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ABSTRACT

A homemade GrSPLITT channel was successfully constructed. The
GrSPLITT fractionation performance of the channel in full feed depletion mode (FFD-
GISPLITT) was compared with the commercial SPLITT Tech® channel Model SF
1000. The similar trends of the percentage removal curves of both GrSPLITT channels
was demonstrated. Only the homemade GrSPLITT channel was used for fractionating
Mekong river particulates at two setting cutoff diameters (3 and 8 um). The river
particulates were collected from seven sampling sites along the Thai-Laos border in
Loey, Nongkhai and Nakornpanom provinces. The mass average diameter (dn,) of pre-
concentrated river particulates (FO) was in the range 10.5 - 13.9 um. The dy, of the
fractionated samples (F1, F2 and F3) were generally larger than the setting cutoff
diameters.

Analytical protocol for elemental composition in non-digested river particulate
by XRF with liquid cup was attempted to minimize the sample preparation steps.
Only Al, Si, K, Fe and Ca were able to be determined. The results from XRF
compared with the results of ICP-OES using the t-test illustrated that these results
were not significantly different (p > 0.05).

Principal component analysis (PCA) was applied to the ICP elemental data for
all size based fractions of all sample sites and each site. The result showed that size
based information could be extracted from PCA. The elemental member in PC1 and
PC2 indicated the source of origin of the river particulate. Two site patterns were
distinguished, the main stream and the branch of Mekong River.

KEY WORDS: RIVER PARTICULATE / SPLITT / FRACTIONATION / MEKONG
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V(a) Volumetric flow rate of outlet a (mL/min)

V(b) Volumetric flow rate of outlet b (mL/min)

V(1) Transport volumetric flow rate (mL/min)

AV Volumetric flow rate passing across GrSPLITT channel
(mL/min)

w Depth from liquid surface to removal position (cm)

n Carrier viscosity (dyne sec cm™)

Ap Density difference between the particle and the fluid

(g cm™)



THE RELEVANCY OF THE RESEARCH WORK TO THAILAND

The association of pollutants (nutrients and heavy metals) with colloid and
suspended particulate matter plays a dominant role in determining their transport, fate,
bioavailability and toxicity in natural waters. Metal contamination problem has been
found in many rivers of Thailand. The Mekong River is the longest river in Southeast
Asia with 4800 km and flows through China, Thailand, Laos, Cambodia and Vietnam.
The banks of Mekong River are agriculture region of Thailand and Laos PDR, where
chemical fertilisers were used which represent diffuse sources of contaminants and
nutrients to the river. In addition, the river represents important waterways for
transport. Some human activity introduces trace metals and organic pollutants to the
river that may affect water quality. Many methods have been used such as
determination of metal adsorption of the whole size particles. In fact each particle size
has different metal adsorption capacity and different transportation. Elemental
composition pattern also has been used as a means to identify natural source of several

river areas.

This research aims to develop a homemade GrSPLITT and use to fractionate
the river particulates from various areas of Mekong River. Principal component
analysis was used to characterize river particulates from each site. The results of this
study will be useful for better understanding of the fate of metals in aquatic

environment and defining their natural source.
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CHAPTER 1

INTRODUCTION

1.1 Classification of water particulate

Solid suspensions or particulates in natural water are heterogeneous, often
found in form of aggregate mixture such as clays, quartz and feldspars, and natural
organic matter (humic) components [1]. They may also derive from soil-erosion
products and material produced within the water itself (metal carbonate and sulphate).
According to their means of transportation, particulates in rivers are classified into

three major types [2].

a) Suspended matter and particles are maintained in suspension by the water
turbulence. The total suspended matter in rivers usually ranges from a few
mg/L to a few g/L. The suspended material originates mainly from land
erosion and has a relatively fine grain size (e.g., clay and silt fractions) in

most rivers.

b) The bedload is the part of the particulate matter, which is moved by rolling
and skipping. The bed load consists of coarse particles (coarse sand, gravel,
pebbles) which more along the riverbed much more slowly than the

velocity of the flowing water.

c) Bottom sediments results form the decrease of energy level in the
waterbody. Coarse material is deposited first. The deposited material is

heterogeneous with fine and coarse layers.
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The distinction between dissolved and particulate matter will depend on the
separation method. Filtration through 0.45 um pore-sized filters is the most commonly
used [2]. Particulate matter refers to particles greater than 0.45 pm and

dissolvedmatter includes particles finer than 0.45 um, including colloid [3].

1.2 The role and fate of particulate matter in river system

Analysis of particulate matters (PMs) has received great interest as the key
substances in environmental investigations to explain the transport and circulation of
metals in natural water. PMs are deeply engaged in the elemental fractionation
between liquid and solid phase in natural water [4, 5]. Some significant aspects, which

are involving the nature of particulate matter:

a) Geochemical source: the concentration of elements constitute will be
referred to the natural background. This background will very both
geographically and temporally according to geological and climatic
characteristics.

b) Pollutant carrier: heavy metals and organic pollutants are carried on the
particulate matter. The percentage of heavy metals carried by the
suspended matter ranges from 20% to 90%, depending on the amount and

type of particulate matter.

c) Pollutant reservoir: when deposited, the contaminated particulate matter
produces a potential pollutant reservoir, which may contaminate the biota

through direct contact or by releasing pollutant into the water column.

d) Pollutant indicator: as pollutants are generally concentrated in the
particulate phase, this material can be used to detect environmental

contamination even when concentrations in the water are very low.
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e) Record of pollution: the sediment deposited in rivers can provide records of

environmental charges, through time, including pollution.

The particulate matter may contain some toxic elements such as lead, arsenic,

cadmium and mercury; nutrients (nitrogen, phosphorus); organic carbon; etc.

Particulate pollutants and nutrients can be partitioned into different forms.
These forms depend on the origin of the substances bound to the particulates and on
the environmental conditions, such as pH, redox potential, etc. The major forms in

which pollutants and nutrients occur in the particulates are as follows [3].

a) adsorbed (electrostatically or specifically) onto particles

b) bound to the organic material, which consists mainly of organic debris and
humic substances

c) bound to carbonates

d) bound to sulphides

e) occluded in Fe and Mn oxides, which occur commonly as particle coatings

f) within the mineral lattice (e.g. apatite or calcium phosphate for phosphorus,
copper oxide or sulphide for Cu)

g) insilicates and other non-alterable minerals.

1.3 Particle size influence and elemental fingerprint

Total elemental analysis in river particulates provides only average elemental
distribution of sampling site but it cannot gain any information on chemical transport
pollutant uptake, chemical transport and aggregation properties in rivers. Determining
the particulate composition, as a function of size is an important aspect, individual
minerals tend to form within characteristic size ranges. Therefore, elemental analysis
of particulates based on particle size is essential. Particle size distribution and specific
surface area play as key parameters, which control chemical transportation, adsorption

capacity of river particulates [1, 3].
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Elemental fingerprint has been used as a means to identify nature source and
evaluate elemental composition pattern for several river areas [6]. Geochemical
fingerprint provides a potential tool for assessing the water environmental, health
impacts and contaminant dynamics in the river. Elemental fingerprint can be
determined by several analytical methods such as AAS, ICP-OES, ICP-MS, XRF and
NAA [7].

1.4 Mekong River

The Mekong River is the longest river in Southeast Asia with 4800-kilometer
long course from the Tibetan Plateau to the South China Sea. Portions of six countries
lie in the basin; China, Myanmar, Laos, Thailand, Cambodia and Vietnam. Water
discharge averages are 14000 m®s™ and solid discharge 160 millions tons per year. The
middle part of Mekong River flows along Thai-Laos border, through Loey, Nongkhai,
Nakornpanom and Mukdahan provinces of Thailand. The inhabitants’ reliance on this
Mekong River is usually for agriculture, fisheries and waterways for transportation

[8].

In this work, Mekong River particulates were collected in the area of Loey,
Nongkhai and Nakornpanom provinces and used as case study for size based analysis
by GrSPLITT fractionation technique, which assisted of the optical microscope image
analyzer. Elemental size-based characterization of these river particulates (before and
after fractionation) was obtained by Inductively coupled plasma optical emission
spectrometry, ICP-OES and a novel X-Ray fluorescence techniques with liquid sample
cup. Principal component analysis (PCA) was also applied for elemental size based

characterization.
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CHAPTER 2

OBJECTIVE

Several size based separation techniques have been published for water
particulates such as classical sieving [10], filtration [10], centrifugation [11], FFF [12]
and SPLITT [5] fractionation. However, SPLITT fractionation technique is a new
class of separation systems, which appears to be a rapid, continuous fractionation
method able to handle reasonably large sample volumes. Moreover, particles are not
subject to mechanical stress during the separation [5]. In this work, SPLITT
fractionation technique, which assisted of the optical microscope image analyzer, was
assembled and applied for size-based characterization of water particulates.
Inductively coupled plasma optical emission spectroscopy, ICP-OES and X-Ray
fluorescence spectrometric technique, XRF were selected as the main techniques in

subsequent elemental analysis.

XRF is a common non-destructive semi-quantitative technique for solid
sample. In this work, feasibility and limitation of WDXRF for direct determination of
element in non-digested river particulates samples in liquid sample cup were
investigated and attempted to use as an environmental inspecting tool for
characterizing river water particulates. The XRF analytical technique was validated
with SRM 1646a estuarine sediment NIST standard. The results were compared with
the results obtained from conventional ICP-OES technique. The general aim of this
research is to perform size based fractionation of the Mekong River particulates by a
homemade FFD-GrSPLITT system and to characterize size based elemental
distribution by ICP-OES and XRF.
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The scope of this research is as follow:

1. To construct a homemade FFD-GrSPLITT system for size-based fractionation
and to compare its fractionation performance with the commercial GrSPLITT
channel Model SF 1000 from Salt Lake City, USA.

2. To perform size based characterization of Mekong River particulates by FFD-
GrSPLITT method, which assisted of the optical microscope image analyzer.

3. To investigate feasibility and limitation of WDXRF with liquid sample cup for
elemental analysis in non-digested river particulates and their size based
fractions, comparing with ICP-OES.

4. To apply PCA techniques for characterization the nature of Mekong River

particulates.
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CHAPTER 3

LITERATURE REVIEW

3.1 Method for particle size fractionation

Many size based separation methods have been established for fractionating
river particulates and sediments. For instance, classical sieving [10], filtration [10],
centrifugation [11], FFF [12] and SPLITT [5] fractionation has been used to obtain

particle size information.

I.G. Droppo and et.al. introduced two simple classical separation techniques;
filtration and sieving in 1992 for size based fractionating sediment samples. However,
many problems have been identified. The pore size may not be precise, clogging and
aggregation leads to changes in the effective pore size during the operation and
irreversible retention on the membrane can lead to significant sample loss. Moreover,
it is usually difficult to process more than a few hundred milliliters of sample even
when pressure is employed [9]. To minimize the effect of clogging and irreversible
sample loss, J. Peuravuor and K. Pihlaja applied tangential flow filtration or ultra
filtration to fractionate humic water samples, where the water is pumped across the
membrane surface with only a small fraction of the water flow being drawn through
the filter [10].

In 1997, C. Contado and et.al. suggested the procedures for gentle pre-
separation of particle suspensions prior to sedimentation FFF (SAFFF) analysis based
on the use of SPLITT fractionation. SPLITT were examined for separation of size
fractions from both polydisperse standard silica and natural river particulates. Two
operational modes of SPLITT fractionation, transport (Tr) and full feed depletion

(FFD) modes were discussed and their performance compared [5].
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In 1999, J.R.Lead and et.al. used continuous flow centrifugation for preparing
three size fractions of 0.05-0.5 um, 0.5-1.0 um and > 1.0 um of suspended particulate
matter from Mersey river. Flow centrifugation provided a good, but not entirely
discrete size fractionation [11].

In 2002, A.Siripinyanond and et.al. applied flow FFF for particle size analysis
in sediment samples. FFF is a high-resolution separation technique, which has been
widely used for characterization of macromolecular, colloid and particulate materials.
However, in which large sample volume are required, the small load capacity of FFF
becomes a limitation. In this case, system with a higher separative capacity is needed

in order to provide adequate amounts of material for further analysis [12].

In 2002, G.Blo and et.al. applied ultra filtration and GrSPLITT fractionation
for Po river particulates separation into different particle size ranges. Two SPLITT
fractionation modes, transport and full feed depletion (FFD) modes were considered.
Resolution and operating time were better in transport mode as compared to FFD
mode. Quantitative aspects of the ultrafiltration recovery, of transport and FFD mode
were investigated in terms of total mass balance providing that only the FFD mode
was currently satisfactory for quantitative purposes [13].

Some advantages of SPLITT fractionation are (i) the separation process is
rapid with in 1 minute, (ii) the SPLITT fractionation process can be run continuously,
and thus the quantity of material fractionated increases proportionally with operation
time, and (iii) throughput is proportional to field strength and to the area of the flow
cell and thus can be readily adjusted. Two main operational modes of GrSPLITT are
known as (i) transport (Tr- GrSPLITT) and (ii) full feed depletion (FFD-GrSPLITT)
modes. Contado. and Blo demonstrated that FFD-GrSPLITT has the advantage of not
introducing sample dilution and only the FFD mode is satisfactory for quantitative
purposes, therefore they applied FFD-GrSPLITT mode for fractionating river
particulate samples. However the FFD mode does not produce sharply separation at
the selected cutoff size. The upper outlet stream contains particles of less than the
cutoff size while the other eluent contains particles greater than the selected cutoff
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diameter contaminated with some of the smaller particles [14]. Literature reviews on
size fractionation techniques and their applications for river particulates and sediments
are summarized in Table 3.1

Table 3.1 Literature reviews on size based fractionation techniques and their

applications for river particulates and sediments.

