807
3,0 | 0,823 | 0,497 | 0,743 | 0,931 | 0,188 | 0,422 | 0,571 | 0,149 | 1,935
3,5 0,757 | 0,424 | 0,691 | 0,848 | 0,157 | 0,361 | 0,484 | 0,123 | 2,379
40 | 0,638 | 0,358 | 0,589 | 0,717 | 0,128 | 0,307 | 0,410 | 0,103 | 2,424

Phu luc Bang C.7. B4 phan giai gitra peak N, va O, ¢ 35°C.

p t(N2) | t(O2) | X1(N2) | x2(N2) | W(N2) | x1(O2) | x2(O2) | W(O2) | R
1,0 | 11,396 | 6,800 | 8,672 | 15,432 | 6,760 | 4,920 | 8,330 | 3,410 | 0,904
15 | 2,579 | 1,567 | 2,163 | 3,083 | 0,920 | 1,2/3 | 1,880 | 0,607 | 1,325
2,0 | 1,469 | 0,897 | 1,295 | 1,703 | 0,408 | 0,744 | 1,076 | 0,332 | 1,546
2,5 | 1,030 | 0,634 | 0,915 | 1,180 | 0,265 | 0,525 | 0,742 | 0,217 | 1,643
30 | 0,788 | 0,487 | 0,713 | 0,900 | 0,187 | 0,409 | 0,570 | 0,161 | 1,730
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3,5

0,705

0,412

0,643

0,799

0,156

0,352

0,475

0,123

2,100

4,0

0,598

0,348

0,545

0,676

0,131

0,296

0,401

0,105

2,117

Phu luc Bang C.8. D6 phan giai gitra peak N, va O, ¢ 40°C.

t(N2)

t1(O2)

X1(N2)

X2(N2)

W(N>)

x1(O>)

X2(02)

W(O)

1,0

11,435

6,980

8,703

15,589

6,886

5,303

8,305

3,002

0,901

1,5

2,494

1,553

2,119

2,985

0,866

1,258

1,870

0,612

1,273

2,0

1,404

0,880

1,218

1,618

0,400

0,722

1,037

0,315

1,466

2,5

0984

0,619

0,871

1,128

0,257

0,518

0,722

0,204

1,583

3,0

0,758

0,479

0,669

0,855

0,186

0,401

0,554

0,153

1,646

3,5

0,665

0,402

0,608

0,757

0,149

0,343

0,463

0,120

1,955

4,0

0,564

0,341

0,514

0,639

0,125

0,291

0,393

0,102

1,965

Phu luc Bang C.9. D6 phan giai gitra peak N, va O, ¢ 45°C.

t(N2)

t(0O2)

X1(N2)

Xz(Nz)

W(N>)

X1(Oz)

X2 (Oz)

W(O>)

1,0

10,371

6,610

8011

13,852

5,841

5,180

7,630

2,450

0,907

1,5

2,363

1,520

1,973

2,792

0,819

1,254

1,780

0,526

1,254

2,0

1,339

0,872

1,147

1,546

0,399

0,720

1,010

0,290

1,356

2,5

0,933

0,612

0,820

1,070

0.250

0,504

0,708

0,204

1,414

3,0

0,717

0,472

0,636

0,813

0,177

0,393

0,541

0,148

1,508

3,5

0,632

0,398

0,572

0,721

0,149

0,331

0,455

0,124

1,714

4,0

0,533

0,334

0,487

0,608

0,121

0,283

0,383

0,100

1,801

Phu luc Bang C.10. B¢ phan giai giira peak N, va O, ¢ 50°C.

t(N2)

t(O2)

X1(N2)

X2(N2)

W(N2)

x1(02)

x2(02)

W(O2)

