DAI HOC HUE
TRUONG PAI HOC KHOA HOC

HA THUY TRANG

NGHIEN CUU PHAT TRIEN PIEN CUC BIEN TiNH
VOI GRAPHENE OXIDE PE XAC PINH MOQT SO
KIM LOAI POC TRONG NUGC BANG
PHUONG PHAP VON-AMPE HOA TAN

Nganh: Hoa phan tich
Mi s6: 9.440.118

TOM TAT LUAN AN TIEN ST HOA PHAN TiCH

Nguoi huéng dian khoa hoc:
1. PGS. TS. Nguyén Hii Phong
2. PGS. TS. Nguyén Pinh Luyén

HUE, NAM 2025




MO PAU

Mercury (Hg) dugc xem 1a nguyén t6 doc nhit trong cac kim
loai doc va su c6 mit ciia cac dang mercury trong mdi trudng phat
sinh tir cac nguén tu nhién va nhan tao nhu hoat dong nui ltra, hoat
dong nong nghiép, luyén kim mau, ddt than, dau va rac thai,... Lead
(Pb) va cadmi (Cd) 1 nhimng kim loai doc c6 chi sé doc hai chi sau
mercury (Hg) va anh huéng dén con ngudi va dong thuc vat. Sy phoi
nhiém lead va cadmi c6 thé gy ra cac van dé vé stc khoe nhu ung
thu, rdi loan chirc nang gan, hé than kinh, tim mach va nhitng bénh
ly khac. Chinh vi vy, viéc danh gia mic d6 6 nhiém cua mercury,
lead va cadmi da va dang dugc cac nha khoa hoc rat quan tam.

Hién nay, cac phuong phap phan tich dé xac dinh kim loai ning
d3 duoc phat trién nhu mot sb phwong phap phan tich quang pho:
GF-AAS, F-AAS, ICP-MS, ICP-OES,... Cac phuong phap phéan tich
nay c6 gioi han phat hién thép, dd nhay cao,... va dugc chép nhan la
phuong phap tiéu chuan dé xac dinh cac kim loai ning. Song, trong
quy trinh phan tich thuong phai trai qua cac giai doan tach va lam
gidu nén quy trinh phan tich 1a phuc tap, ton thoi gian va chi phi thiét
bi dét tién dan dén chi phi phén tich cao. Trong nhitng nim gan day,
cac phuong phap phan tich dién héa mot phin nao di thay thé
phuong phap quang phd dé xac dinh cac ion kim loai ning. Mot
trong nhitng phuong phap dugc sir dung va do nhay cao dé xac dinh
kim loai néng la von-ampe hoa tan anot (ASV). Bén canh d6, viéc st
dung cac dién cuc bién tinh b?mg cac loai vét liéu co6 kich thudc nano
thé hé méi rat co tiém ning di va dang dugc cic nha khoa hoc rat
quan tdm. Hai loai vat li¢u trén co s& graphene la graphene oxide
(GO) va graphene oxide dang khir (rGO) da dugc bién tinh véi nhidu
loai vat liéu khac dé bién tinh dién cuc glassy carbon (GCE) xac dinh
mercury. Phat trién cac phuong phap phén tich c6 do nhay 16n va
giéi han dinh luong nho 14 can thiét. Xuat phat tir nhimg van dé thuc
té trén, t6i da lwa chon dé tai luan an la “Nghién ctru phat trién dién
cuc bién tinh véi graphene oxide dé xac dinh mdt s6 kim loai doc
trong nwéc bang phwong phap von — ampe hoa tan”.
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’ TONG QUAN VE VAN DE NGHIEN CUU
1.1. GIOI THIEU MOT SO KIM LOAI NANG
1.1.1. Gioi thiéu kim logi lead
1.1.2. Gidi thiéu kim logi cadmi
1.1.3. Gioi thi¢u kim loai mercury
1.2. VAT LIEU GRAPHENE OXIDE DANG KHU
1.2.1. Graphite
1.2.2. Graphene
1.2.3. Graphite oxide va graphene oxide
1.2.4. Graphene oxide dang khir
1.3. VAT LIEU TO HQP TREN NEN VAT LIEU ErGO
1.3.1. Vit liéu BiF/ErGO
1.3.2. Vit liéu ZnO/ErGO
1.3.3. Vit lieu AuNPs/ErGO
1.4. TINH HINH NGHIEN CUU XAC PINH KIM LOAI NANG
BANG PHUONG PHAP PHAN TiCH PIEN HOA TRONG VA
NGOAINUGC
1.4.1. Tinh hinh nghién cvu trong nwdc
1.4.2. Tinh hinh nghién ciru nwéc ngoai

NOQI DUNG, PHUONG PHAP NGHIEN CUU
2.1. NQI DUNG NGHIEN CUU

Noi dung 1: Téng hop vat litu GO, ErGO, ZnO/GO va
AuNPs/GO bang phuong phéap hoa hoc, thily nhiét va dién hoa, dong
thoi do mot sd dic trung vat liu.

Noi dung 2: Nghién ctru xac dinh ddng thoi kim loai lead va
cadmium bang phuong phap von-ampe hoa tan anode str dung 3 loai
dién cuc bién tinh ErGO-GCE, BiF/ErGO-GCE va ZnO/ErGO-GCE.
Ap dung céc loai dién cuc bién tinh dé phéan tich df”)ng thoi kim loai
lead va cadmium trong nudc.

Noi dung 3: Nghién ctru xac dinh mercury bang phuong phap
von-ampe hoa tan anode sir dung dién cuc bién tinh AuNPs/ErGO-
GCE. Ap dung dién cuc bién tinh AuNPs/ErGO-GCE vao phan tich
mercury trong nudgec.



2.2. PHUONG PHAP NGHIEN CU'U
2.2.1. Déi twong nghién ciru
2.2.2. Phwong phdp téng hop vit liéu
2.2.3. Quy trinh bién tinh di¢n cwc lam viéc
2.2.4. Phwong phdp phan tich ddc trung vit liéu
2.2.5. Phuwong phap phan tich dién hoa
2.2.6. Ldy mdu va xir Iy miu
2.2.7. Phwong phdp xir Iy s6 liéu
2.3. HOA CHAT VA THIET BI
2.3.1. Héa chiit
2.3.2. Thiét bi va dung cu
KET QUA VA THAO LUAN
3.1. TONG HQP VAT LIEU

3.1.1. Téng hop vit liéu ErGO va ZnO/ErGO
3.1.1.1. Khado sdt quda trinh khir GO bang phwong phdp dién héa

- Tong hop dién cuc bién tinh ErGO-GCE: Két qua thu dugc &
Hinh 3.1, tai thé gin bang -1,2V trong lan quét dau tién co su gia
tang cua dong cathode, xuét hién peak khir kha 16 rét tai thé -1,683V
voi cuong do dong dinh — 5,087.102 mA. Qua trinh khir GO thanh
ErGO c6 thé da hoan thanh, dién cuc dugc ky hi€u 1a ErGO-GCE va
sin sang phan tich dong thoi Pb va Cd.

Hinh 3.1. Cac duong
von-ampe vong khi khir
GO thanh ErGO.
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- Tong hop dién cuc bién tinh ZnO/ErGO-GCE: Hinh 3.2 chi
ra rang véi lan quét dau tién khi thé trén dién cuc lam viéc xap xi -
1,0 V cudng d dong cathode bat dau ting dén va xuat hién ro peak
khu tai thé -1,685 V. Song, tai cac lan quét tiép theo thi khong thy
xuét hién peak va cac duong quét cathodic va anodic gan nhu tring
nhau. Qua trinh khtr ZnO/GO vé ZnO/ErGO la hoan thanh.
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Hinh 3.2. Cac duong von-

ampe vong khi khir GO vé

ErGO dé tao dién cuc bién
tinh ZnO/ErGO-GCE.
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3.1.1.2. Pac trung vat liéu ZnO/ErGO

a) Pho XRD va pho Raman:
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Hinh 3.3. Pho XRD (a) va phé Raman (b) cia ErGO va ZnO/ErGO

Déi véi vat lidu ErGO, mot peak & 24° ing voi mat mang 002,
cho thay khoang cich mang la 0,36 nm. Peak & cac mau nay duoc
gan cho mot sb 16p cua vat liéu rGO. Trén phé XRD cua ZnO/ErGO,
cac dinh tai 20 cua 31,7° 34,4°;, 36,2°, 47,5° 56,5°, 62,9° va 67,8°
duogc gan cho cac mat mang (100), (002), (101), (102), (110), (103),
(200) va (112) cho cau trac ZnO loai wurtzite. Cac dinh & goc 20 1a
24,5 ° va 42,8° dugc gan cho mit phang (002) va (102) ctia cdu tric
ErGO. Diéu nay 1a minh chimg cho thiy ring qué trinh khir GO vé
ErGO la rd rang. Nhiing két qua nay cho thay su hinh thanh cta hop
chat ZnO/ErGO. Mit khac, hinh 3.3.b trinh bay cac pho Raman ciia
ErGO va ZnO/ErGO ¢ nhiét d6 méi truong xung quanh xuét hién hai
peak & s6 song 13107 va 1582 cm™ thé hién cac dai cdu triac D va G
ctia carbon trong rGO. Dai G dugc gan cho kiéu Es, c6 kha ning
trong phd Raman va cho thdy sy ton tai cua cdu trac sp® cia carbon.
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Dai D thé hién su hién dién cta cac 16p than lead hinh luc giac. So
sanh v6i ErGO, ZnO/ErGO thé hién sy thay ddi vé sb song 1a 5 cm™!
va 3 em™ cho cac dai D va G. Gia tri du tién lién quan dén s6 16p
giam, va gia tri thir hai lién quan dén sy twong tac hoa hoc gitta ZnO
va ErGO trong vat liéu to hop. Ty 18 cuong d6 In/Ig nho cho thay
mot s khuyét tat trong ZnO/ErGO. So vé6i ErGO (Ip/ls = 1 18)
ZnO/ErGO c6 ty 1 nay 1a 1,05, cho thiy sy tham gia cta cac cau
tric sp? cua carbon do su ¢6 mat ctia ZnO trong ZnO/ErGO. Do do,
diéu nay xac nhan sy hinh thanh cta vat liéu to6 hop ZnO/ErGO.

b) Cac dic tinh vé céu tric ciia ErGO, ZnO va ZnO/rGO da
duogc danh gia tu dit liéu vé cac duong dang nhiét hap phu-khi nito.

0.35 b)
1500 ZnO/ErGO
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Relative Pressure / P.P;! Pore Width / nm Z'/ Ohm

Hinh 3.4. Duong déng nhiét hip phu-khtr hap phu nito (a), duong
cong phan b (b) cia ZnO, ErGO, and ZnO/ErGO va phd tong tré
cua GCE va ZnO/ErGO-GCE (c¢).

Trén hinh 3.4.a, ErGO thé hién kiéu hap phu-khir nito loai IV
v6i vong lap tré loai H-2, trong khi ZnO va ZnO/ErGO cho thay
vong lap tré loai H-3 theo phan loai IUPAC. Dién tich bé mit cu thé
cua ErGO, ZnO va ZnO/ErGO tuong mg 1a 108,7 m%.g™!, 20,8 m*.g"
"'va 74 mig . Sy giam dang ké vé dién tich bé mit cu thé cua
ZnO/ErGO so véi ErGO cho thﬁy ZnO va ErGO hinh thanh mot vat
lidu to hop trong qua trinh thily phan nhiét. Tir hinh 3.4.c, cho thiy
rang GCE c6 gia tri R. 1a 3212 Q, trong khi gia tri R, thu duoc cho
vat liéu to hop ZnO/ErGO giam déng ké tir 3212 Q xudng con 924
Q. Vi vay, két qua nay cho thiy ty 1¢ truyen dién tich nhanh vé mat
dong hoc dbi véi dién cuc dugce bién tinh bang ZnO/ErGO.

¢) Phuong phap hién vi dién tir quét (SEM) va phd tan xa ning
luong tia X (EDX)

Céc két qua phan tich tir hinh 3.5, hinh 3.6 va hinh 3.7 cho
thdy da tong hop thanh cong vat liéu t6 hop ZnO/ErGO.


https://vi.wikipedia.org/wiki/T%C3%A1n_x%E1%BA%A1
https://vi.wikipedia.org/wiki/N%C4%83ng_l%C6%B0%E1%BB%A3ng
https://vi.wikipedia.org/wiki/N%C4%83ng_l%C6%B0%E1%BB%A3ng
https://vi.wikipedia.org/wiki/Tia_X
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Hinh 3.6. Anh SEM (a), pho tan xa nang luong tia X (b) va ban dd su
phan bd clia cac nguyén td ctia vat liéu to hop ZnO/ErGO (c, d va e).

x 0.001 cps/eV

Element Mass/%  Atom/%
Carbon 73.82 81.78
Oxygen 2052 17.06
Zn
| Zinc 5.66 LIS
Sum 100 100
1 T T T — T T T T
2 a 6 8 10 12 14 16 18 20

Energy [keV]

Hmh 3. 7 Anh SEM (a) pho tan xa nang luong tia X (b) va ban dd su
phan b cua cac nguyén t6 cua vat liéu td hop ZnO/ErGO duoc chup
trén bé mit GCE (c, d va e).
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3.1.1.3. Ddac tinh dién hoa cua cac loai dién cuc lam viéc
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Hinh 3.8. Cac duong CV (A) cta hé [Fe(CN)s]*** va cac dudng DP-
ASV ctia Pb(II) va Cd(II) (B) ctia bdn dién cyc GCE, ZnO-GCE,
ErGO-GCE va ZnO/ErGO-GCE.

Gia tri AEp (AEp = Eps — Epc) lan luot cua bdn dién cuc 1a
giam dan (hinh 3.8.A). Mit khac, & hinh 3.8.B cuong d6 dong dinh
cia Pb 4,228 pA va Cd 5,658 pA 1a cao nhat dbi v6i dién cuc
ZnO/ErGO-GCE so v&i ba loai dién cuc khac. Cu thé, dién tich bé
mat dién cuc ZnO/ErGO-GCE gép 2,5 1an so véi dién cuc GCE, gép
1,2 1an dién cuc ZnO-GCE va gap 1,3 lan dién cyc ErGO-GCE. Do
vay, dién cuc ZnO/ErGO-GCE c6 tinh kha thi dé xac dinh dong thoi
Pb va Cd. Piéu nay con dugc thé hién khi xac dinh dién tich bé mait
hoat dong cua cac loai dién cuc (bang 3.1).

