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This work introduces a development of flow-based analysis techniques for sample 

pretreatment of environmental and biological samples. Two main flow-based 

techniques, i.e. field-flow fractionation and sequential injection analysis, were 

developed. The first system, gravitational field-flow fractionation (GrFFF) coupled to 

UV and ETAAS detector was used for the investigation of micronsize Fe-rich clay 

samples in the range of 5-20 �m. The size-distribution information of particulate 

samples was provided by using the size-based speciation, GrFFF technique.  The 

second system was the sequential injection-lab-at-valve (SI-LAV) bead immunoassay 

system. The SI-LAV system provides microfluidic handling ability to manipulate the 

bead, sample and reagents required to perform an immunoassay.  The performance 

of the system was demonstrated using a potential biomarker, chondroitin 6-sulfate 

(C6S) and Shark A1 (Sh-A1) in a normal serum.

Keywords: gravitational field-flow fractionation, size-based speciation, sequential 

injection analysis, lab-at-valve, bead immunoassay
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1. ����
0��
23$��)#��,���42��
�����������
-�"���"-����
��������!����
����������������+Q�4�'��-���1���
���(���=

��"� 
�$������������
-�"��!�,���������21-���1��
���4,�4,� (preoncentration) ��2-	��
���4,�

4,� (predilution) �	�-�
�
��5������� (preseparation) �����1�,-����
�������� (analyte) --�


�����-21���1+���-�-�<"!������
-�"�� (matrix) ��21-!�,�����������%�
�!�4�'��-������

+����&  !����
�
����'���
����!
��1
�������������
����������21-!�,�(����������������


-�"���"-����
����������1!�,���������
����������1���1�
4,-�������*�	 (Flow-based analysis) ��1

���1�
4,-����-�#%�� (micro particle/bead) �����������1*�,����������-�"���"-��21-��	���+��

���$�%��!����
����������1�(�������� 2 ������!����
�
�����������'*�,��" ������ 

Gravitational field-flow fractionation (GrFFF) �	� Sequential injection (SI)-bead injection 

(BI) analysis ��21-!�,�����
-�"�������1��
�	,-��	���
-�"�������
%�� ���	(����

������ GrFFF �+Q���������1��������!�,4,-�<	!��������	��"��-��5�	��6&�4-�

��� (separation and characterization) ������4-��	#"�-�#%�� ���!�, external field ��1�+Q� 

gravitational field �"
�������*�	��1�+Q�	����� (laminar flow) !� thin channel cell ������

-�#%�� (micro particle) ��1��4���!��"
�*��������-�� ���*�,������������21-���-�#%���"-�

����(����
��������+����&��	)�4-��	#"�-�#%����21-�5�6� size-based speciation ����
�

������ GrFFF ��21-����	#"�4���-�#%�� ��������� Electrothermal Atomic Absorption 

Spectrophotometry (ETAAS) ��21-�����+����&��	)� �������
� GrFFF- ETAAS �������(�

�����	-�*�,��'���� Online �	� ��� Offline ��������	-���� Online �,-�!�,�"
���� 

laboratory designed flow cell ���4,-�<	��1*�,���
������(� size-based speciation 4-���	)�!�

��
-�"�������	�� Y51��������(�*+!�,+�������!����������1��
�	,-�*�, (������	��-���
�� 

reprint /������ �1)

Sequential injection (SI)-bead injection (BI) analysis �+Q�������4-��������*�	��1��

���!�,����������(���!�,
�������� analyte ��1��!
�"
�������*�	4-�-�#%����1�+Q� micro 

bead *�, �����1
*+���
�
����1�����!�,�	����� BI 
��,-���-#+��&���2-���21-��2-4-� SI ��1�+Q� 

Lab-on-valve ��2- Jet ring cell ��"!����
�
����'*�,�����������!�,*�,���� BI ���!�,-#+��&�

4-� SI Y51���!��,-�+7���������	�--���� flow cell ��21-�(��������!�,*�,���� sequential 

injection-lab-at-valve (SI-LAV) �	������%�(�*+!�,*�, ����(������-��������4-�����
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��������1!�,�+Q���
�"���'�����
�2- Chondroitin sulfate �	� Shark A1 ���*�,��	-�!���
-�"��Y�

�����+��� (������	��-���
�� manuscript drafted /������ �2)

