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I. INTRODUCTION 

The possibility of extracting germanium from coal and 

recovering the coal for use as saleable fuel is quite attrac- 

tive from a commercial standpoint, although doubt has been 

expressed as to this) | The value of the germanium in the 

coal used in this investigation is $22.80 per ton, based on the 

present price of $295 per pound for unrefined germanium. At the 

present time, gold ores assaying $10 per ton or even less are 

being worked at a profit, using complex metallurgical processes. 

Selective mining to separate the germanium-enriched part of 

coal seams would include processes that are already comnon in 

mechanized mining of coal. Undercutting the face before shooting 

down the coal is accomplished by means of a cutting machine. 

This cutting machine removes the bottom three inches of ceal by 

cutting a kerf in the coal. The coal removed, known as bug 

dust, is thus separated before the bulk of the low germanium 

coal is shot. Since the bug dust contains the highest concen- 

tration of germanium, it would be the logical product to treat 

for germanium extraction. 

At the present time the most promising commercial source 

of germanium from coal is the fly ash of large coal burning 

plants. One of the main reasons for this is the concentration



effected by ashing of the coal. In many cases the germanium 

content of the ash is ten times greater than that of the coal 

from which the ash was derived. | 

The purpose of this investigation was to find a method or 

methods of concentrating the germanium in coal prior to extrac- 

tion. 

In this investigaticn the work was divided inte twe major 

phases. The first being to determine that component of coal that 

is most enriched in germanium and in the second phase to investi- 

gate possible means of concentrating the germanium~-enriched 

component. 

To determine that component most enriched in germanium, size 

and specific gravity fractionations were carried out on the coal 

sample received. Means of concentration investigated were 

sizing, washing the coal by means of specific gravity separa- 

tions, solvent extraction with organic solvents, and froth 

flotation. 

The combination of these methous of concentration, to- 

gether with the orthodox metallurgy of germanium, could lead 

to a profitable means of extracting germanium from coal.



Ii. LITERATURE REVIEW 

istory and Discovery of Germanium 
ann 

The first mention of germanium to be found in the literature 

was the statement in 1864 by J. A. R. Newlands, an English chemist, 

when he mentioned "that silicon and tin formed the extremities of 

a triad, the middle member of which is at present wanting" (106) , 

Mendeleef also recognized this, and in his periodic chart 

of 1871 he predicted many of the properties of the element, which 

he designated as eka-silicon‘??), 

The discovery of germanium in 1886 by the German chemist 

Clemens Winkler was a strong point in the support of Mendeleef's 

theory, which the chemists of that day were reluctant to accept. 

Winkler was a professor of chemistry at the Freiburg School 

of Mines. He had been a practical mining man for 14 years before 

coming to Freiburg in 187361) | In the summer of 1885 one of 

his associates, Albin Weisbach, professor of mineralogy, had 

discovered a new type of silver ore which he named argyrodite, 

and had asked Winkler to make a chemical analysis of the mineral. 

Winkler was unable to account for two per cent of the ore and by 

further work he was able to isolate the new element, which he 

named "germanium" in honor of his native tana‘169) |



Germanium is in many ways a paradox. It is at the so-called 

“cross~roads" of the perlodic chart */* and is thus neither metal 

nor nonmetal and neither conductor nor nonconductor. It is more 

appropriately called a metalloid semi~conductor, in chemical 

reactions it acts much like silicon and is found associated with 

nearly all silicate rocks. The appearance of the element is 

decidedly metallic, and the element has a very high mechanical Q, 

that is, an undamped bar will ring for many seconds when 

(76) 
struck . 

Occurrence of Germanium 

Germanium has never been found free in nature. It may occur 

in the form of germanates, similar to silicates, but the most 

common occurrence is as an associated sulfide with deposits of 

the metal sulfides of tin, lead, zinc, copper, and mercury. 

Germanium is widely distributed. Its concentration in the 

earth's crust is low, averaging 7 ppm, and the element ranks 

hist in abundance (219322942152) | It is so finely disseminated 

that it has never been petrographically identifiea’?”, 

Traces of germanium have been found in meteorites, topaz, 

granite, limestones, vichy water, plants, and coais’ 24s 

50,100,114,124,129) .



At present germanium is being produced commercially as a 

by-product from zine refining in the United States and from the 

treatment of flue dusts in Great Britain. Potentially, an 

important additional source will be the germanite ores of Seuth 

Africa 5223240, 85, 87,97, 101,120,122, 146,156, 162,167,168) | 

Metallurgy of Germanium 

In the extraction processes, the germanium-bearing material 

is made water-soluble using basic fluxes. The soluble germanium. 

is then converted to the volatile tetrachloride, with subsequent 

purification by distillation. The pure germanium tetrachloride 

is hydrolyzed to the dioxide, which is converted to the metal in 

an atmosphere of hycrogen. Because the germanium absorbs hydro- 

gen this leaves the element in the form of a porous sponge. Solid 

ingots of germanium are obtained by melting the sponge in a vacuum 

furnace (21240; 53566576577 597198599 120,122) | 

Properties of Germanium 

The metal is extremely brittle and will shatter when 

Brinell hardness testers are used. The hardness is about 

6.25 on Mohs scale. Germanium is very resistant to attack 

by all ordinary acids and alkalies at room temperature, and



has been used to make tarnish-proof mirrors because of its 

optical reflectivity and stability at ordinary temperatures. 

However, a three per cent solution of hydrogen peroxide will 

completely dissolve germanium”? 

A few of the pertinent facts are 

Atomic weight 

Atomic number 

Density 

Valence 

Lattice form 

Ductility 

Melting point 

Boiling point 

Appearance 

Atomic radius 

Optical reflectivity 

Specific heat 

Germanium is transparent to infra-red 

(27, 52,53), 

72.60 

32 

5.35 g/ee 

why th,t+2 

Diamond 

Frangible 

958°C 

volatile at 2700°C 

Bright metallic 

1.22 A 

Approximately 50 per cent 

0.072 cal/gm °C



Germanium in Coal 

The occurrence of germanium in coal was first noted in 

1930 by Goldschmidt (47248) , Since that date, investigators 

have noted the oceurrence of germanium in the coals of all con- 

binente 2? 229 F442 44s 56, 57» 58,62,63,95,96,97,108, 117,131, 141,143, 

145,146,170,171), the most marked concentrations in coal seams 

generally occur where the coal is adjacent to reck formations. 

The highest isolated concentrations of the element have been 

found in cauldron vitrains and fossil stumps(>?242) | The con- 

centration varies considerably in both vertical and lateral 

extent. Sections of some seams may run as high as fifty parts 

per million (ppm), while others will contain no appreciable 

germanium(># 108) | 

The nature and origin of the germanium in coal is not know, 

but most investigators feel that it is part of the coal substance 

and not connected with the extraneous ash or rock in the coal 

peal 2) | The nature of the germanium has been suggested to be 

either as a sulfide or tied up as a complex tannin~like substance. 

Some investigations consider the origin to have been from the 

original plants that formed the coal, while others favor the idea 

of the germanium being adsorbed from solutions that passed through 

the coat (47262) |



Methods of Coal Fractionation 

Coals have been conveniently classified by means of their 

petrographic constituents, these constituents having definite 

relationships to the original type of plant substance from 

which the coal was formed! 10215238, 62,70, 84,103,115, 116,128, 

130,136,137, 147,157,158,159,163) , 

The petrographic constituents differ in their physical 

properties. Friability, the tendency for breaking down, has 

been employed in effecting concentrations of the constituents 

by sizing. Vitrain, the glassy looking component, usually 

(15,86,94) | 

(62) 

reports in the finest size fractions Vitrain has 

been shown to contain most of the germanium 

Specific gravity separations have been applied to coal to 

reduce their ash content by removing the roek and shale from 

the coai 94) , 

Solvent extraction of coal by means of organic solvents 

has been investigated for many years in hopes of shedding light 

on the nature of coking, and fer studies on the chemical nature 

of coal 7? pe? 2925349, 61578579, 86,112,113) 

Froth flotation is readily adaptable to fine sizes of coal 

and is a highly selective separating process when done under 

controlled conditions 221819, 60, 94,135,150,151) |



Uses of Germanium 

Until relatively recent, the uses of germanium were minor. 

it had been used to treat anemia; it made possible a gold alloy 

that was well suited for dental work; it was used in place of 

silicon to make glasses with special optical properties; and 

it was an interesting laboratory euriosity (6267) , 

In 1941, researchers at Purdue University showed that 

germanium made an excellent semi-conducting material for use 

in diodes to rectify alternating currents. These germanium 

diocges quickly replaced vacuum tube rectifiers in low power 

applications and present developments have made possible 

germanium power rectifiers that handle 2000 watts with an 

efficiency of 94 te 99 per cent(27s28)104) | these investiga- 

tions led to methods whereby germanium was obtained that had 

less than one part of impurity per ten billion parts of ger- 

manium. This high purity germanium is selling for $565 per 

pound. | 

Further work on germanium led te the development of the 

transistor by the Bell Telephone Laberatories in i940? 

These transistors can do all the jobs that a conventional 

vacuum tube triode can do plus a few extra; also, it takes 

1/60 the space, requires 1/20,000 as much power to do the 

same job, and the life expectancy has not yet been



(88,110) | These and future developments* will determined 

undoubtedly cause a large demand for germanium. The price 

for unrefined germanium is now ¢295 per pound. 