3.1.2. Téng hop vit liéu AuNPs/ErGO
Dién cyc than thity tinh dugc thuc hién theo hai bude dé thu

dugc dién cuc bién tinh AuNPs/ErGO-GCE (hinh 3.9).
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Hinh 3.9. Cac duong von-ampe vong khir GO thanh ErGO (A) va
khtr Au(Ill) thanh AuNPs (B).



Két qua nay cho thdy AuNPs d hinh thanh trén ErGO-GCE.
3.1.2.2. Ddc trung vit liéu
a) Pho nhidu xa tia X va ph6 hong ngoai FT-IR:
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Hinh 3.10. Pho XRD (A) va phd FT-IR (B) cua bdn loai vét liéu GO,
ErGO, AuNPs/GO va AuNPs/ErGO.
Két qua thu dugc & hinh 3.10 cho thiy sy hinh thanh vat liéu

tong hop AuNPs/ErGO.
b) Ph6 Raman:
120004
o — GO N
— 10000 b 7 —Erco Hinh 3.11. Pho Raman
E] 1591 [=] AuNPs/GO . .
% 5000 1352 AuNPs/ErGO Cﬁa 4 102_11 Vét héu GO,
. M ErGO, AuNPs/GO va
g | j\\j@ AuNPS/ErGO.
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Ph6 Raman ¢ hinh 3.11 cua bdn loai vat liéu theo thir tu 1a
GO, ErGO, AuNPs/GO va AuNPs/ErGO. Cac ty 1€ cua dai D va G
lﬁn llIQ't la Ip/lc (GO) = 0,840, Ip/lg (ErGO) = 0,898, Ip/lg (AuNPs/GO) —
0,952 va Ip/ls (aunpsErcoy = 1,072, Nhu vay, so voi vat liéu GO thi cac
ty 1€ Ip/lg cua cac vat liéu ErGO va AuNPs/ErGO sau qué trinh khi
dién hoa déu gia ting dang ké. Diéu nay minh ching cho sy tai lap
mang ludi graphenee lién hgp Csp? sau khi qué trinh khir GO.

¢) Anh SEM-EDS-Mapping:

Két qua phé EDS cho thy ty 1é C:0 = 7,2, ching t6 ring qua
trinh khir GO bang phuong _phap dién hoa da khir manh cac nhom
chirc chtra oxygen, thanh phan ctia nguyén td nitrogen chiém 2,73 %
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c6 thé do trong qua trinh tong hop bi nhiém ban hodc/va ria khong
sach. O hinh 3.13.D, hat vang da xuat hién trén nén ErGO véi kich
thudc va phan bd kha dong déu c6 thanh phan chiém 1,29 % khdi
lugng. Nhiing Kkét qua nay xac nhan viéc ché tao thanh cong dién cuc
Au/ErGO-GCE.

Element | Weigh, % | Atomic, %
Carbon 84,24 88,23
Oxygengen 11,74 9,23
Nitrogen 273 2,45
Gold 1,29 0,08
Total 100,00 100,00
24 ps/eV.
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Hinh 3.12. Anh SEM (A), ph6 EDS (B) va anh mapping (C) (D) (E)
(F) cia cac nguyén tb trong vat liéu composite AuNPs/ErGO.
d) Anh HR-TEM

Phan bé kich thiroe.

S
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Hinh 3.13. Anh HR-TEM (A) gian do béc thang va fitting bing ham
Gaussian (B)

_ Qua anh HR-TEM nhén thé}{ cac hat AuNPs phéan b6 kha dong

déu trén tam ErGO. Qua gian d6 béc thang va fitting bang ham

Gaussian nhan thay kich thudc hat AuNPs trung binh 1a 10 - 20 nm
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va do léch chuan (Sd) twong tmg 1a 2,55 nm. Diéu nay mot lan nira
khrflng dinh r?mg da téng hop duoc AuNPs/ErGO trén dién cuc nén
GCE bang phuong phap dién hoa, va thuan loi cho viéc xac dinh ion
Hg trong nudc bang phuwong phap von-ampe hoa tan anode.
3.1.2.3. Khao sat va lwa chon dién cuc lam viéc

Cac dién cuc lam viéc dugc khao sat bao gém: GCE, GO-
GCE, ErGO-GCE, AuNPs/GO-GCE va AuNPs/ErGO-GCE.

250 ~

soo]  PA=2738v12417.11,R2= 0.9965 Hinh 3.14. Cac duong hoi
1501 quy tuyén tinh /p theo v'*?
100 o : . . . .
50 (inset, cac duong CVs tai
<:L b 50805 NSIVS‘&/ , e n , YO
S o Ry — cac toc do quét the tr 0,05

-50 4 .0E-04 ﬂ _ A _ A
] J V.s1dén 0,40 V.s) doi
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2001 o =-277.4v12 1679, R* = 0.9989 AuNPs/ErGO-GCE.

-250
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Béang 3.2. Cac thong so cua ndm ki€u dién cuc

Kiéu dién cwe | Aanode (ém?) | Acathode (cm?) [A1e (cm?)| Ipa / Iec® | R, (Q)
GCE 0,034 0,032 0,033 |1,00+£0,01| 109,8
GO-GCE 0,027 0,027 0,027 10,97 +0,01| 1551,0
ErGO-GCE 0,045 0,044 0,045 10,99 +0,02| 867,1
AuNPs/GO- 0,063 0,066 0,065 (0,99 +0,02( 688,4
GCE

AuNPs/ErGO-| 0,074 0,075 0,075 (0,99 £0,01/ 130,8
GCE

A:dién tich bé mdt hoat dong dién héa; @: Arg + Sq (n = 6)

Két qua ¢ hinh 3.14 va bang 3.2 cho thay vat liéu
AuNPs/ErGO c6 gia tri R, 1a nho nhat (130,8 Q) va dién tich 16n
nhit (0,075 cm?) va do dé, thiic day nhanh qua trinh chuyén dién tir
va ting cuong do dan dién cua vat liéu. Tir cac Kkét qua dién tich hoat
dong dién hoa va dién tro chuyén dién tich, vat liéu AuNPs/ErGO
duoc lya chon bién tinh dién cuc than thay tinh dé xac dinh Hg trong
nude bang phuong phap von-ampe hoa tan anode.
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3.2. XAC PINH PONG THOI Pb VA Cd TRONG NUOC
3.2.1. Xac dinh ddng thoi Pb va Cd biang phwong phap SqW-
ASV sir dung dién cuc bién tinh ErGO/GCE
3.2.1.1. Anh hwéng ciia thé dién phan lam gidu

Qua mét s6 thi nghiém thtr nghiém va tham khao tai li€u, cac
thé dién phan khao sat tir -0,80 V dén -1,20 V. Hinh 3.16, cho thay
khi Epep dich chuyén vé phia am hon thi /p ting dan va dat cuc dai ¢ -
1,10 V ddi véi Pb, Ip: 22,19 + 0,69, RSD 2,99 %. Ddi véi Cd c6 ting
nhung khong nhiéu véi Ir: 4,00 + 0,14, RSD 3,55 %. Tai cac thé -
0,80 V va -0,85 V, Ip cia Cd giam dang ké va cta Pb it thay ddi. Tai
Ebep 12 -1,20 V Ip ciia Pb giam va Ip ctia Cd ting khong dang ké. Dé
tranh mot sb ion kim loai ¢6 trong dung dich cling bi dién phan lam
giau do d6 Epep -1,10 V 1a thich hop.
3.2.1.2. Anh hwéng ciia thoi gian dién phéan lam gidu

Lua chon khao sat khoang fpe, tir 60 s dén 300 s. Két qua ¢
hinh 3.17 cho thay dong dinh hoa tan ctia Cd va Pb c6 su khac nhau
rat 13 rang. Dbi voi Pb khong c6 sy ting tuyén tinh gitra Ip va fpep.
Khi fpe, dao dong tir 180 s dén 300 s, Ip ciia Pb ting kha cham.
Nhung d6i v6i Cd, giita Ip va fpep ¢6 sy ting tuyén tinh. Diéu nay cho
thiy ¢ cing ndng do 1a 25 pug/L, nhung Pb c6 dong dinh hoa tan cao
hon nhiéu, chung t6 do nhay hoac lugng Pb trén bé mit dién cuc
bién tinh v6i ErGO ciia Pb 16n. Do vay, khi fpe, 16n hon 180 s thi p pp
tang cham. Pé thuan loi cho viéc dinh luong ciling nhu thoi gian phan
tich, thoi gian dién phan lam giau lya chon 1a 180 s.
3.2.1.3. Anh hwéng ciia bién dé xung

Cac gia tri bién d6 xung AE dugc khao sat tur 10 mV dén 50

mV va duoc trinh bay & hinh 3.18. Két qua thuc nghiém cho thiy,
khi AE cang tang thi I» ctia Cd va Pb déu ting (hinh 3.18.a). Su gia
ting déu c6 xu thé ting tuyén tinh dbi voi Pb. Ngoai ra, Ippy ting
nhanh hon so v&i Ip.ca diéu nay duoc thé hién ¢ hé sé goc, phuwong
trinh (3.3) va (3.4) d6i véi bién d6 xung AE dugc khao sat tir 10 mV
dén 40 mV. Nhung khi 4E 14 50 mV thi di véi Cd khong gia ting
ma giam so voi 4E 1a 40 mV. Do d6, 4E dugc lya chon 1a 40 mV.
3.2.1.4. Anh huéng cua tan so song vuong

Két qua khao sat tan s6 tir 10 Hz dén 50 HZ duoc chi ra &
hinh 3.19. Qua d6 nhén thiy gitra /r ciia Cd va Pb ting kha tuyén tinh
véi fvéi cac hé sb xac dinh cao. Tuy nhién, tai f= 50 Hz Ipp, c6 sai
sb qua 16n voi RSD 14,6 %. Trong khi d6 tai /= 40 Hz, tin hiéu /»
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cua Cd va Pb van dii 16n va RSD déu nho va cu thé 1a 1,5 % va 3,6 %
d6i voi Cd va Pb. Do d6, tan sé song vudng 1a 40 Hz duoc lya chon
cho cac thi nghiém tiép theo.

3.2.1.5. Panh gia d¢ tin cdy cua phuong phap SqW-ASV

Khoang ndng d6 cua ion Cd va Pb duoc khao sat tir 10 pg/L
dén 150 pg/L trong dung dich dém acetate, pH 5,0 v6i cac didu kién
thi nghiém da Iya chon. Hinh 3.20 chi ra rang, ddi véi Pb co hai
khoéang tuyén tinh rat 1 rét 1a tir 10 pg/L d&én 50 pg/L va tir 50 pg/L
dén 150 pg/L véi cac phuong trinh hdi quy tuyén tinh sau:

Ir (LA) = (-6,23 + 13,40) + (1,664 £ 0,404) Cpp (ug/L), R = 0,9914 (3.8)
Ip (BA) = (56,58 £ 4,14) + (0,338 £ 0,039) Cpp (ug/L), R = 0,9980 (3.9)

Qua (3.8) va (3.9), nhan thiy ¢ khoang ndng do thip c6 do
nhay cao hon gép 5 lan & nong do cao. Hién tuong nay cd the la do
khi ndng do cta Pb cao trong dung dich s& duoc lam giau gan béo
hoa trén ErGO/GCE. Trong khi d6, v6i Cd chi ¢c6 mot khoang tuyén
tinh v&i phuong trinh la:

Ip (A) = (-4,92 % 1,63) + (0,40 % 0,02) Cca (ug/L), R =0,9984 (3.10)

Nhu vdy, so v6i cing khoang nong d6 thap tir 10 pg/L dén 50
ug/L do nhay ctia Pb van 16n hon cia Cd gap 4 lan. Két qua thuc
nghiém cho thay dién cyc bién tinh vé6i vat lidu ErGO 1a rt nhay véi
viéc xac dinh Pb. Theo [133], sir dung & khoang ndng do thip di xac
dinh dugc gidi han phat hién (LOD) dua vao quy tic 3o cu thé 14,
véi Cd: 4,87 ug/Lug/L va Pb = 7,24 ug/L.

Do 1ap lai ciia cuong do dong hoa tan dugc danh gia qua do
léch chuén tuong ddi thuc nghiém (RSDgy,., %) va do 1éch chuéan
tuong dbi tinh theo ham Horwitz (RSDy) tai cic Cwean dugc lwa
chon. Hai thi nghiém dwoc bé tri véi nong d6 cua Cd va Pb khac
nhau nhu sau, thi nghi€ém 01 (TN1): Ccq =20 pg/L va Cp, = 10 ug/L;
thi nghiém 02 (TN2): Ccq =40 pg/L va Cpp, = 20 pg/L.

Két qua sau 07 1an do lap lai d6i v6i cac thi nghiém la:

TN 1: Ipca= 3,85+ 0,36, RSD = 9,5 % va Ippp, = 6,24 £ 0,48, RSD =77 %
TN 2: Ipcqa= 13,68 £ 1,26, RSD =9,2 % va Ippp = 12,45 £ 0,67, RSD =5,4 %

Gi4 tri RSD thuc nghiém ctia Cd va Pb déu nho hon '/,RSDy &
ba ndng do. Piéu nay ching t0 do lap lai 1a chap nhan duoc.
3.2.1.6. Ap dung phan tich mau that

Két qua & ‘bang 3.3 cho thdy, voi phuong phiap SqW-ASV
dung dién cuc bién tinh ErGO-GCE khéng xac dinh dugc Cd va Pb
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trong nudc may. Mit khac, khi thém chat chuan Cd va Pb vao méu
nude may lan luot 13 5 pg/L va 10 pg/L, d6 thu hdi cua Cd va Pb cu
thé 12 93 + 5 % va 97 + 13 sau 03 1an do. Nhu véy 1a hoan toan chap
nhan duoc, hay noi cach khac 1a d6 dung tbt. Qua cac danh gia do tin
cdy cua phuwong phap cho thdy phuong phap SqW-ASV dung dién
cuc bién tinh ErGO-GCE c¢6 tiém ning xac dinh Cd va Pb trong nudc
voi giol han phat hién LOD cia Cd 1a 4,87 pg/L va Pb 1a 7,24
png/Lug/L.
3.2.2. Xdc dinh déng thoi Pb va Cd bang phwong phdip DP-ASV sir
dung dién cwe bién tinh BiF/ErGO-GCE
3.2.2.1. Anh hurong cuia thé tich vt liéu graphene oxide va nong do Bi(Ill)

Tién hanh khao sat thé tich vat liéu GO (Img/mL) bién tinh
dién cyc GCE véi day thé tich vat liéu 2; 4; 6; 8; 10 pL va khao sat
nong d6 Bi(III) trong dung dich phan tich tir 50 pg/L dén 250 pg/L.

