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Nano-sized metal particles, including both elemental and oxidized metals, have received significant inter-
est due to their biotoxicity and presence in a wide range of industrial systems. A novel silica technology
has been recently explored to minimize the biotoxicity of metal particles by encapsulating them with an
amorphous silica shell. In this study, a method to determine silica coating efficiency on metal particles
was developed. Metal particles with silica coating were generated using gas metal arc welding (GMAW)
process with a silica precursor tetramethylsilane (TMS) added to the shielding gas. Microwave digestion
and Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) were employed to solubilize
the metal content in the particles and analyze the concentration, respectively. Three acid mixtures were
tested to acquire the appropriate digestion method targeting at metals and silica coating. Metal recovery
efficiencies of different digestion methods were compared through analysis of spiked samples. HNO3; /HF
mixture was found to be a more aggressive digestion method for metal particles with silica coating.
Aqua regia was able to effectively dissolve metal particles not trapped in the silica shell. Silica coating
efficiencies were thus calculated based on the measured concentrations following digestion by HNO3; /HF
mixture and aqua regia. The results showed 14-39% of welding fume particles were encapsulated in silica
coating under various conditions. This newly developed method could also be used to examine the silica
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coverage on particles of silica shell/metal core structure in other nanotechnology areas.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Metal particles, including both elemental and oxidized metals,
are commonly found in industrial systems like coal combustor [1],
incinerator [2], furnace [3], boiler [4], engine [5], and other high
temperature processes involving metals such as arc welding [6].
These metals vaporize at the flame/arc zone, and then quickly
nucleate and condense to form nano-sized particles as temper-
ature drops, due to the sharp decrease of their saturation vapor
pressure [7]. Those nano-sized metal particles are respirable and
able to travel deep within the lung [8]. Compared to their larger
size counterparts, nano-sized particles are more likely to penetrate
tissues and cannot be easily removed from human body [9]. The
presence of toxic metal particles in the ambient and occupational
environment has led to a fast development of various control tech-
niques. However, traditional emission control technologies exhibit
less effectiveness for those nano-sized metal particles [10]. The
tightening of emission standards and occupational exposure limits
requires development of next generation control technologies for
nano-sized metal particles.

* Corresponding author. Tel.: +1 352 392 0845; fax: +1 352 392 3076.
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The toxicity of metal particles is mainly decided by their surface
composition that is in contact with tissues rather than their bulk
composition. A novel amorphous silica technology was recently
developed to control nano-sized metal particles and to reduce their
toxicity. Silica coating was achieved through the condensation of
insitugenerated amorphous silica onto metal particles [11,12]. This
technology had been demonstrated in several studies of control-
ling metal particles in flue gas of combustion system [1,13-15].
Amorphous silica has a low solubility in water [16] and is relatively
non-toxic compared to metals such as chromium (Cr), manganese
(Mn) and nickel (Ni). Hence, amorphous silica coating outside the
metal cores has the potential advantage of changing the biotoxi-
city of metal particles [17]. Recent studies applied this technique
to gas tungsten arc welding (GTAW) [18] and gas metal arc weld-
ing (GMAW) [19], from which the formed welding fume mainly
consisted of nano-sized metal particles. The transmission electron
microscopy (TEM)image of fume particles formed with the addition
of silica precursor showed some silica shell/metal core particles.
However, the silica coating was not present on all the metal par-
ticles due to the heterogeneous reaction existing in the welding
fume formation. Moreover, different levels of silica coating were
found under different shielding gas flow rates. Silica particles alone
and uncoated metal particles were also observed in the low shield-
ing gas flow condition. Visual examination by TEM only focused
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Fig. 1. Schematic diagram for the sampling system.

on a small fraction of the fume particles and cannot be used to
quantitatively determine the silica coating efficiency in bulk scale.

