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Abstract
Humus-rich natural water samples, containing high concentrations of dissolved organic carbon
(DOC), are challenging for certain analytical methods used in trace element analysis, including
hydride generation methods and electrochemical methods. In order to obtain reliable results, the
samples must to be pretreated to release analytes from humic acid complexes prior to the
determination. In this study, methods for both pretreatment and analysis steps were developed.
Arsenic is a toxic element and therefore its determination even at low concentration levels is
important in environmental monitoring. Arsenic complexed with humic substances is not likely to
form volatile hydrides quantitatively during borohydride reduction. In this study, natural water
samples were digested with microwave-assisted digestion method prior to analysis by hydride
generation inductively coupled plasma mass spectrometry (HG-ICP-MS). In addition, a dual mode
sample introduction system was used to study internal standardization in order to correct signal
variations during the measurement of arsenic with HG-ICP-MS.
A novel nano-TiO2 catalyzed ultraviolet light emitting diode (UV-LED) digestion device was
developed to apply green chemistry principles in sample preparation. The method consumes less
harmful reagents and less energy than traditional techniques. The DOC removal efficiency was
studied as a function of pH, irradiation time and hydrogen peroxide concentration. Recoveries of
spiked heavy metals and hydride forming elements were studied. UV-LED technology is growing
rapidly, and new catalytic semiconductor materials for photocatalysis are being developed. In this
study, the effects of synthesis method variables on the properties of ZnO nanopowders were
investigated.

Keywords: hydride generation, ICP-MS, nanoparticles, natural waters, photocatalysis,
trace elements, UV-LED

Havia, Johanna, Humuspitoisten luonnonvesien hivenalkuaineanalytiikka.
Menetelmäkehitystä UV-LED-avusteiseen valokatalyyttiseen näytteenkäsittelyyn
ja hydridinmuodostus-ICP-MS -analyysiin
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Teknillinen tiedekunta
Acta Univ. Oul. A 697, 2017
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Luonnonvesinäytteet voivat sisältää suuria määriä liuennutta hiiltä (DOC), jolloin pienten alkuainepitoisuuksien määrittäminen voi olla haasteellista esimerkiksi hydridinmuodostusmenetelmillä ja sähkökemiallisilla menetelmillä. Luotettavien tulosten saavuttamiseksi näytteet täytyy
esikäsitellä analyyttien vapauttamiseksi humushappokomplekseista ennen määrityksiä. Tässä
tutkimuksessa kehitettiin menetelmiä humuspitoisille luonnonvesinäytteille sekä esikäsittelyvaiheeseen että analyysivaiheeseen.
Arseeni on myrkyllinen alkuaine, jonka määrittäminen pienissä pitoisuuksissa on ympäristön
seurannan kannalta tärkeää. Humusyhdisteisiin kompleksoitunut arseeni ei muodosta kvantitatiivisesti hydridejä borohydridipelkistyksellä. Tässä tutkimuksessa luonnonvesinäytteet hajotettiin
mikroaaltoavusteisella hajotusmenetelmällä ennen arseenin mittaamista hydridinmuodostusinduktiiviplasmamassaspektrometrialla (HG-ICP-MS). Tämän lisäksi tutkittiin mittaustarkkuuden parantamista sisäisellä standardoinnilla mitattaessa arseenia HG-ICP-MS-menetelmällä.
Tutkimuksessa kehitettiin myös uudenlainen näytteenkäsittelylaitteisto, jossa käytettiin säteilylähteenä ultraviolettivaloa emittoivaa diodia (UV-LED) ja katalyyttinä nanotitaanidioksidia.
Uusi ympäristöystävällinen menetelmä kuluttaa vähemmän haitallisia reagensseja ja vähemmän
energiaa kuin perinteiset menetelmät. Kehitetyn menetelmän hajotustehokkuutta tutkittiin pH:n,
säteilytysajan ja vetyperoksidikonsentraation funktiona. Lisäksi raskasmetallien ja hydridiä
muodostavien alkuaineiden saantoja tutkittiin lisäyskokeilla. UV-LED-teknologia kehittyy nopeasti ja uusia valokatalyysimateriaaleja tutkitaan jatkuvasti. Tässä tutkimuksessa tarkasteltiin synteesimuuttujien vaikutusta sinkkioksidinanojauheiden ominaisuuksiin.

Asiasanat:
hivenalkuaineet,
hydridinmuodostus,
nanopartikkelit, UV-LED, valokatalyysi

ICP-MS,

luonnonvedet,

To Joel, my sunshine
Knowledge has a beginning but no end
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ICP-MS
IS
LA
LED
M
MODDE
MSIS
MW
NIST
NOM
PZC
RF
RSD
SD
TEM
US EPA
UV
XRD

Atomic absorption spectrometry
Atomic fluorescence spectrometry
Citric acid
Central composite face-centered design
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1

Introduction

1.1

Arsenic in natural waters

Arsenic is a toxic and carcinogenic element which has both natural and
anthropogenic sources. It is widely distributed in the environment and it is present
in hundreds of minerals. In aquatic environments, arsenic has four stable oxidation
states (-III, 0, +III, +V), but the elemental form (0) is rare and -III occurs only at
extremely low redox potential (EH) values. Hence, arsenic occurs mainly as arsenite
(+III) and arsenate (+V), which appear mostly as inorganic oxyanions, such as
H3AsO4, H2AsO4-, HAsO42-, AsO43-, H3AsO3, H2AsO3- or HAsO32-. Organoarsenic
compounds can be formed in biological processes but are rarely quantitatively
important in natural waters (Cullen & Reimer, 1989; Ferguson & Gavis, 1972;
Sharma & Sohn, 2009; Smedley & Kinniburgh, 2002).
However, arsenite and arsenate oxyanions can interact with natural organic
matter (NOM). Natural waters contain dissolved organic matter (DOM) which
consists of humic substances (80%) and identifiable organic compounds (20%) (S.
Wang & Mulligan, 2006). Dissolved organic carbon (DOC) is a measure for organic
compounds in aquatic systems. In Finland, natural waters contain exceptionally
high concentrations of DOC originating from the peatland forests that are typical
for the northern latitudes. For example the DOC concentrations in Finnish rivers
are typically 10-30 mg L-1 (Niinimäki & Penttinen, 2014), and may be even higher
in small drainage ditches in the peatland forests.
Inorganic arsenic species can be adsorbed by humic acids (Thanabalasingam
& Pickering, 1986) which affects the mobility of arsenic in natural waters.
Complexation of As species by DOM and NOM has been studied in different
conditions (Buschmann et al., 2006; Liu & Cai, 2010; S. Wang & Mulligan, 2006).
Some cations, such as ferric iron, can participate in a complexation reaction by
forming bridges between negatively charged As oxyanions and functional groups
of NOM (Bauer & Blodau, 2009; Liu, Fernandez, & Cai, 2011; Ritter, Aiken,
Ranville, Bauer, & Macalady, 2006). The reliable determination of trace
concentrations of arsenic in waters containing high concentrations of DOC is
challenging.
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1.1.1 Environmental aspects and monitoring
Arsenic is a major constituent in more than 200 minerals, including arsenides,
sulphides, oxides, arsenates and arsenites (Smedley & Kinniburgh, 2002). In
addition to natural sources, arsenic is released to the environment from
anthropogenic sources, including the smelting of ores, burning fossil fuels and its
use in pesticides. Arsenic is leached from arsenic-containing rocks and sediments
to groundwaters and surface waters, and anthropogenic sources also cause
emissions into the atmosphere, from where arsenic is distributed in the environment
by rain and dry fallout (Bhattacharya et al., 2007; Bissen & Frimmel, 2003; Choong,
Chuah, Robiah, Koay, & Azni, 2007; Cullen & Reimer, 1989; Duker, Carranza, &
Hale, 2005; Jain & Ali, 2000; Mandal & Suzuki, 2002; Melamed, 2005).
In the past, large amounts of arsenic compounds were produced for agricultural
purposes to be used for the preparation of pesticides (Mandal & Suzuki, 2002).
Today the usage of arsenic compounds is prohibited in many countries, but residues
of arsenic still remain in agricultural soils due to earlier long-term usage (Bissen &
Frimmel, 2003). Arsenic is often present in gold-bearing ores worldwide, mainly
as sulphide minerals. Gold mining therefore releases arsenic into the environment
from a variety of sources, including waste soil and rocks, tailings, atmospheric
emissions from ore roasting and bacterially enhanced leaching (Eisler, 2004).
Baseline concentrations of arsenic are generally around 5 to 10 mg kg-1 in soils but
much higher concentrations are found from areas that have been contaminated by
mining activities (Smedley & Kinniburgh, 2002).
Arsenic is highly toxic, especially arsine (AsH3) and inorganic arsenite and
arsenate species. Mobility of arsenic in the environment depends on the adsorbing
compounds present, the pH value and the redox conditions (Bissen & Frimmel,
2003). Arsenic is a permanent pollutant; it cannot be transformed into a non-toxic
material, only to compounds somewhat less toxic to organisms. Therefore there is
a need for regular monitoring of sites having naturally high As concentrations or
anthropogenic emissions (Melamed, 2005). At contaminated sites the
concentrations are high but for comprehensive monitoring it is also important to be
able to determine arsenic at low concentration levels and in different sample
matrices. Analytical chemistry and monitoring play important roles in the
environmental considerations (Namieśnik, 2001).
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1.2