1,0

10,042

6,100

7,574

13,369

5,795

5,250

7,310

2,060

1,004

1,5

2,254

1,500

1,906

2,678

0,772

1,220

1,790

0,570

1,124

2,0

1,274

0,853

1,100

1,471

0,371

0,730

0,994

0,264

1,326

2,5

0,892

0,603

0,785

1,022

0,237

0,505

0,687

0,182

1,379

3,0

0,684

0,465

0,604

0,786

0,182

0,309

0,525

0,135

1,381

3,5

0,601

0,387

0,541

0,681

0,140

0,327

0,442

0,115

1,678

4,0

0,508

0,329

0,462

0,575

0,113

0,276

0,376

0,100

1,681

Trong do:

t(H,): thoi gian luu cua khi H,

t(O2): thoi gian luu cua khi O,
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t(N2): thoi gian luu cua khi N,

X1(Hz): toa do giao truc hoanh cua diém dau trong céch tinh
d6 rong chan peak cua H,

X2(H2): toa do giao truc hoanh cua diém cudi trong céch
tinh d6 rong chan peak cua H,

W(H.): B6 rong chan peak H,

x1(O2): toa do giao truc hoanh cua diém dau trong céch tinh
do rong chan peak cua O,

X2(O2): toa do giao truc hoanh cua diém cudi trong céch
tinh @6 rong chan peak cia O,

W(O,): Do rong chan peak O,

x1(N2): toa do giao truc hoanh cua diém dau trong céch tinh
do rong chan peak cua N>

X2(No): toa do giao truc hoanh cua diém cudi trong céch
tinh @6 rong chan peak cia N,

W(N3): Do rong chan peak N,
R: D6 phan giai
Phu luc D. Két qua phan tich cac san pham trong dung dich cia phan
wng Khir nitrate

D.1. Két qua phan tich NH4*

T Nong do NH,* Nong do NH,* P$ hap thu
(mg/L) (mM) (Abs)
1 0,00 0,00 -4,92011x10*
2 0,05 0,0029 0,02012
3 0,10 0,0059 0,06643
4 0,20 0,0118 0,12075
5 0,40 0,0236 0,25085
6 0,80 0,0472 0,47841
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a) Blank osd®
0.6 ——0,0029 mM =
E) 00059 mM s y = 10,268x - 2.10°
s —0,0118 MM o 04 R? = 0,9985
o 0,0236 mM -
g 0.44 0,0472 mM o
=3 g3
3
=2 o
£ >
=
g 0.2 =02
= _‘%
g 2
Q0.1
A- ®
0.0
r r r 0.0 r r r r r
500 600 700 0.00 0.01 0;02 0.03 0.04 0.05
Bwéc song (nm) Néng dé NH,* (mM)

Phu Iyc Hinh D.1. a) Pho hap thu UV-Vis cta san phdm phan tng ngung ty
indol phenol-blue gitta NH4* va indol phenol; b) Puong chuan twong tmg cua
cua san pham phan tmg ngung tu indol phenol-blue giira NH4* va indol phenol
trong Na,SO4 0,5 M sau khi dé yén trong 2 gio & diéu kién mdi truong
thuong.

Phu luc Hinh D.1.a 12 phd hap thu UV-Vis cua san pham phan ng ngung
tu indol phenol-blue gitta NH4* va indol phenol trong dung dich Na,SO, 0,5M.
Tur hinh anh pho ta thay rang cuong do hap thuy tai budc song A = 640nm ting
Ién khi nong do chat NH,* tang 1én.

Phu luc Hinh D.1.b 13 duwong chuan caa san pham phan tng ngung tu indol
phenol-blue gitra NH4* va indol phenol xay dung tai buéc song A = 640nm. Theo
két qua xay dung duong chuan trén phan mém Origin 8.5, phuong trinh duong
chuan c6 gia tri: y = 0,604x — 0,0000176 voi hé s6 tuong quan R? = 0,998.

