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Abstract

The radionuclide technetium-99m ( Tc) is utilized in 80-85% of in-vivo nuclear medicine diagnostics
due to its ideal physical and chemical properties, including a short half-life, gamma emission suitable for
imaging, and versatile chemistry. lts production relies on molybdenum-99 (  Mo), traditionally generated
through uranium fission. However, the transition to low-enriched uranium (LEU) targets and growing de-
mand for Tc have driven the search for alternative production methods and materials. This study
investigates the potential of molybdenum silicide (MoSi,) materials as targets for neutron-activated Mo
production and as generators for ~ Tc extraction. Three synthesis methods were explored to produce
nanoscale molybdenum silicides. A sol-gel carbothermic reduction method failed to produce MoSis,,
yielding elemental molybdenum, molybdenum dioxide, and molybdenum carbide due to oxygen con-
tamination. The sol-gel preoxidation method successfully coated commercial MoSi, with an amorphous
silica layer, enhancing the material’s stability. The magnesiothermic reduction method successfully pro-
duced an oxide mixture intermediate (SiO,/MoO3) with nanosphere structures, initially containing 0.57
wt% molybdenum. The molybdenum content was later increased to 23.96 wt%. However, synthesis of
the Si/MoSi, nanocomposites from this intermediate was not completed due to time constraints. The
chemical stability, extraction and retention behavior of commercial and silica-coated MoSi, were eval-
uated in MilliQ and methyl ethyl ketone (MEK). The silica coating reduced molybdenum leaching and
exhibited selective Tc extraction. Retention studies highlighted the significant role of solvent inter-
actions in governing radionuclide adsorption. In MEK, the silica-coated material exhibited lower Tc
retention, likely due to reduced adsorption sites caused by solvent interactions with silanol groups, while

Mo retention could not be evaluated due to insufficient extraction data. The results demonstrate the
potential of silica-coated MoSi, in Mo/  Tc generator applications. However, further work is needed
to optimize synthesis, increase surface area and evaluate long-term performance under irradiation. This
could pave the way for sustainable and efficient isotope production systems.
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Introduction

Cancer is one of the leading causes of death worldwide, accounting for nearly 10 million deaths in
2020 [1]. In recent decades, research in the field of preclinical molecular biology has led to significant
advances in our understanding of cancer at the cellular level. However, the challenge of translating
these findings into clinical applications persists, largely due to the lack of suitable tools for studying
molecular events in patients. This gap has driven the development of molecular imaging, which enables
non-invasive visualization, characterization, and monitoring of biological processes in cancer patients.
Several imaging methods such as X-rays, ultrasound, computed tomography (CT), single photon emis-
sion computed tomography (SPECT) and positron emission tomography (PET) have been investigated
to diagnose cancers and to evaluate the effectiveness of ongoing treatment procedures [2].

The advances in molecular imaging techniques have also required the development of innovative con-
trast agents and radionuclides, specifically designed to meet the unique diagnostic and therapeutic
needs of each patient. Among these, technetium-99m ( Tc) has become one of the most extensively
utilized medical radionuclides, playing a crucial role in nuclear medicine diagnostics [3]. It is currently
used in 80-85% of in-vivo nuclear medicine diagnostics, and its utilization is expected to increase by
3-8% each year [4]. Tc is preferred for medical use due to its relatively short half-life (t ; =6.01 h),
its unique chemistry that enables coordination with a wide range of organic compounds, and its emission
of a single gamma photon with a low energy of 141 keV. This energy, is very suitable for penetrating
tissues and is effectively detected by SPECT cameras from outside the body [5]. These advantages
make Tc highly effective for producing high-quality images of the target organs with minimal radia-
tion exposure for the patient [4].

The majority of  Tc is produced by the decay of molybdenum-99 ( Mo) which has a half-life of 66
hours [3]. Mo decaysto  Tc (87.5%) which then decays to  Tc through isomeric transition (IT).
The other 12.5% of Mo decays directlyto  Tc, followed by the decay of Tc(t , =21V10 yr)to
the stable Ru (Figure 1.1).

99M0
N\

\
[ decay,> N
ti2=66h e 9mT

‘ y transition, ti2= 6.01 h
99gTC

\
\

¥ \
[ decay, N
t12=21x10°y % %Ru

Figure 1.1: Simplified decay scheme of Mo and Tc [6].



2 1. Introduction

The current ’gold standard’ procedure for generating Mo for medical isotope use includes neutron
fission of U (i.e. U(n,f) Mo) in multipurpose research reactors [7]. Approximately 6.1% of the

U fissions result in  Mo. This reaction has a larger cross-section (**35.6 barns for Mo production
using thermal neutrons) than other methods of production.! Multipurpose research reactors are ideal
for Mo production because of their ability to irradiate various targets at high neutron flux rates (usually
around 10 -10 neutrons per square centimeter per second (cm Vs ). Higher neutron fluxes mean
more neutrons are present per unit area, leading to an increased likelihood of reactions occurring. The

U nucleus absorbs a thermal neutron and initiates a fission process, producing two primary fission
fragments. These fragments undergo further radioactive decay, ultimately yielding over 200 distinct ra-
dionuclides, including Mo [4]. Most fission-based Mo was produced using Highly Enriched Uranium
(HEU) targets. However, because of the non-proliferation treaty, these targets are being converted to
Low Enriched Uranium (LEU) targets to avoid the risk of nuclear weapons. This has a significant impact
on the overall manufacturing costs and the quantity of nuclear waste, which increases by 200% [9].

Another reactor-based method for the production of Mo is through neutron activation of Mo (i.e.,

Mo(n, €) Mo). While this method has the potential to become a dominant reactor-based production
route, it faces significant limitations due to the very small activation cross-section (0.13 barns for thermal
neutrons), compared to the production cross-section of U fission (37 barns for Mo specifically) [10].
As a result, Mo produced through this method has a specific activity 2 to 4 times lower compared to

Mo generated by neutron fission, since only a small fraction of the molybdenum is converted to Mo
[11].2 Although Mo neutron activation has remarkable potential for generating Mo, its application
in Mo/ Tc generators using the existing alumina adsorbent is challenging. Finally, Mo can be
produced through photofissionof Mo (i.e.  Mo(€,n) Mo) where energetic photons are obtained by
the irradiation of heavy targets with electron beams coming from linear accelerators. The cross-section
for this reaction is similar to that of the Mo(n, £€) Mo, being 0.16 barn [13].

Most commercial Mo/  Tc generators are based on column chromatography, where Mo is ad-

sorbed onto the acidified alumina in the form of molybdate (MoO42_) [7]. When Mo decays, it forms
pertechnetate (TcO, ), which binds less tightly to the alumina due to its lower charge. As saline so-
lution (0.9% NaCl) passes through the column, an ion exchange process occurs between the chloride
and pertechnetate ions, sothat  Tcis eluded as sodium pertechnetate. However, because of the low
adsorption capacity of alumina (only 20 mg Mo per g alumina [14]) combined with the low specific activity
of neutron activated Mo, a large amount of alumina is needed in order to adsorb a significant amount
of Mo [15]. Studies are being conducted to address the issue of low specific activity products by ex-
ploring strategies such as enhancing Mo capacity through the use of nanomaterial adsorbents [15], or
employing alternative separation processes such as solvent extraction and electrochemical approaches
[16e]17]018].

Another way of tackling this problem would be to develop a new generation ofthe Mo/  Tc generator,
where the material would be used as both the target material for neutron-activated Mo production and
generator material for ~ Tc extraction. In doing so, the use of alumina adsorbents could be eliminated.
To achieve the aforementioned dual functionality, several characteristics are required for the generator
material. The material should have a high surface area, as this would minimize the amount of generated

Tc that remains 'trapped’ in the material itself, thereby increasing Tc extraction. Additionally, the
material should be highly stable both in solution and during irradiation. Lastly, a high retention capacity
for Mo is desirable to reduce impurities.

