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SUMMARY

Heavy metals have garnered significant attention due to their detrimental effects on the
environment and living organisms. However, heavy metals can also be valuable resources.
Monitoring of heavy metals is crucial for both pollution control and resource recovery. Currently,
standard detection methods require lab-scale instrumentssuch as atomic absorption spectrometry
(AAS), inductively coupled plasma optical emission spectroscopy (ICP-OES), inductively
coupled plasma mass spectrometry (ICP-MS), and UV-visible absorption spectroscopy (UV-
Vis). Additionally, the valence state of some metal ions is closely related to their toxicity,
necessitating the speciation of heavy metal ions. This often involves high-performance liquid
chromatography (HPLC) to separate species before measurement with the aforementioned
instruments. These methods are expensive, time-consuming, and require professional operators,
making on-site detection and monitoring challenging. In recent years, electrochemical sensors
have been introduced for rapid on-site pollutant detection due to their high sensitivity, high
selectivity, low cost, portability, and ease of operation. Electrochemical sensing requires only
electrodes (sensors), an electrochemical workstation, and a laptop, making it a convenient and
efficient solution for monitoring pollutants.

In this work, screen-printed carbon electrodes (SPCEs) were used to explore the potential for
monitoring and speciation of several heavy metal ions. Different nanomaterials were synthesized
and modified onto the SPCEs: (i) bismuth oxide nanosheets with flake-shaped structures (300-
1000 nm wide and 6-10 nm thick) were employed to detect Pd(Il) ina palladium recovery process;
(i1) gold-manganese oxide (Au/Mn = 10/1, m/m) nanoparticles were utilized to monitor and
speciate As(IIl) and As(V) in a wastewater treatment process; (iii) gold-silver (Au/Ag = 100/1,
m/m) nanoparticles were developed for the speciationand detection of Cr(lIl) and Cr(VI) in tap
water, artificial saliva, artificial sweat, and wastewater samples; (iv) SPCEs were applied directly
for the determination of Cd(ll) and Pb(ll), while commercially available gold-modified SPCEs
were used to measure Hg(Il). Finally, an ultrasound-assisted leaching procedure was optimized
for artificially contaminated biochar samples (compared to the standard Toxicity Characteristic
Leaching Procedure). The leachates were analyzed using both developed sensors and bulk
instruments. The consistent results from both methods confirm the feasibility of applying
voltammetric sensors for the speciation and monitoring of heavy metal ions in environmental

samples.



LIST OF PUBLICATIONS

Journal papers:

1. Ke, Zhao, Liya Ge, Ten It Wong, Xiaodong Zhou, and Grzegorz Lisak. "Gold-silver
nanoparticles modified electrochemical sensor array for simultaneous determination of
chromium (Il1) and chromium (V1) in wastewater samples.” Chemosphere 281 (2021):
130880.

2. Ke, Zhao, Liya Ge, and Grzegorz Lisak. "Facile synthesis of electrocatalytically active
bismuth oxide nanosheets for detection of palladium traces in pharmaceutical
wastewater.” Environmental Pollution 307 (2022): 119524.

3. Ke, Zhao, Canwei Mao, Ruiyu Ding, Dean Song, Liya Ge, and Grzegorz Lisak.
"Simultaneous Speciation of Inorganic Arsenic (Il and V) Utilizing Gold-Manganese
Oxide Nanoparticles Modified Electrochemical Sensors.” Electrochimica Acta (2024):
144796.

4. Zhao, Ke, Canwei Mao, Ruiyu Ding, Cherilyn Wong, Liya Ge, and Grzegorz Lisak.
"Rapid on-site determination of heavy metals and metalloids in contaminated biochar
samples by accelerated leaching process coupled with voltammetric sensors.” Talanta
(2025): 127572.

VI



LIST OF TABLES

Table 1. Synthesis methods of NANOMALEIIAIS..............iiiiiiiiiii e 3
Table 2. Comparison of different methods for heavy metal detection. ............ccccccevvvviiiiiiniiiniee, 14
Table 3. Comparison of results in the present work with other reported electrochemical sensors to

(0 Lc3 =T T TN o PRSPPI 35
Table 4. Contents of other elements in real untreated wastewater sample S1............ccccccvvvviviiiinnnnnn, 36
Table 5. Peak height ratio as recorded by BiONS-SPCEs for 100 ppb Pd?* after 10- and 100-fold spiked
excess concentrations of Other MEtal 10NS. .........oiiiiiiiiiiiie e 37
Table 6. Determination of Pd2* in real untreated wastewater and treated wastewater samples.............. 38
Table 7. Pd2* concentrations and recovery rates tested by BiONS-SPCEs during the Pd recovery

00 =P 39
Table 8. Change of peak height of Cr(111/VI) caused by interferent.............ccccccceiiiii, 59
Table 9. Comparison of the performances of different modified electrodes for determining Cr(ll1) and
(01 V4 ) TR ST RPOPPPPSTPPP 59
Table 10. Determination of chromium (111/VI) and total chromium in chromium spiked samples using
AG-AU-SPCE aNd Ag-AU-SPCE-a. ...ttt et 60
Table 11. Determination of chromium (111/VI) and total chromium in chromium-containing wastewater
samples using Ag-Au-SPCE and Ag-AU-SPCE-a. .........cccccciiiii 61
Table 12. Comparative analysis of methodologies between existing studies and current work............. 79
Table 13. Comparison of results between HPLC-ICP-QQQ and AnMn-10-SPCE.............ccccvvvvveenn. 82
Table 14. Spiking details and treatments of the samples. ..........ccccciiici 90
Table 15, UAL PArAMELETS. ....eeieeiee ittt e e e ettt e e e e e e ettt e e e e e ee e e e e ttab et e e eaaaesaannetbneeeeaeeaaaaans 90
Table 16. Electrochemical protocols of the heavy metal ionS. ..., 91
Table 17. Comparison of UAL and TCLP results of raw biochar. .............ccoocove 94
Table 18. Comparison of UAL and TCLP results of ACB 1 ..., 95
Table 19. Comparison of UAL and TCLP results of ACB 2 ...........ooviiiiiiiiiiiiiiiee e 96
Table 20. Comparison of UAL and TCLP results of ACB 3 ..., 96
Table 21. Detection range, limit of detection and sensitivity of analytes. ...........ccccconiiiins 100

Vil



LIST OF FIGURES

Figure 1. Three electrodes system (A) and a typical CV curve (B) [46]. ......cccoovvriiimiiiiiieiiiiiiiiiiiieeen, 5
Figure 2. Typical potential waveform of LSV (A), CV (B), SWV (C), and DPV (D) [48]........cccccvnnnnns 6
Figure 3. A potentiometric electrochemical Cell.............coiiiiiii i 7
Figure 4. The Eh-pH diagram of Cr—O-H system @298.15 K, 102 Pa [53].......ccurrrmmmrmmmmmimmmmmmnnnnnnnnnnnn 8
Figure 5. The Eh-pH diagram of Cr—O—H system @298.15 K, 105 Pa [55].......cccovivviiiieeeeiiiiiiiiinieeen, 9
Figure 6. The process of electrons being excited from the ground state to the excited state (A) and back
(0T LTI o TN o 51 L= (= ) T 13
Figure 7. Principle of detection of total AS and AS(I1). .........uuuuurmiiiiiiiiiiiiiiii. 20
Figure 8. Raman spectrum (a), XRD pattern (b), and XPS spectra (c: wide scan and d: Bi 4f narrow

scan) of the prepared BIONS. ... 28
Figure 9. SEM images (a and b), SEM-EDX layered elemental mapping (c, inserts: elemental mapping
images of Bi and O), and TEM image (d) of the prepared BiONS. ...........ccccoiiviiiimimiiimiin, 29
Figure 10. Tapping mode 3D AFM image of the prepared BiONS. ..........ccccciiiiiiiiiiiiiinieieen 30
Figure 11. Tapping mode 2D AFM image of the prepared BiONS (a) and marks of selected points to

measure the thickness (D AN C). ....uevvii i 30

Figure 12. Optimization of parameters for reliable determination of Pd?*: pH of the electrolyte (a), the
concentration of KCI in background electrolyte (b), the concentration of BiONS used for modification

of SPCEs (c), Pd?* deposition potential (d) and Pd?* deposition time (€)........cccvvveeeeeiiiiiiiiiiiiecieeeee, 33
Figure 13. SEM images (a and b) and SEM-EDX layered elemental mapping (c, inserts: elemental

mapping of Bi, O and Pd) of the electrode surface after Pd deposition..............ccuvvvvviimiriiiiiimininnninnnnn. 34
Figure 14. Voltammograms and linear relationship of calibration curve for Pd2* detection.................. 35
Figure 15. The color change of real wastewater sample before and after pretreatment. ....................... 38
Figure 16. Electrochemical signal comparison of Pd samples before and after pretreatment................ 38
Figure 17. SEM image (a) and corresponding EDX spectrum (b, inset: elemental weight percentage) of
the TECOVEIEA PO POWABT . ... .ttt e e e ettt e e e e s e bbb eeeeeenan 39
Figure 18. Preparation procedure Of €leCtrOUES. .....uuuuuurrrriiiiriiiiiiiiireeiininenerenenrennenerenerererrrennrnnenennnne 44

Figure 19. HPLC-ICP-MS spectra of 2 injections of the same DI water sample: a and b (peak area of Cr
(1) a: 1,934,645.53 cps-s and b: 6,195,538,48 cps-s); 50 ppb Cr (111) and (V1) standard: ¢ and sample
Y o O RRPPPPPPSRPPPP 46
Figure 20 HPLC-ICP-MS calibration curves of Cr (I11): a, and (V1): b....vvviiiiiiiiiiiiiiinnnns 47
Figure 21. FESEM images of Au-SPCE (al, b1, d1 and el), Au-SPCE-a (g1 and h1), Ag-Au-SPCE (a2,
b2, d2 and e2) and Ag-Au-SPCE-a (g2 and h2); layered element mappings of Au-SPCE (cl and f1),
Au-SPCE-a (il1), Au-SPCE (c2 and f2) and Au-SPCE-a (i2). Insert: element mapping of gold and silver.
Among these images, al, b1, c¢1, g1, hl, il, a2, b2, c2, g2, h2, and i2 were taken within one hour after
the preparation of the electrodes, while d1, el, f1, d2, e2 and f2 were taken one day after the

S]] 0 - U] o R 49
Figure 22. Particle size distribution of the particles on the surface of freshly prepared Au-SPCE-a (a),
Ag-Au-SPCE-a (c), and Ag-Au-SPCE after being left in the air for one day (b)........ccccoccvvvivininiinnnnns 50

Figure 23. TEM images of Ag-Au-SPCE (a and c) and Ag-Au-SPCE-a (e); layered element mappings
of Au-SPCE (b and d) and Au-SPCE-a (f), insert: element mapping of gold and silver. Among these
images, a, b, e, and f were taken within two hours after the preparation of the electrodes, while ¢ and d

were taken one day after the preparation of AQ-AU-SPCE. .............uuuiiiiiiiiiiiieiiiiiiiiiir.. 51
Figure 24. XPS spectra of Ag 3d (a) and Au 4f (D) of AQ-AU-SPCES. ........ccccoviiiiiiiiiiieiiiiiiieeee. 53
Figure 25. Comparison between the electrochemical signal of Au-SPCE-a and Ag-Au-SPCE-a to 1 ppm
[0 O {1 PP SUPUPPRRRRRR 54
Figure 26. Optimize Cr(l1l) detection parameters: deposition potential (a) and deposition time (b);

optimize Cr(VI) detection parameters: pH (c), deposition potential (d) and deposition time (e)............ 56
Figure 27. Comparison between the electrochemical signal of Au-SPCE and Ag-Au-SPCE to 1 ppm of
L0 B Y TR OSSPSR 57

Figure 28. DPV response (a) and linearity (b) of 0.05~1 ppm Cr(l1l) detected with Ag-Au-SPCE-a
under optimized conditions; SWV response (c) and linearity (d) of 0.5~5 ppm Cr(VI1) detected with Ag-

AU-SPCE . e 58
Figure 29. DPV response of 0.1 ppm Cr (I11) detecting with Au-SPCE-a (a) and SWYV response of 0.5
ppm Cr (V1) detecting With AU-SPCE (D)......ccoooiiii i 58



Figure 30. XRD patterns (a), XPS spectra of wide scan (b), and Au-4f (c) and Mn-2p (d) narrow scan of

the synthesized NANOMALEIIALS. ... ...iviiiieeiiiiiie i ee e e e e e ree e e eeeeerereeeesrerernnennnnnns 68
Figure 31. SEM images (a) and (b), EDX spectrum (c), TEM image (d), and EDX layered elemental
MapPiNg (8) OF AUMININPS-10. ... .o e 69
Figure 32. SEM images (a) and (b), EDX spectrum (c), and TEM image (d) of AUNPs...................... 70
Figure 33. SEM images (a) and (b), EDX spectrum (c), and TEM image (d) of MNNSs. ...........ccccvuee 70
Figure 34. SEM images (a) and (b), EDX spectrum (c), TEM image (d), and EDX layered elemental
MapPPiNg (€) OF AUMNNPS-20. ... uuuuuiiiiiiiieiiieieieeee e eesesesesesesesssssesssssesesnnnsnnns 71
Figure 35. SEM images (a) and (b), EDX spectrum (c), TEM image (d), and EDX layered elemental
MaPPING (€) OF AUMIINPS-5. ... . ittt e s eesesesesesesssssssssssnnesnnnnnnnnns 71
Figure 36. SEM images (a) and (b), EDX spectrum (c), TEM image (d), and EDX layered elemental
MAPPING (€) OF AUMNINPS-2. ... e tiiiiiitiiiiiteieie e e eeaeessssesssesesesesesssssssssnsesnnnnnnnnns 72

Figure 37. Optimization of parameters for determination of As(V): pH of the electrolyte (a), deposition
potential (b), deposition time (c), Au-to-Mn ratio (m/m) in the nanomaterial (d), and concentration of

TN MOTITIEE (). ettt e e e ettt e e e e e e bbb e e e e e e an e 73
Figure 38. Simulated concentration profile associated with the distance away from electrode surface of
As species diffusion (a) with electrical migration , and (b) without electrical migration...................... 75
Figure 39. DPV response (a) and calibration curves (b) of 0.2 to 2 ppm As (Il and V) standards with
=T UL 77
Figure 40. DPV responses (a) and calibration curves (b) of 0.2 to 2 ppm As standards (l1l and V

0L D OIS R A 5 R 77
Figure 41. Optimization of parameters for determination of As(I11) under lower deposition potentials:
deposition potential (2) and deposition timMe (D). .......eeiiiiiiii e 78
Figure 42. DPV responses (a) and calibration curves (b) of 0.2 to 2 ppm As(l11) standards. ................ 78
Figure 43. Peak height/current ratio (%, at~ -0.12 V) of interfering ions and surfactants to 1 ppm As
LT T A ) OO R R PPURP 81
Figure 44. HPLC-ICP-QQQ chromatograms (a) and calibration curves with linearity (b) for As (Il and
R TS = o 82
Figure 45. Comparison of monitoring and speciation results of As 111 (a), As V (b) and As total (c) from
As wastewater treatment process obtained by HPLC-ICP-QQQ and AuMn-10-SPCE. ..........cccccevvnns 83

Figure 46. Schematic views of ultrasonic assisted tumbler (UAT). 3D prototype design view and the
view of the components inside the tumbler (a), the size of the UAT at 532mm (L) x 208mm (W) x

264mm (H) (b), the components inside UAT and the assembled UAT (C)......ccooveveveiiieiiieeee, 88
Figure 47. Workflow diagram of the process and methodology............uuuvuviiiiiiiiiiiiiiiiiii. 89
Figure 48. Detailed illustration of the complete on-site sample testing workflow .................cccvvveeeeen. 92
Figure 49. Optimization of deposition potential and deposition time of Cd (a and b), Pb (¢ and d), and
HO (8 AN ). oot 97

Figure 50. Voltammetry responses (a, ¢) and linearities (b, d) of As(l11) and As(total), respectively.... 98
Figure 51. Voltammetry responses (a, ¢) and linearities (b, d) of Cr(I11) and Cr(V1), respectively. ...... 99
Figure 52. Voltammetry responses (a, ¢) and linearities (b, d) of Cd(ll) and Pb(ll), respectively......... 99
Figure 53. Voltammetry responses (a, ¢) and linearities (b, d) of Pd(Il) and Hg(ll), respectively........ 100
Figure 54. Comparison of (a) Cd(ll), (b) Pb(lI), (c) Pd(ll) and (d) Hg(ll) concentrations in leachate
samples measured by ICP-OES and voltammetriC SENSOIS........vvvvviviiiiiiiiiiiiiiiiie e 102
Figure 55. Comparison of Cr concentration and speciation results in leachate samples measured by
HPLC-ICP-QQQ and voltammetric sensors. *Calculated by summing the average values of the
individual HPLC-ICP-QQQ and results, without available SD data...............cccooeeeiiiiiiiiii, 103
Figure 56. Comparison of As concentration and speciation results in leachate samples measured by
HPLC-ICP-QQQ and voltammetric sensors. #Calculated by subtracting the As (I11) concentration from
the total As concentration, without available SD data. *Calculated by summing the average values of the
individual HPLC-ICP-QQQ results, without available SD data...............ccccccvieeiiiiiiiiiiii e, 104



LIST OF ABBREVIATIONS AND SYMBOLS

Abbreviation/ Symbol  Description

AAS atomic absorption spectrometry

ACB artificially contaminated biochar

AFM atomic force microscope

AuMNNPs gold-manganese nanoparticles

AuNP gold nanoparticle

CE counter electrode

CONAMA Brazilian National Council for the Environment
CVv cyclic voltammetry

CVvD chemical vapor deposition

DC direct current

DCC diphenyl carbazide colorimetric

DI Deionized

DNA deoxyribonucleic acid

DPV differential pulse voltammetry

E potential

EDX energy dispersive X-ray

EIS electrochemical impedance spectroscopy
FE-SEM field emission-scanning electron microscopy
GCE glassy carbon electrode

HER hydrogen evolution reaction

HMIs heavy metal ions

HPLC high-performance liquid chromatography

I current

IARC International Agency for Research Cancer

IBA incineration bottom ash

IC ion chromatography

ICP-MS inductively coupled plasma mass spectrometry
ICP-OES inductively coupled plasma optical emission spectroscopy
ICP-QQQ inductively coupled plasma triple quadrupole mass spectrometry
IE indicator electrode

IFA incineration fly ash

X



ISE
LOD
LSV
MOFs
MSW
MSW
ppb
ppm

ppt
RA

RE
RNA
SBL
SD
SHE
SPCE
SWV
TCLP
TEM
TFT
TLL
TOC
UAL
UAT
USEPA
UV-Vis
WE
WHO
XPS
XRD

ion-selective electrode

limit of detection

linear sweep voltammetry

metal-organic frameworks

municipal solid waste

municipal solid waste

parts per billion

parts per million

parts per trillion

rapid adsorption

reference electrode

ribonucleic acid

spiked biochar leachate

standard deviation

standard hydrogen electrode

screen-printed carbon electrode

square wave voltammetry

Toxicity Characteristic Leaching Procedure
transmission electron microscopy

thin film transistor

transistor-transistor logic

total organic carbon

ultrasound assisted leaching

ultrasound assisted tumbler

United States Environmental Protection Agency
ultraviolet—visible absorption spectroscopy
working electrode

World Health Organization

X-ray photoelectron spectrometer

X-ray diffraction

Xl



CHAPTER 1 INTRODUCTION
1.1 Background

1.1.1 Heavy metals

Metals and metalloid elements with atomic numbers greater than 20 and densities

greater than 5 g/cm? are generally defined as heavy metals [1, 2]. In the
environment, heavy metal ions (HMIs) can cause harm to humans, animals, and

even plants when their concentrations exceed toxicity levels. HMIs cannot be
naturally degraded and tend to accumulate and transform within organisms [3].

Arsenic, cadmium, chromium, lead, and mercury are classified as priority control

heavy metals due to their notable carcinogenic and noncarcinogenic toxicities [4].

The toxicity of HMIs depends on their species, concentration, and valence [5, 6].

Among the priority control heavy metals, arsenic, and chromium are well-known
elements with multiple stable valence states. As for arsenic, inorganic arsenic is

more concerned because it is more water-soluble than organic arsenic and is more

likely to be enriched in organisms [7]. The stable inorganic arsenic species in the
environment are mainly arsenate (As(V)) and arsenite (As(lll)), among which

As(11) is considered to be more toxic [8]. Nevertheless, arsenic species can

transform the environment and organisms, and their toxicity may change

accordingly [9]. Similar to arsenic, inorganic chromium also has two stable

oxidation states in nature: hexavalent (Cr (V1)) and trivalent (Cr (111)) [10]. Cr(\VI)
IS a recognized strong carcinogen and can cause serious health problems either

from acute exposure or chronic accumulation [11, 12]. However, Cr(lll) is an

essential trace element for the human body [13]. Thus, it is important to monitor
and speciate the HMIs.

In addition, some pollutants can also be treated and recovered as useful products.

Technologies for recovering heavy metals from wastewater are increasingly

being developed [14, 15]. Monitoring the concentration of heavy metals

recovered during these processes is also crucial.

1.1.2 Nanomaterials in electrochemical sensing applications and synthesis of



nanomaterials

Nanomaterials are characterized by having at least one external dimension within
the range of 1 to 100 nanometers. Due to their unique size-dependent properties
and vast surface area, nanomaterials have found applications across diverse fields,
including the development of voltammetric sensors [16].

Carbon-based nanomaterials, such as carbon quantum dots (zero-dimensional),
carbon nanotubes (one-dimensional), graphene (two-dimensional), (reduced)
graphene oxide, fullerenes, carbon nanofibers, and their derivatives, are among
the most effective materials for sensors. They exhibit excellent mechanical
strength, electrical conductivity, and chemical stability, making them highly
suitable for various sensing applications [17, 18].