Year Author Fractionation Fractionation size System Ref.
method
1992 | 1.G.Droppo Filtration 0.4 um Sediment 9
et.al. 0.45 um collected from
lake Erie
offshore of
Port Stanley
and Port
Burwell,
Canada
1996 | V.M.Shkinev | Multistage 0.1-0.45 pm River water 15
et.al. membrane 0.45-1 um from Weisse
filtration 1-2.5 um Elster and
2.5-10 um Mulde River,
10-100 um Germany.
100-250 um
1997 | J.Peuravuor a) Ultrafiltration | MW > 1000000 Humic water 10
and K.Pihlaja MW 10000-100000 | samples from
MW 1000-10000 | Jake Savojarvi
MW < 1000 and lake
b) Size- . g Mekkojarvi,
exclusion Size analysis Finland
chromatography
1997 | C. Contado a) SPLITT 15 pum Po River 5
et.al. 10 pm water, Italy
4.2 um
1.6 um
1.0 um
b) SAFFF <L1O0um
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Year Author Fractionation Fractionation size System Ref.
method
1998 | J.Lin and a) Filtration 0.45 um Water 16
B.W.Coller b) Tangential 0.2 um samples
flow filtration 0.003 um collected
from the
Melbourne
area,
Australia
1999 | J.R.Lead Flow through 1.0 pm Mersey River, | 11
et.al. centrifugation 0.5-1.0 um UK
0.05-0.5 um
1999 | G.B.Douglas | a) Sieving 25-1000 pum Murray- 1
et.al. b) Continuous 1-25 pm Darling River,
flow Australia
centrifugation
c) Tangential 0.2-1 pum
flow filtration 0.006-0.2 um
0.003-0.006 pum
<0.003 um
2000 | Y.Ran et.al. a) Sieving >25 um Namoi River, 17
b) Continuous 1-25 pm Australia
flow
centrifugation
c) Tangential 0.2-1 pm
flow filtration 0.006-0.2 um
0.003-0.006 um
2001 | C.K.Jain and | Sieving 0-75 um Water and 18
M.K.Sharma 75-150 pum sediment
150-200 um samples
200-250 um collected
250-300 um from Hindon
300-425 um River, India
425-600 um
2002 | A. Flow FFF Size analysis Sediment 12
Siripinyanond samples
et.al. collected
from Sawmill
Creek and
Mulford
Creek in New

Jersey, USA
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fractionation

Year Author Fractionation Fractionation size System Ref.
method
2002 | G.Blo et.al. a) Ultrafiltration | 0.2-20 um Po River 13
b) Gravitational | 1.5 um water, Italy
SPLITT 5pum
fractionation 10 um
2002 | A.N. Crossan | a) Sieving 62 um Soil samples 19
et.al. 25 um collected from
b) Centrifugal 10 um a field site of
SPLITT 2 um Wee Waa,
fractionation 0.5 um New South
Wales,
Australia
2004 | M.H.Moon Pinched inlet 10.0 pm Sediment 20
et.al. gravitational 5.0 um samples from
SPLITT 2.5 um Masan Bay,
fractionation 1.0 um Korea
2005 | N.Tantidanai | a)Gravitational | 2 um Chaopraya 21
et.al. settling 4 ym River water,
6 pum Bangkok,
10 um Thailand
14 um
b) Gravitational 30 Lr;]m
SPLITT g K
fractionation 4
6 um
10 um
14 um
20 um
2006 | N. Narayanan | Micro-electrical | 108 nm Amino coated | 22
SRinLEF 220 nm particles

The SPLITT technique offers continuously high-speed binary separation

process with simple unpacked cell geometry. Separation is fast because of short

separation distance, which is in the 100-um ranges. Therefore, SPLITT could be

recommended as a very useful alternative separation technique in preparative scale for

large volume environmental samples, such as river particulates and sediments.

Anyhow, SPLITT fractionation is still in its infancy; the commercial SPLITT

fractionation systems are not wide spread available.
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3.2 Analytical methods for determination of elemental composition

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is
considered as a conventional standard technique in subsequently elemental analysis for
environmental samples after pretreated procedures. [ICP-OES has been proved
effectively in multi-element analysis at the trace, minor and major concentration levels
and adequate sensitivity for most of the commonly determined trace metals and very
wide dynamic calibration range. However, samples are commonly handled in liquid
form, where acid digestion is prior to analysis [23]. X-Ray fluorescence technique is a
non-destructive semi-quantitative technique for solid sample [24]. In this work,
feasibility and limitation of XRF for direct determination of multi-elements in non-
digested particulate samples, were investigated. XRF-elemental fingerprint has been
attempted as an environmental inspecting tool for river water particulates. Some
publications on size based elemental analysis of river particulates are summarized as

follow;

In 1999, G. Benoit and T.F. Rozan studied the influence of size distribution on
the particle concentration effect and trace metal partitioning in rivers. Dissolved
metals were measured by GFAAS. Zn, Fe, Mn and Al were measured by ICP-AES
[25].

In the same year, G.B. Douglas et.al. examined the compositional variation of
suspended particulate matter in terms of major, trace, rare earth element and organic
matter structure over five size fractions. Each fraction of particulates or colloids was
analyzed by using either ICP-AES or ICP-MS for major and trace elements, and by
FAAS for Cu and Zn [1]. ICP-OES and ICP-MS have the multi-element determination
capacity with high sensitivity. ICP-OES and ICP-MS have the multi-element
determination capacity with high sensitivity. Furthermore, ICP-OES and ICP-MS
provide the wide linear dynamic range. Thus, the elements at the major to trace
concentration levels in various samples can be determined by both ICP-OES and ICP-
MS. However most samples are introduced in liquid form and require many sample

preparation step such as acid digestion, filtration prior to analysis.
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In 2000, R. Baudo et.al. analyzed 17 elements (Si, Al, Ca, K, Fe, Mg, Ti, S, P,
Pb, Zn, Cu, Ni, Mn, Cr, Na, CI) of the lake sediment by XRF [26].

In 2003, V.P. Gordeeva et. al. proposed XRF determination of As, Bi, Co, Cu,
Fe, Ni, Pb, Se, V and Zn in natural water and soil extracts after pre-concentration of

their pyrrolidinedithiocarbamates on cellulose filters [27].

Several authors as summarized in Table 3.2 have reported an analytical method

of multi-element in river particulates.
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Table 3.2 Literature reviews on analytical techniques for multi-elements analysis in

river particulates.

Year

Author

Description

Ref.

1996

V.M.Shkinev
et.al.

Determination of Al, Fe, Zn, Mn, Ni, Co, Na, K,
Mg and Ca in multistage filtration fractionated
river particulates by ICP-AES and ICP-MS.

15

1997

V.M.Dekov

Elemental composition in river water, ground
water, suspended particulate matter of the Nile
river was determined by (i) ion chromatography
for Cl, NO3 and SOg; (ii) NAA for F, Co, Sb, Ag,
Hg, Se, Cr, Fe, Mn, V, Sr, Al, Au and U; (iii)
AAS for Ca, Mg, Pb, Cu, Cd and Zn; and (iv)
Flame emission spectrometry for Na and K. (v)
EDXRF for 12 elements: K, Ca, Ti, V, Cr, Mn,
Fe, Ni, Cu, Zn, Rb and Sr in sediment fractions
and suspended matter samples.

28

1999

G.B.Douglas
et.al.

Suspended particulate and colloidal matter from
Murray-Darling river was analyzed by (i) ICP-
AES for major and trace element, (ii) FAAS for
Cu and Zn, and (iii) ICP-MS for REE.

2000

R.Baudo et.al.

17 elements: Si, Al, Ca, K, Fe, Mg, Ti, S, P, Pb,
Zn, Cu, Ni, Mn, Cr, Na and CI of the lake
sediment were determined by XRF, while As and
Hg were determined by FAAS and by cold vapor
AAS, respectively.

26

2002

A. Aulinger
et.al.

Four different methods: TXRF, ICP-OES, ICP-
MS and INAA were applied for determination of
multi-element in sediments and SPM from Elbe
river

29

2003

V.P. Gordeeva
et. al.

XRF determination of As, Bi, Co, Cu, Fe, Ni, Pb,
Se, V and Zn in natural water and soil extracts
after pre-concentration of their
pyrrolidinedithiocarbamates on cellulose filters.

27

XRF shows advantage of non-destructive method for analysis of sample in

solid form and only little sample preparation is required. For liquid sample, XRF is

also applicable for direct determination. Literature reviews on XRF analysis for liquid

samples were briefly summarized in Table 3.3.
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Table 3.3 Literature reviews on XRF technique for liquid samples.

Year Author Description Ref.

1993 | R. Qadeer et.al. | Uranium sample solutions were introduced to the 30
XRF directly in polyethylene bottles for Cd, Hf,
Hg, and Gd determination.

2002 | J.N. Driscol XRF direct measurement of metals in ground or | 31
surface water.
2004 | L.G. Arias Determination of sulfur in petroleum products | 32

using calibration standards prepared in mineral
oil was proposed.

2004 | N. Ekinci et.al. | EDXRF was applied for elemental analysis in| 33
human milk samples.

Only few publications on XRF technique for homogeneous liquid or colloidal
sample have been found. A challenge for this research studies is an attempt to apply
XRF for non-digested river particulates and their size-based fractions, which are

complex and heterogeneous.

3.3 Multivariate techniques for elemental characterization

Multivariate statistical interpretation of elemental distribution data had been
reported for the complete characterization of the river particulates. Either one of
principal component analysis (PCA) and cluster analysis or both of them were
commonly used. A list of selected PCA approaches for elemental characterization in

aquatic system is presented in Table 3.4.
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Table 3.4 Literature reviews on elemental characterization in aquatic system by

multivariate techniques.

Year Author Description Ref.
2000 | R.Baudo et.al. Cluster analysis was applied to obtain 26
relationship between elements in lake sediment.
2002 | A. Aulinger The analytical data of more than 60 elements in| 29
et.al. each sample along the river Elbe were processed

by means of PCA and cluster analysis in order to
characterize the charge of inorganic pollutants to
elucidate pollution trends.

2003 | T. Spanos et.al. | Application of chemometric approaches (cluster | 34
analysis and PCA) to water monitoring
demonstrated on a dataset and classified source of
water from Kavala region, Greece.

2003 | D. Vignati et.al. | Cluster analysis was performed for suspended | 35
sediments to identify groups of elements and
sampling sites in the Po River.

In this research, principal component analysis (PCA) was used to extract
hidden information from size-based analysis of elemental distribution data in river

particulates from various sites, before and after GrSPLITT fractionation.

3.4 Elemental analysis of Mekong River

Some authors [8, 36, 37] published elemental analysis of water, particulate and

soil in Mekong River area.

In 1997, K. Egashira and et.al. reported on rare earth elements (REE) content,
particle size distribution and clay mineralogical composition for the paddy soils
collected from central region of the Mekong River, Laos, to study the origin and
inherent potentiality of soils. By gravitational settling, particle size analysis for clay
(< 2 um) and silt (2 - 20 um) was carried out, while by sieving was used for sand
fraction (20 - 53, 53 - 200 and 200 - 2000 um). ICP-MS and XRD were used for
determining the concentration of REE and mineralogical composition, respectively
[36].
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In 2004, R.M. Cenci and J.M. Martin determined trace elements concentrations
(Cd, Cu, Ni and Pb) in the dissolved phase of Mekong River delta, Vietnam. As, Co,
Cr, Ni, Pb and Al were also measured in suspended matter. Total and organic carbon,
trace elements (Cd, Cr, Cu, Hg, Mn, Ni, Pb and Zn) were determined in sediments.
ICP-MS and GFAAS were used for all elemental analysis. The results showed
negligible anthropogenic input of trace metal in the dissolved, particulate phases and
sediment [8].

In 2005, G. Stanger and et.al. have undertaken new research and reviewed
many previous studies to provide a comprehensive overview of the status of arsenic in
ground water of lower Mekong, Cambodia and Vietnam. High arsenic ground waters
were found both in shallow water and in deeper aquifers. However there is no
evidence of widespread arsenicosis, but there are serious localized health-hazards, and
some risk of low-level arsenic ingestion through indirect pathways, such as through

contaminated rice and aquaculture [37].

3.5 Basic principle of FFD-GrSPLITT fractionation and techniques

for elemental analysis

Basic principle of some selected techniques is concerned in this section,
including: (i) gravitational Split-flow thin cell fractionation (GrSPLITT), (ii)
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), (iii)
Wavelength Dispersive X-ray Fluorescence (WDXRF), (iv) Optical Microscope (OM)
and (v) Principal Component Analysis (PCA). GrSPLITT was selected for
fractionation technique while ICP-AES and WDXRF were selected for quantitative

analysis.

3.5.1 Gravitational Split-flow Thin Cell Fractionation (GrSPLITT)

SPLITT fractionation technique is a rapid, continuous fractionation
method able to handle large sample volumes which was first developed in 1985 by

J.C. Giddings[5, 38]. SPLITT fractionation is a new family of separation techniques
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for macromolecule, colloidal and particulate materials. It is FFF-like device, which
consists of a sub-millimeter thick rectangular flow channel with a splitter plate where
a continuous binary particle sample fractionation is performed. The fractionation is
due to a combined effect of driving force field applied across the separation channel
perpendicular to the flow axis to send sample components selectively into various
lateral positions for separation. SPLITT fractionation driving forces include
gravitational, centrifugal, electrical, and magnetic forces. These forces can yield
various selectivity. For gravitational SPLITT (GrSPLITT), particles are sorted across
the channel thickness according to their differences in sedimentation coefficient
according to their size (in case of homogeneous density and shape) and then they exit
at difference outlets [39]. There are two main modes of operation with SPLITT
instrumentation: (a) Transport and (b) Full feed depletion modes. To avoid sample
dilution and to satisfy for environmental quantitative purpose, only the Full feed
depletion mode (FFD) was employed in this work for fractionation of river particles.
[14]. GrSPLITT channel components are shown in Figure 3.1. The channel consisted
of two mylar spacers and a metal sheet used as the inlet and outlet splitter. All layers
are sandwiched together between sheets of plastic or glass, which served as the

channel walls [40].
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Figure 3.1 (a) The assembly of GrSPLITT channel and (b) A set of FFD-GrSPLITT
system.
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Figure 3.2 Schematic side view of (a) transport mode and (b) full feed
depletion mode of GrSPLITT fractionation [5].

A GrSPLITT in transport mode and full feed depletion mode (FFD-GrSPLITT)
cell system is illustrated in Figure 3.2. In the transport mode, samples in liquid carriers
are introduced into inlet a’, while carriers only are introduced into inlet b’ at flow rates
V(b’) several times higher than the inlet stream V(a’). Both sub streams merge as they
pass beyond the edge of inlet splitter. The imaginary plane between the two inlet
flows, called the inlet splitting plane (ISP), swerves upward from the inlet splitter.
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This procedure initially confines the samples in a small zone, which offers better
resolution. Samples are driven in the same direction, but different field-induced
transport rates. Samples driven at the higher transport rates move farther and past the
OSP, imaginary plane between the two outlet flows called outlet spliing plane, toward
the outside wall. Samples driven at low transport rates move less distance and not past
the OSP. Samples are distributed differentially in lamima as they pass along the
channel and are divided by the outlet splitter into different outlets. Samples with
transport rates fast enough to cross the OSP exit at outlet b and the slower samples exit

at the outlet a.

For FFD-GrSPLITT, the sample suspended in a suitable carrier fluid is
continuously introduced through the top of inlet a’ at a volumetric flow rate of V().
Without flowing of carrier fluid through inlet b’, samples can start from any cross-
sectional position and are soon driven by the gravitational field to various equilibrium
positions where they occupy different lamina. When the fluid stream reaches the outlet
splitter, it is devided into two fractions by the outlet splitter. The function of the outlet
splitter is to direct the flow streams above and below the OSP into the appropiate
outlets. Sample components migrating fast enough to cross the OSP will exit the outlet
b, and the rest will exit the outlet a, providing separation of the particles into two
fractions. However the separation does not produce both pure fractions. The upper
outlet stream contains particles of less than the cutoff size while the other eluent
contains all particles greater than the selected cutoff diameter contaminated with some

of the smaller particles [13].