Determination of arsenic by HG-ICP-MS

Determination of arsenic in the nanograms per liter range is most often carried out
by a hydride generation (HG) technique combined with a highly sensitive detection
technique, such as atomic absorption spectrometry (AAS), atomic fluorescence
spectrometry (AFS) or inductively coupled plasma mass spectrometry (ICP-MS).
(Campbell, 1992; Hung, Nekrassova, & Compton, 2004). Hydride generation with
NaBH4 reduction is the most common. Other methods include for example
photochemical vapor generation, electrochemical vapor generation and cold vapor
generation (Cd, Hg) (Zheng, Ma, Wu, Hou, & Sturgeon, 2010). An HG sample
introduction method for the determination of arsenic was first introduced by Holak
(1969), and it has been widely used ever since. In early experiments, metallic zinc
was used to generate hydrides in acidic media, but soon sodium borohydride
(NaBH4) became the dominant reducing reagent (Godden & Thomerson, 1980).
Hydride generation improves the sample transport efficiency of the analyte to
nearly 100% which increases the sensitivity considerably. The detection limits are
improved and chemical interferences are diminished due to separation of sample
matrix and analytes (Campbell, 1992; Nakahara, 1983).
The sensitivity of the HG method is different for trivalent and pentavalent
arsenic species, and therefore it is important that all arsenic is in the same oxidation
state. The determination of trivalent arsenic is more sensitive and arsenic is
therefore usually pre-reduced to As(III) before the analysis. In the early years,
potassium iodide (KI) was commonly used, until Chen, Ye & Li (1992) proposed
the use of L-cysteine. Since then, L-cysteine has been widely used as a prereductant (Matoušek et al., 2008; Tsalev, Sperling, & Welz, 2000; Welz &
Šucmanová, 1993), although some research groups have reported the use of
thiourea (Bowman, Fairman, & Catterick, 1997; Uggerud & Lund, 1995). Lcysteine is favored in routine analysis because of its low toxicity. However, the
drawback is the narrow optimum acid concentration, which causes a risk for
analytical errors in the analysis of real samples (Carrero, Malavé, Burguera,
Burguera, & Rondón, 2001; Mihaltan et al., 2013; Pitzalis, Ajala, Onor, Zamboni,
& D'Ulivo, 2007).
HG-ICP-MS provides high sensitivity and low detection limits and it has been
used to determine arsenic in different kinds of samples (Branch, Corns, Ebdon, Hill,
& O'Neill, 1991; Huang, Jiang, & Hwang, 1995; Machado, vio Jacintho, Menegário,
Zagatto, & Giné, 1998; Pétursdóttir et al., 2014). On the other hand, arsenic is a
monoisotopic element with a mass number of 75, and it suffers from polyatomic
19

ion interference, particularly 40Ar35Cl+, in the presence of chloride ions (Evans &
Giglio, 1993) when using quadrupole ICP-MS instruments. Although the HG
method decreases the interference due to ArCl, it is better to use nitric acid instead
of hydrochloric acid in the sample preparation and acidification (Story, Caruso,
Heitkemper, & Perkins, 1992). Furthermore, not all arsenic compounds or
complexes in water samples can react with NaBH4 to form volatile hydrides, and
such samples need to be digested before analysis.
1.2.1 Internal standardization in HG-ICP-MS technique
ICP-MS technique is prone to instrumental signal variations for various reasons
and internal standardization is routinely used to correct the signal instabilities
(Finley-Jones, Molloy, & Holcombe, 2008). The internal standard element should
have a mass number close to that of the analyte, preferably a similar ionization
potential and it should not be present in the sample (Thompson & Houk, 1987;
Vanhaecke, Vanhoe, Dams, & Vandecasteele, 1992). When using HG-ICP-MS,
matrix effects in the plasma are reduced significantly and internal standardization
is rarely used. However, instrumental drift does occur due to variations in sample
transportation and plasma conditions.
The internal standard in the HG-ICP-MS method should be a hydride forming
element, and hence the number of possible elements is limited. A few elements
have been used, for example Bi (S. Chen, Zhang, Yu, Liu, & Sun, 2002; dos Santos,
Herrmann, Frescura, & Curtius, 2005; Stroh & Völlkopf, 1993) and Ge (dos Santos
et al., 2005). Indium has been also studied (Anderson & Pergantis, 2003), but no
signal was obtained although In can form volatile hydrides.
It is possible to combine vapor generation and liquid nebulization by using a
commercial or in-house multi-mode sample introduction systems (MSIS) (Asfaw
& Wibetoe, 2006; Benzo et al., 2008; Gómez, Márquez, & Chirinos, 2006;
Matusiewicz & Ślachciński, 2007; McLaughlin & Brindle, 2002; Mulugeta,
Wibetoe, Engelsen, & Asfaw, 2009; Pyhtilä, Niemelä, Perämäki, Piispanen, &
Ukonmaanaho, 2013). Rayman et al. (Rayman, Abou-Shakra, & Ward, 1996)
connected a HG system and a spray chamber to the torch with a Y-piece and used
In as an internal standard through the nebulizer while determining Se in blood
serum with HG-ICP-MS (Rayman et al., 1996).
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1.3