Hinh 3.22.a cho thiy tin hiéu dong dinh hoa tan cta Cd va Pb
déu dat cuc dai khi thé tich vat liéu bang 4 pL (GO 1,0 mg/L) c6 sai s6
nhé voi RSD tuong tng 13 1,17% va 7,55% ddi véi Cd va Pb. Khi
tang thé tich vat liéu 1én dén 6,0 pL thi I» ciia Cd va Pb giam va sai s6
16n. Thé tich vat liéu GO duoc lya chon thich hop cho cac thi nghiém
tiép theo 1a 4 pL. Két qua & hinh 3.22.b cho thiy khi ting nong do
Bi(III) tir 50 pg/L dén 250 pg/L thi I ctia Cd va Pb déu dat cuc dai &
150 pg/L véi @6 1éch chuén tuong ddi thap 1,67% véi Cd va 0,84%
v6i Pb. Véi két qua nay, nong d6 Bi(IIl) 150 pg/L 1a thich hop.
3.2.2.2. Anh hwéng ciia thé dién phan va thoi gian lam glau

Tin hiéu hoa tan ctia Cd va Pb ting manh khi thé giam tir -0,8
V 1én -0,9 V nhung khi thé 4m dan tir -0,9 V dén —1,3 V thi cudong do
dong dinh hoa tan cia Cd ba Pb giam dan (Hinh 3.23.a). Qua két qua
thi nghiém gia tri thé lam giau —0,9 V duogc lya chon. Trong hinh
3.23.b, thi gia tri /p cia Cd va Pb déu dat cuc dai & 240 s va co do lap
lai t6t v6i RSD 1a 1,9% va 3,9% ddi véi Cd va Pb. Do d6 gia tri thoi
gian lam giau 240 s dugc chon dé thuc hién cac thi nghiém tiép theo.
3.2.2.3. Anh hwéng ciia bién dé xung

Dong dinh hoa tan ctia Cd va Pb tang dén va dat cuc dai & AE 1a
120 mV (Hinh 3.24), nhung tin hiéu hoa tan ciia Cd va Pb ¢6 d6 lap lai
khong tot. Tai 100 mV thi tin hiéu hoa tan Cd va Pb cao voi RSD ddi
voi Cd va Pb1a 1,9 % va 2,5 %. Vi vay, bién d6 xung 1a 100 mV dugc
lua chon 1a thich hop.
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3.2.2.4. Banh gia d¢ tin cdy cua phuong phdap DP-ASV

Qua hinh 3.25 cho thay, khi nong d6 ting dan tir 5 pg/L dén 30
pug/L thi dong dinh hoa tan ting tuyén tinh v6i nong d6 ciia Cd va Pb.
Két qua gi6i han phat hién twong tmg cua Cd va Pb 1a: 1,50 pug/L va
1,39 pg/L va gidi han dinh lugng 1a: 5,01 pg/L va 4,65 pg/L.

Két qua xac dinh do lip lai cia dong dinh hoa tan cua Cd va
Pb thong qua thong s6 d6 1éch chuan twong ddi (RSD) & ba cip nong
d6 1a (20 pg/L valo pg/L) 1a 1,9 % va 2,0 %; (40 ug/L va 20 pg/L)
15,3 % va 2,7 % va (60 pug/L va 30 ng/L) 14 2,2 % va 2,5 %. Tat ca
cac gia tri RSD déu nhé hon !/, RSDy tai cic ndng do twong tng
[156]. Nhu vay, do 1ap lai ctia dong dinh hoa tan ctia Cd, Pb khi sir
dung dién cuc bién tinh BiF/ErGO-GCE trong phuong phap DP-
ASV la rat tbt (hinh 3.11.a, b, ¢). Két qua nay cho thiy phuong phap
DP-ASV sir dung dién cuc bién tinh BiF/ErGO-GCE c6 tiém ning dé
xac dinh dong thoi Cd va Pb trong nudc.
3.2.2.5. Ap dung phdn tich mdu thdt

Qua bang 3.6, ham luong Cd va Pb trong hai mau nudc song
déu thap hon giéi han phat hién va rat thap so véi gia tri nong do tdi
da cho phép trong nudc sinh hoat theo QCVN 08MT:2023/BTNMT.
Mit khac, két qua phan tich ham luong lead va cadmium bang
phuong phép ICP-MS ciing khong phat hién dugc. Nhu vay, phuong
phap DP-ASV sir dung dién cuc bién tinh BiF/ErGO-GCE la dang
tin cay. Két qua danh gia do tin cdy cho thdy phuong phap phén tich
DP-ASV sir dung dién cuc bién tinh BiF/ErGO-GCE c6 kha ning
xac dinh dong thoi Cd va Pb trong mau nudc véi do chinh xéc cao va
giéi han phat hién (LOD) thap, 1an luot 1a 1,50 pg/L di voi Cd va
1,39 pg/Lug/L dbi véi Pb. Cac gia tri nay thip hon dang ké so véi
phuong phap SqW-ASV st dung dién cyc ErGO-GCE, voi LOD lan
luot 14 4,87 pg/L cho Cd va 7,24 pg/L cho Pb, cho thay su cai tién rd
rét v& do nhay khi 4p dung dién cuc bién tinh BiF/ErGO-GCE dé
phan tich dong thoi Cd va Pb.
3.2.3. Xdc dinh déng thoi Pb va Cd bang phwong phdip DP-ASV sir
dung dién cuwe bién tinh ZnO/ErGO-GCE
3.2.3.1. Anh hieomg ciia thé tich vit liéu

Khao sat thé tich dung dich huyén phu ZnO/GO tir 2,5 puL

dén 12,5 pL 1 mg/mL dwoc nho giot 1én bé mat GCE. Sau do, tién
hanh khtr biang phuong phap CV trong dung dich dém PBS 0,1 M,
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pH 7,0. Thé tich vat liéu ZnO/GO anh huéng dang ké dén viéc bién
tinh dién cuc, ¢ hinh 3.27 cho thay, tai thé tich 5 uL ZnO/GO, I cua
Pb va Cd dat cuc dai. Tuy nhién, khi tiép tuc ting thé tich ctia huyén
phit ZnO/GO thi Ip déu giam, trong d6 Ir ciia Pb giam manh. Vi vay,
thé tich 5 pL ZnO/GO dugc lua chon cho céc thi nghiém tiép theo.
3.2.3.2. Anh hwéng ciia pH

D¢ tranh xay ra hién twong thiy phan va hinh thanh cac
hydroxide cua ion Pb va Cd do d6, tin hi€éu hoa tan trong phuong
phap DP-ASV sur dung dién cuc bién tinh cta cc ion Pb va Cd duoc
tién hanh khao sat gia tri pH tu 2,4 dén 6,5 cua dung dich dém
acetate (HAc va NaAc). Tai cac gia tri pH tu 2,4 dén 5,5, Ip cia Pb
va Cd tang dan va dat cuc dai tai pH 5,5. O cac gia tri pH thap, dé
x4y ra qua trinh proton héa cac nhém chuc nhu —COOH va —OH
trén vat liéu ErGO va lam giam kha nang lam giau kim loai. Khi gia
tri pH 16n, kha ning hinh thanh két tua hydroxide kim loai va phirc
anion cta ion kim loai v6i nhom hydroxide ciing han ché dén viéc
lam giau Pb va Cd trén bé mat dién cuc lam viéc. Nhu vay, pH 5,5 1a
thich hop cho cac nghién ctru tiép theo.
3.2.3.3. Anh hwéng ciia mot sé théng sé ky thudt do

Thé 1am giau duoc khao sat trong khoang tir -0,8 V dén -1,3
V. Hinh 3.29.A, cho két qua gié tri /» ctia Pb va Cd kha cao va dat
duge ¢ -1,1 V dbi voi lead (9,903 pA) va -1,2 V dbi v6i Cd (4,690
tA). Tai thé -0,8 V, I ciia Cd 14 rat thip (0,925 pA) giam gan 5 lan.
Két qua nay 1a do Ep., gan véi thé dinh hoa tan ctia Cd (E),ca: -0,76
V) va do do, qua trinh lam giau khong c6 hiéu qua. Mat khac, khi
tang thé lam giau qua am trén dién cuc bién tinh, c6 thé xay ra su
thoat khi hydro trén bé mat dién cuc. Diéu nay dan dén qué trinh lam
gidu va hoa tan bi anh huong nhidu. Ngoai ra, dé khong lam giau mot
s6 kim loai anh huéng nhu nickel (Ni), cobalt (Co) va zinc (Zn), thé
dién phan lam giau duoc lua chon 1a -1,2 V. Tang thoi gian lam giau
tir 60 s dén 150 s, Ip cia Cd va Pb tang rat tuyén tinh v6i hé s xéc
dinh 1an luot 14 0,982 va 0,997. Khi tang thoi gian lam giau 16n hon
180's, gia tri /p tang khong dang ké dbi voi Cd nhung /p cia Pb van
tang tuyén tinh. Song, voi muc dich xac dinh ddng thdi Pb va Cd va
giam thoi gian phan tich, #p, 120 s 1a thich hop. Trong khoéang tir 10
mV dén 50 mV, I» cia cadmium va lead ting tuyén tinh khi AE tang.
Su gia ting nay 1 hoan toan phi hop véi 1y thuyét. Nhung khi gi tri
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AE tr 60 mV va 16n hon, thi I cia cadmium ting khong dang ké,
nguoc lai I, cua lead van ting, song tang khong nhiéu. Do d6, gia tri
AE dugc lya chon cho cac thi nghiém tiép theo 1a 50 mV.
3.2.3.4. Anh hu’ong clia mot sé chdt can tré

Vi nong d6 cta Cu(NOs), (100 pg/L) va Zn(NOs), (200
pg/L) anh huong kha manh dén I hoa tan ctia cadmium va lead.
Diéu nay c6 thé 1a do & thé lam gidu -1.2 V ca ion Zn(IT) va Cu(Il) s&
dugc 1am giau 1én bé mit dién cuc bién tinh. Sau khi 1am giau, dic
biét v6i cadmium rat dé tao thanh hop chét gian kim loai, nhu Zn-
Cu, Cu-Cd va do d6, lam tin hiéu cta cadmium giam dang ké. Dbi
v6i lead ciing giam c6 thé 1a do cac hop kim nay chiém céc vi tri hoat
dong cua dién cuc bién tinh. Mudi MgCO; (400 pg/L) ciing anh
hudng nhidu véi lead. Hién tuong nay duogc gidi thich 1a do ion Pb
tao phirc kha bén véi anion COs2 (logKz, Pb(COs)2*: 9,09) va vi vay,
cling anh huéng dén qué trinh lam giau lead trén bé mit dién cuc.
Cac mudi nhu, AI(NOs); (400 pg/L), KNO; (400 pg/L), NaCl (400
png/L) va Mohr (NH4)2.FeSO4.6H,0 (200 pg/L) gan nhu khong anh
dén dong dinh hoa tan ciia cadmium va lead.
3.2.3.5. Banh gid phuwong phap DP-ASV
a. Khodng tuyén tinh va giéi han phat hién

Phuong phap DP-ASV véi cac didu kién thi nghiém thich hop

da duoc lua chon dé xac dinh d(‘3ng thoi va riéng 1€ Pb va Cd dung
dién cuc bién tinh ZnO/rGO-GCE véi nong d6 ting dan trong dung
dich dém acetate 0,1 M (pH 5,5) tir 2,5 pg/L dén 200 pg/L. Nhu &
hinh 3.32.B cho thdy khi nong d¢ ting dan tir 2,5 pug/L dén 200 pg/L
thi dong dinh hoa tan ting tuyén tinh véi ndng do ciia Pb va Cd. Nhu
vay, khoang tuyén tinh c6 thé st dung cho viée xac dinh dong thoi Pb
va Cd duoc trong khoang ndng do tir 2,5 pug/L dén 200 pg/L khi sir
dung dién cyc bién tinh ZnO/rGO-GCE tng v&i hai dudng chuan:
Cd: tir 2,5 dén 200 pg/L: Ir (uA) = = (-1,143 + 0,680) + (0,179 +

0,008) Ccq (ug/L);  R>=10,9952 (3.14)
Pb: tr 2,5 dén 200 pg/L: Ip (HA) = (-0,693 + 0,395) + (0,2664 +
0,005) Ceb (ug/L); R%=0,9993 (3.15)

Tir cic két qua & hinh 3.32, giéi han phat hién (LOD) lan
luot 12 0,45 pg/L d6i voi Cd va 1,69 ug/L ddi véi Pb.