D.2. Két qua phan tich NoHs

T Nong d6 NoH, Nong d6 NoH, D) hap thu
(mg/L) (mM) (Abs)

1 0,0 0,0 -2,17x10*
2 0,02 6,25.10 0,0278
3 0,04 0,00125 0,0594
4 0,06 0,00188 0,0837
5 0,08 0,0025 0,1137
6 0,1 0,00313 0,1352
7 0,15 0,00469 0.2074
8 0,2 0,00625 0,2792
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~ 0.3 <a) I —Blank 034 b
=] —(,25 10 mM
pr i | —0,00125 mM _ y = 1,385x + 0,0001
- [ e 0,00188 MM : R2 = 0,999
o 02 0,0025 mM =
£ V2 | 0,00313 mM 202
3 0,00469 mM b
T | ——0,00625 mM G
£ 0.1 ' £
e * = . o
o €01
~(3 O
= [
0.0
Q |
I . ) . I r I 0.0 r r r
0.000 0.002 0.004 0.006

440 460 480 500
Bwéc song (nm)

Néng dé N,H, (mM)

Phu luc Hinh D.2. @) Phé hap thuy UV-Vis cta san pham phan ung gita
N2H. va p-dimethylaminobenz aldehyde trong Na;SO, 0,5 M sau khi dé yén trong
10 pht ¢ diéu kién thuong; b) Puong chuan cua san phdm phan tng gitra N2Hg
va p-dimethylaminobenz aldehyde trong Na,SO,4 0,5 M.

Phu luc Hinh D.2.b 1a duwong chuan ctia san phim phan ¢ng gitra N2Ha va
p-dimethylaminobenz aldehyde xay dung tai budc song A = 460nm. Theo két qua
xay dung duong chuan trén phan mém Origin 8.5, phuong trinh dudng chuan
c6 gia tri: y = 1,385x + 0,0001 véi hé sé twong quan R? = 0,999.

D.3. Két qua phan tich NO2°

T Nong @6 NO, | Do hap thu
(mM) (Abs)
1 0 -0,00015
2 0,02 0,41667
3 0,04 1,01854
4 0,06 1,40648
5 0,08 2,13156
6 0,10 2,565042
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3.0
3.0 a) b)
= 259 ,_3_2'5 1 y = 26,519x - 0,073
-‘_“; .‘_‘; R2=0,995 -
o 2.0
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© ]
= =
o 154
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£ ]
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0.5+
T T T T . r 0.0
450 500 550 600 650 700 0.00 0.02 0.04 0.06 0.08 0.10
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Phu Iuc Hinh D.3. a) Pho hap thu UV-Vis ctia san phim phan tng tao thanh hop
chét azo gitta NO," va diazo trong Na,SO,40,5M; b) Pudng chuan nitrite cta san
pham phan ng tao thanh hop chat azo giita NO,” va diazo trong Na,SO4 0,5M.

Phu luc Hinh D.3.a la phd hap thy UV-Vis cuaa san phim phan ng tao
thanh hop chat azo gitta NO,™ va diazo trong dung dich Na,SO4 0,5M. Tt hinh
anh phd ta thdy rang cuong d6 hap thu tai bude song A = 540nm ting lén khi
nong d6 chat NO, tang lén.

Phu luc Hinh D.3.b 1 dudng chuan caa san phidm phan tng tao thanh hop
chét azo gitra NO,™ va diazo xay dyung tai budc song A = 540nm. Theo két qua
xay dung duong chuan trén phan mém Origin 8.5, phuong trinh duong chuan
c6 gia tri: y = 26,519x — 0,073 v&i hé s6 tuong quan R? = 0,995.

Phu luc E. Bang théng sé thé hién sw 6n dinh caa dién cuc Cu-
nanosphere theo thoi gian cia phan wng khir Nitrate biang phwong phap
dién hoa

Dién
tich
Cuong phén Thé tich Cuidng d

s N Mat dg dong Thoi N . . . Mit dg dong Hiéu suat . .
Chu do dong dién 2 dung . . Nong d¢ dong dién L . . Ning suat
o dién tong gian khir N N dién ciia NH4 Faraday cia )
ky dién tong cuc 5 dich NH." (M) NHa 2 R (mg/h.cm?)
. (mA/cm?) (s) (mA/cm?) NHs" (%)
(mA) phan (ml) (mA)

