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erated nanomaterials: online
characterization via an ICP-MS based technique.
Part II: resolving power for heterogeneous
matrices†

D. Foppiano, ac M. Tarik, *a E. Gubler Müllerb and C. Ludwig *ac

Among the available online techniques to characterize combustion generated nanomaterials, the recently

developed RDD-SMPS-ICP-MS (rotating disc diluter-scanning mobility particle sizer-inductively coupled

plasma-mass spectrometry) setup is here suggested, due to its ability to provide simultaneously size-

resolved elemental and quantitative information with a high time resolution. The successful calibration

strategy presented in Part I will be applied here. To assess the resolving power of the technique

regarding the elemental composition, two different applications with complex heterogeneous matrixes

were considered: a mixture of several metal chlorides particles generated by the reaction of metal oxides

(PbO, CdO, CuO, ZnO) with CaCl2$2H2O and secondary formed ZnO nano-objects released during the

combustion of impregnated wood. The latter, especially, allowed considering the effect of the

heterogeneous nature of a realistic process gas sample, where several gas species are emitted. The

results of these experiments showed the ability of the SMPS-ICPMS system to distinguish and quantify

the single contribution of a specific element in the overall particle size distribution (PSD).
1 Introduction

Quantication and characterization of nanomaterials are
becoming crucial to determine their fate and concentration in
environmental samples. The possibility of using inductively
coupled plasma mass spectrometry (ICP-MS) for that purpose
has so far been extensively exploited,2 leading to its prevalent
use in single particle mode for the determination for engi-
neered nanoparticles (ENP) in levels of concentration close to
part-per-trillion (ppt).3 The detection of particles is performed
by acquiring transient signals with millisecond dwell times or
even microsecond for an improved resolution and working
range.4 Certainly, the possibility of acquiring multiple isotopes
in a short time represents one of the main points of interest, in
particular in the determination of mixed particle with core–
shell structure. Multiple elements detection was shown thanks
to an improved nebulization efficiency using a micro-droplet
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generator or by employing a modied ICP-MS, like the proto-
type of ICP time-of-ight spectrometer (ICP-TOF-MS) presented
by Borovinskaya et al.5–8 Some limitations arise for the presence
of naturally-occuring-nano-materials or if the concentration of
dissolved analytes lie above the (ppt) level, for which different
fraction or separation techniques have been combined in the
past (e.g. asymmetric ow eld-ow fractionation, ltration,
coupling with ion-exchange resin or cloud point extraction,
capillary electrophoresis, etc.).9–13 Although initially conceived
for atmospheric chemistry and detection of aerosol particles,
sp-ICP-MS is moving towards becoming the leading routine
analysis for the characterization of metal-containing nano-
materials principally in aqueous dispersion,14 with size detec-
tion limit estimated for more than 40 elements.15

Other online techniques normally employed in aerosol
research for the analysis of nanoparticles are either specically
optimized for atmospheric metal detection in a very low
concentration range,16 or particularly focused on organic
gaseous emissions employing so ionization techniques like
HR-AMS (high-resolution aerosol mass spectrometry) or HR-
ToF-AMS (high-resolution time-of-ight aerosol mass spec-
trometry),17 which can only be applied to non-refractory mate-
rials (with boiling points below 600 �C). The use of SP-AMS
(soot-particle aerosol mass spectrometry) or SPI-ToF-AMS
(single-photon ionization time-of-ight mass spectrometry)
presents major advantages in case of combustion emissions,
such as the possibility to follow the transformation of primary
J. Anal. At. Spectrom.
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organic aerosol (POA) occurring into the atmosphere and its
impact on cloud formation. Also, studying in detail the change
in composition and concentration of primary and secondary
volatile organic compounds (VOC) could help to assess
improvements in stoves design.18 SP-AMS allows characterizing
with high time resolution also metallic compounds even when
linked to refractory materials, e.g. black carbon (rBC), although
some drop in sensitivity for trace metals occur if they are not
contained in rBC-aerosol particles.19 Nevertheless, for all these
systems an extensive data treatment and availability of frag-
mentation tables and datasets are required.

For relatively high concentration ranges of the analytes of
interest and complex heterogenous matrixes, such as combus-
tion emission measurements, the use of an online method
focused on metallic or metal oxides particles analysis is of
particular interest, even more if it involves a faster data treat-
ment. Alternatively, the RDD-SMPS-ICP-MS technique is hereby
proposed as a robust online analytical tool having high ability to
provide simultaneously size-resolved elemental and quantita-
tive information with a good time resolution. This study pres-
ents two different applications assessing the resolving power of
the RDD-SMPS-ICP-MS setup in the determination of nano-
materials. The main features of the technique were already
described in Part I,1 where the calibration strategy was
explained.