Precious metals (gold, silver, platinum, and palladium) and non-precious metals
(copper, iron, manganese, tungsten, etc.) in nanoparticle form, including their
oxides are also widely used in electrochemical sensors due to their special
catalytic properties and excellent conductivity [19-22].

Derivatives of metal-organic frameworks (MOFs) and electrode modification
materials have received great attention. Due to their low conductivity, MOFs are
unsuitable for electrochemical applications [23]. However, its pyrolysis products
can still retain the metal core with catalytic properties, the carbon skeleton with
high electrical conductivity, and the pore structure [24]. Thus, they are also
widely applied in electrochemical sensing [25].

Nanocomposites, composed of two or more materials, as mentioned above,
enhance overall performance through synergic effects [26]. Furthermore, even for
the same type of nanomaterials, their effects can vary depending on their
morphologies and sizes [27]. Consequently, the synthesis techniques for
nanomaterials are critical. The synthesis methods of nanomaterials can be divided
into physical, biological, and chemical methods, as listed in Table 1 [28]. Among
them, physical methods require specialized instruments, while biological
methods, typically limited to synthesizing metal nanoparticles, may involve
pathogenic bacteria and fungi [28]. Due to its straightforwardness and minimal



equipment requirements, chemical synthesis is the most commonly employed

technique. Additionally, the morphology and properties of the product can be

easily regulated by adding additives (such as soft/hard templates) or controlling

the synthesis conditions (such as temperature, pH, concentration, etc.) [29, 30].

Therefore, the nanomaterials in this study were primarily synthesized using

chemical synthesis methods.

Table 1. Synthesis methods of nanomaterials.

Methods

Description

Reference

Physical
synthesis

Mechanical force

High-temperature process

Sputtering method

Electrospinning

Biosynthesis

Chemical
synthesis

Co-precipitation

Sol-gel process

Solvothermal method

Mechanical force is used to cutandrefine
large particles into small particles, such
as the ball milling method.

The raw materials are evaporated at high
temperatures  and then form
nanostructuresin the condensation zone,
using laser evaporation, thermal
decomposition, thermolysis,
radiofrequency plasmas, or other
methods.

The sputtering method uses high-energy
particles to bombard raw materials and
sputter out nanoparticles.
Electrospinning is a process whereby
materials (usually polymers) dissolved in
a solution are ejected using an
electrostatic field to form nanostructures.
Common biosynthesis methods use
living microorganisms (such as bacteria
and fungi), algae, and bioproducts (such
as proteins, deoxyribonucleic acid
(DNA), and ribonucleic acid (RNA))
Two or more ions come into contact to
produce nanoscale precipitates, usually in
an aqueous system.

The precursor is hydrolyzed in a solvent
to release monomers, which are then
polymerized to form a gel, and
nanomaterials can be obtained after
drying.

It involves mixing precursors, which
either do not react or react very slowly at
normal temperature and pressure, with a
solvent (or mixture of solvents) in a
container that can withstand high
temperatures and pressures. By heating
the mixture to a temperature above the
solvent's boiling point, high pressure is
generated inside the reaction vessel,

[31]

[32-34]

[35]

[36]

[37-39]

[40]

[41]

[42]



leading to the formation of

nanomaterials. Water can be used as the

solvent in this process, and microwave

heating can be employed as the heating

method.

The precursors come into contact and
Chemical vapor deposition  react in the gas phase, and the products

(CVD) are deposited onto the substrate to form a [43]
nanomaterial film.
lons in ionic liquids are to be
Electrochemical synthesis electrochemically reduced or oxidized at [44]

the corresponding electrodes, forming
nanomaterials.

1.1.3 Electrochemical sensing methods

Electrochemical sensing methods mainly include: voltammetry, potentiometry,
conductometry, coulometry, and electrochemical impedance spectroscopy (EIS)
[45]. Among these methods, voltammetry and potentiometry are commonly

applied for sensing HMIs.

Voltammetry is predominant method in electrochemical sensing of HMIs, which
involves varying the applied potential and measuring the resulting current or
redox reaction. It provides information about redox processes, electrode kinetics,
and analyte concentration. Commonly used voltammetric techniques include
linear sweep voltammetry (LSV), square wave voltammetry (SWV), cyclic

voltammetry (CV), and differential pulse voltammetry (DPV).

In voltammetric analysis, a three-electrode system is normally required. As
illustrated in Figure 1(A), the three electrodes are connected to an electrochemical
workstation (potentiostat) [46]. The potential (E) between the reference electrode
(RE) and the working electrode (WE) is adjusted by the potentiostat. Since the
WE is connected to the counter electrode (CE), a potential is generated on the CE
to balance the WE, and the current (1) in the path between the WE and CE is
recorded [47]. The redox process of an analyte can be visualized by plotting the
E vs. | curve, from which the concentration of the analyte can then be further

analyzed.



Taking CV as an example, the oxidation peak (Figure 1(B) peak 1) appears during
a forward scan (potential from lowto high), while the reduction peak (Figure 1(B)
peak 2) appears, when the potential is scanned from high to low. The peak height
of the peak is proportional to the concentration of the analytes in a certain range
(working range/linear range), while the peak position is highly dependent on the

redox ability of the analyte, which helps us to identify the analyte.

A “B
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Figure 1. Three electrodes system (A) and a typical CV curve (B) [46].

As shown in Figure 2, the main differences among various voltammetry methods
is in voltage applied and how the signal is collected. The applied voltage is linear
with time for LSV and CV. The only difference is that CV has an additional
reverse scan to complete a closed loop. SWV and DPV apply pulsed potential: in
SWV, the pulses alternate between forward and reverse directions, and the
sampling value is the current value at the end of the forward pulse (S1) minusthe
current value at the end of the reverse pulse (S2), which is suitable for studying
reversible/quasi-reversible reaction processes; DPV applies a pulse of fixed
amplitude at a step potential, and the difference between the current at the end of
the pulse (S2) and the current before the pulse (S1) is the recorded current, which
can remove the influence of background signals [48]. The limit of detection (LOD)
of voltammetric sensors can normally reach parts per billion (ppb), and they are

widely applied in HMIs detection [49].
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Figure 2. Typical potential waveform of LSV (A), CV (B), SWV (C), and DPV (D) [48].

As shown in Figure 3, potentiometric sensors are usually two-electrode systems
consisting of an indicator electrode (IE) and an RE, where the IE is usually an
ion-selective electrode (ISE) [50]. Based on the Nernst equation and the potential

difference between IE and RE, the concentration of the analyte can be calculated.

Potentiometric sensors are mainly applied to analytes with relatively high

concentrations (higher than parts per million, ppm) [51, 52].
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Figure 3. A potentiometric electrochemical cell

Due to the difference in electrochemical activity of the same element in different
valence states, it is possible to distinguish the valence states of elements by
voltammetry. Here we will be focusing on chromium and arsenic. For chromium,
the Eh-pH diagram is shown in Figure 4, where Eh stands for the voltage potential

with respect to the standard hydrogen electrode (SHE).



Eh (V)

Figure 4. The Eh-pH diagram of Cr-O-H system @298.15 K, 105 Pa [53].

The redox reaction between Cr(111) and Cr(VI) inacidic solution can be expressed
as [54]:

Cr,0,%~ + 6e~ + 14H* = 2Cr3* + 7H,0 E, =133V
and in alkaline solution:

CrO?~ +3e” +4H,0 = Cr(OH); + 50H~ E,= —0.12V
Where Ey is the standard electrochemical potential of oxidation and reduction.
Obviously, Cr(V1) is easy to be reduced to Cr(lll) in acidic solution and on the
contrary, Cr(lIl) can be oxidized to Cr(V1) inalkaline solution. Using this feature,
Cr(\VD)/(11) can be detected in acidic/alkaline solutions separately.
Similarly, for arsenic, the Eh-pH diagram is shown in Figure 5. As(lll) can be
reduced to As(0) under wide pH range while As(V) cannot. In the presence of
Mn(0), As(V) can be reduced to As(Ill) chemically and then further reduced to
As(0). Therefore, the addition of Mn can be used to strategically distinguish and
detect As(V) and (11I).
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Figure 5. The Eh-pH diagram of Cr-O-H system @298.15 K, 105 Pa [55].

Compared with potentiometric sensors, voltammetric sensors are preferred for
achieving lower LODs. Beyond measurement parameters, the selection of
electrodes is crucial. However, commercially available electrodes, such as glassy
carbon electrodes (GCEs), screen-printed carbon electrodes (SPCEs), and
graphite electrodes, pose different challenges: they may be unable to reach lower
detection ranges, respond to certain pollutants, or avoid interference from other
substances in the targeted samples. To address these issues, this research aims to
synthesize nanomaterials and modify SPCEs to enhance their sensitivity and

selectivity, and thus broaden their applications.

1.2 Purpose and scope



The number or commercially available sensors for targeted on-site monitoring

and speciationis scarce, this study focuses on developing new nanomaterials and

applying them voltammetric sensors for the detection and speciation of different

heavy metal ions. Since different heavy metal ions require targeted engineering,

this work focuses on development of three sensitive voltametric type sensors, for

detectionand speciation of palladium, chromium and arsenic and coupling these

into sensing platform that would allow on-site monitoring of those heavy metals.

The detailed contents are as follows:

(i)

(ii)

(iii)

(iv)

Developed a new method for synthesizing bismuth-derived
nanomaterial without adding halogens or metalloids. These
nanomaterials were modified onto SPCE and applied to monitor Pd(l11)
concentrations in pharmaceutical wastewater during the palladium
recovery process.

Developed novel sensors by modifying SPCE with new nanomaterials of
stable gold oxide species. These sensors were applied to detect and speciate
Cr(lI1), Cr(VI), and total Cr in various samples, including tap water,
artificial saliva, artificial sweat, and during a wastewater treatment
process.

Developed a method for synthesizing a series of Au-Mn oxide
nanocomposites with different Au/Mn ratios. A novel sensor was also
produced by modifying SPCE with the optimum Au-Mn oxide
nanocomposites, which was further applied to the speciation and
monitoring of inorganic As(lll), As(V), and total As during a
wastewater treatment process.

Developed an accelerated leaching protocol (ultrasound-assisted
leaching, UAL) using a homemade ultrasound-assisted tumbler
(UAT). This protocol reduces the leaching time from 18 hours to 30
minutes, with results comparable to the Toxicity Characteristic
Leaching Procedure (TCLP). The previously developed sensors,

along with some commercial sensors, were successfully recalibrated

10



and applied for simultaneously detecting As(lIl), As(V), Cd(ll),
Cr(11), Cr(\VI), Hg(l1), Pd(ll), and Pb(I1) inthe solid sample leachates.
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CHAPTER 2 REVIEW OF THEORY AND PREVIOUS
WORK AND RESEARCH GAPS

2.1 Methods for heavy metal detection

Currently, standard methods for the detection of total contents of various heavy
metals require the use of bulky lab-scale instruments, such as atomic absorption
spectrometry (AAS), inductively coupled plasma optical emission spectroscopy
(ICP-OES), and inductively coupled plasma mass spectrometry (ICP-MS) [56,
57]. As shown in Figure 6, electron of heavy metal atom (or ion) on the ground
state can absorb light of a specific wavelength (depends on the element) to excited
state, by measuring the amount of light absorbed, AAS can calculate the
concentration of the element [58]. On the contrary, excited electrons can emit
light of a specific wavelength when they return to ground state, which will be
detected by ICP-OES detector and then calculate the concentration [59]. ICP-MS
has different principle as it measures the ions by mass detector directly [60].
Furthermore, heavy metals presented in various environments can exist in
multiple chemical forms and oxidation states, each exhibiting distinct biological
activities and toxicological properties [61]. For instance, chromium commonly
appears in environmental samples primarily as Cr(I1l) and Cr(\V1), where Cr(VI)
is significantly more toxic, acting as a potent mutagen that causes chromosomal
aberrations and cancer, whereas Cr(lll) is considered an essential nutrient and is
beneficial to human health [62, 63]. For speciating these metals in liquid matrices,
chromatographic techniques coupled with heavy metal detection methods, such
as high-performance liquid chromatography linked with inductively coupled
plasma mass spectrometry (HPLC-ICP-MS), prove to be effective [64]. Despite
their efficacy, these methods are costly, time-intensive, and require skilled
operators, making on-site detection and monitoring of pollutants challenging.

In response to these limitations, recent advancements have led to the development
of electrochemical sensors, which offer a rapid method to detect pollutants on-
site [65]. These sensors provide the advantages of their high sensitivity,

12



selectivity, affordability, and portability. Only a set of electrodes, an
electrochemical workstation, and a laptop are necessary for this form of
electrochemical sensing. Voltammetric techniques employed by these sensors are
particularly useful for identifying and quantifying the valence states of metalsin
environmental samples, and they play a crucial role in research on plant

hyperaccumulation and broader environmental and health studies.

Light of a specific The excited electrons return
wavelength is absorbed, to the ground state and emit
and electrons are excited. light of a specific wavelength.

Figure 6. The process of electrons being excited from the ground state to the excited
state (A) and back to the ground state (B).

To detect heavy metal ions more quickly and conveniently, researchers have
developed many other methods such as electrochemical and optical methods.
Since the electrochemical method has been introduced in chapter 1.1.3 and will
not be repeated here. Strictly speaking, AAS and ICP-OES are also optical
methods, but they are excluded here to distinguish them from conventional
optical methods. Usually, metal ions themselves, or after physical or chemical
reactions with other substances, develop colors/have specific absorption
wavelengths. The color intensity/absorbance of a specific wavelength is related
to its concentration within a certain range, so it can be measured by colorimetry
with the naked eye or ultraviolet-visible absorption spectroscopy (UV-Vis) [66].
Table 2. shows the comparison of different methods for heavy metal detection,
optical and electrochemical are more suitable for on-site analysis as they not only
have low LOD for a wide range of analytes but are also more portable and less

costly.
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Table 2. Comparison of different methods for heavy metal detection.

Parameters/Methods  ICP-OES ICP-MS AAS Optical Electrochemistry
LOD ppm ppt ppb ppb ppt
Analysis range ppm- % ppt- ppb  ppb- ppm ppb- % ppt- %
Valance distinction No No No Yes Yes
Isotope analysis No Yes No Yes No
Cost Up[_)er High Medium  Low- Medium Low- Medium
medium

Large-scale Large-scale Large-scale

instrument instrument instrument Portable device Portable device

Instrument requirement

Analysis elements at : . . . .
the same time Multiple Multiple Single Multiple Multiple

Reference [67] [67] [67] [66, 68] [69-71]

2.2 Palladium and detection of palladium

Palladium (Pd) is considered the most valuable metal out of the four major
precious metals, with an acute worldwide resource shortage driving prices to a
new height. So far, more than half of the palladium supply has been used for the
preparation of catalysts, especially in the pharmaceutical industry [72-75].
According to the World Health Organization (WHO), the median lethal dose
(LDsp) values for palladium compounds range from 3 to > 4900 mg/kg body
weight [76]. Furthermore, some palladium compounds have been found to cause
allergic dermatitis, and very low doses of Pd (such as Pd?*, Pd-based complexes,
and Pd-based nanoparticles) were sufficient to induce allergic reactions in
susceptible individuals [77, 78]. Therefore, from the environmental, health, or
cost perspectives, the monitoring of palladium concentration in wastewater is
particularly important for assessing the toxicity of the discharge, as well as for
adjusting the composition of the reducing agent in the efficient recovery of
palladium as a valuable precious metal [79-81].

Electrochemical methods received widespread attention in recent decades, due to
their low cost, portability, simple operation, and high sensitivity [82, 83].
However, compared with other heavy metals (such as lead, mercury, cadmium,
chromium, and nickel), palladium ions are rather limited to being detected using
electrochemical sensors. In early reports, mercury-containing electrodes such as
hanging mercury drop electrodes and silver amalgam film electrodes were

applied to detect Pd?* [84-86], and those electrodes were gradually replaced by
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screen-printed carbon, carbon paste, and glassy carbon electrodes [87-89]. Since
unmodified carbon electrodes were characterized by high LOD (~140 ppb Pd?"),
modifications of electrodes by complexing reagents (e.g., dimethylglyoxime
(DMG)) or bismuth (e.g., bismuth film) were introduced [87, 90]. By introducing
complexing reagents, the detectable electrochemical signal shifted from the
previous redox signal of Pd?* to the redox signal of Pd complexes (e.g., Pd-DMG
complex), which are easier to detect than the free Pd?* ion. However, as many
palladium catalysts that participated in the catalytic reactions were in the form of
Pd?* complexes [91], it is necessary to consider whether the modified complexing
reagent would be affected by the endogenous complexing reagent in the real
samples. The common pretreatment methods to release free palladiumions (Pd?*)
before subsequent detection, such as microwave acidic digestion and ultraviolet
mineralization, require additional apparatus and increase the measurement time
[92, 93]. Therefore, a more rapid and straightforward pretreatment method was
also desired for on-site palladium (Pd?*) detection.

Furthermore, it has been found that bismuth-based electrode materials are much
safer and more sustainable alternatives to traditional mercury-based materials,
which also offer the advantages of low background current and favorable
potential windows [94-96]. Among the bismuth-based materials, nanosheet-
shaped bismuth has been used in electrochemical-related applications, due to their
excellent electrochemical performances and strong adhesion to the electrode
surfaces [97, 98]. The synthesis of bismuth nano-film materials mainly consists
of template method, electrochemical synthesis, and hydrothermal synthesis [99-
101]. Notably, all these aforementioned methods require a large number of
halogens (chlorine and iodine) or metalloids (selenium and tellurium) during the
material synthesis [102-104]. For high-sensitive electrochemical sensors, the
background signal generated from the electrode modification should be as low as
possible. Reducing or eliminating electrochemical-active moieties (iodine,

selenium, and tellurium) would benefit electrochemical sensor design.
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2.3 Chromium and detection of chromium

Chromium has been widely used in metallurgical industries, e.g., manufacturing

and polishing of steel, stainless steel, and other nonferrous metals, alloying and

electroplating, as well as in chemical industries, e.g., leather tanning and finishing,
dyes and mordants, pigments, paints, oxidants, catalysts, colored glass, adhesives,

and wood preservatives [105-108]. In general, chromium in the environment

usually exists in two oxidation states: Cr(11l) and Cr(VI) [12, 109-111], and they
exhibit pronounced toxicity differences. Cr(11l) ion shows low toxicity because it

cannot pass through the cell membranes by forming an octahedral coordination

moiety. In fact, it has been proven to be an essential micronutrient for living

organisms [64, 112-116]. For example, adults need about 50 to 200 mg of Cr(llI)

daily as an auxiliary factor for insulin to regulate sugar levels [62]. Therefore,

Cr(111) has beena nutrient additive in certain foods and health products. However,

the toxicity of Cr(VI) is approximately 100 to 300 times that of Cr(111) [117, 118].

The pronounced toxicity is probably due to its strong ability to penetrate biofilms,

interfere with the transcription process of DNA, and cause chromosome

aberrations and cancer [119, 120].

Chromium that can be in direct contact with the human body is usually found in

dental alloys and jewelry [121-123]. These products may undergo corrosive

oxidation when in contact with body fluids, such as sweat and saliva, and thus,

part of the chromium can be released into the agueous environment (body fluids)

in the form of ions. In laboratory and industrial processes, sulfuric acid acidified

potassium dichromate solution (also known as sulfochromic mixture) is usually

used for pretreatment of polymer electroless plating, SiO- coating and glassware

washing [124-126]. The wastewater from these processes, when improperly

treated or discharged, may cause serious environmental pollution. Both the

International Agency for Research Cancer (IARC) and the United States
Environmental Protection Agency (USEPA) consider Cr(VI) to be a human

carcinogen [63]. The Brazilian National Council for the Environment (CONAMA)
stipulated that Cr(Ill) and Cr(VI) discharged into water bodies cannot exceed 1
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ppm and 0.1 ppm, respectively. In Japan, the total chromium and Cr(VI)
discharged by wastewater must not exceed 0.5 ppm and 50 ppb, respectively [127,
128]. In drinking water, the maximum allowable amounts of total chromium
given by USEPA and WHO are 100 ppb and 50 ppb, respectively [112]. In
general, it is unreasonable to use the total chromium content alone to define the
maximum allowable concentration standard for evaluating chromium’s actual
environmental impact. Therefore, it is necessary to distinguish between these two
chromium oxidation states when measuring environmental pollution in various
samples.

The standard/conventional methods for chromium content detection include
diphenyl carbazide colorimetric method (DCC), AAS and ICP-OES/ ICP-MS [64,
129, 130]. For DCC, a lot of organic reagents are required [64]. While AAS and
ICP-OES/ICP-MS can only be used to detect the total chromium content without
distinguishing different Cr species. Therefore, ion chromatography (IC) or HPLC
had been applied to separate different Cr species, before the detection by ICP-
OES/ ICP-MS and AAS [63, 131]. Although some of those standard/conventional
methods provide very low detection limits, they require trained expert to
complete complicated operations and the use of bulky instruments, which are
high cost, inconvenient, and unfeasible for on-site measurement of pollutants.
Therefore, a simple, low cost and highly sensitive detection method that can be
combined with a portable detector is highly desired for simultaneous
determination of Cr(1ll) and Cr(VI1) in various samples.