In this research, nanosized molybdenum silicides were investigated to be used as both target material for
neutron-activated Mo production and generator material for Tc extraction. Molybdenum silicides
are known to be stable at high temperatures and in harsh conditions, and exhibit excellent oxidation
resistance [19][20]. Nanostructured variants would provide a large surface to volume ratio, resulting in a
high overall surface area [21]. Nanostructured materials of MoSi, have not yet been neutron irradiated
and analyzed for their extraction potentials of Moand  Tc, while also thinking about their reusability.
This thesis aims to fill this research gap.

"The cross-section indicates the likelihood that a given nucleus will undergo a particular nuclear reaction. The probability term is
measured in cm and referred to as the reaction’s cross-sectional area. The used unit is barn, where one barn equals 10  cm
[8].

2The specific activity is defined as the amount of radioactivity of a particular radionuclide per unit mass of that radionuclide, normally
expressed as Bq/g [12].



1. Introduction

The main objectives to be achieved during this research were:
1. Synthesize nanostructured molybdenum silicides
2. Study the chemical stability of this material in various solvents
3. Investigate the extraction potential of Mo and Tc from this material

4. Study the retention of Mo and Tc in the material






Theoretical Background

2.1. Production of 2*Mo

2.1.1. Fission-produced Mo

Mo can be produced in a variety of ways, one of which is the fission of uranium targets in a reactor.
The classification of these targets is based on the content of the fissile U radioisotope. These include
natural uranium (U content =0.72%), LEU (0.72% < U < 20%), HEU (20% < U < 90%) and
weapons-grade Enriched Uranium (U content > 90%) [4]. The majority of Mo for medical applica-
tion is created through the fission of highly enriched uranium (HEU)-based targets, such as uranium-
aluminum alloys. Mo can also be produced using low-enriched uranium (LEU) targets. However, it
would only produce around 20% of the Mo yield compared to HEU for the same target mass [22]. In
nuclear reactors, thermal energy and the fission neutron spectrum play a crucial role in the production of

Mo. The U nuclei absorb thermal neutrons to initiate fission. The fission of the U nucleus yields
two to three lower mass nuclei known as fission fragments. In a nuclear reactor, uranium targets are
exposed to a high neutron flux for five to seven days, resulting in the production of 6% Mo (produc-
tion cross-section = 37 barns) [23]. The most common radioisotopes produced by fission include Mo
(whichdecaysto  Tc), I,and Xe. The relevant fission reaction for this is:

235 236 134

U + "Nypermar H#% 220U #4246 Mo + 3*sn +3'n (2.1)

After irradiation, targets are transferred to processing facilities with hot cells to separate and purify Mo
from other fission products. The carrier-free purified Mo solution is then loaded in the Mo/ Tc
generator. As Mo has a relatively short half-life (t , = 66 h), this must be done in as little time as
possible, to minimize the decay of Mo. The quantity of Mo generated is referred to as the "six-day
Curie”, the amount of Mo radioactivity that is still present 6 days after processing [24].

2.1.2. Neutron-capture-produced Mo

Molybdenum has several naturally occurring isotopes, Table 2.1, amongst which Mo is the most abun-
dant with 24.29%. Natural or enriched Mo targets can be activated by the capture of thermal neutrons
in the thermal flux of conventional research reactors to yield Mo (eq. 2.2).

Table 2.1: Naturally occurring molybdenum isotopes [25].

Isotope Abundance Thermal (n, ) cross-section

[%] [barn]
Mo 14.65 0.08
Mo 9.19 0.34
Mo 15.87 13.4
Mo 16.67 0.55
Mo 9.58 2.20
Mo 24.29 0.13
Mo 9.74 0.20
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98Mo + 'Ninermar HES Mo + ¢ (2.2)

Only a little amount of molybdenum is converted to Mo, resulting in a Carrier-Added (CA) product with
poor specific activity [26]. In other words, Mo activity is diluted by the presence of the inactive Mo
target. Using enriched Mo target material improves the specific activity. The increase is proportional
to the enrichment factor. Using enriched targets with a Mo content of 296% can increase the specific
activity yield of Mo by four-fold [4]. One of the main factors that limit the specific activity is the small
neutron capture cross-section of Mo targets (0.13 barns for thermal neutrons). If the irradiation is
carried out in the epithermal energy zone, this number can be raised to 6.7 barns [27]. However, there
are very few nuclear reactors which are sensitive specifically to neutrons in the epithermal energy region
[28].

2.1.3. Accelerator-based Mo production

Mo can also be produced using modern particle accelerators. This route would eliminate the need
for HEU targets as well, and generate relatively low amounts of radioactive waste compared to the use
of nuclear reactors [13]. The principle behind it is to accelerate charged particles, such as protons,
deuterons, or electrons, in order to cause nuclear reactions in the material of interest. The accelerated
particles can sometimes even interact with the target material to directly produce Mooreven  Tc. An
overview of the main production routes for accelerator-based Mo production can be found in Table 2.2.

Table 2.2: The main accelerator-based production routes for Mo [4][13][29][30][31].

Facility Accelerated particle Incident particle Target material Nuclear reaction Production
cross-section
[barn]
Electron accelerator  Electron Photon ‘U U(E,f) Mo 0.01
Electron Photon Mo Mo(é,n) Mo 0.16
Deuteron accelerator Deuteron Neutron Mo Mo(n,2n) Mo 15
Deuteron Deuteron Mo Mo(d,p2n) Mo 0.30
Proton accelerator Proton Proton Mo Mo(p,pn) Mo  0.15
Mo(p,2p) Nb
— Mo 0.16
Proton Proton Th Th(p,f) Mo 0.03
Y-particle accelerator  Y-particle Y-particle Zr Zr(Y,n) Mo 0.185

With electron accelerators, a high-intensity electron beam strikes a dense target material to generate
Bremsstrahlung photons. These photons are then used to produce Mo through two different methods;
a photon-induced fission reaction or photon-induced nuclear reaction. In the photon-induced fission
reaction, high specific activity Mo can be obtained from the reaction  U(€,f) Mo. However, when
comparing it to the neutron-initiated uranium fission method, the production output is around 3700 times
lower as it has a much smaller reaction cross-section (0.16 barn) [13]. Following the photonuclear
transmutation reaction, one can produce Mo according to the reaction  Mo(€,n) Mo.

Through bombardment of high energy neutronson Mo, Mo can be produced following the nuclear
reaction Mo(n,2n) Mo. The cross-section for this reaction is about 1.5 barn, which is ten times
higher than the cross-section for Mo(n,£) Mo in the thermal region. Furthermore, a high-intensity
neutron flux of 210 n/cm s and an irradiation period of more than 8 days are needed [32]. However,
low specific activity Mo will be produced even when 100% enriched Mo is used, due to the inability
to chemically separate the radionuclides [4].

Lastly, much research is done into other possibilities that make use of protons or deuterons for the
production of Mo. An example of this is the  Mo(p,pn) Mo reaction. However, this reaction has a
low cross-section (0.15 barn) and yields low amounts of Mo [29]. In contrast, the reaction cross-section
of Mo(d,p2n) Mo is twice as high (0.30 barn). However, irrespective of the higher cross-section, low
specific activity Mo will be produced.
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2.2. Production of ®® Tc (**Mo/*® Tc generator)

A Mo/ Tc generator, also known as 'technetium generator’, is a device utilized for the extraction of
technetium produced from Mo. A typical generator includes a small alumina column, tubing, valves,
and filters for technetium extraction, as well as lead shielding for radiation protection (see Figure 2.1).
Alumina is used as it is known to have high radiation resistance and affinity for specific inorganic ions
such as Mo [33].

Evacuated Vial Saline Vial
A | Vent

T

Filter One-Way Filter

| **Mo Column

Lead Shield_| /

L

(CY (b)

Figure 2.1: (a) External view of a technetium generator produced by TechneLite. (b) Schematic diagram of the internal structure
of a technetium generator [7][23].