There are mary excellent reviews on the compounds of ger- 

manium and on the methods for its analysis(2>428,16,20,37, 44, 

45 5 lub, 59,65, 71, 725 73582, 92y105, 107,133,138, 139,154) | 

Outlook for Germaniun 

Since coal is the largest ultimate source of germanium, 

and because continued developments in the field of electronics 

will create a growing demand for germanium, future needs for 

germanium will probably be met by recovery from coals (23) , 

  

1 A new type of transister that will outperform the vacuum 
tube tetrode has been announced by the Bell laboratories.
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III. EXPERIMENTAL 

Purpose of Investigation 

The purpose of the investigation was to determine a method 

or methods for concentrating the germanium in coal prior to 

extraction. 

Investigation Procedure 

A washability study was carried out to determine the effect 

ef sizing and specific gravity separations on the concentration 

of germanium. In addition to this, a series of tests was made 

to correlate germanium content with volatile matter, fixed 

carbon, and/or ash. 

The concentration of the germanium by means of solvent 

extraction was included as a promising method with attractive 

possibilities. 

An alternate method investigated for concentrating the 

germanium in the coal was froth flotation.



Materials 

The following materials were used in this investigation: 

Acacia, Gum Arabic. White powder, U. 5. P., Code No 1l2i2, 

Lot No K187. Obtained from Baker and Adamson. Used as colloidal 

suspensoid, . ) 

Acetone. Practical. Obtained from iastman iiodak Company. 

Used as organic solvent. 

Aerofroth 80 Frother.. Obtained from American Cyanamid 

Company. Used as flotation agent, 

Aerosol OS. Wetting agent. Obtained from American Cyanamid 

Company. Used as flotation agent. 

Anthracene Salts. Sample No 54478, May 26, 1954. Obtained 

from fronton Plant, Barrett Division, Allied Chemical and Dye 

Corporation. Used as organic solvent. 

Barrett-634. Coal tar creosote. Obtained from Barrett 

Division, Allied Chemical and Dye Corporation. Used as 

flotation reagent. 

Benzgaldehyde. Chlorine free. Obtained from Eastman Kodak 

Company. Used in synthesis of phenylfluorone. 

Benzene. Fractical. Obtained from Eastman Kodak Company. 

Used as organic solvent.



Dowfroth 250. A propylene glycol ether. Obtained from Dow 

Chemical Company. Used as flotation reagent. 

Germanium Dioxide. Lot No 1-971~802, Batch No RP=-2. Obtain- 

ed from Eagle-Picher Company. Used as analytical standard. 

Hexane, Petroleum Ether. Obtained from Lastman Kodak 

Company. Used as organic solvent. 

Hydrochloric Acid. Reagent, ©. P., Sp. Gr. 1.18. Obtained 

from Baxer and Adamson. Used as analytical reagent. 

Methanol. Absolute, Keagent, A. GC. S., Code No 1212, Lot 

No K187. Cbtained from Baker and Adamson. Used as a solvent 

for the phenylfluorone. 

Naphthalene. Manufactured by Koppers Company. Used as 

organic solvent. 

1,2,4-Phenenyl Triacetate, Triacetylhydroxyhydroquinone. 

Obtained from Eastman Kodak Company. Used in preparation of 

phenylfluorone. 

Phenylfluorone. Obtained from Jasonols Chemical Corpora~ 

tion. Used as a specific reagent for germanium. 

Pyridine. Practical. Obtained from Eastman Kodak Company. 

Used as organic solvent. 

Quinoline. Technical. Obtained from Kastman Kodak Company. 

Used as organic solvent.



Sodium Carbonate. Anhydrous powder, reagent, A. C. 5., 

Code No 2248, Lot No HO15. Obtained from Baker and Adamson. 

Used as analytical reagent. 

sodium Hydrexide. Pellets, reagent, A. ©. S., Code No 

2<oo, Lot No J197. Obtained from Baker and Adamson. Used as 

analytical reagent. | 

Sulfuric Acid. Reagent, C. F., Code No 1180, Lot No 

B712021. Obtained from Baker and Adamson. Used as analytical 

reagent. 

Taliso. Tall oil skimmings, "Black Liquor." Obtained 

from Industrial Chemical Sales Division, West Virginia Pulp 

and Paper Company. Used as flotation agent. 

Tetrahydronaphthalene, Tetralin. Practical. Obtained 

from Eastman Kodak Company. Used as organic solvent.
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Equipment 

The following equipment was used in this investigation: 

Assayers Mill. Hand-operated. Manufactured by Wilson 

Brothers. Cbtained from Fisher Scientific Company. 

Ball Mill. Abbe, porcelain, 4 quart. Obtained from 

Burrell Vorporation. : 

Beckman pH Meter. Serial No 30863M, battery-powered, 

industrial model. Obtained from Fisher Seientific Company. 

Centrifuge. International Clinical, Model No CL, No 

716A. Obtained from Fisher Scientific Company. 

Colorimeter. Kilett~Summerson photoeleetric, Serial 

No 3366, equipped with filter No 54. lLoaned from Chemistry 

Department, Virginia Polytechnic Institute. 

Drying Oven. Serial No 16005. Manufactured by Burrell 

Corporation. 

Flotation Machine. Fagergren, laboratory, Serial No 

5114101. Manufactured by Western Machinery Company. 

Furnace. Electric, ashing, type MP1A, Serial No 1894. 

Manufactured by Cooley Electric Company. 

screens. Round-hole, punch=-plate. Manufactured by 

Hendrick Manufacturing Company, Carbondale, Pennsylvania.
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screens. Tyler standard series. Manufactured by W. 5. 

Tyler Company. 

Soxhlet Miero Extraction Apparatus. Pyrex, with 8 joints. 

Obtained from Fisher Scientific Company. 

Volatile Matter Furnace. Hoskins, type FA120, Serial 

No 21677. Obtained from Fisher Scientific Company. 

| Goal Used 

The coal used in these investigations was obtained from 

Mr. Leslie Larsen, who stated in his letter of December 15, 1953 

to ©. T. Holland, that the coal was hand picked from the bottom 

three inches of the seam. The seam was the Lower Bakerstown 

seau of the Conemaugh formation. 

The coal was delivered to Blacksburg by rail and arrived in 

three double-strength burlap feed sacks. The total weight of coal 

received was 459.3 pounds. The coal was divided by means of ASTM 

recommended procedures and 231.4 pounds were put aside for future 

use while the remaining 227% pounds were taken for a head sample. 

it was noticed that the coal was very friable and that gentle 

handling was required to minimize the formation of excessive 

dusts and fines. The head sample was prepared by coning, quarter 

ing, crushing, and splitting methods as recommended in the ASTM
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standards. A sample was sent to Dr. A. J. We Headlee, Chief 

Chemist, west Virginia Geological Survey for his analysis of the 

germanium content and a sample was retained for analysis in the 

mining laboratories. The analysis of the head sample is shown 

in Table 1. 

Sizing of Coal 

After the head sample had been taken the remainder of the 

227.4 pounds was sereened. The sizes used were 1-1/2", 3/4", 

3/8"3 h, 8, 14, 28, 48, 100, and 200-mesh. The three larger 

sizes were round~hole puneh-plate screens, and the seven smaller 

sizes were Tyler Standard Series screens. The coal was screened 

by hand and as the smaller screens were used it became possible 

to split the amount of sample in the undersize, thus reducing 

the amount of work, but not affecting the validity of the 

results. The guide used in making these splits was the sampling 

chart prepared by Battelle Memorial Institute from data col- 

leeted by Taggart (942255) | All produets were weighed and the 

distribution of sizes is presented in Figure 1. The eleven 

sized products were then put into bags and saved for the 

specific gravity separations.
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�S�p�e�c�i�f�i�c� �G�r�a�v�i�t�y� �S�e�p�a�r�a�t�i�o�n�s� 

�T�h�e� �s�i�z�e�d� �f�r�a�c�t�i�o�n�s� �o�f� �t�h�e� �c�o�a�l� �w�e�r�e� �f�u�r�t�h�e�r� �s�e�p�a�r�a�t�e�d� �b�y� 

�m�a�k�i�n�g� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �s�e�p�a�r�a�t�i�o�n�s� �o�f� �a�l�l� �s�i�z�e�s�.� �T�h�e� �s�p�e�c�i�f�i�c� 

�g�r�a�v�i�t�i�e�s� �u�s�e�d� �w�e�r�e� �1�.�2�5�,� �1�.�3�0�,� �1�.�3�5�,� �a�n�d� �1�.�5�0�.� �T�h�e�s�e� �g�r�a�v�i�-�~� 

�t�i�e�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �b�y� �u�s�i�n�g� �c�a�l�c�i�u�m� �c�h�l�o�r�i�d�e� �s�o�l�u�t�i�o�n�s� �f�o�r� �t�h�e� 

�f�i�r�s�t� �t�h�r�e�e� �g�r�a�v�i�t�i�e�s�,� �a�n�d� �z�i�n�c� �c�h�l�o�r�i�d�e� �s�o�l�u�t�i�o�n�s� �f�o�r� �t�h�e� �1�.�5�0� 

�s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �s�o�l�u�t�i�o�n�.� �T�h�e� �s�e�p�a�r�a�t�i�o�n�s� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �i�n� 

�l�a�r�g�e� �j�a�r�s�,� �s�e�p�a�r�a�t�o�r�y� �f�u�n�n�e�l�s�,� �a�n�d� �c�e�n�t�r�i�f�u�g�e� �t�u�b�e�s�,� �d�e�p�e�n�d�i�n�g� 