2. �
�6&���
���
��21-����������	�
�$��(����������������
-�"��!����
�����������!�,������ 

Sequential injection-bead injection analysis �	� Gravitational field-flow fractionation ��21-���

+���#��������
-�"�������
%�� �	���
-�"����1��
�	,-����	(����

3.  ��()��$��

�����)# 1 Gravitational-field flow fractionation-electrothermal atomic absorption spectrometer

(GrFFF-ETAAS)

Figure 1 GrFFF instrument and steric/hyperlayer separation mechanism for micron-size of

particles
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Figure 2 Instrumental set up for GrFFF coupled with ETAAS: (a) off-line GrFFF-

ETAAS, (b) on-line GrFFF-ETAAS showing the flow through sampler vial

�����)#2 SI-LAV for bead immunoassay system

Figure 3 Schematic diagram of the SI-LAV system
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4.  �$�����$��
�����)# 1 ����-���� 
�� reprint !�%��3�
� �1

�����)# 2 ����-���� 
�� manuscript drafted !�%��3�
� �2

5. 
�&�3$���	�����$�����$�����

�%,�
�����)# 1
��������� GrFFF-ETAAS �(�������
-�"�������	����1��4���-�#%���"
� 5-20 *��������-��

��������


���,
� ETAAS �������(�*�,��'���� offline �	���� online �������(���� 

online 
�!�,�"
���� Flow cell ��1--����45'��-�!��,-�+7���������	�
��!��(����"���51�4-� 

autosampler tray 4-� ETAAS ���*�,�+�������3	�����	-������+����&��	)�4-�����(� 

slurry injection  4-� particles suspension 4-�
�$������	-����   offline, online �	�*�,�(����

��	-���+����&��	)��
�!���
-�"�������	���������"-��,
������
"����"�+����& 20-40 

mg/kg ��21-�(�3	�����+����&��	)����+���������3	4-������	-���� offline, online ��
"� 

���%���
�*�,�+-���Y��� recovery ����
"� 90 ���
��4,-�<	����
������� GrFFF-ETAAS 

����������+����&��	)�!���"	��"
�4-�4���-�#%�� (size-based speciation) �����
"�

�
���4,�4,�4-���	)�	�	���21-4���4-�-�#%��!�="45'� �����"���1��������*�,�����1
*+

�����)# 2
������������ Bead immunoassay ���!�,������ Sequential injection-lab-at-valve (SI-LAV)

Y51��+Q�������1������
��������
��������*�,�
���)
�	��+Q�����-���������	�
��������*�,��� 

real time ���*�,+���#�����21-!�,������
�������� chondroitin 6-sulfate �	� shark-A1 Y51��+Q�

biomarker ��1�(���=�(��������4,-��21-�

6. ,��%
��3��
0���
������	
�*������
!��"
�4-������	-�!�������1 2 ���
���"���!
��1
��(�����*+!�,�����
-�"����1�	���	�� 

��"��(������	-�Y���1�!�3<,+|
���1�+Q���� ��2--�
+���#��������
-�"������-21�8 ��"���
-�"��

+}���
� ��2-�'(�	�� �	�-�
�(�*+��	-�������
�������� biomarker ��
-21�8 �+Q��,�
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Abstract

Gravitational field-flow fractionation (FFF) coupled to UV and ETAAS detectors has been tested for micron-size particles in the range of

5–20 Am using three Fe-rich clay samples. The iron content estimated after aqua regia extraction was about 20–40 mg kg�1. The ETAAS

analysis was performed both off-line from collected fractions and in an online continuous sampling mode using a specially designed flow

through vial placed in the autosampler of the ETAAS. Comparison of the direct injection method with total analysis after aqua regia digestion

shows that slurry injection of the dilute samples in the gravitational field-flow fractionation (GrFFF) effluent is quite efficient in these

samples. In the majority of cases, more than 90% recovery was obtained for the slurry injection method. Fe mass-based particle size

distributions and Fe concentration versus particle diameter plots can be generated using certain assumptions. This provides detailed

information on size-based speciation of particulate samples. Generally, the Fe concentrations in the particles decreased slightly with an

increase in particle size as is often found for soil and sediment samples.

D 2004 Elsevier B.V. All rights reserved.