In a typical technetium generator, Mo in the form of molybdate (MoO42_) is adsorbed onto the alumina
column. Mo decays in the column, forming pertechnetate (TcO, ). Because pertechnetate has a
single charge, it is less tightly bound and has relatively limited interaction with the alumina. On passing
saline (0.9% NaCl) solution through the column, an ion exchange process occurs between chloride and
pertechnetate ions [34]. Over the generator’s lifespan, the elution yields more than 80% of the theoretical
amount of Tc from the molybdenum Mo column [22]. There are two types of columns available:
dry and wet column generators [33]. In dry generators, a set volume of saline is used for each elution.
Saline is pulled through the column by a vacuum that is created by an evacuated vial attached to the
outlet. In a wet generator, a saline reservoir is permanently attached to the inlet. During elution, saline
is replaced from the reservoir, keeping the column full of liquid between elutions [35]. Generally, the wet
generator has a higher  Tc elution efficiency (>85%) than the dry generator (>80%) [36]. However, it
is challenging to load consistent levels of Mo during wet generator fabrication.

Due to the decay of Mo in the generator, a continuous in-growth of ~ Tc takes place. As the mother
nuclide (  Mo) has a longer half-life than the short-lived daughter (  Tc), a radioactive equilibrium is
established. This state is called either a secular or transient equilibrium, dependent on the ratio of the
half-lives. Secular equilibrium arises when the mother’s half-life is much bigger than that of the daugh-
ter nuclide, t , »ty, . It is called transient equilibrium when t , >t ,
as is the case in the Mo/  Tc generator system [37]. This transient equilibrium is reached after
approximately four elapsed half-lives of  Tc [4].
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100.0 77.7 60.4 46.9 36.5 284 220 17.1

100 (% parent activity)

Radioactivity (%)

9omrp e
build-up

Time (days)

Figure 2.2: Radioactive decay of Mo and build-up of Tc for multiple elutions of a technetium generator [38].

From Figure 2.2 it can be seen that duringthe = Tc ingrowth, its production is a lot faster than its decay.
Once the equilibrium is established, the Tc decay and growth rate are equal. Following elution, the
generator repeats the process, with Mo decaying to produce fresh Tc. As a result, Tc begins
to be regenerated again. The correlation between the Tc growth and the decay of Mo can be
explained using the Bateman equations [4][39]:

The decay of Mo can be expressed as:

— =t (2.3)
= (2.4)

Where N indicates the number of Mo atoms at time tin sec., N is the amount of Mo atoms at t=0
s,and s the decay constantof Moins

As the production of  Tc equals the decay of Mo, the growth rate of  Tc can be written as:

Growth rate = Production £ Decay

= +
oy ( E ) (2.6)
Where N is the amount of  Tc atoms at time tin sec., is the decay constantof @ Tcins and

N isthe amountof @ Tc atoms at t=0 s.
To obtain an equation in terms of activity, one can use the relation: A = N. This results in:

= (2.7)

=—— ( & )+ (2.8)

Here, A is the activity of Mo in Bq at time t (s), A is the activity of Mo in Bq att=0 s, A is the
activity of  Tcin Bgattimet(s)and A is the activity of  Tcin Bqatt=0s.

Equation 2.8 can be used to quantify the eluted radioactivity.



TKHRUHWLFDO %DFNJURXQG

S8WLOL]LQJ KRWDWRP FKHPLVWU\ SULQFLSOHYV

+RW DWRP FKHPLVWWKH VWXG\ RI FKHPLFDO UHDFWLRQV LQYROYLQJ WKH
DWRPV PROHFXOHV LRQV DQGUDGLFDOV 5HVHDUFKLQFOXGHV WKH SUF
WRFKHPLFDO SURFHVVHV EXW PRVW@\ E\QQW K B HDIDWSWURF HVK/H ¥ K:HP LF D O
GXULQJ QXFOHDU WUDQVPXWDWLRQV IRUH[DPSOH GXH WR DFWLYDWLRQ
YDWLRQ PHWKRGV LV QHXWURQ DFWLYDWLRQ 7KLV LQYROYHV LUUDGLDW
QHXWURQLVDEVRUEHG E\WKH WDUJHW QXFOHXV 7KHFRPSRXQG QXFOHX
VWDWH DQG HPLWV JDPPD UD\V D SURWRQ D QHXWURQ RUDQ DOSKD SD
> @ ,WLVDOVR SRVVLEOHIRUD UDGLRQXFOLGH WR XQGHUYRRUWULRXV G
"M GHFD\ ZKLFK LV DFFRPSDQLHG E\ WKH UHOHDVH RI HQHUJ\ 7KLV HQHU.
FOHVLQYROYHGLQ WKHUHDFWLRQDQG FDQEHFDOFXODWHG E\ XVLQJ WK
UHFRLO HQHUJ\UHFHLYHG E\ WKH GDXJKWHU QXFOLGH LV GHSHQGHQW R(
SKRWR@ FKHVH UHFRLOLQJDWRPV DUH UHIHUUHG WR DV KRW DWRPV EHF
FDQWO\JUHDWHU WKDQ WK H U R@ CN FPXIHPLLEWDLIOK P LYDEODQHVWH HUJLHY EHW ZH
IURP WR N>PRRODSSUR[LPDWHO\ & HN-PRO WKLV ERQG FDQ EH EURN
LI WKH UHFRLO HQHUJ\ LV KLJK HQRXJK FDXVLQJWKH SURGXFHG UDGLRQ:
ERQ Ga>

7KLV SULQFLSOH FDQ EH XWLOL]HG WR SURGXFHUDGLRQXFOLGHV ZLWK KL
PRWKHU DQG GDXJKWHU U D GHRIXFENRG K HVKBEKM PWLW\ RI OR DWRP ERQG!
DQ HQHUJ\RIDURXQG H9 VR WKDW SURPSW JDPPD HQHUJLHV RIDURXQG
KLIJK HQRXJK UHFRLO HQHUJL@W R FUUH] N ADRAHHPOR RI WKH HPLWW
JDPPDV KDYH KLJK HQRXJK HQH U@\ WRURMDKH/HPIREBIRE B K B\ FAWRWKHUH LV

DQ SUREDELO LW \S\WWKDMW FOKH KDYH WKH PD[LPXP H3D HUIKI\VRU H V X0\ ¥ L Q V
GDXJKWHU WR KDYHD UHFRLO HQHUJ\RIDSSUR[LPDWHO\ H9 7KH UHFRI
RIWKLV HQHUJ\DQG WKHUHIRUH WKHERQG PD\QRW EH EURNHQ E\ UHFRL(
RIDWRPLF QXPESHBDNADXVHY DOO HOHFWURQV WR EH H[FLWHG 7KH HPL
VKHOO JHQHUDWHYV HI[FLWDWLRQ HQHUJ\ D@G FDQ EUHDN FKHPLFDO ERQG

‘ROWHUEHHN + 7 DQG %RGH 3 KDYHUHSRUWHG PHWERBR RV QHRXIVDUFRIGI D V |
DFWL\APEO\RNGLQJ WKHVH SU® QFRS OHHW WV WKDW KDYH EHHQ XVHG IRU WKLV Z
KH[DFDUERQ\O@ORRQR\EGHQXP 9, GLRFRGLRIRQOWEGR2® PRO\EGHQXP
QDQRSDUANLR®HUQG RWKHU PRO\EGHQXP WULFDUERQ\O FRPSRXQGV 7KH
ZHUH ILUVW GLVVROYHG LQ RUJD QY8 RIROH[MQMD ¥ WH & WV IZELBRQ WRKHRXV E
WLRQ 'RLQJVRLQFUHDVHG WRRBATHIPLAWRDARNVLYLWDRILQJWKHPHWKRG FI
WR WKDW Rl WKIRBURKGOF HG WK UR X 3R L@V I+RERYHU WKHVH RUJDQLF FRP
ZHUH REVHUYHG WR EH HDVLO\ GDPDJHG E\WKH JDPPD UD\VDQG QHXWUR
> @

