
JAAS

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

9.
07

.2
02

5 
20

:5
3:

57
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
High-speed phot
Ames Laboratory U. S. Department of Ener

University, Ames, IA 50011, USA. E-mail: rsh

† Electronic supplementary information
movie of ICP during nebulization and
aqueous nitric acid. Arrows denote two d
particle events. Framing rate 5000 frame
exposure time 10 ms. See DOI: 10.1039/d0

‡ These authors contributed equally to th

§ Present address: Center for Ecosystem
University, Flagstaff, AZ 86004, USA.

{ Present address: Elemental Scientic In

k Present address: Special Technologies
Site, Santa Barbara, CA 93111, USA.

Cite this: J. Anal. At. Spectrom., 2020,
35, 1956

Received 4th May 2020
Accepted 17th June 2020

DOI: 10.1039/d0ja00210k

rsc.li/jaas

1956 | J. Anal. At. Spectrom., 2020,
ographic study of vaporclouds
from wet droplets and the subsequent solid
particles in an inductively coupled plasma†

Christopher H. Ebert,‡§ Nathan J. Saetveit, ‡{ Stanley J. Bajic, Daniel S. Zamzow,
David P. Baldwink and R. S. Houk *

Movies of an inductively coupled plasma (ICP) while nebulizing a concentrated sample of yttrium were

recorded using a high-speed camera with short exposure time (10 ms) and fast framing rate (5000 frames

per s). Clouds from large droplets can be seen in several successive frames as they travel downstream in

the axial channel of the ICP. These droplet clouds are superimposed on the usual spatial structure of red

YO, neutral Y atom and blue Y+ emission. As a particular large droplet moves downstream, its red

emission cloud evolves into a faint white streak with a surrounding cloud of blue Y+ emission. The streak

is attributed to a solid residue from the droplet. The velocity of the droplet and subsequent particle is

measured to be 28 m s�1. The general characteristics of the droplet and particle clouds agree well with

previous photographic measurements and those by other methods such as laser induced-fluorescence

or scattering.
Introduction

The behavior of wet droplets and the resulting solid analyte
particles in high-temperature atom and atomic ion sources has
been an ongoing interest of Prof. Gary Hieje throughout his
career.1–3 A number of other investigators have also studied
these phenomena, notably Olesik,4,5 Farnsworth,6 Montaser7

and their co-workers. Recent fundamental experimental studies
of dried solid particles by Niemax,8 Günther9 and co-workers,
along with simulations by Bogaerts' group,10,11 have continued
this theme. The work of Tanner et al.12,13 on mass cytometry of
intact biological cells draws from this basic work, as cells
apparently vaporize, atomize and ionize with reasonable effi-
ciency in an otherwise standard ICP.14 Recent work on deter-
mining the elemental composition and size distributions of
intact solid nanoparticles15–20 follows a related theme. The
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behavior of discrete sample segments in the ICP is key to the
success of these recent studies.

The author's group has contributed to droplet and particle
studies via high-speed photographic experiments. Previous
work used photographic lm21–23 and then a high-speed digital
camera.24 These prior studies used cameras with fast shutter
speeds but slow framing rates. They could capture isolated
pictures of individual droplets or particles but could not follow
a particular droplet or particle during its entire journey through
the ICP.

The present paper uses an improved camera with both high
shutter speed and fast framing rate. The resulting movies
show the successive development of vaporization, atomiza-
tion, excitation and ionization during the path of a droplet or
particle through the ICP. The present paper describes these
events for large wet droplets from a conventional pneumatic
nebulizer, which remains the most widespread mode of
sample introduction into the ICP. Both mass cytometry and
nanoparticle size/composition measurements rely on such
nebulizers.
Experimental section

The ICP (RF Plasma Products ICP-16L, 40 MHz) was similar to,
but not the same device as that used in our previous photo-
graphic studies.23,24 The Fassel torch25 was 20 mm OD with
a tubular injector, tip dimensions 1.5 mm ID � 15 mm long.
Other operating conditions were: forward power 1.1 kW, outer
gas ow rate 15.0 L min�1, and auxiliary gas ow rate 0.5
L min�1.
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Successive frames from a small section of Video 1.† Frame 690
is the first image from this clip. Alternate frames are numbered in the
order they were measured. The time interval between frames was 200
ms. A white arrow pointing right denotes the first droplet cloud under
discussion. The yellow arrow pointing left denotes the second such
droplet.
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A concentric pneumatic nebulizer (Meinhard Type C) was
pumped at a very fast uptake rate (1.9 mLmin�1 vs. the common
�0.5 mL min�1). At high liquid ow rate this nebuilzer
produced lots of large droplets, likely due to condensation of
the initial droplets, as demonstrated by Montaser et al.26 The
aerosol gas ow rate was 0.65 L min�1. A Scott-type double-pass
spray chamber25 was used.

The ICP was operated vertically with no mass spectrometer
(MS) sampling cone. This allowed observation of the droplets
for a long pathlength extending well beyond the end of the
torch. The sample was a concentrated solution of yttrium at
10 000 ppm in 1% aqueous nitric acid. Yttrium was chosen
because the emission of excited YO (deep red), neutral Y atoms
(pale red or pink), and Y+ ions (blue) can be readily distin-
guished visually.

An Olympus i-Speed2 video camera (Olympus Corp., Tokyo,
Japan) captured videos and images of the ICP, including drop-
lets and particles therein. A 25 mm focal-length lens (Navitron)
focused light from the plasma onto the camera. Images were
recorded at 5000 frames per s (320 � 240 pixels). A shutter was
used to shorten the exposure time to 10 ms.