�o�n� �t�h�e� �s�i�z�e� �o�f� �t�h�e� �c�o�a�l�.� �I�n� �t�h�e� �l�a�r�g�e�r� �s�i�z�e�s� �d�o�w�n� �t�o� �-�4�+�8� �m�e�s�h� 

�t�h�e� �s�e�p�a�r�a�t�i�o�n�s� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �b�y� �p�l�a�c�i�n�g� �t�h�e� �c�o�a�l� �i�n� �a� �j�a�r� 

�c�o�n�t�a�i�n�i�n�g� �t�h�e� �1�.�3�5� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �s�o�l�u�t�i�o�n� �a�n�d� �a�l�l�o�w�i�n�g� �t�h�e� 

�p�a�r�t�i�c�l�e�s� �t�o� �s�i�n�k� �o�r� �f�l�o�a�t� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e�i�r� �d�e�n�s�i�t�y�.� �T�h�e� 

�m�a�t�e�r�i�a�l� �t�h�a�t� �f�l�o�a�t�e�d� �w�a�s� �t�h�e�n� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �t�h�e� �j�a�r� �c�o�n�t�a�i�n�i�n�g� 

�t�h�e� �1�.�3�0� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �s�c�l�u�t�i�o�n� �a�n�d� �t�h�e� �s�a�m�e� �p�r�o�c�e�s�s� �r�e�p�e�a�t�e�d�,� 

�w�i�t�h� �t�h�e� �f�l�o�a�t� �m�a�t�e�r�i�a�l� �b�e�i�n�g� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �t�h�e� �1�.�2�5� �j�a�r�.� �I�n� 

�t�h�i�s� �m�a�n�n�e�r� �f�o�u�r� �p�r�o�d�u�c�t�s� �w�e�r�e� �o�b�t�a�i�n�e�d�,� �S�i�n�k� �1�.�3�5�,� �F�l�o�a�t� �1�.�3�5�-� 

�S�i�n�k� �1�.�3�0�,� �F�l�o�a�t� �1�.�3�0�-�S�i�n�k� �1�.�2�5�,� �a�n�d� �F�l�o�a�t� �1�.�2�5� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� 

�f�r�a�c�t�i�o�n�s�.� �T�h�e� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �c�h�e�c�k�e�d� �f�o�r� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �a�t� 

�f�r�e�q�u�e�n�t� �i�n�t�e�r�v�a�l�s� �w�i�t�h� �a� �h�y�d�r�o�m�e�t�e�r� �a�n�d� �a�d�j�u�s�t�e�d� �b�y� �a�d�d�i�n�g� 

�w�a�t�e�r� �o�r� �s�a�l�t�s�,� �s�o� �t�h�a�t� �t�h�e� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �w�a�s� �m�a�i�n�t�a�i�n�e�d� 

�w�i�t�h�i�n� �+� �0�.�0�0�5� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y�.



�~�2�1�-� 

�I�n� �t�h�e� �s�i�z�e�s� �f�r�o�m� �-�&�1�4� �m�e�s�h� �d�o�w�n� �t�o� �-�2�6�+�4�8� �m�e�s�h�,� �t�h�e� 

�s�e�p�a�r�a�t�o�r�y� �f�u�n�n�e�l�s� �w�e�r�e� �u�s�e�d�.� �A�b�o�u�t� �o�n�e�-�t�h�i�r�d� �o�f� �t�h�e� �f�u�n�n�e�l� 

�w�a�s� �f�i�l�l�e�d� �w�i�t�h� �c�o�a�l� �a�n�d� �t�h�e� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �s�o�l�u�t�i�o�n�s� �w�e�r�e� 

�p�o�u�r�e�d� �i�n� �u�n�t�i�l� �t�h�e� �f�u�n�n�e�l� �w�a�s� �a�b�o�u�t� �t�h�r�e�e�-�f�o�u�r�t�h�s� �f�u�l�l�.� �T�h�e� 

�c�o�n�t�e�n�t�s� �w�e�r�e� �t�h�e�n� �w�e�l�l� �s�h�a�k�e�n� �a�n�d� �a�l�l�o�w�e�d� �t�o� �c�o�m�e� �t�e� �e�q�u�i�l�i�b�r�i�u�m�.� 

�W�h�e�n� �e�q�u�i�l�i�b�r�i�u�m� �h�a�d� �b�e�e�n� �a�t�t�a�i�n�e�d� �t�h�e� �s�i�n�k� �m�a�t�e�r�i�a�l� �w�a�s� �d�r�a�w�n� 

�o�f�f� �a�t� �t�h�e� �b�o�t�t�o�m� �a�n�d� �t�h�e� �p�r�o�c�e�s�s� �r�e�p�e�a�t�e�d� �u�n�t�i�l� �t�h�e� �e�n�t�i�r�e� �s�i�z�e� 

�h�a�d� �b�e�e�n� �s�e�p�a�r�a�t�e�d�.� 

�T�h�e� �t�w�o� �s�m�a�l�l�e�r� �s�i�z�e�s�,� �-�1�,�8�+�1�0�0� �m�e�s�h� �a�n�d� �-�1�0�0�+�2�0�0� �m�e�s�h�,� �w�e�r�e� 

�s�e�p�a�r�a�t�e�d� �i�n�t�o� �g�r�a�v�i�t�y� �f�r�a�c�t�i�o�n�s� �b�y� �t�h�e� �u�s�e� �o�f� �a� �c�e�n�t�r�i�f�u�g�e�.� 

�T�h�e� �c�e�n�t�r�i�f�u�g�e� �t�u�b�e�s� �w�e�r�e� �m�a�d�e� �o�f� �L�u�s�t�e�r�o�i�d�,� �a� �c�l�e�a�r� �p�l�a�s�t�i�c�,� 

�a�n�d� �w�h�e�n� �t�h�e� �t�u�b�e�s� �w�e�r�e� �t�a�k�e�n� �o�u�t� �o�f� �t�h�e� �c�e�n�t�r�i�f�u�g�e� �i�t� �w�a�s� 

�p�o�s�s�i�b�l�e� �t�o� �p�i�n�c�h� �t�h�e� �t�u�b�e�s� �c�l�o�s�e�d� �a�t� �t�h�e� �p�o�i�n�t� �w�h�e�r�e� �o�n�e� �c�o�u�l�d� 

�s�e�e� �t�h�e� �n�e�a�r�-�g�r�a�v�i�t�y� �m�a�t�e�r�i�a�l�,� �t�h�u�s� �s�e�a�l�i�n�g� �t�h�e� �s�i�n�k� �m�a�t�e�r�i�a�l� 

�a�n�d� �a�l�l�o�w�i�n�g� �t�h�e� �f�l�o�a�t� �m�a�t�e�r�i�a�l� �t�o� �b�e� �p�o�u�r�e�d� �o�f�f�.� 

�T�h�e� �m�i�n�u�s� �2�0�0� �m�e�s�h� �s�i�z�e� �w�a�s� �n�o�t� �s�e�p�a�r�a�t�e�d� �i�n�t�o� �g�r�a�v�i�t�y� 

�f�r�a�c�t�i�o�n�s� �d�u�e� �t�o� �t�h�e� �i�m�p�r�a�c�t�i�c�a�b�i�l�i�t�y� �o�f� �o�b�t�a�i�n�i�n�g� �g�o�o�d� �s�e�p�-� 

�a�r�a�t�i�o�n�s�;� �t�h�e� �v�i�s�c�o�s�i�t�y� �o�f� �t�h�e� �g�r�a�v�i�t�y� �s�o�l�u�t�i�o�n�s�,� �a�n�d� �t�h�e� �s�m�a�l�l� 

�s�i�z�e� �o�f� �t�h�e� �p�a�r�t�i�c�l�e�s� �c�a�u�s�e�d� �a�n� �u�n�d�i�f�f�e�r�e�n�t�i�a�t�e�d� �s�u�s�p�e�n�s�i�o�n� �t�e� 

�b�e� �f�o�r�m�e�d�.� �I�n� �a�l�l� �s�e�p�a�r�a�t�i�o�n�s� �e�t�h�e�r� �t�h�a�n� �t�h�o�s�e� �d�o�n�e� �i�n� �t�h�e� �j�a�r�s� 

�t�h�e� �p�r�o�d�u�c�t�s� �f�r�o�m� �e�a�c�h� �s�e�p�a�r�a�t�i�o�n� �w�e�r�e� �w�a�s�h�e�d� �f�r�e�e� �o�f� �c�h�l�o�r�i�d�e�s�,� 

�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�a�s�t�e�,� �a�n�d� �d�r�i�e�d� �i�n� �a� �s�t�e�a�m�-�h�e�a�t�e�d� �o�v�e�n� �a�t� 

�9�0�°�C� �b�e�f�o�r�e� �s�e�p�a�r�a�t�i�o�n� �a�t� �t�h�e� �n�e�x�t� �l�o�w�e�r� �g�r�a�v�i�t�y�.



