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ABSTRACT

We analyzed aluminum oxide (Al,O3) by slurry introduction inductively coupled plasma (ICP) optical
emission spectrometry through modeling and experimentation. We also studied the relationship
between the ICP nebulizer gas flow, the spray chamber geometry, and the particle size of Al,05 in an
attempt to minimize the need for correction factors by ensuring an efficient aerosol mass transport.
A cut-off point for the particle size was implemented at approximately 7-10 um for the sample
introduction system. Based on modeling using a customized computer model and some experimental
evidences, the maximum particle size for complete vaporization is approximately 7 pm. For a gas flow
of 0.8 L min~", particles with a diameter of up to 8 pm can be evaporated with an efficiency of 68% and
particles as large as 5 pm can be evaporated completely within the nebulization gas flow region. The
Al,03 sintering block was ground using a self-made alumina mortar combined with a mixer mill device
for particle reduction. The sample slurry was prepared by directly dispersing powdered Al,O3 in an
aqueous solution with an addition of 0.5 wt% poly (acrylate amine) (NH4PAA) as the dispersant. The
accuracy of the results was compared with the data obtained through high-pressure digestion with acid

and with the value of a certified reference material, NIST SRM 699 alumina.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Slurry introduction combined with inductively coupled plasma
optical emission spectrometry or mass spectrometry (ICP-OES/
MS) is a feasible way to analyze powdery materials directly.
Researchers have verified the effectiveness of the procedure for
the analysis of powdery samples such as coal [1,2], geological
materials [3,4], cement [5,6], biological materials [7,8] and size-
tailored magnetic colloids [9]. This technique can also be used to
characterize ceramic powders, which are being developed for
numerous applications because of their desirable features. The
increasing applications of high-tech ceramic materials in various
fields of science and technology indicate that desirable properties
of ceramics must be further investigated. These properties are
often directly correlated with the contents of trace impurities. The
direct analysis of powders by ICP-OES is desirable to avoid
contaminations and losses of analytes as well as lengthy proce-
dures associated with digestion. Therefore, powerful, rapid, and
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reliable analytical methods are required for material character-
ization. Several papers have reported the use of slurry introduc-
tion in ceramic analysis [10-21]. Analytical methods based on
slurry introduction have several advantages, namely, ease of use
and rapid analysis. However, the complexities of this approach, in
which solid samples are directly analyzed in an aqueous slurry
of a fine powdery material, are apparent. A highly stable and
homogeneous slurry is required for precise and accurate analy-
tical results [22]. In analyzing ceramic materials, the particle size
of the starting powders is a critical factor. Many studies have
reported that slurry particles larger than 5 pm (in several studies,
2 um) do not reach the plasma, which results in signal loss [23]. In
our previous study, we reported a particle size of titanium nitride
powders in the um level (80% of the powdered particles were less
than 10 pm and had a mean diameter of 4.9 um) by using slurry
nebulization ICP for impurity analysis [24]. All analytical results
were below the average compared with the results of fusion-
prepared samples. Therefore, all sample results were multiplied
by a correction factor of five to obtain a semi-quantitative method
for rapid screening analysis. When refined aluminum nitride
powders were used (most powdered particles were smaller than
7 um with a mean diameter of 1.9 um) and with the aid of
dispersants, several elements with high boiling points, such as
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Si and Y, achieved a signal intensity of only 40-60% compared
with equivalent aqueous standards [25].

The strong dependence of recovery on the particle size
distribution of the slurry has particular implications for calibra-
tion. The use of a slurry standard or empirical correction factors
for calibration is risky. Relatively subtle changes in the particle
size distribution of the sample slurries are useless to the calibra-
tion procedure and can degrade the precision of the analysis [26].
Aqueous standards should be used for calibration to shorten the
analysis time in slurry nebulization ICP-OES. This calibration
should meet two requirements, namely, the analyte transport of
slurry particle and the subsequent vaporization efficiency of that
particle must be identical to the nebulization of the simple
aqueous solution [10]. When the conditions are not met, the
analytical accuracy of slurry nebulization ICP-OES decreases.
Many attempts have been made to overcome these problems.
Numerous studies have investigated the model transportation
and vaporization behavior of aluminum oxide (Al,03) and SiC-
slurries that were introduced via pneumatic nebulization [27]. In
addition, comparative investigations have described the nebuliza-
tion of slurries and solutions with a Babington nebulizer by using
different gas flows. McCurdy and Fry [28] have experimentally
demonstrated that coal particles with sizes of up to 17 pm can
still reach the plasma. However, Ebdon and Collier [29] reported
that quantitative transportation and atomization of kaolin by
slurry nebulization with a Babington nebulizer can only be per-
formed when the maximum particle diameter is smaller than
6-8 nm.