Theory

In GrSPLITT, The sedimentation velocity U of a particle toward the bottom of
the channel is determined by the sedimentation coefficient s, and is given by
U=sg (3.1)

where g is acceleration due to gravity. The sedimentation coefficient s is given by

s = Apd®/18n (3.2)
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s = Apd®/18n (3.2)
where Ap is the density difference between the particle and the carrier liquid, d the

particle diameter, and n the viscosity of the carrier liquid.

The volumetric flow rate passing across the transport region in GrSPLITT
channel, AV, is given by

AV = bLU = bLgApd?®/ 181 (3.3)
where b and L are the thickness and the length of the channel, respectively.

The volumetric flow rate of the fluid proceeding along transport region of the
channel V(t) in transport mode is expressed by

V() =V(@)-V(@)=V(D)- V() (3.4)
Whereas the volumetric flow rate of transport region in FFD mode become
V(t) = V(a) - V(b) (3.5)

The fastest settling particles, AV > V(t), exit the channel through the bottom
outlet b while the floating particles, AV < V/(t), exit through the top outlet a. The cutoff

diameter (d.) is defined as the largest spherical particle which would exit through
outlet a and expressed by [5]

d. = (18n V()2 (3.6)
bLgAp
All particles smaller or equal to d. exit outlet a while larger particles exit
outlet b.
Applications

SPLITT fractionation has been used for many industrial and environmental
applications. These applications include the separation of metal particles, sediments,

various polymer, latexes, magnetic particles, glass beads and liquid crystals. Some
applications of SPLITT fractionation are shown in Table 3.4.
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Table 3.5 Selected applications of SPLITT fractionation [41].

Sample Driving force Mode
Proteins Concentration Transport
Electrical
Magnetic particles Gravitational Transport
Magnetic
Pharmaceutical emulsions Centrifugal Transport
Human blood cells Centrifugal Transport
Colloidal particles Centrifugal Transport
Starch granules Gravitational Transport
Silica and diamond particles Gravitational Transport
Marine sediments Gravitational Transport
Environmental particulates Gravitational Full feed depletion
Fuel particulates Gravitational Transport

3.5.2 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-
OES)

The plasma being formed at the top of a plasma torch. Argon gas
flows through the torch, the top of which is surrounded by the load coil which is
connected to the RF generator. When RF power is applied to the load coil, an
alternating current is set up which oscillates at a frequency governed by the generator.
This oscillating current then sets up a magnetic field in the region at the top of the
torch. When a spark is applied to the gas by a tesla coil, electrons are stripped from
some of the argon atoms. These electrons are then accelerated by the magnetic field
and collide with other argon atoms causing further electrons to be ejected. The plasma
formed consisting of neutral argon atoms, ionized argon and electrons. The magnetic
field causes the ions and electrons to flow in circular horizontal path, such that the
currents so produced heat the neutral argon atoms by collisional energy exchange to

produce a white hot fireball.
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The method of ICP-OES is based on the measurement of the optical emission
of free atoms or ions excited in an inductively coupled plasma source. Most samples
are introduced to the plasma in liquid form. Sample solutions are converted to an
aerosol of fine droplets by nebulizer. Once the aerosol is produced it passes into a
spray chamber positioned below the torch. Its purpose is to remove the large droplets
above 10 um, which cannot be utilized in the plasma. The larger droplets fall out
under gravity or collide with the chamber walls and then pass out of a drain. The
aerosol is introduced into the plasma in the form of wet or dry aerosol by argon gas
flow where all the components of the sample are vaporized, atomized and ionized. The
free atoms and ions are excited and the line spectra of the given atoms and ions are
emitted from the plasma. After separation of one wavelength with a monochromator or
a number of wavelengths at a time with a polychromator from the spectra, an optical
detector measures the line intensities. [42, 43]. A schematic diagram of ICP-OES

instrument is shown in Figure 3.3.
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Figure 3.3 Schematic diagram of ICP-OES instrument [42].
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3.5.3 Wavelength Dispersive X-ray Fluorescence Technique (WDXRF)

WDXREF is a non-destructive and reproducible analytical technique for
the qualitative and quantitative determination of the major and trace elements by
measuring their characteristic radiation . Bohr’s atomic model describes the structure
of an atom as an atomic nucleus surrounded by electron shells. The minimum amount
of energy required to release an electron from the atom, and thus the energy with
which it is bound to the atom is binding energy of the electron to the atom. The
binding energy or the energy levels in every element are different and characteristic
for every element as a result of the varying number of electrons. If an electron of an
inner shell is now separated from the atom by the irradiation of energy, an electron
from a higher shell falls into this hole which releases an amount of energy equivalent
to the difference between the energy level involved. The energy being released can be
either be emitted in the form of an X-ray or be transferred to another atomic shell
electron (Auger effect). The energy or wavelength of the X-ray is very characteristic
for the element from which it is emitted; such radiation is called characteristic X-rays.
To release electrons from the innermost shell of an atom, a number of methods can be

done:

- Irradiation using elemental particles of sufficient energy that transfer the energy
necessary for release to the atomic shell electrons during collision process.
- Irradiation using X-rays or gamma rays from radionuclides.

- Irradiation using X-rays from an X-ray tube.

When measuring X-rays, use their ability to ionize atoms and molecules.
In suitable detector materials, pulses whose strengths are proportional to the energy of
the respective X-ray quant are produced by the effect of X-rays. The information about
the X-ray quants energy is contained in the registration of the pulse height. The
number of X-ray quants per unit of time is called their intensity and contains in a first
approximation the information about the concentration of the emitting elements in the

sample. Two main types of detectors are used in WDXRF: the gas proportional
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counter and the scintillation counter [44]. A schematic diagram of WDXRF instrument
is shown in Figure 3.4,

Primar
beam fi

X-ray tube

Figure 3.4 Schematic diagram of WDXRF instrument [44].

3.5.4 Optical Microscope (OM)

The optical microscope is the fundamental tool for phase identification.
The optical components of a microscope are its two imaging lenses (projector lens and
objective lens) and a condensor lens. The optical microscope magnifies an image by
sending a beam of light through the object. To provide the incident light there is an
illumination system which may include the source of the incident light or may direct
external natural or artificial light towards the condensor lens. The condensor lens
focuses the incident light onto the specimen. There is a movable stage which holds the
specimen in the optical path and allows the specimen to be moved in and out of the
focal plane. The objective lenses magnifies the beam, which contain the image, to the
projector lens. The image is projected onto the observer’s retina or onto the film plane

in a camera [45].
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3.5.5 Principal Component Analysis (PCA)

Principal component analysis (PCA) is a multivariate technique, which
is mainly used to reduce the dimensionality of data to two or three dimensions while
retaining as much information as possible. A set of correlated variables are
transformed into a smaller number of uncorrelated variables which are linear
combinations of the original variables, and the last of these variables can be removed
with minimum loss of real data. PCA is based on a decomposition of the data matrix X

into two matrices T and P as express by:
X=TP+E (3.7)

A few new variables, scores T, are linearly weighted combinations of the original X
variables. The loadings P contain the weights of each original variable. The part of X

that is not explained by the model forms the residuals E.

The extracted uncorrelated components are called principal components
(PC), which are calculated from the eigenvectors (@) of the data covariance or
correlation matrix (x) as follow:

PCi = aiX; + aiXo + ... + ajXk (38)

These eigenvectors give the directions in which the data cloud is stretched most. The
corresponding eigenvectors give the amount of the variation explained by each PC and
will be largest for the first PC. The second PC defines the next largest amount of
variation and orthogonal to the first. The number of PC can be estimated as follow:

1. Scree test: Plotting each eigenvalues against its component number. Scree plot
illustrates the rate of change in the magnitude of the eigenvalues for the PC. The rate
of change tends to be fast first then the curve bend after a break point. The break point
where additional components do not explain much more variation. Therefore the
components before and the first after the break are kept.

2. Numerical analysis: Any component that has an eigenvalue greater than the mean
value of the eigenvalues which is one based on the correlation matrix are kept.
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However these general components are not all useful. There will be lots
of moderate correlations with the PC. The rotation is required to move the axis so that
it is highly correlated with a few variables and less well correlated with others. There
are different ways of doing the rotations, but the clearest solutions are from the
orthogonal rotation varimax technique. The output from PCA is a series of loadings,
scores, and degree of variance in each variable. These factors can be plotted to obtain
the relationship [46, 47].
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CHAPTER 4

EXPERIMENTAL

This part contains the description of instruments, operating conditions used in
analytical measurements, chemicals, and preparation of standards and pretreatment of
river particulate samples. River particulate samples were collected from Mekong River

area in Loey, Nongkhai and Nakornpanom provinces.

4.1 Instruments

4.1.1 A system for Full Feed Depletion Gravitational Split-flow Thin cell
fractionation (FFD-GrSPLITT)

The SPLITT channels employed in this work were a homemade and the
commercial SPLITT channels, Model SF 1000 Salt Lake City, USA. The dimensions
of both channels were 10 cm length and 1.5 cm breadth. For homemade SPLITT
channel, the SPLITT plate made of laser-cut stainless steel. Figure 4.1 is the set up of
FFD-SPLITT system. Two peristaltic pumps controlled the inlet and outlet flow rates,

as shown in Table 4.1.
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Figure 4.1 The set of FFD-SPLITT system

Table 4.1 Experimental parameters of FFD-GrSPLITT fractionation

Cutoff diameter Flow rate (mL/min)
(um) a’ b’ a b
8 6 0 4.7 1.3
3 3 0 0.7 2.3

a’, b’ are volumetric flow rates of inlet @’ and b’ and a, b are volumetric flow rates of

outletaand b

4.1.2 Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-
OES)

Seventeen elements, i.e., Si, Al, Mg, K, Ca, Ti, Fe, Co, Cu, Cr, Zn,
P, Sn, Mn, Ni, Sr and Cd, were analyzed by using ICP-OES Spectro Ciros CCD,
Germany, equipped with a 27.12 MHz RF generator with a standard torch. All 1CP-

OES measurements were performed at the operating condition and the analytical
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wavelengths for the elements of interest, as summarized Table 4.2 and Table 4.3,

respectively.

Table 4.2 ICP-OES operating condition

RF power/W 1390
Nebulizer gas flow rate/L min™ 1.0
Auxillary gas flow rate/L min™ 0.9

Coolant gas flow rate/L min™ 15

Table 4.3 The emission wavelengths for analyte elements

Element Wavelength (nm)
Si 251.612
Al 394.401
Mg 285.213
K 766.491
Ca 396.847
Fe 238.204
Ti 336.121
P 177.495
Cu 327.396
Co 228.616
Cd 214.438
Cr 284.325
Zn 213.856
Mn 260.569
Ni 221.648
Sn 242.949
Sr 421.552

4.1.3 Wavelength Dispersive X-ray Fluorescence Spectrometer (WDXRF)

A set of X-ray Fluorescence Instrument, Bruker AXS S4 EXPLORER,
consisting of rhodium end window tube and generator (maximum high voltage of 60
kV and a maximum tube current of 100 mA or 150 mA), primary beam filter, sample

cup, vacuum seal for solid sample and helium atmosphere for liquid sample,
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collimators, analyzer crystals, gas proportional counter and scintillation count detector,
discriminator and amplifier. All river particulate samples were transferred to liquid
sample cups (34 mm diameter) with mylar window (6 um thick). All experiments were

performed under helium atmosphere in liquid operating mode.

4.1.4 Optical Microscope and Image Analyzer

By using optical microscope with ZEISS software, micrographs,
morphology, size and shape of water particulate were obtained. Image analyzer KS300
software was used for counting the number of particle in each size in every picture of

duplicate samples drops.

4.1.5 Centrifuge

The SANYO centrifuge (Model MSE Centaur2) was set at 3000 rpm to

separate dissolved matter (< 0.45 um) and particulates (> 0.45 um).
4.1.6 Microwave Digestion Unit
The river particulates were digested at 700 watt for 15 minute, using a

Milestone, microwave digestion system model MLS-1200 Mega. The clear solutions

were obtained.

4.1.7 Analytical Balance

A Denver TC-254 was used for weighing chemicals, reagents and

samples for all experiments.
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4.1.8 Peristaltic pumps

Two peristaltic pumps (Ismatec and Eyela Model MP-3N) were used

for controlling the inlet and outlet flow rates of the SPLITT fractionation system.

4.2 Chemicals and reagents

All chemicals and reagents used in this work were AR grade. Deionized water
obtained from a Milli-Q-system, was used for preparing the reagents. List of chemicals

and reagents are shown in Table 4.4.

Table 4.4 List of chemicals and reagents

Chemicals and reagents Supplier
HNO; (65% w/w) Merck
HCI (36.5 — 38.0% w/w) J.T.Baker
HF (48% wiw) Merck
H3BO3 Merck
ICP Multi-element standard AccuStandard Inc.
Reference material N-70 quartz BCR
SRM 1646a Estuarine Sediment NIST
Fe(NO3)3-9H,0 Merck
Ethanol Merck

4.3 Preparation of reagent and standard solutions

4.3.1 The suspended N-70 standard quartz particle

The N-70 standard quartz particle was suspended in deionized water of 0.03%
w/v. This reference suspended standard quartz particle was stirred for 5 min before
introducing into SPLITT channel for estimating the separation efficiency of the

commercial and the homemade GrSPLITT channels.
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4.3.2 The multi-element standard solution

A multi-element standard solution from AccuStandard Inc. containing 100
mgL™ of Si and 20 mgL™ of Al, Cd, Ca, Cr, Co, Cu, Fe, Mg, Mn, Ni, P, K, Sr, Sn, Ti
and Zn was used. Working standard solutions for ICP calibration were 0.005, 0.05,
0.25, 0.5, 5 and 50 mgL™ for Si and 0.001, 0.01, 0.05, 0.1, 1 and 10 mgL™ for other

multi-element standards.

4.3.3 The suspended estuarine sediment standard

The suspended SRM 1646a estuarine sediment NIST standard slurry
was obtained by dispersing SRM 1646a estuarine sediment NIST standard in
deionized water. The XRF calibration curve was constructed by the standard slurries
of 0.011 - 0.1% solid content. The % recovery was obtained by using the standard
slurry of 0.3 % solid content. The standard slurry of 0.02 % solid content was
microwave digested and analyzed by ICP-OES. The analytical result was compared

with the standard reference values by means of t-test.

4.3.4 The Fe(NOg); stock solution

An approximate 332 mg/L Fe stock solution was prepared by
dissolving 0.24 g of Fe(NO3)3-9H,0 in 100 ml deionized water and diluted to 17, 50,
100 and 166 mg/L. These clear solutions were used to prove the assumption of the
saturation phenomena on the XRF calibration curve, due to particulate suspension.