Dong thoi, tién hanh céac thi nghiém va xay dung cac phuong
trinh hdi quy tuyén tinh trong hai truong hop; trudng hop 1: ¢b dinh
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Crp 40 pg/L va thém chuan Cd tir 2,5 pg/L dén 200 pg/L; truong hop
2: ¢ dinh Ccq 40 pg/L va thém chuan Pb tir 2,5 ug/L dén 200 pg/L.
Két qua cho thay khi thém dén timg ion Cd hay Pb thi I» ctia kim loai
kia thay d6i khong dang ké. Cu thé Ir cia Pb 40 pg/L 1a 12,49 pA
v6i d6 léch chuan twong dbi 1a 7,9 % va I cia Cd 40 pg/L 1a 7,07
HA v6i d6 léch chuan twong ddi 1a 12,5 % so véi '/-RSDy 12,6 %.
Két qua khi xac dinh d6 nhay trong trudng hop riéng 1é gan xip xi
véi d6 nhay thu dugc khi xac dinh df"mg thoi (0,147 so véi 0,140
nA.L/ug d6i v6i Cd va 0,283 so voi 0,215 pA.L/pg d6i véi Pb). Nhu
vay, cac phan Ung dién hoéa cua Cd hodc Pb trén dién cuc
ZnO/ErGO-GCE rd rang la doc lap, khong c6 sy tuong tac qua lai
vO1 nhau va hoan toan ch?ip nhan dugc. Voi cach xac dinh ddc lap,
cac gia LOD 1a 0,53 pg/L véi Cd va 0,60 pg/L véi Pb.
b. Do lap lai

Do 1ap lai ctia dong dinh hoa tan (Ip) ddi v6i Cd va Pb duge
tién hanh & ba ndng do khac nhau 1 10 pg/L, 40 pg/L va 100 pg/L
v6i cac diéu kién thich hop. Tai mdi ndng d6 do 1ap lai 09 lan. Tur két
qua & hinh 3.34 cho thdy, gia tri RSD cta cadmium va lead l1an luot
1a: 1,7 % va 7,3 % v6i nong d6 10 ug/L; 3,50 % va 3,80 % véi nong
d6 40 ug/L va 6,0 % va 3,2 % véi nong do 100 pg/L. Néu so véi
1,RSDy ¢ 10 ug/L, 40 ug/L va 100 pg/L twong ung 13 16,0 %, 13,0
% va 11,3 % thi hoan toan chép nhén dugc. Nhu vay, d6 1ap lai cta
Ip d6i v&i Cd va Pb 1a hoan toan chip nhéan dugc.
3.2.3.6. Phan tich mdu thuc té

Phuong phap DP-ASV diing dién cuc bién tinh ZnO/ErGO-
GCE xac dinh dong thoi Cd va Pb trong ba mau nuéc theo phuong
phap thém chuén véi gia tri 6 thu hoi dao dong tir 88 % dén 107 %
1a hoan toan chap nhan dwoc khi dbi chiéu véi AOAC tai nong do
thém chuin chit phan tich 1a 5 pg/L va 10 pg/L. D6 ding cua quy
trinh phén tich ciing dugc danh gia qua viéc so sanh vdi phuong
phap tiéu chuén ICP-MS. Két qua so sanh hai phuong phap DP-ASV
va ICP-MS da duoc danh gia qua chuin Student. Két qua & bang 3.9
cho thay, khi so sanh véi gid tri chuan Student 14 3,182, thi cac gia tri
tThye ngniem déU nhO hon. Nhu véy, két qua xac dinh dong thoi Cd hay
Pb trong mau that thém chuén bang phuwong phap DP-ASV st dung
dién cuc bién tinh ZnO/ErGO-GCE so v6i phuong phap ICP-MS 1a
hoan toan chdp nhan vé mit thong ké. Qua danh gia do tin cay cua
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phuong phéap va so sanh v&i phuong phép chuan ICP-MS, két qua
cho thay phuong phap DP-ASV sir dung dién cuc ZnO/ErGO-GCE
xac dinh Pb va Cd trong nudc c6 tiém ning véi gioi han phat hién
thap (0,454 pg/L d6i véi Cd va 1,693 pug/L Pb) va do lap lai, d6 ding
t6t. Ngoai ra, dg thu héi clia cam bién ZnO/ErGO-GCE trong khoang
88 % dén 107 % phu hop véi tiéu chuan AOAC, cho thay kha ning
chinh xac va d¢ tin cdy cao khi phan tich cac m5u phuc tap. Tt so
sanh voi mot s nghién ctru trong va ngoai nudc, phuong phap DP-
ASV sir dung dién cyc ZnO/ErGO-GCE khong chi cung cip pham vi
tuyén tinh rong va gii han phat hién thap, ma con dam bao 6 lap lai
va do chinh xac cao, cho thiy tlem nang ung dyng rdng réi trong
phat hién dong thoi Pb va Cd & nong do vét trong cac mau nudc.
3.2.3.7. Khao sat do tai lap cua dién cuc bién tinh

Dé kiém tra do tai 1dp cua dién cuec, chuin bi nam dién cuc
ZnO/ErGO-GCE theo cach twong tu va kiém tra cac dién cuc bang
phuong phap DP-ASV trong dung dich dém ABS 0,1 M ¢ pH 5,5
(hinh 3.35a). MB&i thi nghiém duoc do lip lai bén lan (b6 qua phep do
dau tién). Gia tri RSD cta nim dién cyc khic nhau nim trong
khoang tir 2,2 % dén 4,6% dbi voi Cd va tir 0,4 % dén 1,8 % dbi véi
Pb. Cac gia tri RSD nay nho hon nhiéu so véi gia tri 1/zRSDH 6 40

ug/L Cd (13,0 %) va 10 pug/L Pb (16,0 %), cho thay kha nang tai 1ap

ctia dién cuc bién tinh ZnO/ErGO- GCE duoc dé xuat 1a c6 thé chép
nhén duoc. Dbi voi thir nghiém do o0 on dinh bang cach sir dung cung
mot dién cuc dd duge bién tinh va do céc duong DP-ASV cho cung
mot dung dich, mdi lan do lap lai bdn 1an va bo 1an do dau tién. Sau
mdi phép do, dién cuc lam viéc duge bao quan trong dung dich dém
phosphate ¢ nhiét 3§ 4°C trong tu lanh va dugc do lién tuc trong nam
ngdy, mdi ngay thuc hién do mot 1an. Gia tri RSD giam lan luot 14
4,4 %, 5,3 % va 5,3 %, cho théy dién cuc c6 do on dinh tot.
3.3. XAC PINH Hg TRONG NUOC BANG PHUONG PHAP
VON-AMPE HOA TAN ANODE XUNG VI PHAN SU DUNG
PIEN CU'C BIEN TINH AuNPs/ErGO-GCE
3.3.1. Anh hwéng ciia dung dich chit di¢n ly

Két qua ¢ hinh 3.36 cho thiy thé dinh hoa tan (Ep) clia Hg thay
d6i khong dang ké dbi véi cac mubi gdc sulfatee va nitrate cia
potassium va sodium, cu thé 1a: K,SOs: 0,668 V, KNOs: 0,672 V va
Na;SO4: 0,678V, NaNOs: 0,680 V. Trong khi d6, dbi véi cac mubi
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chloride, Ep lai dich chuyén vé phia 4m hon so v&i cac mudi gbe sulfate
va nitrate, cu thé véi KCl: Epug = 0,532 V va NaCl: Epyg = 0,547 V.
Mit khac, Ip cia Hg trong dung dich mudi chloride ciia potassium 16n
hon g.:flp 1,3 lan (Ip,ugxci/Ip 1g, k2s04) Va 1,8 lan (Ipugxcl/Ip e, kNO3); dbi
v6i mudi chloride ctia sodium 16n hon gap 1,3 1an (Zp sgnaci/Te g, Na2s04)
va 1,7 1an (Ipgnaci/Ip g, Nanos). Dicu ndy cé thé giai thich riang cac
mudi cua potassium va sodium voi gbe sulfatee va nitrate khong c6
kha ning tao phirc bén vai ion Hg, nhung mudi gbc chloride tao phirc
bén va do viy, 1a ting kha niang lam giau trén dién cuc bién tinh
AuNPs/ErGO-GCE. Do do, gia tri Ip cua Hg tang. Kha nang tao phtic
bén giira ion Hg va chloride con duge minh ching qua khao sat anh
huong cta ndng d6 ion chloride (hinh 3.37). Khi ndng d6 ion chloride
bién thién tir 0,01 M dén 0,50 M, thi dong dinh hoa tan (I5) ting tuyén
tinh tir 0,01 M dén 0,20 M (hinh 3.37.B) theo phuong trinh (3.16).
Nhung khi ndng d6 ting trong khoang tir 0,20 M dén 0,50 M thi 7» gn
nhu khéng tang. Trong khi d6, Ep cia Hg dich chuyén vé phia 4m hon
khi ndng do ion chloride ting (hinh 3.37.C). Piéu nay 1 hoan toan phu
hop véi 1y thuyét trong phan tich cuc phd khi nghién ctru vé phirc cht
[185]. Nhu vdy, c6 thé khing dinh ring ion Hg tao phitc v&i ion
chloride, Er (V) = (0,416 = 0,015) + (0,112 £ 0,011) (-log(Cc1)), R? =
0,9949 (3.17). Vi vay, dung dich chét dién ly potassium chloride nong
d6 0,2 M la duoc lya chon cho cac thi nghiém tiép theo.
3.3.2. Anh hwéng ciia pH

Dung dich KCI1 0,2 M sau khi dugc lya chon, gia tri pH duoc
diéu chinh bang dung dich HC1 0,05 M va kiém tra bang may do pH sau
cac lan do, két qua khao sat pH trong khoang tir pH 3,0 dén pH 7,0 duoc
trinh bay & hinh 3.38. Tai cac gia tri pH tir 3,0 dén 5,0, thé dinh hoa tan
khong khac nhau nhidu vé mit thng ké, Ep =+0,537 + 0,002 V (n = 6).
Két qua nay cho thiy, ion H* khong tham gia vao phan tg dién hoa cta
Hg trén bé mit dién cuc, nhung cuong d6 dong dinh hoa tan (/p) tang
dang ké. Nhur vy c6 thé giai thich rang, khi pH ciia dung dich thap s&
Xdy ra qua trinh proton héa vét liéu bién tinh 1am han ché tinh chat uu
nudc ciia dién cyuc bién tinh va/hodc 1am giam tuong tac tinh dién giita
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chit phan tich va cac tim hoat dong dién hoa trén bé mat dién cuc lam
viée. Khi pH 16n hon 5.0 thi /» gin nhu khong thay d6i. Hién twrong nay
c6 thé 1y giai 1a khi pH cao, d& dang tao thanh két tia mercury (II)
hydroxide, han ché trong giai doan lam giau.
3.3.3. Anh hwéng ciia sé lin quét von-ampe vong tao AuNPs

Céc két qua cua viéc khir Au(IIl) thanh AuNPs trén dién cuc
ErGO-GCE s€ dugc minh chung qua anh mapping. Trong luin an
nay, ching t6i ¢ dinh nong do ion Au(Ill) 2X10* M trong dung
dich HoSO4 0,01 M, nhung thay déi sé 1an quét von-ampe vong.
Hinh 3.39 mé ta dang duong hoa tan va sy bién thién gia tri Ip ctia
Hg véi s6 1an quét von-ampe vong khac nhau tir 5 dén 40 vong quét.
V6i s6 vong quét tir 5 dén 25 vong, Ep cia Hg ¢ xu thé dich chuyén
vé phia duong dan, nhung tir 25 dén 40 vong thi gan nhu khong thay
d6i va xap xi 1a 0,504 + 0,003 (V) (RSD: 0,6, n = 4). Twong tu ddi
v6i gia tri Ip, cling ting dan va khong d6i. Két qua nay c6 thé 1a do
khi tang sb lan quét, AuNPs duoc hinh thanh trén vat liéu ErGO tang
lam gia tang cac tdm hoat dong dién hoa thuan lgi tao hon héng voi
Hg dan dén Ip tang. Song, khi ting 1én dén 40 lan thi /p gan nhu thay
d6i khong dang ké. Vi vay, sb 1an quét 25 vong 1a thich hop dé lwa
chon cho cac thi nghiém tiép theo.
3.3.4. Anh hwéng mét sé théng sé kj thudt do trong phwong phdp
DP-ASV

Két qua hinh 3.40 cho thiy Ep cia Hg khong thay ddi, song I

giam dang ké tir -0,7 V dén +0,1 V. Trong khi do, tai thé 4m hon (-1,1 V)
va trong mdi truong acid yéu (pH 5,0) kha ning ion H* d& bi khir thanh
khi hydrogen bam trén bé mt dién cuc lam viée 1am can trd qua trinh khir
ion Hg. Vi vay, Eqp 12 -0,9 V dugc Iua chon do ¢6 /p cua Hg 1a cao nhét.
Két qua thuc nghiém cho thiy #4p tir 60 s dén 300 s, Ip tang rét tuyén tinh
voi R? = 0,9950. Khi #4p 16n hon 300 s, Ip ¢6 gid trl tang khong nhiéu.
Diéu nay c6 thé 1a do Hg” duoc 1am giau dat dén can béang trén cac tim
hoat dong dién hoa cua dién cuc bién tinh. Dé tiét kiém thoi gian dinh
lugng va bao dam tinh chinh xéc ctia phép phan tich, tai #ep 240 s 6 Ip la
8,892 £ 0,019 (nA), v6i RSD 0,21 %,n=3 1a t6i wu. Khi tang gia tri bién
do xung, duong nén ciing ting va tin hiéu hoa tan c6 xu thé dich chuyén
vé phia 4m dan. Mit khac, chan peak bi dodng rong khi AE dao dong tir
0,02 V dén 0,10 V. Diéu nay s& anh huong dén tinh chon loc khi dinh
luong ion Hg. Thém vao d6, Ip ciia Hg ciing ting tuyén tinh tir 0,02 V dén
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0,08 V véi R* 12 0,9362 va phuong trinh (3.19). Nhung, khi AE tai 0,10 V
thi I» ting cham va kha nang tuyén tinh giam. Vi vay, dé tranh hién tugng
doang peak va tin hi¢u hoa tan du 16n, gia tri AE duoc lya chon 1a 0,06 V
voi d6 léch chuan twong d6i (RSD) ctia I» 12 0,21%.
3.3.5. Danh gid dg tin cdy ciia phwong phap DP-ASV

Khoang 1am viéc va khoang tuyén tinh g1u'a Ir va ndng do ciia Hg
cta phuong phap DP-ASV sir dung dién cuc bién tinh AuNPs/ErGO-
GCE duoc xac dinh bang cach thém dung dich chuan ion Hg tir 2,0 pg/L
dén 30,0 pg/L trong dung dich KC1 0,2 M, pH 5,0 va tir cac duong DP-
ASV xéc dinh tin hiéu hoa tan. Hinh 3.43.B chi ra rang trong khoang
ndng do cua ion Hg tir 20,0 ug/L dén 30,0 pg/L da c6 dang dudng cong
va do do, khoang 1am viéc dugc x4c dinh tir 2,0 ug/L dén 20,0 pg/L. Bbi
v6i khoang ndng do tir 2,0 pg/L dén 20,0 pg/L, phuong trinh hdi quy
tuyén tinh nhu sau: /p (uA) = (0,052 £ 0,132) + (0,156 + 0,012)*Cyg
(pg/L) R? = 0,9954 (3 20). Trong nghién ctru nay, ching t6i st dung
doan gan gdc toa do dé xac dinh gi6i han phat hién (LOD) dya vao quy
tic 30, két qua xac dinh gia tri LOD = 0,68 pg/L va LOQ =2,27 pg/L.

