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ABSTRACT

Liquid electrode plasma-optical emission spectrometry (LEP-OES) is a novel approach for
the analysis of trace elements in the aqueous matrix, which does not require an inert gas for
operation while simple, highly-sensitive, and capable of complete analysis with as low as 0.1
mL sample. A high-voltage DC pulse power creates the LEP in LEP-OES form the vapor-
bubble of an electro-conductive aqueous sample, and the emission spectra from the
discharged plasma are interpreted into the quantitative content of ions in solution. The
portability of LEP-OES not only facilitates on-site application but also reduces the analysis
cost per sample as compared to the laboratory-based techniques, such as GF-AAS, ICP-OES,
or ICP-MS. However, the analytical sensitivities of LEP-OES for some analytes are limited
or interfered due to the coexisting ions. In the current work, rapid and precise on-site
methodologies are presented for the determination of toxic (Pb, Se) and precious (Au, Pd, Pt)
elements in the waste matrices using LEP-OES preceded by the selective separation or pre-
concentration of the target analytes. The solid-phase extraction (SPE) materials, containing
macrocycles designed for precise selectivity towards target ions based on the host-guest type
interaction, were used for the separation and preconcentration step. The impact of SPE
performance variables, e.g., solution pH, flow-rates at loading and elution step, type or
volume of eluents, the effect of matrix ions, enrichment factor, sustainability duration
regarding loading-elution cycles, and so forth were investigated. The LEP-OES operating
parameters, such as solution conductivity, applied-voltage, duration of the voltage pulse,
pulse-count for applied-voltage, number of measurements, matrix effects, and so forth have
also been optimized to obtain a distinct peak for the target analytes (Au, Pd, Pt, Pb, or Se) at
designated wavelengths. The following protocols have been designed and reported: (a)
selective recovery of precious metals from the acidic wastewater; (b) on-field determination
of Au, Pd, or Pt contents in the acidic wastewater; (c) on-site quantification of Pb in
wastewater; and (d) on-site analysis of inorganic Se-species in wastewater. The accuracy of
methodologies was verified using certified reference material and real samples. The results
from the proposed methods were compared with those from ICP-OES to observe a good

agreement.



EXTENDED DESCRIPTION

Toxic elements in industrial wastewater are one of the most severe angst in respect of
environmental protection. Monitoring and recovery of the toxic ions from waste solution
before discharge in the environment are significant from the viewpoints of reduction of
environmental burden and recovery of valuable components. Moreover, efficient recovery
mitigates the ecological health-related impacts. Accurate determination of even in trace level
elements in waste solution provides useful information for recovery strategy and about
geochemical processes that occur in the environment. Inductively coupled plasma-optical
emission spectrometry (ICP-OES), inductively coupled plasma-mass spectrometry (ICP-MS),
atomic absorption spectrometry (AAS) are frequently performed to routine analysis of trace
metal ions in the sample. However, these techniques are not suitable for on-site analysis due
to the use of more extensive and sophisticated instruments and requirement of nebulizer gas
and AC voltage for operation. For on-site analysis of elements using a portable system, liquid
electrode plasma-optical emission spectrometry (LEP-OES) operated by micro-plasma source
could be a solution. The LEP-OES system is small, portable, user-friendly, and battery-
operated and not require nebulizing gas. In this work, the method was developed for analysis
of trace level Au, Pd, Pt, Se and Pb in solution using an LEP-OES system couple with solid
phase extraction (SPE) and preconcentration. The system is portable enough, and technique is
simple, rapid and suitable for field analysis.

Selective separation of different ions from the liquid matrix was attained using
supramolecular type molecular recognition technology (MRT) gel containing SPE columns.
In MRT, macrocycles covalently attached to the inert silica or polymeric support materials
are used as the SPE material, and separation of the target analyte is performed based on the
combination of size, configuration, electronic interaction, charge, wetting, and other factors.

The MRT-SPE materials are commercially available and offer non-destructive, precisely
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selective, and fast separation of the analyte of interest. In a broad sense, this study aimed to
establish an on-site measurement technique for Au, Pd. Pt, Pb and Se, and selective recovery
of precious metals from the aqueous waste matrix. It is estimated that these techniques will
not include any complicated process design, which may be the risk of secondary pollution
and will reduce the combustion of any fossil fuel user to reduce the CO: load in the
environment. With the increase in the toxic ingredients due to industrial development, as well
as increasing the rate of urbanization, there has been a huge complication of legal steps to
reduce the risk of health from toxic substances. Therefore, development of clean, efficient
and eco-friendly separation techniques necessitates. On the other hand, valuable metal
recovery strategy will save the pollution from mining production process and minimize the
demand-supply gap. An effectual separation system should possess sufficient specificity and
superior affinity to the target element or group of elements over other closely related
elements, even if these elements are present in high concentration, to avoid the matrix effect.
Most of the conventional separation approaches undergo slow kinetics and loss effectiveness
when the concentration of the species to be separated is low.

