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Single particle inductively coupled plasma mass spectrometry (splCP-MS or SP-ICP-MS depending on the
author) is becoming an important tool for the characterization of nanoparticles (NPs). The method allows
determining the size, size distribution, and particle humber concentrations of NPs in suspensions after
a mere few minutes of measurement. This review is modeled after the concept of “an ideal method for
atomic spectroscopy” introduced by Gary M. Hieftje in his publication dedicated to Howard Malmstadt.
This review discusses the instrumental developments in spICP-MS of recent years step-by-step, from the
sample introduction system to the detector. The authors identify necessary improvements and suggest
directions for further developments which have the potential to bring the method closer to “an ideal
method for atomic spectroscopy”. The review also discusses the literature on coupling spICP-MS to
separation and fractionation techniques including capillary electrophoresis (CE), field flow fractionation
(FFF), and differential mobility analysis (DMA). The second part of the review is dedicated to the
applications of spICP-MS. Key steps in sample preparation and selected instrumental conditions that
were used in the published literature are summarized in a tabular form. Most frequently, spICP-MS is
used for silver (Ag), gold (Au), and titanium dioxide (TiO,) nanomaterial analysis. Data acquisition was
typically performed with millisecond dwell times in the past while a time resolution of hundreds of
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1 Introduction
1.1 Nanomaterials

Nanotechnology is a rapidly developing field of science which
utilizes materials and their properties at the nanometer (10~°
m) scale. The basic idea of nanotechnology has been formu-
lated already in 1960 by Richard P. Feynman: “What would the
properties of materials be if we could really arrange the atoms
the way we want them?”” Indeed, materials at the nanometer
scale possess unique properties different from those of
chemically identical bulk materials. The fact that matter has
distinct size-dependent properties led to the development of
colloid chemistry. The first systematic studies in this field
were conducted by Michael Faraday when he described the
properties of “ruby” gold (Au) suspensions in 1857.% “The
state of division of these particles must be extreme; they have
not as yet been seen by any power of the microscope.”® This
statement is proof that the task of analyzing Au nanoparticles
(NPs) was a challenge. The variety of states and properties of
nanomaterials still presents a challenge for their character-
ization in analytical chemistry, even after more than 150 years
after the term “colloid” was first coined.* The invention of
electron microscopes in the 20th century has allowed scien-
tists to visualize nanomaterials (i.e. particles of any shape
with at least one dimension of a size between 1 nm and 100
nm). Although microscopy-based techniques became prom-
inent nanomaterial analysis tools, they have some limita-
tions, namely, difficult sample preparation, limited area of
analysis, and measurement of projections (not three-
dimensional imaging). Therefore, alternative analysis
methods are needed.

An alternative method for nanomaterial characterization
is single particle inductively coupled plasma mass spec-
trometry (spICP-MS, also referred to as SP-ICP-MS depending
on the author).” The technique utilizes a standard ICP-MS
setup, and makes use of time-resolved detection to probe
NPs that are introduced into diluted suspensions (ideally)
one by one. Since the first publications, the field has grown
rapidly (Fig. 1) and, in the authors’ estimation, will continue
to grow. There have been several reviews focusing on the
topic of spICP-MS,*® discussing the principles, potential,
limitations, and selected applications. The goal of this review
is to critically discuss the latest developments and remaining
challenges of spICP-MS and its metrology, to highlight
instrumental parameters that are important for NP detection,
and to inform the reader about the latest applications of
spICP-MS when used with and without particle fractionation
methods.

1.2 Principle and early development of spICP-MS

The basic principle of spICP-MS is that NPs can be detected
individually if they are introduced sequentially into diluted
suspensions and the detector readout frequency is sufficiently
high. The constituents of a given single NP generate a discrete
pulse of ions at a corresponding mass-to-charge ratio (m/z) on
the order of a few hundreds of microseconds above the
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Fig. 1 Number of spICP-MS publications according to the Web of
Science database (accessed on 28 May 2019). 314 publications in total.
The search command: "SP-ICP-MS" or "SP-ICPMS" or “sp-ICPMS" or
“single particle ICPMS" or “single particle ICP-MS" or "single particle
inductively coupled plasma mass spectrometry” or “single particle
inductively coupled plasma mass-spectrometry” (the characters are
not register sensitive). Note that two publications published in 2004-
2006, which do not use the abovementioned terms, were added
manually. *The results for 2019 are incomplete.

continuous background.' The signal abundance is propor-
tional to the mass of an NP after careful calibration of the
system. NP size can then be calculated from the NP mass if an
element-specific density and particle geometry are assumed.
The frequency of the detected signal pulses can be related to the
particle number concentration (PNC) in the suspension. Over-
all, spICP-MS allows obtaining the average size, size distribu-
tion, and PNC of NPs after only a few minutes of measurement.
Quantification and calibration strategies were summarized and
described in detail in other older reviews,*® so they will be
discussed only shortly below.

The history of discrete particle detection has already been
described.® The first utilization of an ICP source for time-
resolved particle analysis was published by Kawaguchi
et al.'* In their paper, micrometer-sized particles were gener-
ated after the desolvation of monodisperse NaCl, Ca(NOj3),,
and Cu(NOj), droplets. The method was based on optical
emission spectrometry (OES) detection and intended for the
analysis of particles in air. Time resolved detection of MnCO;
particles in model aerosol samples with ICP-OES was reported
by Bochert and Dannecker to obtain a particle size distribu-
tion.*” Later, the group of Kawaguchi adapted the technique to
ICP-MS (the commercial detector was modified) to achieve 15
times lower mass detection limits (LODs) and detect femto-
gram amounts of zinc."® This method utilized monodisperse
droplets of Zn(CH;COO), and Pb(NO3), suspensions that were
dried to produce particles, which were then introduced into
the ICP-MS. Two years later it was shown that instrumental
conditions significantly affect the resulting particle signal.*
For example, the combination of radio frequency (RF) power,
sampling position, and carrier gas (also referred to as “nebu-
lizer gas”) flow were shown to influence the signal. For Zn-
containing particles, optimal conditions for particle
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detection were reported to be 1400 W RF power, 14 mm
sampling position, and 0.8 L min~" carrier gas flow; however,
no other elements or matrices were tested. At that time, the main
future applications for air and aerosol analysis were predicted to
be environmental studies (detection of contaminants in air) and
control of clean environments (e.g. clean rooms in industrial
application).***¢ Also, the detection of particles from suspen-
sions with ICP-OES was reported.'”*® For example, Knight et al.
studied micrometer-sized particles of refractory oxides and sili-
cates.”® They pointed out that due to incomplete droplet vapor-
ization and particle ionization, the response obtained for 3-7 pm
silica particles was not proportional to the mass of the analytes.
Furthermore, the mass calibration “still has remained a problem”
when the article was published, due to a lack of commercially
available particles (detectable by ICP-OES) with narrow size
distributions.'®

A feasibility study for colloid suspension analysis with spICP-
MS was published by Degueldre and Favarger in 2003.% In the
paper, results of spICP-MS with 10 ms dwell time for the anal-
ysis of polydisperse 400 nm (median size) TiO,, 150 nm Al,O3,
400 nm FeOOH, and some natural colloids were presented. The
choice of isotopes for detection was discussed in detail because
of the mass interference experienced by light elements in
a single quadrupole ICP-MS (ICP-Q-MS), and **Ti", >’Al", >"Fe",
and *Y[SiO]" were chosen for NP detection in a model water
matrix. Similar studies were published by the same authors for
100 nm ZrO,," manually milled ThO, (ref. 20) and UO,,* and 80
to 250 nm Au particles.?® The studies utilized PNC of 10° to 10°
em?, and the method was presented as an alternative to
microscopy investigations.>**-*?

After the first publications on spICP-MS between 2003 and
2011, the total number of publications first doubled in 2012 (cf:
Fig. 1). According to a search in the Web of Science database,
interest in this method is steadily growing and over 300 peer-
reviewed manuscripts on the topic have been published to
date. The next chapter is dedicated to the description of
improvements of the spICP-MS method and areas that require
further research and where the methodology can be further
developed in the opinion of the authors.

2 A step towards an ideal spICP-MS
method

The title and idea of the article were inspired by plenary lectures
of Gary M. Hieftje**** and his publication dedicated to Howard
Malmstadt in 2006." Howard Malmstadt's research reportedly
followed the concept of an “ideal”. He was known to first define
the qualities of an ideal “concept, method, device, or system”,
and the research itself was then aimed at overcoming the
identified weaknesses.' In the same paper,* the characteristics
of such “an ideal method for atomic spectroscopy” were
defined. These characteristics comprise, among others, the
LOD of a single atom, no spectral or matrix interference,
simultaneous multielement detection, and standardless anal-
ysis.* These ideal characteristics warrant another look here and
will be compared to performance characteristics as they are
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related to spICP-MS and NP analysis to date. The capabilities
and advances of the method along with the limitations are
critically discussed and future areas of research are identified
which would help to bring us closer to what would be an ideal
spICP-MS method.

2.1 Sample preparation

“An ideal method for atomic spectroscopy” would require no
sample preparation, and, ideally, liquid samples could be
analyzed with spICP-MS without any sample preparation. In
reality, this can be done only for model solutions (and not for
unknown samples); however, this still requires an abundance of
factors to be considered beforehand, especially when a signifi-
cant amount of matrix is present, in order not to alter the state
of NPs. Nanomaterials possess high surface energy that makes
them more reactive compared to bulk materials of the same
composition; therefore, the stability of the NP suspensions
should always be considered during storage, handling, sample
preservation, and sample preparation. Different dispersion
media or dilutions, interactions with materials of the sampling
or storage containers, storage conditions, and storage time may
alter the surface coating or size of the NPs and cause aggrega-
tion. Moreover, a certain PNC range is required for analysis to
measure the NPs individually. The required PNC range for
analysis is discussed here in detail, as it depends on a plethora
of factors (nebulization and transport efficiency, type of nebu-
lizer and sample introduction system, elemental composition
and size of the NPs etc.). If the samples are too diluted,
measurement time can be increased to enhance the number of
detected particles. In some cases, matrix interference can be
reduced by sample dilution.

Nanomaterials often come in complex matrices (e.g. solid
matrices and environmental and food samples) and require
carefully optimized sample preparation protocols for their
successful extraction and spICP-MS analysis. Table 1 presents
an overview of all papers which report sample preparation
strategies for spICP-MS sorted by the type of matrix (e.g.
animal tissue, cell cultures, body fluids, cosmetics etc.) and by
the publication year. This table is intended to help the reader
to easily grasp the experimental details. In addition, the
reader is advised that the main challenges of sample prepa-
ration are discussed in some detail in other papers and
reviews.>>?¢

It is fundamentally important when using complex matrices
to consider that the state of NPs may change due to filtering
(NPs may interact with filter membranes), species interconver-
sion (NPs may partially dissolve and form ionic species or ionic
species can be reduced to corresponding metals), extraction and
digestion procedures, or storage. At the current state of
knowledge and as it is used today, spICP-MS is considered to be
very suitable for the analysis of liquid samples without any
sample preparation but only in the case of a rather simple
matrix. In all other cases, a careful sample preparation method
development is required for the analysis of complex, in partic-
ular, solid matrices to ensure that NPs do not change in their
size, form, or aggregation state.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9JA00206E

JAAS

View Article Online

Critical Review

_un T
1'T sed 19z1ngau
U L0 sed
Arerxne ¢ _urw

JToqureyd Aeids
peaq oedurr
zyrenb ‘19zIinqou

3 aseurajoxd

[10s ur €1 sed 3urjood J1IIUIOUOD IM Uonsadip SdN 3V pa1e0d
11T asodxa oma ur wu Og swr ¢ ‘M 00%T 1omod g9 sse[3 [esruoD onewdzug anssn wIomyeq -dAd WU 0S  ST0T
wISAs
UOIIBA[OSIP
‘roquueyd Aeids
JIUOTOAd pajeay 3 aseurajoxd
‘19ZI[NqaUOIdTW 3m uonsadip OLL
0TT a1nsodxa [e10 s/u sw ¢ s/u vad onewAzuyg uoo[ds jey  osejeur WU S¢>  FTOT
L_um T
1'T sed 19zIngau JToqureyd Aeids
‘,_uru L0 sed peaq oedurt
Arerxne ¢, _urwu T z3renb ‘1azingau 3 aseurajoxd
€1 sed 3urjood J1IIUIOUOD Im uonsadip Jeour SdN 3V pa1eod
60T s/u sw ¢ ‘M 00FT Tomod I SSe[3 [eoruoD onewAzuyg uaoIyd payids -9jenId WU 09 10T
,_UIW T 66°0-96°0
se3d 1azIngau  aseurajoxd
¢, _uru T 80 sed Iaqureyd 3m uonsadip
SAN 23 Areryixne ¢, _unu Aeids oTuO[0Ad onewAzua
JO UONBNSTUIWIPE  PAIIPISUOD dIoM 71 sed 3urjooo ‘19z1nqau pue uonsagdip
80T SNOU2ABIIU] WU F¥< SIN ATUO sur ¢ ‘M 0SST 1omod I VA MO[AOITN  HVIALL QUl[ey[y onssn ey SIN NV WU 09 ¥T0T
s3uneod
¢o1s padop
sojdwes snoanbe wnurunye
Aressadou ‘ydwdjoway 10 dAd Ynm
£0T asd wu og> sw QT s/u s/u  aIayMm ‘suonnyia puSpw viuydoq saxmoueu 3y €10¢
sojdures snoanbe SAN
‘sanssn snivdarma 3v pajeod-dAad
Iaquuieyd HVIAL SmnolMqWnT WU 00T pue 09
Aeids o1u0[0£d Im uonsadip ‘pusvut viuydoq ‘SdN Ny pajeod
90T s/u swi 0T s/u  ‘I19zI[nqau Sse[n aurey[y  ‘Jooq punoid payids -dAd WU 00T €10C
SdN 3v pa3eod
-dAd wu 0L
uoneindap Y 8% Zuurayy winl ‘o¢ ‘s1opmod
I9)Je U2Ad 9NSST) SH°0 pue I9yem anssn smpdarwa N Y WU 00ST
SOT ul pa3oo3ap SAN s/u s/u s/u S/U  UIIM UOIEITUOS SnnoLquInT pue ‘08 ‘0¢ €107
SAN
skep 8¢ jo 3 aseurajoxd 3V pareoo-dad
potrad e 1940 sjer IazI[ngqau Im uonsadip wu ST> 10 JO0E
0T Jo arnsodxa [e10 wu 0g sw ¢ M 00¥T 1omod 19 uoiduiqeq onewAzuyg anssn ey -JAN WU 02>  ¢10CT
anssn [ewuy
BEN| samyeag  (@sd) AOT 2zIs awn s1ayowered Jaqureyd Aeids uoneredard XIIRA pozAfeue  I1eax
ema BUWISE[d pue I9ZI[NGAN ordures sadA) dN

*00u00r] parodun) (¢ [RRIAWOJUON-UONNGLNY suowwo)) aanear) e sopun pasuadr] st opnre sty ], | [ETEER (o)

,SAOT 9zIs donJed pue ‘sadujew a)dwes ‘'suonipuod |eyuswLadxe payda)as Yym siaded sisAjeueoueu Sin-dD|ds pamainai-iaad jo Alewwns T 9igel

‘INV TS:€S:€ TTOT/YT/Y U0 papeo[umo( “610T AIN[ g U0 paysiqnd d[only ssa00y uadQ

J. Anal. At. Spectrom., 2020, 35, 1740-1783 | 1743

hemistry 2020

This journal is © The Royal Society of C


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9JA00206E

View Article Online

Critical Review

JAAS

*00u00r] parodun) (¢ [RRIAWOJUON-UONNGLNY suowwo)) aanear) e sopun pasuadr] st opnre sty ], | [ETEER (o)