Keywords: Clay mineral particles; Size-based iron speciation; Micron-size particles; Gravitational field-flow fractionation; Electrothermal atomic absorption

spectrometry

1. Introduction

The size of particles influences many properties of solid

materials. An important example is the transport and fate of

particles in aquatic environments [1] through soil profiles

[2] and as atmospheric aerosols [3]. Since many elements

and compounds are associated with such particulate

material, the study of size-based speciation is very relevant

in environmental science. One approach for such work is to

use conventional separation methods, such as filtration and

settling (gravitational or centrifugal), to prepare subsamples

with specified size ranges and to analyze these for the

components of interest [4–6]. However, filtration suffers

from many artefacts, and settling methods are usually quite

time consuming [5,6].

For several decades, various groups have been develop-

ing methods involving field-flow fractionation (FFF) for

separation purposes [7]. FFF has the advantage of generat-

ing a continuous distribution of polydisperse samples which

can be either collected as discrete subsamples for analysis

[8–10], or in certain cases, the FFF eluent can be fed directly

into an analytical device [11]. The data generated by such

experiments are often in the form of an analyte-based size

distribution [8–11].

Most studies on size-based speciation of environmental

samples to date have involved the use of sedimentation FFF

(SdFFF) [8,12–15] or flow FFF (FlFFF) [16–22] to

characterize submicron colloids. These have been coupled

0584-8547/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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both off-line and online with inductively coupled plasma

mass spectrometry (ICP-MS) [12–22], and electrothermal

atomic absorption spectrometry (ETAAS) is employed as

tool [8–11] for element speciation. FFF-ICP-MS has been

currently reviewed for some selected applications by Barnes

and Siripinyanond [23]. One of the limitations for elemental

analysis of particulate slurries is that the efficiency

decreases for particles greater than about 5–10 Am. This

could be due to trapping of particles in the nebulizer or

incomplete atomization/ionization for these larger particles.

Recently, we have demonstrated that gravitational FFF

(GrFFF) can be combined with ETAAS to achieve size-

based speciation data for micron-size silica particles up to

10 Am in diameter [9]. This was done off-line by collecting

subfractions for Fe analysis by ETAAS. The digestion

efficiency of ETAAS with slurry samples proved to be good

at least up to 10-Am diameter particles.

GrFFF is carried out by applying a gravitational field

perpendicular to the laminar flow direction in a thin GrFFF

separation channel (see Fig. 1). One significant advantage of

GrFFF is that the channel can be constructed quite easily

and cheaply, and the system can be assembled using widely

available components for HPLC or flow injection systems.

However, the weak gravitational field restricts the size range

that can be fractionated to about 2–50 Am in diameter.

Nonetheless, this silt-size range is of importance for

sediment transport in rivers and atmospheric aerosols.

As an extension of our work to develop analytical

methods for size-based element speciation, we present for

the first time data for online GrFFF–ETAAS of micron-size

clay particles. This was achieved by continuously feeding

the eluent from the GrFFF into a special flow through

sampler set in one position of the autosampler. The stream

was sampled at regular time intervals, and the Fe content

was obtained by slurry introduction into the ETAAS. A

major advantage of this method is that samples are with-

drawn from a flowing suspension, thus avoiding the

problem of settling of sample particles in a vial. This same

approach may be useful in other applications where slurry

injection is used.

The reason for our focus on Fe, in this and previous

publications, is that hydrous Fe oxide coatings are thought

to exist on aquatic and soil particles and are generally

believed to be involved in the uptake of contaminants such

as toxic metals [3] and phosphate [2]. In this paper, we

continue with this emphasis, but instead of using pure silica

with a coating of synthetic goethite [9], we study the Fe

speciation of a series of natural iron-rich silt-size clay

minerals.

2. Experimental section

2.1. Instrumentation

2.1.1. GrFFF

The components of the GrFFF instrument have been

described in previous work [9,24]. The channel dimensions

were 0.095�300�20 mm for the channel thickness, tip-to-

tip length and breadth, respectively. The geometric void

volume was 0.57 mL. Although the GrFFF channel was

only 95 Am thick, no clogging problems were experienced

with the dilute (2 mg mL�1) b45-Am diameter sieved

samples used in this work. A Milton Roy Constametric III

pump (Pennsylvania, USA) was used to deliver the carrier,

10�4 M sodium hydroxide solution. Particle suspensions

were injected into the carrier stream with a hypodermic

syringe (40 AL) through a homemade injection port [24].