4.3.5 Labware cleaning solution

All glass and plastic wares were detergent washed, soaked in 10%
HNO; solution and then rinsed with deionized water before being used. Microwave
digestion vessels were cleaned by filling 10 mL of concentrated nitric acid and
microwave heated at condition given in section 4.1.6 and then rinsed with deionized

water.
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4.4 River particulate sampling sites and sample preparation

Large volume surface water of Mekong River was collected at seven sampling
sites along the river in Loey, Nongkhai and Nakornpanom provinces. The sampling
locations and their codes are shown in appendix A and summarized in Table 4.5,

respectively. These samples were preserved at 4 'C until laboratory processing.

The river particulate samples were obtained by filtration through 22 um nylon
sieve to remove debris and coarse sand. The filtrate or the fraction less than 22 um
was obtained and then pre-concentrated by centrifugation at 3000 rpm for 20 min.
Samples of particulate (0.45-22 um size range) and supernatant (< 0.45 um) were
obtained. For GrSPLITT fractionation, the particulates sample was diluted to some
appropriate solid content with its supernatant. The sample pretreatment diagram is

illustrated in Figure 4.2.

Table 4.5 Sample codes and description of each river particulate sample

Sample code Sample Province Sampling date
MK _P1 Wat Thai Nongkhai 30/8/2004
MK_P2 Nonruekum Nongkhai 1/8/2004
MK_P3 Huayloung Nongkhai 30/8/2004
MK_P4 Tumpabok Nongkhai 1/8/2004
MK_P5 Tali Loey 17/10/2005
MK_P6 Baanpakpe Nongkhai 17/10/2005
MK_P7 Nakornpanom Nakornpanom 18/10/2005
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Surface water samples (F00)

Filtration
(22 um nylon sieve)

A\ 4

Centrifugation
at 3000 rpm for 20

Supernatant Pretreated particulates
(< 0.45 pm) sample for FFD-GrSPLITT
(0.45-22 pum), (FO)

Figure 4.2 The sample pretreatment scheme.

4.5 Particle size characterization of river particulates

4.5.1 Microphotograph and image analysis

The morphology, shape, size and number of particle; in (i) The
suspended N-70 standard quartz particle and (ii) in all particulate samples from
Mekong river and their fractions were obtained by means of optical microscope and
image analyzer. The suspended particulates at an appropriate % solid content (ca. 5 ul)
were dropped on a clean glass slide and left for air dry. The particle size distributions,

PSD for all particulate samples were investigated.
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4.5.2 Performance test of the homemade and the SPLITT Tech@ FFD-
GrSPLITT channels

N-70 quartz standard slurry of 0.03% solid content and the Mekong
particulate slurry of 0.024 % solid content were fractionated by the SPLITT Tech@
and the homemade FFD-GrSPLITT channels, at the setting parameters in Table 4.1.
The fractionation performance of the homemade GrSPLITT and the SPLITT Tech@
channels was estimated by % removal curves then compared. Fractionation diagram

is illustrated in Figure 4.3.

Standard quartz slurry and
Mekong particulates slurry

A 4

Fractionation in FFD-SPLITT at
the designed cutoff diameter, d.

<3or8um 3o0r8um
fraction fraction

TRA

PSD characterization

A 4

% removal calculation
by equation 4.2

Figure 4.3 FFD-GrSPLITT fractionation performance testing diagram
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The differential distributions of the particulates before fractionation
and the particulates at <d. fractions were used to estimate the percent number of
particles removal in each diameter range (specified by the median range diameter d;).
The percentage of particles in the <d, fraction removed from total sample in each size
range (or % removal, %Ng""*%) is defined as:

_ (N5 —Va™)*100
N

% N [lj'iemoved

(4.2)

where Ng° is the number of particles in the d; size range of the sample before

< dc

fractionation and Ng; is the number of particles in the d; size range in the < d;

fraction.

The percentage number removal, %Ng™™"* is the difference between
the number of particles in the size fractions before and after fractionation. In an ideal
fractionation, the percentage number removal of particles in the < d. particle size range
should be 0% and the percentage number removal of particles in size range greater
than d. should be 100%. The plots should increase abruptly from 0% removal to 100%
removal at the cutoff diameter d. set for the fractionation. The slope of the % removal
curve should ideally be infinity at the cutoff diameter. Plots of the percent number
removed versus median diameter for quartz standard and river particulates are shown

in the section 5.1.1.
4.5.3 Particle size fractionation of river particulates
All pretreated river particulate samples were diluted and fractionated by

the homemade FFD-GrSPLITT, at the setting parameters in Table 4.1 and
fractionation scheme in Figure 4.4
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<3 um
fraction
GrSPLITT
(dc =3 um)
Pre-concentrated GrSPLITT 3-8um
river particulate  — > | (d. = 8 um) fraction
samples (FO0) > 8 um

fraction (F3)

Figure 4.4 Fractionation scheme of the pre-concentrated river particulate

samples (F0), at two setting cut off diameters (3 and 8 um).

Size and number of particle in before and after fractionated samples
were investigated by optical microscope and image analyzer. The particle mass at
specific size was estimated based on average density 2.5 [17] by equation 4.1:

N, *V,*25
m.. B/ {&di di
o (19) = 560000

where mgi, Ngi and Vg; are the mass, number and volume of particle in the d; median

(4.1)

diameter, respectively. The mass of particle (mg;) was plotted against median particle
diameter (d;) to obtain the particle size distribution based on mass. The particle size
distribution based on total mass of particles at d; of all river particulate samples before
and after fractionation were investigated and compared.

4.6 ICP-OES elemental analysis of Mekong River particulates

4.6.1 Validation of ICP-OES elemental detection

0.02% w/v of N-70 estuarine sediment standard slurry were placed in
Teflon vessels and digested with a mixture of 2 mL HCI, 9 mL HNO3; and 3 mL HF.
The microwave operating condition is shown in Table 4.4. 5 g. of boric acid was
added to the residue and diluted to 100 ml with deionized water and then analyzed by
ICP-OES using parameters as listed in Table 4.2 and Table 4.3.
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4.6.2 ICP-OES elemental analysis of river particulate samples

All fractions of seven river particulate samples were digested and

analyzed using the same procedure as those for sediment standard in section 4.6.1
4.7 WDXRF elemental analysis of river particulates

4.7.1 Feasibility and limitation of WDXRF with liquid sample cup for

direct elemental analysis in non-digested river particulate samples

A 10 mL of 0.011 - 0.7% w/v estuarine sediment standard and pre-
concentrated river particulate samples were transferred into liquid sample cup with
mylar window as shown in Figure 4.5. The settling time of particle in sample cup was
optimized. After a certain settling time of 0, 10, 70 and 130 minutes, each solid
content of standard and sample slurry were directly determined in liquid mode of
WDXRF. The elemental intensity curve of these various solid content of samples were
plotted as a function of settling time and compared. The optimum settling time was
selected for every sample. The elemental intensity at optimum settling time was

plotted as a function of solid content for calibration curve.

A set of Fe(NOs); solution prepared in section 4.3.4 were also

determined in liquid mode of WDXRF.
- 0
e

Figure 4.5 Sample preparation for XRF analysis with liquid cup
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4.7.2 WDXRF validation of elemental detection

10 mL of river particulate samples as sampling (FOO0) and deionized
water were transferred to XRF sample cup, allow for 10-minute settling time, XRF
intensities were recorded, then add 0.5 mL of 0.3%w/v N-70 estuarine sediment
standard, settling for 10 minute and record for XRF intensities of first standard
addition step. Standard addition step was repeated twice. Standard addition curves

were obtained and used to calculate elemental concentration and % recovery.

4.7.3 WDXRF elemental analysis of river particulate samples

10 mL of river particulate samples were transferred to sample cup.
After 10 minute settling time, WDXRF intensities were directly recorded and

analyzed.

4.8 Procedure for Principal Component Analysis (PCA)

Principal component analysis (PCA) is aimed to reduce the number of
variables and detect structure in the relationships between variables, that is to identify
groups of variables in such a way as to highlight their similarities and differences.
Since pattern in data can be hard to find in data of high dimension. PCA is a powerful
tool for analyzing data. PCA can be performed using these following steps:

Stepl Calculating the correlation matrix

Original multivariate data sets were transformed to correlation matrix in order
to describes the association between variables and standardized the variables to zero
mean and unit standard deviation. The correlation matrix is commonly used when
different variables in the data set are measured using different units or different

variables having different variances.
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Step2 Extracting principal components (PCs)

Uncorrelated PCs are extracted by linear transformations of the original

variables; so principal components are given by

Y1 = anXg + apX + --- akXk
Y2 = a21Xa + aXp + --- AuXk
Yk = aaXy T akeXo + --- arkXk

where X; is standardized variables and a1, ak2 -- ak IS k™ eigenvector of correlation

matrix and coefficients of k™ principal component.

All the principal components are eigenvectors that maximize their linear
correlation with all other variables. The first PC explains the greatest amount of
variation. The second PC defines the next largest amount of variation and independent
to the first PC.

PC loadings of the other variables on the PC, which were obtained from this
step, represent the linear correlation between each variable and the PC. The
eigenvalues for the PCs were obtained by summation of the squares of the variable
loadings. To obtain the overall variance in the data explained by the component, the

eigenvalues were divided by the number of variables.
Step3 Choosing principal components

There can be as many possible principal components as there are variables.
However only the first few PCs usually account for a large proportion of the data
explanation. There are some guidelines that are commonly used to choose the number
of principal component. Only principal components with eigenvalues greater than 1
can be retained.
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Step4 Rotating principal components

The extracted principal components are sometime not all useful, because they
summarize everything in data but more specific trends are required. The rotation can
improve interpretability of principal components. The rotation moves the axis so that it
is highly correlated with a few variables and less correlated with others. Before
rotation, there will be lots of moderate correlations with the PC. After rotation, there

will be some very high correlations and some other lower ones.

There are different ways of doing the rotations, however the most clear
solutions and widely used are from the varimax technique. Varimax is an orthogonal

rotation, which tried to maximize variance of squared loadings for each PC.

Step5 Interpreting the principal components

The output from PCA is a series of loadings, first the straight loadings and then
the rotated loadings. Most programs will also provide some measures of communality,
the degree of variance in each variable shared with the rest of data set. Each PC is
marked by high loadings on each variable satisfaction items. Then the classification of

the variables can be achieved.

The PCA was carried out through the program SPSS version 11.5.
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CHAPTER S

RESULTS AND DISCUSSIONS

The comparison of fractionation performance between the homemade and the
SPLITT Tech@ GrSPLITT channels, particle size distribution of Mekong River
particulates and their FFD-GrSPLITT fractionation, validation and optimization
procedures of elemental analysis by conventional ICP-OES and WDXRF liquid cup
techniques for non digested particulates in equilibrium with its supernatant, size based
elemental distribution pattern of Mekong River particulates and principal component

analysis (PCA) of elemental distribution data are summarized in this chapter.

5.1 Particle size characterization of river particulates

5.1.1 Fractionation performance of the FFD-GrSPLITT channels

A homemade GrSPLITT channel was reconstructed in the same
dimension as the SPLITT Tech® channel, which was borrowed from WSC, Monash
university. The GrSPLITT channels are shown in Figure 5.1. The new homemade
channel is made of acrylic and laser-cut stainless steel SPLITT plate. The
fractionation performance of both channels has been investigated with the N-70 quartz
standard (N70QS) and Mekong River particulate samples at two cutoff diameters (3
and 8 um), and then compared. The optical microscope (OM) images of the N-70
quartz standard, Mekong River particulates (FO of MK P1) and their FFD-GrSPLITT

fractions are shown in Figure 5.2 and Figure 5.3, respectively.
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(b)

Figure 5.1 Two GrSPLITT channels: (a) the SPLITT Tech® model SF1000 and (b)
the homemade SPLITT channel.

The percent particulates removal curves; (i) N70QS (Figure 5.4) and
(i1) FO of MK P1 (figure 5.5) were achieved from the OM particle sized distribution

analysis in each size-based fractions.

The fractionation performance of the GrSPLITT channels in FFD mode
was considered from two fractionation performance parameters (d80 and d84) as
previously described in Tantidanai N., Veerasai W., Beckett R. [20]. These parameters
are the median particulate diameter at 80% removal (d80), which should be close to
the setting cutoff diameter, d. and the slope or the different of median diameter (d84)
of the percent removal curves in the range of 40 — 80% removal. The parameters were
listed in Table 5.1 and 5.2 for the quartz standard (N70QS) and the FO of MK P1,
respectively. The ideal removal curve theoretically should be a step function with the
vertical slope at the cutoff diameter. Therefore, at any percent removal, the median
diameter should ideally be 3 and 8 um (d.) for <3 um fractions and <8 pum fractions,
respectively. However, the GrSPLITT removal curves are deviated from the ideal line.
The higher deviation is the poorer fractionation performance. Therefore the
fractionation performance of both SPLITT channels is demonstrated as shown in
Figure 5.4 (a) and Figure 5.5 (a) for the cutoff diameter at 3 um, and in Figure 5.4 (b)
and Figure 5.5 (b) for the cutoff diameter at 8 um. Furthermore the difference of
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median diameters at any percent removal should be zero. The characteristics of the
percent removal curves for FFD-GrSPLITT fractionation in Figure 5.4 (of N70QS)
and Figure 5.5 (FO of MK Pl were similar for both GrSPLITT channels. The
deviation of the fractionation performance parameters was clearly observed for 3 um
and 8 um, cutoff diameters. From FFD-GrSPLITT fractionation by both channels, the
median diameters of N70QS fractions are 4.9 — 6.4 um and 12.4 — 13.9 um, for 3 pm
and 8 um cutoff diameters, respectively. The median diameters of FO of MK P1 are
5.0 — 6.0 ym and 12.6 — 13.4 pm, which are also larger than the expected cut off
diameters for channels. In conclusion, in FFD mode, the homemade GrSPLITT and
the commercial SPLITT Tech@ channels provide the same fractionation performance
for N-70 quartz standard (N70QS) and a representative of Mekong River particulates
of FO of MK P1. Only the homemade GrSPLITT channel in FFD mode was used for

all fractionation experiments of Mekong River particulate samples.
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N70QS (A) with the SPLITT TECH®@ channel

Before fractionation F-A3S <3 um F-A3L >3 um

v 20 mrcron .