Green analytical chemistry principles in the sample
pretreatment

Both the environmental load and concerns about future trends have led to the
development of green chemistry approaches. Green analytical chemistry (GAC)
focuses on environmental issues from the analytical chemistry point of view
(Anastas, 1999; Armenta, Garrigues, & De la Guardia, 2008; Bendicho, Lavilla,
Pena-Pereira, & Romero, 2012; Tobiszewski, Mechlińska, & Namieśnik, 2010).
GAC aims for example towards determining a wide variety of analytes at low
concentration levels (µg L-1 or even ng L-1) in samples with complex matrix
composition. This is achieved by introducing new highly sensitive analytical
devices and methods, and by developing new sample preparation procedures
(Tobiszewski et al., 2010). The main principle is to obey the principles of GAC in
method development for analytical determinations by avoiding the side effects of
analytical methods, i.e. to replace toxic reagents with less harmful ones and to
miniaturize and automate methods, thus reducing amounts of reagents consumed
and wastes generated (Armenta et al., 2008).
The sample pretreatment step is considered to be potentially the most waste
generating step of the chemical analysis (Tobiszewski, Mechlińska, Zygmunt, &
Namieśnik, 2009). Determination of trace concentrations of arsenic in humus-rich
natural water samples is challenging because arsenic may be partly complexed by
humic substances (Thanabalasingam & Pickering, 1986). The complexed arsenic
does not react with borohydride to form volatile hydrides, and is therefore called
“hidden” arsenic (Bright, Dodd, & Reimer, 1996; Hasegawa et al., 1999; Howard
& Comber, 1989). Hence, sample digestion is necessary before determination of
arsenic with the HG method, and also before voltammetric determinations of other
trace elements (Achterberg & van den Berg, Constant MG, 1994). GAC principles
should be taken account in method development.
1.3.1 Microwave-assisted digestion
Conventional open vessel wet ashing dissolution techniques consume a large
amount of reagents, are very slow and are prone to contamination (Smith &
Arsenault, 1996). The microwave (MW) assisted digestion technique was reported
for the first time by Abu-Samra et al. in 1975 (Abu-Samra, Morris, & Koirtyohann,
1975) since when the technique has been developed and widely used. Advantages
of MW assisted digestion include remarkably shorter digestion times, reduction in
21

reagent and sample consumption, lower risk of contamination and reduced loss of
volatile species (Lamble & Hill, 1998). MW assisted digestion is an
environmentally friendly and efficient digestion method for water samples.
For the determination of arsenic, digestion with nitric acid is used in many
cases, although some organoarsenic compounds may need digestion with sulfuric
acid (Lamble & Hill, 1998). When using quadrupole ICP-MS, hydrochloric acid
should be avoided in sample pretreatment because of the 40Ar35Cl+ interference
(Story et al., 1992). The United States Environmental Protection Agency (US EPA)
has published a method 3015A, Microwave assisted acid digestion of aqueous
samples and extracts, which utilizes nitric acid. Hydrochloric acid can be added for
better recovery of some elements, but plain nitric acid should be sufficient for
arsenic according to the method description (US Environmental Protection Agency,
2007).
1.3.2 UV-LEDs in the elemental analysis applications
For some sample types, including water samples, photocatalytic methods using
ultraviolet (UV) radiation combined with a catalyst are an option for sample
digestion with very low reagent and power consumption (Golimowski &
Golimowska, 1996; Rocha, Batista, Rocha, Donati, & Nobrega, 2013). Digestion
of organic material in a water sample using UV irradiation with a medium pressure
mercury vapor lamp was first reported by Beattie et al. in 1961 (Beattie, Bricker,
& Garvin, 1961). Since then, different kinds of UV digestion apparatuses have been
developed and used in routine analyses.
Ultraviolet light emitting diode (UV-LED) technology has evolved rapidly in
recent years and UV-LEDs have been used in various applications (H. Chen, Ku,
& Wu, 2007; Hou et al., 2012; Natarajan, Natarajan, Bajaj, & Tayade, 2011; S.
Zhang, Li, Zhao, & Li, 2009). UV-LEDs are long lasting, compact in size, robust,
efficient, and mercury free, which is an important environmental aspect. In future,
UV-LEDs are expected to replace traditional UV lamps (D. H. Chen, Ye, & Li,
2005; Muramoto, Kimura, & Nouda, 2014) Titanium dioxide (TiO2) is widely used
as an effective and inexpensive catalyst in photocatalytic applications. UV-LEDs
typically have narrow emission spectra in the UV A range (315-400 nm), which
alone is inefficient in breaking bonds between carbon atoms when digesting organic
material. A catalyst is needed, and for example TiO2 absorbs radiation at UV
wavelengths (Henderson, 2011) and is therefore an effective photocatalyst in
applications utilizing UV light. In the field of analytical chemistry, traditional UV
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digestion devices using mercury lamps have been routinely used (Golimowski &
Golimowska, 1996), but UV-LED applications are still rare. Daniel and Gutz
introduced a microfluidic cell with a TiO2-modified gold electrode. They used it
for in situ photocatalytic decomposition of organic matter with UV-LED irradiation
followed by voltammetric analysis (Daniel & Gutz, 2007).
Photocatalytic degradation of humic substances has been widely studied
(Eggins, Palmer, & Byrne, 1997; Palmer, Eggins, & Coleman, 2002; G. Wang, Liao,
& Wu, 2001), but there are still some challenges when applying photocatalytic
methods to inorganic analysis. The catalyst surface acts as an adsorption site which
can interact with analyte elements depending on pH value, redox conditions and
element speciation. The point of zero charge (pzc) for TiO2 is around pH 6 at room
temperature (Akratopulu, Kordulis, & Lycourghiotis, 1990; Yates & Healy, 1980).
When using photocatalytic degradation as a sample pretreatment method in
inorganic analysis, organic matter should be effectively digested and the analytes
should remain in the solution. However, the surface charge of TiO2 has a role both
in the degradation of organic matter and in the possible adsorption of ions. When
the pH is lower than the pzc value the surface of TiO2 is positively charged whereas
at higher pH values it is negatively charged.
Adsorption is an important step in photocatalytic degradation of humic
substances. The maximum adsorption rate is observed at pH ~3 (Cho & Choi, 2002;
Li, Fan, & Sun, 2002; Xue et al., 2011), which is the optimal pH for degradation.
At low pH values many metal ions are positively charged and are not attracted by
the TiO2 surface at pH values below 6. However, some elements, such as inorganic
forms of arsenic, occur as negatively charged oxyanions over a wide pH range and
are attracted by the TiO2 surface at optimal conditions for degradation of organic
compounds (Dutta, Ray, Sharma, & Millero, 2004; Pena, Korfiatis, Patel,
Lippincott, & Meng, 2005). The UV digestion method is therefore suitable for the
elements that occur as positively charged species at pH values around 3.
1.4

