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The door was the way to...to...
The Door was The Way.

Good. Capital letters were always the best way of dealing with things you didn't have

a good answer to.
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Abstract

ICP-OES is a well established method for identification and quantification of elements
in solid and agueous samples but lacking information about the chemical nature of
the element in the sample if not used in combination with a hyphenated separation
technique.

Based on the approach presented by Bauer et al. [1], surface modified MCM-41
particles have been synthesized and applied on herbal tea extracts in order to
separate the organic-complexed fractions from the free ionic fraction of selected
analytes. As the particle size is of great importance when it comes to particle
manipulation with an acoustic standing wave, alternatives to the standard MCM-41
particles used by Bauer et al. were investigated. The implementation of a separation
cell using an acoustic standing wave removes the centrifugation step from the
conventional DPE method, therefore making it automatable and suitable for on-line

application.

To correctly quantify the amount of particles used in each measurement, the
implementation of a dopant into the MCM-41 particle was also investigated, as the
glassware involved in the measurement setup always created a background signal
for Si. The addition of Lithium as internal standard to the buffer was found as a viable

way to monitor measurement conditions.

Acoustic standing waves can be used for various kinds of particle manipulation. In
this work the emphasis was put on trapping a set amount of particles within an
indigenously created trapping cell and releasing them once the fraction of the sample
which did not interact with the particles has left the cell. As the simulations carried out
by colleagues associated with this project indicated that the acoustic force would not
be sufficient to successfully trap particles of 1 um or smaller, a different cell-design
was developed and tested.

During this work, multiple ways for pumping the sample through the cell into the ICP
were compared. As the commonly used peristaltic pump of the ICP instrument does

not offer truly continuous flow, a syringe-pump was tested with success as an



alternative but introduced a significant limitation on the measured volume. An
alternative to both pumps has successfully been found in using the nebulizer of the
ICP-OES as a "self-priming pump" and in controlling the flow-speed by adjusting the
nebulizer-gas flow. Experiments indicated that this method allows continuous and
stable measurements without the need for changing syringes, and without disturbing
the flow within the separation-cell. To ensure reproducibility of the setup, a
microcontroller assisted setup to control the timings of each step of the measurement

was developed and successfully put to work.

It has been discovered that a minimal change in the resonance of the acoustic field
(i.e., introducing a sample with a slightly different density) can lead to a collapse of
the trapping force within the cell, limiting the viability of this method to acoustically

closely matched samples and solvents.

Another discovery of this work was that seemingly inorganic standard solutions can
elute organic complexing agents over time, therefore masking them from the SCX-

groups on the patrticles.

As pointed out throughout this work, the size of the particle, which has to be
manipulated, is of great importance. As this problem could not be completely solved
during the course of this work, the viability of this method may improve greatly when
paired with larger particles, as preliminary experiments with much larger particles

have indicated.



Zusammenfassung

ICP-OES ist eine weit verbreitete Methode fur die Identifikation und Quantifikation
von Elementen in festen sowie flissigen Proben. Allerdings liefert ein ICP-OES
Messungen keine Information Uber die chemische Nachbarschaft des Elements,
wenn es nicht mit anderen Methoden gekoppelt wird. Basierend auf der lIdee von
Bauer et al. [1], wurden MCM-41 Partikel hergestellt und in Tee-Aufgiissen von
ausgewahlten Elementen der organisch komplexierte Anteil, vom als freie lonen
vorliegenden Teil getrennt. Durch die Verknupfung von DPE mit einer Teilchenfalle
auf Basis einer akustisch eingekoppelten stehenden Welle, entfallt die manuelle
Trennung der eingesetzten Partikel mittels Zentrifuge und die Methode wird dadurch
automatisierbar und kénnte aufRerdem auch fur on-line Analysesysteme verwendet

werden.

Da die MCM-41 Partikel welche Bauer et al. eingesetzt haben zu klein fir eine
erfolgreiche Trennung mittels einer stehenden Welle waren, wurden alternative
Synthesen durchgefuhrt. Unter anderem wurde versucht Fremdatome in die MCM-
41-Struktur einzubauen, da eine korrekte Quantifizierung der Partikel aufgrund des
immerwahrenden Si-Untergrundsignals der involvierten Glasgerate nicht mdoglich
war. Um die Bedingungen im Aufbau und des Plasmas wéhrend der Analyse zu

Uberwachen wurde erfolgreich Lithium als interner Standard eingefthrt.

Akustische eingekoppelte stehende Wellen kénnen auf mehrere Arten fir die
Manipulation von Partikeln eingesetzt werden. In dieser Arbeit wurden sie dazu
eingesetzt, um in eigens erstellten Separations-Zellen Partikel aus einer
Probensuspension zu filtrieren, in der Zelle zurickzuhalten und nachdem die
restliche Probe die Zelle verlassen hat in kurzer Zeit auszuspulen. Da Simulationen
von Strobl [2] implizierten, dass Partikel mit 1 um Durchmesser (und kleiner) in einem
konventionellen Durchflusszellen-Design nicht hinreichend zuriickgehalten werden,

wurde ein alternatives Design einer Durchflusszelle entworfen und getestet.

Im Verlauf dieser Arbeit wurde der Einfluss unterschiedlicher Pumpen auf die

Trennleistung der Separationszelle untersucht. Dabei stellte sich heraus, dass die



Peristaltik-Pumpe die Ublicherweise fur den Probeneintrag am ICP zustandig ist, kein
wirklich kontinuierliches Stromungsprofil vorweist und dadurch die Trennleistung der
Separationszelle signifikant verringert. Der Wechsel auf eine Spritzenpumpe konnte
zwar den Ruckhalt in der Zelle verbessern, bedeutete aber gleichermal3en eine
Limitierung der Probenmenge. Alternativ zu beiden Pumpen wurde der Betrieb des
Zerstaubers als ,selbstansaugende Pumpe® erfolgreich getestet. Die eingebrachte
Probenmenge kann hierbei tber den Zerstauber-Gas Zufluss eingestellt werden. Die
durchgefiihrten Experimente zeigen, dass diese Methode sehr stabil lauft und

aulRerdem auch keine der Nachteile der beiden anderen Pumpen hat.

Um die Reproduzierbarkeit der Messungen zu erh6hen wurde eine Mikrocontroller
Platine, welche einzelne Teilschritte der Messungen kontrolliert starten und beenden

konnte, entwickelt und erfolgreich in Betrieb genommen.

Im Verlauf der Arbeit wurde festgestellt, dass schon eine kleine Veranderung im
Medium (zum Beispiel eine unterschiedliche Dichte von Probe und Laufmittel) in der
Separationszelle zum Kollaps der stehenden Welle fihren kann. Aus diesem Grund
ist die entwickelte Methode noch limitiert auf Proben deren akustische Eigenschaften

sehr nahe an denen des eingesetzten Laufmittels liegen.

Eine weitere Erkenntnis aus diesem Projekt ist, dass anorganische Standards,
welche in Plastikbehaltern gelagert werden, im Verlauf der Zeit anscheinend
Weichmacher aus dem Plastik |6sen, welche dann anschliel3end die als freie lonen
vorliegenden Elemente komplexieren kénnen und auf diese Weise gegenuber den

auf den Partikeln vorliegenden SCX-Gruppen maskieren.