(B) with a homemade GrSPLITT channel
F-B3S <3 um F-B3L >3 um

Figure 5.2 Optical images of N-70 quartz standard (N70QS) and their FFD-GrSPLITT
binary fractions at 3 um and 8 um cutoff diameters: (A) with the SPLITT TECHY
channel (F-A3S, FA3L, F-A8S and F-A8L) and (B) with the homemade GrSPLITT
channel (F-B3S, F-B3L, F-B8S and F-B8L).
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F0 of MK_P1 (A) with the SPLITT TECH®@ channel

Before fractionation F-A3S <3 um F-A3L >3 um

N
> o

microd - .° 20 micron.
W r & % 3 0y »

F-A8S <8 um

20 micron 20: micron =

(B) with a homemade GrSPLITT channel
F-B3S <3 um F-B3L >3 um

F-B8S <8 um

w v ¥ S ™ -
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Figure 5.3 Optical images of Mekong River particulate sample (FO of MK P1) and
their FFD-GrSPLITT binary fractions at 3 um and 8 um cutoff diameters: (A) with the
SPLITT TECH® channel (F-A3S, FA3L, F-A8S and F-A8L) and (B) with the
homemade GrSPLITT channel (F-B3S, F-B3L, F-B8S and F-BSL).
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Figure 5.4 The percent removal curves of FFD-GrSPLITT fractionation of N-70

quartz standard particles at (a) 3 pm and (b) 8 um cut off diameters, using the
commercial SPLITT TECH@ and the homemade GrSPLITT channels.
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Figure 5.5 The percent removal curves of FFD-GrSPLITT fractionation of FO of
MK P1 particulates at (a) 3 um and (b) 8 um cut off diameters, using the commercial
SPLITT TECH@ and the homemade GrSPLITT channels.
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Table 5.1 The fractionation performance parameters of FFD-GrSPLITT fractionation:
N-70 quartz standard particle.

GrSPLITT Channel dc (um) d80 (um) d84 (um)
The homemade 3 6.4 (3) 23-6.4=4.1(0)
8 13.9 (8) 6.6 —13.9=7.3(0)
SPLITT TECH® 3 4.9 (3) 1.9-4.9=3.0(0)
8 12.4 (8) 5.6-12.4=6.8(0)

d. /um = theoretical cut off diameter ; d80 /um = Median diameter at 80% removal and d84 /um = the
difference of median diameter; d84 = d80 — d40. The numbers in parentheses are theoretical estimated

values from the ideal percent removal curve.

Table 5.2 The fractionation performance parameters of FFD-GrSPLITT fractionation:
the FO of MK P1 Mekong particulates.

GrSPLITT Channel dc (um) d80 (um) d84 (um)
The homemade 3 6.0 (3) 2.5-6.0=3.5(0)
8 13.4 (8) 7.1-13.4=6.3(0)
SPLITT TECH® 3 5.0(3) 2.1-5.0=2.9(0)
8 12.6 (8) 6.4—12.6=6.2(0)

d. /um = theoretical cut off diameter ; d80 /um = Median diameter at 80% removal and d84 /um = the
difference of median diameter; d84 = dS0 — d40. The numbers in parentheses are theoretical estimated

values from the ideal percent removal curve.
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5.1.2 Particle size fractionation of river particulates

By FFD-GrSPLITT fractionation technique, all Mekong River
particulates (FO) samples were fractionated into three fractions (F1, F2 and F3). The
fractionation scheme was presented in Figure 4.3. The optical images and particle size

distribution based on mass of all fractions are shown in Figure 5.6 — 5.12.

The mass average diameter (d,,) of the fractions is roughly estimated by

Zml-di
= (5.1)
S

i

d

where m; is the mass of particle in the d; median diameter, d; is the median diameter of

particle i. The detail of dy, is derived in Appendix B.

From the optical images, all samples showed non-uniform particle size
distribution (PSD) of irregular shape particulates. The overlap of the particle size
distribution curves of F1, F2 and F3 is presented in Figure 5.6 to Figure 5.12. The dot
line represents the summation of mass, estimated from three fractionated PSD curves
(F1+F2+F3). The dot line is lower than PSD curves of F0O, which indicated the loss of

particulates during fractionation.
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Figure 5.6 Optical images and particle size distribution of MK P2 (Nongruekum)
particulates (FO: dy, = 10.6 um) and their GrSPLITT fractions, F1: d,, = 5.9 um, F2: d,,,
=8.2 um, F3: dy, = 12.2 um
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Figure 5.7 Optical images and particle size distribution of MK P1 (Wat Thai)
particulates (FO: dy, = 12.2 um) and their GrSPLITT fractions, F1: d,, = 5.3 um, F2: d,,,
=9.3 um, F3:d,=13.3 um
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Figure 5.8 Optical images and particle size distribution of MK P4 (Tumpabok)
particulates (FO: dy, = 12.3 um) and their GrSPLITT fractions, F1: dy, = 5.3 pm, F2: dp,
=10.2 um, F3: d, =13.7 pum
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Figure 5.9 Optical images and particle size distribution of MK P3 (Huayloung)
particulates (FO: dy, = 10.5 um) and their GrSPLITT fractions, F1: dy, = 5.7 um, F2: dp,
=74 um, F3:d,=11.4 um
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Figure 5.10 Optical images and particle size distribution of MK PS5 (7ali) particulates
(FO: dpy = 13.9 um) and their GrSPLITT fractions, F1: dy, = 7.0 um, F2: dp, = 10.9 pm,
F3:dy, =14.7 um
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Figure 5.11 Optical images and particle size distribution of MK P6 (Baanpakpe)
particulates (FO: d,, = 13.8 um) and their GrSPLITT fractions, F1: d,, = 7.5 um, F2: d,,,

=11.6 um, F3: d, = 15.2 um
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Figure 5.12 Optical images and particle size distribution of MK P7 (Nakornpanom)
particulates (FO: d,, = 12.7 um) and their GrSPLITT fractions, F1: dp, = 8.2 um, F2: dy,
=10.3 um, F3: d;, = 14.3 um
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The mass average diameters (d,,) of all Mekong River particulates (FO) and
their GrSPLITT fractions (F1, F2 and F3) are summarized in Table 5.3 and Figure
5.13. The dp, of FO is in 10.5 — 13.9 um, while dp, of their fractions are 5.3 — 8.2 um,
74 — 11.6 pm and 11.4 — 15.2 um for F1, F2 and F3, respectively. The d,, of all
fractionated samples (MK P1 — MK P7) are all larger than setting cut off (3 um and
8 um) diameters, which is positive bias for F1 and F2 respectively except for MK P3
in F2. Anyhow, the d,, of MK P5 — MK P7 are too large in comparison with the dy, of
MK P1 — MK P4, but the large mass average diameters of FO (before separation) of
MK P5 — MK P7 samples agree with the relatively large mass average diameters of
all fractionated fractions (F1, F2 and F3). This unexpected aggregation of particulates

after fractionation might occur during the delay time before OM particle size analysis.

Table 5.3 The mass average diameter (d,) of Mekong River particulates: (MK P1 —
MK P7) and their fractions (FO — F3).

dm (pm)
Sample code FO F1 F2 F3
(0.45 - 22 pum) (<3 pm) (3-8 um) (>8 um)
MK P1 12.2 5.3 9.3 13.3
MK P2 10.6 5.9 8.2 12.2
MK P3 10.5 ™ 7.4 11.4
MK P4 12.3 5.3 10.2 13.7
MK PS5 13.9 7.0 10.9 14.7
MK P6 13.8 7.5 11.6 15.2
MK P7 12.7 8.2 10.3 14.3
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Figure 5.13 The relative mass average diameters (d,,) of Mekong River particulates
(FO) and the d, of their GrSPLITT fractions (F1, F2 and F3), at 3 and 8 um cut off

diameters.

Table 5.4 is the volume balance data of FFD-GrSPLITT fractionation and the
percent volume recovery of all samples (MK P1 — MK P7). Amounts in grams of
particulates, determined in the pre-concentrated sample (mgo) and their fractions (mg;,
mp; and mgs) for all samples were reported in Table 5.5, with their percent mass
recovery. The percent mass recovery is defined as 100*(mp;+ mp; +mg3)/ (mgg). The
low recovery values between 70 — 95 % is understood by either the volume or mass

loss in the FFD-GrSPLITT fractionation system.
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Table 5.4 Volume balance data of FFD-GrSPLITT fractionation and the percent
volume recovery of MK _P1 — MK P7 particulates.

Sample code Vi Vi Vi VetV tVes Vo %V recovery
(mL) | (mL) | (mL) (mL) (mL)
MK P1 125 415 150 690 725 95
MK P2 120 410 160 690 740 93
MK P3 122 430 | 5 704 730 96
MK P4 120 420 155 695 735 94
MK P5 120 412 150 682 740 92
MK P6 130 410 150 690 740 93
MK P7 120 420 150 690 740 93

100*2 Vi
%V, i

4§ . :T , Vro 1s volume in milliliter of FO (pre-concentrated particulates)

and Vi, Vi and Vs are volume of their fractions

Table 5.5 Solid mass balance data of FFD-GrSPLITT fractionation and the percent
mass recovery of MK P1 — MK P7 particulates.

Sample code mg) mp) mp3 | Mp+HMEHMEs Mg %0 M recovery
(2) (2 (2 (2 (2
MK P1 0.018 | 0.078 | 0.051 0.147 0.178 84
MK P2 0.014 | 0.058 | 0.041 0.112 0.138 81
MK P3 0.018 | 0.080 | 0.048 0.146 0.169 88
MK P4 0.015 | 0.086 | 0.043 0.143 0.175 80
MK P5 0.012 | 0.058 | 0.036 0.106 0.118 89
MK P6 0.013 | 0.074 | 0.071 0.157 0.185 85
MK P7 0.025 | 0.118 | 0.072 0.215 0.289 74

100*2 my,
i

Mg

%m , mp; = solid content (%w/v) * fraction volume (mL)

recovery
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5.2 Elemental compositions of the river particulates by ICP-OES

5.2.1 Validation of elemental detection by ICP-OES

The SRM 1646a estuarine sediment, NIST standard (SRM1646a) was
used for validation of the elemental analysis procedure (section 4.6.1). The analytical
results for this standard reference material are given in Table 5.6, along with the
certified values. Good agreement with certified values was obtained in all cases except

for Cd.

Table 5.6 The ICP-OES elemental analysis of the SRM 1646a estuarine sediment,
NIST standard and their certified values.

Element Certified values Observed values”
Al 2.297+0.018 % 2.58 +0.06 %
Si 40.00 +£0.16 % 36.12 £ 0.65 %
K 0.864 +0.016 % 0.78 + 0.06 %
Ca 0.519 + 0.020 % 0.75+0.04 %
Fe 2.008 +0.039 % 2.03 +0.09 %
Ti 0.456 + 0.021 % 0.64 +0.05 %
Mg 0.388 + 0.009 % 0.435 +0.005 %
P 0.027 £+ 0.001 % 0.025 +0.002 %
Cr 40.9 + 1.9 mg/kg 33.5 + 1.8 mg/kg
Zn 48.9 + 1.6 mg/kg 42.5 + 6.2 mg/kg
Cu 10.01 + 0.34 mg/kg 13.0 + 1.0 mg/kg
Cd 0.148 + 0.007 mg/kg <0.01 mg/kg
Mn 234.5 + 2.8 mg/kg 207.5 + 13.9 mg/kg

a=Mean +SD,n=3
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By SPSS 11.5 program, Texperiment (1.33) < Teriticat (1.72) at p > 0.05 indicates
that the analytical elemental concentrations and their certified values are not
significant different. The analytical procedure for ICP-OES elemental analysis has
been validated and applied for elemental analysis of all river particulates and their

fractions in this thesis.

5.2.2 The results on ICP-OES elemental analysis of Mekong River

particulates

By the validated analytical procedure (section 4.6.1 and 5.2.1), seven
Mekong River particulates samples, including (i) as sampling (F00), (ii) pre-
concentrated (FO) and (ii1) their GrSPLITT fractions (F1, F2 and F3) were analyzed.

The elemental concentrations are summarized in Table 5.7.
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reports amount (in micrograms) of each element in the pre-concentrated

samples (FO) and their fractions (F1,F2 and F3). Recovery values (%) of each element

in each sample were in the range of 70.1 — 95.8 %, which indicated the loss of river

particulates in the GrSPLITT system (channel and tubes) and also some remained

residue matter in sample container. It can be considered that at least 5 to 30 % loss of

particulates could be expected in the FFD-GrSPLITT fractionation.

Table 5.8 Elemental mass balance data and % elemental recovery for FFD-GrSPLITT

fractionation®.
Element Fraction MK P1 | MK P2 | MK P3 | MK P4 | MK P5 | MK P6 | MK P7

Mg (pg) 11453.6 | 44319 6871.5 | 13256.5 | 4163.2 7388.9 | 16395.4

Al mp+tmeytmes(pg) | 93284 3691.6 5597.7 | 10512.2 | 3781.1 6856.4 | 14904.4
0
A)mRecovery 81.4 83.3 81.5 79.3 90.8 92.8 90.9
MEgo (ug) 26090.6 | 14110.3 | 21113.8 | 27192.1 | 13310.4 | 20775.5 | 39682.5

Si Mg+ Mmpytme3(Ug) 19685.2 | 10527.3 | 14949.3 | 19571.9 | 11151.3 | 17648.9 | 32690.9
0
/oMRecovery 75.4 74.6 70.8 72.0 83.8 85.0 82.4
Mg (pg) 2655.0 929.4 1053.4 2216.8 996.0 1744.9 3726.6

K Mg tmepytmes(ug) | 1934.4 849.9 898.8 1694.6 778.1 1477.5 3212.6
0
A)mRecovery 72.9 914 85.3 76.4 78.1 84.7 86.2
Mg (Mg) 4237.6 3263.4 3665.3 3309.0 2941.5 3590.5 4307.5

Ca mgtmpytmes(ug) | 32304 2704.3 2970.0 2904.3 2775.0 3167.1 3656.8
0
A)mRecovery 76.2 82.9 81.0 87.8 943 88.2 84.9

*(F1+F2+
Recovery (%) :w ,

MEielement (L ) = (element concentration, png/mL)* Vg;(mL)

*Estimated based on the volume fractions in Table 5.4
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Table 5.8 Elemental mass balance data and % elemental recovery for FFD-GrSPLITT

fractionation. (continued)

Element fraction MK P1 | MK P2 | MK P3 | MK P4 | MK P5 | MK P6 | MK _P7
mgo (Ug) 4097.0 | 2800.9 |3396.7 | 4179.9 | 22355 |3419.5 | 7805.5
Fe mptmptmes(pg) | 2901.0 | 2443.0 | 2484.6 | 3038.5 | 19169 |2780.5 | 6072.5
YoMRecovery 70.8 87.2 73.2 72.7 85.7 81.3 77.8
mgo (Ug) 4952 | 512.8 [4555 | 6093 | 196.8 | 569.1 1027.9
Ti mptmptmes(ug) | 458.0 | 384.0 [ 3567 | 4474 | 1848 | 4795 | 866.0
YoMRecovery 92.5 74.9 78.3 73.4 93.9 843 84.3
mgo (Ug) 3240.8 | 1672.4 | 1822.8 | 1743.4 | 27402 |3745.1 | 35883
Mg mptMptMes(pg) | 3159.4 | 13359 | 1517.2 | 14102 | 2437.8 | 3333.8 | 3426.5
YoMRecovery 97.5 79.9 83.2 80.9 89.0 89.0 95.5
mgo (L) 5.8 ¢ 7.8 7.8 5.1 4.0 7.7
Ni mp; +mptmes(pg) | 4.9 6.3 6.5 6.2 4.5 3.7 7.1
YoMRecovery 84.7 83.9 82.8 78.7 88.8 92.3 92.0
mgo (Ug) 42.8 75.5 87.6 86.7 100.6 | 65.9 222
P mptme+mes(ug) | 31.9 57.8 74.6 76.0 80.3 51.9 20.0
YoMRecovery 74.7 76.6 85.2 87.7 79.8 78.8 89.9
mgo (Ug) 78.3 23.7 29.2 37.5 36.3 98.4 46.6
St mpTMetmes(pg) | 76.2 20.7 25.6 332 30.9 90.1 39.7
YoMRecovery 97.3 87.4 87.6 88.5 85.3 91.6 85.2
mgo (Ug) 258.1 | 2383 [3635 | 1588 |1332 |119.9 |583.1
Mn | mgtmptmes(ug) | 1975 | 2135|2870 | 1100 | 1107 | 1035 | 4685
YoMRecovery 76.5 89.6 78.9 69.3 83.1 86.3 80.4
mgo (Ug) 50.1 31.7 34.0 44.0 29.2 44.8 61.1
Sn | mptmptmes(ng) | 39.3 29.2 325 35.0 23.8 35.3 48.8
YoMRecovery 78.4 92.2 95.5 79.5 81.6 78.8 80.0
Recovery (%) _ 100*(FI+F2+E3)

FO
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To compare with the XRF results, which were obtained directly from non-
digested particulates in suspension form, the total elemental concentration in any

fractions is the sum of the elemental concentration in particulates and its supernatant.