The on-site simultaneous analysis of target analytes in aqueous matrix with LEP-OES
coupled with SPE-assisted preconcentration is shown in Figure 1. The SPE particle packed in
syringe-type mini-columns (3 mL) was used for raw sample processing at a controlled flow-
rates followed by LEP-OES analysis. The sample solution introduced for selective separation
target analytes using supramolecular SPE system. A pretreatment step for solution pH

adjustment has to be introduced if the sample pH does not follow the requirement.
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Figure 1: Sample analysis using combination of SPE system and LEP-OES.
The dissertation includes the discussion on following findings accomplished with the

use of LEP-OES and SPEs systems:

(a) On-site analysis of gold, palladium, or platinum in acidic aqueous matrix

A technique for the concurrent onsite quantitative analysis of gold (Au), palladium (Pd),
or platinum (Pt) in the aqueous acidic matrix has been proposed. The Au, Pd, or Pt in the
matrix was selectively concentrated in macrocycle-equipped solid-phase extraction (SPE)
system, followed by analysis of the concentrates in a portable liquid electrode plasma-optical
emission spectrometer (LEP-OES). The selectivity of two macrocycle-equipped SPEs, Pd-03
and PM-09, towards Au, Pd, or Pt was evaluated regarding retention and recovery ratios. A
quantitative separation behavior was confirmed with PM-09 (SPE-mass, 500 mg) at the
following optimized conditions: SPE-conditioning pH, < 2 (1 mol L™! HCI); sample loading
flow-rates, 40 mL min~!; washing liquid, ultrapure water; eluent, acidic thiourea (1 mol L™
thiourea in 0.5 mol L™ HCI, 2.0 mL, 1 mL min™"). The optimum preconcentration factor was

250 for Au, Pd, or Pt at an RSD of < 5%. The preconcentrated sample (40 pL) was then
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analyzed in LEP-OES to generate distinct peaks in the spectra at the Amax (nm) of 274.826
(Au), 267.958 (Pd), and 270.240 (Pt) using pre-optimized operating variables (applied
voltage, 800 V; on-time, 6 ms; off-time, 50 ms; pulse count, 40; number of measurements per
spectra, 10). The SPE-assisted pre-treatment minimized interfering impacts due to the
competing ions in solution and limitations in LEP-OES sensitivity at low Au, Pd, or Pt
content in the matrix. The limit of detection (3c) for Au, Pd, Pt determination using the
technique were found as 0.8, 3.1, 57.3 ng mL!. The proposed method was applied to the
analysis of Au, Pd, or Pt contents in the European Commission Joint Research Center
certified reference material of wastewaters (ERM-CA713; recovery by the standard addition
method, > 96%), and real aqueous waste from the plating process (recovery, > 95%). A
relative standard deviation of <5 % indicated a good precision in Au, Pd, or Pt analysis using
the technique. The LEP-OES data-sets were also comparable with those obtained from the
inductively coupled plasma optical emission spectrometric measurements for the same
matrix.

(b) On-site analysis of lead from aqueous matrix

A relatively rapid and precise method is presented for the determination of lead in an
aqueous matrix. The procedure involves analyzing quantitation using liquid electrode plasma-
optical emission spectrometry (LEP-OES), with solid phase extraction (SPE) separation /
preconcentration. The impact of operating variables such as pH, the flow rate of the sample
solution; type, volume, the flow rate of the eluent; and matrix effects on the retention of lead
in SPEs was investigated. Three MRT-SPE columns (AnaLig Pb-01, Pb-02, and AnaLig Pb-
04) were evaluated for the separation/ preconcentration of Pb from high matrix metal-waste
solutions followed by ICP—OES analysis. Quantitative collection of Pb was achieved using
the following optimized conditions: a) pH 1; b) washing solution: 0.01 M HNOg3; ¢) sample

loading and elution flow rate: 0.5 mL min*; and c) eluent: 0.03 M EDTA. Of the three SPE—