In the current paper, we investigated the behavior of alumina
slurry particles in the transportation and vaporization process of
suspension nebulization ICP-OES to determine the size require-
ment of slurry nebulization in ICP. A simple and easy method for
grinding Al,Os3 sintering blocks in our laboratory is presented. The
analytical results obtained using slurry nebulization ICP-OES with
aqueous standard calibrations are evaluated in comparison with
the data obtained by high-pressure digestion with acid in a sealed
vessel and with the value of a certified reference material, NIST
SRM 699 alumina.

2. Experimental
2.1. Instrumentation

All analyses were performed using a VISTA AX ICP-OES
spectrometer with an axially viewed configuration (Varian,
USA). The sample introduction system consists of a V-groove
nebulizer and a reduced-volume Sturman-Masters Type spray
chamber made of polytetrafluorethylene. The operating para-
meters and the selected analytical lines are listed in Table 1.
The prepared sample solution or slurry was introduced by a cross
nebulizer with a V-groove and was measured by an axially
viewed ICP-OES spectrometer. Mixer mill MM40, which has a
grinding jar (tungsten carbide, 25 mL, screw top design) (Retsch
GmbH Co.), was used for particle reduction.

2.2. Transport behavior of slurry particles

Researchers have determined the diameters in which a particle
can be transported to the plasma [26,27,30-32]. The upper limit
of the particle size that can be transported into the plasma torch
and the effects related to the transport behavior of particular
materials from those caused by vaporization were determined by
both the particle size distribution of the original ceramic powders
and after the pneumatic nebulization of the slurries. A self-made
device shown in Fig. 1 was used to investigate the aerosol produced

Table 1
Instrumentation, operating conditions and selected analytical lines.

Spectral range 167-785 nm
Viewing Axial

RF generator 40 MHz
Torch All-quartz
Injector tube diameter 2.3 mm
Power 1.25 KW
Plasma flow 15 L/min
Auxiliary flow 1.5 L/min
Nebulizer flow 0.65 L/min
Sample uptake rate 0.8 mL/min

Analytical lines

Element Spectral line(nm) Element  Spectral line(nm)
Ca 317.933 Na 589.592
Cr 206.149 Ni 231.604
Cu 324.754 Pb 220.353
Fe 238.204 \ 309.310
Ga 294.363 Si 251.611
Li 610.365 Ti 336.122
Mg 285.213 Zn 213.857
Mn 257.610
Gas outlet
® X nm > 180 nen
——
A
% 8 nen
— T 180 nam
Sample inlet
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Fig. 1. Particle collection device.

by pneumatic nebulization of the slurry. The aerosol that left the
spray chamber and/or crossed the injector torch was trapped in
water and collected by the particle collection device.

2.3. Vaporization behavior of slurry particles

Al;O3 is a material with extreme thermal properties (melting
temperature: 2303 K, vaporization temperature: 4548 K) [27,33,34].
On the other hand, the complete vaporization of Al,05 in the plasma
is difficult to achieve because of its stability. Thus, a negative
deviation occurs when obtaining the results. In this paper, we
estimated the vaporization behavior of the slurry particles by using
the model developed by Merten and Broekaert as basis [27]. The
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upper limit of the particle size that can be completely vaporized in
the plasma can be determined by running the computer program.
Due to the difference between the conventional side-on viewing and
axial viewing, the vaporization rate calculation was changed to
calculate the entire torch vaporization processes, while Merten’s
program calculate the vaporization rate at every view height.
Therefore, we added below equation in every repeated iterative
operation in the program.