8VLQJ LQRUJDQLF WDUJHWV FRXOG EH D EHWWHU DOWHUQDWLYH DV WK
WR WKH JDPPD@ DSWWXG\ RQ WKH FKHP LFDRO H freiFF WWDFFIWALIRID) RQ PRO\VEGH
QXP ,, FKORU&G&® OR RQH RI WKHVH DOWHUQDWLYHV ,W ZDV FRQFOXGH
JRRG SURVSHFWV IRU SUDFWLFDO DSSOLFDW@R QY RMKWHU\ZR OIS ¥ \R1 JIRU R X!
LQYHVWLIDWHG W KMDUWIH WNOIRQG FRQFOXGHG LW WR EH D SURPLVLQJ LU
LQYORAATTFE\ WKH PHWKRG :KHQ XVLQJZDWHU IRUUDGLRLVRWRSH H[WUD
DURXQG FRXOG EH @F XHWYWKGHYPRUH D QXPHULFDO VWXG\YBRZHG WKD\
FRXOG UHFRLO RXW ZKHQ PRO\EGHQXP GLVXOILGH QDQR@D YRVAHDHY DUH
FRPSDULQJWKHVH GLIIHUHQW PHWKRGV LV GLIILFXOW DV WKH\DOO XVH

W LV JRRG WR QRWH WKDW QRQH RI WKH ZRUNV SUHVFQMW 8 G RV DMARPH G
SULQFLSOHV 7KHVH ZRUNV ZHUH UDWKHU IRFXVHG RQ WKH SRWHQWLDO §
SRXQGV DV RSSRVHG WRRAEBQREXEWVRIG WR SURGXFHANRWKNBSWHRIMLF DF
FRPSDWLEOH ZLWK H[LVWLQJ WHFKQHWLXP JHQHUDWRUV
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)XQGDPHQWDOO\GRIfHEBHO@HUDWRU

$V GHVFULEHG LQ WKH SUHYLRXV V H FADIRF® QVEKHH LVPSSHR. Y HFG DVF KLY X 3K\ W K H
KRW DWRP FKHPLVW$"ORKB @ MWKHQ EH ORDGHG LQWR FRQYHQWLRQDO WH|
SURGXFH WKMGRAWRZHMYHU WKHGLVDGYDQWDJHRIWKLYPHWKRGLVLWV G
\LHOGV DQG VLJQLILFDQW 8 ® B UFKHPIHIQP HIDFMWIRISU R D FAOFRRZL VK E@ WRH H W
PDWHULDO DOORZLAATW WRLOHFDHEDWWKHUH ZRXOG EH DGGLWLRQDO R
UXSWXUH WR RFFXU WKURXJK FKHPLFDO HIIHFWV VXFK DV UHFRLO HQHUJ
SRWHQWLDOO\LPSURYLQJWKMRAFWUDFWLRQ HIILFLHQF\ RI

,Q SUDFWLFH VXFK D V\VWHP PLJKW SDYH WKH ZD\IRUWKH GHYHORSPHQW
WKDW LV QRW OLPLWHG E\ WKH SK\VLFDO OLPLWV RI DOXPLQD EDVHG GHYV
UDGLRDFWLYHDWRPV DQ\XQUHDFWHG RUVWDEOHPRIFEGHPERZHOW OH
H[WUDFWHG IURP WKH PDWHULDO HOLPLQDWLQJWKHQHHGIRUDQDOXPL
QHZ RSSRUWXQLWLHV IRUPRUH FRPSDFW D Q GAMFLE L HXQWE JHQHIDIPWR B V
QLTXHV FDQ EH XWLOL]HG GXH WR LWV HDV\ XVDELOLW\ WKHLU ZLGHVSUH
DFFHSWDQFH LQ GR®S@WDOV >

YRUWKLV LGHD WR ZRUN WKH WDUJHW PDWHULDO PXVW PHHW FHUWDLQ N
PXVW EH KLJKO\ VWDEOH FDSDEOH RI ZLWKVWDQGLQJ KLJK WHPSHUDWX |
WDLQLQJ VWUXFWXUDO LQWHJULW\ HQVXULQJ WKDW L& B EW URIQN @ G\
PDWHULDOV ZLWK KLJK VXUIDFH DUHDV VKRXOG EHAY'ABOWIKIWA & MFRDR QYL P
"WUDSSHG  ZLWKLQ WKH PDWHULDO WKXV LQFUHDVLQJ WRRRIWUDOO \L
GHFD\HG QMWW KH WDUJHW PDWHULDO FDQ WKHQ EH VHQW EDFN WR D UHD
DOORZLQJ IRU D FRQWAQKRIR/GAAFWHRRQY XQWLO DOO PRO\VEGHQXP KDV EHH
FHVV FRXOG VLJQLILFDQWO\ LPSURYH ERWK WKH VXVWDLQDELOLW\ DQG
GHFUHDVLQJWKH GHSHQGHQF\RQ WUDGLWLRQDO JHQHUDWRU V\VWHPV L

ORO\EGHQXP VLOLFLGHYV

ORO\EGHQXP VLOLFLGHV EHORQJWR WKHJURXS RIWUDQVLWLRQ PHWDO V
ERWKPHWDOOLFDQG FHUDPLF SURSHUWLHYV ZLWK WKHDGYDQWDJHV RI1 .
DWXUH UHVLVWDQFH DQG R[LGDW L@ Q7 KRIWUWRR¥LL E QQIHMLSAKADIYVRIBEEHLD JU D P
VKRZV WKDW WKUHH VWRLFKLRPHWULHY KDYH EHHIQ 0RBLQ@® GRARBRO\VEGH Q
%RWK®AORDQG ORP®IH VWRLFKLRPHWULF FRPSBRXQE\D ERARHDYHIIRNY UDQJH R
DW 6L

7KH FU\VWDO VWUXFWXUH RI WKHVHHF ORER PGRBWNV W FXELF $ VWUXFWX
DWRPV LQ WKH XQLW FHOO FRQVLVWLQJ RI PR®D\D&®HXPVIHYEF HWIDOLFF
ERG\ FHOWHUHG WHWUDJRQDO VWUXFWXUH ZLWK D ODUJHU XQLW FHOO [
VLOLFRQ DWRPADWRBHYV WZR SKDPVHYKDWKHH RQG WKSK&VH 7TKH &
VWUXFWXUH KDV, PPP V\PPHWU\ ZLWK VL[IRO G IFRIRYGAVDMAMNHHE KK)[ D HRE Y
VHTXHQFH DORQJ WKH >@ @, G IFRHPEWURYRQ WKH & VWUXFWXUH H[KLELYV
FRQVLVWLQJ RI LGHQWLFDO KHYMRENHGOD DQVSRI&BRGEE VHTXHQFH :KLOI
VWUXFWXUH LV VWDEOH XS WR WHHPHODWYQYXESRHYWRYOBRKRZQ WKDW WK
SRUWHG KLJK WHPSHUDWXUH & SKDVHLVY OLNHO\VW@ELOL]JHG E\ WKH SU

7TKHHQULFKPHQW IDFWRULVGHILQHGDV WKHUDWLRE\ZKLFKWKHVSHFLILFDFWLYLW\LQFULF
WR ZKHQ QR VHSDUDWLRQ LY SHUIRUPHG XQGHWLGHQWLFDO LUUDGLDWLRQ FRQGLWLRQV >
$ KRPRIJHQHLW\UDQJH GHQRWHYV WKH ERXQGDULHV ZLWKLQ ZKLFK WKHar XDQWLW\ UDWLR RI
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JLJIXUH 6 FKHPDWLF LOOXVWUDWLRQV RI WKH
JLIXUH %LQDU\OR 6L SKDVH@LDJUDP ¥WUXFWXUHV RIPRO\EGHOQRBYVEOLFLGHV $
OR6L & ORLDQG 'OR6L> @