(:fr;%)
-67.0 0.9 | -74.44444 | 48.0 3600 | 0.00579 -59.6 | -66.22044 | 88.95284 5.2496
-71.0 0.9 | -78.88889 | 49.0 3600 | 0.00566 | -59.47 | -66.08225 | 83.76623 | 5.23864
-70.0 09 | -77.77778 | 485 3600 | 0.00581 | -60.45 | -67.16448 | 86.35433 | 5.32444
-67.0 0.9 | -74.44444 | 485 3600 | 0.00563 | -58.56 | -65.06125 | 87.39571 | 5.15771
-66.0 0.9 | -73.33333 | 49.0 3600 | 0.00525 | -55.17 | -61.29537 | 83.5846 4.85917
-712.0 0.9 -80 50.0 3600 | 0.00524 | -56.18 | -62.42716 | 78.03395 | 4.94889
-65.0 0.9 | -72.22222 | 49.0 3600 | 0.00545 | -57.27 | -63.63043 | 88.10368 | 5.04428
-69.0 0.9 | -76.66667 | 48.0 3600 | 0.00567 | -58.36 -64.848 84.58435 5.1408
-72.0 0.9 -80 50.0 3600 | 0.00538 | -57.69 | -64.09506 | 80.11883 | 5.08111
-69.0 0.9 | -76.66667 | 49.0 3600 | 0.00554 | -58.21 | -64.68121 | 84.3668 5.12758

©| o N o O | W[ N| B+~

=
o
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Phu luc F. Mat d¢ dong cuaa dién cuc Cu va Cu-nanosphere theo thoi
gian tai thé cac thé: a) -0,4V; b) -0,7V; ¢) -1,0V va d) -1,3V so véi RHE
trong dung dich Na>SO4 0,5M + NaNOs 0,1 M.
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Phu luc G. Chit xtc tic dién cho NRR trong diéu Kién méi truong

thuwong

Phu luc Bang G.1. Hoat tinh xtc tac dién ctia phan ing NRR déi voi dién

cuc nano Cu va cac dién ctrc khac dugc cong bo trong dung dich nude ¢ dieu

kién thuong.

Hiéu suit

Xuc tac Chit dién ly pién thé Hiéu suat TLTK
Faraday
. s . 30.2%at- | 4ug/h.cm’at- | [190]
Nano rong bang Au | LiClO40.5M | -0.4V vs. RHE 0.5V 0.4V
AU/TiO, HCI0.1M | -0.2V vs. RHE 8.11% | 21.4 ug/h.cm?™ | [199]
Ru g";h‘;gt‘;geﬁ tw HZSCI’\;‘I 005 | g2vvs.RHE | 29.6% | 30.84 ug/hcm? | [200]
MoS; Na,S0, 0.1M | -0.5V vs. RHE 1.17% | 5.38 ug/h.cm? | [201]
Ni wire ngliiADA 1.8V full cell 17.2% 2.19 pg/h.cm? [202]
NiO hat nano Na,S04 0.1M | -0.7V vs. RHE 7.8% | 18.6 pg/h.mgea | [203]
Fe,03/Cu KOHO0.1M | -0.1V vs. RHE 24.4% 15.66 [107]
ug/h.mgcar
C-ZIF KOH 0.1M -0.3V vs. RHE 10.2% 57.8ug/h.cm?™ | [204]
Cu/PI KOHO0.1M | -0.4V vs. RHE 6.56% | 17.2 pg/h.cm? | [205]
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CUO/RGO NS0 | o7svvs.RHE | 39% | 1Lopgheme | 20°)
2
Cu-[0X]-Ce KOHOLM | -03Vvs.RHE | 18219 |22:93Hg/em™| [207]
NC-Cu dgf“ nguwyen | WOHO1M | -0.35Vvs RHE | 13.8% | 53.3 pghmee | 200
i -0.4V and 41.6% at - | 16.2ug/h.cm?® | Nghién
Cu-nanosphere | NazS040.5M | o 5/ vs, RHE | 0.4V at-05v | caunay