Wie im Verlauf dieser Arbeit mehrmals erwéhnt wird, ist die GroRe der zu
manipulierenden Partikel einer der wichtigsten Parameter fir die erfolgreiche
Manipulation mittels einer akustisch eingekoppelten stehenden Welle. Im Verlauf
dieser Arbeit konnte keine vollstandig erfolgreiche Lésung fir das Problem der zu
kleinen Partikel gefunden werden, aber erste Versuche lassen auf eine merklich

gesteigerte Trennleistung beim Einsatz von grof3eren Partikeln schliel3en.
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1 Introduction

In this work, an ultrasonic trap is introduced into ICP-OES analysis, in order to allow
on-line sample-pretreatment in by separating complexed- ions and matrix from free
ions in the sample. On-line sample-pretreatment offers many advantages to
conventional off-line methods. An improvement in reproducibility and a decreased
risk for contamination are just two, which are very important in the field of trace

analysis.

Dispersed particle extraction (DPE) as proposed by Bauer et al. [1] uses the benefits
of solid-phase extraction whilst circumventing the need for elution. However, the
particles used for DPE have to be separated from the sample and washed repeatedly

with a centrifuge.

Ultra sonic separation cells are already used in multiple ways to manipulate particles
in bioanalytical areas, but have yet to be introduced into inorganic trace analysis.
Koch et al. [3] have shown that yeast cells can be trapped and manipulated onto an
ATR-crystal and Trampler et al. [4] introduced an acoustic filter for the enrichment of

hybridoma cells.

As the acoustic radiation force from an ultrasonic standing wave is largely depending
on the radius of the particles within the fluid, particles of higher diameter than used by

Bauer et al. have been synthesized.

The goal of this work was to couple DPE with ultra sonic separation techniques and
use it for ICP OES Analysis.

To give a better insight into what is happening during measurements, simulations
calculated by Dipl. Ing. Lukas Strobl as well as BSc. Géza Horvath using COMSOL

Multiphysics were taken into consideration.




1.1 Abbreviations

AIBN
CTAB
DPE
HDTMS
MTMS
PDMS
PVP
PZT
SCX
SEM
SPE
TEOS

pp’ pO
pr CO

2,2' - azoisobutyronitrile
n-Cetyl-tri-methyl-ammonium bromide
Dispersed Particle Extraction
Hexadecyltrimethoxysilane
Methyl trimethoxysilane
Polydimethylsiloxane
Polvinylpyrrolidone

Lead zirconate titanate

Strong Cation Exchange
Scanning electron microscope
Solid Phase Extraction

Tetraethyl orthosilicate

= primary axial radiation force
= primary lateral radiation force

= secondary radiation force

= acoustic energy density

= particle radius

= particle position in the wave propagation direction

= acoustic contrast factor

= density of particle and fluid respectively

= speed of sound in particle material and fluid respectively
=2nf/co

= frequency

= angular frequency

= displacement amplitude at the center of the particle

= difference in displacement amplitude between edge and center of the particle
= center to center distance between two suspended particles
= compressibility of particles and fluid respectively

= angle between the centerline of two particles and the direction of sound propagation




1.2 Scientific Background

1.2.1 ICP-OES

Inductively coupled plasma, as the name suggests, is a method of plasma generation
through electromagnetic induction. A plasma is a gaseous physical state in which
part of the atoms are in an ionic state, making it electrically conductive and
responsive to magnetic fields. The plasma used for ICP-OES analysis usually

originates from Argon. Helium could be used as well but is much more expensive.

A plasma can be used to atomize, ionize and excite molecules and atoms. In ICP-
OES, the optical emissions of the decay from excited atoms or molecules are
observed and used for elemental identification and quantification. The sample is
dispersed in air via a nebulizer system and introduced to the plasma through the
plasma torch. The plasma torch is an array of three concentric quartz glass tubes.
The center tube carries the sample-aerosol, whilst the other two carry the plasma
gas, which sustains the plasma, and the cooling gas, which shields the hot plasma

from the surroundings.

As shown by Lindner et al. [5] (figure 1), the temperature of the plasma varies
depending on the distance from the coil. In radial observation mode, the observation
height can be used to improve the signal to noise ratio by shifting into hotter or cooler

regions, depending on the analyte.
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Figure 1 - Plasma-temperature-distribution at a) 0,22 , b) 0,30 and ¢) 0,40 L min™ injector gas flowrate
(color scale in Kelvin)

The plasma is ignited with a Tesla unit and then sustained through an inductor coil.
The induced energy usually varies from 750 W to 1600 W and influences the

maximum temperature of the plasma.

For sample introduction, there are multiple ways to introduce the analyte into the
plasma. Solid samples can be spark-ablated (DC), laser-ablated (LA) or electro-
thermally vaporized (ETV). Liquid samples are usually brought in with a peristaltic
pump, and then they are nebulized into a spray chamber, which is connected to the
plasma torch. The desired aerosol can be optimized through the type of nebulizer
(pneumatic or ultrasonic) and the form of the spray chamber. Figure 2 shows an
overview of the ICP-OES used in this work. It features a concentric pneumatic
nebulizer for increased salt content, a spray chamber with a riser tube to reduce the
amount of big droplets reaching the plasma, and a radially oriented detector.
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Figure 2 - Overview of the ICP-OES sample introduction system for liquid samples

The emitted light is focused through lenses to the spectrometer. The spectrometer

used in this work is equipped with an echelle grating coupled to a CCD-detector.
(Figure 3)
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Figure 3 - characteristic design of an echelle spectrometer
Source: http://www.andor.com/images/flexible_tool_spectroscopy_figl.jpg

Echelle optics contain two dispersive elements dispersing the spectrum into two
dimensions, depending on order and wavelength. Therefore, 2-dimensional CCD-

arrays can be used for fast analysis of a large spectrum.

As the emitted spectrum of the decay of excited states is characteristic for specific
atoms (or ions), ICP-OES can be used for qualitative analysis.

Quantitative analysis can be realized by comparing the intensity of the emissions of
standards to those of samples. Aqueous standards with a composition close to the
sample are most commonly used. Depending on the emission line and the
concentration, a linear correlation between signal and concentration can be
achieved, and through this, quantitative information about the sample can be

calculated.

The detection limits of ICP-OES depend on various factors (e.g. element, observation
time, matrix). For most elements, concentrations < 1 pg L™ could be easily quantified
in an ideal sample, whilst in an interfering matrix the same element would have a

significantly higher detection limit.

Matrix interferences might be:




1.) altering the droplet-size due to change in surface tension, viscosity or density
(e.g., different acidity, different amount of dissolved organic carbon)

2.) influencing the aerosol, affecting the transport to the plasma
(e.g., volatile organic solvents)

3.) affecting the plasma energy, changing the amount of excited atoms
(e.g., high concentrations of sodium in sea-water).

4.) Contributing to spectral interferences

(e.g., neighboring emission-lines from other elements in the sample)

Other, less specific matrix-effects are possible as well. Therefore, reliable sample-

pretreatment to remove matrix-effects is highly sought after.

A simple and most commonly used method to reduce matrix effects is dilution, but as
this includes reducing the total signal from the analyte, it is not always an option.
Alternatively, the matrix can be removed by means of liquid-liquid extraction, which is
very time- and solvent-consuming, or solid phase extraction, which is also time
consuming, in some cases not reproducible and can degrade over time due to
memory-effects. Therefore, DPE as an alternative method for matrix-separation was

developed by Bauer et al. [1].

The fundamental principle behind this method is shown in figure 4.
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Figure 4 - Schematic illustration of a separation using DPE (by courtesy of Anastassiya Tchaikovsky [6])
1.2.2 Dispersed particle extraction

DPE is based on the suggestion by Limbeck et al. and was first introduced by Bauer
[1]. DPE (Dispersed Particle Extraction) - in contrast to SPE (Solid Phase Extraction)




- uses not a packed column but instead uses dispersed functionalized particles which
interact with the sample solution. After analyte-sobtion, the particles are separated
from the liquid sample and analyzed. If particles are small enough, they do not
interfere with the nebulizer or cause significant change to the plasma-conditions. This
results in the possibility to not eluting the analyte from the particle. By directly
analyzing the particle suspension, a complete recovery of all extracted elements
could be obtained.