Electrochemical sensors possess the desired characteristics for on-site
measurement [132]. However, when considering these sensors, almost entire
attention is focused on Cr(VI) detection. Although some literatures claimed to
use electrochemical methods to detect Cr(lll), most of them are actually back
calculated by measuring the Cr(VI) content after and before oxidizing Cr(lll) to
Cr(VI) [133-135]. Such indirect determination is rather inconvenient and is
expected to be highly interfered by Cr(VI1). So far, only small number of scientific
reports could “truly” detect Cr(IlI) directly by electrochemical method [136, 137].
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In some previous works, gold was used as an electrode material for
electrochemical detection of Cr(V1), but its response to Cr(l11) was very poor [136,
138-140]. Welch et al. found that gold oxides could electro-catalyze the oxidation
of Cr(lll) to produce an electrochemical response, which provided a new
approach for detection of Cr(l11) [141]. As itis well known, Au (0) isa chemically
extremely stable substance. Correspondingly, Au (I/Ill) oxides are unstable,
which can be easily reduced to elemental gold under heat, in the presence of
reducing agents or ultraviolet radiation [142, 143]. Therefore, it is crucial to

obtain stable Au (/1) as sensor materials.

2.4 Arsenic and detection of arsenic

Arsenic is considered one of the most hazardous elements within the environment
due to its high toxicity [144]. Besides natural phenomena such as mineral
leaching and volcanic emissions, industrial activities, including mining, chemical
production and utilization, and operations within the glass and ceramic industries
contribute to pollution by As [9, 145-147]. Both WHO and USEPA have set
stringent guidelines for the total acceptable As content in wastewater discharge
and drinking water, with limits set at less than 0.2 ppm and 10 ppb, respectively
[148]. Notably, the toxicity of As varies according to its valence. In general,
trivalent As exhibits a higher degree of toxicity compared to pentavalent As [9,
148]. Inorganic As mainly exists in the form of arsenate (As(V)) and arsenite
(As(I11)), being prioritized on the pollutants list of USEPA. Furthermore, As is
categorized as a Group 1 carcinogen, denoting its well-established capacity to
induce cancer [144]. Given these factors, it is imperativeto be able to discriminate
between distinct As species.

Conventional methods for As quantification rely on bulky and expensive
instruments, such as ICP-OES/MS and AAS, which primarily detect total As
content [149, 150]. Notably, ICP-MS, and in particular, triple quadrupole ICP-
MS (ICP-QQQ), stands out for its exceptional accuracy, high sensitivity, and

minimal background interference in As analysis [151]. For speciation purposes,
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HPLC is favored for separating As species in liquid matrices like wastewater,

owing to itsappropriate flow rate, reduced matrix effects, and superior separation

efficiency [149]. The integration of HPLC with ICP-MS provides comprehensive
insights into the identification and characterization of As species. HPLC-ICP-MS,
utilized in approximately 65% of related studies, is widely regarded as the

preferred technique [152]. Consequently, the most sophisticated HPLC-ICP-

QQQ method was employed as the benchmark in this study to validate the

performance of the newly developed sensors, ensuring their accuracy and

reliability.

While conventional methods were recognized for their low limits of detection

(LODs), they faced significant challenges for rapid on-site detection of As,

including high costs, limited flexibility, and prolonged analysis times.

Consequently, there was a growing demand for the development of simpler, more
portable, and cost-effective techniques for rapidly and accurately detecting trace
As levels. Electrochemical methods, notably DPV, garnered interest for their

ability to detect heavy metals and metalloids at trace concentrations, offering an

enhanced signal-to-noise ratio compared to other voltammetric techniques [153].

However, as highlighted in recent reviews, while voltammetric sensors

demonstrate extremely low LODs for As(lll) and As(V) individually, the
presence of one species can significantly interfere with the quantification of the

other, limiting their applicability in samples containing both species [154, 155].

Furthermore, As(V) presents additional reduction challenges compared to As(l11)

[155, 156]. To address these issues, reducing agents such as sodium sulfite (for

pre-treatment) and manganese (Mn, for in-situ reactions) are employed to convert
As(V) to As(lll) [157, 158]. As shown in Figure 7., Kristoff et al. found that Mn(0)
could reduce As(V) to As(lll) through a chemical reaction process (reaction 2)

[159]. Based on the theory, the stripping voltammetry method was established.

Mn ions were reduced to metallic manganese Mn(0) under a highly negative

potential (reaction 3) to facilitate the reduction of As(V) to As(0). Consequently,

an anodic sweeping is applied to oxidize As (0) to As(lll) (reaction 4) for the
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quantification [157]. Apparently, the method suffers from the As(Ill) originally
existed in the samples. As a result, additional steps, such as oxidizing all As(l1I)

to As(V) prior to testing, are necessary.
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Figure 7. Principle of detection of total As and As(l11).

Elza et al. introduced a multi-step process based on a similar principle, which
could determine the concentration of As(V) directly when the As(lll) to As(V)
ratio is not greater than 1 [160]. Due to the different reduction mechanisms of
As(I11) and As(V), the separated calibration curves for both were established, and
speciation of As was performed via the standard addition method or applying a
masking agent to mask the signal from As(V) [153, 161].

Previous studies reported the electrochemical deposition of manganese on a gold
surface typically resulted in a coverage rate of less than 14% [159]. Externally
synthesized manganese-gold complexes were also investigated, where the
coverage rate of Mn on gold would not be limited. However, these complexes
would be mostly applied to detect a single As species [162, 163]. Thus, it is
paramount to develop and optimize manganese/gold hybrid materials for direct
speciation of inorganic As.
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2.5 Leaching and detection of heavy metals from solid waste

As the global population continues to grow, alongside global urbanization,
significant environmental challenges arise, particularly connected to the
management of solid waste [164]. It is estimated that by 2025, solid waste
generation will reach more than 3.4 billion tons, with approximately 70% of
waste destined for landfills [165]. Solid waste often contains complex and toxic
substances, particularly heavy metals and metalloids, necessitating waste
assessments before landfilling. TCLP is a widely adopted standard protocol for
evaluating whether solid waste materials are classified as hazardous or non-
hazardous under simulated landfill conditions [166]. According to USEPA and
Singapore regulations, waste can only be landfilled if it meets TCLP criteria [167,
168]. However, the TCLP process requires 18 hours for heavy metals and
metalloids leaching. Moreover, it relies on large, bulky, and costly instruments,
such as ICP-OES and ICP-MS, for further heavy metal and metalloid analysis,
making it impractical for rapid on-site applications [169, 170].

Pyrolyzing biomass into biochar has been recognized as an effective strategy for
combating global warming [171]. Due to its excellent specific surface area,
porosity, electrochemical activity, catalytic properties, biochar has been found in
a wide range of applications [172]. For example, biochar has been extensively
used for heavy metal and metalloid treatment in various applications, including
wastewater treatment, soil remediation, gas purification, heavy metal and
metalloid adsorbents, metal-reducing agents, and even biogas production [173-
179]. However, when biochar is employed for heavy metal and metalloid
treatment, it becomes contaminated, requiring disposal or landfilling under
stringent environmental standards [180, 181].

Given that current methods for leaching and analyzing heavy metals and
metalloids in contaminated biochar and other solid waste materials are often slow,
costly, and labour-intensive, there is an urgent need for innovative, cost-effective,
and high-performance solutions that can deliver rapid and reliable on-site

analyses directly at waste management sites. Ultrasound technology has been
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explored as an auxiliary energy source to accelerate leaching processes [182, 183].
In our previous study, it was demonstrated, based on ash samples that the
combination of ultrasound with a tumbler could significantly reduce leaching
time without compromising the accuracy of results compared to TCLP [184].
Building on this, a portable leaching device incorporating ultrasonics was
developed to eliminate the need for bulky equipment, making it a practical and
efficient solution for rapid on-site testing [185]. The UAL could accelerate the
leaching process by utilizing ultrasound to enhance mass transfer and disrupt
particle structures, thus significantly speeding up the leaching of heavy metals
and metalloids. For the rapid detection of heavy metals and metalloids,
voltammetric sensors have gained attention due to their portability, ease of use,
quick response, and high sensitivity to various heavy metal and metalloid ions
[186]. Each heavy metal or metalloid ion produces a distinct current peak,
allowing precise concentration determination through previously prepared sensor
calibration. Furthermore, voltammetric sensors can differentiate between
oxidation states of certain heavy metal and metalloid ions, a task that traditionally
requires multiple instruments like HPLC coupled with ICP-MS [187, 188].
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CHAPTER 3 SYNTHESIS OF
ELECTROCATALYTICALLY ACTIVE BISMUTH
OXIDE NANOSHEETS FOR DETECTING TRACE
PALLADIUM IN PHARMACEUTICALWASTEWATER

3.1 Introduction

Palladium is one of the precious metals which has wild applications, including
catalysis, electronics, and the manufacturing of hydrogen storage materials [189-
191]. The increasing demand for palladium in catalytic converters and renewable
energy technologies, coupled with its [imited natural availability, has necessitated
the development of highly sensitive and selective detection methods[192].
Additionally, the potential toxicity of palladium ions in biological and
environmental systems underscores the importance of monitoring its presence at
trace levels [193]. Voltammetry sensors was found suitable to perform real-time
analysis of Pd ions but many of them require complex compound which make the
manufacturing cost of sensors high [194].

Herein, a new, facile and low-cost method for synthesizing bismuth oxide (Bi2Os)
nanosheets (BiIONS) without adding halogens or metalloids was developed. The
synthesized BiONS were modified onto SPCEs and then successfully applied to
monitor the Pd?* concentrations in pharmaceutical wastewater after the palladium
recovery process for the first time. Finally, an optimized palladium recovery
process was also proposed for pharmaceutical wastewater samples.

3.2 Experimental

3.2.1 Materials and reagents

All the chemicals and solvents used in the study were analytical grade and high
purity. Sodium hydroxide (NaOH), sodium borohydride (NaBH4), acetic acid
(HAC), sulfuricacid (H2SO4), bismuth(l1) nitrate pentahydrate (Bi(NO3)3-5H,0),
perchloric acid (HCIO4), potassium chloride (KCI), sodium arsenate
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(NasAs(V)0s), sodium arsenite (NaAs(111)O.) and individual elemental standards
(PA(11), Pb(l1), Cd(ll), Zn(lIl), Cu(ll), Ni(ll), Cr(lll) and Cr(VI)) for ICP-OES
were bought from Merck Pte. Ltd (Singapore). Ethylene glycol (EG) was from
Sinopharm Chemical Reagent Co., Ltd (China). The wastewater samples
containing palladium were obtained from a local pharmaceutical company.
Deionized water (DI water, resistivity of 18.2 MQ-cm) obtained from a Millipore

Milli-Q purification system was used in all experiments.

3.2.2 Apparatus

SPCEs (DRP-C110, Metrohm) were used for further modification. DPV was
performed by a multi-potentiostat (pstat8000p, Metrohm). The crystalline phase
of synthesized BiONS was investigated by powder X-ray diffraction (XRD, AXS
D8 diffractometer, Bruker) with Cu Ko radiation. Raman spectroscopy was
recorded by a Raman spectrometer (Raman, XploRA™ PLUS, HORIBA
Scientific). The speciation of bismuth was identified by an X-ray photoelectron
spectrometer (XPS, AXIS Supra, Kratos Analytical Ltd.). The XPS spectra were
deconvolved using CASA XPS software after the correction for binding energies
of all elements against the adventitious carbon C 1s core level (285 eV). The
morphology of the materials and the elemental distributions were investigated by
field emission-scanning electron microscopy (FE-SEM) equipped with energy
dispersive X-ray (EDX) spectroscopy (JSM-7200F, JEOL Ltd.) first,and thenthe
transmission electron microscopy (TEM, JEM-1400Plus, JEOL Ltd.). The
thickness of BiONS was measured by an atomic force microscope (AFM, Park
NX10, Park Systems). The quantitative elemental compositionand total organic
carbon (TOC) in wastewater samples were detected by an ICP-OES instrument
(OPTIMA 8300, PerkinElmer) and total organic carbon analyzer (TOC, TOC-L,

Shimadzu), respectively.

3.2.3 Synthesis of BiOs NS and modification of working electrode
Operationally, Bi(NO)s;-5H,0 (0.5 g) was weighed in a glass beaker and
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dissolved with 20 mL EG. NaBH4 (0.3 g) was weighed in another beaker and
dissolved in 10 mL EG. The two solutions were mixed and placed into a water
bath (90°C) while continuously stirring for 80 min. After filtration, the precipitate
was simply washed with DI water, followed by ethanol, and then dried at 90°C

in an oven overnight to obtain BiONS.

Different amounts of BiONS suspension were weighed and dispersed into DI
water, and then sonicated for 10 min to make them evenly dispersed without
visible particles or precipitates. The well-dispersed BiONS suspension (10 ulL)
was used as a modifier to drop onto the working electrodes (WEs) of SPCEs, then
driedat 105°C in an oven for 5 min. Finally, the modified electrodes were labeled
as BiONS-SPCEs.

3.2.4 Electrochemical measurements

After the preliminary investigation, a buffer solution containing HAc and KCI
was used to adjust the pH of Pd?* samples. Parameters, including buffer pH,
buffer concentration, modifier amount, deposition potential, and deposition time,
were systematically optimized for Pd?* detection. The final measurement
protocol was as follows: (i) 100 pL of different concentration Pd?* standard
solutions dissolved in 0.1 M acetate/1M KCI buffer (pH 4.0) were dropped onto
the previously modified SPCEs with 10 pL of 0.1 mg/mL BiONS; (ii) the samples
containing traces of palladium were preconcentrated by applying a potential of -
0.8 V on the WE for the duration of 120 s; and (iii) followed by DPV
measurement with the potentials from -0.8 to 0.8 V, and the step potential, the
pulse potential, the pulse time and scan rate were set at 0.008 V, 0.05 V, 0.08 s

and 0.02 V-s?, respectively. All experimental conditions were consistent

according to the introduced measurement protocols. The recorded data were
processed with DropView 8400 Software. The mean values and standard

deviations (SDs) of all the data were obtained from the triplicate measurements.
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3.2.5 Interference caused by the presence of other metal ions

Since BiONS-SPCEs were applied to detect Pd?* concentrations in real
wastewater samples with complicated matrices, it was necessary to examine the
extent of interference between Pd?* and other metal ions in the electroanalysis of
palladium. The raw pharmaceutical wastewater sample (S1) was analyzed by
ICP-OES for other endogenous metals and metalloids. In addition, to study the
effect of other common heavy metals and metalloids, 100 ppb Pd?* standard
solutions were spiked with several other metal or metalloid ions (including Pb(lI),
Cd(1n), Cu(ln), Ni(I), Cr(ur), Cr(VD, Zn(I1), As(lll) and As(V)) by diluting the
standards in 10- and 100-fold concentrations. The electrochemical signals of the
spiked samples were detected by BiONS-SPCE with the same optimized

parameters and compared to those of the unspiked samples.

3.2.6 Pd recovery and sample pretreatment for electrochemical detection

A simulated Pd recovery process using NaBH. as a reducing reagent was
performed. The raw sample (S1) was treated using NaBH, during the palladium
recovery processes, namely: 100 puL of 0.1 g/mL NaBH,4 was added into 10 mL
of raw sample (S1); placed into an oven at 80°C for 30 min and then filtered, the
filtrate was labeled as sample S2; and 200 pL of 0.1 g/mL NaBH,4 was added into
10 mL of raw sample, placed into an oven at 80°C for 30 min and then filtered,

the filtrate was labeled as sample S3.

For sample pretreatment prior to electrochemical detection, a mixture of
perchloricacid (60%) and sulfuric acid (98%) was prepared in a volume ratio of
1:2 tocreate Mixed Acid 1. Thisacid mixture was then combined with the sample
in a 1:9 ratio and heated at 80°C for 10 minutes. Following acid treatment, the
samples were neutralized using a buffer solution composed of 0.1 M acetate and
1 M KClI, adjusted to pH 4.0, to meet the optimal conditions for electrochemical
analysis using BIONS-SPCEs. All the samples were also tested by ICP-OES to
verify the accuracy of results obtained using BiONS-SPCEs.
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3.2.7 Optimization of Pd recovery process

After the verification, the BIONS-SPCEs were further applied to optimize a new
palladium recovery process for another batch of wastewater sample from the
same company, namely the raw sample (S4) was transferred into 4 centrifuge
tubes (10 mL each); 0.25, 0.30, 0.35 and 0.40 mL of 0.01g/mL NaBH, solutions
were added into the 4 tubes, and they were labeled as samples S5, S6, S7 and S8,
respectively. These samples were pretreated and tested by BiONS-SPCEs using

the same method as described in Section 3.2.6.

3.3 Results and discussion

3.3.1 Material characterization

Raman spectra (Figure 8 a) revealed that the synthesized material was composed
predominantly of f-Bi>Oz and a low amount of a-Bi,Os. Peaks at 91.6, 123.6, and
310.9 cm™ were attributed to B-Bi,Os, while the minor peaks at 222.5 and 450.3
cm were attributed to a-Bi,O3 [195, 196]. Figure 8 b shows that the crystallinity
of the product was rather low, possibly due to the lower synthesis temperature
[197]. By comparing with standard PDF cards (PDF#41-1449 for a-Bi,O5; and
PDF#27-0050 for B-Bi2Os), it could be found that the synthesized bismuth oxide
was a mixture of a-Bi;O3 and B-Bi,03[198-200]. Similarly, the main crystalline
phase was B-Bi»O3, and thus the results of XRD and Raman were found to be
consistent. From Figure 8c, the peak areas of Bi 4f (blue dashed frame) and O 1s
(red dashed frame) could be calculated. Based on the peak areas, the atomic ratio
of Bi to O was approximately 2 to 3, which confirms the chemical formula as
Bi203. The binding energies of the Bi 4f 7/2 and Bi 4f 5/2 peaks were 164.4 eV
and 159.1 eV, respectively (Figure 8d). A difference in the binding energy of
about 5.3 eV between these two peaks indicates that the bismuth existed in the
form of Bi®** [201, 202]. Meanwhile, no elemental bismuth peak was found,

indicating that NaBH,4 was not strong enough to reduce Bi®* in the EG solution.
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Figure 8. Raman spectrum (a), XRD pattern (b), and XPS spectra (c: wide scan and d:
Bi 4f narrow scan) of the prepared BiONS.

The SEM images, as illustrated in Figure 9 a and b, showed that most of the Bi,O3
NS were flakes, which were redistributed at the electrode surface. The
corresponding EDX spectrum confirmed that the flakes were bismuth oxide. The
TEM image (Figure 9. d) clearly showed that the width of these nanosheets was
about 300-1000 nm. In addition, the transparent nature of BiIONS also indicated
that their thickness was minimal, which was measured by AFM. For AFM,
BiONS were evenly dispersed at low content on a flat silicon substrate, allowing
for scanning a single BiONS. The thickness was determined by measuring the
height of the BiONS, which was found to be 8.09 + 1.36 nm/6-10 nm (Figure 10
and Figure 11). Yang et al. reported chloride-containing bismuth oxide

nanosheets with a thickness of around 100 nm, and Han et al. reported bismuth
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oxyiodide (BiOlI) nanosheets with a thickness of about 8.7 nm [103, 104].

TR =R

\.

Bi map

Figure 9. SEM images (a and b), SEM-EDX layered elemental mapping (c, inserts:
elemental mapping images of Bi and O), and TEM image (d) of the prepared BiONS.
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Figure 10. Tapping mode 3D AFM image of the prepared BiONS.

732

red line R32

7284

7244

7204

7164

712 T T T T T T
00 03 06 09 12 15 18 21

pm

736

7324

728

7244

720+

716 T T T T T T
00 02 04 06 08 10 12 14
um

pm
Figure 11. Tapping mode 2D AFM image of the prepared BiONS (a) and marks of
selected points to measure the thickness (b and c).

3.3.2 Electrochemical detection of Pd?* in standard solutions
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The Pd?* detection was optimized by performing electrochemical measurements
in 100 ppb Pd?* standard solution with changing buffer pH, the concentration of
KCI in buffer, the concentration of Bi,Oz used for electrode modification,
deposition potential and deposition time and comparing the oxidation peak
heights of previously deposited Pd at around +0.28 V. From Figure 12 a, the peak
height firstly increased with the change of pH from acidic to more basic, reaching
a maximum at pH 3-4. Then, the peak height decreased when the pH was changed
to 5and 6. This behavior might have been due to the dissolution of BiONS at low
pH, and the precipitation of Pd?* at high pH [203, 204], and thus the pH for
subsequent measurements was fixed at 4.0. Another phenomenon observed here
was that the SDs at lower (1.0-2.0) and higher pH (6.0) appeared to be lower than
those at the pH of 3.0, 4.0, and 5.0. The possible reasons include: (i) As BiONS
were fully dissolved at lower pH, there was actually the performance of bare
carbon electrode in the pH of 1.0-2.0; (ii) As Pd?* was almost fully precipitated
at higher pH, the signal was basically only the background noise in the pH of 6.0;
and (iii) As the amount of BiONS was much lower than the optimized amount,

the BIONS layer could be easily affected.

Pd>* can form a stable square-planar configuration complex with ClI-, namely
[PdCI4]? [205, 206]. Herein, it was found that the existence of CI- could also
enhance the EC signal. Figure 12b shows the current peak of re-oxidation for
previously deposited Pd increased with the increasing Cl- concentration (Ccy),
until Cc) reached a concentration of 1 M, and thus the C¢j was fixed at 1 M for

subsequent measurements.