The concentration of particles in the FFF eluent was

monitored by a UV detector (Model UV8, BAS, USA) at

an operating wavelength of 254 nm. The Pocket Sampler

(Dick Smith, Australia) with the software supplied was used

as the interfacing device for digitizing the GrFFF-UV

detection signal.

Fig. 1. GrFFF instrument and steric/hyperlayer separation mechanism for micron-size of particles.
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2.1.2. ETAAS

The ETAAS instrument was a Perkin–Elmer Model

5100 (Norwalk, CT, USA) equipped with Zeeman correc-

tion, an HGA-600 graphite furnace and AS-60 autosampler.

A pyrolytically coated graphite tube with L’vov platform

was used. The fast-heating program for the graphite furnace

is summarized in Table 1. The peak area across the 3-s

heating segment (step 2) of the program was recorded. This

program enables more analysis data to be collected across

the GrFFF fractogram. The total analysis time for each

replicate was 86 s (including autosampler operating time

and cooling step). By using this temperature program, there

was no difference for the Fe atomic peak profiles from the

slurry, and solution analysis was observed.

2.1.3. GrFFF–ETAAS

Off-line and online determination of iron by GrFFF with

ETAAS detection can be carried out by employing the

instrument set-ups, as shown in Fig. 2. Off-line GrFFF with

ETAAS analysis was done by collecting fractions (ISCO,

Model RETRIEVER 500 fraction collector, Lincoln, USA)

of the eluent after passing through the GrFFF separation

device, as shown in Fig. 2(a). Analysis of the iron content in

each fraction was obtained through slurry introduction into

an electrothermal atomic absorption spectrometer (ETAAS).

For online GrFFF–ETAAS analysis, the eluent from FFF

unit was continuously fed into the bottom of a specially

designed flow through sampler vial (see Fig. 2(b)) which

was placed in the autosampler of the ETAAS. Sample

suspensions (10–20 AL of 2.01–2.07 mg mL�1 depending

on the sample) were introduced into the GrFFF, and the

eluted particle suspension was continuously introduced

through the bottom of the sampler vial. The overflow was

directed to waste (Fig. 2(b)). The autosampler arm was set

always to sample from this same position so that it

introduced discrete samples of the eluent into the ETAAS.

A photograph of the online GrFFF–ETAAS instrumentation

is shown in Fig. 2(c).

2.2. Chemicals and samples

2.2.1. Chromatographic silica particles (5 and 10 lm)
Chromatographic silica was obtained from used HPLC

columns (CN packing from PARTISPHERE RTF Columns,

Whatman, UK). Particle suspensions of about 2 mg mL�1 in

water were prepared. The 5-Am particles were spherical, and

the 10-Am particles had more irregular shapes. These were

used as particle size standards.

2.2.2. Clay samples

All clay samples were of natural origin and were

obtained from different provinces in Thailand. The clays

are referred to as red clay (Kanchanaburi province), ball clay

1 and ball clay 2 (sampled from different sites in Payao

province). They were dry sieved through a 45-Am sieve,

then dried further at 60 8C for 12 h in an oven and stored in

a desiccator until required. Each sample was suspended in

water (2 mg mL�1).

2.2.3. Reagents

All reagents were prepared using water obtained from a

Milli-Q system (Millipore, Milford, MA, USA). Carrier of

sodium hydroxide (10�4 M) was prepared using a reagent

from Aka Chemicals (Sweden). A standard iron solution

(1000 mg L�1) was SpectrosoLR grade from BDH. The

desired standard concentrations (10, 20, 40, 60 and 80 Ag
L�1) were diluted appropriately from the stock standard

and used to obtain the calibration line: Y=0.0049�,

r2=0.9947.

Fig. 2. Instrumental set-up for GrFFF coupled with ETAAS. (a) Off-line

GrFFF–ETAAS, (b) online GrFFF–ETAAS showing the flow through

sampler vial and (c) photo of the online GrFFF–ETAAS instrumentation.