‘INV TS:€S:€ TTOT/YT/Y U0 papeo[umo( “610T AIN[ g U0 paysiqnd d[only ssa00y uadQ

sar10jeIOqe]
0T J9A0 YIm Apn3s
soueuwrrojrad  aseurajoxd
poylow syuedonied  syuedonted oy Im uonsadip JeaW J[osnul SdN 3V pa1eod
78 £103010qB[IOIUT wu 0g-ST swi ¢ s/u s/uio O oyl Juowe parrep Suoure paurep onewdzug uDPIYd paxids -dAd WU GZ 03 ST £LT0T
(s1sAreue
I9A[IS [830}
10} A[uo payroads
SUORIPUOd
asap) L_uma g
89°0 sed 1azIngou
‘_ur €0 ses Iaqureyd suonsadip [eunsajul
Areryixne ¢, _urnut 1 Keads adfy pue ‘o1nsed ‘earfes
¢1 sed 3urood  -1309S ‘19zI[NgaU S10BIIX9 3Sa3Ip  ‘[opoul 0.714 Ul 19)je
LTT s/u sw 0T 3,00 O ‘M 00ST 1omod g9 ISTINOIDTA jJouonnpiq 93sed jeaws UNPIYD SIN 8V WU 92 /10T
LU g
punoidyoeq pes| 0T°T se$d 1az1ngau Iaquieyd
a3 uo puadap ¢ _ur T 69°0 ses Aeids o1uO[2£d
03 payiodai Arenxne ¢, _urw T ‘Iazingau 3 aseurajoxd
sem qOT 9ZIS $T sed 3urjood plRslseblilen) IIM UONSAZIP SAN
9TT ‘s39[[Nq WOIJ peaT wu 08 03 0% swi g \Adgo, O ‘M 0ssT 1omod a9 MO[J-MOT onewdzug JeawW awien (d WU 0SZ 03 0F  ZT0T
SAN paisadur
-UOU 9AOWAI
03 pasn sem
uone3nyInuad JTaquueyd Aexds HVIALL
juarpe1d peaq oedur IIM UONSAZIP opojewdu suv3aja SAN
SIT K1suap asorong s/u sw 0T OV, Po) s/u  ‘razingau adKy-D auIe[v SIIpgpYLoUaP) Ny WU 09 pUe 0¢  LT0T
apowt U
uonnosal  'T SeS 1azingau
MOJ UT ‘,_uru g1 sed
suay pasn sem  ATerjxne ‘| _un T 3 aseurajoxd
0] UONBNSIUTWPE 19zATeu® 6T sed 3urjood )M UONSAZIP SAN 3V p21e0d
PIT [e10 wu O swi g BV ssew 4S ‘M 000T Iomod A9 s/u onewdzug  S[OA pue SISAI USH -dAd WU 0T 10T
Qorua Iaquuieyd
oreway yueudaid Keids o1u0[2£d
10J [0SOIo® ‘1azingau HVIALL $95N390§
dN ® Jo uoneeyur JL1}UIUOD 3m uonsadip ‘seyuaoeld ‘sanssn
€11 A[uo-asoN wu €l SW 0 BY,00 Po) s/u z31end) aure[v [EUId)BW OSNOIN  SAN 8V WU 0Z-8T  £T0T
SPOYIdW JUIPIP
M SIsA[eue
93 INO pariIed sarpms snoraaid  sarpnis snomaid  sarpmys snoraaxd Jeowr SAN Sy paieod
CIT  S9LI0JBIOQR] OMT, s/u s/u s/u s/u 0} 20UdI9JoY 0} 20U2I9JoY 0] 20U219JoY upPIYd payids -dAd WU Z¥  ST0T
REN| sarmead  (Asd) AOT dzIS owmn sadojost IozATeue s1ajowered JTaqureyd Aexds uoneredard XIIJBIA pozAleue  Ieax
mema paInsesN SSEIN ewIse[d pue 19ZI[ngaN odures sadfy AN
(‘Pu0D) T o19eL

This journal is © The Royal Society of Chemistry 2020

1744 | J Anal At Spectrom., 2020, 35, 1740-1783


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9JA00206E

View Article Online

JAAS

Critical Review

*00u00r] parodun) (¢ [RRIAWOJUON-UONNGLNY suowwo)) aanear) e sopun pasuadr] st opnre sty ], | [ETEER (o)

‘INV TS:€S:€ TTOT/YT/Y U0 papeo[umo( “610T AIN[ g U0 paysiqnd d[only ssa00y uadQ

¢, _uru 7 g0 sesd Iaqureyd
Areryixne ¢, _unw 1 Keids o1u0[0£d HVIALL S[[90 [RI[eYIOPUD
¥1 sed 3urjood ‘19zI[ngau M uUonsagIp UToA [edI[IquIn SAN Ny pajeod
STT s/u sw 0T v, O ‘MossTIomod 7 VAd MO[AOIIA auIe[y uewny ATewtig -9JenI> WU 08 ST0T
LU T
78°0 sed 19zI[ngau
¢ _uru T 80 ses SAN
Adegr Arerixne ¢, _unw Pa1802-97R11D
Ny, €1 sed 3urjood uonnyIp sdel dN q3m 34 wu og pue ‘3y
vel Sw 60 3,00 O ‘M 00cT 1omod 1 sju ‘ysem SuneN  Aesse yNA xo[dB[NA WU €T ‘NY WU ST $T0T
un T
68" Sed IazI[ngou
‘,_uru T 8o sed JToqureyo Aexds
Arerixne ¢, _unw peaq 1oedur uonnqp saTpoqnue
€1 sed Surood ‘roziingau  ‘s3e) o) asesar 0 s3e) se SAN SAN NV WU 08
€TT wu ST sw QT Y, O ‘M 00VT 1amod £  91IIUDUOD SSB[D 0] FONH %¢  Yim Aesseounuuwiy pue ‘0¥ ‘0z 600T
suonesrdde [esrdojorg
LU g
1T sed 19zI[nqou uonezIfIqels Sas
paziundo ‘,_uru L0 sed JTaquieyd Aexds  ‘yuaunresan ‘O°H (urexq pue ‘s[[i3
sem anssn Arenxne ¢, _urw T peaq joeduwir 91 aseurajord “I9AT] ‘ounsaur)
W01} UOIIOBIIXD 09D WU OF €T sed 3urood ‘I9ZI[Ngou IM UOTISAZIP (01104 01uDQ) SAN
k44 dN I0J POUYIIN  —0€ ‘“OLL WU 00T SWE 9Dy, ‘Mg O ‘M 00¥T 1omod 19 sse[d [earuoD onewAzZUY ysyeiqoz payids %0aD pue ‘OLL  810T
,_unua arnyxtwa asedr|
66°0 Sed 1ozIngou Ioquieyo pue unearoued e
‘,_uru g T sed Keiads oruo[oAd IM UOTISAIP
Arerjixne ¢, _unu ‘(A1rearo s/u) onewizua
9T sed 3uI[00d  I9zZINQaU Vdd 10 pa3sisse SAN OLL 9[nnI
1CT wu 7°0e-7'¥¢  SW 1°0 Mgy O ‘M 009T Iamod g9  OLIIUIIUOD SSB[D punosenin ysnpjow aqypazg WU 00T PUe 0S  §TOT
wu '8 sordures
uonisod urdures snoanbe (onia.4
‘U HVINL ounq) Ysyeiqoz SAN NV pue
OV, $1°T ses 1az1ngau M uonsasgip JO anssn aunsajul 3v pareoo-dad
it4s s/u  swIo 8V, O ‘M 0ssT 1amod 19 s/u aurreq[y pue ‘[[13 ‘1oArT wu 08 pue 0¢  8T0T
aInsodxa LU
[e10 19)je 1T sed 19zi[nqau Iaquuieyd
Po30939p a19m ¢, _uru 80 sed Ke1ds o1u0[04d
I9AT[ UI SN OU Arerixne ¢, _unu ‘19zI[ngau 3 aseurajord BBl
‘SN Jo uonoafur ¥1 sed 3urjooo J11JUIIUOD M uonsagip o[eWId) JO IaNSSH
61T SNOUABITIUT wu g1 sw ¢ oo O ‘M 0ssT 1omod g9 MOTJ-MOT onewdzug 3un| pue 19A1T SAN “09D 8107
Kouppy ‘19A1]
p_uru g ‘uaords ‘3uny “9I1eay
£°0 Se3 1az1nqau uonoa(ur 201w jo Jurdewr SAN
8TT s/u  sw OV, O ‘M 00¥T 1omod 49 s/u SNOUdARIIUL SIN-dDI-dS-VI NV Wu 08 pue 09  /10¢
REN| sarmead  (Asd) AOT dzIS owmn sadojost IozATeue s1ajowered JTaqureyd Aexds uoneredard XL pozAleue  Ieax
mema paInsesN SSEIN ewIse[d pue 19ZI[ngaN odures sadfy AN
(‘Pu0D) T o19eL

J. Anal. At. Spectrom., 2020, 35, 1740-1783 | 1745

hemistry 2020

This journal is © The Royal Society of C


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9JA00206E

View Article Online

Critical Review

JAAS

*00u00r] parodun) (¢ [RRIAWOJUON-UONNGLNY suowwo)) aanear) e sopun pasuadr] st opnre sty ], | [ETEER (o)

‘INV TS:€S:€ TTOT/YT/Y U0 papeo[umo( “610T AIN[ g U0 paysiqnd d[only ssa00y uadQ

Iaqureyod -p1oe d1AxoqIied
Aexds Teoruod 19)em pue 10 -9e110
L. ,_un ‘IozIn@au  ‘HVIALL ‘X UOIILL, pooq a[oym wu Q0T pue
1231 wu Q¢  SwW SO0 ,+m<h: O 90T sedi1azingaN  SSe[3 JIIIuaduU0) M uonnjig uewny payids ‘08 ‘09 ‘0S ‘0€ ‘0T ZT0T
(oH) amx 2)BSUSPUOD  BII[IS JUI[[EISATIO
ceT wu 00¢ swr ¢ ISge m O s/u s/u yyeaiq pa[eyxy o[qendsay /10T
SAN
LU g I9zI[ngau SJEIJO Ny PJe0d-21enId
TE€T s/u sw QT OV, O SO'TSedIdazInNgaN  SSe[d ISTINOIIIN uonniq  pooyq a[oym payrds wu 7’6 F ¥y S10C
Luna g
1'T sed 1azingau surajoxd
¢, uru L0 sed JToqureyd Aeids INOYIIM pue
Areryixne ¢, _urnut 1 peaq oedurn m saom( a11q pue
¢1 sed 3urjooo ‘I9ZI[Nqau ‘[eusponp ‘o1nsed SdN 3v pajeod
€T s/u s/u By Lot O ‘A 00T 1omod 19 ad£y uoy3uiqeg uonniq ‘“BAITES [9POIN -9Jend WU 09  ¢I0T
anssn pue spinjj Apog
LU T
60'T sed 1azingau amydeo-uonoear
‘,_urwu 1 sed JTaqureyd Aexds uonezIplqAy
Arerixne ¢, _unw peaq 1oedur ampascord  yompues 19)e SIN
£1 sed 3urjood ‘19zI[ngau pa[relop ny pazijeuonouny SIN Ny pajeod
0T s/u swr ¢ v, O ‘M 0SzT 1oMmod 4 OLIIUIDOUOD SSB[D 10J 9[oTIIR 998 -opnoapNuolIO -9JeN)I> WU 0 610T
_un T
£8°0 se$ 1azI[ngau
U T £L°0 sed
Areyxne ¢ _urw
G ¢T sed 3urood IazZI[nqau 3unsay A101X03009 syfes 10
62T £(HO)ID WU 06  SW S0°0 A0 O ‘M 00ST Tamod 19 ISTINOIOTIN uonnyia [e3[e 10] WINIPIN  WOIJ pOWIO} SAN  8T0T
_u T
paqriosap a1e 68°0 sed 19z1nqau SAN
UONIBZLId)OBIRYD ZOLL WU 00T ‘_umu T 20 ses IaquIeyd ZOLL WU ST ‘SdN
dN 10} -09 OV Arexne ¢ _urw Keids oruo[oAo wnrpaw €09V WU ¢
8CI  SPOUIdW [BIOAIS WU 0S ‘[V WU $S§ sur ¢ s/u o} €1 sed 3urjoon ‘1ozIngau vad S/u  2INNd [[9d [SPON ‘sdN [V WU 8T  8T0T
SAN
pipudpogns 3y pareod-a1eno
uonnyip b1y 2410pnasd pue “14dq
‘(az1s a1od wml 1M WNIpaur -DAd Wu 0/
LTT s/u sur ¢ B, oL s/u s/u  Sp'0) UonEn[Id 2IMNd 107 ADIO pue ‘o¢ ‘0T  9T0T
LU T SAN 3V pareod
$6°0 (1v) mopy -21eND WU G/
2OLL sed [euonippe 00T  S[[90 BWOISE[OINAU  PUE (S ‘SAN “OLL
91T wu 69 ‘8v W ¢g swe Ly, 8V, O ‘M 00vT 1omod 4 /U -X UOMLL Ul SISAT aSNON wu oz pue £ 910T
,_UIW T 66°0-96°0
se3d 1azIngau
REN| sarmead  (Asd) AOT dzIS owmn sadojost IozATeue s1ajowered JTaqureyd Aexds uoneredard XL pozAleue  Ieax
mema paInsesN SSEIN ewIse[d pue 19ZI[ngaN odures sadfy AN
(‘Pu0D) T o19eL

This journal is © The Royal Society of Chemistry 2020

1746 | J Anal. At. Spectrom., 2020, 35, 1740-1783


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9JA00206E

View Article Online

JAAS

Critical Review

*00u00r] parodun) (¢ [RRIAWOJUON-UONNGLNY suowwo)) aanear) e sopun pasuadr] st opnre sty ], | [ETEER (o)

‘INV TS:€S:€ TTOT/YT/Y U0 papeo[umo( “610T AIN[ g U0 paysiqnd d[only ssa00y uadQ

I9ZI[Ngau
U1 1 80°T-90°T pIequs N uonnyIp
sed 19z1nqau ‘Ioqureyd ‘00T-X UOIILL SAN
1548 wu 67—/  SW T'0 RAPS O ‘M 009T 1amod 19 Keids o1uoPAD ut uorsiadsiq SUd2I0SUNS  PQLL WU 0y 03 ¢€  STOT
SonPWIS0)
asodwoooueu
auojoejoxdeosdjod
pue SIND jJo sjonpoid
uoneperdapojoyd uonnyIp uoneperdap
03 ‘uonedIuos Sururejuod
oNp pases[ol aIom ‘uonippe  sjuejeuradns aseafar
oFT sjuowiderj IND s/fu  sw o Aes fo) s/u s/u Jue)ORIING  ‘SIND Po[[em 2[3uls X pare[edIqul  £10¢
LUt T T-68°0
sed 19z1ngau arnsodxa IND 1oye
¢,_umu T z0'T sed sordures I193em aindoueu
Arerixne ¢, _unw vudvw vruydopq ut vudvut viuydpq
sw 9T sed 3urjood 10} UON)BITUOS ‘suorsiadsip
6€T s/u 0T ‘T'0 Aes O ‘M 009T Tamod 19 s/u pue uonn[g IND pa[Tem o[3urs X Pare[edIul  910¢
SLND 9}
Ul Paje[esIanul
s[ejowl onA[ered SIND pasiadsip suors1adsip SAN X pue
§€T  20BI) JO UONOANRQ s/u sw QT 10D “Agg fo) s/u s/u Jo uonnqq IND po[fem o[3UIS 0D PaJe[edInu]  €£T07
(sIND) saqnioueu uoqre)
S9)eSA
SWOSOXd PUE [0
UOIIBIIUOS ‘wnIpaw 21n3nd SAN NV Pajeod
LET wu o] sur g v, O M 00ST Tomod g  I19zI[NQaU LS-VAd ‘uonni@  O¥9T INAY ‘T9IeM -9Jend WU 07 6107
O 10} 12qUIERYD
Ae1ds o1u0[04d
‘19z1ngau
U T SO T-€0°T Vdd MO[JOIIA SN 3V pareod
sed 1azInqou ‘Ol 103 -9ye[AX0QIED
‘U JTaqureyo Aexds 3 aseurajoxd [opowt wnIpos
GT sed urood  1309S ‘IAZINCU s uonsadp  uorsnyiad ejusderd  -DFJ pAINQINSIP
9¢T wu §g sw € BV, OL ‘D ‘M 0SST 19mod 19 ISTINOIOTIA onewWAZUT 0a1d X3 UBWINH Alpeo1g  810T
SdN 8V pajeod
I aseurajoxd -9je[AX0qIED
,_un M uonsagIp wnIpos
€0°T e 1ozngou ONBWAZUD -DHAd PANQIISIP
¢ _umu JToqureyo Aexds ‘HYIALL Apeoiq
6T sed 3urj00d 102§ ‘IazZI[NgaU 1M UONSIZIp anssn [eyuadeld ‘sdN 3v pajeod
Ger wu 6 sw ¢ 8V, OL ‘M 0SST Jamod 14 ISTINOIDIA SuIe[y uewny payids -DHd WU 0% 8T0T
SN
ny pue 3y pajeod
REN| sarmead  (Asd) AOT dzIS owmn sadojost IozATeue s1ajowered JTaqureyd Aexds uoneredard XL pozAleue  Ieax
mema paInsesN SSEIN ewIse[d pue 19ZI[ngaN odures sadfy AN
(‘Pu0D) T o19eL

J. Anal. At Spectrom., 2020, 35, 1740-1783 | 1747

hemistry 2020

This journal is © The Royal Society of C


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9JA00206E

View Article Online

Critical Review

JAAS

Apnis onauny

193eMm A1038I0QE]
paInnsuodal piey
Ajoreropowr vad
pue ‘aoeqins ‘dey

SdN 3V pa1eod
-dAd pue ‘-proe
oruue) ‘-aen

*00u00r] parodun) (¢ [RRIAWOJUON-UONNGLNY suowwo)) aanear) e sopun pasuadr] st opnre sty ], | [ETEER (o)