2l WKHVH VWRLFKLRPHWULKPR DPSRXQOBGANW BIG6RRVW UHVHDUFK LQWHUHVW
SRLQWA& UDWKHUORZGHQVLW\ KLIJIKHOHFWULFDO FRQGXFWLYLW\DQG
R A& > @>@ 7KH\KDYH LPSRUWDQW DSSOLFDWLRQV LQ WKH PLFURH
XVHG LQ LOQWHIJUDWHG FLUFXLWV IRUG6FKRWWN\EDUULHU® 28HVEGRQWD
WKHVHDSSOLFDWLRQV WKH\DUHDOVR XVHGIRUKHDWLQJFRPSRQHQWYV I
<HW DSSOLFDWLRQV DUH OLPLWHG GXH WR ORZ WRXJKQHVY DW URRP WH
WXUHVY DQG SRRU RILGDWLRQ UHVLVWDQFH DW LF‘&IO:D@/LBHGXBIR(ZJV\W—II‘PI—BH
JUDLQ VLIHV EHORZ QDQRPHWHUYV FDQ RSWLP 11]BHQRK K \FDLOKBRNHH Q R QL F
VXSHULRU IUDFWXUH WRXJKQHVV DQG IOH[XUDO VWUHQJ&K FRPSDUHG W

9DULRXV PHWKRGV KDYH EHHQ LQYH VW L J DQHTRIRDUWHKHF @ HYW RKNY W RQER
SURSDJDWLQJKLJK WHPSH@ BAWRUMRKREGW KB Y HW @ Y@K RPHIEKD QLFDO DOOR\L
> @>@>@ VRQRFKHPLFDO@ IMWKFHWHRLFDO YDSRU GH SR VARAHRMHPH YRR B V
RIWKHVHPHWKRGV DUH SHUIHFW 7KHVRQRFKHPLFDO PHWKRG LQGXFHV L
FRQWDPLQDQWVYV IURP WKHVROYHQW OHFKDQLFDO DOOR\LQJLQWURGXFH
REWDLQHG SURGXFW KDV ODUJHU PLFUR VL]HG SDUWA FXKH\QZIRWIO R ZLMQ R
VHOI SURSDJDWLQJKLJK WHPSHUDWXUH VIQWKHVLY SRUHV DQG FUDENYV
QDWXUH WKHUPDO VKRFN DQGVWHBY®NKEPRZDYD GLOWKWN\ALY UHVXOW
SDUWLDOO\UHDFWHG DQG@QUHDFWHG UHJLRQV >

2Q WKH RWKHU KbQG VRO JHO SURFHVVHV KDYH EHHQ VWXGLHG DV HVW|
RI QDQRPDWHMULBOQWR¥HUYLHZ RI WKLV PHWKRE LMAKURKI®Q PRGLILFDWLRQ
WKHVH SURFHVVHV LW VKRXOG EH SRVVLEOH WR VIQWKHVL]H PRO\EGHQX
WKH QDQRPHWHAS@FBOBLEWLRQDOO\ PRO\EGHQXP VLOLFLGH QDQRPDWHU
VIQWKHVL]HG WKURXJK PDJQHVLRWKH&PLF UHGXFWLRQ PHWKRGYV >

JLIXUH 6FKHPH RI WKH VRO J@0O0 PHWKRG >
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OHDVXUHPHQW WHFKQLTXHYV

%UXQDXHU (PPHWW 7HOOHU % (7 DQDO\VLV
%UXQDXHU (PPHAYWDTDHGOWUY LV XVHG WR GHULYH W KK VRSIFFK HL\EDPXSUO B W H [
7KHIXQGDPHQWRI % (7 WKHRU\LV WKHDGVRUSWLR Q@R | TKLV\SK @ Q/KPHDR\H
RULJLQDWHYV IURP YDQ GHU :DDOV IRUFHV JHQHUDWHG E\ DQ DGVRUEDW
PROHFXOHV RQ WKH VXUIDFH RI D VXEVWDQFH WKDW DGVRUEV WKHVH SI
SK\WLFDOO\ RU FKHPLFDOO\ &KHPLFDO DGVRUSWLRQ UHVXOWYV IURP D Fk
WKH DGVRUEDWH JDV ZKHUHDV SK\VLFDO DGVRUSWLRQ LV UHODWHG V
RI DGVRUEHG JDV RQ WKH DGVRUEHQW PDWHULDO FDQ EH DWWULEXWHG
LQIOXHQFH WKLV SURFHVV LQFOXGLQJWHPSHUDWXUH SUHVVXUH DQG F

JRXULHU 7UDQVIRUP ,QIUDUHG 6SHFWURVFRS\ )7,5
JRXULHU 7UDQVIRUP ,QIUDUHSLE/SKFMAUI R RARBX G\ WKH IXQFWLRQDO JURX:!
E\PHDVXULQJ WKH LQWHQVLW\DQG ZDYHOHQJWK &1 WKRH ¥V EVDRUHSW®R @ R
VKLIWLQDPROHFXOHTVY GLSROHPRPHQW XVLQJWKHFRQFHSWRIYLEUDMW
DEVRUSWLRQ ZDYHOHQJWKYV ZKLFK DUH GHWHUPLQHG E\ WKHDWRPV LQY
ODULQWHURFWQR@V,5 VSHFWUXP WKH WUDQVPLWWDQFH RUDEVRUED(
ZKHUHDV WKH [ D[LV UHSUHVHQWV W IKH SHDHNYXREWHKWHRAPSHFWUXP DUH VS
I[UHTXHQFLHV RI ,5 UDGLDWLRQ WKDW GLIBHUHQW W\SHV RI ERQGV DEVRUE

*HUPDQLXP JDPPD FRXQWHU
7TKHJIJHUPDQLXPJDPPD FRXQWHU LV D GHYLFH XVHG WR PHDVXUH WKH JDPI
SOHVY WR DVVHVV WKHLU UHODWLYH DFWLYLW\ 7KLV LQVWUXPHQW FRQ
DVVHPEO\DQG VLIJQDO SURFHVVLQJ GHYLFHVY WKDW DUH FRQQHFWHG WR
> @ 7KH GHWHFWRU LV PDGH RI D VHPLFRQGXFWRU FU\VWDO WKDW VLW\
%YHWZHHQ WKHHOHFWURGHY D SRWHQWLDO GLIITHUHQFH LY FUHDWHG VR
FRQGXFWRU _KBI\QSKRWRQ UHDFKHVY WKH VHPLFRQGXFWRU LW JHQHUDW
FU\VWDO WKDW DUH SURSRUWLRQDO WRWKHHQHUJ\ORVW E\ WKH SKRWR(
ZKLFK UHVXOWV LQDQLQGXFHG FXUUHQW SXOVH LQ WKHH[WHUQDO FLUF
WLRQDO WR WKH HQBUSKBR\RQ ¥\ 7TKHVH SXOVHVY DUH WKHQ VHQW WR D P>
DQDO\HU ZKLFK VRUWYV DQG VWRUHV WKHP SURGXFLQJ D SXOVH KHLJK
QXFOLGH FDQ EHREWDLQHG E\LQWHJUDWLQJRYHUD FHUWDLQ UHJLRQ RI

,QGXFWLYHO\ &RXSOHG 30DVPD ODVV 6SHFWURPHWU\ | &=
,QGXFWLYHO\&RXSOHG 30DV P P&BDOAL § DHFOVQURP\WWMLEDO WHFKQLTXH WKDW
PHDVXUH HOHPHQWYV LQ VPD @@ R QF WEW WDWSREVLOWURGXFWLRQ V\VWH
DUH QHEXOL]JHG WR FUHDWH D ILQH DHURVRO WKDW LV WKHQ WUDQVIHU!
WKHQ DWRPL]JHG DQG LRQL]JHG E\ WKH SODVPD SURGXFLQJLRQV WKDW DL
LQWHUIDFHUHJLRQDQG LQWR DQ HOHFWURVWDWLF OHQV VHW NQRZQ DV !
IRFXVHG LQWR WKH TXDGUXSROH PDVV DQDO\]HU E\ WKH LRQ RSWLFV ,RQ
EDVHG RQ WKHLU PDVV FKDUJH UDWLR P] DQG WKH GHWHFWRU PHDVXU
XVXDOO\XVHG WR FRUUHFW IRUGHYLDWLRQVLQLQVWUXPHQW RSHUDWLQC
WKDW FRXOG DOWHU WKH DQDO\WH VLIJQDO (YHU\VDPSOH KDV WKH VDPH
7KHDQDO\WH WR LQWHUQDO VWDQGDUG VLJQDO UDWLR LV WKHQ XVHG WF