Do lap lai: Ba ndng d6 ctia Hg sau khi xac dinh khoang tuyén
tinh tai 25%, 50 % va 75% tuong ing voi cac gia tri la 5,0 pg/L, 10,0
ug/L va 15,0 pg/L. Tai mdi ndng do thuc hién chin phép do 1ap lai (n
=9). Két qua & bang 3.11 cho thay cac gia tri RSDgy,. tai ba ndng do
déu rat nhé va thip hon nhiéu so véi '/,RSDy. Mit khac, thé dinh
hoa tan gan nhu khong thay ddi tai ba ndng d6 (mdi ndng d6 lap lai 9
1an) c6 gia tri 1a 0,445 + 0,003 V, RSD = 0,6 %. Nhu vay, do lap lai
ctia gia tri Jp khi xac dinh Hg bang phuong phap DP-ASV sir dung
dién cuc bién tinh AuNPs/ErGO-GCE c6 y nghia vé mit thong ké.

Do tai 1ap cua dién cuc bién tinh dwoc danh gia thong qua
cuong d6 dong dinh hoa tan (/p) véi viéc st dung mdt dién cuc nén
(GCE) va qua nam lan bién tinh v&i vat liéu AuNPs/ErGO. Céc diéu
kién thi nghiém hoan toan tuong ty nhu trong truong hop danh gia
do6 1ap lai cua p. V& hinh dang cua cac dudng DP-ASV cua Hg c6
khac nhau, c6 thé 1a do qua trinh khir GO gidng nhau, nhung khi
tong hop AuNPs trén ErGO bang phuong phéap dién hoa thi su sap
xép céac hat Au c6 thé khong hoan toan nhu nhau. Nhu hinh 3.46B,
chi ra trong ndm 1an bién tinh trén cing mét dién cuc GC, Ir cia Hg
& lan bién tinh tht nhat nhé hon so véi bon lan bién tinh con lai
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khoang 9,0%. Trong khi dé, tlr 1an bién tinh thir hai dén thir nim gan
nhu khong c6 su khac nhau dang ké. Trong tat ca nim lan bién tinh,
gia tri d6 1éch chuan twong d6i dao dong tir 1,2% dén 4,1% véin = 3.
Nhu vay, so voi gia tri du doan do 1éch chuén tuong ddi tinh theo
Horwist trong ndi bd phong thi nghiém 1a nho hon rat nhiéu theo
hinh 3.46.B. Mt khac, khi st dung ANOVA mét yéu té dbi véi ca
05 1an bién tinh khac nhau thu duoc két qué gié tri chuan Fisher thuc
nghiém 1a 1,574 nhé hon gié tri Fuane = 3,056. Déng thoi, gid tri p
tinh toan 1a 0,232 16n hon 0,05. Nhu vdy, sau 05 1an bién tinh khac
nhau khong c6 sy sai khac vé mat théng ké.
3.3.6. Anh hwéng ciia cdc chit cin tré

Tat ca cac ion kim loai khdo sat déu c6 thé anh huong tiéu
cuc, tirc 1 1am giam dong dinh hoa tan (/p) ctia ion Hg tai ty 18 gap
10 1an ndng cua ion Hg. Trong do, bdn ion nhu Na, K, Ca va Al ¢co
kha ning tao hdn hdng véi thily ngan kim loai nhung & thé dién phan
lam giau -0,9 V thi khong thé khtr dugc vé kim loai. Riéng d6i vdi ba
ion kim loai Mg, Mn va Fe néu nhu khi bi khir v& kim loai mic du
khong c6 kha niang tao hon hdng voi mercury kim loai, nhung lai anh
hudng rat nhidu dén fp. Hién tuong nay c6 thé 1a do cac ion kim loai
Mg, Mn va Fe' ¢6 kha ning tao phtrc voi mét s6 nhom chire cua vat
li¢u graphene oxide dang khir. V6i ba ion kim loai Cu', Pb va Zn" dé
dang tao hdn hong véi kim loai mercury trong g1a1 doan lam giau.
Diéu nay s& dan dén can tré dong dinh hoa tan ciia ion Hg véi nong
d6 16n. Pac biét 1a Cu kim loai ciing c6 kha nang tao thanh hop chét
gian kim loai v&i kim loai Au. Két qua lam giam kha ning lam giau
mercury trén vat li€u AuNPs/ErGO. Mt khéc, ddi véi tat ca ion kim
loai khao sat cho thay thé dinh hoa tan ctia mercury gan nhu thay doi
khéng dang ké, dao dong tir 10,442V dén +0,488 V.
3.3.7. Ap dung phan tich mau thit

Két qua & bang 3.12 cho thiy, v6i phuong phap DP-ASV
dung dién cuc bién tinh AuNPs/ErGO-GCE ¢6 gia tri do thu hdi dao
dong tir 92 % dén 108 % so voi AOAC 1a hoan toan chap nhan duoc
khi nong d6 Hg nho hon 10 pg/L. Ngoai ra, khi so sanh két qua cua
phuong phap DP-ASV v6i phuong phap CV-AAS véi thiét bi MA-
3000 cho gié tri chuén Student déu nhé hon gia tri chudn Student 14
4,303. Vi cac két qua nay, co thé thiy phuong phap DP-ASV ding
dién cyc bién tinh AuNPs/ErGO-GCE c6 d6 dang tdt, hoan toan co
thé img dung thay thé cac phwong phap truyén thong nhu CV-AAS
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trong phan tich ham luong Hg trong mau nuéc. Nong do mercury
trong ba mau nudc 1a rat thip va nhé hon gidi han dinh luong. So véi
gi6i han cho phép WHO 1a chua c6 hién twgng 6 nhiém mercury
trong cac mau nudc phan tich.

KET LUAN

Qua qua trinh nghién ctru co s 1y thuyét va két hop véi cac
két qua thyuc nghiém thu duogc, rat ra mot s6 két luan nhu sau:

1. Pi tong hop duoc cac vat liéu to hop: ZnO/ErGO va
AuNPs/ErGO bing phuong phap thiy nhiét va két hop voi phuong
phap dién hoa. Sy hinh thanh hai vat li¢u td hop ZnO/ErGO va
AuNPs/ErGO di dugc ching minh bang mét sé phuong phap phan
tich hoa ly hién dai nhu: XRD, FT-IR, SEM-EDS-Mapping, HR-
TEM, BET, Raman va EIS. Cac két qua dic trung vt liéu cho thdy:

- ZnO thé hién sy hinh thanh cac hat c6 kich thuéc nano, co
kich thudc dao dong trong khoang 100-300 nm. ZnO/ErGO s¢ hitu
d6 két tinh cao, céu tric xép 6n dinh, cac hat nano ZnO phan bd déu
trén nén ErGO, dién tich bé mat 16n va kha nang dan dién wu viét,
mo ra trién vong g dung vat lidu nay trong cam bién dién hoa.

- AuNPs/ErGO c¢6 ciu trac 6n dinh, tinh chat vat 1y va hoa
hoc duogc cai thién rd rét so vai ErGO. AuNPs/ErGO duoc téng hop
thanh cong véi kich thude hat nano gold dugc xac dinh khoang 10
nm, phan bd déu trén bé mat ErGO, tao nén vat lidu c6 tiém nang
g dung cao trong cac linh vic cam bién dién hoa

2. Két qua khao sat dién cuc cho théy tinh vuot trdi cia vat
liéu t6 hop ZnO/ErGO di lam tang d¢ din dién véi tong tré nho (Re
=924 Q) va dién tich bé mit hoat dong dién hoa cua dién cuc (A =
0,13 cm?) do d6 lam ting cudng d6 dong dinh cua Pb va Cd véi
phuong phap DP-ASV.

- Phuong phap ASV sir dung dién cuc bién tinh ZnO/ErGO-
GCE da duoc 4p dung dé phan tich dong thoi Pb va Cd trong nudc,
phuong phap c¢6 d6 nhay cao, gidi han phat hién thép, lan luot 14 0,45
ug/L dbi voi Cd va 1,69 ng/L dbi véi Pb.

- Pién cyuc bién tinh ZnO/ErGO-GCE dugc so sanh v6i hai
loai dién cuc khac 1a ErGO-GCE va BiF/ErGO-GCE. Két qua khao
sat vé dic tinh dién cuc, xac dinh gidi han phat hién (LOD) va
khoang tuyén tinh cua ba loai dién cuc trén cho théy dién cuc bién
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tinh ZnO/ErGO-GCE c6 khoang tuyén tinh rong hon cho thay kha
nang ung dung trong viéc xac dinh dong thoi Pb va Cd trong nudce so
v6i hai loai dién cuc ErGO-GCE va BiF/ErGO-GCE.

3. Két qua chimg minh vat liéu nano t6 hop AuNPs/ErGO da
lam tang d6 dan dién vai tong trd nho (Re = 130,8 Q) va dién tich bé
mat hoat dong dién hoa cua dién cuc 16n (A = 0,075 cm?) do d6 1am
tang cuong do dong dinh dbi voi Hg. Phuong phap DP-ASV sir dung
dién cuc bién tinh AuNPs/ErGO-GCE di dugc ap dung dé xac dinh
ham lugng Hg trong nudc. Phuong phap c¢6 do nhay cao va gidi han
phat hién 13 0,68 pg/L dbi voi He.
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INTRODUCTION

Mercury (Hg) is regarded as the most toxic element among heavy
metals. The presence of mercury species in the environment
originates from both natural and anthropogenic sources, including
volcanic activity, agricultural practices, non-ferrous metallurgy, and
the combustion of coal, oil, and municipal waste. Lead (Pb) and
cadmium (Cd) are also highly toxic metals, ranking just after
mercury (Hg) in terms of toxicity, and they pose serious risks to
humans as well as to flora and fauna. Exposure to lead and cadmium
may result in severe health effects such as cancer, liver dysfunction,
neurological disorders, cardiovascular diseases, and other
pathological conditions. Therefore, the assessment of mercury, lead,
and cadmium contamination levels has attracted considerable
attention from the scientific community.

Currently, various analytical techniques have been developed for the
determination of heavy metals, particularly spectroscopic methods such as
graphite furnace atomic absorption spectrometry (GF-AAS), flame atomic
absorption spectrometry (F-AAS), inductively coupled plasma mass
spectrometry (ICP-MS), and inductively coupled plasma optical emission
spectrometry (ICP-OES). These techniques offer low detection limits,
high sensitivity, and are widely accepted as standard methods for heavy
metal analysis. However, the analytical procedures often involve
separation and preconcentration steps, making them complex, time-
consuming, and reliant on costly instrumentation, which results in high
analytical expenses. In recent years, electrochemical analytical methods
have partially replaced spectroscopic techniques for the determination of
heavy metal ions. Among these methods, anodic stripping voltammetry
(ASV) is one of the most widely used techniques due to its high
sensitivity and low detection limits. In addition, the use of electrodes
modified with novel nanostructured materials has demonstrated
significant potential and has attracted increasing scientific interest.
Graphene-based materials, such as graphene oxide (GO) and reduced
graphene oxide (rGO), have been functionalized with various materials
and employed to modify glassy carbon electrodes (GCEs) for the
electrochemical determination of mercury. The development of analytical
methods with high sensitivity and low limits of quantification is therefore
essential. Motivated by these practical considerations, this dissertation is



entitled: “Development of modified electrodes with graphene oxide
for determination of selected toxic metals in water by stripping
voltammetry method”.

OVERVIEW
1.1. INTRODUCTION TO SELECTED HEAVY METALS
1.1.1. Introduction to lead (Pb)
1.1.2. Introduction to cadmium (Cd)
1.1.3. Introduction to mercury (Hg)
1.2. REDUCED GRAPHENE OXIDE MATERIALS
1.2.1. Graphite
1.2.2. Graphene
1.2.3. Graphite oxide and graphene oxide
1.2.4. Reduced graphene oxide (rGO)
1.3. ErGO-BASED COMPOSITE MATERIALS
1.3.1. BiF/ErGO composite material
1.3.2. ZnO/ErGO composite material
1.3.3. AuNPs/ErGO composite material
1.4. CURRENT STATUS OF RESEARCH ON THE
ELECTROCHEMICAL DETERMINATION OF HEAVY
METALS AT NATIONAL AND INTERNATIONAL LEVELS
1.4.1. Domestic research status
1.4.2. International research status

RESEARCH CONTENTS AND METHOD
2.1. RESEARCH CONTENTS
Content 1: Synthesis of GO, ErGO, ZnO/GO, and AuNPs/GO
materials using chemical, hydrothermal, and electrochemical methods,
followed by the characterization of their physicochemical properties.
Content 2: Investigation of the simultaneous determination of lead
(Pb) and cadmium (Cd) by anodic stripping voltammetry (ASV)
using three types of modified electrodes: ErGO-GCE, BiF/ErGO-
GCE, and ZnO/ErGO—GCE. These modified electrodes were applied
to the simultaneous analysis of lead and cadmium in water samples.
Content 3: Investigation of mercury (Hg) determination by anodic
stripping voltammetry using an AuNPs/ErGO-GCE modified
electrode. The AuNPs/ErGO-GCE electrode was applied to the
analysis of mercury in water samples.



2.2. RESEARCH METHODS
2.2.1. Research objects
2.2.2. Material synthesis methods
2.2.3. Working electrode modification procedure
2.2.4. Material characterization methods
2.2.5. Electrochemical analysis methods
2.2.6. Sample collection and pretreatment
2.2.7. Data processing and analysis methods
2.3. CHEMICALS AND INSTRUMENTATION
2.3.1. Chemicals
2.3.2. Instruments and apparatus

RESULTS AND DISCUSSION
3.1. MATERIAL SYNTHESIS
3.1.1. Synthesis of ErGO and ZnO/ErGO materials
3.1.1.1. Investigation of the electrochemical reduction of GO
Synthesis of the ErGO-modified electrode (ErGO-GCE): The
results shown in Figure 3.1 indicate that at a potential close to —1.2 V
during the first scan, an increase in cathodic current is observed. A
well-defined reduction peak appears at —1.683 V with a peak current
of =5.087 x 102 mA. The reduction process of GO to ErGO is
considered to be completed. The resulting electrode is denoted as
ErGO-GCE and is ready for the simultaneous analysis of Pb and Cd.
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Synthesis of the ZnO/ErGO-GCE modified electrode:
Figure 3.2 shows that during the first scan, when the potential at the
working electrode approaches —1.0 V, the cathodic current begins to
increase and a distinct reduction peak appears at —1.685 V. However,
in subsequent scans, no reduction peak is observed, and the cathodic
and anodic curves almost overlap. This indicates that the reduction of
ZnO/GO to ZnO/ErGO has been completed.