Furthermore, in Figure 12c, the amount of BiONS used for the modification of
SPCEs also affected the electrochemical performance of the sensor. Firstly, the
peak height was negligible when no BiONS was used at the SPCEs, which is
consistent with a previous study [90]. After adding a small amount of BiONS (0.1
mg/mL BiONS, Figure 12c), the current peak height increased from 267.9 to
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911.8 nA, proving that BIONS played a fundamental role in electro-catalytically
enhancing the activity of the electrode towards Pd?* detection. When SPCEs were
modified with an even higher concentration of BIONS (1 mg/mL BiONS), the
current peak height decreased to 209.0 nA, and the background signal increased
significantly. Therefore, the 0.1 mg/mL BiONS were used for SPCE modification
in subsequent measurements. During the deposition process, some BiONS could
be reduced to Bi(0), with an oxidation peak at ~ -0.2 V during the later electro-
oxidization. According to the activity order of the metals, Pd?* was reduced to
Pd(0) first, followed by the reduction of Bi3*. For optimization, the Pd2+
deposition potential and time were adjusted in the ranges of -1.0~0.0 V and
60~180 s, respectively (Figure 12 d and e). As expected, lower deposition
potential and longer deposition time led to higher peak height. However, when
deposition potential was lower than -0.8 V, the current peak height decreased and
became unstable (with a greater SD), which was observed probably due to the
reduction of BiONS caused by low potentials. Therefore, the deposition potential

and time were set for subsequent measurements at-0.8 V and 120 s, respectively.
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Figure 12. Optimization of parameters for reliable determination of Pd?*: pH of the
electrolyte (a), the concentration of KCl in background electrolyte (b), the concentration
of BIONS used for modification of SPCEs (c), Pd?* deposition potential (d) and Pd%
deposition time (e).

In addition, the morphology and elemental distribution of the BiONS modified
electrode surface were analyzed after the electrochemical deposition of Pd?* (-0.8
V, 120 s). Compared to Figure 9, the originally evenly distributed BiONS were
aggregated into micron-sized blocks (Figure 13). At the same time, it was found

that palladium was mainly deposited on the newly formed blocks from the
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elemental maps. This might have been due to the stronger affinity of palladium
to the surface of BIONS than carbon, and the electrodeposited palladium acted as

a binder to gather the originally independent BiONS together.

CIPdElectron

Figure 13. SEM images (a and b) and SEM-EDX layered elemental mapping (c, inserts:
elemental mapping of Bi, O and Pd) of the electrode surface after Pd deposition.

Under the optimized conditions, the voltammograms and a linear relationship of
the calibration curve are shown in Figure 14. The calibration curve showed good
linearity and obeyed the equation: peak height (LA) = 15.622 x concentration
(ppb) — 98.37 (r?=0.9985) in the range of 40-400 ppb Pd?*. The LOD was found
to be 1.4 ppb Pd?*. A comparison between BiONS-SPCEs and other reported
electrochemical sensors developed for the determination of Pd?* was shown in
Table 3. The newly developed electrochemical Pd?* sensor provided much higher
sensitivity than carbon-based electrodes and was comparable to other complex

reagents modified electrodes.
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Figure 14. Voltammograms and linear relationship of calibration curve for Pd2*
detection.

Table 3. Comparison of results in the present work with other reported electrochemical
sensors to determine Pd?*.

Linear range LOD

Electrode Reference
(Ppb) (Ppb)

Unmodified SPCE 319 - 14191 140.47  [90]

Dithiooxamidated polysiloxane

modified carbon paste electrode 106 - 106400 128.0 [207]

Renewable bismuth bulk annular
band 1-10and 10 —

working electrode with DMG in 1000 0.12 [93]
buffer

Silver amalgam film electrode with

DMG in buffer 1-50 0.15 [86]
BiONS-SPCE 40 - 400 1.40 This work

* The units were converted to ppb if their original units had been expressed in other forms.

3.3.3 Interference caused by the presence of other metal ions

Since BiONS-SPCEs were applied to detect Pd?* concentrations in real
wastewater samples with complicated matrices, it was necessary to examine the
extent of interference between Pd?* and other metal ions in the electroanalysis of
palladium. The raw pharmaceutical wastewater sample (S1) was analyzed by
ICP-OES for other endogenous metals and metalloids. In addition, to study the
effect of other common heavy metals and metalloids, 100 ppb Pd?* standard
solutions were spiked with several other metal or metalloid ions (including Pb(lI),
Cd(1n, Cu(ln, Ni(In, Cr(l, Cr(VD, Zn(ll), As(Ill) and As(V)) by diluting the

standards in 10- and 100-fold concentrations. The electrochemical signals of the
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spiked samples were detected by BiONS-SPCE with the same optimized
parameters and compared to those of the unspiked samples. The resultsin Table
4 demonstrated that BIONS-SPCEs had a robust electrochemical response
towards Pd?* in the presence of other high-concentrated endogenous metals and
metalloids. Moreover, the peak height changed after 10- and 100-fold spiked
excess concentrations of other metal ions into 100 ppb Pd?* standard solution, as
shown in

Table 5. Based on the obtained results, the sensor was found to tolerate higher
concentrations of most interfering ions except for Cu(ll) and As(l11). Notably, the
copper peak position is of similar potential as that of palladium (Pd?*). According
to several reports, the concentrations of Pb, Cd, Zn, Cu, Ni, Cr and As were in
the ranges of <0.002-25.894 ppm, <0.008-12.340 ppm, 0.960-26.21 ppm, 0.100
to 18.342 ppm, 0.300-0.935 ppm, <0.018-17.463 ppm and <0.100-0.830 ppm,
respectively [208-210]. Compared to the electrochemical signals of palladiumin
the current sample, the interferences except Cu(ll) and As(l1l) were considered
low. For Cu(ll) and As(lll), it would be necessary to modify the pretreatment
method, if they were in high concentrations. It was reported that gallium could
form stable Cu-Ga intermetallic to reduce the interference of Cu(ll) on the
electrochemical signal [211]. For As(Ill), advanced oxidation was required to
convert As(lll) to As(V), and thus, it would hardly affect the detection of Pd?*
[212]. In fact, the developed pretreatment method was also an oxidation method,

and the As(l1l) in the samples might be converted to As(V) as well.

Table 4. Contents of other elements in real untreated wastewater sample S1.

Element Concentration (ppm)
As 1.95

Fe 1.16

Mg 1.64

Ni 0.9

Se 17.55

Si 1207

Zn 0.73
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Table 5. Peak height ratio as recorded by BiONS-SPCEs for 100 ppb Pd?+ after 10- and
100-fold spiked excess concentrations of other metal ions.

Peak height ratio (%)

Spiked ion

10-fold (1 ppm) 100-fold (10 ppm)
Pb(ll) 114.3 76.8
Cd(ll) 96.7 69.2
Zn(11) 100.4 102.2
Cu(ln Peaks overlapped Peaks overlapped
Ni(ll) 79.6 63.6
Cr(l) 95.2 78.9
Cr(VI) 92.2 78.1
As(I11) No peak No peak
As(V) 100.8 100.0

3.3.4 Pd?* concentration monitoring during the Pd recovery process

After the sensor calibration, the BiONS-SPCEs were used to monitor the Pd?*
concentration during the palladium recovery process. The exact sample
preparation and pretreatment methods were the same as described above. To
reflect the necessity of pretreatment, the color change and EC signal comparison
of samples before and after pretreatment at the same dilution ratio were shown in
Figure 15 and Figure 16. Also, the TOC of the raw pharmaceutical wastewater
sample (S1) measured before and after treatment was 7.5% and 6.6%,
respectively. The degradation of organic ligands resulted in a TOC decrease, and
the remained TOC was from a water-soluble organic solvent [213]. Obviously,
when palladium existed in the form of complexes, it was unavailable for the redox
reaction at the electrode surface. Therefore, it was necessary to apply the protocol
of sample preparationto release bound Pd into ionic form, Pd?*. The comparison
of results obtained from BiONS-SPCEs and ICP-OES were shown in Table 6.
The data indicated that the developed BiONS-SPCEs sensor was suitable for
rapid Pd?* detection in complex industrial wastewater samples, since the results
closely matched that obtained by ICP-OES. Moreover, it was also found that as
the amount of added NaBH4 increased during palladium recovery, there was a
sudden change in the Pd?* concentration. Therefore, monitoring the concentration
of Pd?* inthe solution would be crucial for efficiently reducing the reagent dosage

in pharmaceutical wastewater treatment.
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Figure 15. The color change of real wastewater sample before and after pretreatment.
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Figure 16. Electrochemical signal comparison of Pd samples before and after
pretreatment.

Table 6. Determination of Pd?* in real untreated wastewater and treated wastewater
samples.

Sample S1 (untreated)  S2 (treated) S3 (treated)
BiONS-SPCEs (ppm) | 62.0+ 2.1 52.0+ 3.5 below LOD
ICP-OES (ppm) 66.2 £ 2.3 50.6 +1.3 below LOD

3.3.5 Monitoring of Pd recovery process using BiONS-SPCEs
The recovered palladium was then filtered out, washed and dried. Figure 17a
shows that the recovered palladium appeared as porous nano aggregates.

Furthermore, the EDX result (Figure 17b) indicates that the purity of recovered
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palladium was as high as 98.8%, which was much higher than that (29.03%) of
the reported bio-reduction process [214] and comparable to that (98.8%) of the

reported chemical reduction process [215].
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Figure 17. SEM image (a) and corresponding EDX spectrum (b, inset: elemental weight
percentage) of the recovered Pd powder.

As shown in Table 7, the sudden change in Pd concentration (S7 to S8) happened
again, even when using a small amount and low concentration of NaBHa.
Therefore, considering the issue of treatment cost, it is crucial to monitor the
residual Pd content in wastewater on-site. With the monitoring of palladiumusing
BiONS-SPCEs, S8 (0.40 mL of 0.01g/mL NaBH, solutions) was considered the

optimized dosage for recovering Pd from 2" batch of wastewater (10 mL).

Table 7. Pd2* concentrations and recovery rates tested by BiONS-SPCEs during the Pd
recovery process.

Sample Pd concentration (ppm) Recovery rate? (%)
S4 17.5+0.7 0.00

S5 10.5+0.3 39.94

S6 90+1.1 48.53

S7 6.9+0.9 60.62

S8 <1.32°Y >92.47

a: Calculated as: recovery rate = (Pd concentration in current sample / Pd concentration in raw
sample) x 100%

b: As the concentration is lower than LOD, it was calculated as lower than LOD (0.04 ppm) x
dilution factor (33 for this sample).

3.4 Conclusion

In this chapter, an innovative method was developed for synthesizing BiONS
without adding halogens or doping other metalloids. Raman, XRD, and XPS
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spectra showed that the BiONS were mainly B-Bi,O3. SEM, TEM, and AFM
results confirmed that the BIONS were flake-shaped (300-1000 nm in width),

which were ultra-thin (6-10 nm in thickness).

These BiONS were utilized to modify SPCE, leading to the development of a new
electrochemical sensor that demonstrated significant electrocatalytic activity
towards the redox processes of Pd?*. This sensor exhibited a broad linear
detection range from 40 to 400 ppb and a low LOD of 1.4 ppb for Pd?".
Additionally, a rapid and straightforward pretreatment method was developed to
decomplex palladium in pharmaceutical wastewater, enhancing the practicality

of the sensor.

The combined application of the newly developed sensor and sample
pretreatment protocol effectively monitored palladium concentrations during
palladium recovery from pharmaceutical wastewater. This breakthrough has the
potential to be implemented on-site for near real-time monitoring of palladium
content in environmental samples, offering significant techno-economic

advantages by improving resource management and recovery processes.
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CHAPTER 4 GOLD-SILVER NANOPARTICLES
MODIFIED ELECTROCHEMICAL SENSOR ARRAY
FOR SIMULTANEOUS DETERMINATION OF
CHROMIUM(II)  AND  CHROMIUM(VI) IN
WASTEWATER SAMPLES

4.1 Introduction

Chromium is a transition metal that exists primarily in two stable oxidation states
in environmental and biological systems: trivalent chromium (Cr(lll)) and
hexavalent chromium (Cr(VI)) [216]. These two species exhibit markedly
different chemical, toxicological, and environmental behaviors. While Cr(lll) is
an essential micronutrient for humans, playing a role in glucose and lipid
metabolism, Cr(VI) is highly toxic, mutagenic, and carcinogenic. Its high
solubility and mobility in water systems further exacerbate environmental and
health concerns [217, 218]. Consequently, the selective detection and speciation
of Cr(lll) and Cr(VI) are critical for environmental monitoring and risk
assessment.

Voltammetric methods leverage the distinct redox behaviors of Cr(l11) and Cr(VI)
under controlled electrochemical conditions, enabling their discrimination and
quantification [219].

In this study, two different sensor chips with SPCE modified either by silver-gold
bimetallic nanoparticles or silver-gold bimetallic oxide nanoparticles were
developed. After characterization, the two sensor chips were integrated as an
electrochemical sensor array, which could be applied to detect Cr(\V1) and Cr(llI).
Combined with a handheld dual-channel electrochemical device, the
electrochemical sensor array could detect Cr(lI1), Cr(VI) and the total chromium

contents in various samples.

4.2 Experimental
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4.1.1 Materials and reagents

Analytical grade reagents and high purity solvents were used throughout the study.
Gold standard for ICP (1000 ppm Au(lll) in 5% hydrochloric acid), silver
standard for ICP (1000 ppm Ag(l) in 2% nitric acid), chromium (111) standard for
ICP (1000 ppm Cr(1l) in nitricacid), chromium (VI) standard for ICP (1000 ppm
Cr(VI) in Hy0), potassium dichromate (K2Cr,07), chromium (Ill) nitrate
nonahydrate (Cr (NO3)s 9H20), sulfuric acid (H2SO4, 98%), sodium chloride
(NaCl), lacticacid, urea, acetic acid (HAc), sodium sulfite (Na,SOs) and sodium
hydroxide (NaOH) were purchased from Merck Pte. Ltd. (Singapore). Artificial
saliva was purchased from ChuangFeng Technology (China). Deionized water
(DI water) from a Millipore Milli-Q purification system was used in all
experiments. Artificial sweat was prepared by mixing 0.5 wt% of NaCl, 0.1 wt%
of urea, and 0.1 wt% of urea lactic acid in DI water [220]. Tap water was obtained
from the laboratory of Residues and Resource Reclamation Centre (R3C),
Nanyang Environment and Water Research Institute (NEWRI), Nanyang
Technological University (NTU).

4.2.2 Apparatus

SPCE (DRP-C110, Metrohm) equipped with a conventional three-electrode
system, with carbon as the WE and RE and silver as the CE, was used for further
modification. CV, DPV, and SWV were conducted using a portable multi-
potentiostat (stat8000p, Metrohm). The morphology of the electrode surface and
the distribution of elements were studied by FESEM (JSM-7200F, Jeol) and TEM
(JEM-1400Plus, JEOL) equipped with energy EDS. The valence of elements was
determined by XPS (AXIS Supra, Kratos Analytical) equipped with a
Monochromatic Aluminium Ka source. CASA XPS software was used for the
deconvolution of the XPS spectra after correcting the binding energies of all
elements against the adventitious carbon C 1s core level at 285 eV. HPLC
(Ultimate 3000, Thermo Fisher Scientific) was used to separate two different Cr
ions in chromium-containing wastewater. The contents of Cr were detected by
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ICP-OES (OPTIMA 8300, PerkinElmer) and ICP-MS (iCAP Q, Thermo
SCIENTIFIC).

4.2.3 Modification of WEs

The newly developed electrodes were prepared using the following steps: firstly,
to prevent silver from reacting with gold and nitric acid, the reference electrode
was covered with transparent tape during the electrodeposition process. Then, 0.1
mL of 100 ppm Au (Ill) solution was dropped on the electrode, and the Au
nanoparticles were obtained by applying a potential of -0.4 V for 120 s, after
washing with DI water and drying at room temperature (25 °C), the obtained
electrode was labeled as Au-SPCE. Ag-Au-SPCE was obtained by dropping 0.1
mL of 1 ppm Ag (1) solution on Au-SPCE and then applying a potential of -0.4
V for 120 s. After the electrodeposition process, the tape was removed, and both
the electrodes were activated (oxidized) and stabilized in 0.5 M NaOH solution

by a CV potential between + 0.6 to 0.0 V at a scan rate of 0.05 V-s* and step
potential of 0.002 V for 10 cycles. These two electrodes were labeled Au-SPCE-

a and Ag-Au-SPCE-a, respectively. The whole process is shown in Figure 18.
The electrodes modified by only Ag and Ag oxides were also prepared using the
same method, labeled as Ag-SPCE and Ag-SPCE-a. However, reusing electrodes
for complicated samples is not recommended to ensure the accuracy of the results.

Therefore, the electrodes are considered to be disposable in the present study.
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Figure 18. Preparation procedure of electrodes.

4.2.4 Electrochemical measurements

For Cr(lll), 100 uL of Cr(lll) standard solutions (with different concentrations
dissolved in 0.5 M NaOH) were dropped on the Au-SPCE-a and Ag-Au-SPCE-
a. The optimized conditions of the electrochemical method were as follows:
element deposition at a potential of -0.2 V for 120 s, then tested by DPV with the
potential from -0.2to +0.3 V at a step potential of 0.008 V, pulse potential of 0.05
V, pulse time of 0.08 s and a scan rate of 0.04 Vs,

Similarly, the optimized parameters and steps for Cr(\V1) were as follows: 100 pL
of Cr(VI) standard solutions (with different concentrations dissolved in 0.1 M
acetic acid buffer, pH = 4.5, adjusted by 1 M NaOH) was dropped on the Au-
SPCE and Ag-Au-SPCE, the samples were preconcentrated for 120 s at a voltage
of +0.6 V and then tested by SWV with the potential from +0.2 to -0.5 V at a step
potential of 0.005 V, amplitude potential of 0.002 V and frequency of 25 Hz. The
following experimental conditions were consistent with those mentioned here
unless otherwise specified. The data of electrochemical measurements were
recorded and analyzed by DropView 8400 software. All the electrochemical data
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and error bars (standard deviations) were obtained by averaging three consecutive

repetitions.

4.2.5 Preparation of Cr(111/VI) contained samples

Cr (Ill and VI together) standards were spiked into artificial saliva, artificial sweat,
and tap water to obtain representative chromium samples with real sample
backgrounds. Furthermore, the used glassware was immersed in sulfochromic
mixture for cleaning and the washing solution was used as the original chromium-
containing wastewater (labeled as S1); 10 mL of S1 was mixed with 1 mL of 10
mM sodium sulfite solution, which was labeled as S2; another 10 mL of S1 was
mixed with 2 mL of 10 mM sodium sulfite solution, which was labeled as S3; 10
mL of S3 was adjusted the pH to 7.4 with 10-50 mM sodium hydroxide solution,
filtered, and taken the filtrate, which was labeled as S4. This process simulated
the treatment of hexavalent chromium wastewater. The samples were further
diluted with NaOH solution for Cr(lll) and HAc solution for Cr(V1), adjusted
their concentrations to fall within the linear range, and then tested using Ag-Au-
SPCE for Cr(VI1) and Ag-Au-SPCE-a for Cr(lll).

4.2.6 HPLC-ICP-MS analysis

For comparison, the total Cr content and Cr(VI) in chromium-containing
wastewater were detected by ICP-OES/MS and HPLC-ICP-MS, respectively.
The HPLC-ICP-MS analytical procedures and experimental parameters were as
follows: The HPLC injection volume was set at 100 pL, and Dionex AG-7 (2 x
50 mm) guard column was used for the separation [221, 222]. The mobile phase
was 0.4 M HNOs with a flow rate of 400 pL min, and the elution cycle was 180
s. For the ICP-MS part, argon gas flow for plasma was 14 L min, helium gas
flow was 4.41 L min* for KED mode, and monitored m/z for Cr was 52. Since
some parts of the HPLC system had been made of stainless steel materials, Cr(I11)
with differentamounts could possibly be released during the test (Figure 19 aand
b), resulting in inaccurate Cr(lll) calibration results (Figure 20a), while the

45



calibration curve of Cr(VI) could provide good linearity (Figure 20b, R?= 0.9968,
LOD = 6.421 ppb). Besides, in the real samples, the Cr(lll) peak shifted
significantly (Figure 19 d), and thus the data for Cr(lll) quantification was not
used. As previously mentioned, Cr mainly exists in the form of Cr(Ill) and Cr(V1),
and thus, the content of Cr(I11) was calculated by subtracting the content of Cr(\VI)
from total chromium content.
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Figure 19. HPLC-ICP-MS spectra of 2 injections of the same DI water sample: aand b
(peak area of Cr (I11) a: 1,934,645.53 cps-s and b: 6,195,538,48 cps-s); 50 ppb Cr (1)
and (V1) standard: ¢ and sample S1: d.
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4.3 Results and discussion

4.3.1 Characterization of Au and Ag nanoparticles on the WEs

The morphology of the working electrodes of Au-SPCE and Au-SPCE-a are
shown in Figure 21 al to il. From Figure 21 al to c1, it could be observed that
the freshly prepared gold nanoparticles (AuNPs) were unevenly distributed on
the electrode surface, and many particles were concentrated inasmall area. It was
also found that these AuNPs spontaneously formed micron-sized massive
aggregates after being stored in the air for one day (Figure 21 d1 to f1). However,
as shown in Figure 21 g1 to i1, Au oxides were much more uniformly distributed
than AuNPs after electrochemical oxidation, and no obvious change in
morphology and aggregation state was observed after one day of storage.
Similarly, Figure 21 a2 to i2 shows the FESEM images of the AuNP electrode
surface further modified with silver nanoparticles. In Figure 21 a2 to c2, the
particle sizes of AUNPs after further deposition of silver were much smaller than
that of freshly prepared ones, which indicated that even if the HAuCIl, was

removed, negative voltage and silver ions could still affect the morphology of
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deposited AuNPs. Also, the silver was present in the form of massive particles of
different sizes on the surface of the working electrode. Different from Au-SPCE,
after the Ag-Au-SPCE was placed in the air for one day (Ag-Au-SPCE-1 day,
and the Ag-Au-SPCE tested directly after fresh preparationis marked as Ag-Au-
SPCE-0 day), the nanoparticles on the surface did not agglomerate, but
spontaneously formed evenly distributed nanocomposite particles with bigger
diameters (Figure 21 d2 to f2). This morphology was very close to that of Ag-
Au-SPCE after electrochemical oxidation (i.e., Ag-Au-SPCE-a, Figure 21 g2 to
i2). Like Au-SPCE-a, the surface of Ag-Au-SPCE-a also did not change after one
day of storage at room temperature. Based on this spontaneous conversion
phenomenon, it was speculated that there was a silver-gold oxide species that is
stable at room temperature, and electro-oxidation helped to form this silver-gold

oxide species much faster.
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Figure 21. FESEM images of Au-SPCE (a1, bl, d1 and el), Au-SPCE-a (g1 and h1l),
Ag-Au-SPCE (a2, b2, d2 and e2) and Ag-Au-SPCE-a (g2 and h2); layered element
mappings of Au-SPCE (cl1 and fl1), Au-SPCE-a (il), Au-SPCE (c2 and f2) and Au-
SPCE-a (i2). Insert: element mapping of gold and silver. Among these images, al, b1,
cl, g1, hl,il, a2, b2, c2, g2, h2, and i2 were taken within one hour after the preparation

49



of theelectrodes, while d1, el, f1, d2, e2 and f2 were taken one day after the preparation.