Vaporization = vaporization + Avaporization

where Avaporization is the incremental quantity in every repeated
iterative operation.

Besides, the influence of the gravitational acceleration was not
considerable because the particle move in horizontal and the
gravitational acceleration cannot change the orbit of movement of
particle in a short time. While in Merten’s program the gravita-
tional acceleration was considered because the direction of
particle moves is vertical.

2.4. Grinding method

The ceramic particles for slurry preparation must be small
enough. Therefore, suitable grinding techniques were employed
to reduce the particle size. The material was ground to the desired
particle size in our laboratory by the manual comb grinding
method by using the mixer mill. A self-made alumina mortar
was used to grind the samples. The manufacturing process of the
alumina mortar is described as follows: highly pure alumina
powders (CR-10, BAIKOWSKI, France), several additives (CMC,
dextrin, and PVA), and deionized water were added into the nylon
tank and milled for 3 h. The slurry was then sprayed and dried
into spherical particles with a size of 50-100 pm. The green body
of the crucible was formed by cold isostatic pressing with a
pressure of 200 MPa. After removing the binders at 600 °C, the
green body was sintered at 1600 °C for 5 h.

2.5. Preparation and characterization of slurries

2.5.1. Reagents and material

All reagents were of guaranteed grade. H,SO4 98% was also
used in the experiment (Merck, ultrapure). The solutions were
prepared using Milli-Q water (18 MQ c¢cm). The multi-element
working standards were prepared from 1000 mgL~! aqueous
standards (Shanghai Institute of Measurement and Testing Tech-
nology, Shanghai, China).

The two alumina sintering blocks (sintered at 1250 K) were
selected for chemical composition analysis. NIST SRM 699
alumina was selected as a certified reference material.

2.5.2. Slurry preparation

The slurry was prepared by weighing an Al,03; sample (1.0 g)
and then transferring it into a 100 mL volumetric flask that
contains the 0.5 wt% poly (acrylate amine) (NH4PAA) dispersant
(Aldrich Chemical Co., USA). The pH was adjusted to a desired
value (6-10) with dilute aqueous hydrochloric acid or dilute
aqueous NH4OH. Before nebulization, the slurry was agitated in
an ultrasonic bath for 15 min to keep a stable dispersion.

2.6. High pressure digestion with acid

About 1.00 g of the milled aluminum oxide powder and SRM
699 alumina were accurately weighed and placed in a closed
high-pressure PFA decomposition vessel and wet-decomposed.
The 15 mL acid mixtures that were used in the decomposition
were composed of water and H,SO4 98% (3:1). The mixture in the
vessel was digested for 16 h at 230 °C. The sample was total

dissolution and cooled to room temperature. Then it was trans-
ferred into 100 mL polyethylene volume flask with water. The
sample was used for comparison with the slurry samples in the
analysis.

2.7. Characterization and dispersion of slurries

2.7.1. Zeta potential measurement

The zeta potentials of the slurrys were measured by a Zeta-
Plus Analyser (Brookhaven Instruments, USA). The slurrys were
prepared by adding different amounts of the dispersant to the
Al,03 powders (0.01 wt%). The slurrys were ultrasonically mixed
just before the zeta potential was measured.

2.7.2. Size distribution of the sample powder
The particle sizes were determined by SICCAS-4800 Photo-
Sedimentometry (Shanghai Institute of Ceramics, CAS).

3. Results and discussion
3.1. Particle size reduction

All large particle samples must undergo particle size reduction
before they were dispersed in water. The self-made alumina
mortar was used to grind bulk samples. The small bulk or coarse
particle powder (appropriately 10.0 g) was then repeatedly milled
using the mixer mill. The powder is contained in the shell, and
vibrated together with the beads. The grinding material and the
particles collided with each other, which results in the breakdown
of solid particles. The average diameter decreased to about 0.5 pm
after grinding for 3 min (Fig. 2). The particle size was determined
by SICCAS-4800 Photo-Sedimentometry. The increased milling
time only slightly decreased the average diameter. However, the
contamination of elements such as W and Co increased. The
changes in the mean particle size with different mill times are
shown in Fig. 2. The mean particle size slightly decreased with
increasing mill time. The mean particle size showed no significant
changes when the milling time was set to more than 2 min. Thus,
the mill time was selected as 2 min.