The reusability of the SPE-materials can be a problem, when used in trace analysis
in combination with ICP-methods. As the elution of the analyte often has to be carried
out with organic solvents like methanol or ethanol, which are both interfering with the
plasma of an ICP-OES, a following solvent change is advisable, but increases the
risk for contaminations. Another downside of SPE-methods is that samples are never
washed out completely resulting in a memory effect after multiple repetitions.
Furthermore, with every washing step the column is damaged, resulting in lower

capacities over time.

To overcome those shortcomings, the particles for DPE analysis are used only once,

as the patrticles are either dissolved or analyzed as a slurry.

In this work, DPE is carried out using mesoporous silica particles (MCM-41) with
strong cation-exchanger (SCX) groups attached to their surface.




1.2.3 Fundamentals for ultrasonic separation and trapping of suspended

particles

The combination of acoustic standing wave technology and laminar flow offers new

ways of contact-free particle manipulation for enrichment, selection or analysis.

The first to explain the phenomenon was King [7]. Since then the interaction of an
acoustic standing wave with particles in suspension has been thoroughly investigated
and more simplified explanations of the phenomenon were introduced.

F,, = primary axial radiation force

Fs.. = secondary radiation force

E = acoustic energy density

R = particle radius

X = particle position in the wave propagation direction
) = acoustic contrast factor

Pp, Po = density of particle and fluid respectively

Cp, Co = speed of sound in particle material and fluid respectively
k =2mnf/c,

f = frequency

When suspended particles are subject to an acoustic field, the surrounding fluid
applies hydrodynamic forces on the particles, corresponding to the acoustic
displacement velocity of the fluid. Lenshof et al. [8] suggested that for laminar flow,
the acting force on the suspended particles can be simplified as a one-dimensional
force, F,, (Eg. 1 and 2), limited by the condition that the radius of the suspended

particles R must be small compared to the wavelength within the fluid, (R << k).

Equation 1 - Axial component of the primary radiation force

FAx=4T[*R3*E*k*sin(2kx)*CD

with




Equation 2 - Acoustic contrast factor

o Lot @/ (op=Po) 1 pocs
2p, + po 3 ppch

In trapping-systems the lateral component of the primary radiation force, as well as
the secondary radiation force are of greater importance compared to flow splitter
design. To trap a particle, large lateral gradients in acoustic pressure as well as
acoustic velocity are needed. Like the axial component, the lateral force component
F, 4+ depends on the size of the particle as well as on the amplitude of the standing

wave (Equation 3).

Fiar = primary lateral radiation force

W = angular frequency

U = displacement amplitude at the center of the particle

U = difference in displacement amplitude between edge and center of the particle
d = center to center distance between two suspended particles

By, Bo = compressibility of particles and fluid respectively

6 = angle between the centerline of two particles and the direction of sound propagation

Equation 3 - Lateral component of the primary radiation force

— 2p2
Frar = mpow” R Uy,

When two or more objects are within a sonic field, the scattered sonic fields of these
particles interact with one another, resulting in the secondary radiation force
(Equation 4). The resulting force between two particles is relative to the difference in
density between fluid and particles, as well as their position in the sound field. It
supplements a force leading to the formation of larger clusters within the standing

wave.

10



Fso.  =secondary radiation force
d = center to center distance between two suspended particles
By, Bo = compressibility of particles and fluid respectively

6 = angle between the centerline of two particles and the direction of sound propagation

Equation 4 - Secondary radiation force

(pp = po)” * (3cos?6 — 1) ?po * (Bp = o)

6pyd*

FSGC = 47TR6 *

v2(x) — p?(x)

9d?

y transducer

particles in

~_— nodal region

reflector

Figure 5 - formation of a standing wave and it's effect on particles within the standing wave (By courtesy
of Markus Brandstetter [9])
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2 Experimental

2.1 Reagents and Materials

The chemicals used in this work were purchased from Merck and VWR. All of the
chemicals used for the particle synthesis were of synthesis grade or higher, whilst all
of the chemicals used in the analytical process were of p.a. grade or higher. The pure

reactants, used in this work are listed in table 1.

Table 1 - Pure reactants

2,2' - azoisobutyronitrile MnSO,4.H,0O

Acetic acid n-Butanol

Ammonium acetate n-Cetyl-tri-methyl-ammonium bromide
Ammonium hydroxide Nitric acid

Ethanol Polvinylpyrrolidone
Hexadecyltrimethoxysilane Polydimethylsiloxane (Sylgard 182)
Hydrochloric acid Tetraethyl orthosilicate

ICP multi-element standard solution VII Water (HPLC-grade)
Methanol Water (Ultrapure)
Methyl trimethoxysilane zf™0Cl,.8 H,0

The 1 Mol L* buffer was created by mixing 25,124 g Acetic acid with 30,877 g
Ammonium acetate and diluting it with ultrapure water to a volume of 400 ml.

The water used for the buffer, and most of the other applications was deionized via
reversed osmosis and further purified with a Barnstead Easypure Il system (Thermo
Scientific). The obtained specific conductivity of the purified water was 18,2 MQ cm™.
Whilst the Easypure system eliminates most of the inorganic impurities, organic
impurities can still be found in the water. For this reason several experiments,
including the creation of a complexing agent-free standard, were carried out with

HPLC-grade water.

12



For the two tea samples, 0,5 g were brewed with 50 ml 90 °C tap water for 5 minutes

and then stored in 50 ml vials

Lipton - Yellow Label
Tap Water
Willi Dungl - Guten Morgen

Instrumental

The ICP-OES measurements in this work were carried out on a Thermo Fisher iCAP

6500 instrument.
The synthesized particles were characterized via SEM with a Quanta 200 MK2.

The conductance spectra of the acoustic resonators were measured with the

SinePhase Instruments Impedance Analyzer 16777k.

For actuation of the assembled resonators, a modified SinePhase Instruments

SonoSep Controller SC 010 was used.

In the preliminary experiments the peristaltic pump of the ICP-OES was used for
sample transportation. During the course of this work additional pumps have been
used. The kd Scientific KDS 101-CE syringe pump was used in order to overcome
the downsides of a peristaltic pump. A SPETEC PERIMAX 12 peristaltic pump was

used for controlled sample introduction from experiment 3 onwards.

For experiment 3 and 4, a 6-way VICI Valve EHMA fitted with a VICI EHCA-CE

controller was used for control over the timing and amount of sample introduction.

13



2.2 Synthesis

All syntheses were carried out at the Institute of Materials Chemistry under the

supervision of Dr. Martin Kronstein.
2.2.1 State of the art MCM-41 particles

The synthesis of MCM-41 is described in detail by Griin and Lauer [10]. The average
particle size is generally in the proximity of 600 nm. The particles are usually
spherical and have a narrow size distribution. A major asset of the MCM-41 patrticles

is that they are metal-free and relatively easy to synthesize.

The surface of MCM-41 particles can furthermore be easily modified in various ways.
For the analysis of metallic ions (e.g. aluminum, iron,..) the surface can be

functionalized with SCX-groups like shown by Ruijun and Lianbing [11].

As the on-line method needed a way to detect how many particles were used during
a measurement, the introduction of an internal standard into the particles was

investigated.

The small size of typical MCM-41 patrticles is the reason why they were not suitable
for the ultrasonic separation process used in this work, as the size of a particle is of
key importance for acoustic trapping. Therefore, alternative synthesis paths were

investigated.