�S�o�l�v�e�n�t� �E�x�t�r�a�c�t�i�o�n� �o�f� �C�e�a�l� 

�T�h�e� �u�s�e� �o�f� �o�r�g�a�n�i�c� �s�o�l�v�e�n�t�s� �t�o� �e�x�t�r�a�c�t� �t�h�e� �g�e�r�m�a�n�i�u�m� �f�r�o�m� 

�c�o�a�l� �w�a�s� �i�n�v�e�s�t�i�g�a�t�e�d� �b�y� �u�s�i�n�g� �m�i�c�r�o�-�S�e�x�h�l�e�t� �e�x�t�r�a�c�t�i�o�n� �a�p�p�a�r�a�t�u�s�.� 

�T�h�e� �s�o�l�v�e�n�t�s� �u�s�e�d� �w�e�r�e� �b�e�n�z�e�n�e�,� �n�a�p�h�t�h�a�l�e�n�e�,� �a�n�t�h�r�a�s�e�n�e�,� �p�y�r�i�d�i�n�e�,� 

�q�u�i�n�o�l�i�n�e�,� �h�e�x�a�n�e�,� �c�h�l�o�r�o�f�e�r�m�,� �t�e�t�r�a�l�i�n�,� �g�a�s�o�l�i�n�e�,� �a�l�c�o�h�o�l�,� �w�a�t�e�r�,� 

�h�y�d�r�o�c�h�l�o�r�i�c� �a�c�i�d�,� �a�m�m�o�n�i�u�m� �h�y�d�r�o�x�i�d�e�,� �a�c�e�t�o�n�e�,� �a�n�d� �c�a�r�b�o�n� �t�e�t�r�a�-� 

�c�h�l�o�r�i�d�e�.� �E�x�t�r�a�c�t�i�o�n� �r�u�n�s� �f�o�r� �1�6� �h�o�u�r�s� �w�e�r�e� �m�a�d�e� �w�i�t�h� �e�a�c�h� �o�f� �t�h�e� 

�s�o�l�v�e�n�t�s�;� �t�h�e� �r�e�s�i�d�u�e�s� �w�e�r�e� �t�h�e�n� �a�n�a�l�y�z�e�d� �f�o�r� �g�e�r�m�a�n�i�u�m�.� �I�t� �w�a�s� 

�t�h�u�s� �p�o�s�s�i�b�l�e� �t�o� �e�l�i�m�i�n�a�t�e� �m�a�n�y� �s�o�l�v�e�n�t�s� �a�s� �b�e�i�n�g� �u�n�s�a�t�i�s�f�a�c�t�o�r�y� 

�f�o�r� �f�u�r�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n�.� �T�h�e� �b�e�s�t�,� �r�e�s�u�l�t�s� �o�f� �t�h�e� �t�e�s�t�s� �w�e�r�e� 

�e�b�t�a�i�n�e�d� �w�i�t�h� �h�e�x�a�n�e� �w�h�i�c�h� �e�x�t�r�a�c�t�e�d� �4�6� �p�e�r� �c�e�n�t� �o�f� �t�h�e� �g�e�r�m�a�n�i�u�m� 

�w�h�i�l�e� �o�n�l�y� �r�e�m�o�v�i�n�g� �0�.�2� �p�e�r� �c�e�n�t� �o�f� �t�h�e� �c�o�a�l� �s�u�b�s�t�a�n�c�e�.� �A�s� �a� 

�r�e�s�u�l�t� �o�f� �t�h�i�s� �p�r�e�l�i�m�i�n�a�r�y� �s�t�u�d�y�,� �a�n� �i�n�v�e�s�t�i�g�a�t�i�o�n� �w�a�s� �m�a�d�e� �t�o� 

�d�e�t�e�r�m�i�n�e� �t�h�e� �e�f�f�e�c�t� �o�f� �t�i�m�e� �o�n� �t�h�e� �d�e�g�r�e�e� �o�f� �e�x�t�r�a�c�t�i�o�n�.� 

�F�l�o�t�a�t�i�o�n� �T�e�s�t�s� 

�F�l�o�t�a�t�i�o�n� �t�e�s�t�s� �w�e�r�e� �r�u�n� �t�o� �s�e�e� �i�f� �a� �g�e�r�m�a�n�i�u�m� �c�o�n�c�e�n�t�r�a�t�e� 

�c�o�u�l�d� �b�e� �m�a�d�e�.� �T�h�e� �c�o�a�l� �u�s�e�d� �w�a�s� �t�h�e� �m�i�n�u�s� �&� �m�e�s�h� �f�r�a�c�t�i�o�n� �s�e�t� 

�a�s�i�d�e� �d�u�r�i�n�g� �p�r�e�p�a�r�a�t�i�o�n� �o�f� �t�h�e� �h�e�a�d� �s�a�n�p�l�e�.� �T�h�i�s� �c�o�a�l� �w�a�s� �u�s�e�d� 

�d�i�r�e�c�t�l�y� �i�n� �t�h�e� �f�i�r�s�t� �t�e�s�t�,� �b�u�t� �a�l�l� �o�t�h�e�r� �t�e�s�t�s� �w�e�r�e� �r�u�n� �o�n� �t�h�e� 

�c�o�a�l� �f�r�a�c�t�i�o�n� �s�c�r�e�e�n�e�d� �t�o� �r�e�m�o�v�e� �t�h�e� �+� �2�8� �m�e�s�h� �m�a�t�e�r�i�a�l�.� �I�n� 

�e�a�c�h� �t�e�s�t�,� �2�5�0� �g�r�a�m�s� �o�f� �c�o�a�l� �w�e�r�e� �u�s�e�d�;� �t�h�i�s� �g�a�v�e� �a� �p�u�l�p� �d�e�n�s�i�t�y



�=� �2�3�0� 

�o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0� �t�e� �1�2� �p�e�r� �c�e�n�t�.� �T�h�e� �f�l�o�t�a�t�i�o�n� �t�e�s�t�s� �w�e�r�e� 

�c�a�r�r�i�e�d� �o�u�t� �i�n� �a� �5�0�0�-�g�r�a�n� �l�a�b�o�r�a�t�o�r�y� �F�a�g�e�r�g�r�e�n� �f�l�o�t�a�t�i�o�n� �m�a�c�h�i�n�e� 

�w�i�t�h� �a� �g�l�a�s�s� �c�e�l�l� �i�n� �o�r�d�e�r� �t�h�e�t� �c�h�a�n�g�e�s� �i�n� �p�u�l�p� �a�p�p�e�a�r�a�n�c�e� �c�o�u�l�d� 

�b�e� �o�b�s�e�r�v�e�d� �d�u�r�i�n�g� �t�e�s�t�s�.� 

�F�o�u�r� �f�l�o�t�a�t�i�o�n� �t�e�s�t�s� �w�e�r�e� �r�u�n�.� �I�n� �t�h�e� �f�i�r�s�t� �t�e�s�t�,� �D�o�w�f�r�o�t�h� 

�2�5�0� �w�a�s� �u�s�e�d� �a�n�d� �t�h�e� �f�r�o�t�h� �c�o�l�l�e�c�t�e�d� �w�a�s� �c�a�l�l�e�d� �t�h�e� �c�o�n�c�e�n�t�r�a�t�e�;� 

�T�a�l�l�s�o� �w�a�s� �t�h�e�n� �a�d�d�e�d� �a�n�d� �a�l�l� �m�a�t�e�r�i�a�l� �t�h�a�t� �f�l�o�a�t�e�d� �w�e�s� �c�a�l�l�e�d� 

�t�h�e� �m�i�d�d�l�i�n�g�s�,� �a�n�d� �t�h�e� �u�n�d�e�r�f�l�o�w� �w�a�s� �c�a�l�l�e�d� �t�a�i�l�i�n�g�s�.� 

�i�n� �t�h�e� �s�e�c�o�n�d� �t�e�s�t�,� �n�o� �r�e�a�g�e�n�t�s� �w�e�r�e� �a�d�d�e�d� �a�n�d� �t�h�e� �f�i�r�s�t� 

�f�r�o�t�h� �c�o�l�l�e�c�t�e�d� �w�a�s� �d�e�s�i�g�n�a�t�e�d� �c�o�n�c�e�n�t�r�a�t�e�;� �A�C� �8�0� �w�a�s� �t�h�e�n� �a�d�d�e�d�,� 

�t�h�i�s� �s�e�c�o�n�d� �f�r�o�t�h� �w�a�s� �d�e�s�i�g�n�a�t�e�d� �m�i�d�d�l�i�n�g�s�,� �a�n�d� �t�h�e� �u�n�d�e�r�f�l�o�w� 

�w�a�s� �c�a�l�i�e�d� �t�a�i�l�i�n�g�s�.� 

�I�n� �t�h�e� �t�h�i�r�d� �t�e�s�t�,� �A�e�r�o�s�o�l� �G�S�,� �A�C� �8�0�,� �a�n�d� �B�a�r�r�e�t�t�-�6�3�4� �w�e�r�e� 

�u�s�e�d� �i�n� �t�h�a�t� �o�r�d�e�r�.� �T�i�m�e� �o�f� �c�o�l�l�e�c�t�i�o�n� �w�a�s� �a� �v�a�r�i�a�b�l�e� �f�a�c�t�o�r� �i�n� 

�t�h�i�s� �t�e�s�t�,� �i�n� �w�h�i�c�h� �f�i�v�e� �p�r�o�d�u�c�t�s� �w�e�r�e� �o�b�t�a�i�n�e�d�.� 

�I�n� �t�h�e� �f�o�u�r�t�h� �a�n�d� �l�a�s�t� �t�e�s�t�,� �B�a�r�r�e�t�t�~�6�3�4� �w�a�s� �u�s�e�d� �i�n� �t�w�o� 

�s�t�a�g�e�s�,� �g�i�v�i�n�g� �a� �c�o�n�c�e�n�t�r�a�t�e�,� �m�i�d�d�l�i�n�g�s�,� �a�n�d� �t�a�i�l�i�n�g�s�.� �E�a�c�h� �o�f� 