To eliminate the wvariation of solid content in each fraction, element
concentration in milligram per gram of solid were estimated by the equation 5.2:

milligram element _ metal concentration(mg.L™")

gram solid ~ solid content (%o w/v)x 10

(5.2)

This definition is valid only under assuming of the negligible elemental
concentration of non dissolved species in supernatant, except for Ca, Mg and Sr which

mainly dominate in dissolve phase.

The elemental distributions per solid amount (mg element/g solid) in all

fractions (cf. section 5.1.2) are presented in Figure 5.14 — 5.20.



Fac. of Grad. Studies, Mahidol Univ.

200 =

x 1
180

100

hWetal £ solid [mgig)

MK_PI (F0)

x 20

x 1000

li....

| P

S Al Fe CaMg K Ti SnMn F S CrCo Mi CuCd Zn

ra
=
o

cy
o
o

1a0

mietal £ solid [mafg)
o
)

200

iy
o’
[}

Metal F solid (mgfg)
= =

200

—_
im
=

Metal [ solid [mgfg)
o =
= =

=

M.Sc.(Appl. Anal. and Inorg. Chem.) / 71

x 1

MK_P1 (F1)

x 20

5i 4l Fe CaMg K Ti SnMn F S0 Cr Co

MK _

x 20

x 1000

| I D T

Wi Cu Cd Zn

Pl (F2)

x 1000

Nl

L.

Si Al Fe CaMg K Ti Sn Mn F St Cr Co Mi Cu Cd Zn

MK_P1 (F3)

x 20

x 1000

L.

S A Fe CaMg K Ti SnMn F S Cr Co Mi Cu Cd 2n

Figure 5.14 ICP-OES elemental distributions (mg element/g solid) in Mekong river

particulates: MK P1 (Wat Thai) and their fractions (x factor). The median diameters
of fractions are FO: d, = 12.2 um, F1: d, = 5.3 um, F2: d,, = 9.3 um and F3: d,, =

13.3 pm.
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Figure 5.15 ICP-OES elemental distributions (mg element/g solid) in Mekong river

particulates:MK P2 (Nongruekum) and their fractions (x factor). The median

diameters of fractions are FO: d, = 10.7 um, F1: dy, = 5.9 um, F2: d;, = 8.2 um and F3:

dm=12.2 pm.
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Figure 5.16 ICP-OES elemental distributions (mg element/g solid) in Mekong river

particulates: MK P3 (Huayloung) and their fractions (x factor). The median diameters

of fractions are FO: d,, = 10.5 um), F1: d, = 5.7 um, F2: dy, = 7.4 um and F3: d,, =

11.4 pm
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Figure 5.17 ICP-OES elemental distributions (mg element/g solid) in Mekong river

particulates: MK P4 (Tumpabok) and their fractions (x factor). The median diameters

of fractions are FO: d,, = 12.3 um F1: dy, = 5.3 um, F2: d;, = 10.2 um and F3: d,,, =

13.7 um
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Figure 5.18 ICP-OES elemental distributions (mg element/g solid) in Mekong river
particulates: MK PS5 (7ali) and their fractions (x factor). The median diameters of
fractions are FO: d, = 13.9 um, F1: d;, = 7.0 um, F2: d;, = 10.9 um and F3: d,, = 14.7

um
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Figure 5.19 ICP-OES elemental distributions (mg element/g solid) in Mekong river

particulates: MK P6 (Baanpakpe) and their fractions (x factor). The median diameters
of fractions are FO: dy, = 13.8 um, F1: d, = 7.5 um, F2: d;;, = 11.6 um and F3: d,, =

15.2 um.
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Figure 5.20 ICP-OES elemental distributions (mg element/g solid) in Mekong river
particulates: MK P7 (Nakornpanom) and their fractions (x factor). The median
diameters of fractions are FO: dy, = 12.7 um, F1: d;, = 8.2 pm, F2: d;, = 10.3 um and
F3:dy, =143 um.
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In general, size based dependence of elemental distribution was
observed. The amount of Si, Al, K, Fe, Mn and Ti per total mass of particulates of
each fraction (F1, F2 and F3) of most samples increases with the median diameter
(dm). In contrary, the amount of Ca, Sr, P, Cu and Cr per total mass of particulates of
each fraction of most samples decreases with the d,,. No clear trend was observed for
other elements. These results indicate that the elemental compositions in each sample
size fraction are different. From Table 5.7, the concentration of Ca, Mg and Sr were
slightly changed with difference of solid content in F1, F2 and F3. It indicates that
these elements are mostly not contained in particulate phase but the most easily
mobilized to solution or dissolved phase. The soluble elements are carried in
dissolved phase as ions (Ca*", Mg*", Sr*") and dissolved SiO; [3, 48]. This assumption
was supported by the results from Figure 5.14 — 5.20 and the elemental composition
obtained from dissolved fractions as shown in Figure 5.21. This effect the decreasing
of Ca and Sr per solid amount with respect to the d,,. Very low concentration of Cu, Ni
and Cd in dissolved fractions have been found which related to the trace metal
concentration in dissolved fraction from Mekong River delta [8]. Si is considered to be
a lower mobility due to its importance in forming clay mineral phase such as quartz.
Al is normally conserved in the particulate phase during chemical weathering. Fe and
Mn, while more mobile than Al in a weathering profile, are also precipitated as
insoluble mineral phases after liberation from the parent rock and are transported in
rivers mostly in particulate form. A low mobility for K is related to its tendency to
form into clay minerals [49]. The increasing of Si, Al, K, Fe, Mn and Ti [per solid
amount] in F1, F2 and F3 of most samples with their median diameter, d,, might be
due to high proportion of sand (SiO,) and clay mineral dominate in larger river particle
size. The decreasing of Cu and Cr [per solid amount] with increasing average mass

diameter (d,,,) indicates probably association of Cu and Cr on the particle surface.
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Elemental distributions per total mass of solid content (mg/g) of each fraction
for all sites are summarized in Figure 5.22. The distribution trends of major and minor
elements in all Mekong river particulates, including Si, Al, Fe, Ca, Mg, K and Ti are
not significantly different, while the different distribution trends of the trace metals are
observed for the particulate samples, collected from different sites. For example, Cr
was found only in the samples from 7ali and Tumpabok, while high Cu (mg/g) was
found in Baanpakpe, decrease in Wat Thai, Nongruekum, Huayloung, Nakornpanom
and was not found in Tumpabok and Tali. The higher amount of Si and Al relative to
the amount of other elements indicates that these particulates should be alumino-
silicate based-compound, which can be confirmed by XRD results, elsewhere. The
Si/Al ratio of each sample fractions as shown in Figure 5.23 also supported this
assumption. The mean + SD of Si/Al ratio are 2.729 + 0.387 and 2.473 + 0.355 for
Mekong particulate (FO) and their fractions (F1, F2 and F3), respectively (Table 5.9).
The ratios of element to sum of aluminium and silicon (M/{Al+Si}) were also
presented in Figure 5.24. The similar trend as elemental distributions (mg element/g

solid) curve was observed.
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Figure 5.23 The Si /Al ratio in each fraction of all Mekong river particulates samples

Table 5.9 The average and standard deviation of Si/Al ratio of Mekong particulate
sample (F0) and their GrSPLITT fractions (F1, F2 and F3).

Sample F1 132 F3 Mean + SD FO
(F1 - F3)
MK P1 2.0 2.1 2= 2.1+0.1 2.3
MK P2 34 2.8 2.8 30+03 32
MK P3 2.6 28 2.8 26+0.3 3.1
MK P4 24 2.1 2.0 22402 2.3
MK PS5 2.6 3.0 2.8 2.8+0.2 3.0
MK P6 2.6 2.2 3.0 26+04 2.8
MK P7 1.9 2.0 2.5 21403 2.4
Mean + SD 25+04 2.7+04°

n=21,n=7
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5.3 WDXRF elemental analysis of river particulates using liquid

sample cup.

5.3.1 Feasibility and limitation of quantitative XRF elemental analysis

River particulate samples are one of heterogeneous complex system.
The pre-concentrated particulates could be obtained from the large volume of surface
river water. These pre-concentrated particulates in equilibrium with their supernatants
consist of various percents of solid content (non dissolved particulates) at wide range
of particle size distribution. The quantitative XRF elemental analysis using a liquid
sample cup had been validated with standard reference material and directly applied

for elemental size based analysis in non-digested river particulate samples.

The WDXRF experiments on the effect of particle settling time (i.e., 0,
10, 70 and 130 minutes) of estuarine sediment standard were investigated. Figure 5.25
shows the variation of elemental intensities as a function of the settling time of the
estuarine sediment standard at various solid contents (0.009 — 0.097% w/v). The XRF
elemental intensities increase rapidly for first 10 minutes of the settling time, and then
level off. At short settling time, only large particle is settled at the bottom of sample
cup, at the longer setting time, more particulates is accumulated in the measuring zone
of X-ray beam. The time dependence of XRF intensities in first 10 minutes indicates
some size based information of particulates. The smaller particles settle after the larger
particles, if the same density of all particles were presumed. X-ray beam can mostly
penetrate through the particles. The intensities slightly increase after 10 minutes due to
the lower settling velocity of small particles in the measuring zone at the bottom of
liquid cup. If the settling time is long enough, XRF intensities depend only on the
solid content, the higher solid content is the higher XRF intensities.
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The size based information could be figured out from Stokes’ settling

d - [18r(w/1,) (5.3)
glp

equation which given by,

where

w = depth from liquid surface to removal position (cm),

t; = settling time (s),

g = acceleration of gravity (cm sec?),

de = cutoff diameter of particle (cm),

Ap = density difference between medium and particle (g cm™),
n = viscosity of medium (dyne sec cm™).

The particle sizes of larger than 4.6 um were settling within ca.10 minutes
from liquid surface to the measuring zone. For first 10 minutes, the time dependent
intensities of 0.009 % solid content is less than that of 0.047 % and 0.097 % solid
contents, respectively. The higher solid content might contain the large number and
the large size distribution. For quantitative analysis, the settling time of 10 minute was

selected for all WDXRF analysis.
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Figure 5.25 The settling time dependent elemental intensities of Al, Si, K, Ca, Ti and

Fe in 0.009 — 0.097% solid content of estuarine sediment standard.
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The variation trends of elemental intensities (Al, Si, Fe and Ti) as a
function of solid content of estuarine standard suspension, observed at 0, 10, 70 and
130 min. settling times were also plotted as a function of solid content as presented in
Figure 5.26. XRF intensities increase with increasing % solid content and then level
off at % solid content higher than 0.1% for Al and 0.3% for Si and K. The higher solid
content is the higher variation in XRF elemental intensities with respect to settling
time. This phenomenon is observed for all elements. At solid content lower than 0.1%,
XRF intensities did not depend on settling time. The difference in elemental intensities
with respect to solid content could be due to matrix or self-absorption. At low solid
content (< 0.1%), all elemental XRF intensities increase rapidly with % solid content,
due to rapid sedimentation within the XRF measuring depth. From Figure 5.26, the
self absorption of characteristic X-ray is obviously observed for Al and Si by
particulate settling at bottom of liquid cup (solid content >0.1%) or X-ray could not

penetrate through sedimentation layer.

No complete saturation intensity was observed for Fe and Ti signals.
Characteristic X-ray of Fe and Ti1 might be slightly absorbed by sedimentation matrix
at solid content higher than 0.1%. This assumption was tested by measuring an
aqueous Fe solution and then compared the estuarine standard suspension in the same
concentration range of 17 - 332 mg/L. The concentration dependence of Fe XRF
intensities of an aqueous Fe(NOs); solution and the estuarine standard suspension
were shown in Figure 5.27. At the same concentration, XRF intensity of Fe in the
estuarine standard suspension was higher than XRF intensity of Fe in an aqueous
Fe(NOs)s solution, because of accumulation of Fe in particulate, which settle to the
bottom of measuring cup. Linear correlation between intensity and Fe concentration in
aqueous Fe(NOs); solution was observed,  which should be expected for

homogeneous sample.
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Figure 5.26 The variation trends of elemental intensities (Al, Si, Fe and Ti) as a
function of solid content of estuarine standard suspension, observed at 0, 10, 70 and

130 min. settling times.
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Figure 5.27 The concentration dependence XRF intensities of (i) an aqueous Fe(NOs);

solution and (ii) Fe in the estuarine standard suspension.

5.3.2 Validation of elemental detection by WDXRF

Due to solid content of every sample and their fractions were less than
0.1%, therefore the intensity curves in Figure 5.26 were re-plotted against solid
content in the range of 0.011 — 0.1 %. Linear correlation between intensities and solid
content (or elemental concentration) is obtained for all elements. The elemental
concentrations were calculated from the certified values of each element in the known

solid content in sediment standard suspensions.