Since silica coating efficiency is critical in the silica encapsu-
lation technique, it is necessary to quantify the coating efficiency
of silica on metal particles, i.e. the fraction of metals encapsulated
inside silica coating that is not bioavailable. Besides metal emission
control, it should be noted that silica encapsulation has wide appli-
cations in nanotechnology, e.g. to modify the surface function of
metal particles [11,12,20-24]. Hence, determination of silica coat-
ing efficiencies is important to evaluate the functionality of silica
coating in those cases.

Among the analytical systems which can determine the elemen-
tal composition of particles, Inductively Coupled Plasma-Atomic
Emission Spectroscopy (ICP-AES) is a recognized, versatile analyti-
cal instrument for its low detection limit, large dynamic range, and
capability of simultaneous analysis of multiple elements [25]. ICP-
AES operates on the principle of atomic emission by atoms ionized
in argon plasma flame. Light of specific wavelengths is emitted as
electrons return to the ground state of the ionized elements and
makes it possible to quantitatively identify the species present in
the solution [26]. Comparing to Graphite Furnace-Atomic Absorp-
tion Spectrometry (GF-AAS) and Proton Induced X-ray Emission
(PIXE), ICP-AES has the equivalent detection limit but less matrix
effect [27,28]. It costs much less than Inductively Coupled Plasma-
Mass Spectroscopy (ICP-MS) [29]. All the above make ICP-AES an
inexpensive and relatively accurate way to determine the total met-
als [30]. However, metal particle samples need to be treated in
order to transfer metal analyte from solid phase into liquid solu-
tions. The common practice is to mix particle phase metals with
strong acids and dissolve metals in a temperature controlled envi-
ronment. The digests are diluted to an acceptable total dissolved
solids (TDS) concentration for ICP-AES analysis.

Several digestion methods have been reported effective to dis-
solve metal particles [31-33]. Different digestion methods have
varied metal recovery efficiencies. Nitric acid (HNOs3) digestion
alone is generally effective for most metals. For certain metals like
copper (Cu), recovery efficiency can be greatly promoted by adding
hydrofluoric acid (HF) [34]. HF is also commonly employed in diges-
tion of solid samples containing both organic and inorganic silicon
[35]. The main concerns for the use of HF are corrosion to silica
parts in instrument as well as hazard to operators. This risk can be

minimized by adding a stoichiometric amount of boric acid (H3BO3)
into the complex after digestion. Digestion with aqua regia is also
a common method for the determination of trace elements in
soils and sediments [36]. Aqua regia is a mixture of nitric acid
(HNO3) and hydrochloric acid (HCI) in a volume ratio of 1:3. There
is almost no common metal that can survive the acid attack of
aqua regia [37]. Other acids such as sulfuric acid and phospho-
ric acid were also mentioned in some studies [25,35]. Heating
block, ultra-sound assisted and microwave digestions were used to
provide a high energetic environment to assist strong acid attack
[38,39]. Among those methods, microwave digestion is highly rec-
ommended in determination of trace metals with the advantages
of fast decomposition rate, less volatile loss, less contamination,
precise temperature and pressure control. It requires less acid and
therefore can lower the method detection limit [31].

The objective of the study was to develop a method for deter-
mining silica coating efficiency on metal particles generated from
silica encapsulation technology. Silica coated metal particles were
generated using gas metal arc welding (GMAW) with a silica pre-
cursor. The fume particles from the process mainly contained Fe, Cr,
Ni, Mn, and Cu. Metal recovery efficiencies of three digestion acid
mixtures were compared. Silica coating efficiencies were calcu-
lated by the apparent concentration differences between digestion
methods which can effectively dissolve silica coated metal particles
and which can only dissolve metals.

2. Experimental
2.1. Sample preparation

A GMAW welding machine (Lincoln 140C) was used for gener-
ating welding fume particles using ER 308L stainless steel welding
wires. Fig. 1 shows the schema of the fume production and sam-
pling system. The GMAW welding fume particles primarily come
from the welding wire [40]. The 308L welding wire nominally con-
tains 20% Cr, 10% Ni, 1.7% Mn, 0.03% Cu, and balanced with Fe [41].
Silica coated particles were generated by adding tetramethylsilane
(TMS) as the silica precursor. Argon and carbon dioxide mixture
(3:1, v/v), which is commonly used for stainless steel GMAW, was
employed as the shielding gas in this study. A fraction of the shield-
ing gas was used as the carrier gas for the TMS vapor. Injected TMS
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Table 1

Welding parameters and silica coating efficiencies under different welding conditions.