Table 1

Fast heating graphite furnace temperature program

Step Furnace

temperature(8C)
Ramp

time (s)

Hold

time (s)

Internal Ar

gas flow

(mL min�1)

1 140 1 15 300

2a 2400 3 10 0

3 2600 1 5 300

a Peak area measurement.
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3. Results and discussion

3.1. Mass- and Fe-based fractograms obtained by GrFFF

with ETAAS

Fractograms of the three clays generated with off-line

and online GrFFF–ETAAS analysis for iron are given in

Fig. 3. It was found that the UV and Fe profiles obtained by

off-line and online operations from all samples agreed

reasonably well with each other. The largest discrepancy

was between the off-line and online UV fractograms for

ball clay 1, which might have been caused by specific

errors of the runs. In all subsequent plots, the online

fractogram data were used for the calculations. The fact that

the sample peak was not resolved from the void peak

indicated the presence of large particles of about 20 Am or

more.

3.2. Conversion from elution time to diameter

Due to the complications in the steric/hyperlayer model,

the conversion of the elution time or volume to diameter

must be done empirically via calibration with suitable

standard particles. By assuming that the standard particles

have the same density as the clay particles, the conversion of

the diameter scale can be made employing the empirical

formula [25],

logtr ¼ � Sdlogd þ logtr1 ð1Þ

where tr is measured retention time, d is the diameter of the

particles, Sd the size selectivity, and tr1 is a constant equal to

the extrapolated value of tr corresponding to particles of unit

diameter.

For the purposes of illustrating the general approach, a

calibration line was obtained using only two chromato-

graphic silica samples (5 and 10 Am) as particle size

standards. Although it is not adequate for accurate size

determination, the errors are not likely to be excessive as

many previous studies have found that the calibration

graph is linear [7,26]. Fig. 4 shows fractograms of the 5-

and 10-Am silica particles and the plot of log tr versus

log d. This plot was used to generate the equation for

converting the x-axis to a diameter scale as described

above. In this case, the calculated selectivity using the data

for the 5- and 10-Am silica was found to be 0.92, and tr1
was 98.

It should be noted that there may be a systematic error

in the calibration performed because the 5-Am silica

standard particles are spherical, but the 10-Am silica

standard and clay particles are more platey in shape. It is

known that platey particles experience higher lift forces

than spheres of the same volume and hence elute at shorter

times [27].

A rough estimate of the magnitude of the error

introduced by shape can be deduced as follows. A survey

of the literature shows that the selectivity for sedimentation

FFF (including the gravitational version) usually falls

between 0.7 and 0.8. The gradient for our data in

Fig. 4(b) is higher (0.92) because tr for the 10-Am
nonspherical particles is smaller than would be expected

for a spherical particle of the same volume. If we use a

gradient of 0.75 and the single 5-Am spherical particle

calibration point, we can estimate that, for a 10-Am
spherical sample particle, we would obtain a diameter of

Fig. 3. UV and Fe-based fractograms of clay samples obtained by off-line/

online GrFFF–ETAAS (a) red clay, (b) ball clay 1 and (c) ball clay 2.
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8.8 Am or thus incurring an error of 12%. This simple

calculation illustrates the magnitude of the shape error to be

expected but should not be taken as the error in our results.

Indeed, the situation here is even more complicated as the 5

Am standard was spherical, the 10 Am standard appeared to

be somewhat irregular in shape, and the ball clay samples

were very platey.

The density of the silica particles may also differ from

the clays although this is likely to be less than 20%. Ideally,

the calibration standards and samples should have the same

shape and density. The calibration error encountered here

are of no importance in this paper which is intended just to

outline the concept of GrFFF–ETAAS approach for size-

based speciation.

3.3. Conversion from UV detector signal to eluted mass

For submicron particles, the UV detector response is

usually assumed to be directly proportional to the mass

concentration of particles (dmpi
c /dVi). However, according to

the approach of Reschiglian et al. [28,29] for micron-size

particles, the general relationship for the suspension con-

centration for large particles (10-fold bigger than the

incident wavelength), which comes from Mie theory, can

be expressed as

dmc
pi

dVi

~UVidi ð2Þ

where UVi; is the UV detector response at point i along the

FFF elution profile; mpi
c is the mass of sample eluted up to

elution volume Vi, and di is the particle diameter eluting at

Vi. It should be noted that the superscript c in these

quantities signifies that it is the cumulative amount eluted

up to point i on the fractogram.

3.4. Mass- and Fe-based particle size distributions of clay

samples

The appropriate y-axis for a particle size distribution

(dmpi
c/ddi) is given by [7]

dmc
pi

ddi
¼ dmc

p

dVi

yVi

ydi

�
�
�
�

�
�
�
�
~UVidi

yVi

ydi

�
�
�
�

�
�
�
�

ð3Þ

where ydi is the increment in di corresponding to increment

yVi in V at point i along the fractogram. The mass-based size

distribution is thus a plot of dmpi
c /ddi versus di.