Standard addition curves plotted between intensity and standard
addition concentration of original river particulate samples and estuarine standard
suspension for Al, Si, K, Fe and Ca are presented in Figure 5.28. No matrix
interference was observed for all samples, except for MK P4 or Tumpabok sample.
Analytical sensitivity, intensity, concentration and % recovery are summarized in

Table 5.10.
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Figure 5.28 Standard addition curves plotted between intensity and standard addition
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suspension for Al, Si, K, Fe and Ca
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Table 5.10 Analytical sensitivities, % recoveries, and estimated concentration of

elements in original samples (F00).

Standard calibration® Standard addition®
Sample | Element | Sensitivity Conc. | Recovery’® | Sensitivity Conc.
(mg/L) (%) (mg/L)

MK P1 Al 0.1162 11.6 96.8 0.09 11.9

Si 0.222 28.4 88.0 0.1979 22.0

K 0.6361 L5 121.5 0.5808 2.5

Ca 0.3583 4.6 117.7 0.4342 3.5

Fe 1.4983 4.2 95.3 1.2189 5.0

MK P2 Al 0.1162 4.9 89.5 0.1043 4.2

Si 0.222 () 87.2 0.2088 7.8

K 0.6361 1.4 90.4 0.5973 1.0

Ca 0.3583 4.0 110.5 0.3831 3.6

Fe 1.4983 R 95.4 1.2037 3.8

MK P3 Al 0.1162 3.4 106.8 0.102 2.9

Si 0.222 11.6 90.9 0.2006 7.4

K 0.6361 nd - 0.6781 0.2

Ca 0.3583 4.2 81.1 0.4069 3.3

Fe 1.4983 2.8 88.6 1.1593 3.6

MK P4 Al 0.1162 35.2 111.2 0.083 43.4
Si 0.222 97.8 99.5 0.17 116.8

K 0.6361 9.6 87.2 0.3079 19.9

Ca 0.3583 7.6 109.8 0.2515 10.0

Fe 1.4983 15.3 95.5 0.9837 23.8

* obtained from Figure 5.26

Pcalculated from single point standard addition

¢ obtained from Figure 5.28
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Table 5.10 Analytical sensitivities, % recoveries, and estimated concentration of

elements in original samples (F00) (continue).

Standard calibration® Standard addition®
Sample | Element | Sensitivity Conc. Recoveryb Sensitivity | Conc.
(mg/L) (%) (mg/L)
MK P5 Al 0.1162 4.0 88.7 0.1046 3.1
Si 0.222 13.3 85.5 0.1963 8.2
K 0.6361 1.1 88.5 0.5434 1.1
Ca 0.3583 3.6 115.0 0.4036 3.8
F¢ 1.4983 3.2 88.5 1.0739 4.0
MK P6 Al 0.1162 ) 120.4 0.117 11.1
Si 0.222 250 112.0 0.2079 30.6
K 0.6361 24 127.8 0.6551 2.6
Ca 0.3583 4.0 124.5 0.4309 4.1
Fe 1.4983 ! 125.6 1.3097 6.4
MK P7 Al 0.1162 17.1 127.3 0.1199 223
Si 0.222 46.6 111.8 0.1981 70.4
K 0.6361 6.0 119.0 0.6456 6.3
Ca 0.3583 5.6 107.9 0.4027 5.6
Fe 1.4983 14.6 122.1 1.5703 13.3
Estuarine Al 0.1162 - 105.6 0.1162 -
standard Si 0.222 - 101.9 0.222 -
K 0.6361 - 107.9 0.6361 -
Ca 0.3583 - 105.2 0.3583 -
Fe 1.4983 - 123.1 1.4983 -

* obtained from Figure 5.26
® calculated from single point standard addition

¢ obtained from Figure 5.28
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Since, no matrix interference effect was demonstrated in Figure 5.28, therefore
the calibration curve method was used to obtain elemental concentration for all

analysis of samples and fractions.

5.3.3 The results on WDXRF elemental analysis of Mekong river

particulates

XRF spectra of seven pre-concentrated river particulate samples,
including MK P1, MK P2, MK P3, MK P4, MK P5, MK P6 and MK P7 were
presented in Figure 5.29 and 5.30. Only six elements, Al, Si, K, Fe, Ca and Ti were
identified in these samples, no other elements could be determined from these set of
XRF data. The elemental concentrations of all sample fractions are presented in Table
5.11. Elemental distributions per total mass of solid content (mg/g) of each fraction for

all sample sites are summarized in Figure 5.31.
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Figure 5.29 XRF patterns of MK P1, MK P2, MK P3 and MK P4 pre-concentrated

river particulates (FO)
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Table 5.11 The elemental concentration in microgram per milliliter for all samples or
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fractions, obtained by using WDXRF techniques with liquid cup.

Al Si K Fe Ca Ti
Sample
(ng/mL) (ug/mL) (ng/mL) (ng/mL) (ng/mL) (ug/mL)
MK _P1 (F00) 11.6+1.2 28.4+1.8 25402 42+0.1 46+0.2 <0.1
MK P2 (F00) 49+0.2 15.9 +0.5 1.4+02 Ko, W, 40+0.2 <0.1
MK _P3 (F00) 34+04 11.6 +1.2 <0.1 2.8+0.2 42+0.7 <0.1
MK P4 (F00) ) 2.3 97.8 +5.2 9.6+ 0.9 15.3 +0.8 7.6+0.5 2.0+0.1
MK PS5 (F00) 40+0.2 134 +1.8 1.1+0.2 33+0.2 3.6+0.3 <0.1
MK _P6 (F00) 9.2+0.7 249 +1.6 24402 53+0.3 39+0.3 <0.1
MK P7 (F00) 17.1 +1.5 46.6 +6.2 59+0.5 14.6 +1.0 5.6+0.5 1.7+0.1
MK_P1 (FO) 14.7 +0.9 35.1+1.5 3.7+04 59+03 5.6+0.3 <0.1
MK_P2 (F0) 55+04 18.9 +0.6 1.6+0.6 3.6+08 3.9+0.6 <0.1
MK_P3 (F0) 9.3+0.9 28.9+1.3 1.8+0.2 4.4+0.7 42+0.1 <0.1
MK P4 (FO0) 17.6 £1.6 36.8 +2.6 Wiw A 5.5+0.5 43+0.8 <0.1
MK _P5 (FO) 55+04 17.3 +1.7 <0.1 29+0.1 41+0.3 <0.1
MK _P6 (FO) 10.3 +0.5 28.2+1.6 D Bl 2 57+0.6 46+0.3 <0.1
MK P7 (FO) 238N 57.3 +4.9 6.9+0.2 12.5 +1.1 6.2+0.7 1.7+0.1
MK _P1 (F1) 6.8+0.7 12.3 +0.6 L B/~ 32+0.1 45+0.3 <0.1
MK P2 (F1) 1.5+0.1 49+0.1 <0.1 2.0+0.1 3.9+02 <0.1
MK _P3 (F1) 33+0.1 7.5+0.5 i\l 2.0+0.1 39+0.2 <0.1
MK_P4 (F1) 35+0.1 82+0.5 <0.1 2.0+0.1 40+0.3 <0.1
MK_P5 (F1) 2.1+0.1 58+0.1 <0.1 1.9+0.1 41+0.3 <0.1
MK_P6 (F1) 2.540.1 6.3+0.3 L 1.8+0.1 42+0.3 <0.1
MK P7 (F1) 10.7 +0.9 19.6+ 0.1 1.6+0.2 33+0.1 44+0.3 <0.1
MK_P1 (F2) 114 +1.0 2331404 2.0+0.2 3.0+0.1 45+04 <0.1
MK P2 (F2) 3.6+0.2 8.9+0.6 <0.1 224+0.1 3.9+0.3 <0.1
MK _P3 (F2) 6.2+0.2 13.3+0.4 1.1+0.1 2.8+0.1 40+0.2 <0.1
MK P4 (F2) 13.7+0.7 26.5+0.4 23+0.1 3.9+0.1 43+0.2 <0.1
MK_P5 (F2) 3.8+0.1 11.1 £0.5 <0.1 24+0.1 41+0.1 <0.1
MK_P6 (F2) 7.9+0.1 17.7 £0.6 1.44+0.1 2.8+0.1 44+0.2 <0.1
MK_P7 (F2) 20.3+0.8 39.9 +0.6 3.7+02 6.8+0.5 49403 <0.1
MK_P1 (F3) 23.1 +0.8 47.8 +5.4 49+0.2 6.5+04 49+0.3 <0.1
MK_P2 (F3) 11.7+40.7 31.4+40.5 2.8+0.1 7.6+0.5 44+02 <0.1
MK _P3 (F3) 15.7 +0.6 42.3+0.3 33+02 59+0.1 45+0.1 <0.1
MK P4 (F3) 21.7 +0.7 40.5 +0.5 3.84+0.2 6.2+0.6 45403 <0.1
MK PS5 (F3) 11.7 +1.1 334404 2.1+0.1 45+0.1 45+ 0.3 <0.1
MK_P6 (F3) 23.8 +0.7 66.5+5.3 5.6+0.2 9.6 +0.5 59+0.3 1.4+0.2
MK P7 (F3) 38.1+0.9 95.9 +6.4 99+0.2 19.9 +0.5 7.8+0.3 2.6+0.1

Mean = SD (n=3)




M.Sc.(Appl. Anal. and Inorg. Chem.) / 97

Fac. of Grad. Studies, Mahidol Univ.

=

MK P2

T
[ )
[ =)
=+

(B/Bur) pros  [ER
il
K

200
10+

T
[
=)
o

a00

MK P1

........+.......+.+.+.+...
..... ..oooooooooooooooo..
..... e
..... iy |
RS,

T T T
[ = =
[ [l [ =)
[o1)

=+ 7]

(B/Bur) pros f R

a00

Fe

Ca

Fe

Ca

a1

MK P4

a00 -

400 —

(B/Bur) pmos ; [ERl]

MK P3

T T T T
= [ [} [
[} =) = =
[2r] ol e

=+

(B/2ur) pros ¢ R

Fe

Ca

Fe

Ca

1

5

4]

MK P6
=

Ca

..... ]
..... frosesad 0
..... BRI

B

100

T
=
=)
[1p]

(B/2ur) pros f (a1

T
=
=
)

a00
400

=

MK P5

.....
..... e
..... REEEEY

T
[ )
=)
=+

(B/3ur) pros ¢ MRl

a00
300
200 o
100 o

Fe

a1

Al

Fe

Ca

i

A1

B IIE _FP7(F3)
B K _FP7(F2)

OLIE_P7(F1)

Fe

T
[}
[}
(v}

T
]
[
=+

(B/Bur) pros ; MR

T T T
[} ] =
= = =)
(e} ) -

Ca

&1

&]

Figure 5.31 XRF elemental distributions per total mass of solid content (mg/g) of each

fraction for all sample sites.
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5.4 Statistical comparison between ICP-OES and WDXRF techniques

Only five elements, Al, Si, K, Fe and Ca were quantitatively determined by
both ICP-OES (in Table 5.7) and WDXRF (in Table 5.11) techniques. By SPSS 11.5
program, T-Test result (T-Test value = 0.071 < T critical = 1.64) indicated that the
concentration of Al, Si, K, Fe and Ca, determined by ICP-OES and WDXRF
techniques are not significantly different. The good correlation of Al, Si, K, Fe and Ca
concentrations in river particulates, (i) as sampling (F00), (i1) after pre-concentrated
(FO) and (iii) their fractions (F1, F2 and F3) are presented in Figure 5.32 and 5.33,

respectively.

In conclusion, the XRF protocol for slurry of waterborne particulates in liquid
sample cup has been demonstrated. At lease five elements can be analyzed without
digestion step. Concentration of other elements in waterborne is lower than the XRF
detection limit. It is recommended; this XRF protocol with liquid cup is suitable for
river particulate analysis, if solid content of river particulate sample is not higher than
0.1%. This limitation is an advantage for the GrSPLITT fractionated sample of river

particulate for size-based analysis.
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Figure 5.32 The correlation of Al, Si, K, Fe and Ca concentrations in river
particulates, determined by ICP-OES and XRF techniques; where FOO and FO are river

particulates as sampling and after pre-concentrated, respectively.
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Figure 5.33 The correlation of Al, Si, K, Fe and Ca concentrations in river

particulates, determined by ICP-OES and XRF techniques; where F1, F2 and F3 are

three fractions of GrSPLITT fractionated river particulates at d. = 3 and 8 um.
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5.5 Classification of river particulates from various sites

To gain more information on some characteristics of river particulates from

various sites, the principal component analysis has been performed from ICP

elemental data of Table Al in Appendix C in the following manners with SPSS 11.5

program

@

ety

(I11)

av)

V)

(VD)

(VID)

(VIID)

PCA of elemental concentration (mg/g) in pre-concentrated
sample (FO) of MK P1, MK P2, MK P3, MK P4, MK PS5,
MK P6 and MK P7.

PCA of elemental concentration (mg/g) in supernatant (<0.45 p
m), pre-concentrated samples (FO) and the three fractions (F1,
F2 and F3) of GrSPLITT fractionated samples of MK PlI,
MK P2, MK P3, MK P4, MK P5, MK P6 and MK P7.

PCA of elemental concentration (mg/g) in MK P1 size based
fractions; including supernatant (<0.45 pm), pre-concentrated
samples (F0), and their GrSPLITT fractions (F1, F2 and F3).
PCA of elemental concentration (mg/g) in MK P2 size based
fractions; including supernatant (<0.45 pum), pre-concentrated
samples (F0), and their GrSPLITT fractions (F1, F2 and F3).
PCA of elemental concentration (mg/g) in MK P3 size based
fractions; including supernatant (<0.45 pum), pre-concentrated
samples (F0), and their GrSPLITT fractions (F1, F2 and F3).
PCA of elemental concentration (mg/g) in MK P4 size based
fractions; including supernatant (<0.45 pum), pre-concentrated
samples (F0), and their GrSPLITT fractions (F1, F2 and F3).
PCA of elemental concentration (mg/g) in MK P35 size based
fractions; including supernatant (<0.45 um), pre-concentrated
samples (F0), and their GrSPLITT fractions (F1, F2 and F3).
PCA of elemental concentration (mg/g) in MK P6 size based
fractions; including supernatant (<0.45 pum), pre-concentrated

samples (F0), and their GrSPLITT fractions (F1, F2 and F3).
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(IX) PCA of elemental concentration (mg/g) in MK _P7 size based
fractions; including supernatant (<0.45 pum), pre-concentrated

samples (F0), and their GrSPLITT fractions (F1, F2 and F3).

The application of PCA for identification of water source according to site
location has been demonstrated previously by Spanos T., Simeonov V., Stratis J.,
Xristina X. [34]. To interpret the principal components within limit number of cases,
comparison of PCA component’s role could be attempted from all elemental data of

each size based fractions of all sample sites.