‘INV TS:€S:€ TTOT/YT/Y U0 papeo[umo( “610T AIN[ g U0 paysiqnd d[only ssa00y uadQ

6¥T uonnossIp dN wu 0£-6¢ sw 0T Y01 Po) s/u s/u Sunids ‘pazruorap payids wu 00T PUe 09 ¥T0T
e e
U0 SWIS0D0SaW SAN SV pajeod
SVT wu 0¢ swt 0T 8,00 Po) s/u s/u uonnyp ‘Supyids rexon payids -dAd WU 05 ¥10T
U T
6.£°0 sed 19zI[ngau
parpnas ¢ _uru T 6g°0 ses
Sem Iojem [opout 8,01 Arerxne ‘| _urw Idyemurel S9JBYORI] Ul
03Ul S[[99 AdO pu®e ¢ O, (oH) amx 6T sed 3urjood JIPIoE ‘I9JeMBIS 3v pue ‘ol ‘uz
/¥T  SDID jo 3uryoea] s/u swt 0g $UZ PIM O ‘M 0SST 1amod 19 s/u duryoeay ‘193emysalj [poN  ore[nontedoueN €107
sajdures snoanbe [ejusWIUOIIAUD [9PON
U T
$0°T sesd 1az1ngau Iaquuieyd ainpaodoid
¢ Ui T 6£°0 sed Aeids o1uO[2£d uoneredaid
Areyxne ¢, _urw T ‘raziingau  a[dwues pajre3ap uoneuondLly
SAN %OLL pue ¥1 sed 3urjood JL1UIU0D 10J d[onIE Asedyiooy SAN
9¥T £0FV WU §9-56 swor 1L, IV, O ‘M 6vsT 1omod 49 MO[J-MOT U1 23S ‘Uonniq  Id)e SUONORI PAV OIS “COLL 09V  810T
uonnyrp
‘00T-X UOIILL, SAN
SHT s/u s/u s/u s/u s/u s/u ur uorsiadsiq 1opmod usarosung OUZ pue ?OLL  810¢
duneod
1oy uonniip
‘uoneny
‘uonedruos
‘197BeM
YIIM UOIIBIIXD
‘usardsuns
Iaquieyd 103 UonN[Ip
Ke1ds o1u0[04d ‘uoneny
‘1az1ngau ‘QUBXay  SIIPUED 2JB[0D0YD JO
PET wu z¢ swi 1°0 Mgy Po) s/u pIeyUISIA Pm Sumeyog  Suneod ‘usarosung SAN “OLL  8T0T
uonnyip SAN OUZ
OuZz wu g (oH) amx ‘00T-X UOIIL], SU2IOSUNS wu g6= pue
58 ZOLL WU S swg Uz, ‘L Pm O s/u 19z1[NQAU VAd ur uorsiadsiq Kexds pue wea1) ?OlL WU 0TS  8T0C
uonnIp ‘sas
ur uorsuadsns 10
19zI[ngau uonnyIp ‘royem
sojdures pajsa) pIeyuIoN ur uorsuadsns sjonpoid
Y3 uI punoy ‘Toquueyd ‘ouexay a1ed [euosiad SAN %OLL
ThT a1am SN NV ON ZOLL WU G¢ SW 0 LNV, ‘L O M 0SHT 1amod g9 Kexds oruodAD Pm Sumeyaq pue SO1aWso) wu 0¢I 03 0§ ZT0T
REN| sarmead  (Asd) AOT dzIS owmn sadojost IozATeue s1ajowered JTaqureyd Aexds uoneredard XL pozAleue  Ieax
mema paInsesN SSEIN ewIse[d pue 19ZI[ngaN odures sadfy AN
(‘PuoD) T =QqeL

This journal is © The Royal Society of Chemistry 2020

1748 | J Anal. At Spectrom., 2020, 35, 1740-1783


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9JA00206E

View Article Online

JAAS

Critical Review

JTaqureyo Aexds
peaq oedurt

piepueils
I97eM PAIMISUOIAT
prey A[oyeropour

*00u00r] parodun) (¢ [RRIAWOJUON-UONNGLNY suowwo)) aanear) e sopun pasuadr] st opnre sty ], | [ETEER (o)

‘INV TS:€S:€ TTOT/YT/Y U0 papeo[umo( “610T AIN[ g U0 paysiqnd d[only ssa00y uadQ

‘1azingau Vdd pue 1ayem
Vad d113U0u0d Zururejuod-apyns SdN 3V pareod
GGT wu ST sw QT Y01 s/u MOTJOIIA  uonn(p ‘Sup[ids  ‘pajerse ur uonoeay -dAd WU S/ 9T0%T
poun g
LV T 60'T sed 1azingau SAN
3 170 103 wiu 1¢ ‘U dunyids ny pajeod-proe
‘193em 21ndenn 1°0 sed Arerixne I9zI[ngau ‘(oz1s a10d W IoJem J)Sem Jruue) wu 00T
vST I0j wu 61 sw g v, ‘M 05ST 1omod 1y ISTNODIN  §P°0) UONEN[I] pue 1011 paxids  pue ‘08 ‘09 ‘0 9T0T
SAN 3V pa180d
p_uru g Sunpids -p1oe o10d1] pue
+M<mi 6T sed 3urjood ‘(az1s a10d wml “-dAd “-91eD1
€ST wu $¢ sw 8V, ‘M 0SST 1omod 1y s/u 7¢°0) uonenyig Iayem axe[ payids wu 0S pue 0¢  9T0C
Iaquieyd
Aeids o1u0[0£d dunyids Ionbyg SdN 3v
19)eM PIZIUOIIP sw QT ‘Iazingau ‘(oz1s axod W poxTwI pue JUAN[JJS  PojeOd-JAd pue
ST J[qnop I0j WU 0T ‘SW T°0 8,00 M 009T Tamod g  Sse[3 d11uadu0) Gp°'0) Uonen[ld  Iojem sem payids -9Jend WU 08 910¢
SAN NV Pajeod
-9JBI3I0 WU 00T
pue ‘08 ‘0§
LU 1 90°1-20°T SN 8V pajeod
sed 1az1ngau Iaquieyd Iojem  -9JeI}D WU 00T
‘U TeT sed Aeids o1uO[2£d JusWIBII} I9AUI ‘qUaUIBAI}  PUR ‘0Z ‘OF ‘SAN
ny wu 0¢-/¢ Areryixne ¢, _unu 1 ‘1azi[ngau ou 10 uonnyIp I9em Sun[uLIp ZOLL WU 09T
‘v wiu £¢-1¢ 3y Lot 8T sed 3urjood JI13UOU0D “quounean; [opow pue [eal I9Je PU® 00T ‘SAN
IST COLL WU 0£-S9 sw o Ny, ‘1L, ‘AN 009T 1omod 19 pIeyUISIA 193em ‘Suppids I91eMm I9ALL payIds Surureyuod-1L,  910¢
(U T90°1-20°T
sed 19z1ngau Iaquieyd I9)em  SAN Surureyuod
LU T sed Aeids oTuO[0Ad jusulean IDAII “yUaWIEBAI} -3D pue
Areyxne ¢, _urw T ‘1azingau ou 10 uonnyIp I9em Sun[ULIp -uz ‘sdN “09D
209D WU 0Z-8T 8T sed Surjood JLI}UIOUOD ‘Juowyear) [9poW pue [BaI Idye wu 0S-0€ ‘SAN
0ST ‘Ouz Wu op-S¢  SW 0  ,3D,,; ‘,UZ,, ‘M 009T Tomod 44 pIRYUIDIA 1o1em ‘Gupyids  193em Joall payid§  QUZ WU 002-08 9T0T
aun
dummoes sw 6°T
UIM UNI SUO Ul
PaI10jIUOW dT9M
sado3osT 19A[IS
10q ‘pasn sem
(prepuels 10A11S ,_uii T £6°0 pue peaq 1oeduwr
paYdLIUd 3y, ) 680 sed 1azInqau UIm Iaquieyd I9)eM IDALL “YUaN[Ho SAN 3V pareod
uonnip adojost ‘ _uru Aeids Teoruod dunyds pue juanfuI -dAd WU 08
}IM UOTIRIQI[ED BV 6T sed 3urjood ‘1azingau ‘(oz1s a1od wml Io7em JISem ‘Iojem pue pajeod
99 [euIaur wu 0 sw ¢ 8V, O ‘M 0SHT 1omod 19 [€21U0D SSe[D S¥°0) Uonen[ig poygund payids -JenId WU 05 ¥10¢
REN| sainjeaq (asa) ao1 az18 owmn sadojost s1o1owrered JTaqureyd Aexds uoneredard XL pozAleue  Ieax
mema paInsesN ewIse[d pue 19ZI[ngaN odures sadfy AN
(‘pau0D) T elqeL

J. Anal. At. Spectrom., 2020, 35, 1740-1783 | 1749

hemistry 2020

This journal is © The Royal Society of C


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9JA00206E

View Article Online

Critical Review

JAAS

1azI[ngau SAN 3V p21e0d
sarpmys snotaaxd onewnaud 19eMBIS IIM SUB)  -dAd PU® -TAdd
¥9T s/u sw 0T BV, o) 0} 20UdI9JoY ‘uonoafur morq duppids  wisoso1dtw payids wu 09 pue 0¥  £T0T
19zingau sse[d SAN
J1IIUIDUOD S°0D Zupyids (ueyeuradns 3y pareod-dad 1o
ad4y ‘zaquueyd ‘(oz1s a10d wr 10 MEI) SPI[OSOI]  -9)BIId WU 00T
€91 s/u swI G0 v o le) s/u Keads oruor24D S¥°0) uonenyig 197eMmIIsem payIds pue ‘08 ‘o  £10T
19zI[ngau
J1IJUIU0D PIok J1A[NJ INOYIIM (Troys wiu 61
pIRYUIdIN 10 1M 19)em 2100 WU (F)
v, ‘Taquieyo piey A[o3eropowr SAN [[9YS-9100
79T 3y wu 6'GT swt 1°0 3V, O M 009T 1amod 19 Keads o1uodhD Bupids vda paids 3v-3y wu 09 /10T
JIqeIe
uonnip wng yim Iayem aye[ SdN 3v pajeod
191 wu oF suw G SV,00 o) s/u s/u ‘uoneoruos  pue OIIA pA[IdS  -dAd WU 0S-0€  £10T
sdN OUZ
QUZ WU ¢F sarpmys snomaxd  sarpnys snoraaid wu 0g-0T pue
09T “Oo1L, wu $9 swI 1°0 JUZg, .LH /v le) 03 20UdIdJY 01 20ua19J9y  uonnpp ‘unyids 193em JoAlI payids COLL, Wwu SZ-0T 10T
SAN
193BM 3y [erIOWWOd
[EIUSWUOIIAUD pue pajeod
uonednJIIIuD quanpge -JAd WU 00T pue
6ST s/u sw 0T s/u o) s/u s/u ‘Bupfids  101eMm 9)sem payIdg ‘00T ‘08 ‘OF ‘0T L10T
Ia2zZI[ngou s19)se[d woiy
JLIIU2OUO0D suonnjos uoneidru SAN 3V pa1eod
pIequIoN ‘syonpoid 1ownsuod -dAd WU 00T
‘Toqureyd pmbiy ‘1o7eMm pue ‘08 ‘0z ‘09
8ST wu ST-gT  SW S0°0 +M<2: le) s/u Aeids oruooAny  uonnyip ‘Guppids  dey pue oe[ payids ‘oS ‘0% ‘0€ ‘0T ‘0T £T0T
wnipaw
dVI payIpowi ‘19jem SAN 8V pajeod
D41 ‘uonnyip OI[[IN Quanja  -ploe dluue) pue
/ST wu /T sw G0 s/u le) s/u s/u ‘3unyids Ioyem dsem pards -9jenId WU 05 ZT0T
L_una T 9/
680 Sed 1azI[nqau Ioqureyd Aexds pue ‘z ‘s Hd 7e 107eMm
sojdures fur T peaq 3oedun OI[IA ‘1938M OI[[TIA SAN 3V pa1eod
P210919s 103 pasn 8V 61 sed Surood ‘19zI[ngau dururejuod apLIo[yd -dAd 10 -31eN1
95T Sem UOIIBUOZO JNOYIM WU OF swi § BVY,00 O ‘M 0syT 1omod 19 [earuod Buppids  ‘1a3em OIIA payids wu 08 pue 0S  9T0T
DAH ‘Sup[ids  Io3em ISAII ‘JUanNjur SAN
Iazingau ‘(az1s axod w puejuanyge 3y pareod-ayeniod
70T wu §g Sw T°0 BV, le} s/u J11}UIIUOD Gy'0) UOmen[II  Iojem 3)sem payids wu 08 pue 0¥  9T0T
REN| sarmead  (Asd) AOT dzIS owmn sadojost IozATeue s1oowered Iaqureyd Aexds uoneredard XINBIA pozAeue  Ie9x
ema painseaN SSBIN ewIse[d pue I12zI[ngoN ordures sadfy AN
(‘pauoD) T olgeL

*00u00r] parodun) (¢ [RRIAWOJUON-UONNGLNY suowwo)) aanear) e sopun pasuadr] st opnre sty ], | [ETEER (o)

‘INV TS:€S:€ TTOT/YT/Y U0 papeo[umo( “610T AIN[ g U0 paysiqnd d[only ssa00y uadQ

This journal is © The Royal Society of Chemistry 2020

1750 | J Anal. At. Spectrom., 2020, 35, 1740-1783


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9JA00206E

View Article Online

JAAS

Critical Review

sed uonoear e

wuw §
uonisod Jurpdures
,TG_E 1

60°T Sed 19zI[ngau
‘,_umu T 06°0 Ses
Arerixne ¢, _unw
0°ST sed 3urjood

Iaquieyd

I9JeM 2)SBM JUANTITD
pue d12YIUAS ‘1978M

SAN 93
03 Paqi10s , PO
‘SdN UOII JUa[eA

*00u00r] parodun) (¢ [RRIAWOJUON-UONNGLNY suowwo)) aanear) e sopun pasuadr] st opnre sty ], | [ETEER (o)

‘INV TS:€S:€ TTOT/YT/Y U0 papeo[umo( “610T AIN[ g U0 paysiqnd d[only ssa00y uadQ

L1 Se pasn sem °H wu 9¢ SW e POy LPdge OL ‘M 0SST Tamod 9 Aeids poos  upyeys ‘Suppds O-T[[TIA pay1ds -0I9Z WU 0S  810C
LU e orydono3ijo
¢1 sed 3urjooo I9zZI[nqau [ea10q ®© jo SdN 3v pajeod
0LT wu S F ¥ swI g SV, O ‘M 0SHT 1omod g9 [e21U0D SSe[D Bupyids ajeT  I193eMm 20eJINS padIds -dAd WU 05-0€  8T0T
e orydonodijo
sarpms snomaxd  sarpnis snoraaid [eaioq € jo SAN SV paieod
69T wu gl SwW S0°0 8,00 aS 0} 20UdIJOY GIERLIENEIEN | dupyids oyeT 193em doeyins payids -dAd WU 0S-0€  8T0T
oprxo auayderd SdN 8y pa1eod
paonpax -dAd WU 00T pue
_u T oneudew JuanyjuI 09 pue pajeod
61 sed 3urjood Aq paqiospe I9yem 9)sem ‘Iajem  -9JeI}ID WU 00T
891 wu 07 swr ¢ Y01 O ‘M 0ssT 1amod 19 s/u  sem 3y ‘Supyidsg 1041 ‘dey payidg pue ‘08 ‘0S ‘0¢  810T
SAN °OLL wu ¢
uonn[ip dLMM 9[eds ‘sdN 3v pareod
/9T s/u swr ¢ 8,00 Po) s/u s/u ‘uonyedIuoS -qe[ & Jo Juaniyd -dAd WU ST 810C
SAN
OUuZ WU 002-08
QaD wu 05-0¢
O1L wu 00T ‘ny
Po31802-93811D
QUZ WU ¥¥ 9eJ[NS JI1IdJ 10 wu 0T pue
oD wiu €7 ‘SOpIXO JI119] ‘winfe ‘08 ‘0S {3y pareod
oL, wu 0/ ‘ny sorpns snomaid  sarpmys snoraaxd YIIM Ia3em .| -9JenNId WU 00T
99T wu o¢ ‘v wiu ¢g swi 1°0 L, Po) 0} 20UdIRyOY 0} 20UdIOyOY uonnyia pue 19a11 paids pue ‘oz ‘ov  810T
(quawrpas so1eda133e
uoneny [opow & woiy Surureyuod
ou 10 (9z1s a10d uonezIIqowsal) -3V ‘sdN
wn 1) uoneny wnipaw 3y pareod-ajeniod
69T wu Og swl § BY,00 lo) s/u s/u ‘uonn[iq uoneziIqoway wu ¥¢ pady  810¢
L_UIW T 025°0
se3d 12zIngau
‘U T 62°0 ses 19zI[Nqau ISTIN
Arerxne ¢, _urw BITIA ToU3Ing Zunyids ‘(az1s
wu 0F-0¢ 10°ST sed 3urjood ‘Toquueyd a10d wwr 1°0) WIS020SaW SdN 3V pa1eod
79 0] WU §'G WOl  SW [°Q s/u AS ‘M S0zt 1omod g9 Kexds oruopdAD uonenL dLMM payids -Jend WU 0% £10¢
REN| sarmead  (Asd) AOT dzIS owmn sadojost IozATeue s1ajowered JTaqureyd Aexds uoneredard XL pozAleue  Ieax
mema paInsesN SSEIN ewIse[d pue 19ZI[ngaN odures sadfy AN
(‘PuoD) T =QqeL

J. Anal. At. Spectrom., 2020, 35, 1740-1783 | 1751

hemistry 2020

This journal is © The Royal Society of C


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9JA00206E

View Article Online

Critical Review

JAAS

*00u00r] parodun) (¢ [RRIAWOJUON-UONNGLNY suowwo)) aanear) e sopun pasuadr] st opnre sty ], | [ETEER (o)