3.2. Aerosol transport loss

Only particles that have sizes smaller than 10 pm have been
suggested to contribute to the analyte atomic emission signal [23].
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Fig. 2. Relationship between mean particle size and mill time.
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The order-sorting of the spray chambers and the gravity
effects result in the selective transport of very small particles to
the ICP. A coarse aluminum oxide powder sample (Fig. 3) that was
screened through a 25 pum (800 meshes) sieve was nebulized to
assess if the low recoveries could be directly attributed to the
rejection of large particles by the spray chamber. The particles
that were dispensed from the spray chamber and the injector
tube were collected. The latter represented the case when the
sample reached the plasma. The particle size distribution of the
Al;O3 slurry that was collected from the nebulizer-spray chamber
outlet is shown in Fig. 4. The figure clearly shows a cut-off point
for the particle size at approximately 7-10 pm. The size distribu-
tion of particles that were collected at the torch outlet had no
distinct difference from those collected at the spray chamber
outlet. The cut-off size was in accordance with our previous
results [32], and is also the same with the result reported by
Ebdon [35]. Thus, a particle with a size less than 10 pm could
reach the plasma. Therefore, according to Fig. 4, the particle size is
small enough for slurry preparation.

3.3. Vaporized efficiency and particle size reduce

The vaporization percentage of single Al,O; powders in dif-
ferent particle sizes was calculated using the model developed by

18

(]
1

weight percent (%)

0-1 12 24 4-7 7-10 10-15 15-20 20-25 25-30 30-40

particle size (um)

Fig. 3. Bar diagram for particle size distribution of the Al,0; sample screened
through a 25 um (800 meshes) sieve.
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Fig. 4. Bar diagram for Al,03 particle size distributions when passing into the
nebulizer-spray chamber.

Merten and Broekaert to show the effect of particle size on slurry
atomization [27]. The relationship between the percentage vapor-
ization of single Al,O3 slurry powders and its particle size is
shown in Fig. 5. The upper limit of the Al,05 particle size that
can be completely vaporized in the plasma is about 7 um. The
vaporization efficiency decreased with increasing particle size,
and only about 46% of the particle mass could be vaporized at a
particle size of 10 um.

For analytical applications of slurry nebulization, the vapora-
tion within the nebulizer gas flow is of great importance. By
varying the nebulizer gas flow, the residence time of the particles
can be influenced. For a gas flow of 0.8 L min~!, particles with a
diameter of up to 8 um can be evaporated with an efficiency of
68% and particles as large as 5 um can be evaporated completely
within the nebulization gas flow region. This is clearly documen-
ted by the results of the simulations shown in Fig. 6. The particle
must be heated up to its evaporation temperature, which takes a
long time for large particles.

For the analysis of advanced ceramic materials by using slurry
nebulization ICP-OES with aqueous standard calibrations, an
incomplete vaporization caused negative deviations in determin-
ing the results. In this paper, efforts were made to reduce the
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Fig. 5. Relationship between theoretical percentage vaporization of Al,03; and
particle size in the case of a nebulizer gas flow of 0.6 L min 1.
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Fig. 6. Calculated evaporation rates for single Al,Os; particles in the different
nebulization gas flow.
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particle size to meet the requirements of slurry nebulization
ICP-OES.

3.4. Influence of pH on the slurry

Highly stable and homogeneous slurry is required to produce
precise and accurate analytical results. The stability of the sus-
pended slurry is related to the electrostatic interaction between
the particles and the nature of the medium, which can be described
in terms of the zeta potential of the system. Farinas et al. [36] have
discussed the relationship between stability and the zeta potential,
and they also investigated the effect of the stability and homo-
geneity of the slurry on line intensity and measurement precision
in ICP-OES. Fig. 7 shows the zeta potential varies with pH at
different NH4PAA concentrations results in different zeta poten-
tials. The isoelectric points (IEP) are found near pH 3.0, whereas a
simple aqueous slurry without additive shows the IEP at pH 6.5.
The experimental results that the zeta potential at pH 6 drops from
about 15 mV for a simple aqueous slurry to about —40 mV for
spiked slurries The zeta potentials were appropriately —40 mV in
range of pH 6-10, which gives the appropriate pH conditions for
slurry preparation. From this Fig. 7, the optimum amount for
dispersing the Al,Os; powder is 0.5 wt% NH4PAA, in which zeta
potential was constant and have essentially maximum value.