Nanomaterials in analytical chemistry

Nanomaterials have several definitions but there is general a consensus that a
nanomaterial is intentionally produced in the nanoscale (1-100 nm). However, the
100 nm size boundary does not have any solid scientific basis as the exact boundary
of nanoscale phenomena (Kreyling, Semmler-Behnke, & Chaudhry, 2010). The
European Union (EU) has adopted a definition that “nanomaterial means a natural,
incidental or manufactured material containing particles, in an unbound state or as
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an aggregate or as an agglomerate and where, for 50% or more of the particles in
the number size distribution, one or more external dimensions is in the size range
1 nm-100 nm” (EU, 2011). Nanomaterials have unique properties and a wide
variety of commercial and technological applications (Martin & Mitchell, 1998),
but health and environmental risks associated with nanoparticles have also been
reported (Colvin, 2003; Moore, 2006; Wiesner, Lowry, Alvarez, Dionysiou, &
Biswas, 2006).
Nanomaterials are also of growing importance in the field of analytical
chemistry, and new methods of chemical analyses and sensing utilizing the
properties of nanomaterials are being developed (Ligler & White, 2013; Valentini
& Palleschi, 2008). Nanomaterials have been used to fabricate sensors for
biological and electrochemical applications and have been applied in separation
and extraction techniques (L. He & Toh, 2006; Xu, Hu, Zhang, Hou, & Jiang, 2017).
In addition, nanomaterials have been used in analytical atomic spectrometry to
improve the sensitivity and the selectivity of methods, to detect biological
molecules and to characterize and determine nanomaterials themselves (Jiang et al.,
2012).
1.4.1 Synthesis of metal oxide nanoparticles
Metal oxide nanoparticles have various applications, including sensors, adsorbents
and catalysts. There are several sol-gel synthesis methods that are suitable for the
preparation of metal oxide nanoparticles, for example the method based on colloids
(Meulenkamp, 1998; Pillai, Kelly, McCormack, O'Brien, & Ramesh, 2003;
Sakohara, Ishida, & Anderson, 1998; Spanhel & Anderson, 1991; Tokumoto,
Pulcinelli, Santilli, & Briois, 2003) and the Pechini method (Barros, Barbosa, Dos
Santos, Barros, & Souza, 2006; Cao et al., 2005; Gaudon, Toulemonde, &
Demourgues, 2007; Gouveia et al., 2004; Laberty-Robert, Ansart, Deloget, Gaudon,
& Rousset, 2001; Pechini, 1967; Quinelato, Longo, Leite, Bernardi, & Varela, 2001;
Razpotnik & Maček, 2007). In the Pechini method, polyhydroxy alcohol and
hydroxycarboxylic acid form a polymeric network in which metal ions are
uniformly distributed and during the calcination step the polymeric network
collapses and the metal oxide powder is left.
The preparation of nanoparticles is a complex process, and a wide variety of
different variables may affect the properties of the final product. For example, the
molar ratios, synthesis and calcination temperatures and reaction times can have an
impact on particle size or morphology. Particle size is a particularly interesting
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factor because of the size-induced phenomena at nanoscale, and for example the
calcination temperature in the Pechini synthesis affects the particle size (Huo, Yuan,
Tian, Wang, & Qiu, 2012; Quinelato et al., 2001; Razpotnik & Maček, 2007; Y.
Zhang et al., 2003).
1.4.2 Semiconductor nanomaterials as catalysts in UV-LED
photocatalytic degradation
Photocatalysis is the catalysis of a photochemical reaction at a solid surface, usually
a semiconductor (Fujishima, Zhang, & Tryk, 2008). Photocatalysis is widely used
to treat wastewaters, for example for color removal, degradation of organic material,
removal of heavy metals, degradation of harmful fungicides, herbicides and
pesticides or purification and disinfection of water (D. Chen & Ray, 2001;
Herrmann, 1999; Hua et al., 2012; Kabra, Chaudhary, & Sawhney, 2004).
Nanomaterials have a high specific surface area due to their small particle size,
which enhances the degradation efficiency of organic materials (Chong et al., 2009).
The mechanism of photocatalysis is associated with semiconductor properties
of a catalyst. Metal oxides and metal chalcogenides, for example TiO2, ZnO, ZrO2,
Fe2O3, ZnS and CdS are typical semiconductor materials (Hoffmann, Martin, Choi,
& Bahnemann, 1995; Kabra et al., 2004; Mills, Davies, & Worsley, 1993) and the
desired features can be achieved by doping materials with some other elements
(Daghrir, Drogui, & Robert, 2013; Ma et al., 2014). In semiconductor material,
there is a band gap between valence and conduction bands and absorption of a
photon excites an electron from the filled valence band to an empty conduction
band if the photon energy (hv) equals or exceeds the band gap. A hole is generated
on a valence band and the electron-hole pair promotes redox reactions by
generating radicals in the solution that is in contact with the semiconductor
(Daghrir et al., 2013; Kabra et al., 2004; Kumar & Devi, 2011; Linsebigler, Lu, &
Yates Jr, 1995; Schneider et al., 2014).
For photocatalytic degradation of dissolved organic material TiO2 and ZnO are
the most widely studied and used photocatalysts (Daghrir et al., 2013; Peternel,
Koprivanac, Božić, & Kušić, 2007). TiO2 is the most common because of its
physical and chemical stability, high catalytic activity, strong oxidation ability and
low cost (Fujishima, Rao, & Tryk, 2000; Schneider et al., 2014). ZnO resembles
TiO2 as a low cost, high stability and non-toxic material and is therefore another
widely studied semiconductor material (Peternel et al., 2007). ZnO is cheaper than
TiO2 and its greatest advantage is the ability to absorb a wider range of the solar
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spectrum (Lee, Lai, Ngai, & Juan, 2016). However, a disadvantage of ZnO is the
photocorrosion reaction, i.e. ZnO reacts with photons and decomposes to Zn2+ and
O• during the photocatalysis, which makes it a less efficient photocatalyst (Kabra
et al., 2004). Development and synthesis of novel composite semiconductor
materials is one way to increase the efficiency of photocatalytic processes, for
example by increasing the visible light activity of the catalyst material by doping
(Khanchandani, Kumar, & Ganguli, 2016; Nanakkal & Alexander, 2017; Reddy,
Hassan, & Gomes, 2015; Seery, George, Floris, & Pillai, 2007).
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2

Aims of the research

The main objective of this research was to develop analytical methods for the
determination of low levels of trace elements in natural waters containing high
concentrations of dissolved organic carbon. The specific aims of the research were:
1.

2.
3.

4.

To develop a method for determination of trace concentrations of arsenic in
natural water samples containing elevated concentrations of dissolved organic
carbon. [I]
To improve the accuracy and precision of HG-ICP-MS measurements by using
internal standardization with a dual mode sample introduction system. [II]
To develop and optimize an environmentally friendly novel nano-TiO2
catalyzed UV-LED sample digestion device to digest dissolved organic carbon
in natural water samples prior to trace element analysis. (III)
To study synthesis method variables and the homogeneity of metal oxide
nanoparticles for various purposes, for example photocatalysis. (IV)
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3

Materials and methods

3.1

Samples, reagents and standards

The samples for the method development for the determination of arsenic in natural
waters [I] were collected from drainage ditches of eight drained peatland forest
catchments located in eastern Finland. They were collected in acid washed
polyethylene bottles and preserved with nitric acid (Romil, UK, 67-69%, sp.). The
samples were filtered through 0.45 µm membrane filters and stored at 4 °C in the
dark prior to analyses. The DOC concentrations of the samples varied between 12
and 33 mg L-1.
For the UV-LED digestion experiments [III] a natural water sample was
collected from a small stream located in Tyrnävä, northern Finland. Subsamples of
different pH values (1, 4 and 7) were prepared by adjusting pH with NaOH and
HNO3 to the desired value. These samples were also spiked with a solution
containing As, Bi, Cd, Co, Cu, Ge, Ni, Pb, Sb, Se and Tl. The DOC concentration
of the primary sample was approximately 50 mg L-1 and the concentrations of the
studied elements before spiking were in sub micrograms per liter range.
All chemicals used in this study were of at least analytical grade. Nitric acid
(Romil, UK, 67-69%, sp.) was used in microwave-assisted digestions and to acidify
samples before HG-ICP-MS measurements. Hydrochloric acid was avoided in all
sample pretreatment and cleaning procedures in order to avoid polyatomic ion
interference by 40Ar35Cl+ in measurement of 75As+ with ICP-MS techniques.
Ultrapure water (Millipore Gradient, Millipore Corp., Billerica, MA, USA) was
used in the preparation of all reagents and standard solutions.
Two certified reference materials (CRMs) were used in this study. ERMCA615 is ground water containing 9.9 ± 0.7 µg L-1 arsenic and it was used as a
control sample in the HG-ICP-MS measurements [I]. ERM-CA615 together with
NIST 1573a, which is tomato leaf powder containing 0.112 ± 0.004 mg kg-1 arsenic,
were used in the study of internal standardization [II].
3.2

Selection of internal standards

Internal standard (IS) should have a mass number close to that of the analyte and
preferably it should have similar ionization potential. (Thompson & Houk, 1987;
Vanhaecke et al., 1992) In addition, internal standard should be an element that is
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not present in the sample in measurable quantities. In this study [II], a dual mode
sample introduction system was used to study both nebulized and hydride forming
internal standards at the same time.
The number of hydride-forming elements is limited but a few candidates can
be found. In the literature, bismuth (S. Chen et al., 2002; dos Santos et al., 2005;
Stroh & Völlkopf, 1993) and germanium (dos Santos et al., 2005) have been used
as internal standards and they were chosen as hydride forming ISs in this study.
Germanium is next to arsenic in the periodic table and therefore its mass number is
almost the same. Bismuth is a significantly heavier element but it was chosen as
another hydride forming element for comparison. The IS candidates for liquid
nebulization were yttrium and palladium. Yttrium is in the same mass range as
arsenic, and palladium has a high ionization potential (8.34 eV) which is close to
that of arsenic (9.79 eV) (Table 1).
Table 1. Measured isotopes and ionization potentials [II].
Element