‘INV TS:€S:€ TTOT/YT/Y U0 papeo[umo( “610T AIN[ g U0 paysiqnd d[only ssa00y uadQ

vsn
3daouoo jo jooid e A4S 10§ dS e 1L, ‘ope1ojo) ‘uap[on
se pajuasaid a1om oL, WU 7¥ ‘O ‘orodnipenb Ul Yo21D) 1830 SAN
/T SyUdWAINSedW S I0J YOl WU 6/ sw ¢ ¥’ 1L, as ‘O s/u s/u s/u JO 193eM 20BJING durureyuod-1L,  £10¢
UOIIBITUOS
‘(az1s a1od wml
77°0) dUBIqUIIW
EIAER]
aso[ny[ao e
W uonenyy  (erpur ‘peqerapiH)
pum g ANONI pue JdILMAM B JO SJUdju0d
swt 60'T sed 1azingau £ONH) uonsadip Jue) uoneIde SAN “OLL
9/T s/u QI pue¢ RANS s/u ‘A 0SST Jomod g9 s/u QABMOIIN ‘93emas Juonpjul WU SHT PUB T2 10T
(euryD ‘Aisioatun
UBNNH) Ioyem
sordures 1sem pue (Buryn
wu g payidsun 10 ‘a3eT ueIpuayD
uonisod urdures uonnyp ‘3unyids pue SI9ATY
¢ _ur 21032q (9z1s a10d SuerfSuerx pue  sdN Sururejuod
60T sed 1azInqau wr 7Z'0 pue  NAIND) 19)eM [BINJRU -ny pue -3y
,TEE 1 mw.ou dueIquW payidsun ‘1ayem ‘SAN Ny pajeod
ny OV, 1°0 sed Arerixne I9zI[ngqau uofAu e 9)SeM pUE [BINJBU  -PIOE OIUUE} ‘SIN
€01 wu 6T ‘8y W 07 sw ¢ 8V, O ‘M 0ossT 1amod 19 ISTINOIOTIN PIM TONEN[IT paiayy payids 3y pajeoo-o3enid  910¢
Auewron
‘1o7eM OYB[ QuId[E
-a1d ‘Aueurian ‘resy
I9ARY 93} WOI Idyem SAN
S/T wu p1 sw ¢ BV, O s/u s/u uonn[p ‘4qdd  90BJINS pue JLMM Burureyuoo-3y 9107
(epeuED ‘dLMM
Io7em IaquIeyd [E9IIUOIA “TOATY
9)sem I0J WU 97T Aeids oTuO[0Ad sauteld $9() 197em
‘193eMm I9ALI ‘Iazingau (00T 93SEMJUSNIPO ‘ToJEM  SJN SUIUTEIUOD
I0J WU O/ ‘193em SSE[3 J113UIU0D Xa[ayD) DAI 10 soejans payidsun -uz pue
VLT O-[INI0jWwuzg  sW S0 s/u o) s/u ¢'00 ad41,  uwonnip ‘Sunyids pue payids SN QUZ WU 0§ STOT
BIISNY ‘BUUIIA syonpoid
‘axeT aqnue( po u22I0suUNs
LBDg, M LL, Jo 1913eW ye[nonIed woI1J paseafar
€LT JO 20UQISJINU] wu 0€T sw 0T L, le) s/u s/u uonn[q papuadsng SAN “OLL  ¥10T
sajdures snoanbe eyuswruoIAUyg
LU T
£8°0 sed 1azingau
‘,_uru T gT sed Iaqureyd
pawrozrad Arerxne ¢, _umw Keids oruo[oAd I9JeMaISem SAN
sem gdD 08T sed Sur00d ‘19zI[ngau poyids ‘1oyem 3y pareos-a3enIo
2.1 3o uoneziundo wu 0g<  SW 0 BV, O ‘M 0091 1om0d 19 MOJJOIITW VAL qdD O-IIIA payids  wiu 09 pue ‘0¥‘'0c  610¢
REN| sarmead  (Asd) AOT dzIS owmn sadojost IozATeue s1ajowered JTaqureyd Aexds uoneredard XL pozAleue  Ieax
mema paInsesN SSEIN ewIse[d pue 19ZI[ngaN odures sadfy AN
(‘Pu0D) T o19eL

This journal is © The Royal Society of Chemistry 2020

1752 | J. Anal At Spectrom., 2020, 35, 1740-1783


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9JA00206E

View Article Online

JAAS

Critical Review

*00u00r] parodun) (¢ [RRIAWOJUON-UONNGLNY suowwo)) aanear) e sopun pasuadr] st opnre sty ], | [ETEER (o)

‘INV TS:€S:€ TTOT/YT/Y U0 papeo[umo( “610T AIN[ g U0 paysiqnd d[only ssa00y uadQ

uonnyrp
‘uonednyIuad
‘uoneoruos
‘Zurms
dn pawwuns Quaunean
2IoM SIUIAD aeydsoydoidd sqids SAN
¥8T oronted-nds TOLL WU 0F  ZHY €€ VIN ‘LLg; A0L s/u s/u WINIPOSeNa], odemas Arejrues  PQLL PAIodUIUd  6T0C
3y +\Ley ,+SOmm
wu ¢7 ‘L, Wu 6/ ,+m<h: soponaed
P9I2A0DSIp d19M ‘nD wu OF ‘us $USgry e vsn Zurureyuod
SdN ururejuod WU 9¢ ‘9 WU G .%mom 10 I ‘BUOZITY ‘XIU20yd -11, pue -3y
€8T -3y pue -1, ON ‘qd wu €11 sw 01 ‘. Adgor P O s/u s/u woij 197em dey, ‘“nD ‘-us a4 “qd  8T0T
Auewion ‘erreseq
‘99s 1a3urdem
e pue 29SSITUOY SAN
78T wu 0T sw 1°0 8,01 le} s/u s/u uonnyIp ‘add 9YeT WOIJ I9jeM dururejuod-3y  810C
I91eMm
[ood 103 wu 6T F VSN ‘euoziry
€/T “197em JOALL (9z1s a10d wr ‘sjood ‘19AT SAN
18T Ioj WU € F §¥T sw QT RS le} s/u s/u £'0) UOTIBNI  I[BS 9} WOlJ I9eM Zururejuod-11,  810¢
L_ura g
1'1 sed 1azingau
T, PUB ‘,_uru T 80 sesd Ioqureyd SpUB[IaYIaN
190, 39939p 03 ZOLL i P Areryixne ¢, _unu 1 Keads oruopdhd AL ‘SIoATY
awin [[emp s 00T wu 00T ‘“02D ‘ILgy, 90051 $T sed 3urjood ‘19ZI[Ngou [osslI pue asnay SAN °OLL
08T IIM Pasn seM Y WU QT ‘Sy wiu §T s € 8,01 O ‘MosSTIomod 49 VAd MO[JOIIA UOTIBdIUOS 33 JO 193eMm d0BJINS pue 0aD ‘v 810¢C
opowr sordures patip
uonN[oSal (9z1s a10d wr -9z3213 ‘epeue)
MO] Ul G¥°0) uonen[y ‘orrejuQ e
pasn sem ‘uonednyIuad WOIJ SHUSWIPIS
19zA[eue sorpnis snomaid  sarpmys snoradxd ‘IoyEM J[Iqe] pue SAN
6LT wu 9T  SW S0°0 8,01 SSeuwr 4§ 0} 20UaIJoyg 0] 90U2I9JOY  3IIM UOIBIIUOS SIUSWIPIS Wonog durureuod-3y  810¢
,_umu
680 sed 1azInqau
U T oT sed oqureyd
Areryixne ¢, _urw 1 Keids o1u0[0£d orqndoyg
11 sed 3urood ‘I9ZI[NQAU  UONBZI[IQE)IS I0J yoaz) ‘ondeid SAN
8/1 wu ST sw 1°0 L8V Lo O ‘M O00TT 10mod 4  JIUADU0D HAId UnNe[d3 (m/m) %T “BAB)[A WO} IOJBM dururejuod-3y  810¢
AOL 103 SISA[e1p
A0L ‘uoneosruos SAN
s9se3d uoISI[[0d 10y sw JOL ‘Ol 103 BIIISNY ‘BUUSIA QLI pPa19ouLdud
/UONOBAI Sk pasn OL ¢‘OL 10} VIN ‘OL uone3njIIuad ‘e aqnued p[0  PuB SIN [eInjeu
€/ 9I9MOH puE ‘HN 103 °OLL WU [8 10§ SW§ 10§ HNIL,, JOL ‘OL s/u s/u ‘uonjeoruos  woiy so[dwres 191epM Zururejuod-11, 8107
REN| sarmead  (Asd) AOT dzIS owmn sadojost IozATeue s1ajowered JTaqureyd Aexds uoneredard XIIJBIA pozAleue  Ieax
mema paInsesN SSEIN ewIse[d pue 19ZI[ngaN odures sadfy AN
(‘Pu0D) T o19eL

J. Anal. At Spectrom., 2020, 35, 1740-1783 | 1753

of Chemistry 2020

This journal is © The Royal Society


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9JA00206E

View Article Online

Critical Review

JAAS

*00u00r] parodun) (¢ [RRIAWOJUON-UONNGLNY suowwo)) aanear) e sopun pasuadr] st opnre sty ], | [ETEER (o)

‘INV TS:€S:€ TTOT/YT/Y U0 papeo[umo( “610T AIN[ g U0 paysiqnd d[only ssa00y uadQ

IZINqau uonnyIp ‘Ia3em («s11B2d,,)
06T wu €T sw ¢ +m<h: le) s/u ISTINOIDTIA ur uonnjossig Ansed jo uoneIodaq SAN 8V  S10%
sjonpoid
19410 10§ V'S4
ur uorsuadsnsail
pue °0%H yum sjonpoid
Iazi[ngau 3uneay ‘vsg a1ed Teuosiad
J1I3UIOUO0D ur uorsuadsns pue pooj ‘(1£14)
68T wu 0§ sur ¢ R O M 00¥T 1omod 49 sse[d [edoruo)  ZQLL 9pe1d pood 2011 ope1d pood SN “OLL  ¥10¢
pooq
[_uru 10BN
96°0 Se3 19ZI[Nqau Ioquieyd I91eM %T “[IW MOD JeJ
¢,_umu T 08°0 Ses Aexds o1uo[oAd> Ul uoIsS[nWd [0 MO] ‘(10 dAT[O ‘ploe
Arerixne ¢, _unw ‘I9ZI[NQAU  JAI[O UE 3)BIID 0) OIIAIB 9 {[OURYID SAN
#1 sed 3urjooo OILIJUIOUOD  pash Sem 00T-X  %0S PUE ‘9%0T ‘%0T) SV pareod-aeno
88T wu 02-0T swr € 8,00 O ‘M 0SSt 1omod 49 MO[J-MOT  UOJLLL, ‘UonN[IQ sjue[nwIs poog -DHAd Wu 0¥  8T0C
posn azom
SN Ny paidyng
-Sdd pue ‘pajeod
-p1oe o17AX0qIed
-91en1o ‘SAN
3v pareoo-dad SIN Ny WU 08
-91e11D ‘SAN pue ‘0z ‘09 ‘0s
93 JO 9ZIS Yyoed o[ ‘0€ ‘0T ‘0T ‘SdN
103 payrdads jou Y, ordde ‘eomnf o8uero 3y wiu 00T pue
£8T 9Iom S3UNEBOD YL wu e-1€  SW S0°0 8V, o) s/u s/u uonnyIq ‘193em paxIds ‘09 ‘0s ‘og ‘0T 9T0T
_un T (proe oneoe %€ pue
6T sed 3urjood I2ZINqau ‘[oUBYID 9%0T ‘197eM) SdN 8V pajeod
98T s/u sur ¢ SV, O ‘M osst 1omod 49 ISTNOIOTIA uonn[Qa SJUB[NWIS POO] -dAd WU 09 9107
SIN-dDI
-dS pasn yorym
Jo € ‘sarrojeIoqe] SAN
6 19A0 3m Apnis (uonsadip 3y pareoo-aenIo
souewrojrad dNRWAZUD) 15331p wu 09 ‘SAN
poyprowr  sjuedonied ayy v, syuedonied  syuedronaed oy UDDIYD ‘I9JeM Ny Pajeod-23enio
G8T A10reI10qR[IIUT duowe parrep swi ¢ 8V, s/u  ay3 Suoure paeA duoure paurep uonnyia O-I[TA payids wu 09 pue 0¢  ¥10C
sar10jeIoqe]
£¢ 1940 Y31m Apnas
doueurrojrad (Toueysa %0t SAN 8y pa1eod
pompowr  sjuedronried oy syuedonied  syuedonsed oy pue 191em PI[[1ISIP) -dAd WU 00T
€8 A10yeI0qR[I2IUL duowe parrep swi ¢ s/u s/u ay3 Suoure pateA Suoure pautep uonnyia syuB[NWIS POOA pue ‘or ‘0c  ¥10¢
sajdwes pooj [9po
REN| sarmead  (Asd) AOT dzIS owmn sadojost IozATeue s1ajowered JTaqureyd Aexds uoneredard XL pozAleue  Ieax
mema paInsesN SSEIN ewIse[d pue 19ZI[ngaN odures sadfy AN
(‘Pu0D) T o19eL

This journal is © The Royal Society of Chemistry 2020

1754 | J. Anal At. Spectrom., 2020, 35, 1740-1783


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9JA00206E

View Article Online

JAAS

Critical Review

*00u00r] parodun) (¢ [RRIAWOJUON-UONNGLNY suowwo)) aanear) e sopun pasuadr] st opnre sty ], | [ETEER (o)

‘INV TS:€S:€ TTOT/YT/Y U0 papeo[umo( “610T AIN[ g U0 paysiqnd d[only ssa00y uadQ

LU (odad ppqinonD)
90°T sed 1azI[ngau uppdwnd ‘(xvw
‘,_uru g1 ses Ioqureyd o1 aupd]n) ueaqhos
Arerixne ¢, _unw Kexds otuopA> - owihzorooeN ‘(T wnoisLadood] °g) SAN
8T sed 3urjood ‘19ZI[Nqau M uonsagdip  ojewo) ‘(snapps D)  ¢QdD WU 00T-0S
96T wu G7-€¢ swl 1°0 oo O ‘M 009T 10mo0d gY pIequIdN oneWAZUy  IqUINOND JO SJO0YS pue wu 0S-0¢ 9107
uonnp ‘ot
- SWAZOIIRN $100YS
UIIM UONSAJIp pue syoo1 syuerd SdN 3V pa1eod
S6T wu QT SW S0°0 8,00 Po) s/u s/u onewdzug  puvivy) sisdopigo.ry -JenId WU 0T 910¢
LU SAN
80T Se3 19zI[ngau ny pajeod-a)ento
hTEE 17T sed Iaqureyd uonnyip ‘ot wu 00T pue ‘08
Arerixne ¢ _umu Aeids o1uO[2£d - dWAZOI199BIN ‘0S ‘o ‘0€ ‘0T ‘ST
81 sed 3urjooo ‘19z1ngau 3IM Uonsadip ‘2T ‘0T ‘pareod
¥61 wu 0z SW I°0 OV, O ‘M 0091 19mod 19 pIequBn onewAzUg syuerd ojewof, -dAd WU 0% STOT
amsodxa yueld
L_ura g UOTIBITUOS
66°0 Sed 1azInqau J0I199413 % T YIIm
¢, uru g1 sed uonnyip ‘asedr|
Areryixne ¢, _unu 1 pue unearoued
9T se3d 3urjood IM UOTISIIP
£6T wu T2~ T€ SW 10 L, O ‘M 0091 1omod 19 s/u onewdzug  (SYONS qeId) [wung SAN “OLL  610¢
T
£0°T Se3 19ZI[nqau Iaqureyd
‘U T 6£°0 sed Aeids oTuO[0Ad
Arenxne ¢, _urw T ‘Iazingau ase[fure
6°€T sed 3urjood OIIUDUO0D -0 YIM UONSIZIP SAN
76T €09V WU £€8-%S sw € AV, O ‘M 0SST 1amod 49 MO[-MOT onewzug S3[poOU 3sauIyD) dururejuod-Iy  810¢
jonpoid a3
Iaqureyd uo Jurpuadap
Keids oruo[oAd patea
3y wu o¢ Mgy 0D ‘I9ZIINqau uoneredaid SAN
161 COLL WU zg swI 1°0 “+m< Lot le) s/u pIequidaN ordures pooj pue syuLiq 3y pue ‘nd ‘“OLL,  810¢
LU
£0°T sed 1azingau
sased juaragIp A1anisuas ¢, _uru 80 sed Iaqureyd
M pawrojrad 1S9y31q Arerxne ¢, _unw Keids oruo[oAd
Sem U0n231ap OL a3 pey sed $T sed 3urjood ‘I9ZI[Nqau uonnyIp ‘1ayem
LS Jo uonezrundo wu 97 SWw 0T %0 YIMm 1L, OL ‘M 0SST 1amod 19 ISTINOIDTIA ul UOTIBdIUOS syonpoid Apuen SAN “OLL  8T0¢C
REN| sarmead  (Asd) AOT dzIS owmn sadojost IozATeue s1ajowered JTaqureyd Aexds uoneredard XIIJBIA pozAleue  Ieax
mema paInsesN SSEIN ewIse[d pue 19ZI[ngaN odures sadfy AN
(‘Pu0D) T o19eL

J. Anal. At Spectrom., 2020, 35, 1740-1783 | 1755

of Chemistry 2020

This journal is © The Royal Society


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9JA00206E

View Article Online

Critical Review

JAAS

L_uma g
0T'T sesd 1azI[ngau
U T 6°0 sed
Arerixne ¢, _urw 1
0°ST sed 3urood

Iaqureyd

Ae1ds oru0[04d
‘19z1[ngau
OLIIUI U0

uonn[Ip ‘(ozs
arod wr c°0)
uonen[y ‘ot
- dWAZoI9dRIN
IIM U0NSa3Ip

S1001 ‘SIS

*00u00r] parodun) (¢ [RRIAWOJUON-UONNGLNY suowwo)) aanear) e sopun pasuadr] st opnre sty ], | [ETEER (o)