�t�h�e�s�e� �l�e�s�t� �t�h�r�e�e� �p�r�o�d�u�c�t�s� �w�a�s� �s�c�r�e�e�n�e�d� �i�n�t�o� �t�h�r�e�e� �s�i�z�e� �f�r�a�c�t�i�o�n�s� 

�f�o�r� �c�l�o�s�e�r� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �g�e�r�m�a�n�i�u�m� �d�i�s�t�r�i�b�u�t�i�o�n�.� 

�T�h�e� �t�a�i�l�i�n�g�s� �f�r�o�m� �t�h�e� �f�o�u�r�t�h� �t�e�s�t� �a�p�p�a�r�e�n�t�l�y� �r�e�q�u�i�r�e�d� �f�u�r�-� 

�t�h�e�r� �f�r�a�c�t�i�o�n�a�t�i�o�n� �a�n�d� �t�h�e�s�e� �s�i�z�e�d� �f�r�a�c�t�i�o�n�s� �w�e�r�e� �f�u�r�t�h�e�r� �s�e�p�-� 

�a�r�a�t�e�d� �a�t� �a� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �o�f� �1�.�9�0�.� �A�l�l� �f�l�o�t�a�t�i�o�n� �t�e�s�t� �p�r�o�d�u�c�t�s� 

�a�n�d� �f�r�a�c�t�i�o�n�s� �t�h�e�r�e�o�f� �w�e�r�e� �a�n�a�l�y�z�e�d� �f�o�r� �a�s�h� �a�n�d� �g�e�r�m�a�n�i�u�m�.



�I�V�.� �D�I�S�C�U�S�S�I�C�N� 

�R�e�s�u�l�t�s� 

�S�i�z�e� �A�n�a�l�y�s�e�s�.� �T�h�e� �g�e�r�m�a�n�i�u�m� �c�o�n�t�e�n�t� �o�f� �t�h�e� �s�i�z�e� �f�r�a�c�t�i�o�n�s� 

�_� �b�a�s�e�d� �o�n� �t�h�e� �a�s�h�-�f�r�e�e� �c�o�a�l� �a�n�d� �i�n� �t�h�e� �a�s�h� �v�a�r�i�e�d� �w�i�t�h� �t�h�e� �s�i�z�e� �o�f� 

�t�h�e� �c�o�a�l� �(�s�e�e� �F�i�g�u�r�e�s� �2� �a�n�d� �3�)�,� �b�o�t�h� �v�a�l�u�e�s� �r�e�a�c�h�i�n�g� �a� �p�e�a�k� �i�n� 

�t�h�e� �-�G�+�1�4�,� �m�e�s�h� �c�o�a�l�.� �A�t� �t�h�i�s� �s�i�z�e� �t�h�e� �a�s�h�-�f�r�e�e� �c�o�a�l� �a�n�d� �t�h�e� �a�s�h� 

�a�s�s�a�y�e�d�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �5�5� �a�n�d� �4�2�8� �p�p�m� �g�e�r�m�a�n�i�u�m�.� �T�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� 

�v�a�l�u�e�s� �f�o�r� �t�h�e� �h�e�a�d� �s�a�m�p�l�e� �w�e�r�e�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �4�1� �a�n�d� �2�2�4� �p�m� �g�e�r�-� 

�m�a�n�i�u�m�.� �|� 

�O�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�o�r�s ��)� �o�n� �t�h�e� �B�a�k�e�r�s�t�o�w�n� �c�o�a�l� �h�a�v�e� �s�h�o�w�n� 

�t�h�a�t� �t�h�e� �p�e�t�r�o�g�r�a�p�h�i�c� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �c�o�a�l� �w�i�l�l� �v�a�r�y� �w�i�t�h� �t�h�e� 

�s�i�z�e� �o�f� �t�h�e� �p�a�r�t�i�c�l�e�s� �e�x�a�m�i�n�e�d�.� �I�n� �t�h�e� �r�e�f�e�r�e�n�c�e� �m�e�n�t�i�o�n�e�d� �t�h�e� 

�b�r�i�g�h�t� �a�t�t�r�i�t�a�l� �c�o�a�l� �w�h�i�c�h� �i�s� �e�q�u�i�v�a�l�e�n�t� �t�o� �t�h�e� �e�c�l�a�r�a�i�n� �d�r�o�p�p�e�d� 

�f�r�o�m� �7�0� �t�o�e� �4�0� �p�e�r� �c�e�n�t� �i�n� �g�o�i�n�g� �f�r�o�m� �1�0� �t�o� �3�2�5� �m�e�s�h� �w�h�i�l�e� �t�h�e� 

�a�n�t�h�r�a�x�y�l�o�n�,� �w�h�i�c�h� �i�s� �e�q�u�i�v�a�l�e�n�t� �t�o� �t�h�e� �v�i�t�r�a�i�n�,� �r�o�s�e� �f�r�o�m� �5� �t�o� 

�5�5� �p�e�r� �c�e�n�t� �i�n� �t�h�e� �s�a�m�e� �r�a�n�g�e�;� �t�h�e� �d�u�l�l� �a�t�t�r�i�t�a�l� �c�o�a�l�,� �e�q�u�i�v�a�l�e�n�t� 

�t�o� �t�h�e� �d�u�r�a�i�n�,� �d�r�o�p�p�e�d� �f�r�o�m� �2�5� �t�o� �5� �p�e�r� �c�e�n�t� �i�n� �t�h�e� �r�a�n�g�e� �m�e�n�-� 

�t�i�o�n�e�d�.� �A�s� �p�r�e�v�i�o�u�s�l�y� �s�t�a�t�e�d�,� �t�h�e� �a�n�t�h�r�a�x�y�l�o�n� �t�e�n�d�s� �t�o� �e�c�o�n�c�e�n�-� 

�t�r�a�t�e� �i�n� �t�h�e� �f�i�n�e� �s�i�z�e�s�,� �w�h�i�l�e� �t�h�e� �a�t�t�r�i�t�a�l� �c�o�a�l� �t�e�n�d�s� �t�o� �c�o�n�-� 

�c�e�n�t�r�a�t�e� �i�n� �t�h�e� �c�o�a�r�s�e�r� �s�i�z�e�s�;� �t�h�e� �r�o�c�k� �a�n�d� �s�h�a�l�e� �o�f� �m�o�s�t� �c�o�a�l�s� 

�i�s� �a�l�s�e� �k�n�o�w�n� �t�o� �b�e� �c�o�n�c�e�n�t�r�a�t�e�d� �i�n� �t�h�e� �l�a�r�g�e�s�t� �s�i�z�e�s�.� �S�i�n�c�e� �t�h�e
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�2�7� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �g�e�r�m�a�n�i�u�m� �r�e�a�c�h�e�s� �a� �m�a�x�i�m�u�m� �i�n� �t�h�e� �m�i�d�d�l�e� �o�f� 

�t�h�e� �s�i�z�e� �r�a�n�g�e�,� �i�t� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� �d�e�d�u�c�e� �w�h�i�c�h� �p�e�t�r�o�g�r�a�p�h�i�c� 

�c�o�m�p�o�n�e�n�t� �i�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �g�e�r�m�a�n�i�u�m�.� �T�h�e� �g�e�r�m�a�n�i�u�m� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �m�a�y� �c�o�m�e� �a�b�o�u�t� �a�s� �a�n� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �s�e�v�e�r�a�l� 

�o�f� �t�h�e� �c�o�m�p�o�n�e�n�t�s�.� �A�p�p�a�r�e�n�t�l�y�,� �t�h�e� �g�e�r�m�a�n�i�u�m� �i�s� �c�h�i�e�f�l�y� 

�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �a�n�t�h�r�a�x�y�l�o�n� �s�i�n�c�e� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� 

�s�l�i�g�h�t�l�y� �h�i�g�h�e�r� �i�n� �t�h�e� �s�m�a�l�l� �s�i�z�e�s� �t�h�a�n� �i�t� �i�s� �i�n� �t�h�e� �l�a�r�g�e� 

�s�i�z�e�s�.� �S�i�z�i�n�g� �t�h�e� �c�o�a�l� �t�o� �o�b�t�a�i�n� �h�i�g�h� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �g�e�r�~� 

�m�a�n�i�u�m� �i�s� �i�n�a�d�v�i�s�a�b�l�e� �b�y� �i�t�s�e�l�f�,� �s�i�n�c�e� �t�o�o� �m�u�c�h� �o�f� �t�h�e� �g�e�r�-� 

�m�a�n�i�u�m� �i�s� �l�o�s�t�,� �a�n�d� �t�h�e� �r�a�t�i�o� �o�f� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �l�e�s�s� �t�h�a�n� �t�w�o�.� 

�A�s� �e�x�p�l�a�i�n�e�d� �l�a�t�e�r� �i�n� �t�h�e� �d�i�s�c�u�s�s�i�o�n� �o�f� �f�l�o�t�a�t�i�o�n� �t�e�s�t� �4�,� 

�i�t� �m�a�y� �b�e� �t�h�a�t� �t�h�e� �g�e�r�m�a�n�i�u�m� �i�s� �c�o�n�t�a�i�n�e�d� �i�n� �a� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� 

�c�o�a�l� �t�h�a�t� �i�s� �o�n�l�y� �i�n�c�i�d�e�n�t�a�l�l�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �c�o�m�m�o�n� 