Isotope (Abundance)

Ionization potential (eV)

Ge

72 (27.43%)

7.9

As

75 (100.00%)

9.79

Y

89 (100.00%)

6.38

Pd

105 (22.60%)

8.34

Bi

209 (100.00%)

7.29

3.3

Pretreatment of natural water samples with microwave-assisted
digestion prior to HG-ICP-MS measurements

Inorganic arsenic species can be complexed by humic substances in natural waters
and the complexed As is not likely to form volatile hydrides quantitatively with
borohydride reduction. Therefore natural water that contains significant amounts
of DOC must first be digested.
All the samples were digested in a CEM MARS 5X microwave oven (CEM,
Matthews, USA) using XP-1500 Teflon vessels (CEM). The used method for water
samples and ERM-CA615 was EPA 3015A, microwave assisted digestion of
aqueous samples and extracts. NIST 1573a (tomato leaves) was digested with 5 mL
HNO3 + 3 mL H2O2 using a two-stage microwave oven program: The vessels were
heated to 180 °C in 10 min and then held at 180 °C for 10 min. For both methods
the final dilution was made to 100 mL and after use the Teflon vessels were cleaned
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with nitric acid (pa, Merck, USA). Measurements were made without further
dilution and the samples contained approximately 5% (v/v) nitric acid.
Usually, L-cysteine is used to pre-reduce all arsenic to As(III) before HG-ICPMS measurements. However, in this study, arsenic was quantitatively at the
oxidation state of +V after the oxidizing sample pretreatment and pre-reduction was
not performed, in order to avoid additional sample pretreatment steps. Instead the
samples were measured directly against As(V) standard solutions.
3.4

Pretreatment of natural water samples with a UV-LED digestion
device

A novel ultraviolet light emitting diode (UV-LED) digestion device (Fig. 1) was
designed and constructed to create an environmentally friendly sample
pretreatment method for natural waters containing high concentrations of DOC
[paper III]. A LZC-00U600 UV-LED Emitter (LED Engin, San Jose, USA) was
used as a UV light source and it was equipped with a cooling element to prevent
overheating.

Fig. 1. Schematic of the UV-LED digestion device [III].
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The LZC-00U600 UV-LED is rated for 40 W power and the peak wavelength is
365 nm. At this wavelength it is necessary to use a catalyst. Nano-TiO2 (Aeroxide
P-25, Aldrich, Germany) coated catalyst rods were prepared in the laboratory by
coating a glass rod with TiO2 suspension and calcining it at 350 °C for one hour.
The sample was placed in a quartz vessel and the desired amount of H2O2 (215 mmol L-1) was added to enhance photocatalytic reactions. A nano-TiO2 coated
catalyst rod was immersed into the sample solution and UV-LED irradiation was
applied for 30-120 min. The vessels and rods were cleaned after use with dilute
nitric acid and UV-LED irradiation for at least 30 min.
3.5

Synthesis experiments for preparation of homogeneous ZnO
nanomaterials

Nanoparticles for different purposes can be purchased commercially (paper III) or
prepared in a laboratory by synthesis methods. In this study, a Pechini type
synthesis was used to prepare homogeneous doped ZnO nanoparticles (paper IV).
Nanoparticles have different kinds of properties depending on particle size and
doping, and the synthesis method variables were examined in order to identify the
factors affecting the resulting particle size. In addition, the homogeneity of the
prepared particles was studied.
In the Pechini method, ethylene glycol and citric acid were mixed and heated
at 80°C for 1 h to achieve a transparent solution in which zinc nitrate and dopants
were added and dissolved. The temperature was increased to 130 °C for
esterification and kept at this temperature for 7.5 hours. The resulting resins were
dried in 180 °C for 24 hours and finally calcined at a temperature of 400, 550 or
700 °C. The obtained nanopowders were ballmilled for 30 min to break down the
agglomerates before characterization.
3.6

Instrumentation

A Thermo Elemental X7 ICP-MS (Thermo Elemental, Windsford, England) was
used in all studies. A conventional sample introduction system for solution
nebulization consisted of a concentric glass nebulizer with a Peltier cooled (+3°C)
conical spray chamber (papers III-IV). An HGX-200 hydride generation system
(Cetac Technologies) was used in the HG method (papers I-II). The HGX-200
system (Fig. 2) has a membrane above the gas liquid separator (GLS) and two
separate gas streams which are combined before the torch. The ICP-MS instrument
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was equipped with a Cetac ASX-520 autosampler (Cetac Technologies) with both
configurations. Instrumental conditions and measurement parameters are presented
in paper I. A TOC-VCPH/CPN analyser (Shimadzu, Kyoto, Japan) was used to
determine DOC concentrations in paper I and a FormacsHT TOC/TN Analyzer
(Skalar, Breda, The Netherlands) in paper III.

To ICP-MS

Sample
Carrier gas

Additional gas
Membrane

Gas liquid
separator

Drain
Fig. 2. Schematic of an HGX-200 gas liquid separator [I].

Fig. 3. XSERIES dual mode ICP-MS sample introduction system [II].
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In paper II, an XSERIES dual mode sample introduction system (Thermo
Elemental, Windsford, England) (Fig. 3) was used to introduce liquid and gaseous
samples simultaneously to the plasma by combing the liquid nebulization and
hydride generation systems. In paper IV, a New Wave UP 213 laser ablation system
was used in direct analysis of solid samples. The spot analysis was used and the
parameters were: power 80%, frequency 4 Hz, spot radius 120 µm and dwell time
120 s.
The synthesized nanoparticles were characterized with XRD and TEM
analyses. A Siemens D5000 X-ray diffractometer was used to obtain the x-ray
diffraction (XRD) patterns for the nanoparticles in the 2θ range of 15-75°. A
transmission electron microscope (TEM) LEO 912 OMEGA was used to examine
the particle size and morphology.
3.7

Statistical experimental design

Statistical experimental design was used to optimize processes in papers III and IV.
A two-level, full 23-factorial screening design was used in both papers. In addition,
a central composite face-centered (CCF) design was used in paper III for further
optimization. All experimental runs were carried out in random order and empirical
models were fitted to experimental data using MODDE 9.1 (Umetrics AB 2011)
computer software. Statistical validation of the fitted models was carried out with
an ANOVA test at a 95% confidence level.
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4

Results and discussion

4.1

Determination of arsenic in natural water samples (I)

A method for the determination of arsenic with HG-ICP-MS in humus-rich natural
water was developed. First the gas flows, plasma conditions and reagent
concentrations were optimized. An HGX-200 gas liquid separator has two separate
gas streams (Fig. 2) which are combined before the torch. Good stability and
sensitivity were achieved with 0.30 L min-1 carrier gas flow and 0.53-0.56 L min-1
additional gas flow, which was optimized daily. Sodium borohydride (NaBH4) was
used as a reductant and the optimal combination of sensitivity and stability was
achieved with a concentration of 0.5% (w/v).
400000

Net signal (ICPS)

350000
300000
250000
0.1 M

200000

0.2 M

150000

0.3 M
0.4 M

100000
50000
0
0

0.2

0.4

0.6

0.8

1

L-cysteine concentration (m/v %)

Fig. 4. Effects of nitric acid and L-cysteine concentrations on 0.5 µg L-1 As(V) net signal
[I].