14



2.2.2 Doped MCM-41 particles

Due to the glassware involved with all measurements (e.g., spray-chamber,
nebulizer) there was always a background signal for Si. Therefore, the MCM-41
synthesis suggested by Grin and Lauer [10] was adapted by introducing salts of
elements similar to Si into the synthesis. For Zr Zrf™Y)OCI2.8H,0, for Mn MnSO..H,0
and for Cu an 1000ppm aqueous solution were introduced. The used amounts are
shown in table 2.

Table 2 - Aliquotes of the synthesis

Dopant CTAB [g] H,O [g] NH4OH [g] Ethanol [g]
Cu doped 0,1 ml 1,860 27,181 9,810 44,612
Mn doped 0,032 g 1,859 27,301 9,817 44,606
Zr doped 0,036 g 1,855 27,290 9,830 44,618

After calcination at 550°C, the particles were characterized by SEM analysis.
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WD mag | HFW | det HV pressure | tilt
10.4 mm| 10000 x |29.8 um|ETD |15.00 kV| 0.016 Pa | -0
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WD mag HFW | det HV pressure | tilt —5um—

10.3 mm| 10 000 x |29.8 ym|ETD|15.00 kV | 0.016 Pa | -0

Figure 7 - Manganese - doped particles

16



u‘? €85

—

o8
2
®
=
E!

*

P nid

s 5
WD mag HFW | det HV pressure | tilt —5pum—

10.3 mm |10 000 x | 29.8 ym|ETD[15.00 kV|5.91e-4 Pa| -0 ° |

Figure 8 - Zirconia - doped particles

Figures 6-8 show a typical result for MCM-41 particles. To verify the incorporation of
the doped elements into the structure, the particles were treated with various solvents
and then it was checked whether the dopant remained in the particles. Solvents used
were: Easypure-dH,0, 1% HNO3;, 1% HCIl and 0,1M Ammonium-Acetate-buffer.

Only Zr-doped particles did not lose their dopant in any of the solvents and were

therefore considered for further analysis.

For trapping the particles in the ultrasonic trap, the formation of agglomerates is a

core factor. Therefore, agglomerates of the Zr-doped particles were also analyzed in

SEM.
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WD mag HFW dei HV spot | tilt
10.4 mm|10 000 x|29.8 um|ETD [10.00 kV| 3.0 |0

Figure 9 - Zirconia - doped agglomerates

Figure 9 shows segregations with very different structure and chemical identity to the
other MCM-41 patrticles. Zr-doped particles with different properties were formed.

Therefore, this trail was not further investigated.
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2.2.3 Silica coated polystyrene beads

X. Lu et al. [12] have shown that polystyrene beads can be coated with a porous
silica shell. The decrease in density from silica to polystyrene can be more than

compensated by the increase in diameter.

The synthesis was carried out as explained by Lu. The used amounts are shown in

table 3.

Table 3 - Aliquots of the synthesis

Polystyrene beads
Ethanol Styrol AIBN H,O PVP
36 10 0,1 4 1
Silica shell
MTMS H,O PS-Seeds
1,0 5,1 2,0

As shown in figure 10, very homogeneous polystyrene-particles were synthesized.
However, neither did they reach 2um diameter, nor were they successfully coated

with a useable silica shell as can be seen in figure 11.
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WD mag | HFW | det| HV |spot]tilt
10.7 mm| 10 000 x |29.8 ym|ETD|10.00 kV| 3.0 |0 °

Figure 10 - PS particles

mag HFW | det r HV

10.6 mm|5 000 x|59.7 um|ETD|10.00 kV| 3.0 |0 °

Figure 11 - Silica - coated PS - beads
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2.2.4 Dense silica core, mesopourous silica shell particles

G. Buchel et al. [13] have proposed to synthesize a porous shell onto a dense silica
core using octadecyltrimethoxysilane as a porogen for a two-step synthesis. Due to
the lack of octadecyltrimethoxysilane, hexadecyltrimethoxysilane (HDTMS) was
chosen as a porogen, but otherwise the synthesis was carried out like described by

Biichel. The reactants are shown in table 4.

Table 4 - Aliquots used for the synthesis

Ethanol [g] NH4OH [g] TEOS [0] HDTMS [g] TEOS [g]

58,63 2,9 5,61 1,60 4,65

As shown in figure 12 the resulting particles were homogenous in size, but so small
that the resolution of the
SEM was not sufficient for
proper analysis. Such small
particles are not promising
for the intended ultrasonic

trapping procedure.

WD mag HFW | det HY spot| tit | ———— 10 ym ———
10.7 mm |10 000 x[29.8 ym|ETD|10.00 kV| 3.0 |0 °

Figure 12 - Silica core - silica shell particles
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2.2.5 Size modified MCM-41 particles

Stober, Fink et al.[14] have discussed the impact of the alcoholic solvents and
catalyst concentration on the formation of silica spheres. Their results in mind an
adaptation to the MCM-41 synthesis proposed by Grin & Laue was performed.
Instead of Ethanol, a 1:1 mixture of Ethanol : n-Butanol was used, the amount of
ammonia was increased by 50% and the reaction time was doubled. As shown in
figure 13, the resulting particles were notably larger in size but the size distribution

was also wider.

L

-

Mq.;'f

L w ;‘.
WD HV mag det | HFW |spot]| tilt
10.3 mm|5.00 kV |20 000 x |[ETD |14.9 um| 3.0 |0 °

Figure 13 - Size modified MCM-41 particles
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2.3 Simulations

The simulations were carried out by my colleagues Géza Horvath and Lukas Strobl.
Horvéath calculated fluid dynamics for the dynamics of a peristaltic pump and Strobl
focused on the interaction of the particles with all occurring forces within the cell. All

images of simulations are taken from Strobl's [2] master thesis.

2.3.1 Cell design

23.1.1Cell1

As fluid dynamics are important in on-line measurements, a commercial flow-through-
cell was used as a design for the first experiments. The Hellma "Cell for Flow-
Through Measurements 137-QS" is made of quartz Suprasil, measures 20 mm x
9 mm and has a reaction-volume of 1300pl. With an estimated flow-speed of 1 ml

min™ the liquid would remain in laminar flow regime throughout the cell.

An example of the simulations Strobl carried out is shown in figure 14 and compares

nicely to the results from the flow-experiments carried out with ink. (Figure 15)

Surface: Velocity magnitude (m/fs) Streamline: Velocity field
"

A 1,9205x107%

T T T T T T T T T T
0.014 -
0.012 - . 0.0018
0,01} 4 0.0016
0.008 L | 0.0014
0.0012
0.006 -
0.001
0.004 - . 0.0008
0.002 . 0.0006
ot i 0.0004
0.0002
0,002 | .
. . . . . . . . . . 0
-0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035¥0

Figure 14 - flow through Cell 1 (simulation)
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By enhancing the contrast of the photo, ripples in the ink become visible. (Figure 15)
Géza Horvath proved in his work, that these ripples originate from the peristaltic
pump due to its periodic pauses and even backflow in the flow profile. This also
explains partly the bad retention while using a peristaltic pump. (See more in
chapter 3.1.1)

E o= . ~

al /A - LIY/ L=

Figure 15 - left: ink-flow through Cell 1, right: ripples in the ink-flow

Strobl also simulated the characteristics of the acoustic field within the flow-cell. As
seen in figures 16 and 17, the simulations for 2,171 MHz do not match completely but
are comparable with the patters observed in the experiment. The difference between
simulation and experiment can be explained by the influence of the bonding layer
between the PZT (lead zirconia titanate) ultrasound inducer and the surface of the

cell.
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freq(1)=1.96e6 Surface: Total acoustic pressure field (Pa)
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Figure 16 - Acoustic field at 2 MHz (simulation)

Figure 17 - Acoustic field at 2 MHz (experiment)

When two PZT are used to induce a standing wave, the results of the simulation

match the observed pattern even better. (Figure 18 and 19)
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Figure 19 - Acoustic field at 2 MHz with double actuation
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2.3.1.2 Cell 2

Strobl also simulated the interactions of the particles with the acoustic field and
discovered that according to simulation, particles of a size of 1 um should not be
retained at all. Rather they would move inside "tunnels" along the pressure-nodes
through the cell. To counteract this behavior, a different design was developed.