�p�e�t�r�o�g�r�a�p�h�i�c� �c�o�n�s�t�i�t�u�e�n�t�s� �o�f� �t�h�e� �c�o�a�l�.� �T�h�i�s� �w�o�u�l�d� �e�x�p�l�a�i�n� �t�h�e� 

�h�i�g�h�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �t�h�e� �f�i�n�e�r� �s�i�z�e�s� �b�e�c�a�u�s�e� �o�f� �t�h�e� �m�o�r�e� 

�c�o�m�p�l�e�t�e� �l�i�b�e�r�a�t�i�o�n� �o�f� �t�h�e� �p�e�t�r�o�g�r�a�p�h�i�c� �c�o�n�s�t�i�t�u�e�n�t�s� �i�n� �t�h�e� 

�f�i�n�e�r� �s�i�z�e�s�.� �T�h�i�s� �s�u�b�j�e�c�t� �w�a�r�r�a�n�t�s� �f�u�r�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n�s�.� 

�S�p�e�c�i�f�i�c� �G�r�a�v�i�t�y� �S�e�p�a�r�a�t�i�o�n�s�.� �I�n� �m�a�k�i�n�g� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� 

�s�e�p�a�r�a�t�i�o�n�s� �i�t� �w�a�s� �n�o�t�e�d� �t�h�a�t� �t�h�e�r�e� �w�a�s� �v�e�r�y� �l�i�t�t�l�e� �m�a�t�e�r�i�a�l� �i�n� 

�t�h�e� �F�l�o�a�t� �1�.�2�5� �f�r�a�c�t�i�o�n�.� �T�h�e� �m�a�t�e�r�i�a�l� �r�e�p�o�r�t�i�n�g� �i�n� �t�h�i�s� �f�r�a�e�-� 

�t�i�o�n� �w�a�s� �m�o�s�t�l�y� �e�x�t�r�a�n�e�o�u�s� �m�a�t�e�r�i�a�l� �s�u�c�h� �a�s� �g�r�a�i�n� �(�f�r�o�m� �t�h�e� 

�b�u�r�l�a�p� �f�e�e�d� �s�a�c�k�s�)�,� �p�a�p�e�r�,� �a�n�d� �b�i�t�s� �o�f� �w�o�o�d� �a�n�d� �t�r�a�s�h�.� �M�o�s�t� 

�o�f� �t�h�i�s� �m�a�t�e�r�i�a�l� �w�a�s� �r�e�m�o�v�e�d� �b�y� �d�r�y�i�n�g� �t�h�e� �c�o�a�l� �a�n�d� �t�h�e�n� �m�a�k�i�n�g



�~�2�8�~� 

�&� �s�e�p�a�r�a�t�i�o�n� �a�t� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �o�f� �1�.�0�0� �b�y� �u�s�i�n�g� �w�a�t�e�r�.� �S�i�n�c�e� 

�t�h�e� �a�m�o�u�n�t� �o�f� �F�l�o�a�t� �1�.�2�5� �w�a�s� �s�o� �s�m�a�l�l�,� �t�h�i�s� �f�r�a�c�t�i�o�n� �h�a�s� �b�e�e�n� 

�c�o�m�p�o�s�i�t�e�d� �w�i�t�h� �t�h�e� �F�l�o�a�t� �1�.�3�0� �f�r�a�c�t�i�o�n� �i�n� �p�r�e�s�e�n�t�i�n�g� �t�h�e� �d�a�t�a�.� 

�O�n� �t�h�e� �t�w�o� �l�a�r�g�e�r� �s�i�z�e�s�,� �s�e�p�a�r�a�t�i�o�n�s� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �a�t� 

�g�r�a�v�i�t�i�e�s� �o�f� �1�.�4�0�,� �1�.�5�0�,� �a�n�d� �1�.�6�0� �a�s� �w�e�l�l�,� �b�u�t� �t�h�e� �r�e�s�u�l�t�s� 

�i�n�d�i�c�a�t�e�d� �t�h�a�t� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �a�d�v�a�n�t�a�g�e� �w�a�s� �g�a�i�n�e�d� �t�h�e�r�e�b�y�.� 

�F�o�r� �e�x�a�m�p�l�e�,� �i�n� �t�h�e� �t�w�o� �l�a�r�g�e�r� �s�i�z�e�s� �t�h�e� �g�e�r�m�a�n�i�u�m� �c�o�n�t�e�n�t�s� �o�f� 

�b�o�t�h� �t�h�e� �S�i�n�k� �1�.�3�5� �a�n�d� �t�h�e� �S�i�n�k� �1�.�5�0� �a�r�e� �1�5� �p�p�m�.� �A� �s�p�e�c�i�f�i�c� 

�g�r�a�v�i�t�y� �s�e�p�a�r�a�t�i�o�n� �w�a�s� �m�a�d�e� �a�t� �1�.�2�7�5� �o�n� �t�h�e� �-�4�+�8� �f�r�a�c�t�i�o�n� �t�o� 

�s�e�e� �i�f� �a�n�y� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �g�e�r�m�a�n�i�u�m� �c�o�u�l�d� �b�e� �o�b�t�a�i�n�e�d� �i�n� �t�h�i�s� 

�m�a�n�n�e�r�.� �T�h�e�r�e� �w�a�s� �n�o� �n�o�t�a�b�l�e� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �g�e�r�m�a�n�i�u�m� �c�o�n�t�e�n�t� 

�b�a�s�e�d� �o�n� �t�h�e� �a�s�h�-�f�r�e�e� �c�o�a�l�,� �b�u�t�,� �w�h�e�n� �e�x�a�m�i�n�e�d� �o�n� �t�h�e� �b�a�s�i�s� �o�f� 

�g�e�r�m�a�n�i�u�m� �i�n� �t�h�e� �a�s�h�,� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �i�n�c�r�e�a�s�e�d� �a�l�m�o�s�t� 

�f�i�v�e� �t�i�m�e�s�.� �A� �s�e�p�a�r�a�t�i�o�n� �w�a�s� �m�a�d�e� �o�n� �t�h�e� �e�i�g�h�t� �s�m�a�l�l�e�r� �s�i�z�e�s� 

�a�t� �a� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �o�f� �1�.�5�0� �i�n� �o�r�d�e�r� �t�o� �d�e�t�e�r�m�i�n�e� �c�o�n�c�e�n�t�r�a�-�~�-� 

�t�i�o�n� �o�f� �g�e�r�m�a�n�i�u�m� �w�i�t�h� �i�n�c�r�e�a�s�e�d� �r�e�c�o�v�e�r�y�.� �A� �s�e�p�a�r�a�t�i�o�n� �a�t� �1�.�5�0� 

�s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �r�e�c�o�v�e�r�e�d� �a�l�m�o�s�t� �9�&�8� �p�e�r� �c�e�n�t� �o�f� �t�h�e� �g�e�r�m�a�n�i�u�n� 

�i�n� �l�e�s�s� �t�h�a�n� �9�0� �p�e�r� �c�e�n�t� �o�f� �t�h�e� �f�e�e�d� �a�n�d� �t�h�e� �a�s�h� �c�o�n�t�e�n�t� �w�a�s� 

�r�e�d�u�c�e�d� �f�r�o�m� �s�i�x�t�e�e�n� �t�o� �s�i�x� �p�e�r� �c�e�n�t�,� �t�h�u�s� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �c�o�n�-� 

�c�e�n�t�r�a�t�i�o�n� �o�f� �g�e�r�m�a�n�i�u�m� �i�n� �t�h�e� �a�s�h� �f�r�o�m� �2�2�4� �t�o� �7�2�3� �p�p�m�.� 

�E�x�a�m�i�n�a�t�i�o�n� �o�f� �F�i�g�u�r�e�s� �4� �a�n�d� �5� �a�n�d� �T�a�b�l�e� �2�7� �p�o�i�n�t�s� �o�u�t� 

�t�h�a�t� �t�h�e� �h�i�g�h�e�s�t� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �g�e�r�m�a�n�i�u�m� �i�n� �t�h�e� �c�o�a�l� �w�a�s� 

�i�n� �t�h�e� �S�i�n�k� �1�.�3�0�-�F�l�o�a�t� �1�.�3�5� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �f�r�a�c�t�i�o�n� �w�i�t�h� �t�h�e
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�h�i�g�h�e�s�t� �v�a�l�u�e� �b�e�i�n�g� �9�1� �p�p�m� �i�n� �t�h�e� �a�s�h�-�f�r�e�e� �c�o�a�l�.� �T�h�e� �a�v�e�r�a�g�e� 

�f�o�r� �t�h�i�s� �g�r�a�v�i�t�y� �f�r�a�c�t�i�o�n� �w�a�s� �5�5� �p�p�m� �o�n� �t�h�e� �s�a�m�e� �b�a�s�i�s�.� �O�n� �t�h�e� 

�o�t�h�e�r� �h�a�n�d�,� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �g�e�r�m�a�n�i�u�m� �i�n� �t�h�e� �a�s�h� �w�a�s� �g�r�e�a�t�-� 

�e�s�t� �i�n� �t�h�e� �F�l�o�a�t� �1�.�3�0� �f�r�a�c�t�i�o�n� �w�i�t�h� �t�h�e� �h�i�g�h�e�s�t� �v�a�l�u�e� �b�e�i�n�g� �2�0�0�0� 

�p�p�m� �a�n�d� �t�h�e� �a�v�e�r�a�g�e� �b�e�i�n�g� �1�1�9�0� �p�p�m� �(�s�e�e� �F�i�g�u�r�e�s� �4� �a�n�d� �5�)�.� �T�h�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �g�e�r�m�a�n�i�u�m� �i�n� �t�h�e� �h�e�a�d� �s�a�m�p�l�e�,� �b�a�s�e�d� �o�n� �a�s�h�-�f�r�e�e� 