‘INV TS:€S:€ TTOT/YT/Y U0 papeo[umo( “610T AIN[ g U0 paysiqnd d[only ssa00y uadQ

70T wu 0g-6¢  SwW 1°0 \Pdeg, O ‘MospT 1omod 4 SSe[3 pIequIdN onewdzug  ‘soAed] vgpp Sidvuls SIN Pd 8107
(vipydasy
*IBA ‘DaID.LI]0
DIISSDLF) U1
uonnyip ‘ot pIe[od ‘(xeanno
- QWIAZOIDBN  Jed] Udaid “Iea pauws
wuw 0'8 3m uonsadip DINYIVT) NN
uonisod urdues onewdzus 10 ‘(oruwnT vpydaoy
foumu g I97em arndenn *IBA ‘DaID.LI]0
£9°0 se$ 19z1[ngau I9zI[nqau Pm Suisurx po1SSV.Ig) orey SAN
10¢ s/u  sw o LNDy O ‘M 0SST Iomod 4 OIIIUIOUOD SSB[D  ‘SAN 03 aInsodxyg  ‘s9[qeladaAJo SaABdT QN WU 00T-0C  810T
(1 wnazzsap
WnoNLLL) Yeaym
uonn[p ‘0T snouopefooouowu
- dWAZOI2dBN ‘(snanvs
UM UonsSaSIp  Suunony) Ioquinond
002 wu $g-0T s € VY, oL s/u s/u onewizuyg SNouopa[A10dIq  S%3V pareod-dAad  LT0T
IaquIeyd uonnip ‘0t
Aeids oTuO[0Ad - SWAZOI2dBN (seansodxa
‘Iazingau 3m uonsadip Ier[o} pue SAN 3V pareod
66T wu T SW S0°0 8y Lot O s/u pIeyuIoN onewAzuyg 1001) 9011 ‘ueaqhos -dAd WU /T £T0T
uonnfip
‘(az1s a1od wml (aprro[yoAXO0
S¥°0) uonen(y 12ddoo) sanpisax
‘Surduwres aprorduny
113 ySnoiyy woly SIN
86T np wu 09-§  SW T°Q N0y fo) s/u s/u  ‘goysem [[ejurey S9ABI[ SUIA dumureyuod-nd  £10¢
LU T uonnyip ‘(oz1s
86°0 Se3 19ZI[Nqau Ioqureyd a1od wr 6°0)
U o sed Ke1ds o1u0[0£d uonenyy ‘ot
Arerxne ¢, _urw ‘I9ZI[Ngou -J owAzoI120e N
0°ST sed 8uI[00d  JLIUIIUOIOIDTW yim uonsaSip  syuerd ogpp sidouis SAN 3d Pa3180d
16T s/u  sw o Aoy O ‘MospT 1omod 49 SSe[3 pIequUIdN onewdzug ‘wnayps wnprda -Jend WU 0 910¢
REN| sarmead  (Asd) AOT dzIS owmn sadojost IozATeue s1ajowered JTaqureyd Aexds uoneredard XL pozAleue  Ieax
mema paInsesN SSEIN ewIse[d pue 19ZI[ngaN odures sadfy AN
(‘Pu0D) T o19eL

This journal is © The Royal Society of Chemistry 2020

1756 | J. Anal. At Spectrom., 2020, 35, 1740-1783


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9JA00206E

View Article Online

JAAS

Critical Review

. urw T
$0°T sed 1azI[ngau

19z1[NQAU VAd

uonnyip
‘uoneIUAWIPaS
oouraeid
‘UOIJORIIXD

SAN IIM paydLIua
9I9M e} SPI[0SOIq
s payids [1os

SdN 3v pareod

*00u00r] parodun) (¢ [RRIAWOJUON-UONNGLNY suowwo)) aanear) e sopun pasuadr] st opnre sty ], | [ETEER (o)

‘INV TS:€S:€ TTOT/YT/Y U0 papeo[umo( “610T AIN[ g U0 paysiqnd d[only ssa00y uadQ

1) %4 wu gg SW S0°0 +M<t: O ‘A 009T 1omod J9 ainssaxd mo ddSl ‘unfids  weoy Apues [ernyeN -dAd WU 0%  ZT0T
adD ‘Sunyids SIN NV Pajeod
JToqureyd Aexds ‘(az1s a1od wml -dAd pue -Tadd
1008 ‘IdZINgau mw.ou uoneny wu 0¢ ‘SdN
ISTINOIDTIA ‘uonedNJLIIUD SJOBIIXD N Paje0d-21enIo
60¢C s/u swI QT Y, le) s/u JINUDUOD  ‘UONOBIIXD I9JBA  [EPIO[[0d [10s payids wu 09 ‘0¢ ‘0T Z10¢
_un T
86°0 S€3 19zINqau
U T ST°0 sed
Arerixne ¢, _unw
sw 1°0 (oH) amx 6T sed 3urjood Iazingau  3unpyids ‘uonnyip S10BIIXd PIOJ[0D
80¢C wu 0T F ST I0SW g D¢y PIMY ‘M 0SST 1omod 13 ISTINOIDIN ‘uonoeNXg [tosdoy payids SAN OND  ST0T
(9z1s a10d wir SAN %09D Wu G¢
S$°0) uonen[Y ‘sdN °OLL wu ¥
QoD WU 0T ‘uonedNnILIIUID SAN [3M paydIIua  ‘SdN QUZ WU €
‘o1, wu 08 ‘UONOBIIXD 2I9M Je(]) SPI[0SOIq ‘SAN SV pajeod
10T -0, ‘8y wiu 81 sw 0T s/u Po) s/u s/u 193em ‘Buppids m payids [1os -VAd WU ST $T0T
sojdures [10s [opoN
SaABa[ SaABa[
puUe SJ00110J 0T  PUE SJ00I ‘WNIpawW
-d dWAZoI9dRN YImois "1 vayws SAN
902 s/u swi 1°0 UZgg Po) s/u s/u ‘uonn[iq ponpPpT dNPIT  QUZ WU 002-08 6T0C
wur 0'g
uonisod 3uriduwes D, 083 YT
_uru T ‘0'01 Hd “0enX SAN
£9°0 Se3d 19zI[ngau Jeay a3 03 j0enX0 3V JO ,SISAYIUAS
S0¢ s/u swi 1°0 BV, O ‘M 0ssT 1omod a9 s/u  uonippe ONSV Jea[ Iaquinony u?91n, 6T0C
punoidyoeq y3rg ,_urur
a3 JO asnedaq 60'T sed 1azingau uonnyip ‘(oz1s
$J001I IO SJ00YS Ul ‘,_uru 1071 sed arod wi zz°0) SAN OUZ
P230939p J0oU 219M LUz, N0 Areyxne ¢, _urw T Iazi[ngqau uoneny ‘ot $)001 pue J00ys  ‘nD ‘8y paqaqe|
¥0Z  SAN OUZ pue n) s/u sw ¢ 8V, fe) ST sed 3uroon ISTINOIOTIN - owiAzo120vN  puvvyl s1sdopigu.y A[reordojost  8T0T
uonnjrp
‘uonedNnyLIIUD
LU “qudruns
8°0 sed 1azi[ngau Iaquieyd 1opun SN 3v
‘,_uru T sed Aeids o1uO[DAd>  JO UOTIBWIOY )
Arerixne ¢, _unw adfy-apgeq S90oNpur J0BIIXd SUIISILOGUD SAN
LT sed urood  ‘1azingau zyrenb des jes[ o3 03 a0y woiy 3y o SISOYIUAS
£0¢ s/u swr g BY,00 O ‘M 00ST 1omod g9 JLIJUOUO)  UONIPPE EONIY 10enx9 des yea1 u29I1n, 8I0C
REN| sarmead  (Asd) AOT dzIS owmn sadojost IozATeue s1ajowered JTaqureyd Aexds uoneredard XL pozAleue  Ieax
mema paInsesN SSEIN ewIse[d pue 19ZI[ngaN odures sadfy AN
(‘PuoD) T =QqeL

J. Anal. At. Spectrom., 2020, 35, 1740-1783 | 1757

hemistry 2020

This journal is © The Royal Society of C


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9JA00206E

View Article Online

Critical Review

JAAS

*00u00r] parodun) (¢ [RRIAWOJUON-UONNGLNY suowwo)) aanear) e sopun pasuadr] st opnre sty ], | [ETEER (o)

‘INV TS:€S:€ TTOT/YT/Y U0 papeo[umo( “610T AIN[ g U0 paysiqnd d[only ssa00y uadQ

pue ‘,_urur T
$°0 sed Arerjixne
¢ _uru T G sed
3uI[00 ‘M 0SST uonnjp
le) 1omod 19 ‘105 ‘UOIJORIIXD
dunundiaduy ‘sl g ul 10y U TeT O 10j I9zZI[nqau projod
JuaWId[AN N O 10} €7 3 wnnoads  sed 1azingau pue ISTWeITN ‘401 snoanbe ‘Surdip
P FE0-12°0 ‘9D ssewt U TIT sed 10j IdquIBYd  -9z331f ‘(9z1s a10d SAN
PoynIuapI 219Mm LS°0-€T°0 A0L OIojsw O 10§ BT, [dwodo Aeyxne ‘| _urw T Ae1ds oruO[04d wrl z¢) 3uiaals %0Q9D WU OS>
SAN pa19aurdua 10 BT 3J €T°0 S ‘401 pue 20, ZHY 9T sed 3urjood ‘I9zZI[Nqau -Jom ‘Sunyeys sojdwes  pue SdN [eInjeu
L pue [exmeN ‘9D 38J £1°0-0T°0  I0oJe/U ‘JOL IO} VIN €€3I8AOL ‘M 00%T 1omod 1y onewnaug ‘Bupids [rosdoy paxids Bururejuod-2)  £10¢
og wiu /1 Adye uonn[Ip
-¢T ‘Uz wu 91 dg 10§ A ‘U0TIOBIIXD SdN Surureyuod
917 —GT ‘I, Wwu 0g-ST sw 10 UZg ‘IL,, P O s/u s/u p1oe onaoy a3pn[s odemas  -IL pue ‘-o “uzZ /10T
_un T
0°T sed 1azinqau
‘_umu g1 ses Iaquuieyd
Arerixne ¢ _umu Aeids o1uO[2£d uonednjInuad
SW  O%HT-"0,SV,od 6T sed Surjood  ‘razingau A1In[s ‘10 W T salsem SAN
STz € Jo own 3uImas wu /TT swr § SV, O ‘M 00zT 10Mm0d I OLIIUIDUOD SSB[D M SUIYOLdT  dUIW WOIJ 9JeYded] durureluod-sy 910t
sopdures [eyuaWUOIIAUD PI[OS
SAN 3V
(oz1s a10d wr SJOBIIXD 19JeM  PaB0d-DHAJ pue
U Gy°0) uonen[y  [1os payids ‘spoenXd  -JAJ WU QT puUe
61 sed durjood ‘U0TIOBIIXD I9JeM 197em (pre pueq) G/ ‘pareod-arenio
faxd s/u sw 0T 3y Lot O ‘A 00ST 1omod 19 s/u O “unyids jonpoid zowrnsuo) wu 00T pPUue 0% 8T0¢T
uonn[Ip I91EM
‘uonednJIuad pIey A[oyeispowr SAN Ny pajeod
Iaquieyo Aeids  ‘UOTIOBIIXD Iojem ur JUSWIPas -INON “-5dd
102G ‘19ZI[Nqau  pIey A[ojeIapour QULIBNISY ‘SJOBIIXD ‘-dAd -Tadd
€1e s/u swi 0T OV, fo) s/u hYaslichli(ee) ‘Qup[ids  193em [I0S pIepuels -9JenId WU 0 8T0T
pauonuaw uonn[Ip
2I9M SUOIIPUOD ‘(oz1s a10d
JUSIOLYID wm gz'0 pue wn
Isowt a3 A[Uo ‘[108 Iaquieyd G¥°0) Uoneny
WOIJ SUONIPUOD L_ura g Aeids oTuO[0Ad ‘uoneoTuoS S30BIIX SAN
uonIenNXa dN 2} $0°'T sed 1az1ngau ‘19z1[nqaU VAd ‘UOTIOBIIXD PI[OSOIq pUE [I0S 3y pareoo-dad
(x4 Jo uonezrundo wu 6T SW S0°0 BV, O ‘A 009T 1omod J9 ainssaxd mo ddsSl, ‘unyids weoy Apues payids wu 0 pue sg  £LT0T
uonnyip ‘Sunids EONDI
‘(oz1s a10d pue EONEN YIm
pqueyd  wi gg'o pue wil SJOBIIXI [I0S WeO|
L_ur g Keids oruo(oAd Sy'0) uoneny Apues pa1any ‘CONM
$0°'1 sed 1az1ngau ‘19z1[Nqau VAd ‘uonedNnyLIIUD pue EONEN Uim SAN Sy paieod
11¢ wu 6T  SW 50°0 BY,00 O ‘M 009T 1omod g9 aInssaid M0 ‘UOTIORIIXS EONM 197em d1ndoueN -dAd WU 0% £10T
REN| sarmead  (Asd) AOT dzIS owmn sadojost IozATeue s1ajowered JTaqureyd Aexds uoneredard XL pozAleue  Ieax
mema paInsesN SSEIN ewIse[d pue 19ZI[ngaN odures sadfy AN
(‘PuoD) T =QqeL

This journal is © The Royal Society of Chemistry 2020

1758 | J. Anal At. Spectrom., 2020, 35, 1740-1783


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9JA00206E

View Article Online

JAAS

Critical Review

ww £ uonisod

0JUI SI9UTBIUOD POOJ

*00u00r] parodun) (¢ [RRIAWOJUON-UONNGLNY suowwo)) aanear) e sopun pasuadr] st opnre sty ], | [ETEER (o)

‘INV TS:€S:€ TTOT/YT/Y U0 papeo[umo( “610T AIN[ g U0 paysiqnd d[only ssa00y uadQ

$TC s/u sw ¢ s/u s/u Surpdures s/u uoneqnoul  onse[d woiy ases[ay SAN 8V 910C
UuoneIIUOS
€TT s/u sw 1°0 s/u o) s/u s/u ‘uonn(ia jured Surnojnuy sdN O°nD  910¢
suonesrdde 1030
U T
¥H'T Ses 19zI[nqau sojedordde
‘,_um T 0g'T sed 119y} pue
Areryixne ¢, _upuwt 1 SAN 3V p21e0d
0°8T sed durjood IazZI[nqau sisA[e1p ?(EON)eD pue -dAd pue -2jent
TTT s/u suw QT s/u O ‘M 00¥T 1amod 19 ISTNOIOTIA 10 uonnjiq £ONEN 10 EONEN wu 00T ‘09 £10¢
Luma g
7'1 sed 1azingau Iaquuieyd
‘,_ur 90 sed Aeids o1u0[2£d
Areyxne ¢, _urw T ‘1azingau SAN “QIS WU 0S¢
91 sed 3urjood ISTINOIDTIA 193em Jun[ULIp pue ‘sdN “0IS
12¢ s/u sur g ISge S ‘M 0S6 1omod 19 z)1end) uonn[q arndenn payids /VNQ WU 267 ST0T
[[oYs wu ST
/2100 WU 8%
Iaqureyd uonnjp 3y/my ‘sdN
Ae1ds o104 ‘uoneny ny wu 00T ‘09
‘I9ZI[Ngou ou 10 Uonen[y SJUa3139p AIpUne| {SAN 3V pareod
02T 3v wiu o¢ sw ¢ s/u le) s/u  ISTNBIIA D-2dAL ‘uppds PIIm 193em paids -9JeNID WU 00T  STOT
sdN 3v 08 pue
‘0¥ ‘0t ‘pareod
suorsuadsns -ayehroedod
61¢ wu ¢ sw ¢ s/u Po) s/u s/u uonn[ia I93em N WNIPOS WU OT-T  €T10T
sojdures 191em [9pOoN
uonednjInuad
£,_T3u02-0
LU 1071 Je preoIAINg ¢ T
-/£'0 Sed 12zI[nqau [owwr €1-0 38 BN
LU eI sed pue ‘SN ‘eD ‘Hd
Arerixne ¢, _unw 0T-¢ JO suonnjos
¢1 sed Surjood JUSIOIP  AUIW WNICOIU B JO  SIN SUIUIeIuod
81C UL ‘NWUE  SW SO0 ,Ngep Ulger aS ‘M 00€T 1omod 19 s/u qam 3uryoed]  s3ul(re) Jo sayeyoea] -N pue -yL 610T
(oz1s
a1od wr 6°0)
uonen[y ‘gount
191eMULIO}S
1M UOTIOBIIXD [eLIayew IsA[ered
LT wu §°2 swl g Ao, Po) S/u  IdzI[Ngau zyrend) Jruosenyn  ‘9yeyoea[ Isnp peoy SIN3Id 810C
O 103 ,_urw T
8°0 sed 1azi[ngqau
REN| (asa) ao1 az18 owmn sadojost IozATeue s1ajowered JTaqureyd Aexds uoneredard XL pozAleue  Ieax
mema paInsesN SSEIN ewIse[d pue 19ZI[ngaN odures sadfy AN
(‘PuoD) T =QqeL

J. Anal. At. Spectrom., 2020, 35, 1740-1783 | 1759

hemistry 2020

This journal is © The Royal Society of C


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9JA00206E

View Article Online

Critical Review

JAAS

*00u00r] parodun) (¢ [RRIAWOJUON-UONNGLNY suowwo)) aanear) e sopun pasuadr] st opnre sty ], | [ETEER (o)