Figure 3.2. CVs curves
for reducing GO to
ErGO for the fabrication
of the ZnO/ErGO-GCE
modified electrode.
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3.1.1.2. Characterization of ZnO/ErGO materials
a) XRD and Raman spectra:
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Figure 3.3. a) XRD patterns and b) Ramma spectra of ErGO and ZnO/ErGO
For ErGO, a diffraction peak of the (002) plane is observed at 24°,
indicating a lattice spacing of 0.36 nm. In crystalline graphite, the increase
in lattice spacing in rGO indicates the oxygen functional groups
(compared with the spacing of around 0.1 nm in GO). The broad peak in
these samples is assigned to a few layers of rGO sheets in the material,
indicating the multilayer domains with a few mono-layered rGO sheets.
On the XRD pattern of ZnO/ErGO, the peaks at 20 of 31.7, 34.4, 36.2,
475, 56.5, 62.9, and 67.8, indexed as the (100), (002), (101), (102), (110),
(103), (200), and (112) planes for ZnO wurtzite structure, respectively, are
observed. Low and broad diffraction peaks at 24.5 and 42.8° are assigned
to the (102) and (102) plane of the rGO structure, demonstrating reductive
graphene oxide and indicating the GO reduction completion. These results
indicate the formation of ZnO/ErGO composite. Figure 1b shows the
Raman spectra of the ErGO and ZnO/ErGO samples at ambient
temperature. It is clear that the peaks at 1310 and 1582 cm™ present the D
and G structural bands of rGO carbon. The G band is assigned to the
Raman-active £», mode and reveals the existence of the sp? carbon-type
structure. The D band exhibits the presence of hexagonal graphitic layers.

d

@©

o

o

02
Cwong do / arb

4



Compared with GO, ZnO/ErGO exhibits a shift in the wavenumber of 5
and 3 cm™ for the D and G bands. The former is associated with a reduced
number of sheets, and the latter is related to the chemical interaction
between ZnO and ErGO in the composite. The small D/G intensity ratio
implies a few defects in ZnO/ErGO. Compared with ErGO (Ip/s = 1.18),
ZnO/ErGO has this ratio of 1.05, indicating the participation of sp?
carbon-type structures due to the presence of ZnO in ZnO/ErGO.
Therefore, this confirms the formation of the GO/ZnO composite.

b) The structural characteristics of ErGO, ZnO, and
ZnO/rGO were evaluated based on nitrogen adsorption—
desorption isotherm data.
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Figure 3.4. a) Nitrogen adsorption/desorption isotherms and b) pore
distribution curves of ZnO, ErGO, and ZnO/ErGO and ¢)
Electrochemical impedance spectra of bare GCE and ZnO/ErGO-GCE.
As shown in 3.4.a, ErGO displays a type-IV mesoporous nitrogen
adsorption/desorption behavior with the H-2 hysteresis loop (ink-
bottle-shape pore), while ZnO and ZnO/ErGO reveal the H-3
hysteresis loop (slit-like pore), according to the IUPAC
classification. The specific surface area of ErGO, ZnO, and
ZnO/ErGOis 108.7, 20.8, and 74 m? g', respectively. A
considerable decrease in the specific surface area of ZnO/ErGO
compared with ErGO indicates that ZnO and rGO form a composite
during thermal hydrolysis. Based on Figure 3.4c, it is found that
GCE has the R value of 3212 Q, while the R, value obtained for
ZnO/ErGO composite decreases significantly from 3212 Q to 924 Q.
Thus, this result indicates a fast electron transfer ratio of kinetics for

the ZnO/ErGO-modified electrode.

¢) Scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDX)
The analytical results obtained from Figures 3.5, 3.6, and 3.7 confirm
the successful synthesis of the ZnO/ErGO composite material.
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Figure 3.6. a) Electron image; b) EDX spectrum; c—) elemental X-
ray mapping of ZnO/ErGO composite.
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Figure 3.7. a) Electron image; b) EDX spectrum; c—¢) elemental X-
ray mapping of electrode surface modified by ZnO/ErGO.
3.1.1.3. Electrochemical characteristics of the working electrodes
The value of AEp (AEp = Eps — Epc) of the four electrodes decreases
(0.083, 0.083, 0.077, and 0.071 V; Figure 3.8.a). In addition, the peak



current of Cd(Il) (5.658 pA) and Pb(Il) (4.228 pA) is the highest for
the ZnO/ErGO-GCE electrode (Figure 3.8.b). Specifically, it is 2.5,
1.2, and 1.3 times that of GCE, ZnO-GCE, and GO-GCE, respectively.
Therefore, ZnO/ErGO-GCE 1is suitable for the simultaneous
determination of Cd(II) and Pb(II). This conclusion is also supported
by the results of the electrodes’ active area (table 3.1).
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Figure 3.8. CV (A) curves of [Fe(CN)g]*/* system and DP-ASV
curves of Cd(II) and Pb(II) (B) of four GCE, ZnO-GCE, rGO-GCE
and ZnO/ErGO-GCE.

3.1.2. Synthesis of AuNPs/ErGO material
The GCE was fabricated through a two-step procedure to obtain the
AuNPs/ErGO-GCE, as illustrated in figure 3.9.
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Figure 3.9. CVs curves for reducing GO to ErGO a) and Au(Ill) to AuNPs b)

These results indicate the successful formation of AuNPs on the

ErGO-GCE surface.

3.1.2.2. Material characterization

a) XRD and FT-IR spectra:

The results presented in Figure 3.10 confirm the formation of the

AuNPs/ErGO composite material.




- — GO

oI b ErGO
AuNPs/GO

AuNPs/ErGO

4104
-
o
(001)
(1)
5

Transmittance / %

j;;j\f
0

3385
1586

Intensity (cps)

g

1393

JCPDS 01-074-5379
0 10 20 30 40 50 60 70 4400 4000 3600 3200 2800 2400 2000 1600 1200 800 400
2-theta (deg.) Wavenumber / cm™1

Fig.3.10. a) XRD patterns and b) FT-IR spectra of GO, ErGO,
AuNPs/GO, and AuNPs/ErGO
b) Raman spectra:
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The Raman spectra shown in Figure 3.11 correspond to four materials in
the following order: GO, ErGO, AuNPs/GO, and AuNPs/ErGO. The
intensity ratios of the D to G bands (Ip/Ig) are 0.840 for GO, 0.898 for
ErGO, 0.952 for AuNPs/GO, and 1.072 for AuNPs/ErGO. Compared
with GO, the ID/IG ratios of ErGO and AuNPs/ErGO after
electrochemical reduction increase significantly. This increase provides
clear evidence for the restoration of the conjugated sp* carbon (Csp?)
graphene network following the electrochemical reduction of GO.

¢) SEM-EDS-Mapping: EDS spectrum results show the ratio C:0 =
7.2, demonstrating that the electrochemical reduction of GO strongly
reduces oxygen-containing functional groups. On the other hand, the
composition of the element nitrogen accounts for 2.73%, possibly due
to contamination during the synthesis process and poor washing. As
shown in Figure 3c-f, gold particles appeared on the rGO matrix with a
reasonably uniform size and distribution with a composition of 1.29%
by weight. These results confirm the successful fabrication of
Au/ErGO-GCE.



Element | Weigh, % | Atomic, %
Carbon 84,24 88,23
Oxygengen 11,74 9,23
Nitrogen 2,73 2,45
Gold 1,29 0,08
Total 100,00 100,00
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Figure. 3.12. (A) SEM image, (B) EDS spectrum and mapping
image of elements (C) C element, (D) O element, (E) Au element
and (F) N element in AuNPs/ErGO composite.
d) HR-TEM:
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Figure 3.13. HR-TEM image (A) and Gaussian fitting (B).
Based on the HR-TEM image, the AuNPs are observed to be relatively
uniformly distributed on the ErGO sheets. From the step-height profile
and Gaussian fitting, the average particle size of the AuNPs is
determined to be 10 - 20 nm with a corresponding standard deviation of
2.55 nm. These results further confirm the successful electrochemical
fabrication of AuNPs/ErGO on the GCE substrate. Such a
nanostructured electrode is advantageous for the determination of Hg**
ions in aqueous media using anodic stripping voltammetry (ASV).
3.1.2.3. Investigation and selection of the working electrode
The working electrodes investigated include GCE, GO-GCE, ErGO-
GCE, AuNPs/GO-GCE, and AuNPs/ErGO-GCE. The results
presented in figure 3.14 and table 3.2 show that the AuNPs/ErGO



material has the smallest Rp value (147 ) and largest area (0.075
cm?), accelerating the electron transfer process and enhancing the
material's conductivity. Based on the electrochemically active surface
area and charge-transfer resistance results, AuNPs/ErGO was selected
as the modifier for the glassy carbon electrode to determine Hg in
water by anodic stripping voltammetry.
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Table 3.2. Parameters of five electrode types
Electrode Aamnodic  Acathodic A8 Iea/ Iec® R, (Q)
(em?)  (cm?) (cm?)
Bare GCE 0.034 0.032 0.033 1.00+0.01 109.8
GO-GCE 0.027  0.027 0.027 0.97+0.01 1551.0
ErGO-GCE 0.045 0.044 0.045 0.99+0.02 867.1
AuNPs/GO-GCE 0.063  0.066 0.065 0.99+002 688.4

AuNPs/ErGO-GCE 0.074 0.075 0.075 0.99+0.01 130.8
@: Ave + Sd (n = 6)
3.2. Simultaneous determination of Pb and Cd in water
3.2.1. Simultaneous determination of Pb and Cd by SqW-ASV
using ErGO/GCE
3.2.1.1. Effect of the deposition potential
Based on preliminary experiments and literature references, deposition
potentials in the range from —0.80 V to —1.20 V were investigated. As
shown in figure 3.16, when Epe, was shifted toward more negative
values, the peak current (Ip) gradually increased and reached a
maximum at —1.10 V for Pb, with Ip = 22.19 + 0.69 pA and RSD =
2.99%. For Cd, Ip also increased but to a much lesser extent, reaching Ip
=4.00 £ 0.14 pA with RSD = 3.55%. At deposition potentials of —0.80
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V and —0.85 V, the Ip of Cd decreased significantly, while the Ip of Pb
changed only slightly. At Ep,, = —1.20 V, the Ip of Pb decreased,
whereas the Ip of Cd showed no significant increase. To avoid the
simultaneous deposition of other metal ions present in the solution, a
deposition potential of —1.10 V was selected as the optimal value.
3.2.1.2. Effect of the deposition time

The deposition time (tpep) Was investigated in the range from 60 s to
300 s. The results presented in Figure 3.17 show a clear difference in
the stripping peak currents of Cd and Pb. For Pb, no linear
relationship between Ip and tpe, was observed. When tpe, increased
from 180 s to 300 s, the Ip of Pb increased only slightly. In contrast, a
linear increase between Ip and tp,, was observed for Cd. These
results indicate that, at the same concentration of 25 pg/L, Pb
exhibits a much higher stripping peak current than Cd, demonstrating
a higher sensitivity or a larger amount of Pb accumulated on the
ErGO electrode surface. Consequently, when tpep, exceeded 180 s, the
Ip of Pb increased slowly. To ensure convenient quantification and
reasonable analysis time, a deposition time of 180 s was selected.
3.2.1.3. Effect of the Pulse Amplitude

Pulse amplitudes (AE) ranging from 10 mV to 50 mV were
investigated, as shown in Figure 3.18. The experimental results
indicate that increasing AE led to an increase in Ip for both Cd and Pb
(Figure 3.18a). For Pb, the increase in Ip exhibited a nearly linear
trend. Moreover, Ippp increased more rapidly than Ipcq, as reflected
by the slopes of equations (3.3) and (3.4) in the AE range from 10
mV to 40 mV. However, when AE reached 50 mV, the Ip of Cd
decreased compared to that obtained at AE = 40 mV. Therefore, a
pulse amplitude of 40 mV was selected as the optimal value.

3.2.1.4. Effect of the Square-wave Frequency

The effect of square-wave frequency (f) was investigated in the range
from 10 Hz to 50 Hz, as illustrated in Figure 3.19. The results show
that the Ip values of Cd and Pb increased nearly linearly with
increasing f, with high coefficients of determination. However, at f =
50 Hz, the Ir of Pb exhibited a large error, with RSD = 14.6%.

At f=40 Hz, the stripping peak currents of both Cd and Pb remained
sufficiently high, while the RSD values were low, specifically 1.5%
for Cd and 3.6% for Pb. Therefore, a square-wave frequency of 40
Hz was selected for subsequent experiments.
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3.2.1.5. Evaluation of the reliability of the SQW-ASV method

The concentration ranges of Cd(II) and Pb(Il) ions were investigated
from 10 pg/L to 150 pg/L in acetate buffer solution (pH 5.0) under
the optimized experimental conditions. As shown in Figure 3.20, Pb
exhibited two distinct linear ranges: from 10 pg/L to 50 pg/L and
from 50 pg/L to 150 pg/L, with the following linear regression
equations:

Ip (LA) =(-6.23 £ 13.40) + (1.664 £ 0.404) Cp, (ug/L), R=0.9914 (3.8)
Ir (LA) =(56.58 £4.14) + (0.338 £ 0.039) Cp, (ug/L), R=0.9980 (3.9)
Equations (3.8) and (3.9) indicate that the sensitivity in the lower
concentration range is approximately five times higher than that in
the higher concentration range. This phenomenon may be attributed
to near-saturation accumulation of Pb on the ErGO/GCE surface at
higher Pb concentrations. In contrast, Cd exhibited only one linear
range, described by the following equation:

Ir (LA) =(-4.92 £1.63) + (0.40 £ 0.02) Ccq (ng/L), R=10.9984 (3.10)
Thus, in the low concentration range from 10 ug/L to 50 ug/L, the
sensitivity for Pb is approximately four times higher than that for Cd.
The experimental results demonstrate that the ErGO modified
electrode is highly sensitive for Pb determination. According to Ref.
[133], the limits of detection (LOD), calculated based on the 3c
criterion, were 4.87 ug/L for Cd and 7.24 pg/L for Pb.