The samples are usually pre-reduced prior to hydride generation in order to ensure
that arsenic is all at the oxidation state of +III. In routine analysis, L-cysteine is
usually used to reduce As(V) to As(III). With an HGX-200 system the optimization
of reagent concentrations revealed a strong interaction between L-cysteine and acid
concentrations. A small change in L-cysteine concentration caused a huge change
in signal intensity which was strongly dependent on acid concentration (Fig. 4).
The robustness of the determination is therefore poor and the risk of erroneous
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results due even to small variations in the acidity of samples is too high. After MW
digestion, the acid concentration is not necessarily exactly the same for all samples.
If L-cysteine is used with the HGX-200 system, the samples should be adjusted to
exactly the same pH value, as Mihaltan et al. (2013) described in their study using
the same HGX-200 system.
Natural water samples containing high concentrations of DOC need to be
digested because arsenic can be complexed by humic substances. In this study
(paper I) the DOC concentrations were determined using the method SFS-EN 1484
(Finnish Standards Association SFS, 1997) and the samples contained 12-33 mg L1
DOC. The samples were digested with the MW assisted digestion method EPA
3015A (US Environmental Protection Agency, 2007). After the digestion, the
samples contained approximately 5% (v/v) nitric acid, corresponding to a
concentration of about 0.3 mol L-1. After an oxidizing digestion step, arsenic was
at the oxidation state of +V and it could be measured against As(V) calibration
standards without the pre-reduction step. Two duplicate samples were digested and
analyzed and the results are presented in Table 2.
Table 2. Results for the MW digested natural water samples. Results for As were
obtained by HG-ICP-MS (n = 2) [I].
Sample ID

As (ng L-1)

DOC (mg L-1)

Cl- (mg L-1)

KV13

64 ± 10

19

3.1

KV14A

111 ± 4

33

1.0

KV22

77 ± 15

14

0.4

S24A

71 ± 4

17

0.4

ML07

49 ± 10

12

8.9

ML09

88 ± 6

16

0.6

ML10

94 ± 4

26

0.5

M10

47 ± 7

14

0.6

A certified reference material ERM-CA615 (ground water) was used as a control
sample and two duplicate samples were subjected to the MW digestion and analysis
procedure. The result for As was 9.9 ± 0.1 µg L-1 which is in good agreement with
the certified value 9.9 ± 0.7 µg L-1. A spike of 444 ng L-1 As was added to a natural
water sample having 21 mg L-1 DOC and 106 ± 3 ng L-1 arsenic prior to digestion
and determination. The recovery was 99.7%, indicating that no severe matrix
effects were present. The limit of detection (LOD, 3σ) for the HG method was 18.0
ng L-1.
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A series of natural water samples, collected from eastern Finland, were
analyzed with the proposed method and the results are presented in Table 2. The
concentrations of As varied between 47 and 111 ng L-1 and were well detectable as
As(V). However, the concentrations were too low to be detected reliably with
conventional liquid nebulization ICP-MS (LOD = 75 ng L-1). In addition, the
samples contained relatively high concentrations of chloride ions compared to
arsenic, and the 40Ar35Cl+ interference caused severe problems with the real
samples. Correction equations can sometimes be used with a quadrupole-based
instrument but the applicability depends on the ratio of 75As and 40Ar35Cl+ and the
other constituents of the sample matrix. For example, bromine and calcium can
cause interferences in the use of the correction equation. (Cai, Georgiadis, &
Fourqurean, 2000; Colon, Hidalgo, & Iglesias, 2011; Floor, Iglesias, & RomanRoss, 2009)
4.2

Internal standardization (II)

The purpose of this study was to compare the suitability of several internal
standards (72Ge, 209Bi, 89Y and 105Pd) to correct signal variations when a dual mode
sample introduction system is used. Ge and Bi are hydride-forming elements that
could also correct the signal drift originating from the HG sample introduction
system. Y and Pd were nebulized into the plasma and could correct only instabilities
due to the plasma conditions.
At first the HG system was optimized. The total gas flow rate consisted of
hydride generation gas flow rate and nebulizer gas flow rate. The gas flow rates
were optimized separately and the optimum values were 0.50 L min-1 for the HG
gas flow rate and 0.36 L min-1 for the nebulizer gas flow rate. These values were
used to examine the effect of gas flow rates on the relative signal intensities (Fig
5). The behavior of hydride forming elements depends mostly on the total gas flow
rate and changes in normalized intensities are analogous when changing HG gas
flow or nebulizer gas flow while keeping the other one constant. The increase in
the total gas flow rate had a significant effect on the bismuth signal. Bismuth
hydride is unstable (Fujita & Takada, 1986) and it is possible that with higher HG
gas flow rates larger amounts of BiH3 are introduced into the plasma before
decomposition resulting in higher relative signal intensities.
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Fig. 5. The effect of HG gas flow rate (a) and nebulizer gas flow rate (b) on the relative
intensities of 72Ge, 75As, 89Y, 105Pd and 209Bi [II].
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The effects of ICP-MS parameters and acid concentration were also studied. The
behavior of arsenic with changing RF power, auxiliary gas flow and sampling depth
was similar to that of yttrium. Hence, the variations in plasma conditions could
possibly be corrected with 89Y (paper II). The final nitric acid concentration after
the microwave-assisted sample digestion is not necessarily exactly 5% for all the
samples.
A good internal standard should correct the signal variations caused by small
differences in acid concentration, when an HG method is used. Naturally the acid
concentration did not affect the 89Y and 105Pd signals because they were not
introduced through the HG system. Among the hydride-forming elements, 72Ge
was behaving differently from the others, probably due to formation of insoluble
GeO2 in concentrated nitric acid solution. Therefore 72Ge is not an optimal internal
standard for determination of arsenic (Fig. 6).

Fig. 6. The effect of HNO3 concentration on the normalized signal intensities of
75

As,

89

Y,

105

Pd and

209

72

Ge,

Bi [II].
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Two different kind of certified reference materials were analysed with the dual
mode system to confirm precision and accuracy of the method. Both materials were
digested with a microwave assisted methods and the final solutions containing
approximately 5% (v/v) nitric acid were directly measured after addition of internal
standard solution of Ge (2.0 µg L-1) and Bi (0.1 µg L-1) to the sample solutions. Y
and Pd (10 µg L-1 and 50 µg L-1, respectively) were nebulized directly to the dual
mode system.
The results were good even without correction, and became even better when
corrected with 89Y or 105Pd (Table 3). The use of internal standard decreases the
need for frequent recalibration of the instrument. On the other hand, 72Ge and 209Bi
are not suitable internal standards. Bismuth was behaving differently in the
optimization and the results for NIST 1573a (tomato leaves) were not satisfactory.
The results were under-corrected, which indicates that some bismuth was present
in the material. Dos Santos et al. (2005) and Stroh & Völlkopf (1993) also reported
unsatisfactory recoveries with bismuth. Bi can be present in some sample matrices,
for example in biological samples. With germanium, the hydride formation is
critically dependent on the sample acid concentration, which limits the usability of
Ge as an internal standard.
Table 3. Results for the certified reference materials (±SD, n = 2). Values for ERM-CA615
are µg L-1 and for NIST 1573a mg kg-1 [II].
Reference
material
ERM-CA615
NIST 1573a

4.3

Certified

Without

value for As

correction

9.9 ± 0.7

9.1 ± 0.0

Internal standard
72

Ge

9.0 ± 0.2

89

Y

9.4 ± 0.2

105

Pd

9.5 ± 0.1

209

Bi

9.1 ± 0.1

0.112 ± 0.004 0.105 ± 0.001 0.102 ± 0.009 0.108 ± 0.001 0.107 ± 0.001 0.071 ± 0.006

Development of a UV-LED digestion method (III)