The particle size distributions of the particles on the surface of freshly prepared
Au-SPCE-a, Ag-Au-SPCE-1 day, and Ag-Au-SPCE-a were measured by
NanoMeasure 1.2 Software. As shown in Figure 22 a to c, their average sizes
were 46.4 £ 9.9 nm, 56.7 = 13.7 nm, and 67.8 £ 18.0 nm, respectively. It could
be seen that as the oxidation degree of the gold/silver-gold particles increased,
the particle size also increased. At the same time, the spontaneous bonding

process of the silver-gold particles was also observed.
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Figure 22. Particle size distribution of the particles on the surface of freshly prepared
Au-SPCE-a (a), Ag-Au-SPCE-a (c), and Ag-Au-SPCE after being left in the air for one
day (b).

After scraping the working electrode with a blade, the powdered sample was
dispersed in water and sonicated for 20 minutes, then dropped onto a copper grid
and dried in a nitrogen atmosphere for TEM testing. Due to the long preparation
time of the sample, the silver particles inthe mapping image were not as obvious
as those in the FESEM images (Figure 23 a and b). Nevertheless, comparing the

electrode surface particles after a day of storage (Figure 23 ¢ and d) and
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electrochemical oxidation (Figure 23 e and f), its distribution was still more
aggregated. In addition, the weak signal of silver might be caused by the higher
voltage and the stronger penetrability of TEM than FESEM, which could also be
used to support the theory that silver species exist on the outer surface of gold

and silver particles after oxidation on the electrode surface.

Ag map

Figure 23. TEM images of Ag-Au-SPCE (a and c) and Ag-Au-SPCE-a (e); layered
element mappings of Au-SPCE (b and d) and Au-SPCE-a (f), insert: element mapping
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of gold and silver. Among these images, a, b, e, and f were taken within two hours after
the preparation of the electrodes, while ¢ and d were taken one day after the preparation
of Ag-Au-SPCE.

The oxidation states of Ag and Au elements on Ag-Au-SPCE-a were also
investigated by XPS. Due to the shallow electron escape depth (usually less than
10 nm) in the XPS test, the obtained results could be correlated only to the
properties of the outermost layer of the nanoparticles. As shown in Figure 24a,
the binding energies of [374.2, 368.2] and [373.8 eV, 367.8] eV with an energy
difference of 6.0 eV indicated that the silver exists in the form of Ag (0) and Ag
(), respectively [223, 224]. The gold on the particle surface was found to existin
the form of Au(0), Au(l), and Au(lll), and the corresponding binding energies
were [87.6, 83.9], [88.1, 84.4] and [89.5, 86.1] eV, respectively [225]. In general,
the freshly prepared Ag-Au-SPCE contained only elemental gold and silver.
However, after one day, the peaks of Ag and Au shifted to their respective
oxidation states. Especially for Au, the peaks fully shifted to Au(l) peak, which
indicated the Au on the surface was oxidized. Finally, after the electrochemical
oxidation, all the silver and gold in the outer layer reached the oxidation state and
were not in the elementary state. Considering the small amount of silver
(theoretically 1% of the amount of Au), there was almost no signal of individual
silver particles in the element mapping (Figure 21 i2). It is speculated that silver
was distributed on the surface of AuNPs and formed stable Ag-O-Au moieties.
The results here further proved the previous speculation: a small amount of silver

on the gold surface could induce spontaneous oxidation of gold in the air.
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Figure 24. XPS spectra of Ag 3d (a) and Au 4f (b) of Ag-Au-SPCEs.

4.3.2 Electrochemical detection of Cr(ll1l) and Cr(V1)

Au-SPCE-a and Ag-Au-SPCE-a were used to test their response to 1 ppm of
Cr(Ill) under the same conditions. As shown in Figure 25, the electrochemical
response signal intensity of Ag-Au-SPCE-a was approximately twice that of Au-
SPCE-a, while there was almost no signal from Ag-SPCE-a. Recalling the
particle size distribution of these two types of gold/silver-gold oxide
nanoparticles, the average particle size of gold oxides is 21.4 nm smaller than that
of silver-gold oxide particles. In classical theory, the larger surface areaand more

reactive sites resulting from smaller particle sizes tend to enhance the activity of
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the reaction. The phenomenon appeared to contradict this theory. However, it is
believed that this precisely reflects the fact that 1% of the theoretical addition of
silver had a great effect on the formation and stabilization of gold oxides, so it
could overcome the adverse effects of the particle size effect and showed better
response than smaller sized gold oxides nanoparticles. In addition, as the
positions of the Cr(lll) oxidation peaks produced by these two electrodes were
almost the same, it is speculated that silver species did not participate in the
electrode reaction.
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Figure 25. Comparison between the electrochemical signal of Au-SPCE-a and Ag-Au-
SPCE-a to 1 ppm of Cr (lI).
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Although the silver-gold oxides appeared to be more stable than gold oxides, it
was still easily electrochemically reduced during the deposition process.
Therefore, the deposition potential and time were optimized as shown in Figure
26 a and b. The lowest deposition potential was chosen to be -0.4 V, which was
the same for the deposition of both Au and Ag. From -0.4 V to -0.2 V, the peak
height firstincreased slightly, but from -0.2 VV to 0.1 V, the peak height decreased
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rapidly, indicating that the negative voltage is more suitable for the enrichment
of Cr(Ill) species in this case. On the one hand, a long deposition time is
beneficial for pre-concentration of Cr(l1l) on the electrode surface. On the other
hand, -0.2 VV was sufficient negative to reduce silver-gold oxides. Hence, it was
not conducive to the retention of silver-gold oxides. As a result, the peak height
decreased first, and then increased with the increase of deposition time, and
finally decreased from a downward trend. Eventually, a deposition time of 120 s
was tested in the standard solution of Cr(lll). Chromatograms and calibration
curves (linear relationship between peak height and standard solution
concentrations) are shown in Figure 28 a and b, with a linear range of 0.05~1 ppm
and LOD of 0.1 ppb Cr(lII).
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Figure 26. Optimize Cr(l11) detection parameters: deposition potential (a) and deposition
time (b); optimize Cr(V1) detection parameters: pH (c), deposition potential (d) and
deposition time (e).

Ag-Au-SPCE was used for the electrochemical detection of Cr(VI), with the
comparison of Au-SPCE. Their response to 1 ppm of Cr(VI) is shown in Figure
27. The signal generated by Ag-Au-SPCE was about 50% higher than that of Au-
SPCE, while Ag-SPCE did not provide a peak. This could be explained by the
size effect, AUNPs from Ag-Au-SPCE were much smaller than those from Au-
SPCE.
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Figure 27. Comparison between the electrochemical signal of Au-SPCE and Ag-Au-
SPCE to 1 ppm of Cr (VI).

After optimizing the detection parameters (Figure 26 ¢, d and e,), this electrode
was further used to detect Cr(\I) with different concentrations under the optimum
conditions (pH 4.5, deposition potential 0.6 V, deposition time 120 s), and the
results are shown in Figure 28 ¢ and d. The linear range and LOD were found to
be 0.05~5 ppm and 0.1 ppb Cr(V1), respectively. The linear ranges and LODs of
both Cr(111) and Cr(VI) could meet the different standards from CONAMA, Japan,
US EPA and WHO.
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Figure 28. DPV response (a) and linearity (b) of 0.05~1 ppm Cr(111) detected with Ag-
Au-SPCE-a under optimized conditions; SWV response (c) and linearity (d) of 0.5~5

ppm Cr(VI1) detected with Ag-Au-SPCE.

Under the optimized conditions, the responses of 0.1 ppm Cr(lIl) and 0.5 ppm of
Cr(VI) with Au-SPCE-a and Au-SPCE were low (Figure 29), which indicated
that the detection ranges of these two electrodes were higher than the electrodes

with both Ag and Au.
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Figure 29. DPV response of 0.1 ppm Cr (I11) detecting with Au-SPCE-a (a) and SWV

response of 0.5 ppm Cr (V1) detecting with Au-S
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The anti-interference performances of the developed electrodes were studied by
adding different metal ionsto 1 ppm Cr(111/VI) standards, and the electrochemical
response was measured under the optimized conditions. As shown in Table 8,
most of the common metal ions did not affect the detection of Cr(l1l/VI).
However, a few metal ions could co-precipitate (Cu (I), Zn (1), and Pb (II)) or

react (As (111)) with Cr species, leading to a significant decline in the signals.

Table 8. Change of peak height of Cr(I11/V]) caused by interferent.
Interference Concentration Change of peak of Cr(lll) Change of peak of

height in % Cr(V1) height in %
Na(l) 11500 ppm 100% 101%
(0.5M)
K(I) 19500 ppm 99% 99%
(0.5M)
As(I11) 1 ppm 95% 65%
As(VI) 1 ppm 99% 97%
Cu(ln 1 ppm 63% 102%
Zn(1l) 1 ppm 74% 105%
Hg(ll) 1 ppm 81% 101%
Pb(11) 1 ppm 34% 82%
Cd(ln) 1 ppm 96% 95%

As shown in Table 9, the performances of the developed sensors are better than
or comparable to those in previous works. More importantly, the sensors
developed in the current study provided lower LODs, and their application ranges

could also be expanded.

Table 9. Comparison of the performances of different modified electrodes for
determining Cr(l11) and Cr(VI).

Electrode Method Linear range LOD Sample(s) Ref
applied
GC/Chit/MWCNTS/MnOXNPHCA ;ggqom gg)blsa i [137]
Chi—Au-SPEs DPV 52~ 5200, g ,p Industrial [226]
ppb wastewater
0.9125 River/sea water,
Cr(m)CrIP—CCE DPV 5.2~520 ppbIOIOb Urine [227]
Acrtificial
saliva/sweat, tap Current
Ag-Au-SPCE-a DPV 50~1000ppb0.1 ppb water, work
sulfochromic
mixture

59



Gold screen printed macro 0.52~83.2 0.2288

LSV Canal water [136]

electrodes ppm ppm
Ag-doped TiO2 on glassy 5.2~161.2 1.716
carbon Amperometryppb opb Tap/lake water [228]
Cr(VI)NickeI oxide nanoparticles CV 5~50 ppm - - [229]
Artificial
saliva/sweat, tap
Ag-Au-SPCE SWv 50~5000 ppb0.1 ppb water, vazrrLent
sulfochromic
mixture

GC: glassy carbon; Chit: chitosan; MWCNTSs: multiwalled carbon nanotubes; MnOXNP:
manganese oxide nanocomposite; HCA: hydrodynamic chronoamperometric; Chi—Au-SPEs:
chitosan—gold nanocomposites modified screen printed electrodes; DPV: differential pulse
voltammetry; CrIP-CCE: Cr(lIl)-imprinted polymer-modified carbon composite electrode; LSV:
linear sweep voltammetry; CV: cyclic voltammetry; SWV: square wave voltammetry.

4.3.3 Detection of Cr(Ill) and Cr(\VI1) in chromium spiked samples

To evaluate their application capabilities, Ag-Au-SPCE and Ag-Au-SPCE-a were
used to quantify the concentrations of Cr(\VI) and Cr(lll) in different chromium
spiked samples, and total chromium contents were also calculated. The
chromium-spiked artificial saliva, artificial sweat, and tap water were analyzed
using the proposed method. The results, shown in Table 10, indicated that the
developed sensors were suitable for analyzing Cr(VI1) and Cr(lll) in these three

chromium-spiked samples.

Table 10. Determination of chromium (I11/V1) and total chromium in chromium spiked
samples using Ag-Au-SPCE and Ag-Au-SPCE-a.

Sample artificial saliva  artificial sweat  tap water
added/ppm 2.8 0.8 0.4

Cr (1) found/ppm 2 2.720 £ 0.133 0.811 + 0.105 0.382 + 0.077
recovery/% 97.1 101.4 95.5
added/ppm 0.4 0.8 2.8

Cr (V) found/ppm 2 0.362 + 0.093 0.897 £ 0.256 2.720 £ 0.188
recovery/% 90.5 112.1 97.1
added/ppm 3.2 1.6 3.2

Cr (total)  found/ppm b 3.082 1.708 3.102
recovery/% 96.3 106.8 96.9

a Mean value of 3 measurements + standard deviation.
b The sum of Cr(lll) and Cr(VI) contents.

4.3.4 Detection of Cr(Ill) and Cr(VI) in wastewater samples

Chromium-containing wastewater and the wastewater generated during its
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treatment were also used as real samples further to verify the practical application
capabilities of the sensors. The pretreatment and testing methods were the same
as in the previous section. The values measured by sensors were consistent with
those measured by ICP and HPLC-ICP-MS (Table 11), indicating that the
developed sensors were suitable for determining chromium in these types of
wastewater. The results for S3 and S4 samples also demonstrated that the
treatment process of hexavalent chromium wastewater simulated in this work is

highly effective in removing toxic pollutants.

Table 11. Determination of chromium (I11/VI) and total chromium in chromium-
containing wastewater samples using Ag-Au-SPCE and Ag-Au-SPCE-a.

Sample Sl S2 S3 S4
Cr (111 Calculated/ppma  4.641 13.685 13.53 N.D.
Sensor/ppm © 4.239 + 0.030 14.738 + 0.21415.676 + 0.428N.D.
HPLC-ICP-MS/ppm N.D.
Cr(vi) b 10.539 £ 1.0151.425 + 1.191 N.D.
Sensor/ppm ° 11.892 + 0.5221.170 £ 0.114 N.D. N.D.
15.18 + 15.11 + 13.53 + N.D.
b
ggtal) |CP/ppm 0.216 0.364 0.339
Sensor/ppm ¢ 16.131 15.907 15.676 N.D.

a Calculated by mean value of Cr (total) - mean value of Cr(VI)
b Mean value of 3 measurements + standard deviation.

¢ Calculated by mean value of Cr(lll) + mean value of Cr(VI)
N.D.: Not detected, and the value was counted as below LOD.

4.4 Conclusion

In this chapter, a silver-gold bimetallic nanoparticles modified electrode (Ag-Au-
SPCE) and a silver-gold bimetallic oxide nanoparticles modified electrode (Ag-
Au-SPCE-a) were developed to detect Cr(\VI) and Cr(lll), respectively. The
silver-gold bimetallic oxide nanoparticles were proved to be stable and sensitive
to Cr(Il), in which the addition of silver with a theoretical value of 1% of gold
played a key role in the formation and stabilization of oxides on the surface of
gold nanoparticles.

These sensors were successfully deployed to measure concentrations of Cr(lll),
Cr(VI), and total chromium in various samples, including tap water, artificial

saliva, and artificial sweat, as well as to monitor the treatment processes in
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chromium-containing wastewater. The potential for these sensors to be integrated
with a handheld dual-channel electrochemical device suggests a promising future
for developing laboratory-free, portable chromium detection systems. Such
systems are expected to be especially beneficial for in-situ monitoring of
chromium content across various environmental samples, including chemical

plating facilities.
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CHAPTER 5 SIMULTANEOUS SPECIATION OF
INORGANIC ARSENIC (111 AND V) UTILIZING GOLD-
MANGANESE OXIDE NANOPARTICLES MODIFIED
ELECTROCHEMICAL SENSORS

5.1 Introduction

Arsenic, a toxic metalloid, is a significant environmental and public health

concern due to its widespread occurrence and severe toxicological effects [230].
It exists primarily in two oxidation states in natural systems: arsenite (As(l11))

and arsenate (As(V)). These two forms differ significantly in their toxicity,

mobility, and bioavailability, with As(lll) being significantly more toxic and

mobile than As(V) [231, 232]. The speciation of these arsenic forms is critical for
assessing environmental risks, understanding biogeochemical processes, and

implementing effective remediation strategies. The difference in electrochemical
activity of the two species makes it possible to distinguish them electrochemically,
especially through voltammetry methods [233].

The performance of voltammetric speciation relies on the optimization of various

factors, such as electrode material, pH of electrolyte, and applied potential. Hence,
a series of Au-Mn oxides nanocomposites were designed and applied to the
speciation of inorganic As. Moreover, using developed electrodes, the total As

and As(l11) can be easily determined simultaneously by dual measurement (using

two channels of the electrochemical working station). The accuracy of the sensor
outcomes was further validated by HPLC-ICP-QQQ, ensuring reliability in our

speciation analysis.

5.2 Experimental

5.2.1 Materials and reagents
The chemicals, reagents, and solvents used are of analytical grade and high purity
and were used without further purification. Sodium hydroxide (NaOH), acetic
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acid (HAc), sodium dimethyldithiocarbamate (SDDC), tetrachloroauric(lll) acid
(HAuCl4- 3H20), sodium borohydride (NaBH,), hydrochloric acid (37%, HCI),
potassium permanganate (KMnQ,), sodium arsenate (NasAsQ,), sodium arsenite
(NaAsO,), ammonium hydroxide solution (28~30% NHjs basis, NHsOH), iron(l1l)
chloride hexahydrate (FeCls- 6H,0), ethylene glycol (EG), sodium dodecyl
sulfate (SDS), polyethylenimine (PEI) and individual standard ion solutions of
lead, cadmium, zinc, copper, nickel, cobalt, mercury and chromium (11l and V1)
for ICP-OES were purchased from Merck Pte. Ltd (Singapore). 1000 ppm As(lII)
and 1000 ppm As(V) standards were purchased from inorganic Ventures
(Singapore). DI water with a resistivity of less than 18.2 MQ-cm was obtained

from a Millipore Milli-Q purification system to prepare solutions.

5.2.2 Apparatus

Commercial SPCE (DRP-C110, Metrohm) was modified for further use. The
electrochemical measurements were performed by a multi-potentiostat
(ustat8000p, Metrohm). XRD (SmartLab SE) with Cu-Ka radiation, operated at
40 kV and 30 mA, was used to investigate the crystalline phase of synthesized
materials. The oxidation states of the elementsin the synthesized materials were
identified by XPS (K-Alpha, Thermo Scientific). The XPS spectra underwent
deconvolution through CASA XPS software following the adjustment for binding
energies across all elements relative to the adventitious carbon C 1s core level
(285 eV). The material morphology and elemental distributions were examined
initially using FE-SEM coupled with EDX spectroscopy (JSM-7200F, JEOL
Ltd.), followed by TEM (JEM-1400Plus, JEOL Ltd.). HPLC (1260 Infinity Il LC
System, Agilent Technologies, Inc.) coupled to ICP-QQQ (8900 Triple
Quadrupole ICP-MS, Agilent Technologies, Inc.) as a standard method for As

speciation.

5.2.3 Synthesis of nanomaterials and fabrication of working electrode
30 mg of Au (~60 mg of HAUCI,- 3H,0) and 3 mg of Mn (~8.616 mg of KMnOa,
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Au: Mn =10:1, m/m) were dissolved in 15 mL and 30 mL of DI water separately,
and then the two solutions were mixed with 0.5 mL of EG. Subsequently, the pH
of the mixture solution was adjusted to 7 by 0.25 ~ 2.5% ammonium hydroxide
solution and 0.01 M HCI. Then, the mixture was stirred overnight at room
temperature, followed by solids extraction by centrifugation, and finally freeze-
dried. The synthesized material was labeled as AuMnNPs-10 and dispersed in DI
water at different concentrations for further use.

For comparison, diverse compositions of nanoparticles, such as Au-only, Mn-
only, and various gold-to-manganese ratios of Au: Mn =20: 1, 5: 1, and 2: 1
(m/m), were synthesized while keeping all the parameters constant, except for the
amount of Au and Mn precursors. The synthesized materials were labeled as
AUNPs, MnNSs, AuMnNPs-20, AuMNnNPs-5, and AuMNnNPs-2, respectively.
The WE was modified by drop-casting method: the dispersed nanomaterial was
dropped onto the WE of the SPCE, and then dried in an oven at 60 °C for further

use.

5.2.4 Electrochemical measurements

The experiments were performed in a buffer containing 0.1 M HAc, and the pH
was adjusted by adding 0.1 M NaOH and 1 M HCI. Parameters such as pH,
deposition potential and time, and the type and amount of synthesized material
were further optimized. The final protocol for total As content detection was as
follows: 100 uL of the sample (in acetic-acetate/ HCI buffer, pH = 2) was dropped
on the electrode modified with 10 uL of 0.7 mg/mL of AuMnNPs-10 (the
electrode was labeled as AuMn-10-SPCE), covering all 3 electrodes, and a
voltage of -1.1 V was applied for 180 s. Subsequently, DPV measurements were
conducted, scanning potentials from -1.1 V to 0.2 V. The parameters for step
potential, pulse potential, pulse time, and scan rate were established at 0.004 V,
0.04 V, 80 ms, and 0.02 V/s, respectively. All parameters for the detection of
As(I11) were the same as that for total As content, except the deposition potential
was -0.6 V, and DPV sweep was from -0.6 V t0 0.2 V. The two different methods
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can be applied together on the multi-channel potentiostat so that speciation can
be carried out simultaneously. Triplicated measurements obtained from the
presented mean value and standard deviation (SD) are shown in the form of error
bars.