With in- and outlet on different ends of the short side, particles would have to cross
pressure-node tunnels (see figure 20). Therefore, they would cross multiple pressure-
nodes before reaching the outlet of the cell, which in turn should improve their overall
retention within the cell.
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Figure 20 - Draft for the Cell 2 design

In order to obtain the discussed favorable fluid dynamics PDMS
(Polydimethylsiloxane)-wedges were introduced into the cell. (See figure 21 - 23)

The used PDMS was Sylgard 184, which is reported to have a similar acoustic
behavior like water. The cell was made from Aluminum, which is known for its good
acoustic properties and is also easily machinable.
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Figure 21 - Cell 2 without PDMS
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Figure 22 - Cell 2 with PDMS
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Figure 23 - Cell 2 final

Since PDMS does not have the exact same acoustic behavior as water, simulations
about the prospect of this design were carried out. As seen in figure 24 and 25, the
acoustic field changed noticeably but the pressure nodes remained intact. Therefore,
the design should be able to trap particles.
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Figure 24 - Acoustic field at 2 MHz without PDMS
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Figure 25 - Acoustic field at 2 MHz with PDMS

As shown in chapter 2.3.2, reality does not always follow the simulations as it was not
possible to induce a standing wave into the cell.
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2.3.2 PZT-Selection

PZT (lead-zircon-titanate), a piezoelectric ceramic material, was used to generate
ultrasonic waves during the described experiments. PZT is a ceramic perovskite
consisting of Lead (Pb), Zirconium (Zr) and Titanium (Ti). The 1 mm thick plates with
silver wrap-around electrodes originally were 25 mm in width and length. Since the
side of the flow-cells on which the PZT were to be glued upon was only 7,5 mm and
10,2 mm wide, the PZT had to be broken into smaller fragments. This was done
using a conventional hardmetal-glasscutter. The PZT plates with the type PIC181
were purchased from Physik Instrumente (PI) Ceramic GmbH & Co. KG (Lederhose,
Germany). They feature a main resonance around 2 MHz, depending on thickness,
as well as a high Curie temperature which is important for the soldering of the
connection cables. The Curie temperature is the temperature at which the PZT loses
its piezoelectric condition. Therefore, the soldering was to be carried out below this
temperature. For this project, 10 PZT plates from earlier projects were available.

The quality of a PZT can be measured by its resonance frequency and the relevant
peak area. Resonance frequencies can be visualized with a conductance impedance
spectrum. Each peak represents a mechanical or electrical resonance of the setup. In
order to compare the available PZTs, admittance spectra (Y, Siemens) of each step
in the fabrication process of the resonator were recorded using the Impedance
Analyzer 16777k (SinePhase Instruments, Hinterbrihl, Austria). For the original PZT
plates and unsoldered PZT-fragments, a contact-clamp was used. The
measurement-setup is shown in figure 26. At the beginning of this project there was
no frequency generator available, which was capable of generating frequencies of
6 MHz or higher. Therefore, the conductance around 2 MHz was used to evaluate the

available PZTs.

The PZTs were compared by their peak-area between 2,00 MHz and 2,03 MHz. See
figure 27 and 28 for comparison.
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Figure 26 - Measurement of a PZT ceramic
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Figure 27 - PZT-comparison: Peak location
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Figure 28 - PZT-comparison: Peak-area

For the first experiments PZTs with mediocre peak-areas were used, saving the

better ones for later. The fragments of the PZT were given new names (See table 5).

The effect of breaking the PZTs into smaller pieces can be seen in figure 29.
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Figure 29 - PZT-fragment comparison: effect of the breaking
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Table 5 - PZT-fragments naming and origin

Original PZT | Fragment
P1
KBO05
P2
P3
KBO03
P4
P5
KF1
P6
P7
KF2
P8
P9
KB15
P10
P11
KB08
P12
P13
KF9
P14

The first fragments to be used were from the original PZT named KBO05. At first, the
fragment P1 was glued onto the Hellma Analytics flow cell 137-QS (Design "Cell 1")
and then soldered to the connection cables. The spectrum of all steps can be seen in
figure 30.
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Figure 30 - preparation steps of P1 from start to finish

If the cell is filled with water or other liquids, a standing wave can be induced into the
liquid, resulting in a peak in the conductance-spectrum. The lack of such water-
resonances indicates that the bonding between the PZT and the cell might have
been too weak or defect. Therefore, it might be better to first solder the cables to the
PZT and then glue it to the intended surface, otherwise the high temperature of the
soldering influences the properties of the glue.

Therefore, the PZT was removed from the cell and reapplied. The difference between
the first and the second gluing can be seen in figure 31. The measurement of the
setup which was first soldered and then glued shows distinctive water resonances
which are missing from the first glued and then soldered setup.

The Loctite Superkleber PowerGel, which was used for the bonding of the PZT on
the cell, appears not to be thermally stable enough to handle the temperature of the

soldering without significant degradation of the bonding.
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Figure 31 - P1 first and second gluing

It was observed that it was impossible to power the higher resonances with the
current connection cable. Therefore, the cable was replaced by a shorter RG58
coaxial cable which greatly improved the conductivity and enabled the usage of

higher frequencies.

Lukas Strobl [2] discussed the impact of the cable in greater detail and further
compared the effect of different glues. The experiments, carried out on a vibrometer,
showed that the usage of an epoxide resin (Duralco 4700 HT) compared to the
"Loctite Superkleber PowerGel" super-glue would further improve the amount of
induced energy. Nevertheless, the super-glue remained superior in usability for it
allowed to remove and reapply the PZT without damaging the cell. Being a

Cyanoacrylate-based glue, the bond can simply be dissolved in an acetone-bath.

For the in-house-designed flow-cell, which is discussed in more detail in
chapter 2.3.1, the fragments P11 and P12 of the PZT KB08 were used. The cell is
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made from Aluminum and features PDMS-wedges to improve fluid dynamics. Special
thanks to Johannes Frank for manufacturing the aluminum casing. The addition of
PDMS into the cell removed all water resonances from the setup, which can be seen
in figure 32 and 33.
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Figure 32 - Cell 2: lower frequencies
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Figure 33 - Cell 2: higher frequencies

The PDMS-wedges are of utmost importance to ensure decent fluid dynamics, but
without the possibility to induce water-resonances the Cell 2 design was not further

pursued.