Welding condition Primary shielding gas flow rate (Lpm)

TMS carrier gas flow rate (Lpm) Silica coating efficiency & SD (n)

1 30
2 25
3 20

2.8 38.67% + 6.76% (5)
2.1 25.76% + 4.21% (4)
2.1 13.82% + 3.79% (5)

decomposed at the high temperature welding arc zone to form an
amorphous silica coating on welding fume particles. The particles
thus generated were then collected onto glass fiber filter (What-
man, 90 mm), weighed and digested. Previous study showed the
higher shielding gas flow rate, the more silica coating observed [19].
Hence, three welding conditions were selected to represent the low,
medium, and high shielding gas flow conditions studied previously.
The operating parameters of different welding conditions are listed
in Table 1. Sampling under each condition was carried out at least
four times.

2.2. Instrumentation and chemical reagents

Analysis of total metals was carried out by an ICP-AES sys-
tem (Perkin-Elmer Plasma 3200). The system is equipped with a
plasma torch with an alumina injector which enables measurement
of the samples with HF. Two monochromators covering the spec-
tral range of 165-785 nm with a grated ruling of 3600 lines/mm
are included in the system. The system also contains a crossflow
nebulizer, a spray chamber, and a Gilson four-channel peristaltic
pump. The system is capable of analyzing metals in digest solution
with a detection limit range of less than part per million (ppm). The
operating conditions for the ICP-AES are listed in Table 2.

The metals analyzed by ICP-AES included Fe, Cu, Cr, Ni, and Mn.
Two atomic emission spectral lines for each element were used
simultaneously to reduce spectral interference introduced by other
co-existing elements in the matrix. The wavelengths of their spec-
tral lines are listed in Table 3. The concentration of each metal in
a sample was determined by averaging the results of five reading
replicates. A single calibration curve was constructed for each metal
with six aqueous standards. The concentration ranges of calibra-

Table 2

Operating conditions of Plasma 3200 ICP-AES.
Incident power (W) 1300
Plasma gas flow rate (Lpm) 13
Aucxiliary gas flow rate (Lpm) 0.5
Nebulizer gas flow rate (Lpm) 0.8
Peristaltic pump flow rate (mLmin~1) 1
Reading delay time (s) 40

Reading per sample 5 replicates

Table 3
Wavelength of spectral lines (nm) and method detection limit (mgL~") for each
metal in this study.

Metal Wavelengths Digestion acid mixture
(interference metals
[571%)
HNO; HNO3/HF Aqua
alone mixture regia
Fe 238.204, 259.940 0.49 0.32 0.36
Cr 205.552 (Fe, Mo), 0.28 0.33 0.29
267.716 (Mn, V)
Ni 231.604, 221.647 1.66 0.57 0.48
Mn 257.610 (Fe, Cr), 0.66 0.47 0.85
293.306 (Fe, Al)
Cu 324.754, 327.396 0.78 0.36 0.54

2 The potential interference by metals listed cannot be corrected due to the over-
lap of peak shoulders.

tion solutions were 10-100 mgL~! for Fe and 1-60mgL-! for Cr,
Ni, Mn, and Cu. All the calibration plots were linear in the investi-
gated concentration ranges with the correlation coefficients greater
than 0.99999. Blank samples were used to determine the method
detection limits of different digestion methods. Standard samples
were randomly inserted into sample queue to test the bias after a
relatively long period of running ICP-AES.