Using the calibration concept previously described, two
different applications are presented: rst, during evaporation
experiments from a complex mixture of different oxides and
second, during combustion of ZnO impregnated waste wood.
2 Materials and methods
2.1 Instrumentation

The PSD and the chemical composition of the nanomaterials in
the ue gas were acquired online and simultaneously using
a special in-house developed setup SMPS-ICP-MS with a rotating
disc diluter (RDD) as introduction system. The main features
and the operating conditions of RDD-SMPS-ICP-MS were
already described in Part I.1 In this second part the aerosol
Fig. 1 Schematic of the setup RDD-SMPS-ICP-MS, including either a TG

J. Anal. At. Spectrom.
sources, only, were varying between the different sets of exper-
iments, as shown in Fig. 1. In the evaporation experiments and
for the calibration of the setup, a TGA was the instrument of
choice and the operating conditions were kept in line with the
previous work.1 The combustion experiments, instead, were
conducted with a tubular furnace (Heraus, RE 1.1), whose
experimental conditions were already described elsewhere.20
2.2 Materials

Beside Zn, the calibration of the setup RDD-SMPS-ICP-MS was
performed also for Cd, using an anhydrous CdCl2 powder
(Fluka, reagent grade$99%, 20899, GA10523). The evaporation
experiments included a mixture of several commercial powders:
PbO (Fluka, reagent grade$99%, 15338, GA2053), CdO (Merck,
reagent grade $99%, 2015.0100, 212 K14082415), CuO (Merck,
reagent grade$99%, 1.02766.0100, TP995866930), ZnO (Merck,
reagent grade $99%, 8849.0100203, K16151449) and CaCl2-
$2H2O (Merck, reagent grade $99%, 111TA106282). ZnO
impregnated sawdust samples were used to perform the
combustion experiments. An in-house prepared ZnO suspen-
sion (0.3 wt%) was used to impregnate the beech sawdust
samples, with a nal concentration of 1.5 wt% of Zn; further
details about the process and characterization analysis were
reported elsewhere.20
2.3 Experimental conditions

2.3.1 Calibration experiment with CdCl2 powder. In order
to quantify the ICP-MS signal of Cd and to calibrate the RDD-
SMPS-ICP-MS system, evaporation experiments of CdCl2
powder were performed using a TGA as an aerosol source. The
total gas ow inside the TGA was set to 100 ml min�1 (reactive
gas O2: 46 ml min�1; protective gas Ar: 54 ml min�1). An
alumina crucible with nearly 40 mg of CdCl2 anhydrous powder
was placed in the furnace. In order to identify the most suitable
temperature range for our experiments, thermochemical
calculations were performed with HSC soware (Fig. S1 in ESI†).
Consequently, the TGA program for the calibration experiment
was set as follows: the temperature was maintained constant at
A or a tubular furnace as an aerosol source.

This journal is © The Royal Society of Chemistry 2018
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439�, 457�, 475�, 493� and 511 �C for 15 min each. The heating
rate between these temperatures was set to 5 �C min�1 (Fig. S2
in ESI†). The isotope 111Cd was measured by using ICP-MS with
an integration time of 0.2 s (the general operating conditions of
ICP-MS were already reported in Part I1).

2.3.2 Mixture of different metal chlorides particles anal-
ysis. PdO, CdO, CuO, ZnO, and CaCl2$2H2O powders were used
as reactants to generate a mixture of different metal chlorides
(PbCl2, CdCl2, CuCl2 and ZnCl2) particles. As a results of the
thermochemical calculations with HSC soware (Fig. S4 in
ESI†), the temperature was increased between 25 �C and 850 �C
at a constant heating rate of 10 �C min�1, then an isothermal
step at 850 �C was maintained for 20 minutes (Fig. S5 in ESI†),
using O2 as a reactive gas, in the same ratio reported above. A
mixture of 25 mg of ZnO, 10 mg of PbO, 7 mg of CdO, 4 mg of
CuO and 83 mg of CaCl2$2H2O was introduced into the furnace
and the generated aerosol was initially diluted at the outlet of
the TGA and in the RDD (total dilution factor: DF ¼ 108) and
later introduced into the DMA. Transient signals of the isotopes
206Pb, 111Cd, 63Cu, and 66Zn were acquired (with an integration
time of 0.2 s each) by ICP-MS, while the CPC was measuring
concurrently the particle concentration of the size-selected
particles.