�c�o�a�l� �a�n�d� �o�n� �a�s�h�,� �w�e�r�e� �4�1� �a�n�d� �2�2� �p�p�m�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�u�s�,� 

�s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �s�e�p�a�r�a�t�i�o�n� �c�a�n� �i�n�c�r�e�a�s�e� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� 

�g�e�r�m�a�n�i�u�m� �i�n� �a�s�h�-�f�r�e�e� �c�o�a�l�,� �a�n�d� �i�t� �c�a�n� �i�n�c�r�e�a�s�e� �t�h�e� �c�o�n�c�e�n�t�r�a�-� 

�t�i�o�n� �o�f� �g�e�r�m�a�n�i�u�m� �i�n� �t�h�e� �a�s�h�.� �T�h�e� �g�e�r�m�a�n�i�u�m� �c�o�n�t�e�n�t� �o�f� �t�h�e� 

�s�i�n�k� �p�r�o�d�u�c�t�s� �w�a�s� �i�n�v�e�r�s�e�l�y� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �s�e�p�a�r�a�t�i�n�g� 

�g�r�a�v�i�t�y�;� �t�h�i�s� �h�o�l�d�s� �t�r�u�e� �f�o�r� �b�o�t�h� �t�h�e� �g�e�r�m�a�n�i�u�m� �i�n� �t�h�e� �a�s�h�-�f�r�e�e� 

�c�o�a�l� �a�n�d� �t�h�e� �g�e�r�m�a�n�i�u�m� �i�n� �t�h�e� �a�s�h�.� 

�I�n�t�e�r�e�s�t�i�n�g�l�y� �e�n�o�u�g�h�,� �t�h�e� �h�i�g�h�e�s�t� �v�a�l�u�e� �b�a�s�e�d� �o�n� �g�e�r�m�a�n�i�u�m� 

�i�n� �c�o�a�l� �w�a�s� �o�b�t�a�i�n�e�d� �i�n� �t�h�e� �c�o�a�r�s�e�s�t� �s�i�g�e�,� �w�h�i�l�e� �t�h�e� �h�i�g�h�e�s�t� 

�e�o�n�t�e�n�t� �o�f� �g�e�r�m�a�n�i�u�m� �i�n� �t�h�e� �a�s�h� �w�a�s� �o�b�t�a�i�n�e�d� �i�n� �t�h�e� �-�1�0�0�+�2�0�0� 

�r�a�n�g�e�.� 

�S�o�l�v�e�n�t� �E�x�t�r�a�c�t�i�o�n�s�.� �T�h�e� �u�s�e� �o�f� �o�r�g�a�n�i�c� �s�o�l�v�e�n�t�s� �t�o� 

�e�x�t�r�a�c�t� �t�h�e� �g�e�r�m�a�n�i�u�m� �f�r�o�m� �c�o�a�l� �w�a�s� �i�n�v�e�s�t�i�g�a�t�e�d� �b�y� �u�s�i�n�g� 

�m�i�c�r�o�-�S�o�x�h�l�e�t� �e�x�t�r�a�c�t�i�o�n� �a�p�p�a�r�a�t�u�s�.� �T�h�e� �p�r�i�n�c�i�p�l�e� �o�f� �t�h�e� 

�S�o�x�h�l�e�t� �a�p�p�a�r�a�t�u�s� �i�s� �t�h�e� �c�o�n�t�i�n�u�o�u�s� �r�e�f�l�u�x�i�n�g� �o�f� �f�r�e�s�h� �s�o�l�v�e�n�t�,� 

�a�n�d� �f�o�r� �t�h�i�s� �r�e�a�s�o�n� �o�n�l�y� �v�o�l�a�t�i�l�e� �s�o�l�v�e�n�t�s� �c�a�n� �b�e� �u�s�e�d� �e�f�f�e�e�~� 

�t�i�v�e�l�y�.� �I�n� �o�p�e�r�a�t�i�o�n�,� �t�h�e� �m�a�t�e�r�i�a�l� �t�e� �b�e� �e�x�t�r�a�c�t�e�d� �i�s� �p�l�a�c�e�d



�-�3�2�~� 

�i�n� �a� �f�a�t�-�f�r�e�e� �p�a�p�e�r� �t�h�i�m�b�l�e� �w�h�i�c�h� �i�s� �i�n�s�e�r�t�e�d� �i�n� �t�h�e� �e�x�t�r�a�c�t�o�r� 

�b�e�t�w�e�e�n� �t�h�e� �r�e�f�l�u�x�i�n�g� �c�o�n�d�e�n�s�e�r� �a�n�d� �t�h�e� �f�l�a�s�k� �c�o�n�t�a�i�n�i�n�g� �t�h�e� 

�s�o�l�v�e�n�t�.� �T�h�e� �t�h�r�e�e� �p�a�r�t�s� �a�r�e� �t�h�e�n� �c�o�n�n�e�c�t�e�d� �a�n�d� �h�e�a�t� �i�s� �a�p�p�l�i�e�d� 

�t�o� �t�h�e� �f�l�a�s�k�,� �w�h�i�l�e� �c�o�o�l�i�n�g� �w�a�t�e�r� �i�s� �c�i�r�c�u�l�a�t�e�d� �t�h�r�o�u�g�h� �t�h�e� �c�o�n�~� 

�d�e�n�s�e�r�.� �T�h�e� �v�a�p�e�r�s� �t�r�a�v�e�l� �f�r�o�m� �t�h�e� �f�l�a�s�k�,� �t�h�r�o�u�g�h� �t�h�e� �e�x�t�r�a�c�t�o�r�,� 

�a�n�d� �i�n�t�o� �t�h�e� �r�e�f�l�u�x�i�n�g� �c�o�n�d�e�n�s�e�r� �w�h�e�r�e� �i�t� �i�s� �c�o�n�d�e�n�s�e�d�,� �d�r�i�p�s� �i�n�t�e� 

�t�h�e� �e�x�t�r�a�c�t�o�r�,� �a�n�d� �f�o�r�m�s� �a� �v�a�p�o�r� �t�r�a�p�.� �T�h�i�s� �c�o�n�t�i�n�u�e�s� �u�n�t�i�l� �t�h�e� 

�l�i�q�u�i�d� �l�e�v�e�l� �i�n ��t�h�e� �e�x�t�r�a�c�t�o�r� �i�s� �a�b�o�v�e� �t�h�e� �l�e�v�e�l� �i�n� �t�h�e� �s�i�p�h�o�n� 

�t�u�b�e�,� �a�t� �w�h�i�c�h� �t�i�m�e� �t�h�e� �c�o�n�t�e�n�t�s� �o�f� �t�h�e� �e�x�t�r�a�c�t�o�r� �e�m�p�t�y� �i�n�t�o� �t�h�e� 

�f�l�a�s�k� �a�r�d� �t�h�e� �o�p�e�r�a�t�i�o�n� �b�e�g�i�n�s� �a�g�a�i�n�.� �T�h�i�s� �c�y�c�l�e� �o�f� �r�e�n�e�w�i�n�g� 

�t�h�e� �s�o�l�v�e�n�t� �t�o� �t�h�e� �s�a�m�p�l�e� �i�s� �o�n�e� �o�f� �t�h�e� �m�o�s�t� �e�f�f�e�c�t�i�v�e� �e�x�t�r�a�c�-� 

�t�i�o�n� �p�r�o�c�e�s�s�e�s� �k�n�o�w�n�.� 

�I�n� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �o�n� �t�h�e� �s�o�l�v�a�t�i�o�n� �o�f� �c�o�a�l�,� �a�l�l� �s�o�l�v�e�n�t�s� 

�t�h�a�t� �w�e�r�e� �k�n�o�w�n� �t�o� �b�e� �e�f�f�e�c�t�i�v�e� �i�n� �c�o�a�l� �e�x�t�r�a�c�t�i�o�n� �w�e�r�e� �t�r�i�e�d�.� 

�T�h�e� �s�o�l�v�e�n�t�s� �u�s�e�d� �w�e�r�e� �b�e�n�z�e�n�e�,� �n�a�p�h�t�h�a�l�e�n�e�,� �a�n�t�h�r�a�c�e�n�e�,� �p�y�r�i�d�i�n�e�,� 

�q�u�i�n�o�l�i�n�e�,� �h�e�x�a�n�e�,� �c�h�l�o�r�o�f�o�r�m�,� �t�e�t�r�a�l�i�n�,� �g�a�s�o�l�i�n�e�,� �a�l�c�o�h�o�l�,� �w�a�t�e�r�,� 

�h�y�d�r�e�c�h�l�e�r�i�c� �a�c�i�d�,� �a�m�m�o�n�i�u�m� �h�y�d�r�o�x�i�d�e�,� �a�c�e�t�o�n�e�,� �a�n�d� �c�a�r�b�o�n� �t�e�t�r�a�-� 

�c�h�l�o�r�i�d�e�.� �T�h�e�s�e� �s�o�l�v�e�n�t�s� �w�e�r�e� �e�a�c�h� �u�s�e�d� �f�o�r� �a� �p�e�r�i�o�d� �o�f� �s�i�x�t�e�e�n� 