The mass of collected samples was measured by an analytical
scale (Sartorius MC210S) with a readability of 10 wg. Each batch
of samples was weighed three times and the mean value was cal-
culated. Transmission electron microscopy (TEM, JEOL 2010F) was
used to acquire visual evidence of silica coating on welding fume
particles. The fume particles were loaded onto a specialty TEM grids
(Pelco Lacey Carbon Type-A 300 mesh) inserted into the welding
chamber.

All chemicals used were analytical grade or higher purity. Cal-
ibration curve was obtained from external standard. Standard
solutions were prepared by diluting high purity stock solutions
with deionized (DI) water: 10gL~! Fe and 100mgL-! Cu (Fisher
Scientific), 1000 mgL-! Ni and 1000 mgL-! Mn (Spex Certiprep).
Cr standard was in the form of 1000mgL~! chromate (CrO42-)
(Acros Organics) and thus conversion was necessary to get the Cr
concentration.

51.996 g/mol

o
€] =1Cr04 1995 992 g/mol

(M)

All acid solutions (Fisher Scientific), HNO3, HF, and HCI were
at their original concentration and not diluted. Boric acid (H3BO3)
(Acros Organics) was obtained in solid phase. Water used for dilu-
tion and cleaning was deionized by a water purification system
(Barnstead Nanopure II) to a final conductivity of 18.2 mQ2-cm.

Labwares were cleaned before and after analysis to prevent
exposure to potential residual contamination during the whole
period of experiments. Polytetrafluoroethylene (PTFE) tubes with
screw caps (VWR)were used as the digestion vessel to eliminate the
risk of HF to glassware. Screw caps can prevent the vaporization of
analyte and environmental contamination. All glassware and PTFE
tubes were rinsed by DI water, immersed in nitric acid bath (3M
HNO;3) for at least 72 h, cleaned in an ultrasonic cleaner (FS220) for
4h, and dried in an oven (230G Isotemp) in a laminar flow hood. To
further minimize the memory effect of any acid employed in this
study, each PTFE tube was labeled and fixed to a specific digestion
method, e.g., the tube used for HNO3 alone and aqua regia will not
contact with HF under any circumstances.

2.3. Digestion process

Digestion was assisted by using a microwave digesting sys-
tem (CEM MDS 81D). An 8-step microwave heating procedure was
designed according to the review of experiments done on metal
digestion [31] and is listed in Table 4. The sample digests were
cooled and filtered by ashless filter (Whatman, 32 mm) to remove
the solid residues. The filtered digests were diluted to 50 mL with
2% HNOj3 added. The diluted solutions were analyzed by ICP-AES
immediately after dilution.

The basic principle of the digestion process is to utilize HNOs,
HCI, and HF acid to solubilize the metal particles. HNO3 alone
method and aqua regia method were adopted to determine the
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Table 4

Operating programs of CEM MDS-81D microwave digesting system.
Increment Power (W) Duration (s)
1 250 120
2 400 120
3 500 600
4 250 480
5 400 240
6 600 360
7 0 120
8 300 180

most aggressive acid mixture without breaking the silica coating on
metal particles. The particle-loaded filters were cut to quarters after
weighing. Each quarter was digested with different acid mixtures.
The homogenous mass distribution of metal particles on the filter
was examined to avoid interference from mass difference among
filter quarters.

HNO3 alone: Filter samples were placed in the PTFE vessels with
10 mL of HNO3 added to each vessel. The screw caps on the vessels
were tightened to prevent loss during digestion.

HNO3/HF mixture: HF involved digestion method was based on EPA
method 3052 [42] to completely dissolve the metals and silica
coating. Filter samples were placed in the PTFE vessels with 9 mL
of HNO3 and 1 mL of HF added to each vessel. After the microwave
digestion, a stoichiometric amount of H3BO3 was added to elimi-
nate the free fluoride ion in order to prevent damage to the ICP-AES
sample loops. The amount of H3BO3 was calculated based on the
following chemical reaction:

H3BO; + 4HF — HBF4 + 3H,0 2)

Aqua regia: Aqua regia (HNO3:HCl, 1:3, v/v) digestion method was
based on ISO standard 11466 [43]. Filter samples were placed in
the PTFE vessels with 7.5 mL of HCI and 2.5 mL of HNO3 added to
each vessel.