6FDQQLQJ (OHFWURQ OLFURVFRS\ 6(0
6FDQQLQJHOHFWURQOPLVDRPHWRERG XVHG WR YLVXDOL]HWKHVL]HDQG PR
$ KLIKO\IRFXVHG HOHFWURQ EHDP LY GLUHFWHG IURPDQ HOHF&&VURQ JXQ
:KHQDQHOHFWURQ EHDP PHHWYVY WKH VDPSOH LWHPLWV ; UD\VDQG WKUF
SULPDU\ VHFRQGDU\ DQG $XJHU HOHFWURQV 6(0 XVHV ERWK SULPDU\
HOHFWURQY 7KHLGHQWLILFDWLRQ RIHOHPHQWDO FRPSRVLWLRQVLVDF
WHULVWLF; UD\V HPSOR\LQJD WHFKQLTXHNQRZQ(D6/ (@K U\ WIHFKHUW X¥HH
SURYLGHVDQRYHUDOO PDSSLQJRIWKH VDPSOHE\DQDO\]ILQJ QHDU VXUI
PHQWDO SURSRUWLRQ DW GLITHUHQW SRVLWLRQV
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7UDQVPLVVLRQ (OHFWURQOLFURVFRS\ 7(0
7TUDQVPLVVLRQ (OHFWUR QLVLEF WRIFKRINT XH WKDW FDQ EH XVHG WR REWDLQ
ORJUDSKLFFKDUDFWHUL]DWLRQRIVDPSO®@ V:XKHQWKKHKUSBWURQ EHYRQ X
ZLWK WKH PDWHULDO GLIIUDFWLRQ RFFXUV 7KHLQWHQVLW\RI WKLV GL
WDWLRQ ZLWK UHVSHFW WR WKH HOHFWURQ EHDP $W FHUWDLQ DQJOHYV
LWLV WUDQVPLWWHG DW RWKHU DQJOHYV 7KH VSHFLPHQYVY KROGHUV FD
GLIIUDFWLRQ FRQGLWLRQ 30ODFLQIJWKHDSHUWXUHLQVXFKDZD\WKDW V
XQVFDWWHUHG HOHFWURQV WR SDVV WKURXJK UHVXOWLQJLQDFRQWUL
GHIOHFWHG HOHFWURQV WR FUHDWHDQ LPDJHLVDOVR ®RVVLEOH UHVXC(

; SD\'LITUDFWLRQ ;5
; UD\GLIIUDFWLRQ LY D PHWKRG WKDW LV XVHG WR FKDUDFWHUL]JH WKH FL
RQWKHGLIIUDFWLRQRI; UDB\'VFDRHESWAOGFHSOWRRG IURP %UDJ#V ODZ RI

Q@ G—VL®

+HUH WKH Q VWDQGYV IR U WK GIK HUDFWHLARHOQR W&KHJU WKH LQFRPLQJ[ UD\ EH
IRUWKH @JUDWLQJFRQVWDQWY DOVR F BIOVOWM I HMK@I O BIVE W WZHH VI HDEK B U DQ F
RQ WKH SODQH VXUIDFH DQG WKH VDPSOH

: 5D\ GLIIUDFWLRQ SDWWHUQV DUH FUHDWHG E\ LQWHUIHUHQFH RI D EHDF
7KHGLVWULEXWLRQRIDWRPV ZLWKLQ WKH O @®W WKIAHLGH RHRPWQREY BV B R (
LQWR D JUDSK ZKHUH WKH LQWHQVLW\ RI D SHDN LV SORWWNG DIOHFV W \
DUH VXEMHFWHG WR ;5' DQDO\VLV WR SURYLGH LQVLJKW LQWR WKHLU VV
LGHQWLILFDWLRQ






ODWHULDOV OHW

7KLV FKDSWHU JLYHVDQ RYHUYLHZ RI WKHPDWHULDOV XVHG DQG H[SODL

ODWHULDOV 'HYLFHYV
7KH FKHPLFDOV XVHG FIDEBH IRXQG LQ

7TDEOH 2YHUYLHZ RI FKHPLFDOV

&KHPLFDO &KHPLFDO )RUPXOD 3XUIBWSSOLHU

$PPRQLD 1+ DT OHUFN 6LJPD

$PPRQLXP KHSWDPRO\EGDWHER2 r + 2 ! OHUFN 6LJPD

(WKDQRO &+ 2 . 6LIJPD $OGULFK

+\GURFKORULF DFLG +&0 . OHUFN 6LJPD

+\GURIOXRULF DFLG +) . 9:5

,VRSURSDQRO &+ 2 . +RQH\ZHOO

ODJQHVLXP 0J -7 %DNHU

OHWK\O HWK\O NHWRQH & + 2 . 6LIJPD $OGULFK

0LOOL4 ‘o 8OWUDSXUH ZDWHU V\VWH
$GYDQWDJHS$ OHUFEN

ORO\EGHQXP GLVLOLFLGGOR6L $01D $HVDU

OR ZW PLQ
6KDQJKDL ODFNOLQ

6LOLFRQ GLR[LGH PLFURVSKHUHV QP 6L2 %LRFKHPLEDO &R /WG
(]

6LOLFRQ GLR[LGH2 ZzZW 61Q + ZW $O0ID $HVDU
6 XFURVH & + 2 - 7 %DNHU
THWUDHWK\O RUWKRVLOGIFR& H 6LIJPD $OGULFK

7TKHLQVWUXPHQWVY DQG DSSDUDW XWDHD KN @ GDED@H BJHH MSHFGVILP H O\



ODWHULDOV OHWKRGYV

7TDEOH/LVW RIDOO WKH LQVWUXPHQWYV XVHG

,QVWUXPHQW 7\SH 6XSSOLHU
6HPL OLFUR $QDO\WLFD.O, ,
%DODQFH $ ' LQVWUXPHQWYV /7
EDODQFH *5
)7,5 VSHFWURPHWHU 1ILFROHW L6 )7,5 7KHUPR 6FLHQWLILF
+3*H GHWHFWRU *H /L GHWHFWRU PRGHIUQOFHWRQ *DPPD 7HF
&3 06 1H[,21 ,&3 06 6LQJOH TXDW 3HUNLQ(OPHU

6FDQQLQJ (OHFWURQ OLFURYERSH 6(0

) -(2/
ZLWK ; UD\VSHFWURVFRS\

6XUIDFH $UHD DQG 3RURVLWUDRD®WO VU HU OLFURPLPHWLFYV
7TUDQVPLVVLRQ (OHFWURQOLFURVFRSH 7(0 -(0 -(2B0XV 7(0
; UD\3RZGHU 'LITUDFWRPHWHRYHUW 3UR 03" 77. 3$1DO\WLFDO