Sample preparation is an important step to ensure the reliability of analytical results
in elemental analysis. Humic substances in water samples may interfere with the
determination of trace elements e.g. in HG methods and electrochemical methods,
and the samples must be digested before the determination step. A UV-LED
digestion device was developed to digest DOC in natural water samples. DOC
removal efficiency was studied with statistical experimental design. The effects of
UV-LED irradiation time and H2O2 concentration were studied and furthermore
two identical TiO2 catalyst rods were used to verify that the catalytic effect was
reproducible. In the screening phase, a full 23-factorial experiment was used. The
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experiments were performed at pH 1, because acidic conditions are preferred in
elemental analysis in order to prevent precipitation of some elements.
Based on the results of the two-level factorial experiment, suitable levels for
H2O2 concentration were selected and pH was included as a variable in the
optimization step. The central composite face-centered (CCF) design was used in
the optimization experiment. The summary of the fitted models of both experiments
are presented in Table 4. When the experimental data was analysed, it was found
that at the optimization step, the significant factors were pH and UV-LED
irradiation time. In addition, a statistically significant quadratic term pH*pH was
included in the model (Table 4). The results showed that pH is the most important
critical factor affecting DOC removal efficiency. At pH 4 the DOC removal
efficiency was about 95% regardless of the values of the other factors (Table 5).
Table 4. The scaled and centered regression coefficients and their confidence intervals
for the fitted models after screening and optimization experiments [III].
Coefficient

Model term

Std. Err.

95% conf. int.(±)

3

Full 2 -factorial design
Constant

59.4

1.33

3.14

Rod 1

-1.16

1.33

3.14

Rod 2

1.16

1.33

3.14

H2O2

4.16

1.50

3.54

UV

14.5

1.50

3.54

Central composite face centered design
Constant

94.6

1.49

3.24

UV

5.22

1.24

2.71

pH

9.96

1.24

2.71

H2O2

1.23

1.24

2.71

pH*pH

-21.9

1.94

4.22

Table 5. DOC removal efficiencies* for the CCF experiment [III].
Experiment

UV-LED irradiation
time (min)

pH

H2O2 (mmol L-1)

DOC removal
efficiency (%)

K1

30

1

5

53.5

K2

90

1

5

70.2

K3

30

7

5

72.5

K4

90

7

5

88.2

K5

30

1

15

52.4

K6

90

1

15

71.0

K7

30

7

15

85.5
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Experiment

UV-LED irradiation
time (min)

pH

H2O2 (mmol L-1)

DOC removal
efficiency (%)

K8

90

7

15

K9

30

4

10

86.6
94.7

K10

90

4

10

95.5

K11

60

1

10

65.5

K12

60

7

10

80.7

K13

60

4

5

93.9

K14

60

4

15

94.4

K15

60

4

10

94.8

K16

60

4

10

96.3

K17

60

4

10

92.4

* (DOCuntreated - DOCsample)/DOCuntreated*100%, where DOCsample is DOC concentration after the experiment
and DOCuntreated is DOC concentration of the untreated sample at the corresponding pH (1, 4 or 7).

According to the screening phase, the added H2O2 improved DOC removal
efficiency. However, in the optimization step it was found that the concentration of
H2O2 between 5 and 15 mmol L-1 did not increase the DOC removal efficiency. It
is essential to have some H2O2 present, but excessive dosage does not further
improve the degradation of humic acids (G. Wang et al., 2001). Optimal conditions
for DOC removal efficiency are close to pH 4 and the model predicts DOC removal
to be slightly more efficient with increasing irradiation times (Fig. 7). According to
the literature, pH 3 is the optimum for the degradation of organic carbon (Cho &
Choi, 2002; Li et al., 2002), which is in agreement with the results of this study.
The recoveries for spiked elements were determined in optimal DOC removal
conditions at pH 4 as a function of UV-LED irradiation time (Fig. 8). Good
recoveries were obtained for Cd, Co, Ni and Se. However, the recoveries for Cu,
As, Bi, Ge, Pb, Sb and Tl decreased with increasing UV-LED irradiation time. It is
known that nano-sized metal oxides can absorb elements from the solution
(Mahdavi, Jalali, & Afkhami, 2013). In this study, nano-TiO2 was used as a catalyst,
and depending on the experimental conditions it might absorb dissolved elements.
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Fig. 7. Response contour plot for the DOC removal efficiency. The model is fitted on the
basis of a CCF design. H2O2 concentration is 10 mmol L-1 [III].
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Fig. 8. Normalized recoveries for the spiked elements at pH 4 as a function of UV-LED
irradiation time (H2O2 concentration = 10 mmol L-1) [III].

At pH 4, the surface of the TiO2 is positively charged and it attracts negatively
charged species (Akratopulu et al., 1990; Yates & Healy, 1980). Many hydrideforming elements tend to form negatively charged species in aqueous solutions,
which are attracted by the positively charged TiO2 surface below pH 6. In addition,
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formation of volatile compounds due to photochemical reactions may also occur,
resulting in elemental losses (Y. He, Hou, Zheng, & Sturgeon, 2007; Sturgeon &
Grinberg, 2012). The UV-LED digestion device in its present form is not applicable
for hydride forming-elements, including arsenic, but for a set of heavy metals it
was well suited and good recoveries were obtained.
4.4

Synthesis of ZnO nanoparticles (IV)

Particle size is one of the most important features related to nanoparticles. A
Pechini type synthesis method was studied with the aid of statistical experimental
design in order to investigate how molar ratios and calcination temperature affect
the particle size of the resulting nanopowder. In this study, the Pechini method was
used to prepare ZnO nanoparticles doped with Co, Bi, Mn and Sb. This kind of
material is used for varistors, but the Pechini method is suitable for preparing
various metal oxide particles, including TiO2, for a wide range of applications. By
analysing the dopant elements, the homogeneity of the material was evaluated.
A full 23-factorial design was used to study the effects of the molar ratio of
citric acid (CA) to ethylene glycol (EG) (0.2, 1), the molar ratio of total metal
content (M) to citric acid (0.25, 1) and calcination temperature (400, 700 °C) on
the particle size as a response. The number of experiments was 14, including six
centerpoints. Three additional experiments at the compositional centerpoint
(CA:EG = 0.6, M:CA = 0.625) with different calcination temperatures were later
performed in order to investigate the prediction capability of the fitted model.
The particles were characterized by XRD and TEM and BET surface area was
determined for a set of samples. The particle size was determined with XRD. The
XRD patterns represented typical ZnO patterns (Fig. 9), but the concentrations of
the dopants were too low to be detected in the diffractograms. The particle size
varied between 16 and 76 nm.
The size and shape of the particles could be evaluated with the TEM images
(Fig. 10). The particles were not perfectly regular in size and shape and they were
also agglomerated even though the powders were ballmilled. However, ballmilled
powders densified during the sintering whereas without ballmilling the
densification was inadequate. Therefore the agglomerates were most probably
weak in the ballmilled samples.
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Fig. 9. XRD diffractograms for ZnO nanopowders obtained at a) 700 °C and b) 400 °C
with identical molar ratios (CA:EG = 0.2, M:CA = 1) [IV].

Fig. 10. TEM images of ZnO nanopowders obtained at 400 °C (CA:EG = 1, M:CA = 0.25)
and 700 °C (CA:EG = 0.6, M:CA = 0.625) with an average particle size of 19.8 nm and 41.5
nm, respectively [IV].

When the experimental data was analysed, it was obvious that the calcination
temperature had the greatest effect on the particle size. The effects of molar ratios
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of the reagents were insignificant for the selected compositions (Table 6). The
M:CA ratio did not have any statistical effect but the CA:EG ratio had an effect
through the CA:EG*CA:EG quadratic term and the CA:EG*Temp interaction term.
The result is logical because CA and EG form the resin which inhibits the particle
growth while metal cations are trapped in the resin.
Table 6. An example of a model in which the significant terms are added. The response
(particle size) is log-transformed [IV].
Model term

Coefficient

Std. Err.