All the acid mixtures were placed at room temperature for 10 h
before sent to the microwave digesting system.

2.4. Method detection limit and recovery efficiency

Blank filters were digested and used as lab blanks to determine
the background level of metals. Method detection limit is defined
as 3 times standard deviations of metal concentration in lab blank
[44]. Relative standard deviation (RSD) was calculated among met-
als and digestion methods.

The metal recovery efficiency o was calculated to determine
the capacity of each digestion method. Pure metal powders
(Acros Organics) were weighed and spiked onto blank glass fiber
filters. Measured and known mass of spike samples were com-
pared to calculate the metal recovery efficiency by the following
equation.

o= Cmeasured « 100% (3)
spiked

Metal ratios in spiked samples were kept nearly constant and
similar to the metal particles generated from the welding process.
The spiked samples were digested and analyzed using the same
methods as the generated particles. t-test was used in comparison
of metal recovery efficiency for different digestion methods.
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Fig. 2. Recovery efficiencies for Fe, Cr, Ni, Mn, Cu by different digestion acid
mixtures.

3. Results and discussion
3.1. Method detection limit

Method detection limits determined from lab blanks are shown
in Table 3. Detection limits of five metals in this study were
generally around 1mgL-! level. Based on the results, the choice
among different digestion methods had little influence on the
method detection limit since the metal concentration in this
study is much higher than 1mgL-'. The HNO3 alone digestion
method shows a slightly better detection limit for Ni and Cu than
the other two methods. However, the method detection limits
hereby were limited by the instrument (ICP-AES) and trace metal
impurity levels of the glass fiber filter. The detection limit could be
significantly decreased if analyzed by ICP-MS though it costs more
and the procedures are more complicated. The silica shell/metal
core structure particles are always synthesized in bulk volume and
likely tests will not be carried out for a minute amount of particles.
Hence, high resolution (lower than 1ngL-!) is not necessary in
most cases. Glass fiber filter was used in this study because it has
good resistance to high temperature generated by welding and
it can handle the high flow rate generated by the high-volume
sampling pump. Since the trace metal level in glass fibers was
much less than the collected metal mass, its impact on method
detection limit is not critical to the concentration measurement.
In applications where high temperature and high flow rate are not
encountered, alternative filters such as cellulose and membrane
filters could be used to reduce the trace metal impurities [45-47].
Filters are not necessary if the particles can be transferred to
digestion vessel without being collected on filters.

In the experiment, metal matrix effect and HF memory effect
could also interfere with the resolution and affect the detection
limit [35,48,49]. Carefully acid washing the vessels after the exper-
iment could also lower the detection limit by removing possible
residual contaminations.

3.2. Metal recovery efficiency

Fig. 2 shows the recovery efficiencies for different digestion
methods and different metals. For all the elements and methods,
the recovery efficiencies ranged from 90% to 110%. Recovery effi-
ciencies of HNO3/HF mixture for all metals except Cu are close
to 100% and statistically they are significantly different from the
other two methods (p<0.05). Cu has the highest average recov-
ery efficiency of 103.7%. Metal recovery efficiencies over 100%
can be attributed to the filter impurity level, e.g., glass fiber filter



J. Wang et al. / Talanta 85 (2011) 2655-2661 2659

Particle 1

Fig. 3. TEM imaginary of welding fume particles with silica coating.

generally has 3 ng/cm? of Cu [46]. The selection of wavelengths of
Cr and Mn cannot avoid the spectral inferences from Fe as shown
in Table 3. Overestimation of Cr and Mn could happen due to spec-
tral effect induced by high concentration of Fe in the welding fume
particles. In addition, non-spectral matrix effect of ICP-AES could
either enhance or depress the signals for those metals [49].