‘INV TS:€S:€ TTOT/YT/Y U0 papeo[umo( “610T AIN[ g U0 paysiqnd d[only ssa00y uadQ

UOMOBNXD  I9YIeI[ [BLI9IORQIIUE
1€C s/u  sW 50°0 BY,00 fo) s/u s/u Io7em O-I[ITIA WOIJ 3Sea[dY SAN 3V /10T
pIoe orwny e
UM J9yem ‘I93em
LU prey A[pyeropour
86°0 Sed 19z1nqau ‘1938M O-T[ITIA
¢, _ur T 61°0 ses 0JUl SLIQaP Paf[IuI
Areryixne ¢, _urnu -0A1d WOIJ 9SBI[I
(°H) aax 61 sed 3urjooo IazInqau puoa 1940 Xijew IowAod e juowdidoueu
0€T s/u SuI G de PMO ‘M 0SST Tomod 19 ISTINOIOTIA pus uoneloy ur syjuowdidoueN £Q% paseq UOIl  £T0T
X-UolIL],
Jo uonippe pue
uonn(p ‘unfeys (s3ms4poq
‘uoneoruos Aqeq pue ‘sypopd
‘1o7BM Jaquororur ‘sadim
pazruorap ojur Jom ‘syewraoerd
62¢ wu ge-/g  SWI'0  ,BD,, ‘ILg, s/u s/u S/u  SAN JO 9ses[oy 3[qe) S3MNXAL SIN “OLL  £10%
ww £ uonisod 197em dey
87T wu s¢ swr ¢ s/u s/u urdures S/u 01 SN JO asea[oy SUSNIqUI00], SAN 3V /10T
sayisodwoooueu
10y uonnyip
‘uonednyIuad SdN 3v
,_unua ‘Juouyear)  Jo IoAe[ 9[3UIS B Y3m
0°'T sed 1az1ngou aed[e ‘uonoenxs sajisodwoooueu
¢, uru g1 sed Iaqureyd SAOW SapI[s paseq
Areryixne ¢, _unw 1 Aeids o1uo[dAd>  sse[d 103 uonnyp -ZQI§ paImoNIs
Vo1 6T sed 3urood  ‘19zIngou A1Injs pue UONOBNXd ‘SAN 3V Jam
12T wu 0F 03 ¢ SuI G pue 3v, O ‘M 00zT Iomod g9  OILU2DUOD Sse[H  I1ojem ainden|n  Paleod SIpI[s SSe[D SAN 3V /10T
Jesn
MU “[UI 9AI}ONPUOD
IDAJISOUBU
Y44 s/u  sw o s/u fo) s/u s/u uonnyIp yur wo1y ases[ay SAN 3V 910C
(proe onooe 9¢
Lun T 197eM O-I[[TIA ‘Joueyld %06 pue
T sed 19zIngau Ul UOTIMINISU0IAT %07 ‘Ia3em O-I[[TN)
‘_umu g1 sed pue [OUBYID  SJUB[NWIS POOJ OIUT
Arerxne ¢, _urw JToqureyd Aexds Jjo uonerodeas  s9[30q UIpady Aqeq
6T sed Jurood  130dS ‘19zZI[NQU ‘UOIIEOIUOS  PUE SISUTBIUOD POOJ
44 s/u sw QT BY,00 O ‘M 0ssT 1amod 19 ISTINOITIA ‘uoneqnour  onserd wWoIj aSeI[IY SIN 3V 910T
(proe
o130k %€ ‘ToueyId
%0T ‘Ioyem O-1[[1IA)
SjuB[NWIS POOJ
REN| sarmead  (Asd) AOT dzIS owmn sadojost IozATeue s1ajowered JTaqureyd Aexds uoneredard XL pozAleue  Ieax
mema paInsesN SSEIN ewIse[d pue 19ZI[ngaN odures sadfy AN
(‘Pu0D) T o19eL

This journal is © The Royal Society of Chemistry 2020

1760 | J. Anal At Spectrom., 2020, 35, 1740-1783


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9JA00206E

View Article Online

JAAS

Critical Review

19)eM PIZIUOIaP
3tm uonnyip
‘loueow YIMm
ysem ‘Surdden

*00u00r] parodun) (¢ [RRIAWOJUON-UONNGLNY suowwo)) aanear) e sopun pasuadr] st opnre sty ], | [ETEER (o)
‘INV TS:€S:€ TTOT/RT/S U0 papeo[umo(] "610T AInf ST U0 paysiqng a[onIy sseody uadQ

punoj a1am sdN I9qUIBYD  D1IBISOIIII[A YIIMm SAN
g8e¢  Sururejuod-sy oN s/u swi 1°0 SV, O s/ju  Aeids yod-[eng  uOROA[[0d NjOWS powrs aparedin dururejuod-sy  810¢
+Ad 0z
PUE ,qdyy
“qdgoe
PUE ,qd,,
*qdgoe
PUE AQdgg,
sadojost Adg,,
. pes| HQ%EU wcmwmm e uoneIIUOS
uras st oSt qd pue sqems
‘own mz:M@m sil pue Hnmwmm . u0)300 YIM
SHT yIm sadojost ‘eg uIqqems puey
0Mm) Jo SULIOITUOIN (qa) pue Hnmwm 10 OpAYap[EWIO]
‘pasn a1om s og ¢, Qdgoy %20 JIM spuey
Sopoul JUIW[D ‘(e ‘qs) ‘ed,., 193em aindenn  SI19)00yS WOIj Yysem  SIN SUIUTBIUOD
L€T [enp pue o[3urs s/u s 67 e [ o) s/u s/u YIM YSem anpisaljoysuny -eg pue ‘-qd ‘“qS  810¢
9¢T wu £°66-€° LT sw 0T s/u lo) s/u s/u uonn[ia sfe1ds 1ownsuop SAN 8V 810¢C
uonnyip ‘proe uoISeIqe Ieaul|
213908 04h€ OJUT porernuuis Surnp
sed uonoear e g, I9ZI[Ngau  ased[aI ‘Xxoumnbry 2IBAM00D JTWEID  SIN Sururejuod
cee Se pasn sem °H s/u swe IS IV, OL s/u ISTINOIDTIA UM ysem WOl 5Ly -IL PUe “IS “IV 8107
wuw 0'g Ioquieyd
uonisod Zurdwes Aeids odfy SAN 3d
‘U -RodS “1azIngau [[ews-enn ym
(oH) @A  S0°T ses 1zIngau onewnaud asodwoooueu  dysodwodouru
vee d wu gLT sw 0T Adger @M O ‘M 00ST 1omod 1y ISTINOIOIA uonn[a ‘o1shd K0} 2N BVA 14
ww 0T uonisod
Zurpdures ‘(%0¢
20 19608 ‘1v)
(U T §€°0 sed
uondo ‘| _umu T UuoneIIUOS
L0 “,INgo ce*0 sed 1azI[nqau IazInqau ‘QuaAx suonn[os  SAN SurureIuod
€T S/U SWT0 ‘odg LA OL ‘A 009T 1omod 49 SSE[S dIIIUAOUOD -0 IIM uonn[ig auayeydsy -4 pue -0 £10¢
pun T
60T se$d 1az1ngau
‘,_umu 1T sed
Arerxne ‘| _urwi SIN OnD pue
L, (eH) a@x ST sed 3urood ‘ourueldoreyyyd
T€T s/u sSweg  ‘nD. IV, PM O ‘M 00pT Jomod g 19ZI[NQRU 1S-VAd uonnyq SYUr 0oNeL  -ND OV ““OLL  /T0T
Torem O-TIIN
0)UI 9132I91)RI[ puE
‘198 saInjeag (asd) aot az1s own sadojost IazAeue s1ojourered Iaqureyd Aexds uoneredard XIIJRIN pozdreue  1eax
[ema painseaN SSeIN ewIse[d pue I9ZI[NgaN ardures sad£y AN
(‘puoD) T e1qelL

J. Anal. At. Spectrom., 2020, 35, 1740-1783 | 1761

of Chemistry 2020

This journal is © The Royal Society


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9JA00206E

Open Access Article. Published on 25 July 2019. Downloaded on 8/28/2022 3:53:52 AM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

JAAS
o o) = —
V] o <t <t
~ S\ S N
wn
(9]
=
5
=t
[
5]
=
= .
2 z z
©n N Q
& i 2
a 3 E
Q
2| g = c
5] ] [=Hr] 0
N ) n B ~
wn — <+ O [S\]
— w0
T Y g
EE| Eo @ s
Az =] =
+QJ
o 2 Lo
28| < =
5 o, - =
o 5 + <
< S [ -
g o n R <
S22 = =
= -
[
S5 22 ﬁ
0 o A <
< g 2 3 1)
S s| OX o =]
- > o
2 R
f=]
mﬁ::‘m
w o ES s
2] -2 28 &
= HNN o
] o %0~ 3
< 8 2 0 o NI
g E S Eg 3= &
2= Q—':_‘OEE
f5| s 2E28Ee ©
Ao MO e A g =)
St
T o >
g Q ]
TE|l 252 =
2 =
SE| £8¢38 g
3 8%“@ E
5% €855 m g
5]
zZ & O&&s = &
N
- 2
Rt [
AN z
S| g9 =
o3| 852§ 50
28| E2S8 £
E5| §%2%8 o
< = o 208 2 “2 2
» Al BT A Q = &3}
S o)
S 8
% 7]
- > o
E 82,2
g S5fEgs
21 5 $§58s5¢
o 1 k“)Q_‘E;EH
= Iy ST 8 Q.2
B S S S
= | @ SO &< E=
& g
Zg "g
L o
- 23 ©
S| g3l g o g
[ ==l =
S| 2 gEE £ 2
SR %bgz = S
2 2 =
Z < 23R O 4
-
K} = © © o))
g F| 2 z s
~ > N Q Q

1762 | J. Anal. At. Spectrom., 2020, 35, 1740-1783

50.5 nm TiNbCN

SNb"

555 Hz

nebulizer,

and Disperbyk-

2012,

titanium

cyclonic spray
chamber

carbonitride
particles

centrifugation to

remove

dissolved iron,
dilution

“ Note that the entries are grouped by the sample matrix that is the main focus of each study. Papers that report solely on spICP-MS method development are not included.
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2.2 Sample introduction

In an ideal world, a sample introduction system would exist for
spICP-MS that features a 100% transport efficiency and a high
tolerance to all kinds of different matrices. Today, commercially
available nebulizers do not achieve a 100% particle transport
efficiency, which necessitates the precise determination of the
nebulizer transport efficiency for system calibration. Pneumatic
nebulizers achieve only approximately 0.5-2% transport effi-
ciency with a 1 mL min " sample uptake rate.”” The aerosol
transport through a spray chamber is aimed to eliminate larger
droplets, which helps to reduce the solvent load and to improve
analyte signal stability, but at the same time a considerable
amount of the analytes is also lost. An alternative to high-flow
pneumatic nebulizers (e.g. 1 mL min ' sample uptake rate)
are micronebulizers with considerably lower sample flow rates.
With micronebulizers (e.g. at a 10 uL min~* sample uptake rate)
the transport efficiency can be improved to 60 or up to 80%.*”
Micronebulizers utilize low-volume spray chambers (e.g. 15
cm?®) and help to improve the transport efficiency. For example,
a transport efficiency of approximately 93% was reportedly
achieved for 70 nm Pt NPs with a large-bore concentric nebu-
lizer and a small-volume on-axis cylinder chamber.”® A loss of
7% was discussed to be likely due to adsorption to nebulizer
and spray chamber walls, NP surface charges, and assumptions
made during PNC determination.”® In general, the higher the
sample flow of a nebulizer, the lower its transport efficiency
typically is. However, the matrix tolerance decreases from
higher to lower sample uptake rates. Micronebulizers can be
more difficult to operate and maintain due to the dimensions of
the inlet capillary (e.g. 0.15 mm),*® which might get obstructed,
and sample interchange can also be tedious. When compared to
standard pneumatic nebulizers, however, micronebulizers are
considered to be advantageous in the field of spICP-MS for low-
volume samples and simple matrices, when they are used to
interface with separation devices, or to achieve lower PNC
LODs.

Another approach to achieve high transport efficiency for
NPs is through a microdroplet generator (MDG), in which
monodisperse droplets are generated by a piezoelectrically
actuated quartz capillary.® The droplets generated at
a controlled volume and speed are transported into the ICP, and
a transport efficiency of over 95% can be achieved.*® The
advantage of the MDG introduction is that calibration may be
performed with dissolved metal standards if reference materials
of the NPs are not available.>**** Also, a combination of a pneu-
matic nebulizer and an MDG was recently reported as a means
to exchange different sample matrixes faster and to calibrate the
NP signal using traceable elemental standards without the need
to use NP reference materials.*** In this setup, the MDG was
used for system calibration, and the pneumatic nebulizer was
used for sample introduction.

A comparison of pneumatic nebulizers and MDG-based
sample introduction systems was performed in order to high-
light the advantages and disadvantages of the techniques for NP
quantification.**** It was found that losses are still possible at
the sample introduction stage affecting both NPs and dissolved
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species. Future improvements of sample introduction systems
are still needed to ensure high NP and dissolved ion transport
efficiency, robust operation, automated sample introduction,
and a high tolerance toward different matrices.

One approach to the introduction of solid samples into the
ICP-MS is laser ablation (LA). Recent research has demon-
strated a possible coupling of LA to spICP-MS.** Instrumental
parameters were optimized, and imaging of a sunflower plant
root (cross section), which was previously exposed to Au NPs
(60 nm citrate-coated, PNC: 1.83 x 10° NP mL™"), has been
performed. With 307 000 data points obtained per line scan,
the obtained results show that Au NPs retained their original
size and were concentrated on the surface of the root and
rhizodermis (Fig. 2). It is recommended by the authors of the
study “that the laser fluence is kept below 1 J cm™? to avoid NP
degradation”.*

2.3 NPs in the ICP source

When NPs enter the ICP, they would ideally get fully vaporized,
atomized, and ionized, regardless of their elemental composi-
tion, size, and matrix they are in. However, it is important to
consider differences in the physicochemical properties of the
elements (and other species such as their oxides) that the
particles are made of including boiling points and ionization
potentials. These differences are likely to result in different
optimal experimental conditions for the best spICP-MS perfor-
mance. In fact, the fundamental aspects of micrometer-sized
particles were studied by LA-ICP-MS and it was found that the
particle size can significantly affect the vaporization, atomiza-
tion, and ionization efficiency.***” While our understanding of
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Fig. 2 Image (in blue) showing the distribution of gold in a root cross
section from a sunflower plant exposed to gold NPs with a mean size
of 60 nm, overlaid with a high-resolution time-resolved signal of
a single LA-spICP-MS line scan (in yellow). The pixel size in the image is
5 x 5 pm?, and the line-scan signal was recorded every 100 ps.
Reprinted with permission from Metarapi et al* Copyright 2019
American  Chemical Society. (https://pubs.acs.org/doi/10.1021/
acs.analchem.9b00853, further permissions related to the material
excerpted should be directed to the American Chemical Society).
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the behavior of micrometer-sized particles in the ICP has
improved in recent years, the number of fundamental studies
on the effects of nanometer-sized particles in spICP-MS is still
very limited. For example, Ho et al. focused on the determina-
tion of the maximum signal intensity as a function of the ion
sampling position (frequently referred to as “sampling depth”)
for different elements in aqueous solution and a selection of Au
and ZrO, NPs.*® It was shown that different elements have
a different signal maximum in their sampling position profiles
depending on the combination of element ionization potentials
and boiling points of the corresponding oxides. 150 nm and
250 nm Au and 80 nm ZrO, NPs were investigated in the same
study, and they were found to have different complete ioniza-
tion positions (£0.5 mm) in the ICP compared to dissolved
metal analysis (Fig. 3).*® Consequently, when calibration with
dissolved metals is performed in spICP-MS, it is important to
determine the position of the maximum signal in sampling
position profiles for method optimization and minimization of
systematic errors.

Incomplete ionization may occur due to a relatively larger
mass of individual NPs, and, in turn, would lead to a limited
upper size dynamic range for NP analysis. Additionally, matrix
ions that reach the plasma together with the NPs may affect the
ionization of the NPs. For example, Niemax et al. utilized an
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Fig. 3 Sampling depth profiles of (a) Au and (b) Zr in the form of
aqueous solution with a concentration of 10 ug L~ and discrete NPs.
Reproduced from Ho et al.*® with permission from the Royal Society of
Chemistry.
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MDG to study atomization processes in the plasma.* They re-
ported a local plasma cooling effect during atomization which is
dependent on the analyte mass. Another finding was that the
matrix elements in the droplets affect the droplet atomization.
Later they confirmed experimentally that the position of atom-
ization and ionization of analytes in the ICP strongly depends
on the injector gas flow, the size of the introduced droplet, and
also on the mass of the analyte (e.g. particles).* The presence of
a matrix (SiO, particles in a Ca®>" matrix) affects both particle
and matrix component atomization. For example, there was
a delay in complete atomization of two 1.55 um SiO, particles
compared to one 0.83 um SiO, particle that translates into “a
spatial shift of about 8 mm in the ICP.”*° It has also been shown
that the position of atomization and ionization is important for
ion sampling. If the ions are sampled too early, when atom-
ization and ionization are still not complete, then the detected
signal per particle decreases. If the sampling is performed too
late, then after the particles are ionized, diffusion occurs, and
the signal per particle may also decrease.”