5.2.5 Treatment and monitoring of As-contained wastewater

Fe(OH)s suspension was synthesized by boiling 50 mL of solution containing 20
g/L FeCls- 6H,O for 10 min and topping up to 100 mL. It was used as the
precipitant during the As-contained wastewater treatment process. An artificial
wastewater containing both As(lll) and As(V) was prepared by mixing As(llI)
and As(V) standards. 5 mL of the original sample was distributed into 5 test tubes
and then treated by introducing 0.5, 1, 1.5, and 2 mL of Fe(OH)3 suspension into
samples and topped up to the same final volume of 10 mL (labeled as raw, S1,
S2, S3, and S4, respectively). The samples were kept overnight, filtered by a 0.45
pum membrane filter, diluted, and analyzed by HPLC-ICP-QQQ and the
developed sensor (AuMn-10-SPCE).

The HPLC-ICP-QQQ methods were as follows: the separation was conducted
using a column (G3288-80000, Agilent Technologies, Inc.) with a 100 pL
injection volume. The mobile phase was A: 5 mM (NH3),CO; and B: 50 mM
(NH3)2CO; with a flow rate of 1 mL-min 1. The specific elution procedure was
as follows: 100% A at 0~2 min, 100% B at2~17 min, and 100% A at 17~24 min.
For the ICP-QQQ part, the monitored m/z for As as a product ion was 75.

5.3Results and discussion

5.3.1 Material characterization

Figure 30 (a) shows the XRD patterns of the synthesized materials. It is evident
that without mixing with gold and manganese precursors, both AuNPs and
MnNSs formed amorphous structures (no obvious diffraction peak) [234]. With
both gold and manganese precursors, crystalline gold was formed while the Mn

species remained amorphous. According to the standard PDF card of gold: #04-
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0784, the diffraction peak at 20 degree = 38.2°, 44.4°, 64.6°, and 77.5°
corresponds to 111, 200, 220 and 311 crystal planes, respectively [235]. The
intensity of the gold peak in AuMNnNPs exhibited an initial increment with the
increased amount of Mn, subsequently showing a slight decrease as the mass ratio
of Au-Mn decreased to 2 to 1. This indicates the addition of Mn promotes the
formation of crystalline gold and reaches a ‘saturation point’ when the amount of
Mn reaches a certain level. As shown in the XPS wide scan spectrum (Figure 30
(b)), the peak area of Mn and Au followed the added amount trend. The oxygen
found in Au-contained materials indicates the Au on the material surface could
be oxidized. The details can be further investigated by analyzing the narrow scan
spectrum. Figure 30 (c) shows gold has two oxidation states among all the
materials, which are Au(0) peaks at ~ 84.5 to 85 eV and 88.3 to 88.7 eV and
Au(lll) peaks at 86.7 to 87 eV and 90.4 to 90.8 eV [236]. The peaks of Au(lll) in
Mn-contained materials significantly shifted to a higher binding energy level
(~0.4 eV), while the Au(0) peaks were relatively consistent. This could be
explained by the oxidation of small Au clusters on other oxide surfaces [237, 238].
As a characterization method for shallow surface analysis, the Au signal can still
be detected when the Mn content increases, indicating that the thickness of the
Mn cladding layer is relatively thin, probably less than 10 nm [239, 240]. The
peaks of Mn are highly consistent regardless of the presence or absence of Au
(Figure 30 (d)). Two main peaks are at ~654.0 and 642.3 eV, with a distance of
11.7 eV, indicating that the main species is MnO, (Mn(IV)) [241]. Another two
smaller peaks at ~658.1 and 645.8 eV could be assigned to Mn(ll) [242].
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Figure 30. XRD patterns (a), XPS spectra of wide scan (b), and Au-4f (c) and Mn-2p (d)
narrow scan of the synthesized nanomaterials.

Figure 31 to Figure 36 show the SEM and TEM characterization of the
synthesized materials. From the SEM images, the AuNPs and MnNSs are
apparently different from AuMnNPs, especially for MnNSs. A phenomenon was
observed: the precipitation rate of Au species was much faster than that of Mn
species during the synthesis of AUNPs and MnNSs separately. This leads to the
fact that during the synthesis of AUMNNPs, the Mn species that precipitated later
may coat the surface of the Au species that precipitated previously. The diameter
of AuUNPs was around 100 nm while that of Mn-contained nanoparticles was ~75
nm, 94 nm, 105 nm, and 68 nm for AuMnNPs-20, AuMnNPs-10, AuMnNPs-5
and AuMnNnNPs-2, respectively. On the contrary, MnNSs formed flaky structures
instead of spheres. The addition of Mn into Au helped the formation of crystalline
Au (referto XRD result), and no flaky structure was obtained. This indicated that
Mn species have an affinity for Au speciesand helped the crystallization of gold,
while Au species also changed the morphology of Mn species. Through the
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elemental mapping, it was clear that Mn species were wrapped on the surface of
Au species, and the Mn oxides layer grew thicker when the amount of Mn
precursors increased. When the Au: Mn ratio reached 2: 1 (AuMnNPs-2), flaky-
shaped and bigger spheres (~350 nm) of Mn oxides were formed, while the
AuMNNPs grew smaller (~68 nm), indicating the affinity of Mn species to Au
species decreased when Mn precursors are in higher concentration. From the
EDX spectra, the ratios of Au-Mn in AuMnNPs were consistent with the amount
added, suggesting that Au and Mn species were completely precipitated.
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Figure 31. SEM images (a) and (b), EDX spectrum (c), TEM image (d), ahd EDX Iayered'
elemental mapping (e) of AuMnNPs-10.
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Figure 34. SEM images (a) and (b), EDX spectrum (c), TEM i |mage (d) and EDX Iayered
elemental mapping (e) of AuMnNPs-20.
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Figure 35. SEM images (a) and (b), EDX spectrum (c), TEM image (d), and EDX Iayered
elemental mapping (e) of AuMnNPs-5.
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Figure 36. SEM images (a) and (b), EDX spectrum (c), TEM image (d), and EDX Iayered
elemental mapping (e) of AuMnNPs-2.

5.3.2 Electrochemical speciation of As Ill and V

The synthesized nanomaterials were applied to perform the speciation of As Il
andV, as illustrated in Figure 7. For total As, a lower reduction potential (-1.1 V)
was applied to prompt reactions 2 and 3 to occur during deposition.
Simultaneously, both the newly generated As(Ill) and the As(lIl) that originally
existed in the sample were reduced on a gold electrode (reaction 1) and then
determined through the subsequent stripping process (reaction 4). Thus, the rate
of reduction of As(V) (reaction 2) cannot be the speed-determining step of the
whole As detection process, which leads to an undefined composition ratio of
As(V) and As(l11). The rate of reaction 2 needs to be greater than reaction 1, and
then the signal from total As detection could be obtained. For As(lll), a higher
reduction potential (0.6 V) was applied to prevent reactions 2 and 3 from
occurring so that As(V) would not affect the signal. Consequently, the
concentration of As(V) could be calculated by deducting the concentration of
As(Ill) fromtotal As. To prevent reaction 2 from becoming the rate-determining
step, efforts were made to enhance both the diffusion rate and the reaction rate.
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Since As(V) is more challenging to detect, the optimization was specifically
focused on As(V).

As shown in Figure 37, pH, deposition potential, depositiontime, Au/Mn ratioin
AuMNNPs, and the concentration of AUMnNPs were optimized. Since a highly
negative potential was applied to the WE, and As ions are typically negatively

charged, the effect of the electric field on the diffusion of As ions must be

considered.
7.0 -
(a) —=— Peak height
6.5
6.0
5.5
f::,L 5.0
5, 451 {
T
< 4.0
E
o 354
o
3.0 4 {
251 i/
20 T T T T T T T T
05 10 15 20 25 30 35 40 45 50
pH
- 8
5. b) —=—Peak height C) —n— Peak height
; a
4 \{ NG
- 6
z ~
2 34 3
c = 54 /
(=2 (=
@ D }
c 21 < 4
% 3
? &
1+ 34 /
04 \I ] 24 '
T T T T T T T T T T T T T T
-14 -13 -12 -11 -10 -09 -08 -07 -06 -05 -04 60 120 180 240 300
Deposition potential (V) 5o Deposition time (s)
5. d) —=—Peak heigh  ~ e) —n— Peak height
A As VI 454 {
404 / \{
44
—~ ~ 35+
3 T
= 3 = 3.0
o =
g _qC) 2.5+
E %] ® 20-
a &
. 8}% )5 1.5
0,
33% 5% | 104
A
0 T T T T T T T T T T 0.5 T T T T —T
0 2 4 6 8 10 12 14 16 18 20 22 00 01 02 03 04 05 06 07 08 09 10 1
Au/Mn Concentration of modifier (mg/ml)

Figure 37. Optimization of parameters for determination of As(V): pH of the electrolyte
(a), deposition potential (b), deposition time (c), Au-to-Mn ratio (m/m) in the
nanomaterial (d), and concentration of the modifier (e).
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According to diffusion simulation with the Nernst-Planck equation [243], the
concentration profile near the electrode surface is demonstrated in Figure 38. The
numerical simulation parameters: r (electrode radius): 0.2 cm, F (Faraday’s
constant): 96842, D (diffusion coefficient): 1.11x10°° cm?/s, dt (time interval): 1s,
dx (distant increment):50 pm, cO (initial bulk concentration): 5 uM, R (The gas
constant): 8.314 J-mol*-K1, T (Temperature): 298 K [244]. At the diffusion rate,
species with negative charges could be depleted more quickly than the neutral
species. As in the case of As(V), the diffusion of charged As(V) towards the
electrode surface and the As(V) reduction reaction with metallic Mn (reduced on
the electrode) lessen, and thus, reaction 3 is the rate-determined step. If the
charges on the As(V) species are eliminated, the issue might be resolved. The
pKa values of As(lll) are: pKa; =9.23, pKa, = 12.13, pKaz = 13.4 and that for
As(V) are: pKa; = 2.19, pKa, = 6.89, pKas = 11.53 [145]. As(lll) species mainly
exist inthe form of arsenous acid (HzAsOs) when the pH is lower than 9.23, while
As(V) species mainly exist in the form of arsenic acid (H3AsOs) only when the
pH is lower than 2.19. From Figure 37 (a), the signal height increases with a
decrease in pH level, and this can be attributed to the fact that the weaker electric
field force allows more As(V) to approach the WE surface to facilitate the
reaction. However, when the pH reached 1, the phenomenon of hydrogen
evolution reaction (HER) became readily apparent, observed by the generation of
bubbles. HER represents a competing reaction with reactions 1 and 2, and is able
to alter the surface properties of the WE due to the presence of gas bubbles. Thus,
although the signal became higher, it was observed that the stability decreased.
Consequently, pH 2 was chosen as the optimal condition, which agreed with the

hypothesis of the electric migration effect.
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Figure 38. Simulated concentration profile associated with the distance away from
electrode surface of As species diffusion (a) with electrical migration , and (b) without
electrical migration.

Deposition potential is a critical factor for reaction 1. Due to the high manganese
activity, low potential is needed. In Figure 37 (b), the peak appeared only when
the potential did not exceed -0.7 V, and it increased as the potential became lower,
indicating that the reduction of Mn(1l/1V) to Mn(0) startsat -0.7 V. In addition to
reaction 3, reactions 1 and 2 also occurred during the deposition process.
Consequently, the deposition time was also fine-tuned for optimization. Figure
37 (c) demonstrates an increase in peak height corresponding to an extension in
deposition time. However, it is accompanied by a concomitant rise in deviation.
Reducing the deposition potential and extending the deposition time resulted in
enhanced (HER) and altered the characteristics of the WE. Therefore, a
deposition potential of -1.1 V and a deposition time of 180 s were used in further
experiments. From the perspective of reaction Kinetics, increasing the
concentration of reactants is conducive to the forward progress of the reaction.
Consequently, increasing the amount of Mn in the nanocomposite is conducive
to the progress of reaction 3, leading to a higher production of elemental
manganese, thereby accelerating the rate of reaction 2. Furthermore, reaction 1
happens at the active sites on the surface of Au, and since Mn oxides cover the

surface of Au, the ratio of Au-Mn and the concentration of AuMnNPs should also
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be optimized. Figure 37 (d) shows the peak height increased with the decrease of
Au-Mn ratio, indicating that within the ratio of 5~ 20 :1, the increase of Mn does
promote the forward progress of reactions 2 and 3, and there are sufficient Au
sites for reactions 1 and 4 to proceed. However, the signal decreased dramatically
when the Au-Mn ratio reached 2 to 1, which could be caused by the blockage of
the Au site by Mn. Moreover, the As(l1l) with the same concentration was also
tested under the same parameters, and the peak height ratio of As(l1l) to As(V) is
also shown. When the Au-Mn ratio is 10 to 1 (AuMnNPs-10), the overlap of
peaks of As(lIl) and As(V) reaches a maximum of 95%. After fixing the Au-Mn
ratio, another way to promote the reactions is by increasing the concentration of
the reactant (i.e., AUMnNPs). As expected, in Figure 37 (e), the signal increased
with the increasing concentration of AuMNnNPs. However, the signal decreased a
bit when the concentration of AuMnNPs reached 1 mg/mL, which can be
attributed to the lower conductivity of AUMnNPs-10 (compared to Au), and the
thick layer is not conducive to the conduction of electrical signals. Thus, 0.7
mg/mL of AuMnNPs-10 was considered optimum. It is important to note the
differential responses observed with different electrode modifications: usinga 0.7
mg/mL AuNPs modified electrode, the response to 2 ppm of As(V) was
approximately 0.675 YA, while with the AuMnNPs-10 composite, the response
significantly increased to approximately 4.370 pA. Conversely, electrodes
modified solely with MnNSs showed no detectable response to 2 ppm of As(V).
Due to these disparities in sensitivity and detection capabilities, further studies
exclusively utilized the AuMnNPs-10 modified electrodes, as the single-metal
modifications (AuNPs and MnNSs) did not yield adequate responses for reliable
arsenic speciation.

Under the optimized conditions, the DPV response, the standard calibration curve
of As(Ill) and As(V) separately, and the peak height ratio of As(V) to As(lll) are
shown in Figure 39 (a) and (b). The peaks for As(11l) and As(V), appearing in the
range of approximately -0.2 to -0.05 V, did not completely overlap at identical
concentration levels; however, the signal ratios remain within 94 to 108% for
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concentrations ranging from 0.2 to 2 ppm, which adequately supported effective
speciation. Additionally, the oxidation peak observed from 0.05 to 1 V was
attributed primarily to the oxidation of molecular hydrogen, a byproduct
generated during the deposition process [245, 246].
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Figure 39. DPV response (a) and calibration curves (b) of 0.2 to 2 ppm As (Il and V)
standards with linearity.

To get a common calibration curve, the 1. 1(v/v) mixtures of As(lll and V)
standards were tested, and the response and linearity are shown in Figure 40. The
LOD is 0.048 ppm, calculated by 3 times the standard deviation divided by slope,
and the linear regression equation was I (LA) = 2.3599C(ppm) — 0.0583.
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Figure 40. DPV responses (a) and calibration curves (b) of 0.2 to 2 ppm As standards
(I and V mixture, 1:1, v/v)

Similarly, the optimization of detecting As(l1) under a lower potential was also
performed. Asshown in Figure 41 (a) and (b), the peak height of As(ll1) exhibited
an increase as the deposition potential decreased and time extended, respectively.
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Considering both the prevention of reduction of As(V) and the stability of the
electrode signal, -0.6 V and 180 s were identified as the optimal parameters.
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Figure 41. Optimization of parameters for determination of As(lIl) under lower
deposition potentials: deposition potential (a) and deposition time (b).

The DPV response and linearity of As(l1l) are shown in Figure 42. The LOD was
calculated as 0.07 ppm, and the linear regression equation was | (HA)=
2.8361C(ppm) — 0.2917.
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Figure 42. DPV responses (a) and calibration curves (b) of 0.2 to 2 ppm As(lIl)
standards.

As shown in Table 12. Comparative analysis of methodologies between existing
studies and current work, a comparative analysis of methodologies between
existing studies and current work, previous studies predominantly utilized gold
or gold-related materials. These methods often applied relatively higher
potentials for detecting As(111), and required lower deposition potentials with the
addition of other components (such as Mn and Fe) for As(V) detection. While the
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LODs reported in these studies were low, they generally focused on single species
of As, necessitating additional treatments to convert and analyze total As. The
current work addressed these limitations by enabling simultaneous speciation of
As, even though there remained scope for improving the LODs.

Table 12. Comparative analysis of methodologies between existing studies and current
work

Deposition Detection

Analyte WE RE ootential/ v range LOD Reference
10-80 0.763
As(ll Au Ag|AgCl  -0.344 157
(1 g|Ag opb opb [157]
Not 0-150 16.73
As(Ill)  AuNPs mentioned -0.8 opb opb [247]
0.37-
AuNPs/g-  Calomel 0.22
As(I) o N, olectrode 045 ;;1592 opb [248]
Mn/Au 0-7.49 0.015
As(V) microwire Ag|AgCl -1.35 opb onb [159]
Fe-based 0.025-1 10
As(V) NPs Ag|AgCl -1.1 opm opb [249]
AUuMNNPs- 0.2-2 70 .
As(I11) 10 Ag|AgCl -0.6 ppm opb This work
AuMNNPs- 0.2-2 48 .
As(total) 10 Ag|AgCl -1.1 ppm opb This work

5.3.3 Selectivity of AuMnNPs-10-SPCE

The solubilities of common heavy metal arsenates/arsenites (such as Cu(AsO,),
PbHAsO,4, and Hg(H2AsOs)2) are generally very low in most conditions [250-
252]. Consequently, the introduction of interfering heavy metal ions into the As
standard sample might cause As ions to precipitate, leading to a reduction in peak
height. This reduction should not be attributed toa deficiency in the selectivity of
the sensors. Therefore, to accurately evaluate the selectivity of the sensors, the
peak heights of various interfering ions at the peak position typically observed
for As were measured. Nine commonly heavy metal ions (10 and 100 ppm) were
tested separately, and their peak height ratios to 1 ppm As(lll/V= 1/1, v/v) at ~-
0.12 V were recorded. As shown in Figure 43, most of the interfering ions did not
show responses at the specific potential, but Cd, Cu, Ni, Hg, and Pb exhibited
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high currents. The peaks of Cd, Cu, Ni, Hg, and Pb were not exactly at -0.12 V,
but large adjacent peaks could lead to a false signal. In order to mitigate this,
SDDC solution was used as a precipitant. Specifically, 10 mg of SDDC was
added into a solution (5 mL) containing 100 ppm of all 9 interfering ions, and
then the mixture was stirred for 10 min, filtered througha @ 0.45 um membrane
filter, and tested by AuMn-10-SPCE. After treatment with SDDC, only a 9.82%
interference signal was observed, which was considered acceptable. In addition,
the presence of surfactants could also influence the performance of the electrode.
To evaluate this effect, 10 and 100 ppm of SDS (an anionic surfactant) and PEI
(a cationic surfactant) were each added to a 1 ppm mixture of As(l1l) and As(V)
ina 1:1v/v ratio. Asdepicted in Figure 43, SDS had minimal impact on the signal,
whereas PEI significantly reduced it to less than half. This reduction can be
attributed to the adsorption of cationic surfactants on the cathode during the

electrodeposition process, leading to the blockage of active sites [253, 254].
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Figure 43. Peak height/currentratio (%, at~ -0.12 V) of interfering ions and surfactants
to 1 ppm As (I11/V=1/1, vIv).

5.3.4 Monitoring & speciation of As during wastewater treatment
The HPLC-ICP-QQQ curve and calibration of As (Ill and V) are shown in Figure
44,
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Figure 44. HPLC-ICP-QQQ chromatograms (a) and calibration curves with linearity (b)
for As (11l and V) standards

For voltammetry detection and speciation, As(Ill) and total As contents were
measured separately, and then the concentration of As(V) was calculated by
Casv)= Cas(otal)-C asqiy. The comparison of results between AnMn-10-SPCE and
HPLC-ICP-QQQ is shown in Figure 45 (raw data in Table 13). The observed
lower As(lll) content compared to As(V) in samples S1 and S2 might be
attributed to the oxidation of As(lll) to As(V) in the presence of iron hydroxide
and oxygen [255]. As in some other studies, the removal efficiency of As(lll) by
iron hydroxide is not as good as that of As(V) [256, 257]. Consequently, the
oxidation of As(lll) to As(V) is a necessary step in the treatment of arsenic-
contaminated wastewater using iron hydroxides [258]. Notably, the results from
both HPLC-ICP-QQQ and AnMn-10-SPCE correlated well across varying ratios
of As(lll) to As(V) from 0.52 to 4.76. This consistency not only validated the
effectiveness of the sensors across different arsenic ratios but also could expand
their utility for studying the kinetics of arsenic adsorption by various adsorbents

under different conditions.

Table 13. Comparison of results between HPLC-ICP-QQQ and AnMn-10-SPCE

HPLC-ICP-QQQ AuMn-10-SPCE
AS(I) AS(V)  As(otall=As(lIN+AS(V) Astiota) As(ll) et oA
15.06 +6.53 s
Raw 6.66 8.63 15.30 0.10 0.22 853
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6.6 +2.37 +
S1 2.28 4.39 6.67 0.09 016 4.23
5.37 +2.43 +
S2 241 2.76 5.17 013 0.07 2.94
494 +2.45 +
S3  2.27 2.20 4.47 0.22 0.05 2.49
3.47 241 +
S4 2,76 0.58 3.34 0.14 0.06 1.06
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Figure 45. Comparison of monitoring and speciation results of As Il (a), As V (b) and
As total (c) from As wastewater treatment process obtained by HPLC-ICP-QQQ and
AuMn-10-SPCE.