The RSD for each metal in different methods was less than 3.5%.
Except for Cr, HNO3;/HF mixture showed the highest mean recov-
ery efficiencies compared to the other two acid mixtures (p < 0.05).
Aquaregia was higher than HNO3 alone for Mn (p < 0.05), but no sig-
nificant difference was found on other metals. HNO3 alone showed
alow recovery efficiency of 88.3% for Mn and a relatively high devi-
ation. This represents the relatively low acid attack ability by HNO3
alone. Hence, aqua regia was adopted instead of HNO5 acid alone
in the following silica coating efficiency test to have a compari-
son with HNO3/HF mixture. However, mixture of HCl and HNO3
requires a well sealed vessel such as PTFE tube due to the for-
mation of highly evaporative gas phase NOCI and Cl,. HNO3 alone
could be an alternative if the sealant cannot be perfectly achieved.
In this study, the recovery efficiency test was done using elemental
metals, while in real applications such as flame synthesis or weld-
ing fume, metal oxides could dominate the particle compositions.
Differences in their solubilities should be checked. However, the
differences can be neglected in high energy environment provided
by the microwave digestion system [50].

3.3. Silica coating efficiency

Fig. 3 shows the TEM imagery of fume particles collected at
welding condition 1. Metal particles are darker while silica is in
light color, due to the penetration ability of electron when inter-
acting with the particles. In the TEM image, some particles (e.g.,
Particle 1) have a high electron density (darker) region surrounded
by a low electron density region (lighter). This is likely the result
of metal encapsulated by the silica coating layer. Nonetheless, due
to the two-dimensional nature of TEM image, metal in particle 1
could be non-, partially or fully encapsulated or even enriched on
silica surface [51], in a three-dimensional space. To truly deter-
mine the level of encapsulation, the silica coating efficiency would
be critically important.

HNOs3/HF mixture breaks the silica coating on the metal par-
ticles, and according to the metal recovery efficiencies results it
had the most aggressive solubilization ability. Aqua regia showed
the similar digestion ability on metal-only particles but did not
have any effect on particles with silica coating. The mass difference
between the results obtained from these two digestion methods
was therefore used to calculate the silica coating efficiency using
the following equation.

N N
Y Cnei =S Cap s
_ 21:1 NF*[L Z':l AR x 100% (4)
> i1 Cnri

n: silica coating efficiency, %

N: number of metals involved

Cnri: measured concentration of the ith metal digested by
HNO3/HF mixture

Cari: measured concentration of the ith metal digested by aqua
regia

n

Silica coating efficiency n represents the ratio of metals inside
the silica coating, which could not be dissolved by aqua regia. It
should be noted that the silica coating efficiency for individual
metal can be calculated through this equation without summation.
However, due to the heterogeneous interaction between silica and
metal in this study, the coating process is not targeting at any spe-
cific metal. Hence, the silica coating efficiency for individual metal
was not calculated. Cag; can be replaced with metal concentration
measured by other acid digestion methods when appropriate, e.g.,
HNO3 acid alone without Mn in the system. For specific applica-
tions, some rare metals such as Ru, Ta, Os, and Rh can withstand
common acid attack such as aqua regia [52]. Under such a circum-
stance, the equation is not capable of handling those rare metals.

Silica coating efficiencies were acquired from three sets of sam-
ples generated under different welding conditions. Mean value and
standard deviation of metal concentration were obtained for all the
samples and are shown in Table 5. This shows a relatively consis-
tent welding fume particle composition during the experiment. Cu
was not detected at most conditions because of the relatively small
proportion of Cu in welding wire. The presence of Cu in some of
the samples was likely the ablation of welding nozzle tip and shell,
rather than the wire. In the samples where Cu was detected, con-
centration of Cu was close to the method detection limit. Except
Cu, other metals showed a good agreement among replicas (RSD
<14%). Results of Mn in welding condition 2 and Ni in welding con-
dition 3 suggest more metals have been digested by aqua-regia than
HNOs3/HF mixture. These two anomaly values could be attributed
by uneven distribution of particles on different quarters of one glass
fiber filter.