Due to unfavorable events, the original Cell 1 setup was destroyed and had to be
rebuilt. This time, fragments from the PZT KF9 were used. In order to ensure the best
possible bonding, the process was carried out in a glove box filled with Argon (5.0,
< 3 vpm H,0O, Messer, Austria). With the low amount of H,O in the Argon atmosphere
it was possible to slow the hardening of the glue, thus minimizing the amount of air
bubbles between the PZT and the cell as well as reducing the thickness of the glue-
layer. The original spectra from P13 and P14 indicated that they would be suitable for
joint actuation (Figure 34). After soldering and bonding to the cell, however, their shift
in resonance increased so much that the peaks did not overlap anymore,
(Figure 35+36). The amount of soldering paste, as well as the morphology of the
bonding between PZT and cell have a significant influence on the resulting

resonance of the system.
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2.3.2.1 Insights from the conductance measurements

Although the usage of the Impedance Analyzer was only supposed to help with the
construction of the acoustic traps, it also helped solving a major setback. During all
experiments, there was always some loss of trapped particles whenever sample was
introduced. However, the change from particle suspension to clear buffer never
caused this phenomenon. With the Impedance Analyzer, it was observed that the
resonance of the system also changed depending on the fluid within the cell. In
Figure 37 the spectra of different dilutions of buffer, distilled water and different kinds

of herbal tea are presented.
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Figure 37 - Influence of the medium on the conductance spectrum

With this information it is clear that a change of the resonance frequency causes the
standing wave to collapse, which then leads to the release of trapped particles. This
problem can be averted by matching the acoustic properties of the buffer closely to
the sample. Yet, as seen in Figure 37, even different kinds of tea do not share exactly

the same resonance.
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2.3.3 Measurement settings and data evaluation

The ICP-OES measurements were carried out with a Thermo Fisher Scientific iCAP
6500 RAD and recorded with the iTEVA 2.8 software. The iCAP 6500 offers an
external trigger, which can be used to start measurements. This was used in
combination with a microcontroller-prototype to ensure maximum reproducibility of

each measurement.

The settings of the ICP-OES are listed in Table 6. All measurements except

Experiment 5 were carried out using those settings.

Table 6 - ICO-OES settings

RF Power 1200 W

Auxiliary Gas Flow | 0,8 L min™

Nebulizer Gas Flow | 0,55 L min*

Coolant Gas Flow 15 L min*

Measurement interval 15s

The ICAP 6500 instrument allows two different measuring modes: Firstly, the
conventional mode, in which the intensity of the emitted radiation is accumulated over
a set amount of time and then the detector is read out. Secondly the "timescan"
mode, in which the detector is read at set intervals, therefore, allows observing the

change in intensity over time. For this work, the timescan mode was used.

In timescan-mode the iTEVA-software plots the counts against time. From this plot, a
counts-per-seconds (cps) plot can be derived. As the latter is better suited for visual
display of the results, all results from timescan-measurements are derived into a cps-

plot.
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Timescans allow the user to record the chronological change of the measurement,
but have the downside of losing the possibility to adjust peak- and background-
regions afterwards, as the instrument can only record a reduced amount of pixels in
order to keep up with the amount of data which has to be processed. Therefore, a
standard solution has to be measured using the first detector mode at the beginning

of a measurement to ensure that background- and signal-areas are chosen correctly.

Table 7 - Observed wavelenghts during ICP-OES analysis

Element Wavelength [nm]

| 394,401
A 396,152
393,366

ca 422,673
267,716

cr 283,563
324,754

cu 327,396
. 239,562
259,940

K 766,490
Li 670,784
280,270

Mg 285,213
" 259,373
294,920

| 221,647
NI 352,454
< 198,898
250,690
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3 Results and discussion

3.1 Method development

During this work multiple sorts of experiments were carried out to investigate the

optimal experimental condition of the measurement setup.
3.1.1 Experiment 1

The preliminary experiments focused on the general ability to trap and release
particles during a running measurement. For this experiment, a 0,05wt% MCM-41

suspension in 1%HNO3; was used.

Peristaltic
Pump
5 Q

° )

° l‘_\|| _g
|ICP-
OES /

Separation Cell

SCX-
Reservoir

Figure 38 - Flow diagram for the first experiment

The general measurement included 30 seconds of undisturbed flow, followed by 120
seconds of activated ultrasonic field and subsequent 150 seconds of undisturbed
flow to flush the retained particles out of the cell. The retaining quality as well as the
shape of the release over time was monitored. Since the MCM-41 particles have a
higher density than water, there was a significant difference in retention and release
depending on whether the flow through the cell was oriented against or with gravity.
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As it was observed that the agglomerates of the particles sedimented to the bottom of
the cell, the influence of gravity in addition to drag and the acoustic force was

investigated. Therefore, three versions of this experiment were carried out:

First the flow was from "top" to "bottom" or "with gravity" (Figure 39). The retention
reached approximately 30 - 40 % but it took half a minute to reach the maximum
retention and some agglomerates escaped the field and got into the ICP before they
should have.

In the second setup from "bottom" to "top" or "against gravity" the retention equaled
the experiment with gravity, but there was no loss of agglomerates and the maximum
retention was obtained much quicker. Due to the higher density of the MCM-41
particles compared to the medium (1% HNO3) agglomerates sedimented to the
bottom of the cell and were not able to leave it due to the low drag force through the
cell. As seen in figure 40 the peak around 180 s does not even reach the original
baseline level of Si-signal. Therefore, the cell had to be revolved in order to get all
agglomerates out.

The third setup took the results from the first two versions into consideration and was
carried out as follows: First the suspension was led through the cell against gravity.
The trapping of the particles was also carried out against gravity. After the set time,
the cell was revolved and the frequency generator was turned off. In this way, the
trapping of the particles as well as the flushing were assisted by gravity. As can be
seen in figure 41, maximum retention was reached quickly, and the peak of the

flushed out particles is narrow. The retention was between 30 - 40 % again.
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Figure 40 - Experiment 1 against direction of gravity
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Figure 41 - Experiment 1 against direction of gravity with revolving for flushing

Figure 42 indicates that the speed of the pump influences mainly the time to reach
maximum retention and the shape of the flush-peak. The numbers indicate the RPM
of the peristaltic pump. It can be observed that whilst the lower speeds reach lower
amounts of Ct/s, the retention is at best as good as the faster ones when compared

to the baseline-signal.
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Figure 42 - Experiment 1 with different pumping-speed
If multiple runs with the same parameters are compared, it is clearly visible that the
retention profile depends more on other factors than on the pumping speed

(figure 43).
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Figure 43 - Experiment 1 with higher pumping speed (for each pump-speed, two replicates under identical
conditions were carried out)

Best results were obtained when trapping against gravity and releasing with gravity.
This lead to the problem of keeping the measurement reproducible.

The measurement needed accurate timings on cell rotation and activation and
deactivation of the standing wave. Since the cell was mounted with a clamp on a
rudimentary laboratory stand (figure 44), the rotation was never truly reproducible.
The motion required the help of a colleague to ensure that the rotation and
deactivation of the standing wave happened within a short time, because the
frequency generator could only be deactivated with a small switch on the backside.
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Figure 44 - Cell 1 (with trapped particles) in clamps

Therefore, a device for controlling the rotation of the cell was created using a LEGO-
motor, spare LEGO-parts and a microcontroller-board. The cell was now rotated by

exactly 180° in accordance with the setting on the controller-board (figure 45 and 46).
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Figure 45 - The LEGO-rotor

Figure 46 - Cell 1 placed in the rotor
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Due to the insufficient performance of the first experiment, multiple tests with ink to
observe the fluid-dynamics of the cell and simulations of the fluid-dynamics were

carried out.

The simulations, performed by Géza Horvéath, indicated the peristaltic pump as
source for the insufficient retention. According to the simulations there is a short
duration in which the flow is reversed in every passing of a roll, thus disrupting the
balance of the trapped particles. The resulting ripples can be seen in chapter 2.3.1,
figure 15. By changing to a syringe-pump, the overall signal to noise ratio and

retention was improved by a factor of 90% (figure 47).
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Figure 47 - Experiment 1 against gravity with revolving for flushing (Syringe-pump)

Not only did the change to a pump with truly continuous characteristics improve the
retention, the signal to noise ration also improved significantly. The downside of the
syringe pump was the maximum volume of 60 ml and a maximum flow of
~900 pl min™.
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3.1.2 Experiment 2

The results from the first experiments indicated that trapping was best carried out
with the flow against gravity and then flushing in the direction of gravity. The second
experiment had one distinct objective: What happens to the particles when you trap

them and then continue to rinse them with a clear solvent?