2.3.3 ZnO impregnated sawdust combustion. The
combustion experiments on 400 mg of ZnO impregnated
sawdust were conducted in a tubular furnace. The temperature
program of 24 minutes was including a drying step, a fast
pyrolysis from 300 to 900 �C, combustion at 900 �C and a fast
aer burning between 900 �C and 400 �C. The analysis by RDD-
SMPS-ICP-MS was recorded only during combustion and aer-
burning. Further details can be found in a previous
publication.20
3 Results and discussion
3.1 Mixture of different metal chlorides particles analysis

To assess the resolution power of the technique, a complex
mixture of several metal chlorides particles generated by the
reaction of metal oxides (PbO, CdO, CuO, ZnO) with CaCl2-
$2H2O was considered. The rst purpose of these experiments
was to distinguish the single contribution of each element in
Fig. 2 (A): SMPS particle size volume distribution of the overall amount o
(same scale of intensities for all of them).

This journal is © The Royal Society of Chemistry 2018
the overall particle size distribution (PSD). Although SMPS is
performing the size-selection and providing information about
the particle size, the volume-related concentration obtained
(Fig. 2A) refers only to the overall amount of particles generated
during the process. As a result of the time synchronization
between the two instruments, the ICP-MS intensities can be also
expressed as a function of particle size and, therefore, it is
possible to determine the single-element contribution to the
overall PSD. For instance, as can be seen in Fig. 2B, the signal
relative to 206Pb resembles quite closely the PSD measured in
SMPS and results in amuch higher intensity compared to all the
other elements, i.e. the emission of particles containing Pb
cover all PSD measured by SMPS. Furthermore, 111Cd and 66Zn
follow the same emission pattern as Pb, even though the related
intensity is lower. In the case of 63Cu, instead, the evaporation
occurred later on at a higher temperature, with a consistent
contribution to the PSD only in the fraction of larger particles
above 150 nm. In order to conrm the SMPS assumptions on
spherical geometry, TEM (transmission electron microscopy)
was employed to determine the particle morphology. Fig. S6 in
ESI† shows an example of TEM micrograph; the metallic-
chloride particles were sampled during another replicate oper-
ated in the same conditions like the experiment in Fig. 2.

The second purpose of these experiments regarded the
quantication of metals content emitted over time.

Firstly, it was calculated that 272 mg min�1 (RSD% ¼ 0.7) of
the initial sample was released over time with a total loss of
17.1009 � 0.0017 mg during the overall analysis, as can be
seen in Fig. S7 in ESI.† Secondly, the contribution of two of the
metals in the overall PSD was determined. In ref. 1 it was
already shown how the 66Zn ICP-MS signal could be quantied
and expressed in ng cm�3, thanks to the calibration strategy by
coupling ICP-MS with a TGA. As mentioned in the paragraph
2.3.1, we performed this type of calibration also for 111Cd
(shown in Fig. S3 in ESI†) and used those two calibration
curves to quantify the metal emissions during the evaporation
experiment with the mixture of metal chlorides. In summary,
as Fig. 3 is showing, not only elemental detection is performed
with high resolving power but also the determination of the
mass contribution of a specic element in the overall PSD is
possible.
f particles generated; (B): ICP-MS intensities of 206Pb, 63Cu, 111Cd, 66Zn

J. Anal. At. Spectrom.
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Fig. 3 Zn (A) and Cd (B) concentration obtained by extrapolation from TGA-ICP-MS calibration.
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The results of this analytical method are promising and it
can be applied for different applications. For instance, to study
thermochemical and kinetical properties, as the evaporation
rate of high boiling point metal compounds. In previous
attempts by Ludwig et al.,21,22 only the elemental composition
was acquired, whereas the SMPS-ICP-MS setup can help to
obtain size-resolved and elemental information at the same
time. On the other hand, characterization of ame-synthesized
particles and inorganic particles detection from diesel engines
or combustion emissions might be as well interesting as other
applications for the RDD-SMPS-ICP-MS system, since the
concentration levels are high and oen requires an extensive
dilution.

3.2 ZnO nano-objects from impregnated wood combustion:
Zn estimation

Wood combustion experiments were carried out to study the
effect of the heterogeneous nature of a real sample, where
several gas species and particulate matter (PM) are generated. In
particular, we tracked the release of ZnO nanoparticles during
the combustion of impregnated wood.

Wochele et al.23 showed in their similarity laws that the
volatilization of heavy metals can be modelled in good
approximation even in a scale-down furnace, instead of using
a large waste incinerator. Thus, real combustion conditions
were simulated in scale-bench experiments using a tubular
furnace. Although qualitative information could be extracted
Fig. 4 ICP-MS measured intensities for 66Zn ((A) adapted from Foppian
concentration of Zn (B).