Ho et al. performed a simulation study focusing on incom-
plete particle vaporization.** It was shown that ion sampling
requires knowledge of the point of complete particle ionization.
For example, they reported that the mass calibration leveled off
at higher mass values (above 34 fg) at the 8 mm sampling
position and concluded that Au particles larger than 150 nm
may experience incomplete ionization; further experiments to
confirm this hypothesis were not conducted in the study. A
sampling position upstream in the plasma (closer to the coil)
resulted in an even narrower linear dynamic range (LDR) for Au
NP detection (e.g. 6 mm in the simulations results in incom-
plete vaporization of Au NPs above 60 nm). Additionally, smaller
NPs are subjected to diffusion to a greater extent, causing
analyte losses for smaller particles that already completely
vaporize early in the ICP. Therefore, it was pointed out that it is
important to match the NP masses used for calibration with the
analyzed particles. A literature search** was done to determine
the detected signal of the particles at which the size calibration
is no longer linear (100 nm for Ag NPs** and 150 nm for Au
NPs*'); however, to what extent incomplete particle ionization
and the limited LDR of the detector influence the obtained
values was not studied. Borovinskaya et al. demonstrated that
droplets that are off the central axis of the plasma experience
a temporal shift in their ICP-MS signals due to diffusion in the
plasma.*> A computational study confirmed the advantages of
introducing the samples on-axis to achieve higher transport
efficiencies of the ions into the MS.* Chan and Hieftje
demonstrated that injection of droplets (deionized water) into
the ICP causes a noticeable influence on it; the plasma is locally
cooled (the cooling lasts for more than 2 ms after the droplet
leaves the load-coil) and is then reheated to a temperature above
equilibrium (this effect lasts up to 4 ms after the droplet leaves
the load coil); therefore, these effects last longer than the resi-
dence time of droplets in the plasma.** Here, the OH molecular
band and Ar I and H I emission lines were measured with
a monochromatic imaging spectrometer every 100 ps.

The studies presented in the paragraph above demonstrate
that it is indeed important to optimize the plasma conditions
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for a precise and sensitive NP detection. For example, the
injector gas flow (only Ar and not He was considered in this
review), plasma power, sampling position, and injector diam-
eter should be optimized based on the analytes and matrix
used. Other studies were done to find an optimal sampling
position. They studied the effect of the ICP-MS sampling posi-
tion on the signal intensity of Ag and Au NPs.* It was shown
that it is necessary to optimize the sampling position because it
can decrease the size LODs by 25-30% for the studied NPs
compared to the standard instrument tuning procedure. For
example a sampling position of 4 mm was found to be optimal
for Ag and Au NPs to obtain the highest signal intensity, and the
signal of dissolved silver and gold standards followed the same
trend.*® It is important to note that the optimal sampling
position would be different for different instruments, and the
elements of different mass ranges, and the formation rate of
doubly charged ions and oxides should be accounted for some
elements. Chun et al. used a double-viewing-position single
particle ICP-OES approach to study and select an appropriate
sampling position.*® The approach can be used to elucidate
a potentially incomplete ionization of particles, and, therefore,
provides information for spICP-MS that sampling from these
positions would not be suitable.

spICP-MS is highly dependent on the plasma conditions,
and more studies are required in this respect to develop robust
protocols to establish optimal plasma conditions for different
NPs and different matrices. The plasma conditions that were
used in spICP-MS application papers are summarized in Table 1
and discussed in the corresponding chapter. Apart from the
choice of the nebulizer, torch injectors of a smaller diameter (1
or 1.5 mm inner diameter) may help to guide NPs on a central
axis movement towards the sampler tip. The combination of
three parameters, namely injector gas flow, plasma power, and
ion sampling efficiency (depending on sampling position),
significantly affects NP ionization and, in turn, the recorded
signals, and should be optimized prior to analyses. The aim is to
achieve the conditions under which the ionization is complete
for the required NP size range in a specific matrix, and to
sample the ions into the MS from the point of complete ioni-
zation to limit ion cloud diffusion in the plasma and a loss of
ions per particle.

2.4 Ton transport

All analyte ions produced in the ICP would ideally be trans-
ferred completely into the mass spectrometer. However, the
step of ion extraction is associated with losses. Ion extraction
from the atmospheric-pressure ICP is typically performed by
using a two-stage (sampler and skimmer cones) and sometimes
a three-stage aperture interface. Downstream of the skimmer
orifice, positively charged analyte ions are separated from other
plasma species using ion guide devices. While optimal ion lens
voltages may differ from element to element, typically a stan-
dard tuning protocol is established with a multielement solu-
tion to determine only one “ideal” set of voltages for the whole
mass range. The maximum sensitivity for a particular ion may
be achieved by fine tuning. Additionally, space charge effects,
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namely ion losses due to charge repulsion and defocusing of the
ion beam downstream of the skimmer and the ion optics, may
introduce mass-dependent artifacts in nanoparticle analysis
similarly to what is known for standard elemental analysis. Niu
and Houk* described fundamental aspects of ion extraction in
ICP-MS, and highlighted that the understanding of the
processes occurring during the transport of the ions to the mass
analyzer would help to reduce ion losses at this stage. Typically,
low-mass isotopes have lower ion kinetic energies compared to
high-mass isotopes; therefore, low-mass isotopes get forced out
to the edges of the ion beam by high-mass isotopes and a rela-
tive loss of sensitivity for low-mass isotopes is observed.*® To the
best of our knowledge, papers on space-charge effect investi-
gations specifically for NP analysis have not been published yet.
Clearly, such ion sampling and transport effects as are
mentioned above will affect ions from NPs in a similar fashion,
and, in turn, lead to possible partial losses of the number of
ions per NP that were generated in the plasma, partial losses of
the background ions, losses due to the extraction of positively
charged ions, space charge effects etc. All of these losses will
likely decrease the overall instrument sensitivity and contribute
to an increase in the size LOD for NPs in spICP-MS. However,
the order-of-magnitude compared to other fundamental aspects
in spICP-MS is not clear to date and more fundamental research
is required.

2.5 Mass analyzers

An ideal mass analyzer for NPs would be able to have a high
mass resolution to provide isotopic information along with
simultaneous rapid multielement detection of short (few
hundreds of microseconds)'® NP signals. The mass analyzers
that are available today are suitable for different types of
applications and still have some room for improvement. ICP-Q-
MS is widely used because of its comparatively low cost and
capability for fast NP detection. However, ICP-Q-MS instru-
ments are limited in terms of multielement detection and
resolution (one m/z unit at a time). Switching between different
m/z ratios requires some settling time (on the order of 100 ps)*
for the new set of conditions to be stable (ion travel time
through the mass analyzer etc.). If one decides to perform
isotope-hopping over the course of a fast transient NP signal,
the settling time leads to a limited signal coverage, which also
significantly limits the number of counts detected per NP. A
proof-of-concept for a two-element detection was recently
demonstrated, where Au/Ag core/shell NPs were detected with
100 ps dwell time and 100 ps settling time.* Interference is
another limitation of ICP-Q-MS due to its comparatively low
mass resolution. A large number of elements suffer from
interference in ICP-Q-MS,*® especially in the presence of
a matrix. If the interfering species is present only as the back-
ground and not in the form of NPs, then NPs could still be
detected to a certain extent as signal pulses above the contin-
uous background. However, as the variation of the background
signal rises with increasing signal level,>~** the NP size LOD
rapidly increases (from 18 nm to 32 nm for Ag NPs, when 0.3 pg
L' Ag* was added, and 5 ms dwell time).®* One approach to
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remove interference may be the use of a collision-reaction cell
with kinetic energy discrimination. The collision-reaction cell
was purposely used to reduce the sensitivity of the instrument to
be able to detect Au NPs up to 200-250 nm in diameter.>** After
passing through the mass analyzer, the ion detection itself is
performed usually by using a discrete dynode electron multi-
plier. The crucial parameter to set here is the detector dwell
time, which will be discussed in the next chapter. In spite of all
limitations discussed above, ICP-Q-MS is still the most widely
used instrument (compared to other mass analyzers) for NP
detection in terms of the number of publications.

The utilization of triple quadrupole (TQ or QQQ) technology
allows overcoming matrix interference not only in solution
analysis but also in particle analysis. For example, the use of
CH;F or H, for reactions/collisions in ICP-QQQ-MS allowed
quantifying SiO, NPs (high natural background of N,) in the
range from 80 to 400 nm using on-mass detection with H, (**Si")
and mass-shift detection with CH;F (*®Si'°F") and significantly
improved the size LODs (Fig. 4).*® TiO, NPs can be quantified
with the use of NH; as the reaction gas in candy products®” and
water matrices with a high Ca content® (**Ca” interferes with
the most abundant **Ti* isotope, and the mass-shift detection
of [**Ti(**N"H;);(**N"H)]" has been performed). In contrast to
ICP-Q-MS and ICP-QQQ-MS, sector field (SF)-ICP-MS and mul-
ticollector instruments feature a higher mass resolution and
sensitivity compared to ICP-Q/QQQ-MS and can also be used for
NP detection.****** For example, a high mass resolution makes
it possible to distinguish **Ti* (m/z = 47.948) and **Ca* (m/z =
47.953) during the analysis of TiO, NPs in calcium rich
matrices.*® The feasibility of spICP-MS for isotope analysis in
erbium oxide particles was demonstrated with multi-collector
(MC)-ICP-MS.* Isotope dilution analysis was introduced for
Ag NP analysis and quantification with ICP-Q-MS.***” Here,
spiked samples with isotopically enriched '°’Ag" solution were
introduced for quantification.

A limitation of scanning-type mass analyzers is the fact that
only one isotope (m/z) can be examined at once. Quasi-
simultaneous multielement analysis can be performed with
time-of-flight ICP-MS (ICP-TOF-MS).** While ICP-TOF-MS
instruments were offered by manufactures in the past but did
not seem to find their way into the routine elemental analysis
market, the recent interest in nanoparticle analysis led
researchers to revisit this type of mass analyzer. A prototype
instrument was developed by the Giinther group at ETH Zurich
which features a 30 kHz spectral acquisition rate. Particle size
LODs of 46 nm, 32 nm, and 22 nm for Ag, Au, and U NPs
respectively were reported (at that time higher than that with
ICP-Q-MS****7). In a follow-up study, ICP-TOF-MS was used to
perform the analysis of e.g. Au/Ag core/shell NPs. It was
successfully shown that this core/shell material could be iden-
tified even in the presence of Ag NPs in the same sample.
Improved size-related LODs of 19 nm and 27 nm for Au and Ag
NPs respectively were reported (values determined with Poisson
statistics).” The benefit of all-isotope-information in a sampled
ion cloud was recently exploited to distinguish natural from
engineered CeO, NPs” (Fig. 5) and TiO, NPs.” The commercial
ICP-TOF-MS is reported to achieve 29 nm, 14 nm, and 7 nm
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LODs for Ti, Mo, and Au containing NPs respectively.” It was
used, for example, for Bi containing NPs and NPs of steel to
obtain the industrial
materials.”

elemental composition of these

2.6 Detector dwell time

Ideally, spICP-MS requires fast time-resolved detection to get
accurate information (number of counts) for each detected NP
over the whole required duration of the measurement. In this
paper, we focus on secondary electron multiplier (SEM) detec-
tors as they are most frequently used for ICP-Q-MS. Usually, ion
detection occurs sequentially within defined time intervals
called dwell times. In spICP-MS, dwell times in the millisecond
time range are still the most frequently used (Table 1, also
determined by the available settings of the instruments). As was
demonstrated earlier, for example in a study on the effect of
a CE buffer matrix on the particle ion cloud duration in CE-
spICP-MS," NPs typically result in ion cloud event durations on
the order of a few hundreds of microseconds. One fundamental
limitation of millisecond dwell times is that only one data point
is used to describe a shorter transient. Additionally, a dead time
between the individual dwell times® may interrupt the time-
resolved measurements and lead to count losses in pulse-
counting mode of the SEM. The occurrence of a NP between
two adjacent dwell time intervals may cause one NP to be
detected as two smaller ones (split-particle events). Similarly,
towards higher particle numbers in a suspension, two or more
particles may fall into one dwell time (particle coincidence),
which results in a skewed PNC. Therefore, the users of milli-
second dwell times in spICP-MS should always consider a suit-
able PNC range for their measurements and be aware of the
limitations of the method when the data are used to draw
conclusions e.g. from particle stability and toxicology studies.
One possible approach to overcome the measurement arti-
facts is to use integration times that are significantly shorter
than the duration of NP ion clouds (on the microsecond time
scale). This way allows for obtaining time-resolved profiles of
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NP ion clouds with an adequate number of data points per
transient. The main challenge then arises in the data acquisi-
tion, storage, and processing of us time-resolved data. For
example, if the dwell time would be 10 ps, then each 1 s 100 000
data points are obtained. Therefore, a special data processing
for visualization and quantification is required that is different
from standard ICP-MS data acquisition (DAQ) and software,
respectively. In addition, the accurate extraction of NP ion
clouds and their unambiguous identification above possible
background counts are critical in pus-spICP-MS. To the best of
our knowledge, the first system for time-resolved particle anal-
ysis with ICP-MS was presented by Nomizu et al. in 2002.*® The
detection was performed with 20 ps time resolution for 1 min in
the pulse-counting mode; however, it is stated that the
measurement time was limited by the computer hard disc
space. Later, ICP-MS became commercially available which
allows data acquisition with 100, 50 and 10 ps dwell times. For
example, several authors utilized a dwell time as low as 10 ps
and highlighted the advantages and disadvantages compared to
millisecond time.**”>7® In the study by Montafio et al., NP signal
extraction from the background was carried out by applying
a three time standard deviation (SD) of the background crite-
rion.” One limitation of commercially available ICP-MS
instrumentation is the fact that the total measurement time
with high time resolution is currently limited to minutes. An
ideal spICP-MS instrument would be able to operate continu-
ously with microsecond time resolution (hours rather than
minutes), without significant dead time, and be able to process
the data online. As a contribution from our group to help to get
closer to such an ideal system, we presented a DAQ system
developed in-house for spICP-MS with 5 ps time resolution and
truly continuous data acquisition (Fig. 6).”” The system allows
performing acquisition for any measurement duration (only
limited by the hard disk space). It was used for continuous
measurements for up to 60 min with the coupling of a separa-
tion technique. The obtained data were processed with in-
house written software and particle events were extracted on
a particle-by particle level by setting defined count thresholds.”
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SF-ICP-MS has also been used with microsecond time reso-
lution (as short as 10 ps).>***%>%* NP identification in the raw
data was carried out by determining the peak maxima above
a certain threshold.**®* Tuoriniemi et al. introduced a peak
recognition algorithm into an SF-ICP-MS using a 100 ps dwell
time based on cluster detection.®” Another mass analyzer that
can be used for fast detection of NPs is an ICP-TOF-MS that can
be operated with a speed of up to 30 kHz.*®

While the majority of spICP-MS studies investigate spheri-
cally shaped nanomaterials (or assume a spherical shape), first
attempts have been undertaken to distinguish NPs with
different shapes and high aspect ratios. For example, micro-
second time resolution helped to distinguish spherical NPs
from nanorods and to perform dimensional characterization of
the NPs based on their ion cloud signal duration.”® The
composition of NPs of gold and silver alloys has also been
assessed using profiles of the ion clouds.” The detection of
silica colloids, which otherwise would require the use of
a collision gas to remove polyatomic interference (from
nitrogen dimer ions), has been simplified with microsecond
time resolution detection.®

As reported above, the advent of microsecond time resolu-
tion helped to significantly improve the performance of spICP-
MS compared to millisecond time resolved data. The number of
data points per ion cloud event is improved, the background is
divided between adjacent dwells,”*’” and, thus, the detection of
NPs is possible in a wider range of PNCs and in the presence of
a higher background and dissolved ion concentrations.
However, it should also be noted that the data obtained with
microsecond time resolution represent in most of the cases only
several counts per dwell time (with 5-10 ps dwell times) and that
the normal distribution statistics may not apply to these data
anymore. In fact, we suggest that Poisson statistics should be
considered in order to differentiate NPs from the background.**

2.7 Quantification considerations

The principles of quantification with spICP-MS were described
in previous reviews in detail.**° Briefly speaking, quantification
can be performed using NP standards of the same elemental
composition or dissolved standard solutions of the element
after taking into account the nebulization efficiency in order to
obtain particle size and size distributions with a pneumatic
nebulizer. The PNC determination requires a NP standard with
the known PNC of the same element, or of a different element, if
the same transport and nebulization efficiencies are assumed.
The main limitation today is the fact that only a limited variety
of the NP standards of different compositions and certified
PNCs exist,” and difficulties in determination of the nebuliza-
tion efficiency can occur.®” Interlaboratory studies have shown
that the determination of median particle diameter (2-5%
repeatability SD and 15-25% reproducibility SD) is much more
repeatable and reproducible compared to the determination of
PNC (7-18% repeatability SD and 70-90% reproducibility SD).
The lack of stability of the NPs in initial suspensions and
different matrices depending on the handling and storage
conditions may have a significant contribution to this fact.*»*
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Recently, a metrological study assessing the determination and
validation of Au NP size and size distribution was performed.**
High-resolution scanning electron microscopy (HR-SEM) was
used as one of the methods to validate the results obtained with
spICP-MS. The two methods show a good agreement with
a relative precision of 0.5%. It was emphasized that the NP size
characterization provided by their suppliers is not sufficient,
and that more characterization is needed if the NPs are inten-
ded to be used in research. Alternative methods including the
use of a MDG,****>* isotope dilution,**” and flow injection®%®
are promising new quantification approaches. However, more
studies on the metrology of these methods are required to
ensure accurate NP analysis.