Results and discussion

Video 1 in the ESI section† shows an entire clip taken under the
conditions described above. As described by Koirtyohann
et al.,27 the usual dark axial channel, red initial radiation zone
(IRZ) and blue normal analytical zone (NAZ) are visible. This IRZ
and NAZ structure is present in every frame and results from
small- or medium-size droplets that desolvate, vaporize,
atomize etc. upstream in the axial channel of the plasma. The
analyte signals in an emission or MS experiment result from
such droplets. The emission clouds from large droplets and
particles are observed as perturbations on this background
structure.

In the subsequent discussion, spatial locations in the plasma
are referred to by the phrases “upstream” (i.e., down in
Video 1†) or “downstream” (up in Video 1†). This terminology is
preferred to traditional phrases like “above” or “below” the load
coil, which are inaccurate for the horizontal plasmas usually
used in ICP-MS or ICP emission spectrometry with axial
viewing.

The torch ID is 18 mm. The farthest upstream section of the
plasma is approximately 16 mm wide. Red clouds from intact
droplets can be seen periodically passing through the plasma.
Some of these droplets persist for the entire length of the
plasma. These droplet clouds resemble those reported in our
previous paper24 but are more frequent and dramatic in the
present work, presumably due to the present use of very high
liquid uptake rate to enhance production of large droplets.

A set of sequential frames from Video 1† that illustrates the
time development of droplet/particle clouds is shown in Fig. 1.
This sequence is typical of many we observed throughout the
video. In Frame 690, a large droplet is leaving the tip of the IRZ.
The emission cloud surrounding this droplet is denoted by the
white arrow pointing right in this and subsequent frames. It is
very close to the central axis of the ICP. In Frame 691, the cloud
This journal is © The Royal Society of Chemistry 2020
of material around this droplet can be seen isolated against the
blue NAZ. Of course, what is observed in Fig. 1 is the emission
cloud surrounding the droplet, not the droplet itself.4 This
cloud in Frame 691 has a dark red core, which we believe to be
primarily YO emission,28,29 from comparison with the appear-
ance of the outer fringes of the axial channel upstream inside
the torch. The dark red center of this cloud is approximately
1 mm in diameter. The central core is surrounded by pale red
emission, ascribed to neutral Y emission.28,29 This neutral Y
cloud is approximately 2 mm diameter.

In Frame 692 the droplet cloud morphology remains the
same, and the droplet cloud has contracted and moved down-
stream. In Frame 693 the droplet cloud has shrunk further and
is now just a pale red, or even white, cloud. This cloud continues
downstream and expands further in Frames 694 and 695. It
appears that what was initially a wet droplet cloud has been
converted into a blue cloud surrounding a solid particle. This
particle cloud dissipates in Frame 696; a spherical blue cloud of
Y+ emission is just visible at the position expected from the
aforementioned particle. The blue particle cloud has blended
into the background NAZ entirely in Frame 697.

Returning to Frame 694, the yellow arrow pointing le
indicates a second red droplet cloud upstream of the one just
discussed. This droplet cloud is slightly off-center but still well
within the axial channel of the ICP. The corresponding cloud
expands and evolves into a fuzzy white cloud in Frame 695,
followed by a diffuse white distortion in Frame 696. The
observation that this droplet-type emission cloud dissipates in
only two frames (400 ms) means that this droplet is apparently
not as large as the one discussed previously. Furthermore, the
axial channel is probably hotter off-center than on-center in its
upstream reaches inside or just downstream from the load
coil.10 Therefore, this second droplet heats and the resulting
cloud dissipates faster than the one denoted by the white
arrows.

All frames have a fuzzy white zone on-center, in the middle of
blue Y+ emission in the NAZ. We believe this “streaky” zone is
J. Anal. At. Spectrom., 2020, 35, 1956–1958 | 1957
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due to cooling of the plasma by passage of solid residues of
numerous small or medium-sized droplets that have already
been desolvated at a range of axial positions upstream in the
axial channel. Note that this “streaky” zone is right where the
sampling cone of a MS would normally be situated. If there were
solid particles still present at this location, they would be
extracted into the sampler along with the corresponding atoms
and ions. The particles right along the central axis would even
go through the skimmer toward the rst ion lenses. Such solid
deposition is indeed observed in ICP-MS and is a likely cause of
dri and instability. Modern quadrupole instruments incorpo-
rate at least one, and as many as four, 90� bends in the ion
optics to minimize the deleterious effects of this deposition.

Both Video 1† and Fig. 1 also display a wispy red plume at the
downstream end of the plasma due to YO emission. Yttrium
oxide is recreated at the end of the plasma by reaction between
Y+ ions and O2 from entrained air, which cools the plasma and
increases the gas density of O2 and O atoms. This YO cloud
exhibits the swirls and eddies seen previously. This entrainment
of air causes the familiar audible “whine” of the ICP.21,22

The droplet/particle velocity in the axial channel can also be
estimated from these photos. The luminous outer section of the
plasma at the far upstream end, i.e., just above the top turn of
the load coil, is approximately 16 mm wide. Using this distance
as a calibrant, the droplet denoted by the white arrows travels
�22 mm to the downstream tip of the plasma in Frames 691 to
695, 4 frames or 800 ms. The ow velocity is 22 mm/0.80 ms ¼
28 m s�1. This velocity value is very close to our previous
measurement23,24 of 27 m s�1 and is in reasonable agreement
with the values of 30–35 m s�1 determined by Cicerone and
Farnsworth.6
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