J. Anal. At. Spectrom.
and the release of ZnO nano-objects was demonstrated,20 so far
it was not possible to deduce quantitative information as well.
Analytical methods for the determination of metals emissions
from stationary sources (such as Method 29, from the Envi-
ronmental Protection Agency24) oen include the use of quartz
bre lters for PM and impinger bottles for gaseous emissions,
with following offline analysis with ICP-OES (inductively
coupled plasma emission spectroscopy), ICP-MS or CV-AAS
(cold vapour atomic absorption spectroscopy). Most of the
studies on wood combustion emissions presented a similar
approach regarding PM elemental analysis, with collection of
the particles onto analytical lters and subsequent ICP-MS
analysis, while the size distribution is oen determined with
SMPS or FMPS (fast mobility particle sizer) and ELPI (electrical
low-pressure impactor) or HRLPI (high-resolution low-pressure
cascade impactor). Other offline methods to assess the
concentration of trace metal in aerosol samples are XRF (X-ray
uorescence) or PIXE (proton-induced X-ray emission).25–28

Some exceptions were although including an online strategy,
such as trace metal analysis on soot particles by SP-AMS19 or
organic emissions determination by SPI-ToF-AMS.29 Those
methods require anyway an extensive data treatment and
availability of molecular fragmentation tables.

The quantication of Zn for combustion generated nano-
particles was here performed using the calibration strategy
coupling a TGA, described before. Fig. 4 is showing on the right
side the ICP-MS intensities measured as a function of the
o et al.20 Copyright 2018 American Chemical Society) and calculated

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Volume distribution of the total amount of particles generated ((A) adapted from Foppiano et al.20 Copyright 2018 American Chemical
Society) and volume distribution of ZnO only (B). The right colour scale (nm3 cm�3) is valid for both plots.

Paper JAAS

Pu
bl

is
he

d 
on

 0
7 

A
ug

us
t 2

01
8.

 D
ow

nl
oa

de
d 

by
 L

ib
4R

I 
on

 8
/1

4/
20

18
 4

:2
6:

33
 P

M
. 

View Article Online
mobility diameter and time and the corresponding Zn
concentration on the le side. The temperature program used
for this study is shown in Fig. 5A. Most of the Zn-containing
particles were emitted aer the fast pyrolysis and during the
combustion at 900 �C, whose concentrations lie all well beyond
the LoD of the method and are represented in Fig. 4B.

A matrix-matched calibration might deliver more accurate
quantication.6 However, due to the high dilution applied no
substantial matrix effects were expected. Indeed, the moni-
toring of the plasma stability through 124Xe signal, acquired
during the whole experiments, conrmed this supposition.
Assuming that the entire Zn concentration hereby measured
can be referred to ZnO nano-objects, this latter can be expressed
also as volume-related concentration using the density of bulk
ZnO (Fig. 5B). Apart from knowing the effective density would
lead to more accurate results,1 the quantication of the volume
concentration of ZnO is succeeded. Moreover, possible incon-
gruences due to geometrical factors are bypassed by gathering
the ZnO volume-related PSD from the Zn concentration
measured in ICP-MS. The ZnO nanoparticles presented
morphology rather similar to a nano-rod than a sphere.20 Those
deviations from the spherical geometry could lead to signicant
changes in particle mobility diameter. The range of voltages
applied and the low electric eld caused in this case a random
orientation of the particles, without any preferential particle
alignment during the size-selection into the DMA.30,31

As a result of Fig. 5A and B comparison, it can be concluded
that the volume concentration of ZnO can be tracked and
discriminated from the total PSD even though it gives in a very
small contribution. This observation is consistent with the
studies of Elsasser and Leavey, who both reported how a higher
ratio of organic matter is generated during each stage of wood
combustion in comparison with the inorganic fraction.32,33
4 Conclusions

In the two parts of this study, it was shown how the external
calibration of RDD-SMPS-ICP-MS with a TGA was a successful
strategy to express the ICP-MS intensities as concentration.
Moreover, by coupling SMPS and ICP-MS not only additional
This journal is © The Royal Society of Chemistry 2018
elemental information can be obtained but also a direct
comparison and corrections for possible underestimations of
SMPS data. Even though the organic matter released during the
process exceeded consistently the inorganic fraction, it was still
possible to resolve the contribution of ZnO nano-objects, track
their emission with a good time-resolution and provide the Zn
concentration. In this work, we proved also the resolving power
of the technique in a complex matrix and for heterogeneous
conditions such as during the combustion of impregnated
wood.

However, especially for heterogeneous samples it is sug-
gested that in the future a matrix-matched calibration approach
would be used, which could better take into account also matrix
effect. The majority of the studies on emission from stationary
sources includes mainly off-line analyses with separated PSD
measurement and elemental composition determination,
whereas for online studies AMS related techniques are primarily
reported in the literature.

The RDD-SMPS-ICP-MS system here considered is extremely
useful for an initial screening of metallic particles even among
complex mixtures including a size and time-resolved acquisi-
tion with a faster data treatment, needless of extensive molec-
ular databases. The use of complementary techniques is
nevertheless advisable to collect information regarding the
speciation, further transformation occurring in the gas and the
morphology of the particles emitted.
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