The repeatability of the stripping peak current was evaluated using the
experimental relative standard deviation (RSDgy,, %) and the relative
standard deviation calculated according to RSDy at selected metal ion
concentrations. Two experiments were conducted with different
concentrations of Cd and Pb: Experiment 1 (TN1): Ccq = 20 pg/L va
Crp = 10 pg/L; Experiment 02 (TN2): Ccq =40 pg/L va Cpp =20 pg/L.
After seven repeated measurements, the results were as follows:

TN 1: Ipca=3,85+ 0,36, RSD = 9.5 % va Ippp, = 6,24 £ 0,48, RSD =7,7 %
TN 2: Ipca= 13,68 £ 1,26, RSD=9,2 % va Ipp, = 12,45+ 0,67, RSD =54 %
The experimental RSD values for both Cd and Pb were lower than !/,RSDy
at the investigated concentrations, indicating acceptable repeatability.
3.2.1.6. Application to real sample analysis

The results presented in table 3.3 show that Cd and Pb could not be
detected in tap water using the SQW-ASV method with the ErGO-
GCE modified electrode. However, when standard Cd and Pb solutions
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were spiked into the tap water sample at concentrations of 5 pg/L and
10 ng/L, respectively, the recoveries of Cd and Pb were 93 + 5% and 97
+ 13% after three measurements. These results are considered
satisfactory, indicating good accuracy. Overall, the reliability evaluation
demonstrates that the SqW-ASV method using an ErGO-GCE has
strong potential for the determination of Cd and Pb in water, with
detection limits of 4.87 pg/L for Cd and 7.24 pg/L for Pb.

3.2.2. Simultaneous determination of Pb and Cd by DP-ASV
using a BiF/ErGO-GCE

3.2.2.1. Effect of graphene oxide volume and Bi(III) concentration
The volume of graphene oxide (GO, 1 mg/mL) used for GCE
modification was investigated in the range of 2, 4, 6, 8, and 10 pL. In
addition, the concentration of Bi(Ill) in the analytical solution was
examined from 50 to 250 pg/L. Figure 3.22a shows that the stripping peak
currents of Cd and Pb reached their maximum values at a GO volume of 4
uL (GO 1.0 mg/mL), with low relative standard deviations (RSD) of
1.17% and 7.55% for Cd and Pb, respectively. When the GO volume
increased to 6.0 pL, the peak currents of both Cd and Pb decreased and
exhibited larger deviations. Therefore, a GO volume of 4 pL was selected
as the optimal value for subsequent experiments. As shown in Figure
3.22b, increasing the Bi(Ill) concentration from 50 to 250 pg/L led to an
increase in the stripping peak currents of Cd and Pb, reaching maximum
values at 150 ug/L, with low RSDs of 1.67% for Cd and 0.84% for Pb.
Consequently, a Bi(Ill) concentration of 150 pg/L was chosen as optimal.
3.2.2.2. Effect of deposition potential and deposition time

The stripping signals of Cd and Pb increased significantly as the
deposition potential shifted from —0.8 V to —0.9 V. However, when the
potential became more negative from —0.9 V to —1.3 V, the stripping
peak currents of Cd and Pb gradually decreased (Figure 3.23a). Based
on these results, a deposition potential of —0.9 V was selected. As shown
in Figure 3.23b, the peak currents of Cd and Pb reached their maximum
values at a deposition time of 240 s and exhibited good repeatability,
with RSDs of 1.9% for Cd and 3.9% for Pb. Therefore, a deposition
time of 240 s was chosen for further experiments.

3.2.2.3. Effect of pulse amplitude

The stripping peak currents of Cd and Pb increased gradually and
reached their maximum at a pulse amplitude (AE) of 120 mV (Figure
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3.24); however, the stripping signals showed poor repeatability. At a
pulse amplitude of 100 mV, high stripping signals with good
repeatability were obtained, with RSD of 1.9% for Cd and 2.5% for Pb.
Thus, a pulse amplitude of 100 mV was selected as the optimal value.
3.2.2.4. Evaluation of the reliability of the DP-ASV method

As shown in Figure 3.25, when the concentrations increased from 5
to 30 pg/L, the stripping peak currents increased linearly with the
concentrations of Cd and Pb. The limits of detection (LOD) for Cd
and Pb were determined to be 1.50 pg/L and 1.39 ug/L, respectively,
while the limits of quantification (LOQ) were 5.01 pg/L for Cd and
4.65 ng/L for Pb. The repeatability of the stripping peak currents of Cd
and Pb was evaluated using the relative standard deviation (RSD) at
three concentration pairs: (20 pg/L and 10 pg/L), yielding RSD of 1.9%
and 2.0%; (40 pg/L and 20 pg/L), yielding 5.3% and 2.7%; and (60
pg/L and 30 pg/L), yielding 2.2% and 2.5%, respectively. All RSD
values were lower than '/, RSDy at the corresponding concentrations
[156]. These results indicate excellent repeatability of the stripping
peak currents for Cd and Pb when using the BiF/ErGO-GCE in the
DP-ASV method. Overall, these findings demonstrate that the DP-
ASV method employing a BiF/ErGO-GCE shows strong potential for
the simultaneous determination of Cd and Pb in water samples.
3.2.2.5. Application to real sample analysis

As shown in table 3.6, the concentrations of Cd and Pb in the two river
water samples were below the detection limits and far lower than the
maximum permissible levels for domestic water according to QCVN
08-MT:2023/BTNMT. Furthermore, Cd and Pb were not detected by
ICP-MS analysis. These results confirm the reliability of the DP-ASV
method using the BiF/ErGO-GCE. The method demonstrates high
accuracy and low detection limits for the simultaneous determination of
Cd and Pb in water samples, with LOD of 1.50 pg/L for Cd and 1.39
ug/L for Pb. These values are significantly lower than those obtained
using the SQW-ASV method with an ErGO-GCE, for which the LOD
were 4.87 ug/L for Cd and 7.24 pg/L for Pb. This clearly indicates the
substantial improvement in sensitivity achieved by employing the
BiF/ErGO-GCE for the simultaneous analysis of Cd and Pb.

3.2.3. Simultaneous determination of Pb and Cd by DP-ASV
using a ZnO/ErGO-GCE modified electrode
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3.2.3.1. Effect of modifier volume

The volume of the ZnO/GO suspension (1 mg/mL) drop-cast into the
GCE surface was investigated in the range from 2.5 puL to 12.5 pL. After
deposition, the electrode was electrochemically reduced by cyclic
voltammetry (CV) in 0.1 M PBS (pH 7.0). The volume of the ZnO/GO
modifier significantly affected the electrode modification. As shown in
Figure 3.27, at a ZnO/GO volume of 5 pL, the peak currents of Pb and
Cd reached their maximum values. However, when the volume of the
Zn0O/GO suspension was further increased, the Ip values of both metals
decreased, with a pronounced decrease observed for Pb. Therefore, a
volume of 5 ulL ZnO/GO was selected for subsequent experiments.
3.2.3.2. Effect of pH

To avoid hydrolysis and the formation of hydroxide species of Pb
and Cd ions, the stripping signals of Pb and Cd ions using the
modified electrode in DP-ASV were investigated over a pH range
from 2.4 to 6.5 in acetate buffer solutions (HAc/NaAc). At pH values
from 2.4 to 5.5, the IP values of Pb and Cd gradually increased and
reached maximum values at pH 5.5. At low pH, protonation of
functional groups such as -COOH and —OH on the ErGO material
easily occurs, leading to a reduced metal accumulation capability. At
higher pH values, the formation of metal hydroxide precipitates and
anionic metal-hydroxide complexes limits the accumulation of Pb
and Cd on the working electrode surface. Therefore, pH 5.5 was
selected as the optimal value for further studies.

3.2.3.3. Effect of instrumental parameters

The deposition potential (Epep) was investigated in the range from
—0.8 Vto —1.3 V. As shown in figure 3.29A, relatively high Ip values
for Pb and Cd were obtained at —1.1 V for Pb (9.903 pA) and —1.2 V
for Cd (4.690 pA). At —0.8 V, the Ip of Cd was very low (0.925 pA),
nearly five times lower, due to the deposition potential being close to
the stripping peak potential of Cd (Epca = —0.76 V), resulting in
inefficient accumulation. On the other hand, at excessively negative
deposition potentials, hydrogen evolution may occur on the modified
electrode surface, adversely affecting both the deposition and
stripping processes. Moreover, to avoid the co-deposition of
interfering metals such as nickel (Ni), cobalt (Co), and zinc (Zn), the
deposition potential was selected as —1.2 V.
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When the deposition time (tpep) Was increased from 60 s to 150 s, the
Ip values of Cd and Pb increased linearly with determination
coefficients of 0.982 and 0.997, respectively. For deposition times
longer than 180 s, the Ip of Cd increased insignificantly, whereas the
Ip of Pb continued to increase linearly. However, for simultaneous
determination of Pb and Cd and to reduce analysis time, a deposition
time of 120 s was selected.

In the pulse amplitude (AE) range from 10 mV to 50 mV, the Ip
values of cadmium and lead increased linearly with increasing AE,
which is in good agreement with theoretical predictions. When AE
was increased to 60 mV or higher, the Ip of cadmium increased
insignificantly, while that of lead still increased slightly. Therefore, a
AE value of 50 mV was chosen for subsequent experiments.

3.2.3.4. Effect of interfering substances

At concentrations of 100 ug/L Cu(NOs)2 and 200 ug/L Zn(NOs)2, a
strong interference with the stripping peak currents of cadmium and
lead was observed. This phenomenon can be attributed to the fact that
at a deposition potential of —1.2 V, both Zn(Il) and Cu(Il) ions are
deposited onto the modified electrode surface. After deposition,
cadmium readily forms intermetallic compounds such as Zn—Cu and
Cu—Cd, resulting in a significant decrease in the cadmium signal.
For lead, the decrease in signal may be due to these intermetallic
alloys occupying active sites on the modified electrode surface.
MgCOs (400 ug/L) also significantly affected the lead signal, which
can be explained by the formation of stable complexes between Pb
ions and COs?" anions (logK2 for Pb(COs)* = 9.09), thereby hindering
the accumulation of lead on the electrode surface. In contrast, salts
such as AI(NOs)s (400 pg/L), KNOs (400 pg/L), NaCl (400 pg/L), and
Mohr’s salt ((NHa)FeSOa4-6H20, 200 ng/L) showed negligible effects
on the stripping peak currents of Cd and Pb.

3.2.3.5. Evaluation of the DP-ASV method

a. Linear range and limit of detection

Under optimized experimental conditions, the DP-ASV method was
applied for simultaneous and individual determination of Pb and Cd using
a ZnO/rGO-GCE modified electrode in 0.1 M acetate buffer (pH 5.5) with
concentrations ranging from 2.5 pg/L to 200 pg/L. As shown in figure
3.32B, the stripping peak currents increased linearly with increasing
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concentrations of Pb and Cd. Thus, the linear range for simultaneous
determination of Pb and Cd using the ZnO/rGO-GCE electrode was 2.5—
200 pg/L, corresponding to the following calibration equations:

Cd: Ip (uA) = (—1.143 £ 0.680) + (0.179 + 0.008)Cca (1g/L); R2=0.9952 (3.14)
Pb: Ip (LA) = (—0.693 +0.395) + (0.2664 = 0.005)Cpp (1g/L); R2=0.9993 (3.15)
Based on the results in figure 3.32, the limits of detection (LOD)
were 0.45 pg/L for Cd and 1.69 ug/L for Pb, respectively.
Additionally, linear regression equations were established under two
conditions: (1) fixing Cpp, at 40 pg/L while adding Cd standards from 2.5
to 200 pg/L, and (2) fixing CCd at 40 pg/L while adding Pb standards
from 2.5 to 200 pg/L. The results indicated that the incremental addition
of one metal ion caused negligible changes in the Ip of the other.
Specifically, the Ip of Pb at 40 pug/L was 12.49 pA with a relative
standard deviation of 7.9%, and the Ip of Cd at 40 pg/L was 7.07 uA
with an RSD of 12.5%, compared to '/,RSDy of 12.6%. The sensitivities
obtained in individual determinations were close to those obtained in
simultaneous determinations (0.147 vs. 0.140 pA.L/ug for Cd and 0.283
vs. 0.215 pA.L/ug for Pb).

These results clearly indicate that the electrochemical reactions of Cd and
Pb on the ZnO/ErGO-GCE electrode are independent, without mutual
interference, and are fully acceptable. Under individual determination
conditions, the LOD values were 0.53 ug/L for Cd and 0.60 pg/L for Pb.
b. Repeatability

The repeatability of the stripping peak currents (Ip) for Cd and Pb was
evaluated at three concentration levels: 10 pg/L, 40 pug/L, and 100 pg/L,
under optimized conditions. At each concentration, nine replicate
measurements were performed. As shown in figure 3.34, the RSD
values for cadmium and lead were 1.7% and 7.3% at 10 ug/L; 3.50%
and 3.80% at 40 pg/L; and 6.0% and 3.2% at 100 ug/L, respectively.
Compared with the corresponding !/, RSDy values of 16.0%, 13.0%, and
11.3%, these results are entirely acceptable. Therefore, the repeatability
of the IP values for Cd and Pb is satisfactory.