3.5. Calibration and analytical result

The processes of transportation and vaporization are similar
for solutions and slurries when the slurry particle size is small
enough. Therefore, calibrations with aqueous solutions are possi-
ble. In this work, a series of aqueous standards using hydrochloric
acid were prepared to establish calibration curves. The analytical
result of Al,O5 is listed in Table 2. Micro and trace elements in
Al,03 were determined using a slurry introduction method, and
then compared with the results obtained by acid digestion
method. From Table 2, the test results of the two samples that
were determined by the slurry introduction method were in good
accordance with those of samples prepared via high-pressure acid
digestion method. The results of the slurry introduction method
for determination of micro and trace elements in NIST standard
reference material 699 were in good accordance with the certi-
ficate values (Table 3), which confirmed that the calibration
curves could be established by aqueous standards if the ceramic
particle size is small enough. The repeatability of over 11 slurry
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Fig. 7. Profiles of zeta potential versus pH for mm particle sized Al,O3 slurry at
different NH4PAA concentrations.

Table 2

Results (ng/g) obtained in the analysis of Al,05 using slurry introduction method
using aqueous standard calibration and comparison of high pressure-assisted acid
digestion method.

Element Al,05-1° Al,05-11°
Slurry Acid digestion Slurry Acid
introduction method introduction digestion
method method method
Ca0o 675+ 30 632 +29 11+3 10+2
CuO 61+2 61+3 5+2 442
Fe,03 651 +25 631 +20 12+3 10+3
MgO 45+3 36+6 3+1 2
MnO 54+2 55+3 =2 =2
NaO0 120+ 15 120+ 10 2+1 -2
NiO 30+2 33+3 5+3 543
Sio, 215+ 16 244 + 23 18+2 16+3
TiO, 4242 43 +3 -4 -4

¢ Not detected.
b Mean value + SD (n=5).

Table 3
Mean value and precision for determination of micro and trace elements in NIST
standard reference material 699.

Element Slurry introduction Acid digestion Certificate value®
method" (pg/g) method® (ug/g) (ng/g)
Cao 350+18 365+ 15 360 + 20
Cry05 3+1 -2 2+1
Fe,05 118+ 13 125+ 11 130+ 10
Gay03 105+17 102 +15 100 + 20
Li,O 22+9 17+6 20+10
MgO 7+2 8+2 6+2
MnO 8+3 7+1 5+1
SiO, 128 + 10 123 +6 120+ 8
Na,O0 6000 + 130 5980+ 120 5900 + 100
V,03 542 6+3 542
Zn0O 125+ 16 127 +13 130+20

2 Not detected.
> Mean value + SD (n=5).

measurements was 1-2% for the relative standard deviation of all
analytical elements. The LODs expressed in terms of three times
of standard deviation (S.D.) of the blanks obtained from a high
purity Al,Os slurry are in the range of 0.04-2 pg g~ !, superior to
those of the acid digestion method and nebulization technique by
ICP-OES(0.5-20 pg g~ !). The superiority of the slurry nebulization
technique is evident: due to the quality control of the water and
dispersant during the preparation of the slurry

4. Conclusion

Particle size distribution constraints on slurry nebulization
were routinely performed, i.e., with direct calibration and com-
pared with simple aqueous standards, especially for ceramic
materials such as Al,0s. The model developed by Merten and
Broekaert was modified for the axial configuration of ICP-OES. The
results of the experimental and modified model are similar to
each other. Based on modeling using a customized computer
model and some experimental evidence, the maximum particle
size for complete vaporization is approximately 7 um. Slurry
atomization analysis was performed without the aid of matrix
matching, standard additions, or correction factors when the
particle size is small enough. The method involving the use of
simple aqueous standards as calibration samples had the same
results as those by the high-pressure-assisted digestion method
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and with the value of a certified reference material, NIST SRM 699
alumina.
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