7TDEOH/LVW RIDOO WKH DSSDUDWXV XVHG

$SSDUDWXV 7\SH

&HQWULIXJH P/ OHJD 6WDU 5 FHQWULIXJH
&HQWULIXJH (SSHQGRUI OLFURG6WDU 5PLFURFHQWULIXJ
YXUQDFH &DUEROLWH 7) WXEH IXUQDFH

ODJQHWLF VWLUYHDWHU DQG PDJQHWLF VWLUUHU $UHF
2YHQ &DUEROLWH +7&5 RYHQ

2YHQ 9HQWULFHOO HFRO OLQH

3LSHWWH/ %WLRKLW

SLSHWWH P/ *LOVRQ

SLSHWWH P/ *LOVRQ

6RQLF EDWK S8OWUDVRQLF FOHDQHU
O9DFXXP RYHQ IDFXWKHUP

ODWHULDO VIQWKHVLYV

,Q WKLV VWXG\ WKUHH GLVWLQFW PHWKRGRORJLHYVY ZHUH HPSOR\HG WR \
PHWKRGYV DUH RXWOLQHG EHORZ

OHWKRG 6ROxJHODQG FDUERWKHUPLF UHGXFWLRQ PHWKRC(
7KH ILUVW VAQWKHVLV LV EDVHG RQ WKHPHW KRR ® EP R Q XX Pl W HBW DP RO\ E (
WHWUDK\GUDR/H ¥ 42@ DQG JRIVXFURVHZHUHGLVVROYHGLQ P/RIGH
LQ DJODVV EHDNHUDQG VWLUUHG IRU PLQXWHV XVLQJD PDJQHWLF VWL
K\GURFKORULF DFLG 0 ZDVDGGHG ZKLOH VWLUULQJFRQWLQXRXVO\ IR
EOXH B6XEVHTXHQWO\ P/ RI WHWUDHWK\O RUWKRVLOLFDWH 7(26 DQC
WKH PL[WXUH ZKLFK ZDV VWLUUH& IRKHDWQRWXIOML KR YR OWWLRQ ZDV OHIW
WHPSHUDWXUH IRU KRXUV $IWHUZDUG P/RIDPPRQLD VROXWLRQ ZDV
ZDV GULHG XQGHU YBARKP PRIXUV 7KH GULHG JHO ZDVFRROHG DQG WUDQ\
FUXFLEOHDQG SXW LQ WKH VLQWHULQJIXUQDFH XQGHU DQ B&URWY DWPRYV
KRXUV EHIRUH EHLQJ URRPBHG WBRWQG VLQWHUHG IRUDQRWKHU KRXU\
SURGXFW ZDV ULQVHG ZLWK D K\GURIOXRULFDFLG +) VROXWQRQ 0LOO
YDFXXP RYHQ RYHUQLJKW \LHOGLQJWKH ILQDO SURGXFW

7KLV VIQWKHVLY ZDV UHSHDWHG UHVXOWLQJLQ WZR VHSDUDWH EDWFKF
3 DQG 3



ODWHULDOV OHWKRGYV

OHWKRG 6RO JHO SUHR[LGDWLRQ PHWKRG

7KH VHFRQG VIQWKHVLV IROORZHG WKH @ HVHBRIUFKCR E/G KXQR PHBW D OO £ FL G H
ZDV GLVSHUVHGLQ P/RIHWKDQRODQG WUHDWHG ZLWK XOWUDVRQLF GL
JHQHRXV GLVWULEXWLRQ 6XEVHTXHQWO\ P/ RI VRPOLFPRQ GGRA @R VR
WKHPL[WXUH GURSZLVH 7KHVXVSHQVLRQ ZDVVWLUUHGDW USPIRU K
DZHOO GLVSHUVHG VROXWLRQ DQG SUH YSHIRUWWW K® HAH G7LKFHH Q MWDXVOIVWRLAD B 1VA
ZDV FHQWULIXJHG DW USPIRU PLQ WR FROOHFW WKH SRZ&HU IROOF
IRU KDQG WKHRQIRW DQ DGGLWLRQDO K $IWHUZDUG WKH VDPSOH ZDV
SHVWOH WR EUHDN WKH DJJORPHUDWHYV DQ'& SO PR [L RUH & EQKM DK LQIQD
REWDLQ WKH ILQDO SURGXFW

OHWKRG ODIJQHVLRWKHUPLF UHGXFWLRQ PHWKRG

7KH WKLUG VIQWKHVLV ZDV GRQH DFFRUG L Q@ W)R UWWDHELRFSKD R W L HO W ZDHQ
VIQWKHVL]HG DFFRUGLQJ WR WKH PRGLILHG 6W|EHU PHWRRG P/ P/ RIDPP
RIHWKDQRO DQG P/ RIOLOOL4 ZHUH PL[HG DQG VWLUUHG DW URRP WHP
VROXWLRQ ODEHOHGDV VROXWLRQ$ $VHFRQGVROXWLRQ VROXWLRQ
RUWKRVLOLFDWH 7(26 WR P/RIHWKDQRO 6XEVHTXHQWO\ VROXWLRQ
$ $IWHU FRQWLQXRXVO\ VWLQDDR®SDRIW LK OMKH BIIUH REWDLQHG E\ FHQW |
USPIRU PLQ ZDVKLQJLW ZLWK 0'ROOL4 DQG GU\LQJDW

7R VIQWKHVL]H WRBBOGRPRBERVLWHYV JRIDPPRQLXP KHSWDPRO\EGDWH
> 1+0R2 r+2@DQG JREGIWH GLVVROYHGLQ P/OLOOL4DQG VWLUUHG IF
KRPRIJHQHRXVO\ GLVWULEXWHG VROXWLRQ 7KH& Y\RSHIQFR RIQ ZDW MUK HD@®
WKH REWDLQHG SRZGHU ZB& IRWO AL QHG/ R YWLRI SRZEHRU 7R LQFUHDVH W
PRO\EGHQXP FRQWHQW WKH VIQWKHVLYV ZDV DOVR FRQGXFWHG XVLQJ
$IWHU WKIOR 2642V PL[HG ZLWK PDJQHVLXP SRZGHU ZLWK D PDVV UDWLR RI
XQGHU DUJRQ DWPRVSKHUH 7KH IXUQ D& 1D WDD/ U DYAHRRKH D @/Gl & WHRQ W R

A& ZLWK D UDPS MDMIMQRZIKHUH LW ZDV NHSW IRQDRQRFRF ERVRWH ZDV REWD
DIWHU LPPHUVLQJ WKH REWDLQHG SRZGHULQ 0+&0 VROXWLRQIRU K Wi
GU\LQJ Bew

&KDUDFWHUL]DWLRQ

7KH SDUWLFOH VL]H DQG PRUSKRORJLHV RI WKH FRPSRXQGV ZHUH DQDOC
FURVFB& $ WKLQ OD\HU RI VDPSOH ZDV SXW RQ GRXEOH VLGHG FDUERQ
DFFHOHUDWLRQ YROWDJH 7KH HOHPHQWDO GLVWULEXWLRQ DQG SXULW\
WLWDWLYHO\GHWHUPLQHG E\ (QHUJ\6 L WKHIRX.INKHGES\WM A AW R VB BDSM W D FK H G
7UDQVPLVVLRQ (OHFWURQZD¥FXRMBERBR DQDO\]H SDUWLFOH VL]HV DQG FK
JORPHUDWLRQ 7KLV ZDV GRQH DW DQ DFFHOHUDWLRQ YROWDJH Rl NHG
SHUVHGLQ P/RIOLOOL4DQG VRQLFDWHG WRDFKLHYHDKRPRJHQHRXV
SHQVLRQ ZDV GURS FDVW RQWR D 7(0 JULG PHVK FRSSHU 7KHVH ZHUH
EHIRUHEHLQJ DQ@O\]HG E\

BKDVHLGHQWLILFDWLRQ DQG GHJUHH R FU,5 WDHOMON QU VY REQUIH GLH WIHDWF R\LF
XVLQJ D &XD.GLDWLRQ VRXUFH 7KH GDWD ZHUH FROOHFWHE& LAQDWVFDQQL
DYROWDJH RI N9 DQG D FXUUHQW RIAPIE@ VFRIQ VDRSOHY ZHUH DQDO\]HC
DQ RSHQ VDPSOH KROGHU $FTXLUHG GDWD ZDV DQDO\JHG XVLQJ WKH VRI
B3RZGHU 'LITUDFW)RIURPOWKH QWHUQDWLRQDO &HQ@GWUH @RU 'LIITUDFWLRQ

7R VWXG\ WKH VXUIDFH FKHPLFDO JURXSV RI FHUWDLQ PDWHULDOV )RXL
)7,5DQDO\VLV ZDV SHUIRUPHG 7KLV ZDV GRQH XVLQJVROLG VDPSOHYV