When the GrFFF was connected to the ETAAS system,

the Fe content can be evaluated. The mass concentration of

the Fe present in the eluent (dmFei

c /dVi) is used to plot the Fe

fractogram. This is then converted to an Fe-based particle

size distribution using the equation,

dmc
Fei

ddi
¼ dmc

Fei

dVi

yVi

ydi

�
�
�
�

�
�
�
�

ð4Þ

where mFei

c represents the cumulative mass of Fe eluted up to

digitized point i on the fractogram. The Fe-based particle

size distribution is obtained by plotting dFei
c /ddi against

particle diameter di.

Fig. 5 shows the particle mass and Fe distributions of the

three clay samples. It was found that the samples contained

particles in a broad size range starting from about 2 Am and

extending beyond 20 Am. However, in these GrFFF runs,

the larger particles (N20 Am) are eluted with the void peak

where there is no resolution of particle size. Again, we

caution that extrapolation beyond the 10-Am upper limit of

the calibration standards is not recommended, but in this

illustration of the method, it is tolerated because of the

expected linear calibration graph.

In all samples, the size distributions decrease rapidly in

the range from 4 to 2 Am. This truncation of the

distributions is expected in these runs since no stop flow

relaxation step was used. Stop flow relaxation is sometimes

required in order that the particles travel across the channel

to the accumulation wall under the influence gravity. Thus,

some of the particles b2 Am would be eluted in the void

peak as their relaxation time is N35 s compared to the mean

residence time of the carrier in the channel of 171 s [7]. The

Fig. 4. (a) GrFFF Fractograms of 5- and 10-Am silica particles and (b) plot

of log tr versus log d.
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relaxation time is estimated as the time for the smallest

particle of interest to settle across the channel width, w. The

relaxation time (trelax) is calculated by transposing the

Stokes settling velocity equation to give trelax=18gw/
gDqd2, where g is the carrier liquid viscosity, w is the

channel thickness, d is the particle diameter, g is the

gravitational acceleration and Dq is the density difference

between the particle and the carrier liquid. However, optical

microscope observation of these samples revealed that only

small amounts of material were present with diameter b2
Am. The lack of sample relaxation will cause some

spreading of the smaller particles but should be insignif-

icant for particles greater than about 4 Am which have

relaxation times b9 s.

3.5. Fe content distributions

The Fe concentration in the particles is given by

dmc
Fei

dmc
pi

¼ dmc
Fei
=dVi

dmc
pi
=dVi

~
dmc

Fei

dVi

1

UVidi
ð5Þ

The Fe concentration distributions were obtained by

plotting
dmc

Fei
=dVi

UVidi
i.e

½Fei�
UVd

against particle diameter.

The distribution of the Fe concentration in the particles is

plotted in Fig. 6. The data are only plotted between 5 and

Fig. 6. Distribution of Fe concentrations in the particles as a function of

diameter (a) red clay, (b) ball clay 1 and (c) ball clay 2.

Fig. 5. Mass- and Fe-based particle size distributions (a) red clay, (b) ball

clay 1 and (c) ball clay 2.
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20 Am. For N20-Am particles, no resolution from the void

peak is obtained at the run conditions employed. The data

below 5 Am are not shown as both the UV and Fe

concentration values are small, which can result in a large

swing in the graph due to errors in setting the correct

baselines in the fractograms.

The Fe content increases in the smaller particles,

particularly for ball clay 2. This is commonly found for soil

and sediment samples [1,11,14]. This may indicate that a

significant proportion of the Fe is present as a surface coating

on the particles, or that there is an increase in the proportion

of Fe containing particles in the smaller size range.

3.6. Efficiency of Fe analysis by GrFFF–ETAAS

An evaluation was carried out on the effectiveness of the

slurry ETAAS method for Fe analysis after GrFFF separa-

tion. Summation of the iron amounts in each fraction across

the entire Fe-based fractogram (including the void peak)

provides an estimate of the total mass of Fe injected into the

GrFFF with the samples. This was done by integration of the

area under the Fe-based fractograms obtained by both off-

line and online operations (Fig. 3).