MRT cartridges available for Pb separation, Pb—02 showed enhanced Pb-selectivity in the
presence of competing ions and preconcentration factor 187. Therefore, Pb—02 is a better
candidate for the selective separation of Pb from solutions. Selective SPE-
separation/preconcentration minimized the interfering effect due to manganese in solution
and limitations in lead-detection in low-concentration samples by LEP-OES. The LEP-OES
operating parameters such as acid concentration, applied voltage; on-time, off-time, pulse
count for applied voltage; number of measurements; and matrix effects have also been
optimized to obtain a distinct peak for the lead at Amax = 405.8 nm. The optimized operating
parameters were; a) acid concentration, 0.1 mol L' HNOg3; b) applied voltage, 950 V; c) on-
time, 5 ms; d) off-time, 60 ms; e) pulse count for applied voltage, 90; f) number of
measurements per spectra, 10. The limit of detection (35) was 1.9 ng mL™!, and the limit of
quantification (10c) for lead determination was found 6.5 ng mL"!. The precision, as relative
standard deviation, was lower than 5% at 0.1 pg mL™! Ph. The proposed method was applied
in the analysis of lead content in natural aquatic matrices (recovery rate:> 95%). The method
accuracy was verified using certified reference material of wastewaters: SPS-WW1 and
ERM-CA713. The results from LEP-OES were in good agreement with inductively coupled
plasma optical emission spectrometry measurements on the same samples. The application of
the proposed method is fast (<5 minutes, without preconcentration) with a reliable detection
limit on trace level.

(c) On-site quantification of inorganic selenium in wastewater

A novel technique has been proposed for the concurrent on-site inorganic selenium
species analysis in waste solution using LEP-OES combined with an ion-selective SPE-
assisted sample pre-treatment step. Se (V1) reduction was examined by hydrochloric acid or
UV irradiation as a pretreatment for solid phase extraction. For the Se (VI) reduction, the

reduction ratio was 97.7% in 6 M hydrochloric acid at 120 ° C for 20 minutes. The solid



phase extraction using the mini-cartridge packed with supramolecular SPE sorbent As-01 was
useful for LEP-OES determination of selenium. The supramolecular SPE sorbent As-01 is
excellent in selenium (IV) selectivity and adsorption capacity compared with other resins.
Good regeneration, easy elution condition and higher enrichment factor and most of the
common coexisting anions do not interfere with analyzed ions are other advantages. A
quantitative separation behavior was confirmed with As-01 (SPE-mass, 250 mg) at the
following optimized conditions: SPE-conditioning pH, 2 (0.01 mol L™! HCI); sample loading
flow-rates, 0.5 mL min~!; washing liquid, ultrapure water; eluent, NaOH (1 mol L™!, <3 mL
min~!). The optimum preconcentration factor was >50 for selenium (1V) at an RSD of < 5%.
The preconcentrated sample was then analyzed in LEP-OES to generate distinct peaks in the
spectra at the Amax Of 196.026 nm using pre-optimized operating variables (applied voltage,
900 V; on-time, 9 ms; off-time, 300 ms; pulse count, 50; the number of measurements per
spectra, 10). The sensitivity, accuracy, and precision in LEP-OES were significantly
improved by combination with a simple separation/preconcentration method based on the
solid phase extraction. The combined method with the solid phase extraction using the mini-
cartridge packed with As-01 SPE material and LEP-OES will be applicable to the
determination of selenium in wastewater and can be applied on field analysis because of the
portability of the total system.

(d) Selective recovery of gold, palladium, or platinum from acidic waste solution

End-of-life electrical and electronic equipment is the secondary resource for
economically-viable precious metals (PMs), e.g., gold (Au), palladium (Pd), or platinum (Pt).
The hydrometallurgical processes produce acidic leachates during the recovery of PMs from
waste sources, while the selective recovery of Au, Pd, or Pt from such a matrix is challenging
either due to the chemical similarities of elements or complexities in the sources and

matrices. A total of nine solid-phase extraction (SPE) systems, all claimed to designed for



separation of PMs from complex matrices, was evaluated at varying solution pH (< 2 to 10)
based on the selectivity towards Au, Pd, or Pt. Among them, AnaLig PM-05 was evaluated
for the selective recovery of Au, Pd, or Pt from the metal-rich wastewater matrix at strong
acidic pH. A negligible influence of feed solution flow-rates (< 50 mL min™) and coexisting
matrix ions was observed. A quantitative back extraction of Au or Pd, retained in the PM-05,
was possible using an eluent mix of thiourea in HCI (1: 0.5). The enrichment factor of the
protocol for the selective separation of PMs was > 500, and the SPE-system successfully
sustained 100-cycle of a complete SPE-operation. The relative affinity in solid-phase of the
macrocycles toward the precious metal ions (Pd > Au > Pt) is the main phenomenon of the
proposed method, and it is expected that the host-guest type interaction to be more stable than
the resin-based separation processes. Furthermore, application of the macrocycle-equipped
SPE system is advantageous regarding economics as it minimizes the impact of coexisting
ions in the matrix and provides unaltered separation performance for several loading-elution

cycles.