5.4 Conclusion

In this chapter, nanocomposites were synthesized with varying gold-manganese
ratios, designed specifically for the speciation of inorganic arsenic (As(Ill) and
As(V)) through voltammetry. The Au-Mn-10 nanocomposite was identified as

the optimal formulation, featuring a gold-core-manganese oxide-shell structure
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that provided excellent physical characteristics.

Upon optimization, the modified sensor demonstrated robust selectivity for As,
achieving a linear detection range from 0.2 to 2 ppm. It exhibited a low LOD of
0.048 ppm for total arsenic and 0.07 ppm for As(l1l). By applying a dual-channel
or multi-channel electrochemical working station, the measurement and
speciation of As could be carried out simultaneously.

The sensor was successfully applied to monitor the speciation of As during the
treatment process of arsenic-containing environmental samples, with the results
aligned closely with those obtained from HPLC-ICP-QQQ.

This study introduces a promising and practical approach for the concurrent
determination and speciation of inorganic arsenic using electrochemical sensors

modified with gold-manganese oxide nanoparticles.
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CHAPTER 6 RAPID ON-SITE DETERMINATION OF
HEAVY METALS AND METALLOIDS IN
CONTAMINATED BIOCHAR  SAMPLES BY
ACCELERATED LEACHING PROCESS COUPLED
WITH VOLTAMMETRIC SENSORS

6.1 Introduction

The increasing prevalence of industrial waste and environmental contamination
has heightened the need for efficient methods to assess the mobility and potential
toxicity of heavy metals in various waste materials [2]. TCLP is widely used to
determine whether a waste material is classified as hazardous based on its
potential to release toxic substances into the environment [259]. Traditionally,
TCLP and heavy metal analysis have been performed in laboratory settings,
requiring time-consuming sample preparationand complex instrumentation [260].
However, the need for rapid, cost-effective, and field-deployable methods has
driven the development of on-site analytical techniques.

In this study, UAL parameters were optimized usinga custom-made and portable
leaching device to enhance heavy metal and metalloid leaching from biochar
samples. The optimized method closely aligned with TCLP results while
significantly reducing leaching time from 18 hours to just 30 minutes. After
leaching, nanomaterial engineered voltammetric sensors were applied for the
simultaneous detection and speciation of As(Ill and total), Cd(ll), Cr(lll and V1),
Hg(ll), Pd(Il), and Pb(Il) in biochar leachates using screen-printed electrode
chips integrated with a portable 8-channel electrochemical working station.
Contaminated biochar samples were employed to validate this rapid on-site heavy
metal and metalloid analysis approach, and the results were benchmarked against
standard techniques, including ICP-OES and HPLC-ICP-QQQ.

6.2 Experimental
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6.2.1 Materials and reagents

Sodium(l) hydroxide (NaOH), acetic acid (HAc), sodium(l) arsenite (NaAsQO.),
sodium(l) arsenate (NasAsQOa), chromium(l1l) nitrate nonahydrate (Cr(NOg3)s- 9
H,0), potassium(l) dichromate(VI) (K2Cr.O7), lead(ll) nitrate (Pb(NO3)2),
cadmium(Il) nitrate tetrahydrate (Cd(NOs)2- 4 H,0), palladium(ll) acetate
(Pd(OCOCHs3)2), sodium(l) phosphate monobasic (NaH2PO.), sodium(l) sulfate
(Na2SO.), ethylenediaminetetraacetic acid disodium(l) salt dihydrate
(Na:EDTA- 2 H,0), ammonium carbonate ((NHs3)2COs) and individual standard
ion solutions of 1000 ppm lead (Pb II), cadmium (Cd II), chromium (Cr 11l and
V1), palladium (Pd 1) and mercury (Hg II) for ICP-OES were purchased from
Merck Pte. Ltd (Singapore). 1000 ppm As(lIl) and 1000 ppm As(V) standards
were purchased from inorganic Ventures (Singapore). DI water with a resistivity
of less than 18.2 MQ-cm was obtained from a Millipore Milli-Q purification
system to prepare solutions. Raw biochar samples were obtained from Bluefield

Renewable Energy Pte. Ltd. (BRE, Singapore).

6.2.2 Apparatus

The commercial SPCE (DRP-C110, Metrohm) was used directly for Cd(ll) and
Pb(Il); screen-printed gold electrode (DRP-220BT, Metrohm) was used for
Hg(ll), screen-printed carbon electrode modified with bismuth oxide nanosheets
(BIONS), activated/non-activated silver-gold nanoparticles (Ag-Au-SPCE-a/ Ag-
AuNPs) and Au-Mn oxides nanoparticles (Au-MnNps) by the previously
developed methods (the corresponding names of modified electrodes are BiIONS-
SPCE, Ag-Au-SPCE-a, Ag-Au-SPCE and AuMnNPs-10-SPCE, respectively)
was used for Pd(ll), Cr(lll), Cr(\VI), As(lll and total), respectively. All the
electrodes are disposable and designed for single use. The electrochemical
measurements were performed by a multi-potentiostat (ustat8000p, Metrohm).
The conventional TCLP process (USEPA SW-846 Method 1311) was conducted
using a TCLP Heavy Duty LE tumbler (Reax 20/8) [166]. The UAL was
performed by a homemade UAT, as shown in Figure 46. In the middle, thereis a
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stainless-steel barrel to accommodate a standard TCLP bottle. According to the
TCLP standard, 100 g of solid sample should be soaked in 2 L of TCLP solution,
and to use 100 g of solid sample is to ensure that enough solid sample volume is
included in the test to avoid large deviations of the test results from one batch of
sample to another batch of sample [261]. To fulfill this requirement, the barrel
was designed to accommodate a TCLP bottle at the size of 2.2 L. Before the UAT
was operated, the gap between the barrel and the TCLP bottle was filled with
water to minimize the ultrasonic transmission loss from ultrasonic transducers to
the bottle. The left side of the UAT includes (1) a motor to rotate the barrel
through a shaft; (2) an electronic system to provide high power to ultrasonic
transducers and the motor, as well as controlling the device with amicrocontroller;
and (3) a touch screen to control the operation of UAT through a user-friendly
user interface (Ul). The right side of the UAT includes two high-power (each at
100W) ultrasonic transducers and a shaft to rotate the transducers together with
the barrel. Figure 46 (b) shows that the size of the UAT is532 mm (L) x 208 mm
(W) x 264 mm (H). Figure 46 (c) displays more detail about the components
inside the UAT. On the left side, adirect current (DC) motor (with atunable speed
from zero to 60 rpm) was selected to drive the rotation of the barrel for its ease
of control in speed. The ultrasound generator isadriver for piezoelectric materials
inside the ultrasonic transducers to radiate ultrasonic waves, and the ultrasonic
generator is purchased together with the ultrasonic transducer. Arduino Mega
2560 microcontroller is used to program software for controlling the UAT
operation through a thin film transistor (TFT) touchscreen’s user interface.
Arduino sends low-power transistor-transistor logic (TLL) digital signals to
solid-state switches connecting to Arduino through a customized home-designed
adapter board (customized HAT), and the solid-state switches controlled by TLL
signals will turn on the high-power DC motor or ultrasonic generator and tune the
motor speed based on settings keyed in via the touch screen. The electronics part
also comprises a temperature sensor to monitor the operational temperature inside

the left enclosure, and a fan will be turned on to cool down the electronics sealed
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in the enclosure when the temperature is high. DC power supply is integrated to
supply 5 V and 24 V voltages to Arduino, DC motor, and fan. On the right side,
two transducers of 100 W each were selected, operating at 21.7 kHz to sonicate
for solid sample leaching. Total element content in the liquid samples was
measured by ICP-OES (Avio 550 Max, PerkinElmer, Inc.) HPLC (1260 Infinity
Il LC System, Agilent Technologies, Inc.) coupled to triple quadrupole ICP-MS
(ICP-QQQ, 8900 Triple Quadrupole ICP-MS, Agilent Technologies, Inc.) as a
standard method for the speciation of As and Cr.

Temperature  TFT Touch
sensor Screen

i Arduino . > : i

Mega 2560 Solidstate  Ultrasound
switch Generator

§ 3
Customised HAT ! yé
IS ‘,' ‘_ it
g%

DC Motor

Fan/

DC power supply

Figure 46. Schematic views of ultrasonic assisted tumbler (UAT). 3D prototype design
view and the view of the components inside the tumbler (a), the size of the UAT at
532mm (L) x 208mm (W) x 264mm (H) (b), the components inside UAT and the
assembled UAT (c).

6.2.3 Preparation of artificially contaminated biochar (ACB), spiked biochar
leachate (SBL), and rapid adsorption (RA) test samples

Due to the low heavy metal and metalloid contents in the raw biochar TCLP
leachate samples, specific heavy metal and metalloid ions were spiked into the
biochar to simulate spent/contaminated biochar typically generated after water
purification. The artificially contaminated biochar (ACB) samples were prepared
in three separate groups to prevent interaction and precipitation: (i) ACB1: 0.274
g of Cd(NOs), - 4H,0, 0.160 g of Pb(NOs),, 0.211 g of Pd(OCOCHs)2, 100 mL
of Hg(ll) standard (1000 ppm) and 400 mL of DI water; (ii)) ACB2: 0.770 g of
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Cr(NOs)s3- 9H,0, 0.566 g of K,Cr,0O7 and 500 mL of DI water, and (iii) ACB3:
0.173 g of NaAsO, 0.277 g of NazAsOas and 500 mL of DI water.

Each heavy metal or metalloid salt was dissolved in DI and then added to 100 g
of raw biochar, achieving a final concentration of 0.1 mg g* in biochar. The
volume of liquid was sufficient to fully submerge the biochar. The samples were
kept at room temperature (RT) for three days, then dried in an oven at 70 °C in
preparation for leaching tests. No interactions or precipitation occurred within the
groups, either in solution or after drying. After sieving, all biochar samples were
found to have diameters of less than 1 c¢cm, meeting TCLP requirements. A
workflow diagram was provided in Figure 47 to illustrate the process and

methodology.
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Figure 47. Workflow diagram of the process and methodology.

After TCLP and UAL leaching, the leachates from them were labeled as
ACB1/2/3-TCLP, ACB1/2/3-UAL. To further evaluate the performance of the

sensors for the leachate samples, all ions were spiked into raw UAL leachate
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(UALS) at different concentrations (listed in Table 14) and kept at RT for ten
days to study the concentration change (for all ions) and valance change (for Cr
and As). To further investigate the adsorption properties of biochar and better
understand the leaching behaviour of ACB samples, the biochar was added to the
SBL at a liquid-to-solid ratio of 20:1 and the mixture was rotated in the tumbler
at 30 rpm. The leaching tests for each UAL or TCLP condition were conducted
in triplicate. The labels of the samplesare also listed in Table 14. All the samples

were tested by voltammetric sensors and verified by ICP-OES and/or HPLC-ICP-
QQQ.

Table 14. Spiking details and treatments of the samples.

Sample label Spiked ions & concentrations Treatment
UAL-As-1 As(l1l and V), 0.5 ppm each Kept at room
temperature(RT) for 10
days
UAL-As-2 As(l11 and V), 5 ppm each Kept at RT for 10 days
UAL-As-3 As(l11 and V), 50 ppm each Kept at RT for 10 days
UAL-As-BC As(l11 and V), 50 ppm each Treated by biochar
UAL-Cr-1 Cr(l1l and VI), 5 ppm each Kept at RT for 10 days
UAL-Cr-2 Cr(111 and VI), 50 ppm each Kept at RT for 10 days
UAL-Cr-3 Cr(11l and VI), 100 ppm each Kept at RT for 10 days
UAL-Cr-BC Cr(111 and VI), 100 ppm each Treated by biochar
UAL-S1 0.1 ppm Hg(ll) and Cd(ll); 1 ppm Kept at RT for 10 days
Pb(IT) and Pd(I1)
UAL-S2 1 ppm Hg(ll) and Cd(l1); 10 ppm Pb(Il) Kept at RT for 10 days
and Pd(ll)
UAL-S3 10 ppm Hg(ll) and Cd(ll); 100 ppm Kept at RT for 10 days
Pb(I1) and Pd(Il)
UAL-BC 10 ppm Hg(ll) and Cd(ll); 100 ppm Treated by biochar

Pb(I1) and Pd(I1)

6.2.4 Ultrasonic-assisted leaching parameters
UAL parameters are listed in Table 15. The total tumbling time was fixed at 30
min, while the tumbling speed changed from 30 rpm to 60 rpm, and the sonication

time changed from 10 min to 30 min to evaluate the effects of each parameter.

Table 15. UAL parameters.

Tumbling

UAL No. Tumbling speed/rpm  Sonication time/min . .
time/min
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6.2.5 Electrochemical measurements

The electrochemical measurements were conducted by directly applying 100 pL
of leachate solutions obtained from spiked biochar samples onto the electrodes.
Exceptions included Cr(l11), which was adjusted to pH 13 using 1 M NaOH, and
As(Ill and V), which was adjusted to pH 2 using 1 M HCI. Differential pulse
voltammetry (DPV) was employed for all heavy metal and metalloid ions, except
Cr(VI), for which linear sweep voltammetry (LSV) was used. Deposition
potentials and times were optimized for Pb(Il), Cd(Il), and Hg(ll), while
previously established protocols were applied for Cr(11I/VI), As(lll/total), and
Pd(Il) [187, 188, 262]. Specifically, Cr(lll) and Cr(VI) were measured using Ag-
Au-SPCE-a and Ag-AuNPs, respectively, and Cr(total) was calculated by
summing the contents of Cr(lll) and Cr(VI1). While As(total) and As(lll) were
determined using AUMNnNPs-10-SPCE at -1.1 V and -0.6 V, respectively, and the
content of As(V) was calculated by subtracting As(lll) from As(total). The final

protocols for the ions are listed in Table 16.

Table 16. Electrochemical protocols of the heavy metal ions.

lons As(I1l) As(V) Cd(I) Cr(l11) Cr(V) Hg() Pb(1) Pd(lI
Method DPvy DPV DPV DPV LSV DPV DPV DPV
Deposition potential/V -0.6 -1.1 -12 -02 06 -0.3 -15 -0.8
Deposition time/s 180 180 150 120 120 120 180 120
Begin potential/V -0.6 1.1 12 -02 06 -03 -15 -0.8

End potential/VV 0.5 0.5 0 0.3 -06 0.7 -0.2 0.8
Step potential/V 0.004 0.004 0.005 0.008 0.005 0.002 0.005 0.008
Amplitude potential/V / / / / 0.002 / / /
Frequency/Hz / / / / 25 / / /
Puls potential/V 0.04 004 0.1 0.05 / 0.05 01 0.05
Puls time/ms 80 80 80 80 / 80 80 80
Scan rate/V-s! 0.02 0.02 001 004 /[ 0.04 0.01 0.02
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All of these parameters were simultaneously applied together on the 8-channel
potentiostat, enabling the concurrent detection of 8 different heavy metal and
metalloids ions. The mean values and standard deviations (SD) were calculated
from triplicated measurements and are presented numerically or as error bars.
The whole on-site testing process, including sample weighing, extraction fluid
addition, sample loading, accelerated leaching, leachate filtration, leachate
application, and voltammetric analysis, is illustrated in Figure 48.

Extraction fluid

addition
2000mL.

TCLP Extraction Fluid 1
(pH=4.93)

‘ Sample weighing

Contaminated
biochar

Portable custom-made leaching device
(tumbling speed: 45 rpm, sonication time: 30 min, and tumbling duration: 30 min)

Portable 8-channel electrochemical working station for
simultaneously detection of As(lll and total), Cd(ll), Cr(llland VI),
Pb(I1), Pd(ll), and Hg(ll)

Extraction
Weighing Fluid Addition

Accelerated Leachate Voltammetric
leaching Filtration Application Analysis

Figure 48. Detailed illustration of the complete on-site sample testing workflow

6.2.6 ICP-OES and HPLC-ICP-QQQ analysis
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The concentrations of various elements (Ag, Al, As, Ba, Cd, Cr, Cu, Fe, Mn, Ni,
Pb, Se, Sn, Ti, Zn, and Hg) in the samples were measured using ICP-OES, with
calibration standards setat 0.1, 1, 10, 20, and 50 ppm. The calibration curves for
each element exhibited R? values greater than 0.999, indicating high accuracy.
For the speciation of Cr(lll) and Cr(VI), samples were mixed with 100 mM
Na:EDTA solution (pH= 6, with 1/9 volume of the sample) and incubated in an
oven at 60 °C for 1 hour to complex Cr(11l) with EDTA. Notably, Cr(VI) was not
reduced to Cr(Ill) under these conditions [188]. HPLC analysis was performed
using a 100 pL injection volume and a G3268-80001 column (Agilent
Technologies, Inc.). The mobile phase consisted of 5 mM NaH.PO4, 15 mM
Na:SOs, and 5 mM Na:EDTA (pH = 7), with a flow rate of 1 mL-min' and an
elution cycle of 5 minutes. The monitored mass-to-charge ratio (m/z) for Cr was
52 in the ICP-QQQ analysis.

For As(l11) and As(V) speciation, HPLC-ICP-QQQ analysis was conducted using
a G3288-80000 column (Agilent Technologies, Inc.) with a 100 pL injection
volume. The mobile phase consisted of solutions A (5 mM (NH3).COs) and B (50
mM (NH3).COs) with a flow rate of 1 mL-min'. The elution procedure was as
follows: 100% A from 0 to 1 minute, 100% B from 6 to 16 minutes, and 100% A
from 16 to 19 minutes. The monitored m/z for Aswas 75 inthe ICP-QQQ analysis.

6.3 Results and discussion
6.3.1 Comparison between UAL and TCLP

As the concentrations of most analytes, including those more concerned heavy
metals and metalloids suchas As, Cd, Cr, Pb, Pd, and Hg, were below the lowest
standard concentration (0.1 ppm) in the raw biochar leachate samples, only five
elements (Al, Fe, Si, Ti and Zn) with higher concentrations are listed and
compared in Table 17. The leaching behaviors of Al and Si were more related to
the tumbling speed as their concentrations increased with the increase in tumbling
speed. For Fe, Ti, and Zn, the concentrations were more or less at the same level

of TCLP, indicating they are easier to reach equilibrium with than other elements.
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The t-test was conducted for each set, and the p values are also shown in the table.
Most ions show no statistical significance (p> 0.05) with TCLP. Since UAL6
result has the least number of ions that have statistically significant differences
with TCLP, it was selected as the optimized UAL method. The following UAL
of ACBs were performed with UAL6 parameters.

Table 17. Comparison of UAL and TCLP results of raw biochar.
Sample/element (ppm) Al Fe Si Ti Zn

UAL1 Mean value + SD 0.14+0.004  0.373+0.104 4.4135%0.104 0.1635%0.02420.11+0.008
p-value (Vs. TCLP) 0.1489 0.7903 0.2307 <0.0001 0.0697

UAL2 Mean value £ SD 0.138+0.003 0.502+0.175 4.3578+0.02670.1982+0.00870.105+0.007
p-value (Vs. TCLP) 0.1699 0.2640 0.0012 <0.0001 0.0602

UAL3 Mean value + SD 0.111+0.048 1.317+0.482 5.2459+0.74970.3017+0.04630.228+0.084
p-value (Vs. TCLP) 0.8345 0.0273 0.1595 0.0015 0.6393

UAL4 Mean value £ SD 0.1892+0.00390.5224+0.15026.0349+0.01530.2322+0.02140.108+0.016
p-value (Vs. TCLP) 0.0138 0.1776 <0.0001 <0.0001 0.0707

UALS Mean value £SD  0.1919:0.00340.4434:0.04036.0282:0.0521.0.2199+0.02160.1:0.009
p-value (Vs. TCLP) 0.0123 0.2229 <0.0001 <0.0001  0.0514

UALSG Mean value + SD 0.1171+0.029 0.383+0.0317 5.644+0.7618 0.2865+0.06960.169+0.071
p-value (Vs. TCLP) 0.6360 0.6108 0.0599 0.0043 0.6224

UAL7 Mean value + SD 0.1984+0.005 0.4029+0.01086.3814+0.22620.2151+0.01910.1+0.007
p-value (Vs. TCLP) 0.0098 0.4299 0.0001 <0.0001 0.0482

UALg Mean value £SD  0.1978+0.00640.539:0.3138 6.5619:0.036 0.2594:0.03610.113+0.016
p-value (Vs. TCLP) 0.0102 0.3762 <0.0001 0.0004 0.0814

UAL9 Mean value + SD 0.2039+0.00280.5027+0.23146.5674+0.0096 0.2196+0.06630.102+0.036
p-value (Vs. TCLP) 0.0078 0.3541 <0.0001 0.0015 0.0809

TCLP Mean value = SD 0.1037+0.03510.3488+0.10624.4989+0.01280.5361+0.02460.198+0.062

After spiking heavy metal and metalloid ions, the leaching behavior of ACBs was
changed accordingly. As shown in Table 18 to Table 20, slightly more Al was
leached, resulting in higher concentrations in ACB samples compared to raw
biochar [263, 264]. Heavy metal and metalloid ions such as Fe, Cr, and As might
interact with other heavy metals through redox reactions and co-
precipitation/adsorption effects [265-269]. The concentrations of Zn in As- and
Cr-spiked ACBs, as well as those of Fe and Ti in all ACBs, fell below the
detection limits of ICP-OES.

It was observed that the leaching amounts of the spiked heavy metal and metalloid
ions varied despite all ions being initially added in equal quantities, with most
being partially immobilized by the biochar. Notably, the concentrations of Cr in
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spiked samples were significantly reduced to less than 0.1 ppm, highlighting the
strong retention capability of biochar for Cr. Although the leaching behaviors of
other spiked ions differed between TCLP and UAL, their concentrations were
numerically stable and within the same order of magnitude, allowing for
correction factors.