Constant

1.356

0.011

95% conf. int. (±)
0.023

CA:EG

0.0005

0.012

0.025

M:CA

0.0062

0.012

0.025

T

0.239

0.010

0.021

CA:EG*CA:EG

0.093

0.017

0.036

T*T

0.050

0.013

0.028

CA:EG*Temp

-0.033

0.012

0.025

The effect of the calcination temperature on the particle size at constant chemical
composition is clearly seen in Fig. 11. The average particle size varied between 17
and 76 nm being smallest after calcination at 400 °C. In the calcination step the
metal oxide is formed and organic resin is burned off. At lower temperatures, the
destruction of the resin is slower and it can inhibit the particle growth for a longer
time during the calcination. At higher temperatures, the resin collapses fast and
particles can grow larger. The synthesis was very repeatable. The variation in
particle size at the centerpoint of the experimental design (CA:EG = 0.6, M:CA =
6.25, T = 550 °C) was very low (x̄ = 22.5 nm, RSD = 7.2%, n = 7).
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Fig. 11. Effect of calcination temperature on the particle size of ZnO when the synthesis
experiments were carried out in the centerpoint composition (CA:EG = 0.6, M:CA = 0.625)
of the experimental design [IV].

As expected, the prepared nanopowders were homogeneous. In Pechini type
synthesis the dopants are uniformly distributed throughout the polymeric network
and the resulting powders are highly homogeneous. The homogeneity was studied
with three powders having the same centerpoint composition but different
calcination temperatures (400, 550 and 700 °C). Small amounts were weighed and
the dopant concentrations were determined with ICP-MS. The results verified that
the material was homogeneous with all weighed amounts and temperatures (Table
7). In addition, a sintered sample with a centerpoint composition (CA:EG = 0.6,
M:CA = 6.25, T = 550 °C) was preliminary studied with LA-ICP-MS. The signals
for Mn and Co were measured at six randomly selected surface points on each side.
The relative standard deviations were low (2.6-8.7%), indicating that the material
was homogeneous.
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Table 7. Dopant concentrations for the nanoparticles obtained with calcination
temperatures of 400, 550 and 700 °C. 0.5 mg, 2.5 mg and 5.0 mg sample weights were
used for analysis (n = 3-5 for each mass group) [IV].
Calcination

Dopant

0.5 mg

T (°C)

element

x̄ (mg g-1)

RSD (%)

x̄ (mg g-1)

RSD (%)

x̄ (mg g-1)

RSD (%)

Mn

3.1

2.2

3.1

1.4

3.2

3.8

Co

3.4

2.9

3.5

2.7

3.5

3.6

Sb

6.9

6.0

6.8

3.3

6.7

3.5

Bi

11.9

5.2

12.0

0.8

12.4

9.3

Mn

3.1

2.7

3.3

6.7

3.1

2.8

400

550

700

2.5 mg

5.0 mg

Co

3.3

1.6

3.6

6.7

3.4

1.3

Sb

6.5

2.6

6.9

5.6

6.6

1.7

Bi

12.5

2.0

13.0

6.3

12.2

1.6

Mn

3.2

5.3

3.1

2.6

3.4

0.9

Co

3.5

2.3

3.5

2.1

3.5

0.7

Sb

6.7

1.3

6.6

3.0

6.8

2.4

Bi

11.5

2.3

11.5

4.0

11.8

3.2

In paper III, a commercial nano-TiO2 powder was used as a catalyst. One way to
optimize the digestion process would be to optimize the photocatalysis by
synthesizing ZnO or TiO2 nanoparticles with desired properties. TiO2 has a wide
band gap (3.0-3.2 eV) and it requires UV irradiation in photocatalytic applications.
By modifying TiO2 for example by doping with different ions, coupling with a
narrow band gap semiconductor or noble metal deposition, the band cap structure
can be tailored. Photocatalytic activity can be enhanced and one desired feature is
the photocatalytic activity under solar light illumination (Kumar & Devi, 2011).
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5

Conclusions

This research work was carried out in order to develop environmentally friendly
analysis methods for the determination of trace elements in natural water samples.
It combines traditional analytical methods such as hydride generation and
microwave-assisted digestion with modern UV-LED and nanotechnologies.
A method for determination of trace concentrations of arsenic in humus-rich
natural water samples by HG-ICP-MS was developed. Natural water samples can
contain high concentrations of dissolved organic material, which consists mostly
of humic substances. Inorganic arsenic species can be complexed by humic
substances and the samples need to be digested, e.g. with a MW assisted digestion
method, prior to analysis with the HG method. Arsenic is at the oxidation state of
+V after the oxidizing conditions in digestion and in this study, it was measured
directly against As(V) standard solutions. There was no need for pre-reduction,
which reduces the risk of contamination and problems related to narrow optimal
acid concentration range encountered when L-cysteine is used as a pre-reductant in
the HG method. A certified reference material (ERM-CA615) was analyzed in
order to verify the accuracy of the method and the result for arsenic was in good
agreement with the certified value.
A dual mode sample introduction system was used to introduce internal
standards simultaneously as hydrides (72Ge, 209Bi) and via solution nebulization
(89Y, 105Pd) when determining trace amounts of arsenic by HG-ICP-MS. Results for
the reference materials showed, that the nebulized ISs Y and Pd can be used to
correct the signal variations due to the plasma conditions. The dual mode sample
introduction system exhibits good stability and ISs can be introduced continuously
with a conventional solution nebulization. Trace concentrations of arsenic can be
determined reliably and there is no need for frequent instrument recalibration.
Hydride-forming internal standards Ge and Bi produced unsatisfactory results. The
hydride-forming reaction for Ge is critically dependent on the sample acid
concentration and Bi has a remarkably higher mass number. In addition, Bi can be
present in some sample matrices, for example biological samples. Therefore, Ge
and Bi are not suitable ISs.
A novel nano-TiO2 catalyzed UV-LED digestion device was developed and
optimized to digest natural water samples prior to elemental analysis. The in-house
constructed UV-LED digestion device is well suited to decompose dissolved
organic matter in humic rich natural water samples. A DOC removal efficiency of
about 95% was achieved at pH 4 after 30 min irradiation time. The sample was
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spiked with different elements (As, Bi, Cd, Co, Cu, Ge, Ni, Pb, Sb, Se and Tl), and
recoveries were studied in optimal DOC removal conditions. The recoveries for Cd,
Co, Ni and Se were good but the recoveries for hydride-forming elements decreased
when the UV-LED irradiation time was increased. This is probably due to
adsorption of different element species on the TiO2 surface. In addition, possible
element losses due to photochemical vapor generation cannot be excluded. The UVLED digestion device is easy and cheap to construct, and it can easily be updated
to treat several samples at the same time. Furthermore, the digestion efficiency can
be increased and digestion times reduced in the future, as more efficient UV-LEDs
become available. The DOC removal efficiency needs to be further improved to
meet the requirements of, for example, electrochemical methods. This will be
possible with further optimization of the digestion process and with more efficient
UV-LEDs. UV-LED technology is developing rapidly and in future it will also have
an important impact in the field of analytical chemistry.
Nanotechnology also has growing importance in analytical chemistry. In this
study, nano-TiO2 was used as a catalyst in the photodegradation of dissolved
organic matter. In addition, the effects of synthesis method variables on the
properties of ZnO nanopowders were studied. The particle size varied between 16
and 76 nm, and calcination temperature was found to be the most important variable
affecting the particle size. The nanopowders obtained by Pechini synthesis were
highly homogeneous which was verified by weighing small amounts of samples
with different particle sizes and then measuring the dopant element concentrations
by ICP-MS. The standard deviations were low indicating homogeneous distribution
of the dopant elements. The ability to modify the nanomaterials provides numerous
advantages, and it can be one way to improve the photocatalytic degradation of
organic material.
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