Based on the metal concentrations acquired and the equation,
silica coating efficiencies were calculated and are listed in Table 1.
As shown, the silica coating efficiencies were generally low (<40%),
due to the heterogeneous nature of gaseous reaction between silica
precursor and metals. The highest silica coating efficiency occurred
under welding condition 1 which had a higher shielding gas flow
rate. The higher shielding gas dispersed more heat generated from
the welding arc. Examination of the inner shell of welding noz-
zle showed a large amount of white silica powder deposited under
the low shielding gas flow condition. This confirmed that TMS in
the low shielding gas flow condition already decomposed before
reaching the effective coating position, because heat was quickly
transferred to the welding nozzle area resulting in formation of sil-
ica earlier than desired. As shown, the knowledge of silica coating
efficiency is very important in understanding the effect of process-
ing conditions (welding parameters) on the process performance
(silica coating distribution). By understanding the defect of welding
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Table 5
Measured concentrations of metal elements digested by different acid mixtures.

Metals Welding condition 1 (n=5) Welding condition 2 (n=4) Welding condition 3 (n=5)
Concentration (mgL~') Concentration (mgL~") Concentration (mgL~")
Cnrre 56.34(1.13) 78.79 (8.67) 63.51(1.91)
Carre 33.28 (3.00) 51.79 (2.07) 59.38 (3.56)
Cnrcr 31.02 (1.55) 45.45 (1.36) 37.19 (2.98)
Carct 28.13(2.79) 31.33(2.19) 28.56 (1.71)
CnEni 12.82(0.38) 20.15 (0.81) 13.41(0.54)
Carni n.d. 17.43 (1.57) 14.82 (1.78)
CNEMn 19.73 (0.99) 20.92 (0.84) 17.65 (1.24)
CarMn 14.05 (1.83) 22.17 (3.10) 12.33(1.11)
CnEcu 3.12(1.03) n.d. 1.78 (0.33)
Carcu n.d. n.d. n.d.
n.d.: not detected in the samples or lower than method detection limit.
Number in the parentheses indicated the standard deviation among sample replicates.
nozzle under low shielding gas flow condition, a new welding torch References

should be developed to allow insulation from the heat transfer.

The equation based on multiple digestion methods can be used
in examining silica coverage of various silica shell/metal core struc-
ture particles applications [53-59]. The silica coating efficiencies
in those cases could be an indicator for the effectiveness of the sil-
ica shell, e.g., change of functionality, biocompatibility, or colloidal
stability by silica shell.

4. Conclusions

ICP-AES and microwave digestion were capable for simultane-
ous analysis of multiple metals down to mgL~! in this study. The
accuracy of results was confirmed by metal recovery efficiencies
by different digestion methods. HNO3/HF acid mixture and aqua
regia digestion method were both very effective for treatment of
ICP-AES analyte. Major metals (Fe) and minor metals (Cr, Mn, Ni,
Cu) in welding particles showed good recovery under those two
methods.

The calculation of silica coating efficiencies based on the mea-
sured mass difference between two digestion methods quantified
the metals sealed inside the silica shell. Five metals were tested in
this study based on the composition of stainless steel wires used in
metal particles generation. More metal speciation should be exam-
ined in the future to verify the method’s applicability range. It is
also possible to apply this analytical method to applications of sil-
ica shell/metal core particles, where high silica coating efficiencies
were expected from synthesis based on homogenous reaction but
no quantitative confirmation yet.

Metals encapsulated by amorphous silica cannot be further
extracted by general acid such as HNO3 or aqua regia. Hence, silica
encapsulation is a promising technique to reduce the biotoxic-
ity of metal compounds in nanoparticles. The experimental result
showed silica coating efficiency increased with increasing shielding
gas flow rate. The low silica coating efficiency under low shield-
ing gas flow rate was due to the premature decomposition of silica
precursors. Modification of welding gun structure to overcome this
shortage likely will improve the silica coating efficiencies under a
wide range of flow rates.
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