For As-spiked samples, speciation results obtained from HPLC-ICP-QQQ
indicated concentrations of 4.9750 £ 0.0014 and 4.2590 + 0.0011 ppm for As(l1I)
and 42.9085 + 0.0121 and 32.0007 £ 0.0105 ppm for As(V) in ACB3-TCLP and
ACB3-UAL, respectively. Speciation analysis revealed that the differences in
total arsenic content between TCLP and UAL leachates were primarily due to
variations in As(V) concentrations, underscoring the critical role of speciationin
understanding the leaching process.

The primary advantage of the UAL is its ability to significantly reduce the
leaching time of TCLP (from 18 hours to 30 min), enabling rapid on-site detection.
While UAL results differed slightly from TCLP in some cases, the optimization
of UAL parameters ensured that the leaching performance was closely aligned
with TCLP outcomes. This makes the proposed leaching device and UAL a
practical and efficient alternative for field applications, particularly for biochar

samples.

Table 18. Comparison of UAL and TCLP results of ACB 1
ACB1-TCLP ACB1-UAL

Element/sample

(ppm) Mean value + SD Mean value + SD I(:'?(C:tBIEIUAL) p-value (Vs. TCLP)
Al 0.2101 £0.026 0.2979 + 0.0315 0.7053 0.0204
Fe <0.1 <0.1 / /

; 13.2344 + 12.7414 +
Si 0.1907 0.3443 1.0387 0.0959
Ti <0.1 <0.1 / /
Zn 0.6884 + 0.0114 0.6091 + 0.0726 1.1302 0.1349
As <0.1 <0.1 / /

31.5128 +

Cd 35.2473 + 2.217 1.1835 1.1185 0.0618
Cr <0.1 <0.1 / /
Pb 1.4723 £ 0.2065 3.3086 = 0.2659 0.445 0.0007
Pd 0.8137 £ 0.1397 1.7471 £ 0.0774 0.4657 0.0005
Hg 4.1142 + 0.0975 2.0945 + 0.1086 1.9643 <0.0001
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Table 19. Comparison of UAL and TCLP results of ACB 2

Element/sample ACB2-TCLP ACB2-UAL octor

(ppm) Mean value £ SD  Mean value + SD (TCLP/UAL) p-value (Vs. TCLP)
Al 0.2886 £ 0.0121 0.3026 = 0.0034 0.9537 0.1266
Fe <0.1 <0.1 / /

Si 13.3523 £ 0.2729 13.1283 £ 0.19991.0171 0.3154
Ti <0.1 <0.1 / /

Zn <0.1 <0.1 / /

As <0.1 <0.1 / /

Cd <0.1 <0.1 / /

Cr <0.1 <0.1 / /

Pb <0.1 <0.1 / /

Pd <0.1 <0.1 / /

Hg <0.1 <0.1 / /

Table 20. Comparison of UAL and TCLP results of ACB 3
ACB3-TCLP ACB3-UAL

Element/sample

(ppm) Mean value £ SDMean value £ SD (Fﬁgfg,/UAL) p-value (Vs. TCLP)
Al 0.1163 +0.008 0.2155+0.0099 0.5397 0.0002
Fe <0.1 <0.1 / /

Si 12.8633+0.227712.5676 +0.0712 1.0235 0.0983
Ti <0.1 <0.1 / /

Zn <0.1 <0.1 / /

As 49.3411+0.049139.4611 +0.0573 1.2504 <0.0001
Cd <0.1 <0.1 / /

Cr <01 <0.1 / /

Pb <0.1 <0.1 / /

Pd <0.1 <0.1 / /

Hg <0.1 <0.1 / /

6.3.2 Optimization and calibration results of electrochemical method

In addition to the five ions (Pd(I1), As(lll and V) and Cr(lll and VI)) that were
established the detection methods previously, three more heavy metal ions (Cd(ll),
Pb(Il) and Hg(ll)) were also studied [270, 271]. As shown in Figure 49 (ato d),
lower deposition potential and longer deposition time give higher signals of Pb
and Cd, but the errors also increase. The stronger signals were attributed to the
rapid enrichment of Cd and Pb at low potentials; however, hydrogen evolution
reaction (HER) also occurs in this potential range. The hydrogen gas generated
during HER could randomly occupy the electrode surface, adversely affecting the

deposition of Cd and Pb and interfering with their stripping signals [272]. To
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balance signal strength and stability,-1.2V, 150 sand -1.5V, 180 s were selected
for Cd and Pb, respectively. From -0.1 V to -0.3 V, the intensity of the signal of
Hg(ll) firstincreases and then continues to weaken at voltages lower than -0.3 V
(Figure 49 e), which is similar to that observed by Nguyen et al. [273]. It was
believed that using gold as the working electrode could reduce the overpotential
of HER, which occurred when the potential was below -0.3 V, leading to a
reductionin signal strength and stability [274]. Therefore, the optimal parameters
selected for Hg(Il) were a deposition potential of -0.3 V and a deposition time of
120 s. As mentioned above, the optimized parameters for all the analytes are listed
in Table 16.
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Figure 49. Optimization of deposition potential and deposition time of Cd (a and b), Pb
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(c and d), and Hg (e and f).

Figure 50 to Figure 53 illustrate the voltammetric responses and calibration
curves for As(Il), As(total), Cr(lll), Cr(\V1), Cd(11), Pb(II), Pd(II), and Hg(Il).
The R2 values of the linear fit for the calibration equations of most analytes
exceeded 0.99, demonstrating excellent linearity. Although the shape of
voltammograms for Pd(11) might appear irregular, the peaks were distinguishable
and measurable. Furthermore, the calibration curve demonstrated acceptable
linearity with an R? value of 0.9736, supporting the reliability of the method for

Pd(Il) determination.
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Figure 50. Voltammetry responses (a, ) and linearities (b, d) of As(lll) and As(total),
respectively.
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Figure 51. Voltammetry responses (a, ¢) and linearities (b, d) of Cr(lll) and Cr(VI),
respectively.
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Figure 52. Voltammetry responses (a, ¢) and linearities (b, d) of Cd(Il) and Pb(ll),
respectively.

99



(@) P 1.0{b)Pdq) »  Peak heighf]
4l _ y=0.1626x+0.09
< 081 R’=0.9736
3 3 = 0.6
g =
§ 2. 2 0.41
= —5pom 0.2
S 1 —m | 8
—— 0.5 ppm 0.0+
O , , '—0.1ppm r r , , . .
0.0 0.2 0.4 0.6 0.8 0 1 2 3 4 5 6
Potential (V) Concentration (ppm)
5 C)Hg(ll) :g-g5ppm 3 d)Hg(II) = Peak height
pem y=2.6883x-0.0119
- = R?= 0.996
<
2 22
5 < 11
© K
(O]
o
0 1
02 00 02 04 06 00 02 04 06 08 1.0
Potential (V) Concentration (ppm)

Figure 53. Voltammetry responses (a, ¢) and linearities (b, d) of Pd(ll) and Hg(ll),
respectively.

The limit of detection (LOD, calculated as 3 times the standard deviation divided
by the slope of the calibration curve [187]), and sensitivity (calculated as the slope
of the calibration curve divided by the electrode active surface area [275]) for

each analyte were shown in Table 21.

Table 21. Detection range, limit of detection and sensitivity of analytes.

Analyte As(IIl) As(total) Cd(ll) Cr(lII) Cr(VI) Hg(ll) Pb(I1) Pd(ll)
Detection range/ppm 0.1-2 0.1-2 0.1-10 1-20 0.5-10 0.05-1 0.1-10 0.1-5
LOD/ppm 0.020 0.013 0.003 0.377 0.042 0.008 0.045 0.023

Sensitivity/uA-ppmt-cm2 36.899 50.782 94.431 0.267 2.198 23.175 142.3531.402

For example, these working concentration ranges meet the Singapore Acceptance
Criteria for Landfill set by the National Environment Agency (NEA), which
stipulates maximum permissible concentrations of 5 ppm for As, Cr and Pb, 1
ppm for Cd, and 0.2 ppm for Hg [276].
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6.3.3 Performance of voltammetric sensor in the leachate samples

Generally, the voltammetric sensors demonstrated strong agreement with ICP-
OES/HPLC-ICP-QQQ results for all tested analytes, validating their applicability
for rapid, on-site testing. Figure 54 to Figure 56 present the comparison of Cd,
Pb, Pd, Hg, and the speciation results of Cr and As in both ACB leachate samples
and spiked leachates of raw biochar measured by both ICP-OES/HPLC-ICP-
QQQ and voltammetric sensors. Overall, the values obtained from the
voltammetric sensors closely align with those from the standard methods.

As shown in Figure 54, Cd and Pb did not readily react with the leachate to form
precipitates, nor were they significantly adsorbed by the biochar in a short
timeframe. However, neither element was fully leached out during TCLP and
UAL, suggesting that they may have been strongly adsorbed and immobilized on
the biochar during the preparation of the ACB samples. TCLP simulates the
leaching process through a landfill, which cannot leach out all the heavy metal
and metalloid ions. When necessary, microwave acidic digestion should be
employed to dissolve all the heavy metals and metalloids [277]. Pd and Hg
showed reductions in concentration due to both precipitation in the leachate and
adsorption by the biochar. Notably, nearly 90% of Hg was adsorbed by the
biochar within 30 minutes, demonstrating the strong affinity of biochar for

mercury removal under these conditions.
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Figure 54. Comparison of (a) Cd(1l), (b) Pb(l1), (c) Pd(lI) and (d) Hg(ll) concentrations
in leachate samples measured by ICP-OES and voltammetric sensors.

The concentrations of Cr in ACB2-TCLP/UAL were below 0.1 ppm, indicating
limited leaching under the experimental conditions, and therefore, they are not
included in Figure 55. Although most Cr(111) and Cr(VI) remained in the solution
after prolonged exposure to leachate and short-term adsorption experiments, they
were not detected in the leachate samples of ACB. This discrepancy could be
attributed to the longer equilibrium time required for biochar to adsorb Cr and the
varying biochar-to-Cr ratio [278]. However, Cr concentrations remained high in
Cr spiked leachates (UAL-Cr-BC in Figure 55) after short-term biochar
adsorption experiments, suggesting that a longer equilibrium time might enhance
Cr adsorption. This observation highlights the potential for future optimization of

biochar adsorption conditions to improve Cr retention.
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measured by HPLC-ICP-QQQ and voltammetric sensors. *Calculated by summing the
average values of the individual HPLC-ICP-QQQ and results, without available SD
data.

As shown in Error! Reference source not found., the total As content measured b
y ICP-QQQ was in line with ICP-OES result in Table 18. Similar to Cr, the
concentrations of As(lll) and As(V) were close to each other and did not reduce
much when spiked in leachates for ten days and contacted with biochar for a short
time. However, As(lll) concentrations in ACB3 leachates were significantly
lower than As(V) concentrations, indicating that the biochar exhibited a higher
adsorption capacity for the more toxic As(lll), consistent with the findings
outlined in the review of Benis et al. [279].
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Figure 56. Comparison of As concentration and speciation results in leachate samples
measured by HPLC-ICP-QQQ and voltammetric sensors. #Calculated by subtracting
the As (I11) concentration from the total As concentration, without available SD data.
*Calculated by summing the average values of the individual HPLC-ICP-QQQ results,
without available SD data.

6.4 Conclusion

This study introduced an innovative approach that combines a custom-made
portable UAL device with a portable 8-channel electrochemical workstation.
Using self-developed screen-printed electrode chips and our optimized protocols,
this approach was successfully applied for rapid on-site determination of heavy
metals and metalloids in contaminated biochar samples. Although some of the
sensors were modified with precious metal such as gold, the minimal
modification amount makes the cost increase very low. All the modified
electrodes cost less than 10 Singapore dollar. In addition, the modifiers can be
mixed into the ink for screen-print purpose, which make mass production possible.

Most importantly, this approach significantly accelerated the leaching process,
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reducing the time from 18 hours (as required by the traditional TCLP) to just 30
minutes, and allowed for the simultaneous detection of As(lll and total), Cd(ll),
Cr(lll and VI), Pb(Il), Pd(ll), and Hg(ll) by voltammetric sensors within 15
minutes. The LOD of each analyte (0.013 ppm for As(total), 0.02 ppm for As
(1), 0.377 ppm for Cr(lI1), 0.042 ppm for Cr(VI), 0.003 ppm for Cd(Il), 0.045
ppm for Pb(ll), 0.023 ppm for Pd(I1), and 0.008 for Hg(ll)) met the local landfill
acceptance criteria, confirming the practicality and suitability for real-world
applications.

The proposed approach was validated against standard techniques, including ICP-
OES and HPLC-ICP-QQQ, demonstrating high reliability and effectiveness
comparable to conventional methods. This study underscores the potential of the
developed portable devices as a cost-effective, efficient, and scalable solution for
rapid heavy metal and metalloid leaching and analysis, making them particularly
valuable for safe waste management practices and environmental monitoring.
By streamlining the leaching and analysis processes, reducing reliance on bulky
and expensive instruments, and minimizing the need for specialized personnel,
this approach meets the critical demand for rapid on-site testing of heavy metals
and metalloids in waste and waste-derived materials with low organic contents,
such as those undergoing thermo-chemical treatment (e.g., incineration, pyrolysis,
or gasification) before landfill disposal. These findings provide a transformative
solution that supports sustainable urban development and enhances
environmental protection efforts amid increasing challenges posed by rapid

urbanization and industrialization.
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CHAPTER 7 CONCLUSIONS AND
RECOMMENDATIONS

7.1 Conclusions

This thesis presents the innovative synthesis and characterization of several
nanomaterials and their applications in voltametric sensors in electrochemical
targeted on-site monitoring and speciation of heavy metal ions. Key conclusions
from each chapter are as follows:

Chapter 3 demonstrates the synthesis of BIONS and its application to an
electrochemical sensor for detecting palladium ion (Pd**) in complex wastewater
samples. BiIONS with a width of 300 - 2000 nm and a thickness of 6 - 10 nm were
synthesized through a co-precipitation-like method without adding halogens or
doping metalloids. Characterizations confirmed that the BIONS predominantly
consisted of $-Bi-Os; with minor amounts of a-Bi.0s, forming nanosheets with a
thickness of approximately 6-10 nm. Critical parameters, including buffer
composition, pH, deposition potential, and time were optimized, leading to the
establishment of a reliable detection protocol. The BiONS-SPCEs exhibited
enhanced sensitivity for Pd*" detection with a linear detection range of 40-400
ppb and a LOD of 1.4 ppb. This sensitivity is notably higher than many
conventional sensors, underscoring the effectiveness of BIONS in electrocatalytic
enhancement. Interference studies confirmed the robustness of BiONS-SPCEs in
the presence of various metal ions commonly found in wastewater, even though
some interference was noted with Cu?>" and As*". This necessitates further
optimization of pretreatment processes for samples with high concentrations of
these interfering ions. The practical application of BIONS-SPCEs was validated
through the detection of Pd** in real pharmaceutical wastewater samples. The
results from BiONS-SPCEs were closely aligned with those obtained from ICP-
OES, demonstrating the sensor’s capability for rapid, accurate, and cost-effective
Pd** monitoring. This correlation also highlights the potential of BiIONS-SPCEs

for in-situ monitoring and control of palladium recovery processes, enabling more
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efficient management of reagent dosages and treatment efficacy.

In Chapter 4, the development and evaluation of the novel Ag-Au-SPCE and Au-
SPCE electrodes offer significant advancements in the electrochemical detection
of Cr species in various samples. The meticulous preparation process, involving
electrodeposition and subsequent oxidation steps, successfully yielded electrodes
with stable gold and silver nanoparticles that exhibited superior stability and
enhanced electrochemical performance. Adding 1% Ag contributed to the
formation of stable silver-gold oxide species, which was confirmed by
characterization instruments, including FESEM, TEM, and XPS. Ag-Au-SPCE-
a and Au-SPCE electrodes demonstrated high sensitivity for detecting Cr(111) and
Cr(VI), respectively. Ag-Au-SPCE-a, in particular, showed approximately
double the signal response for Cr(lIl) compared to Au-SPCE-a, highlighting the
beneficial impact of silver on the electrode's performance. The optimized
detection conditions provided wide linear ranges and low LOD, making these
sensors highly competitive with existing methods. Specifically, the linear ranges
and LODs for Cr(lll) and Cr(VI) were 50 to 1000 ppb and 50 to 5000 ppb,
respectively, and 0.1 ppb for both. Meanwhile, the developed sensors exhibited
robust anti-interference performance against common metal ions, although
certainions such as Cu 2*, Zn?*, and Pb?* posed challenges by co-precipitating or
reacting with chromium species. The electrodes were then effectively utilized to
detect and quantify Cr(lll) and Cr(VI) in various spiked samples, including
artificial saliva, artificial sweat, and tap water, with high accuracy and recoveries
ranging from 90.5% to 112.1%. In the analysis of chromium-containing
wastewater and its treatment process, the sensors' performance was consistent
with traditional methods like ICP and HPLC-ICP-MS, validating their practical

applicability in real-world scenarios.

A series of gold-manganese nanoparticles (AuMnNPs) with varying
compositions were synthesized and systematically evaluated their potential as

107



modifiers SPCEs in the electrochemical detection and speciation of arsenic in
Chapter 5. The synthesis process involved the precise control of Au and Mn
precursors, followed by pH adjustment and overnight stirring. The resulting
nanoparticles were characterized using XRD, XPS, SEM, and TEM, revealing
significant differences in structure and morphology depending on the Au-to-Mn
ratio. The combination of Au and Mn promoted the formation of crystalline gold,
while Mn remained predominantly amorphous, indicating a synergistic effect in
the composite materials. Mn species were observed to coat the surface of Au
particles, influencing both their size and structural properties. The AuMnNPs-10
composite was identified as the most effective modifier for SPCEs, providing the
optimal balance of conductive and catalytic properties for arsenic detection.
Parameters, such as pH, deposition potential, and deposition time, were
systematically optimized. It was found that a pH of 2, a deposition potential of -
1.1V, and a deposition time of 180 s provided the best conditions for total arsenic
detection. For As(Ill) specific detection, a deposition potential of -0.6 V was
optimal. The modified electrodes exhibited distinct and well-resolved peaks for
As(lll) and As(V), allowing for effective speciation. The developed method
showed a LOD of 0.048 ppm for total arsenic and 0.07 ppm for As(Ill), with a
linear detectionrange of 0.2 to 2 ppm. The modified electrodes demonstrated high
selectivity against common interfering ions and surfactants. Interferences from
metals like Cd, Cu, Ni, Pb, and Hg were successfully mitigated using SDDC
treatment, reducing the interference signal to below 10%. The impact of
surfactants was also assessed, with cationic surfactants such as PEI showing
significant signal reduction due to adsorption on the electrode surface, while
anionic surfactants like SDS had minimal effect. The developed sensor was
applied to monitor arsenic in wastewater treated with Fe(OH) 3, demonstrating its
practical utility in environmental analysis. The method provided accurate and
reliable quantification of both As(Ill) and As(V), which was further confirmed
by HPLC-ICP-QQQ.
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Chapter 6 is mainly an extension of Chapters 3, 4, and 5. A UAT was designed
to enhance the leaching process of heavy metals from biochar under ultrasonic
and mechanical agitation conditions. This device facilitated a more efficientand
consistent leaching process than traditional methods. UAL parameters, including
tumbling speed and sonication time, were optimized through systematic
experimentation. Comparative analysis between UAL and TCLP methods
demonstrated that UAL could be an effective alternative, with UAL6 (tumbling
speed at 45 rpm and 30 min of sonication time) showing minimal statistical
difference in the leaching of key elements, thus validating its efficacy. The
commercial SPCE (DRP-C110) was utilized directly for the detection of Cd(ll)
and Pb(I1), while another commercial screen-printed gold electrode (DRP-220BT)
was dedicated to Hg(ll) detection. The above mentioned electrodes, BiONS-
SPCE, Ag-Au-SPCE, Ag-Au-SPCE-a, and AuMnNPs-10-SPCE, were applied
for the determination/ speciation of Pd(Il), Cr(lll), Cr(VI), As(lll and total),
respectively. The electrochemical methods allowed for the simultaneous
detection of multiple ions using an 8-channel potentiostat, providing a robust and
efficient approach for monitoring heavy metal contamination in biochar leachates.
The advancements made in this thesis not only enhance the understanding of
nanomaterial applications in environmental sensing but also pave the way for the
development of more effective and sustainable waste management practices amid

escalating urbanization and environmental challenges.

7.2 Recommendations for future research

Based on the current results, it is clear that nanomaterial engineered
electrochemical sensors appear to be a plausible alternative approach for the
detection and speciation of heavy metal ions. Nevertheless, there are still some
aspects of these works that can be improved in the future:
e The preparation method of Ag-Au-SPCE and Ag-Au-SPCE-a isrelatively
complicated as it takes 3 individual steps, the silver reference electrode

needs to be covered in the beginning and needs to be removed after step
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1, meanwhile, the electrode needs to be dry in between the steps. Thus, ex
situ synthesis of gold and gold oxide species is preferred.

The direct electrochemical speciation of As by AuMnNPs-10-SPCE was
achieved at the expense of higher LODs. Refining the nanostructure or
exploring alternative materials could lower the LODs for As detection.
Even though the quantity of modifiers like gold and silver required for
each sensor is minimal, exploring cost-effective alternatives could make
the technology more accessible.

Strategies to overcome interference fromnon-targetanalytes and complex
sample matrices should be developed to enhance the applicability of the
Sensors across various environmental contexts.

The range of synthesized nanomaterials and their applications should be
broadened to include more diverse environmental matrices and

contaminants.

UAL coupled with voltammetric sensors can be applied to the on-site
leaching and detection of other solid wastes such as incineration bottom
and fly ashes (IBA and IFA), sludge, and municipal solid waste (MSW).
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