The results from the first experiment also indicated that the cell is not able to trap all
available particles in one run. Moreover it did not reveal if those particles which are
trapped, actually stay trapped. The setup for the second experiment was simple: The
particle suspension was sent through the cell with an active acoustic field for
5 minutes trapping as many particles as possible. Then the pump was halted and the
feed was switched from suspension to clear 1% HNOs. The pump was started again
and measurement began. After 8 minutes the cell was revolved and the frequency

generator was turned off.
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Figure 48 - Flow-diagram of the second experiment

The signal for Si reached base-line levels after 5 minutes of rinsing with clear 1%

HNO3 and the collected particles could be flushed out within 2,5 minutes.

The resulting measurement can be seen in figure 49.
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Figure 49 - Experiment 2 overview

The startup of the pump produced some turbulence, but after the initial loss, the
majority of the trapped particles seem to remain in the cell. Figure 50 shows that the
signal for Si reaches an amount similar to the background caused by the involved
glassware. It is therefore safe to say that the particles remain trapped once they are

trapped.
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Figure 50 - Experiment 2 details

The signal for Si reached base-line levels after 5 minutes of rinsing with clear 1%

HNO3 and the collected particles could be flushed out within 2,5 minutes.

55



3.1.3 Experiment 3

The positive results of the second experiment lead to a new approach for the usage

of this cell.

In dividing the measurement in multiple sections, the insufficient online-trapping
results could be circumvented by opting to trap a set amount of particles in the cell
and let the analyte go through the trapped particles. A 5-step-routine was developed
and together with Lukas Strobl a working prototype of a microcontroller board to
control the routine was created (Figure 51).

1. Flushing the cell with carrier-solution

2. Loading particles into the cell

3. Flushing the cell of non-trapped particles

4. Loading the analyte into the Cell and interacting with the trapped patrticles.

5. Release of the trapped particles

'
.
.
.
e
‘
ol
.
.
.
.,

Figure 51 - Top (left) and bottom (right) view of the microcontroller board

To provide reproducibility, a VICI Valve with a 500ul sample-loop was chosen for

introducing the analyte into the system. The amount of particles was set by a relay-
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controlled peristaltic pump. The microcontroller was programmed to activate the

corresponding parts depending on the current phase of the routine.

Controller board

| Syringe Pump |

VICI Valve Sample
-Inlet
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Figure 52 - Flow-diagram of the third experiment

During the course of the experiments with this setup, new problems in form of gas
bubbles forming inside the cell were observed. After carefully checking the whole
system for possible entry-points for air, the reason was found in form of degassing
due to the high pressure-drop caused by the suction of the nebulizer. This issue was
resolved by introducing a low-diameter tube between the cell and the nebulizer. The
limitation of 60ml for consecutive measurements remained, due to the maximum

syringe-size.

The particles were to be trapped within the cell. Then a set amount of sample would
be let into the cell so that the particles would bind the ions corresponding to their
functional group. Figures 53 and 54 show consecutive measurements of a 5 ppb

standard solution first without particles and then with particles.
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Figure 54 - Experiment 3 interaction of a 5 ppm standard with trapped particles in the cell

Figure 53 and 54 show that the peak of the 5 ppm standard is tailing significantly for
more than 6 minutes into the measurement. It is further noteworthy, that even though
an inorganic standard was used for this experiment and the amount of particles in the
cell is considerably high, only a small fraction of the available cations bonded to the
SCX-groups. Normally, all multi-charged ions should have been bound to the SCX-

material.
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A possible explanation for the weak interaction between analyte and particles would
be that over time, complexing agents were eluted from the plastic bottles in which the
standards are stored which in turn complexed the ions of the standard. Therefore, a

new standard-solution was made.

For the standard solution free of complexing agent, aliquots (see Table 8) of existing
Al, Cu, Fe and Ni stock solutions were mixed, boiled down, diluted with aqua regia
and boiled down again. The residue was diluted in fresh buffer made from HPLC-
grade H,O and filled in a 50 ml SCHOTT vial. The standard was then validated via

ICP-OES analysis. The concentrations of the standard are listed in Table 9.

Table 8 - Aliquotes for standard creation

Stock | Vial 1[g] | Vial 2 [g]

Al | 01970 | 0,2031

Cu 0% 00200 | 0,0206

Fe 190 | 02028 | 0,2023

Ni 1% | 0,2027 | 0,2031
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Table 9 - Concentration of created standard

Element | Concentration [mg L™]
Al 10,23
Cu 9,99
Fe 9,83
Ni 11,81

As compensation of the trailing peak would be complicating the evaluation of the
measurements even further, means to optimize the peak were inquired (see
figure 55).
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Figure 55 - Sample-peak profile depending on pump-speed

With 900 pl min™ being the maximum pump speed of the syringe pump, peak width
could be reduced to approximately 3 minutes. No higher pump-speed was obtainable

with the syringe pump.
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But that is not yet the whole problem of this setup. When inspecting Figure 54, there
is a small rise in Si-signal just before the signal for all other elements rises observed.
This was the case for a standard solution which by chance closely matched the
acoustic properties of the buffer. When real samples were tested, the results looked
different. As seen in figure 56 the Si-signal rises every time shortly before the signal
of the other elements rises. This experiment was repeated so that sample was

introduced two times and even then the result was still the same (Figure 57).

The explanation for this can be found in chapter 2.3.2.1. As shown in figure 37, the
acoustic properties of sample and solvent simply do not match. Therefore, the
standing wave collapses as the sample enters the cell and some particles leave the

cell before the standing wave is stable again.
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Figure 56 - Experiment 3 particles leaving the cell when sample enters
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Figure 57 - Experiment 3 particles leaving cell when sample enters two times
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3.1.4 Experiment 4

The difference between the third and fourth experiment is mainly the timing of the

different steps and the change from syringe pump to self-sustained suction.

So far, all measurements were carried out with either a peristaltic- or syringe-pump
ensuring the transport through the system. After the introduction of the limitation-tube
it was observed that the suction of the nebulizer had dropped to a level which could
be compared to the speed that was delivered by the syringe pump. Experiments
showed, that even without the syringe pump, it was possible to obtain a stable
measurement. Therefore, the use of the syringe pump was forfeited and the flow-rate
through the cell was now depending on the nebulizer-gas-flow. This also removed the
60ml restriction. To ensure reproducibility an internal standard in form of lithium was
added. Lithium has a very strong emission line in the visible spectrum at 670.784 nm
and does not bind to the SCX-groups, making it an ideal candidate as internal
standard. Therefore, a concentration of 50 ngmL™ Li was used as an internal
standard from this point onward.
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Figure 58 - Flow-diagram of the fourth experiment

Figure 59 shows three consecutive measurements with the setup for experiment 4.
The signal from the Lithium used as internal standard indicates good reproducibility
of the conditions within the cell and plasma. Even then, the amount of lost particles
due to the loss of the standing wave varies significantly, whilst the amount of the first

peak remains almost unaltered.

The first peak derives from left over particles which sedimented to the bottom of the
cell in a previous measurement but were unable to leave the cell. Therefore, they are
flushed out once the cell is revolved again and they try to sediment again. Even in
later experiments, this is still an issue which can be countered only by a longer flush

time between measurements including at least one rotation of the cell.