The counting stage of the electron multiplier is typically used
up to 2 x 10° cps (ref. 27) because there is a detector dead time
(on the order of 50 ns)”” between the acquisitions caused by
physical and detector construction limitations. Because NPs
result in short but intense ion signals, some of the counts per
NP are lost due to the dead time (e.g. 6.2% for 40 nm and 24.4%
for 60 nm Au NPs).”” This phenomenon leads to a limited LDR
for NP size detection. Liu et al. extended the LDR for Au NPs
from 10 nm to 70 nm in “highest sensitivity mode” to 200 nm in
“less sensitive modes”.>* The approaches that can be used to
extend the LDR are based on decreasing the temporal ion signal
abundance by the use of low extraction voltage® or collision-
reaction cells.**** The effect of the plasma conditions on the
LDR for Au NPs was investigated by Lee and Chan and 250 nm
Au NPs were reportedly outside of the LDR.*”

The size LODs depend on the sensitivity of the instrument,
and an ideal LOD of one atom cannot be achieved nowadays
with the current ICP-MS systems. The main reasons are a low
nebulization efficiency, low ionization efficiencies of some
elements in the argon plasma, and ion transfer into and inside
the mass spectrometer. Lee et al. calculated the size LODs for 40
elements for an ICP-Q-MS.”® So far, most of the elements still
have LODs well above 10 nm (ref. 6 and 70) and spICP-MS
instruments are yet to be developed that can cover the
complete nanoscale from 1 nm to 100 nm routinely.

PNC and size LODs are both based on a statistical evaluation
of the data; therefore, data processing plays an important role
in spICP-MS. For millisecond time resolution, the size LOD is
usually determined as 3 x SDgg (SD of the background) or 5 x
SDgg above the background.®*® Real world samples may have
higher size LODs due to a continuous background. If the blank
is well known and no NP events are detected, then the PNC LOD
was proposed to be three detected NP events by Laborda et al.*®
based on the Currie Poisson-Normal approximation
(2.71 4 3.294/SDgg for a “well-known” blank). This PNC LOD
may need recalculation if some NP events are detected even in
blanks. The data obtained with microsecond time resolution
usually require even more data processing, because each NP is
represented by several data points. Until now there is still no
established approach to extract NPs from the raw data, and each
developed system utilizes its own algorithm (discussed in the
previous chapter). Therefore, there is still a need to develop
statistical approaches based on counting statistics for the
quantitative extraction of NPs from time-resolved data.
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Table 2 Separation methods coupled to spICP-MS for NP analysis
Technique
coupled Nebulizer and spray Plasma Dwell
online Analytes chamber parameters time Separation features Ref.
CE 10, 20, 30, 40, Microflow nebulizer RF power 2 ms 70 mM SDS and 98
and 60 nm with a low volume 1500 W, cooling 10 mM CAPS in pH
citrate-coated Au spray chamber gas 15 L min™}, 10 buffer
NPs auxiliary gas 1
L min?,
nebulizer gas 0.8
L min~ %,
sampling
position 7 mm
CE 20, 40, and Microflow nebulizer RF power 5 us 60 mM SDS and 10
60 nm citrate- with a low volume 1450 W, cooling 10 mM CAPS in pH
coated Ag NPs spray chamber gas 14 L min’, 10 buffer, online
auxiliary gas 0.8 preconcentration
L min~?,
nebulizer gas 0.8
L min~?,
sampling
position 3.5 mm
CE 20, 40, and Microflow nebulizer RF power 5 us 60 mM SDS and 99
60 nm citrate- with a low volume 1450 W, cooling 10 mM CAPS in pH
coated; 20, 40, spray chamber gas 14 L min %, 10 buffer, online
and 60 nm PVP- auxiliary gas 0.8 preconcentration,
coated; 40 and L min~, separation of NPs
60 nm PEG- nebulizer gas 0.8 with different
coated; 40 nm L min~, coatings
BPEI-coated Ag sampling
NPs position 3.5 mm
ES-DMA 30, 40, 60, 80, n/s n/s 10 ms Ammonium acetate 96
and 100 nm Au was used for
NPs electrospray,
aggregate detection
ES-DMA CTAB- and n/s n/s 10 ms Quantification of 97
citrate-coated Au the length and
nanorods diameter of
(diameters 11.8 nanorods
to 38.2 nm and
aspect ratios 1.8
to 6.9)
FFF 40, 60, 80, and Concentric Nebulizer gas 5 ms 10 kDa regenerated 95
100 nm citrate- nebulizer with 0.88-0.96 cellulose
coated Ag NPs, a cyclonic spray L min~* membrane, 0.02%
60 nm citrate chamber FL-70 carrier,
coated Au NPs, separation of Au/
51 nm Ag core SiO, core/shell NPs
and 21.6 nm from Au NPs
SiO, shell citrate-
coated NPs
FFF AgPURE® Concentric RF power 5 ms 10 kDa regenerated 100
(<20 nm nebulizer with 1550 W, cooling cellulose
polyoxyethylene a cyclonic spray gas 14 L min™ !, membrane,
fatty acid ester- chamber auxiliary gas 0.8 ultrapure water as
coated) in food L min~?, the mobile phase
simulants nebulizer gas 1
(water, 10% L min*
ethanol, and 3%
acetic acid)
extracted from
model films
HDC 30, 60, 80, and V-groove nebulizer n/s 10 ms 10 mM SDS in pH 11 94

100 nm citrate-
coated Au NPs

with a double pass
Scott spray chamber
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Table 2 (Contd.)
Technique
coupled Nebulizer and spray Plasma Dwell
online Analytes chamber parameters time Separation features Ref.
HDC 10, 30, 50, 100, PTFE spray chamber RF power 5 ms 2 mM Na,PO,, 101
and 150, 250 nm 1400 W, auxiliary 60 mM
citrate-coated Au gas 0.82L min %, formaldehyde,
NPs nebulizer gas 1.8 mM SDS, 3.2 mM
0.78 L min™ %, Brij 123, and
sampling 3.2 mM Triton X-100
position 40 mm in pH 7.5-8 eluent
HDC 40 and 80 nm Ag n/s n/s 100 ps 1 mM NaNOg, 102

NPs spiked in
Milli Q water,
WWTP influents
and effluents

Another issue in NP quantification is the differentiation of
NPs from the background. The continuous background in ICP-
MS may be a result of dissolved ions, natural background, or
interference. Bi et al. proposed an approach to differentiate NPs
from the background with the use of K-means clustering to
improve the differentiation of the NPs from the BG compared to
the “traditional standard deviation approach”.* Cornelis and
Hassellov developed an approach for data deconvolution taking
into the account the noise components of ICP-MS to differen-
tiate the NPs that are not fully resolved from the background.*®
An approach that utilizes modelling of the background based
on the noise components with Monte Carlo simulation was
developed for the data obtained with ICP-TOF-MS with 200 Hz
resolution.”® The method allows distinguishing small NPs from
the background, and the decision criteria for NP detection were
revisited. Alternatively, dissolved ions can be removed with ion
exchange resins®* or the samples can be analyzed after dilu-
tions.”® Microsecond time resolution helps to distinguish NPs
from a continuous background (up to 1000 000 cps) and
quantify both the dissolved ions and NPs.*!

2.8 Coupling of spICP-MS to separation techniques

A promising approach to obtain more information about
mixtures of NPs is the online coupling of spICP-MS to a sepa-
ration technique. As spICP-MS is used for NP size and size
distribution determination, different separation techniques
allow obtaining complimentary information. However, the
main challenge is that spICP-MS requires the discrete detection
of individual NPs while separation techniques will result in
a local preconcentration of analytes of a certain type (in a peak),
which then elute/migrate together from the column/capillary.
Additionally, separation techniques usually require a separa-
tion medium (mainly organic compounds) that is introduced
into the ICP-MS and may cause matrix effects. Therefore, the
combined use of a separation/fractionation technique and
spICP-MS requires a careful method development to ensure
that:
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0.0013% w/w SDS,
and 0.0013% w/w
Triton X-100 in pH
7.5 eluent

e The NPs are separated based on their properties but not
focused in time to the extent that the detection of single NPs is
significantly hindered.

e The organic buffer does not interfere with the NP detection
(instrumental parameter optimization).

oA suitable dwell time is chosen.

eThe NPs do not undergo size transformations during the
separation.

e The best size and PNC LODs are achieved.

An overview of the separation techniques that were coupled
online to spICP-MS is presented in Table 2, and the main
features are highlighted. The first online coupling of spICP-MS
to hydrodynamic chromatography (HDC) was presented by
Pergantis et al. in 2012, where Au NPs were separated by their
size.”* In 2016, spICP-MS was coupled online to asymmetric
field flow fractionation (AF4) to fractionate the NPs by their size
and also core-shell NPs (Ag core with a SiO, shell) from mono-
component NPs (Ag NPs) (Fig. 7).” Electrospray-differential
mobility analysis (ES-DMA) was also coupled online to spICP-
MS.”® This method allows distinguishing different sizes of NPs,
assessing their aggregation,”® and distinguishing nanorods
from spherical NPs.?” The coupling of capillary electrophoresis
(CE) to spICP-MS?® allows separation of the NPs not only by their
size, but also in some cases by their different coatings (Fig. 8).”
According to Table 2, most of the separation methods utilize
surfactants, most commonly sodium dodecyl sulfate (SDS), to
enhance the separation of NPs from each other. The coupling of
separation techniques online to spICP-MS has the potential to
answer non-trivial questions in NP mixtures analysis, where
spICP-MS alone does not provide sufficient information.

3 Applications of splICP-MS

There has been a significant increase in the number of pub-
lished studies that utilize spICP-MS in recent years (Fig. 1) and
the majority of these publications are dedicated to applications
thereof. Table 1 summarizes the papers that include applica-
tions of spICP-MS for the analysis of different samples and

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (a) Size distribution of a mixture containing 40 (1 ng L™, 60
(2ng L), and 80 nm (6 ng L) Ag NPs and Ag—SiO, NPs (1 ng Ag per L)
obtained using spICP-MS. (b) Contour plot result of an AF4-spICP-MS
analysis on a suspension containing 40, 60, and 80 nm Ag NPs
(678 ng L™, 1.39 ug L% and 3.73 ug L%, respectively) and Ag—SiO» NPs
(624 ng Ag per L). In (a) and (b), the Ag mass concentration ratio of 40,
60, and 80 nm AgNPs, and Ag-SiO, NPs was about 1:2:6:1.
Reprinted with permission from Huynh et al.** Copyright 2016 Amer-
ican Chemical Society.

different matrices (note that fundamental studies on spICP-MS
are not included). The studies included in Table 1 are grouped
by the analysis matrix and then sorted by the year of publica-
tion. Table 1 is a summary of the articles with a short descrip-
tion of the sample preparation and selected instrumental
parameters. The reader is advised to check the original publi-
cations for more details.

It became apparent when compiling this table that many
publications do not include all experimental conditions that the
authors of this review consider important for spICP-MS. As
discussed above, the combination of RF power, sampling
position, and carrier gas flow is crucial for the best spICP-MS
performance. The parameters dwell time and measured
isotopes are very important as well. Most of the articles state the
dwell time that was used for the measurements, with micro-
second time resolution (most frequently 0.1 ms dwell time)
becoming more widely used in recent years. The majority of the
articles do not include the sampling position or injector
diameter in the experimental descriptions. Some articles cite
their previous studies and do not cite the exact conditions that
were used for the study.
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Fig. 8 Comparison of a standard CE-ICP-MS plot (A) and first CE-
splCP-MS two-dimensional color map (B) acquired from a complex
five-component mixture of different nanomaterials (5 pg L~ citrate-
coated 20 nm sized, 35 ng L™ each citrate and PVP-coated 40 nm
sized, 100 pg L™ PVP-coated 60 nm sized, and 200 pg L~ citrate-
coated 60 nm sized Ag NPs). The analysis was conducted by moni-
toring at 1°’Ag™ with 5 us dwell time, using 110 s injection and REPSM at
20 kV. Reprinted with permission from Mozhayeva et al.?® Copyright
2017 American Chemical Society.

The majority of the spICP-MS application papers (Table 1)
utilize a method for direct analysis of aqueous media (exposure
media, model and real environmental water samples, etc.) with
or without dilution. Dilution is an effective tool to reduce the
matrix load. A filtration step is introduced frequently to avoid
clogging of the nebulizer; however, this step may lead to partial
losses of NPs due to interactions with the filter membrane
materials, even if the NPs are smaller than the membrane
pores.'”® Therefore, more research is required to determine
suitable filter materials for NPs with different coatings to reduce
these interactions or identify membranes that show a somewhat
reproducible adsorption behavior. When enzymatic or alkaline
digestions are used for more complex matrices (tissue, plants,
etc.), care must be taken to ensure that the NPs keep their initial
state after these procedures. The ultimate goal of any sample
preparation step must be a high particle recovery rate and little
to no species transformation.

4 Conclusion

The past two decades have witnessed the commercial realiza-
tion of new and powerful ICP-MS instrumentation and
methods, including instruments with faster data acquisition,

J. Anal. At Spectrom., 2020, 35, 1740-1783 | 1771


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9JA00206E

Open Access Article. Published on 25 July 2019. Downloaded on 8/28/2022 3:53:52 AM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

JAAS

enhanced detection power, alternative mass analyzers, off-the-
shelf interfaces to couple liquid chromatography, CE, etc. to
ICP-MS, and novel separation and fractionation methods.
While these instruments were successfully used for nano-
material characterization and the number of published studies
of spICP-MS is steadily increasing, there are some remaining
challenges that need to be addressed to ultimately reach the top
of the nanoparticle peak.

Total consumption microflow nebulizers or droplet genera-
tors are attractive due to a high particle transport efficiency.
However, microflow nebulizers sometimes suffer from clogging
(in the presence of agglomerates or organic matter) and
commercially available droplet generators reportedly suffer
from a limited day-to-day reproducibility and cannot be coupled
to autosamplers in the state in which they are available today.
Future research in the area of sample introduction for both
stand-alone spICP-MS and when interfaced with separation
methods (e.g. CE-spICP-MS) is encouraged to address these and
other challenges with the ultimate goal of a high-throughput
and robust sample introduction system for single particle
(and single-cell) ICP-MS. While sample introduction is a poten-
tial source of error, sample preparation is often overlooked but
may play an even bigger role, especially when particle number
concentrations are to be determined. Here, more fundamental
studies on potential analyte losses and species transformation
(oxidation, release of ions, change of size, and agglomeration)
during sampling, storage, and sample preparation are required.
For example, a common sample preparation step is filtration to
remove unwanted organic matter and larger particle fractions.
However, particle losses might occur depending on the particle
size and surface coating interaction with the filter material and
are often overlooked when particle number concentrations are
reported. Similarly to conventional analytical methods, the
analyte (particle) recovery should become a parameter that is
always reported in future spICP-MS studies.

Based on the publications discussed in this review and from
our own findings, we would like to stress that a careful opti-
mization of the plasma conditions and dwell time is required to
achieve better NP size detection limits and accurate particle size
and number information respectively. In addition, instru-
mental developments to improve the ion sampling/transfer
efficiency in ICP-MS would help to further decrease the size
detection limits for single particles and also to gain access to
information on NPs of mixed elemental composition and core/
shell materials.

While quadrupole-based ICP-MS systems were widely used
in past spICP-MS studies, we assume that mass analyzers that
provide fast time-resolved and multielement detection such as
ICP-TOF-MS will play an important role in this field in the
future. However, even the best instrument is worthless if it
cannot be calibrated properly, and there is still the lack of
appropriate reference materials for calibration. In the future,
the field would benefit from more well-characterized and
certified nanomaterials to ensure accurate and precise
quantification.

It can be concluded that spICP-MS is a very useful method
for NP analysis today but there is still room for fundamental
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studies, instrumental improvements, and methodological
advances to come closer to what would be an ideal method for
nanomaterial characterization.
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List of abbreviations

AF4 asymmetrical flow field-flow fractionation
BPEI branched polyethyleneimine

BSA bovine serum albumin

CAPS 3-cyclohexylamoniuopropanesulfonic acid
CE capillary electrophoresis

CIGS copper indium gallium selenide cells
CNT carbon nanotube

CPE cloud point extraction

CTAB  cetyltrimethylammonium bromide

DAQ data acquisition

DMEM Dulbecco's modified eagle medium

EPA Environmental Protection Agency

ESD equivalent spherical diameter

ES-DMA electrospray-differential mobility analysis
FFF field flow fractionation

HDC hydrodynamic chromatography

HR- high-resolution scanning electron microscopy
SEM

ICP-Q-  single quadrupole ICP-MS

MS

IEC ion-exchange column

KED kinetic energy discrimination

LA laser ablation

LDR linear dynamic range

LOD detection limit

m/z mass-to-charge ratio

MA multielement analysis

MC multi-collector

MDG microdroplet generator

MOPS  3-morpholinopropane-1-sulfonic acid

n/a not applicable

n/s not specified

NOM natural organic matter

NP nanoparticle

OECD  The Organization for Economic Co-operation and
Development

OES optical emission spectrometry

OPV organic photovoltaic cells

PBS phosphate buffered saline
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PEG polyethylene glycol

PFA perfluoroalkoxy alkane

PNC particle number concentration
PTFE polytetrafluoroethylene

PVA polyvinyl alcohol

PVP polyvinylpyrrolidone

Q quadrupole

QQQ triple quadrupole

RF radio frequency

SD standard deviation

SDs sodium dodecyl sulfate

SEM secondary electron multiplier

SF sector field

spICP-  single particle inductively coupled plasma mass
MS spectrometry

TAP tris-acetate-phosphate

TMAH tetramethylammonium hydroxide
TOF time-of-flight

TQ triple quadrupole

TSPP tetrasodium pyrophosphate
WWTP waste water treatment plant
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