The results were compared with the total iron contents of

the original samples analyzed by flame atomic absorption

spectrometry after being digested with aqua regia. This

comparison is presented in Table 2. It can be seen that the

total Fe contents obtained by the GrFFF–ETAAS methods

(both off-line and online slurry injections) agreed reason-

ably well with the digestion analysis. Thus, it would appear

that the slurry ETAAS analysis for Fe does not suffer from

the same loss of efficiency. This agrees with some previous

studies [30].

Using the mean value of all three methods for a given

sample, the percentage deviations of each method from this

mean can be calculated, as shown in Table 3. It was found

that the percent deviations from the mean for the digestion,

online and off-line methods were 3–11%, 3–13% and 3%,

respectively.

Assuming that the digestion method gave the most

accurate estimate of the total Fe content of the sample, the

percentage deviations from this value for the slurry methods

were found to be 8–22% for the online method and 0–8%

for the off-line method. The mean deviation (discounting the

sign) was 9%, and only one value was greater than 10%. By

far, the most significant outlier was the online red clay result

(22% deviation). One contributing factor may be the fact

that only 10 AL of sample was injected compared to 20 AL
for the ball clays.

It was found that for ball clay 2, the slurry results were

higher than those obtained from the digestion analysis. This

suggested that there could be other errors in the analysis in

addition to inefficient slurry atomization. Thus, it is

reasonable to conclude from the results in Tables 2 and 3

that the slurry efficiency is quite good. However, optimiza-

tion of the slurry method is required to improve the overall

accuracy of the Fe analysis.

4. Conclusion

GrFFF–ETAAS was demonstrated to be an effective

method for investigating the Fe size-based speciation of

micron-size particles. Direct injection of the dilute suspen-

sions of GrFFF eluent into the graphite furnace was shown

to be quite efficient. The average deviation of the Fe

contents from the values determined after aqua regia

digestion was 9%.

The method was illustrated using some Fe-rich clay

samples. The Fe concentration in the particles increased

slightly with decreased particle size, perhaps indicating that

significant amounts of the Fe exists as surface hydroxy

oxide coatings. An alternative explanation is an increase in

the proportion of Fe-rich minerals in the smaller particles.

GrFFF is the most cost effective of the FFF suite of

separation techniques and could be constructed in the

simplest workshops. However, it is only applicable over a

size range of about 2–50 Am. The ETAAS can be operated

Table 2

Total Fe concentrations in the three clay samples

Samples Fe content (mg g�1)

Digested Online Off-line

Red clay 41.7 32.6 38.6

Ball clay 1 19.9 18.2 18.3

Ball clay 2 21.7 23.9 21.7

Table 3

Percentage deviations of the total mass of Fe in the three clay samples obtained by various ETAAS methods from either the mean Fe content value or the Fe

content of the total digested sample

Sample %Deviation of Fe content from the mean valuea %Deviation of Fe content from the digested valueb

Digested Online Off-line Online Off-line

Red clay 11 13 3 22 7

Ball clay 1 6 3 3 8 8

Ball clay 2 3 6 3 10 0

The mean value was for the three methods.

bmethodiQ refers to either the digest, online or off-line method for ETAAS analysis.
a %Deviation of Fe content the from mean value=(Total Fe(methodi)�Total Fe(mean)�100/Total Fe(mean)).
b %Deviation of Fe content from digest value=(Total Fe(methodi)�Total Fe(digest)�100/Total Fe(digest)).
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online using a specially designed sampler vial which was

used in the autosampler. GrFFF–ETAAS has been demon-

strated for Fe speciation here but should also be useful for a

range of other elements.
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ABSTRACT 

This work introduces a development of a sequential injection-lab-at-valve (SI-LAV) 

immunoassay system. The SI-LAV system provides microfluidic handling ability to 

manipulate the bead, sample and reagents required to perform an immunoassay.

Chondroitin 6-sulfate (C6S) and Shark A1(Sh-A1) fraction assay are important for 

diagnosis of cartilage disease.  The C6S/Sh-A1 analyte is mixed with a fixed amount of 

WF6 specific antibody. The analyte in a sample competes with the C6S coating on 

beads for the binding with the WF6 antibody. The C6S coating beads and the reagents 

are aspirated and trapped in a specially designed device attached to a selection valve. 

Flow manipulation is made using a syringe pump. The investigation on assay conditions 

and it advancetages compared with the conventional method are discussed. 
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