ILWURJHQ DGVRUSWLRQ GHVRUSWLRQLVRWKHUEL PRARDRXVYBIPSHQN VP KHUH (
VSHFLILF VXUIDFH DUHD ZDV GHWHUPLQHG %Y R P QaUX\YD X H &% H PR BI AV AH DH/X!
PHQWYV WKHVDPSOHYV ZHUMRARIDVKH&BWHPRYH DGVRUEHG VSHFLHV

6WDELOLW\ WHVWYV
7KH VWDELOLW\ Rl WKH FRPPHUFLDDDVQWHMVOH 0L QRRW B G40RQG PHWK\O |
0(. 7KHVHH[SHULPHQWV ZHUH GRQHLQ WULSOLFDWH )RUH[SHULPHQW\
PJRIPDWHULDO ZDV G LMSHBEMHBQ®VRQLFDWHG IRU PLQ 7KHVDPSOHV ZH



ODWHULDOV OHWKRGYV

FHQWULIXJDO ILOWHUV DQG FHQWULIXJHG USP PLQ 7KHILOWUDMW
WXEH IRU OR EUHDNWKURXJK/DQBOKVLWG DM ZDY DGGHG WR WKH FHQWUL >
ZDV UHSHDWHG WLPHYV VR WKDW WKH VDPSOHV ZHUH ZDVKHG IRU D WRW!
7KH VDPSOHV FRQWDLQLQJ 08 RVMHUGUILKW BR'WKDW DOO 0(. ZDVHYDSRUD
W RI +&0 ZDVDGGHG LQWR HDFK WXEH

$IWHU WKLY WKH VWDELOLW\ RI WKHVH VDPSOHV RYHU WLPH ZDV WHVWH
RITUHVK PHGLD WR WKH FHQWULIXJDO ILOWHUV DIWHU WKH ZDVKHV DQG O
WKH OR EUHDNWKURXJK RYHU WLPH $JDLQ WKHILOWUDWH ZDV WDNHQ DI
WR VRDN IRUWKH QH[W WLPH SHULRG

$OLTXRWW RRU OLOOL4 VDPS@HNRD@G. VDPSOHV ZHUH GLOXWHG WR P/ ZL
SULRU WR ,&3 06 PHDVXUHPHQWY 7KH SHUFHQWDJH RI PRO\EGHQXP ZDV
GHWHUPLQHG EDVHG RQ WKH PHDMO®RIHG FRQFHQWUDWLRQ RI

,ZUUDGLDWLRQ H[SHULPHQWYV
7KH LUUDGLDWLRQ H[SHULPHQWY ZHUH SHUIRUPHG DW WKH +RJHU 2QGH |
'"HOIW %3 SQHXPDWLF LUUDGLDWLRQ IDFLOLW\ 7KH HVWLPDWHG QHXWU
SRZHURI 0: FDQ EH7IRE®G LQ

7DEOH 1HXWURQ IOX[HV RIWKH 3% SQHXPDWLF V\VWHP Rl WKH +RJHU 2QGHUZLMV 5HDFWRU
DW 0: >@

IHXWURQ W\SH IHXWURQ IOX]
7KHUPDO QHXWURQV * rHY:FPAA>
(SLWKHUPDO QHXWURQV r >HRP "M 9
YDVW QHXWURQV NH9 OH9FPAA>

$OO0O H[SHULPHQWY ZHUH GRQH LQ WULSOLFDWH 7KH XQFHUWDLQWLHYV ZH
WKH PHDQ LQ DEVROXWH WHUPV $00 VDPSOHV ZHUH FRXQWHG E\ WKH J
UHODWLYHAB‘(I?RD_Q’/(BW\R\MIUH DVVHVVHG E\ PHDVXULQJ WKH VSHFLILF JDPP
WKHUDGLRLVRWRSHYV NH9DQG @NH9 UHVSHFWLYHO\ >

AR DQ“@WF HIWUDFWLRQ \LHOG
7R PHDVXUH WKH H[WUBRWOEHYAEHOGMRI RI PDWHULDO ZDV LUUDGLDWHG |
IROORZHG E\D FRROLQJSHULRG RI KRXUVWRDOORZWKHGHFD\RIVKRU)
LQJ WKHFDSVXOHVY FRQWDLQLQJWKHLUUDGLDWHG PDWHULDOV ZHUH WU
OLOOL4 RUPHWK\O HWK\O NHWRQH 0(. 7KH VROXWLRQ ZDV VRQLFDWHG
E\UHSHDWHG SLSHWWLQJ u6RKIEWHA X®I WY WUDQVIHUUHG WR D FHQWULI
WULIXJHG USP PLQ 7KHILOWUDWH ZDV RRIDMHHNRMGZDY G B Q\V G (GIIX\
7KHVH WZR ILOWUDWHY FRPELQHG ZHUH WKH IUBWWW PECGKD ZIDMHDGEGHG WF
FHQWULIXJDO ILOWHU DQG FHQWULIXJHG 7KHILOWUDWH ZDV FROOHFWH
VR WKDW WKH PDWHULDO ZDV ZDVKHG IRUD WRWDO RI WLPHV 7KH REWDL
DJHUPDQLXP JDPPD FRXQWHMURER BN WKV RMIRHD)WEDFWLRQ
7JRGHWHUPLQH ZKHWKHU D G [7WR BRaRF®R M DASUDH ALKRLHR HG RYHU D ORQJH U \

W RITUHVK PHGLD ZDVDGGHG WR WKH FHQWULIXJDO ILOWHU FRQWDLQL<
VRDNIRU KRXUV )ROORZLQJWKLVVRDNLQJSHULRG WKHILOWHU ZDV FF
7KH FROOHFWHG ILOWUDWH zZDV ¥BEEEURARN QWO R DRIDWEBAWUR Q

AR DQMGTF UHWHQWLRQ

2EWDLQLQJ VWRFN VROXWLRQ N N

7R SUHSDUH WKH VWRFN VROXWLRQ IR UADRHD Q BAWHFQQVWKG! @ BWHUR DQ D W\
VDPH LQLWLDO SURFHGXUH DV LQ WKH H[WUDFWLRQ \LHOG H[SHULPHQW\
RI PDWHULDO ZDV LUUDGLDWHG IRU KRXUV IROORZHG E\DQ KRXU FRF
ZDV VXVSHQGHG LQWR P/ RIPHGLD 0OLOOL4 RUO(. VRQLFDWHG IRU PL
UHSHDWHG SLSHWWLQ@JIDSLWNKEWAKRY WKH VDPSOH ZHUH VHTXHQWLDOO\ |
WKH H[WUDFWLRQ PHWKRG ZLWK WKH ILOWUDWHY FRPELQHG WR IRUP WK
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SHWHQWLRQ H[SHULPHQWYV

7R WHVW WKH GPWBQ® 7FDQRWKH VIQWKHVL]HG FRPSRXQGV DSSUR[LPDW
LUUDGLDWHG PDWHULDO ZDV ZHLJKWHG DQG WU DRRQNOHUT X R® R RVDKHH\DW/RJ
VROXWLRQ ZDV ILUAW ED@QAED RI¥NGLIRIUIDPPD FRXQWLQJ DQG WKHQDGGHG W
ILOWHU 7KHILOWHU ZDV FHQWULIXJHG USP PLQ DWRIWKHMMKOWUD!
PHGLD HLWKHUOLOOL4RUO(. ZDVDGGHG WR WKH FHQWULIXJDO ILOWHU
FRQGLWLRQV 7KH VHFRQG ILOWUDWH ZDV FROOHFWHG LQ D VHSDUDWH Y
ZHUH VXEVHTXHQWO\DQDO\]HG WRDRNVOBVWKH UHWHQWLRQ RI

7R WHVW WKH HIIHFW RIH[WHQGHG VRDNLQJ WKH SUHYLRXVO\REWDLQHG
ILOWHU DQG DOORZHG WR VRDN IRU KRXUV )ROORZLQJ WKLV SHULRG W
ZDV FROOHFWHG 7KH FROOHFWHG ILOWUDWH ZDV WKHQ DQDO\]JHG XVLQJ
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