3.2.3.6. Analysis of real samples

The DP-ASV method using the ZnO/ErGO-GCE modified electrode
was applied for the simultaneous determination of Cd and Pb in three
water samples using the standard addition method. The recoveries
ranged from 88% to 107%, which are acceptable according to AOAC
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guidelines at spiked concentrations of 5 ug/l. and 10 pg/L.
The accuracy of the analytical procedure was further evaluated by
comparison with the standard ICP-MS method. The comparison
between DP-ASV and ICP-MS results was assessed using Student’s t-
test. As shown in Table 3.9, all experimental t values were lower than
the critical Student’s t value of 3.182, indicating no statistically
significant difference between the two methods. Based on the reliability
assessment and comparison with ICP-MS, the DP-ASV method using
the ZnO/ErGO-GCE electrode demonstrates strong potential for the
determination of Pb and Cd in water samples, offering low detection
limits (0.454 pg/L for Cd and 1.693 pg/L for Pb), good repeatability,
and high accuracy. Furthermore, the recoveries of the ZnO/ErGO-GCE
comply with AOAC standards, confirming its accuracy and reliability
for the analysis of complex samples. Compared with previously reported
domestic and international studies, the DP-ASV method employing the
ZnO/ErGO-GCE electrode not only provides a wide linear range and
low detection limits, but also ensures excellent repeatability and
accuracy, highlighting its broad application potential for the
simultaneous detection of trace-level Pb and Cd in water samples.
3.2.3.7. Reproducibility of the modified electrode

To evaluate the reproducibility of the modified electrode, five
ZnO/ErGO-GCE electrodes were prepared using the same procedure
and tested by DP-ASV in 0.1 M acetate buffer solution (ABS) at pH 5.5
(figure 3.35a). Each experiment was repeated four times, excluding the
first measurement. The relative standard deviation values for the five
different electrodes ranged from 2.2% to 4.6% for Cd and from 0.4% to
1.8% for Pb. These RSD values are much lower than the corresponding
1,RSDy values at 40 pg/L Cd (13.0%) and 10 ug/L Pb (16.0%),
indicating that the reproducibility of the proposed ZnO/ErGO-GCE
modified electrode is acceptable. For stability testing, the same modified
electrode was used to record DP-ASV curves for the same solution.
Each measurement was repeated four times, excluding the first scan.
After each measurement, the working electrode was stored in phosphate
buffer solution at 4 °C in a refrigerator. Measurements were carried out
continuously over five days, with one measurement per day. The
obtained RSD values were 4.4%, 5.3%, and 5.3%, respectively,
demonstrating good stability of the modified electrode.
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3.3. Determination of Hg in water by DP-ASV using an
AuNPs/ErGO-GCE modified electrode

3.3.1. Effect of supporting electrolyte

As shown in figure 3.36, the stripping peak potential (Ep) of Hg exhibited
negligible changes in potassium and sodium sulfate and nitrate based
electrolytes, namely K>SO (0.668 V), KNOs (0.672 V), NaSOs (0.678
V), and NaNQ:s (0.680 V). In contrast, in chloride based electrolytes, Ep
shifted toward more negative potentials compared to sulfate and nitrate
salts, specifically Epyg = 0.532 V for KCI and 0.547 V for NaCl.
Moreover, the stripping peak current (Ip) of Hg in potassium chloride
solution was approximately 1.3 times higher than that in K2SO4 and 1.8
times higher than that in KNOs. Similarly, in sodium chloride solution, Ip
was about 1.3 times higher than in Na.SO. and 1.7 times higher than in
NaNOs. This can be explained by the fact that sulfate and nitrate salts of
potassium and sodium do not form stable complexes with Hg ions,
whereas chloride ions form stable complexes with Hg, thereby enhancing
the accumulation of Hg on the AuNPs/ErGO-GCE modified electrode
and resulting in increased Ip values. The formation of stable complexes
between Hg ions and chloride ions was further confirmed by investigating
the effect of chloride ion concentration (figure 3.37). When the chloride
concentration increased from 0.01 M to 0.50 M, the stripping peak current
increased linearly from 0.01 M to 0.20 M (figure 3.37B) according to
equation (3.16). However, when the concentration increased from 0.20 M
to 0.50 M, the Ip value remained nearly constant. Meanwhile, Ep of Hg
shifted toward more negative potentials with increasing chloride
concentration (figure 3.37C), which is fully consistent with polarographic
theory regarding metal-complex formation [185]. Thus, it can be
concluded that Hg ions form complexes with chloride ions, following the
relationship: Ep (V) = (0.416 + 0.015) + (0.112 £ 0.011)(-log C_CI"), R?
= 0.9949 (3.17). Therefore, 0.2 M potassium chloride solution was
selected as the supporting electrolyte for subsequent experiments.

3.3.2. Effect of pH

After selecting 0.2 M KCI as the supporting electrolyte, the pH was
adjusted using 0.05 M HCIl and monitored after each measurement.
The effect of pH in the range from 3.0 to 7.0 is presented in figure
3.38. At pH values between 3.0 and 5.0, the stripping peak potential
showed no statistically significant variation, with Ep = +0.537 £ 0.002
V (n = 6). This result indicates that H* ions do not participate directly
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in the electrochemical reaction of Hg at the electrode surface.
However, the stripping peak current increased significantly at lower
pH values. This can be explained by protonation of the modified
material at low pH, which reduces the hydrophilicity of the modified
electrode and/or weakens electrostatic interactions between the analyte
and electroactive sites on the electrode surface. When the pH exceeded
5.0, the Ip values remained nearly constant. This phenomenon can be
attributed to the formation of mercury(Il) hydroxide precipitates at
higher pH values, which limits the accumulation process.

3.3.3. Effect of the number of cyclic voltammetry scans for AuNP
formation

The electrochemical reduction of Au(Ill) to AuNPs on the ErGO-GCE
surface was confirmed by elemental mapping images. In this study, the
concentration of Au(Ill) ions was fixed at 2 x 10 M in 0.01 M
H2SO4, while the number of cyclic voltammetry scans was varied.
Figure 3.39 illustrates the stripping voltammograms and the variation
of Hg Ip values as a function of the number of CV scans, ranging from
5 to 40 cycles. When the number of scans increased from 5 to 25
cycles, Ep of Hg gradually shifted toward more positive values.
However, from 25 to 40 cycles, Ep remained nearly constant at
approximately 0.504 = 0.003 V (RSD = 0.6%, n = 4). A similar trend
was observed for Ip values, which increased initially and then reached
a plateau. This behavior can be attributed to the increased formation of
AuNPs on the ErGO surface with increasing scan numbers, resulting
in a higher density of electroactive sites that facilitate amalgam
formation with Hg and enhance Ip. When the number of scans reached
40, the Ip value showed no significant increase. Therefore, 25 CV
scans were selected as optimal for subsequent experiments.

3.3.4. Effect of instrumental parameters in DP-ASV

As shown in figure 3.40, the stripping peak potential of Hg remained
nearly constant, whereas the stripping peak current decreased significantly
when the deposition potential varied from —0.7 V to +0.1 V. At more
negative potentials (—1.1 V) and under weakly acidic conditions (pH 5.0),
hydrogen evolution readily occurs, which obstructs the reduction of Hg
ions on the working electrode surface. Therefore, a deposition potential of
—0.9 V was selected, yielding the highest Ip value for Hg. Experimental
results showed that when the deposition time (tpe,) Was increased from 60
s to 300 s, the Ip increased linearly with R? = 0.9950. When tpe, exceeded
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300 s, the Ip increase became negligible, indicating that Hg® accumulation
reached equilibrium at the electroactive sites of the modified electrode. To
balance analysis time and analytical accuracy, a deposition time of 240 s
was selected, giving an Ip of 8.892 + 0.019 pA with an RSD of 0.21% (n
= 3). As the pulse amplitude (AE) increased, the background current also
increased and the stripping peak shifted toward more negative potentials.
Additionally, peak broadening was observed when AE varied from 0.02 V
to 0.10 V, adversely affecting selectivity in Hg quantification. Although
IP increased linearly from 0.02 V to 0.08 V (R* = 0.9362; equation 3.19),
at AE = 0.10 V the increase in Ip slowed and linearity deteriorated.
Therefore, AE = 0.06 V was selected, yielding an Ip RSD of 0.21%.

3.3.5. Evaluation of the reliability of the DP-ASV method

The working range and linear relationship between Ip and Hg
concentration for the DP-ASV method using the AuNPs/ErGO-GCE
electrode were established by adding standard Hg solutions in the
range of 2.0-30.0 pg/L to 0.2 M KCl solution (pH 5.0) and recording
DP-ASV signals. As shown in figure 3.43B, curvature appeared at
Hg concentrations above 20.0 ug/L; therefore, the working range
was defined as 2.0-20.0 ug/L. Within this concentration range, the
linear regression equation was:

In(nA) = (0.052 £ 0.132) + (0.156 £ 0.012)Crg (ng/L), R2=10.9954 (3.20)
The limit of detection (LOD) was calculated using the near-origin
segment based on the 3¢ criterion, yielding an LOD of 0.68 ng/L and
a limit of quantification (LOQ) of 2.27 pg/L.

Repeatability: Three Hg concentrations corresponding to 25%, 50%,
and 75% of the linear range (5.0, 10.0, and 15.0 pg/L) were selected. At
each concentration, nine replicate measurements were performed (n =
9). As shown in table 3.11, the experimental RSD values were very low
and significantly smaller than the corresponding '/,RSDy values. In
addition, the stripping peak potential remained nearly constant at all
three concentrations, with Ep = 0.445 £ 0.003 V and RSD = 0.6%. These
results demonstrate statistically significant repeatability of Ip values for
Hg determination using the DP-ASV method with the AuNPs/ErGO-
GCE electrode. The reproducibility of the modified electrode was
further evaluated using a single GCE substrate subjected to five
successive modifications with AuNPs/ErGO. Experimental conditions
were identical to those used in the repeatability study. Although some
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differences in DP-ASV curve shapes were observed, likely due to
variations in AuNP distribution during electrochemical synthesis, figure
3.46B shows that the Ip value obtained after the first modification was
approximately 9.0% lower than those from the subsequent four
modifications. From the second to the fifth modification, no significant
differences were observed. Across all five modifications, RSD values
ranged from 1.2% to 4.1% (n = 3), which are significantly lower than
the Horwitz-predicted RSD values for intralaboratory precision.
Furthermore, one-way ANOVA applied to the five modifications
yielded an experimental Fisher value of 1.574, which is lower than
the critical value (Fupie = 3.056), with a calculated p-value of 0.232
(> 0.05). These results confirm that no statistically significant
differences exist among the five modification cycles.

3.3.6. Effect of interfering substances

All investigated metal ions negatively affected the stripping peak current
of Hg when present at concentrations ten times higher than that of Hg.
Among them, Na, K, Ca, and Al ions can form amalgams with metallic
mercury; however, at the deposition potential of —0.9 V, they cannot be
reduced to their metallic forms. In contrast, Mg, Mn, and Fe ions,
although unable to form amalgams with mercury, significantly affected
the Ip values. This behavior may be attributed to the ability of Mg, Mn,
and Fe ions to form complexes with functional groups on reduced
graphene oxide materials. Cu, Pb and Zn ions readily form amalgams
with mercury during the accumulation stage, thereby strongly suppressing
the Hg stripping signal at higher concentrations. In particular, metallic Cu
can also form intermetallic compounds with Au, further reducing the
accumulation efficiency of Hg on the AuNPs/ErGO surface. For all
investigated metal ions, the stripping peak potential of mercury
remained nearly unchanged, ranging from +0.442 V to +0.488 V.

3.3.7. Application to real sample analysis

As shown in table 3.12, the DP-ASV method using the AuNPs/ErGO-
GCE modified electrode achieved recoveries ranging from 92% to 108%,
which are acceptable according to AOAC guidelines for Hg
concentrations below 10 pg/L. Furthermore, comparison between DP-
ASYV results and those obtained by CV-AAS using an MA-3000 analyzer
yielded experimental Student’s t values lower than the critical value of
4.303. These results demonstrate that the DP-ASV method employing the
AuNPs/ErGO-GCE electrode exhibits good accuracy and can be
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considered a viable alternative to conventional methods such as CV-AAS
for the determination of Hg in water samples. The mercury concentrations
in the three analyzed water samples were very low and below the
quantification limit. Compared with the WHO permissible limits, no
mercury contamination was detected in the analyzed water samples.

CONCLUSIONS
Based on the investigation of theoretical background combined with the
obtained experimental results, the following conclusions can be drawn:
1. Synthesis and characterization of composite materials
The composite materials ZnO/ErGO and AuNPs/ErGO were successfully
synthesized using a hydrothermal method combined with electrochemical
techniques. The formation of the ZnO/ErGO and AuNPs/ErGO
composites was confirmed by advanced physicochemical characterization
methods, including XRD, FT-IR, SEM-EDS mapping, HR-TEM, BET,
Raman spectroscopy, and EIS. The characterization results indicate that:
ZnO nanoparticles were successfully formed with sizes ranging from
100 to 300 nm. The ZnO/ErGO composite exhibits high crystallinity,
a stable porous structure, uniform distribution of ZnO nanoparticles
on the ErGO matrix, a large specific surface area, and excellent
electrical conductivity, highlighting its strong potential for
electrochemical sensing applications.
The AuNPs/ErGO composite shows a stable structure with significantly
improved physicochemical properties compared to pristine ErGO. Gold
nanoparticles with an average size of approximately 10 nm were
uniformly distributed on the ErGO surface, resulting in a highly
promising material for electrochemical sensor applications.
2. Electrochemical performance of ZnO/ErGO-modified electrodes for Pb
and Cd detection electrochemical investigations demonstrated the superior
performance of the ZnO/ErGO composite, which significantly enhanced
electrical conductivity, yielding a low charge-transfer resistance (Rct =
924 Q) and an enlarged electrochemically active surface area (A = 0.13
cm?). These properties contributed to a substantial increase in the
stripping peak currents of Pb and Cd in DP-ASV measurements. The
ASV method employing the ZnO/ErGO-GCE modified electrode was
successfully applied for the simultaneous determination of Pb and Cd in
water samples, exhibiting high sensitivity and low limits of detection of
0.45 pg/L for Cd and 1.69 ug/L for Pb, respectively. The ZnO/ErGO-
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GCE electrode was compared with ErGO-GCE and BiF/ErGO-GCE
electrodes. The comparative evaluation of electrochemical characteristics,
limits of detection, and linear ranges revealed that the ZnO/ErGO-GCE
electrode provided a wider linear range and better analytical performance,
demonstrating superior applicability for the simultaneous determination
of Pb and Cd in water samples.

3. Electrochemical performance of AuNPs/ErGO-modified electrodes for
Hg detection. The AuNPs/ErGO nanocomposite significantly enhanced
the electrical conductivity of the electrode, as evidenced by a low charge-
transfer resistance (R = 130.8 Q) and a large electrochemically active
surface area (A = 0.075 cm?), resulting in an increased stripping peak
current for Hg. The DP-ASV method using the AuNPs/ErGO-GCE
modified electrode was successfully applied for the determination of Hg
in water samples, exhibiting high sensitivity and a low LOD 0.68 pg/L.
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