Table 5.12 Principal component loadings for the elemental variables for all sample

sites before and after GrSPLITT fractionation.

Element All sites before fractionation (1) All sites after fractionation (II)
PC1 | PC2 | PC3 | PC4 | PC1 PC2 | PC3 | PC4
Al 0.968 | -0.017 | -0.106 | -0.043 | 0.947 | 0.102 | -0.001 | 0.059
Si 0.955 | -0.069 | -0.065 | -0.030 | 0.963 | 0.079 | 0.148 | 0.106
K 0916 | 0.322 | -0.112 | -0.095 | 0.977 | 0.142 | -0.012 | 0.002
Ca -0.271 | 0.122 | 0.302 | 0.881 | 0.109 | 0.009 | 0.732 | 0.253
Fe 0.789 | -0.295 | -0.233 | -0.396 | 0.859 | 0.137 | 0.411 | 0.039
Ti 0.205 | -0.265 | -0.777 | -0.252 | 0.916 | 0.104 | 0.213 | -0.191
Mg -0.186 | 0.797 | 0.466 | 0.123 | 0.259 | 0.815 | 0.304 | 0.310
Cr 0.083 | -0.027 | 0.966 | 0.083 | 0.035 | -0.039 | 0.157 | 0.955
Co -0.187 | 0.110 | 0.952 | 0.079 | 0.006 | -0.018 | 0.065 | 0.916
Ni -0.239 | -0.731 | 0.212 | 0.569 | 0.480 | -0.012 | 0.792 | 0.159
Cu -0.275 | 0.731 | -0.461 | -0.408 [ 0.089 | 0.850 | -0.088 | -0.331
P -0.462 | -0.139 | 0.721 | 0.431 | -0.105 | 0.267 | 0.692 | 0.598
Sr 0.027 | 0974 | -0.059 | 0.179 | 0.092 | 0.961 | 0.124 | 0.030
Mn -0.072 | -0.693* | -0.303 | -0.062 | 0.628* | -0.159 | 0.591 | -0.218
Sn 0.537 10.612* | 0.116 | 0.544 ] 0.650* | 0.282 | 0.540 | 0.163
Explained
variance 27.6 25.5 24.8 13.6 36.7 19.1 17.8 16.9
(%)

Extraction Method: Principal Component Analysis. Rotation Method: Varimax with Kaiser Normalization.

In Table 5.12 the loadings for four principal components (PC) are presented in
the case of treatment of the all sample sites. As seen, these 4 PCs explain over 90% of
the total variance for both cases (I and II). Elemental contributions in each principal

component were presented in Table 5.13. and Figure 5.34.
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Table 5.13 Distribution of the elemental member in each principal component for all

sample sites before (I) and after (II) fractionation.

Principal component Before (I) fractionation After (II) fractionation
PC1 Al Si, K, Fe Al Si, K, Fe, Ti, (Mn, Sn)
PC2 Mg, Sr, (Mn, Sn,) Ni, Cu Mg, Sr, Cu
PC3 Cr, Co, Ti, P Ca, Ni, P
PC4 Ca Cr, Co

Sized based information could be extracted from PCA of case II; PCl1
possesses a pattern with a dominating Al, Si, K, Ti, (Mn, Sn) and Fe, which mostly
exist in particulate, while PC2 and PC3 possesses a pattern with other groups of
dominating elements (Mg, Sr, Cu and Ca, Ni, P). Cr and Co should coexist in the same
source. Anyhow, unclear result on PCA of case I was obtained from the total average

elemental concentration, without taken into account of particle size.
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Figure 5.34 The loading plot of first two principal components for all sites (a) before
and (b) after GrSPLITT fractionation.

In the PCA modeling of the single sites (case III — case 1X), the loading for two
principal components of each sample site is presented in Appendix D. Two different
site patterns were obviously demonstrated in Table 5.14 with respect to the elemental

member of the principal components for each site.
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Table 5.14 Distribution of the elemental member in each principal component of each

sample site for PCA case III — case IX and their explained variance (%).

Sample PC1 PC2 Explained
code variance (%)
MK P1 | Al Si, K, Fe, Ti, Mn, Ni, Sn | Ca, Mg, Sr, P, Cu 96.0
MK P2 | Ca, Mg, Sr, P, Sn, Ni, Cu Al Si, K, Fe, Ti, Mn 96.9
MK P3 | Ca, Mg, Sr, P, Sn, Ni, Cu Al, Si, K, Fe, Ti, Mn, Cr 96.0
MK P4 | Al Si, K, Fe, Ti, Mn, Ni, Co | Ca, Mg, Sr, P, Sn, Cr 91.9
MK P5 | Al Si, K, Ti, Sn, Co Ca, Mg, Sr, P, Fe, Mn, 94.6
Sn, Cr, Ni
MK P6 | Al Si, K, Fe, Ti, Mn, Sn Ca, Mg, Sr, P, Cu, Ni 97.1
MK P7 | Al Si, K, Fe, Ti, Mn, Mg, Ca, Sr, P, Cu 92.9
Sn, Ni

MK P1 (Wat Thai), MK P4 (Tumpabok), MK P6 (Baanpakpe), MK PS5
(Tali) and MK _P7 (Nakornpanom) sites possesses a pattern with a dominating Al, Si,
K, Fe and Ti (PC1, explained variance between 48.5 — 54.3 %), followed by the effect
of Ca, Mg, Sr and P (PC2, explained variance between 38.6 — 46.7 %). Another

elements such as Ni, Cu, Co, Cr and Sn were randomly found in either PC1 or PC2.

For MK P2 (Nongruekum) and MK P3 (Huayloung) sites, the most significant
principal component (PCI, explained variance between 509 — 51.3 %) is
contribution of Ca, Mg, Sr, P, Sn, Ni and Cu, followed by the contribution of Al, Si,
K, Fe, Ti and Mn (PC2, explained variance between 45.1 — 45.6 %). The
elemental members of PC1 and PC2 of MK P2 and MK P3 are different from the
elemental members of PCl1 and PC2 of all sample sites in previous paragraph

(MK_P1, MK_P4, MK_P5, MK_P6 and MK_P7).
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From PCA, source of origin of the waterborne particulate in MK P2 and
MK P3 might be similar, but it should differ from another group (MK P1, MK P4,
MK PS5, MK P6 and MK P7). MK P2 and MK P3 were collected from the branch of
Mekong River at Nongruekum and Huayloung, where water drain from huge wet land
area including swamp and brook. But MK P1, MK P4, MK P5, MK P6 and MK P7

were collected from surface water of Mekong River mainstream.

According to the specific location of sample sites, two patterns of elemental
member in PC1 and PC2 were found. The same group of element which is particulate
elements and soluble elements have been found associated together in each PC. This
could bring the conclusion that PCA of size based elemental distribution data could be
probable to apply as learning data set for indicating the source of origin of river

particulate. However, the larger data set is required to obtain more reliable result.

In Figure 5.35, the principal component loadings plot of each site was

confirmed two different site patterns as previously described,.
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Figure 5.35 The principal components loading plot for all fractions in each site.
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CHAPTER 6

CONCLUSION

Homemade GrSPLITT was constructed and successfully applied for rapid and
continuous fractionation of river particulates. Its fractionation performance in FFD
mode was evaluated and compared with the commercial SPLITT Tech® channel. The
median particulate diameter at 80 % removal (d80) and the different of median
diameter (d84) in the range of 40% - 80% removal were used to assess FFD-
GrSPLITT channels. According to their particle removal curves and the deviations
from the ideal curve, the fractionation performance of both GrSPLITT channels was
similar. However the GrSPLITT channel design should be improved to obtain the
higher fractionation efficiency.

Full feed depletion (FFD) mode of homemade GrSPLITT was used to
fractionate river particulates from seven sampling sites along Mekong River, to three
size fractions F1 (< 3 um), F2 (3 - 8 um) and F3 (> 8 um). Optical microscope (OM)
with image analyzer was used to estimate particle size distribution (PSD). The overlap
of PSD of F1, F2 and F3, and the loss of particulates during fractionation were
demonstrated. The mass average diameter (dy) of the fractionated samples (MK_P1 —
MK _P7) is always larger than the setting cutoff diameters (3 um and 8 um). The
particulate aggregation after fractionation might occur during the delay time before

OM particle size analysis.

Analytical protocol for elemental analysis in non-digested river particulate by
WDXRF with liquid sample cup was attempted to minimize sample preparation step.
This protocol was optimized and validated by comparison with ICP-OES results.
According to the detection limit of WDXRF with liquid sample cup, only Al, Si, K, Fe
and Ca of non-digested waterborne particulates are able to analyze. This XRF protocol

is recommend for river particulate with solid content less than 0.1%.
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By ICP-OES elemental analysis, some easily mobilized elements, such as Ca,
Mg and Sr, were found in dissolved fraction. Whereas Si, Al, K, Fe,Ti and Mn were
mostly found in particulate phase. For Si, Al, K, Fe, Mn and Ti, the elemental in
milligram per gram particulate in each fraction, increases with the particle diameter.
While P, Cu and Cr per gram particulate decrease with the particle diameter. The
distribution trends of all major and minor elements including Si, Al, Fe, Ca, Mg, K
and Ti are not significantly different, but the different distribution trends of trace
elements (Cr, Co, Cu and Ni).

Principal component analysis (PCA) of ICP elemental data of each fraction of
all sample sites and single site (Case | — Case IX) was considered to gain more

information on some characteristics of river particulate from various sites.

Size based information could be extracted from PCA of case II; PC1 possesses
a pattern with dominating elements; Al, Si, K, Ti, (Mn, Sn) and Fe, which exist mainly
in particulate, while PC2 and PC3 possesses a pattern with other group of dominating
elements (Mg, Sr, Cu and Ca, Ni, P). Cr and Co should coexist in the same source.
Anyhow, unclear result on PCA of case | was obtained from the total average

elemental concentration, without taken into account of particle size.

According to the specific location of sample sites, the elemental members in
PC1 and PC2 could bring the conclusion that PCA of size based elemental distribution
data could be probable to apply for indicating the source of origin of river particulate.
Two site patterns of elemental member in PC1 and PC2 were distinguished in the
region reflecting location parameters- the main stream of Mekong River and the

branch of Mekong River, including swamp and brook.
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APPENDIX A

River particulate sampling site

River particulate samples were collected from seven sites in Mekong river
area, Leoy, Nongkhai and Nakornpanom. Location of different sampling sites are

shown in this section.

Mekong river area

THAILAND
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APPENDIX B

The mass average diameter (d,;)

The equations used to calculate the mass average diameter (d,,) are now
considered. We must first calcualte volume of particle i (Vg4i) which is given by
4
Vy==n(,)
3
where rg; is radius of particle i

Then mass of particle i (m;) can be calculated by

m. = (I/dt *Ndi *ps)
’ 1000000

where Ny is number of particle 1 and p; is density of particle which assume to be 2.5
for all particles.

Finally the mass average diameter (dm) can be calculated by
Zmidi
m Zmi

i

d

where d; is diameter of particle i
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APPENDIX C

The results from ICP-OES elemental analysis (mg element / g solid)

for Mekong samples and their fractions

ICP elemental concentration (mg element / g solid) in Table A1 were

calculated from Table 5.7 by using following equation

milligram element _ metal concentration(mg.L™")

gram solid solid content (% w/v) x 10
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APPENDIX D

The Principal Component loadings of all fractions for single site

The two principal components of all fractions for each sample site are

presented in Table A2.

Table A2 Loadings of the elemental variables in all fractions for each sample site

Sample site Element lPrlnclpal component2

MK P1 Al 0.933 0.340
Si 0.939 0.337

K 0918 0.353

Ca 0.441 0.887

e 0.71 0.654

Ti 0.924 0.340

Mg 0.444 0.887

Ni 0.717 0.679

Cu 0.258 0.966

i 0.586 0.747

Sr 0.319 0.939

Mn 0.697 0.645

Sn 0.748 0.595
Explained variance 49.3 % 46.7 %

MK P2 Al 0.197 0.977
Si 0.256 0.957

K 0.180 0.961

Ca 0.976 0.147

Fe 0.447 0.859

Ti 0.193 0.977

Mg 0.917 0.374

Ni 0.819 0.532

Cu 0.970 0.201

P 0.954 0.277

Sr 0.956 0.208

Mn 0.424 0.863

Sn 0.938 0.309
Explained variance 51.3% 45.6 %

(to continue)
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Table A2 (continued)

Sample site Element 1Pl‘lllc1pal componentz

MK P3 Al 0.312 0.931
Si 0.289 0.952

K 0.184 0.979

Ca 0.978 0.188

Fe 0.632 0.761

Ti 0.382 0.913

Mg 0.904 0.420

Cr -0.277 0.906

Ni 0.770 0.587

Cu 0.920 0.112

P 0.986 0.127

Sr 0.949 0.141

Mn 0.557 0.816

Sn 0.947 0.279
Explained variance 50.9% 45.1%
MK P4 Al 0.943 0.226
Si 0.937 0.332

K 0.966 0.221

Ca 0.101 0.971

Fe 0.793 0.591

Ti 0.964 0.259

Mg 0.425 0.827

Cr 0.389 0.823

Co 0.826 -0.31

Ni 0.728 0.654

P 0.078 0.918

Sr 0.154 0.981

Mn 0.807 0.563

Sn 0.537 0.779
Explained variance 48.4% 43.5%

(to continue)
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Table A2 (continued)

Sample site Element 1Pl‘lllClpal c0mp0nent2
MK P5 Al 0.958 0.157
Si 0.966 0.236
K 0.935 0.338
Ca 0.204 0.959
Fe 0.659 0.730
Ti 0.960 0.227
Mg 0.332 0.942
Cr 0.455 0.871
Co 0.755 0.305
Ni 0.673 0.738
P 0.346 0.906
Sr 0.069 0.955
Mn 0.675 0.712
Sn 0.890 0.437
Explained variance 48.8% 45.8%
MK P6 Al 0.968 0.161
Si 0.981 0.056
K 0.992 0.101
Ca 0.161 0.979
Fe 0.895 0.386
Ti 0.982 0.179
Mg U.212 0.974
Ni 0.520 0.849
Cu 0.315 0.897
P 0.109 0.980
Sr 0.127 0.991
Mn 0.901 0.393
Sn 0.903 0.358
Explained variance 51.9% 45.2%

(to continue)
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Table A2 (continued)

Sample site Element 1Pl‘lllClpal componentz
MK P7 Al 0.758 0.551
Si 0.892 0.374
K 0.959 0.263
Ca 0.384 0912
Fe 0971 0.223
Ti 0.917 0.390
Mg 0.712 0.677
Ni 0.635 0.217
Cu 0.342 0912
P 0.368 0.924
Sr 0.159 0.982
Mn 0.967 0.237
Sn 0.846 0.508
Explained variance 54.3% 38.6%
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