The second peak shows the signal of the particles which are flushed out due to the
collapse of the standing wave, as well as the signal for the unbound sample. If
compared to the measurements with the syringe pump, the peak profile of the sample

is much narrower.
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The third peak originates from the particles (and the elements bound to it) which are
flushed out of the cell once the frequency generator is turned off and the cell
revolved. The correlation between the peak for Aluminum and the peak of Silica
indicates that, as expected, the Al-ions from the sample bind to the SCX-groups of
the MCM-41 particles.
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Figure 59 - Experiment 4 reproducibility
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3.1.5 Experiment 5

The slow particle-sample interaction within the cell required a more straightforward

approach.

A fixed amount of sample was diluted with buffer and particle-suspension and mixed
in an ultrasonic bath for 5 minutes. The resulting sample-suspension was transferred
into a 10ml vial and placed close to the peristaltic pump. The timing of the relay
controlling the peristaltic pump was set, so that approx. 1ml of suspension was

analyzed each time.

Controller board

ICP- o« Peristaltic
OES & Pump

Separation Cell

Sample- Carrier-
Suspension Solution

Figure 60 - Flow-diagram of the fifth experiment

The general idea behind the Experiment 5 can be seen in figure 61.
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Figure 61 - Steps of the separation
For experiment 5 the nebulizer gas flow was increased to 0,65 min. The other
settings were not altered. Instead of continued usage of HPLC-grade H,O, fresh

water from the Easypure was used.
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3.2 Application example

Figure 62 shows a representative measurement of a run with the setup of
experiment 5 normalized to the internal standard. It can be observed that the amount
of particles which is not trapped could be greatly reduced, although not completely
removed from the setup. When looking at the integrals of figure 62 shown in
figure 63, it can be seen that the area of Aluminum, and Silica do not match anymore.
The reason for this could be found in traces of abrasion from the filters of the

Easypure, which can act as a complexing agent for the Aluminum ions.
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Figure 62 - Experiment 5 with a standard solution
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Figure 63 - Experiment 5 peak area of the two fractions of the measurement

When a sample of herbal tea extraction is used in the measurement, the shift of the

acoustic resonance is so grave, that the standing wave collapses and is unable to

reform until most of the sample has passed the cell (figure 64 and 65).
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Figure 64 - Experiment 5 with tea-sample

The difference in overall peak-area for Silica between the experiments with standard
and herbal tea amounted to 10%, which can be allotted to the incomplete flushing of

the cell due to smaller agglomerates.
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Figure 65 - Peak area of the experiment with tea

This shows that whilst the method is reliable in terms of flow speed and sample

introduction, the acoustic trap is not fitted for different types of samples without

changing the solvent to match the acoustic resonance of the sample.
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4 Conclusion and Outlook

ICP-OES is a well established method for identification and quantification of elements
in solid and aqueous samples but lacking information about the chemical nature of
the element in the sample if not used in combination with a hyphenated separation

technique.

Based on the approach presented by Bauer et al. [1], surface modified MCM-41
particles have been synthesized and applied on herbal tea extracts in order to
separate the organic-complexed fractions from the free ionic fraction of selected
analytes. The MCM-41 synthesis by Grin [10], which Bauer [1] used in his
introduction of DPE, produced particles of only 600 nm diameter. As pointed out in
this work, particle size does matter significantly when it comes to trapping them with
an acoustic standing wave. With the simulations of Strobl [2] already indicating, that
even 1 um particles are not big enough for proper retention, alternatives to the
standard MCM-41 particles were sought for. As neither of the syntheses produced a
suitable alternative, an altered version of the MCM-41 synthesis, with emphasis on
the increase of the particle diameter, forgoing the likewise broadening of the size-

distribution, was carried out. With this, a mean-diameter of 800 nm was achieved.

Due to the involved glassware in the overall setup of the measurement, a background
signal for Si was always detected. To correctly quantify the amount of particles used
in each measurement, the implementation of a dopant into the MCM-41 particle was
investigated. The syntheses did not provide the desired results. As the
implementation of a dopant into the MCM-41 particles was not successful, the

addition of Lithium as internal standard to the buffer was found as an alternative.

Under laminar flow circumstances acoustic standing waves can be used for various
kinds of particle manipulation. In this work the emphasis was put on trapping a set
amount of particles within a defined volume and releasing them once the fraction of
the sample which did not interact with the particles has left the separation cell. One of
the indigenously manufactured separation cells was made by bonding a PZT with
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silver wrap-around-electrodes to a commercial flow-through-cell, in order to induce a
frequency of approx. 6,6 MHz into the liquid. Simulations carried out by colleagues
associated with this project indicated that the acoustic force would not be sufficient to
successfully trap particles of 1 um or smaller. The particles would rather move along
“tunnels” through the cell as to remain trapped on a nodal pressure plane. Therefore,
a different cell-design was developed and tested, but did not deliver the expected
results based on the simulations. Therefore, the first design was used throughout all

further experiments.

The implementation of a separation cell using an acoustic standing wave would
remove the manual centrifugation step from the conventional DPE method, therefore
making it automatable and suitable for on-line application. Plus, it would reduce the

risk of contamination and make the procedure more user-friendly.

Various methods for on-line sample pretreatment by implementation of an acoustic

standing wave resonator were investigated.

During this work, multiple ways for pumping the sample through the cell into the ICP
were compared. The peristaltic pump proved to be the worst choice when paired with
an acoustic standing wave, as the flow-characteristics of this type of pump are not
truly continuous. A syringe-pump greatly improves the efficiency of the acoustic trap
but also limits the maximum duration of a measurement significantly. An alternative to
both pumps has successfully been found in using the nebulizer of the ICP-OES as a
"self-priming pump" and in controlling the flow-speed by adjusting the nebulizer-gas
flow. Experiments indicated that this method allows continuous and stable
measurements without the need for changing syringes, and without disturbing the
flow within the separation-cell. Even when larger amounts of particles entered the
nebulizer in a short time when flushing the cell, no significant drop in the signal of the
internal standard was detected, making this the ideal choice for further experiments.
To ensure reproducibility, a microcontroller assisted setup to control the timings of

each step of the measurement was developed and successfully put to work.
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It has been shown that a minimal change in the resonance of the acoustic field (i.e.,
introducing a sample with a slightly different density) can lead to a collapse of the
trapping force within the cell. Therefore, the carrier solution has to be adapted to the

analyzed sample.

Another discovery of this work was that over time inorganic standard solutions can
elute organic complexing agents from their plastic containers, therefore preventing
them binding to the SCX-groups on the particles.

As pointed out throughout this work, the size of the particle which has to be
manipulated is of great importance. The retention achieved with the synthesized
MCM-41 particles leaves room for improvement. Especially when considering that, a
small drift in resonance between sample and solvent can have a major impact on the
standing wave. As this problem could not be solved during the course of this work,

the viability of this method may improve greatly when paired with larger particles.

HICHROM Ltd. kindly provided a sample of Partisphere 5 SCX which was used for
some final test-runs. The mean diameter of the Partisphere 5 material is 5 um. With
the capillary of the nebulizer measuring only ~ 35 um in diameter, the possibility of
clogging was investigated, as well as the retention of particles within the cell. As seen
in figure 66 and 67, the system works stable even with the introduction of larger
particles and the retention amounts to almost 100 %. Nevertheless, the larger
particles have the downside of a significantly faster sedimentation within the sample.

Therefore, continuous agitation of the sample is needed.
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The results of the preliminary test look promising, but further experiments to

investigate their viability have to be carried out.
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