�h�o�u�r�s� �a�n�d� �t�h�e� �r�e�s�i�d�u�e�s� �w�e�r�e� �t�h�e�n� �a�n�a�l�y�z�e�d� �f�e�r� �g�e�r�m�a�n�i�u�m�.� �B�y� �t�h�i�s� 

�m�e�t�h�o�d� �i�t� �w�a�s� �p�o�s�s�i�b�l�e� �t�e� �e�l�i�m�i�n�a�t�e� �m�a�n�y� �s�o�l�v�e�n�t�s� �a�s� �b�e�i�n�g� �u�n�s�a�t�i�s�-� 

�f�a�c�t�o�r�y� �f�o�r� �f�u�r�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n�;� �b�e�n�z�e�n�e�,� �c�h�l�o�r�e�f�o�r�m�,� �g�a�s�o�l�i�n�e�,� 

�a�l�c�o�h�o�l�,� �w�a�t�e�r�,� �h�y�d�r�o�c�h�l�o�r�i�c� �a�c�i�d�,� �a�m�m�e�n�i�w�n� �h�y�d�r�o�x�i�d�e�,� �a�c�e�t�o�n�e�,� 

�a�n�d� �c�a�r�b�o�n� �t�e�t�r�a�c�h�l�o�r�i�d�e� �e�x�t�r�a�c�t�e�d� �l�i�t�t�l�e� �o�r� �n�o�n�e� �o�f� �t�h�e



�g�e�r�m�a�n�i�u�m�.�  ��o�m�e� �s�o�l�v�e�n�t�s� �w�e�r�e� �g�o�o�d� �f�r�o�m� �t�h�e� �s�t�a�n�d�p�o�i�n�t� �o�f� �g�e�r�-� 

�m�a�n�i�u�m� �r�e�m�o�v�e�d�,� �b�u�t� �t�h�e�y� �w�e�r�e� �u�n�s�e�l�e�c�t�i�v�e� �a�n�d� �e�x�t�r�a�c�t�e�d� �t�c�o� �m�u�c�h�.� 

�c�o�a�l�,� �w�i�t�h�o�u�t� �e�f�f�e�c�t�i�n�g� �a�n�y� �g�r�e�a�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �N�a�p�h�t�h�a�l�e�n�e�,� 

�a�n�t�h�r�a�c�e�n�e�,� �p�y�r�i�d�i�n�e�,� �q�u�i�n�o�l�i�n�e�,� �a�n�d� �t�e�t�r�a�l�i�n� �m�e�r�e�l�y� �r�i�p�p�e�d� �t�h�e� 

�c�o�a�l� �a�p�a�r�t� �w�i�t�h�o�u�t� �s�e�l�e�c�t�i�v�e� �e�x�t�r�a�c�t�i�o�n� �o�f� �t�h�e� �g�e�r�m�a�n�i�u�m�.� �T�h�e� 

�b�e�s�t� �r�e�s�u�l�t�s� �o�f� �t�h�e� �t�e�s�t�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �w�i�t�h� �h�e�x�a�n�e� �w�h�i�c�h� �e�x�-� 

�t�r�a�c�t�e�d� �4�8� �p�e�r� �c�e�n�t� �o�f� �t�h�e� �g�e�r�m�a�n�i�u�m� �w�h�i�l�e� �o�n�l�y� �r�e�m�o�v�i�n�g� �0�.�2� 

�p�e�r� �c�e�n�t� �o�f� �t�h�e� �c�o�a�l� �s�u�b�s�t�a�n�c�e� �t�h�u�s� �g�i�v�i�n�g� �a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� 

�2�5�0�.� 

�A�s� �a� �r�e�s�u�l�t� �o�f� �t�h�i�s� �p�r�e�l�i�m�i�n�a�r�y� �s�t�u�d�y�,� �a�n� �i�n�v�e�s�t�i�g�a�t�i�o�n� �w�a�s� 

�m�a�d�e� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �e�f�f�e�c�t� �o�f� �t�i�m�e� �o�f� �e�x�t�r�a�c�t�i�o�n� �o�n� �t�h�e� �d�e�g�r�e�e� 

�o�f� �e�x�t�r�a�c�t�i�o�n�.� �T�h�e�s�e� �w�e�r�e� �r�u�n� �f�o�r� �p�e�r�i�o�d�s� �o�f� �2�,� �4�,� �8�,� �a�n�d� �1�6� 

�h�o�u�r�s� �u�s�i�n�g� �h�e�x�a�n�e� �o�n� �a� �c�o�a�l� �f�r�a�c�t�i�o�n� �t�h�a�t� �w�a�s� �r�i�c�h�e�r� �i�n� �g�e�r�-� 

�m�a�n�i�u�m� �t�h�a�n� �t�h�e� �s�a�m�p�l�e� �u�s�e�d� �i�n� �t�h�e� �p�r�e�l�i�m�i�n�a�r�y� �1�6�-�h�o�u�r� �t�e�s�t�s�.� 

�C�o�a�l� �e�x�t�r�a�c�t�e�d� �d�u�r�i�n�g� �e�a�c�h� �r�u�n� �w�a�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �1�.�5�,� �2�.�1�,� 

�3�e�2�,� �a�n�c� �2�.�1� �p�e�r� �c�e�n�t�.� �T�h�e� �v�a�l�u�e�s� �o�b�t�a�i�n�e�d� �f�o�r� �t�h�e� �2�,� �4�,� �a�n�d� 

�l�é�-�h�o�u�r� �t�e�s�t�s� �s�h�o�w� �a�n� �e�x�t�r�a�c�t�i�o�n� �o�f� �g�e�r�m�a�n�i�u�m� �o�f� �3�.�5�,� �7�.�0�,� �a�n�d� 

�3�2�.�0� �p�e�r� �c�e�n�t� �(�s�e�e� �F�i�g�u�r�e� �6�)�.� �T�h�e� �a�m�o�u�n�t� �o�f� �c�o�a�l� �e�x�t�r�a�c�t�e�d� �i�s� 

�i�n�s�i�g�n�i�f�i�c�a�n�t� �a�n�d� �s�e�e�m�s� �t�o� �b�e�a�r� �n�o� �r�e�l�a�t�i�o�n� �t�o� �t�h�e� �g�e�r�m�a�n�i�u�z� 

�e�x�t�r�a�c�t�e�d�.� �T�h�e� �a�m�o�u�n�t� �o�f� �g�e�r�m�a�n�i�u�m� �e�x�t�r�a�c�t�e�d� �b�y� �t�h�e� �h�e�x�a�n�e� �i�s� 

�a�l�m�o�s�t� �l�i�n�e�a�r� �w�i�t�h� �t�i�m�e� �i�n� �t�h�e� �r�a�n�g�e� �i�n�v�e�s�t�i�g�a�t�e�d�.� �T�h�e� �m�a�x�i�m�u�m� 

�r�a�t�i�o� �o�f� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�b�t�a�i�n�e�d� �w�a�s� �a�b�o�u�t� �1�6�:�1�.� �T�h�e� �m�a�i�n� 

�d�i�s�a�d�v�a�n�t�a�g�e� �t�o� �t�h�i�s� �p�h�a�s�e� �o�f� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �w�a�s� �t�h�e� �l�a�c�k



�
 



�o�f� �a� �m�a�t�e�r�i�a�l� �b�a�l�a�n�c�e�,� �s�i�n�c�e� �t�h�e� �e�x�t�r�a�c�t�s� �c�o�u�l�d� �n�o�t� �b�e� �s�a�t�i�s�-� 

�f�a�c�t�o�r�i�l�y� �a�n�a�l�y�z�e�d�.� �I�n� �u�s�i�n�g� �t�h�e� �S�o�x�h�l�e�t� �a�p�p�a�r�a�t�u�s� �i�t� �w�a�s� �f�o�u�n�d� 

�h�e�l�p�f�u�l� �t�o� �a�d�d� �a� �f�e�w� �g�r�a�i�n�s� �o�f� �p�u�r�e� �s�a�n�d� �t�o� �t�h�e� �f�l�a�s�k� �t�o� �p�r�e�v�e�n�t� 

�u�n�d�u�e� �b�u�m�p�i�n�g�.� �F�o�r� �t�h�o�s�e� �h�i�g�h� �b�o�i�l�i�n�g� �p�o�i�n�t� �o�r�g�a�n�i�c� �s�o�l�v�e�n�t�s� 

�t�h�a�t� �a�b�s�o�r�b� �w�a�t�e�r� �i�t� �w�a�s� �f�o�u�n�d� �n�e�c�e�s�s�a�r�y� �t�o� �p�r�e�b�o�i�l� �i�n� �o�r�d�e�r� �t�o� 

�p�r�e�v�e�n�t� �e�x�p�l�o�s�i�o�n�s� �w�i�t�h�i�n� �t�h�e� �a�p�p�a�r�a�t�u�s�.� �W�h�e�n� �u�s�i�n�g� �s�o�l�v�e�n�t�s� 

�t�h�a�t� �a�r�e� �o�r�d�i�n�a�r�i�l�y� �s�o�l�i�d�s� �c�a�r�e� �m�u�s�t� �b�e� �t�a�k�e�n� �t�o� �k�e�e�p� �t�h�e� �c�o�n�-� 

�d�e�n�s�e�r� �f�r�o�m� �b�e�c�o�m�i�n�g� �p�l�u�g�g�e�d�,� �c�a�u�s�i�n�g� �p�r�e�s�s�u�r�e� �t�o� �b�u�i�l�d� �u�p� �a�n�d� 

�b�l�o�w� �t�h�e� �a�p�p�a�r�a�t�u�s� �a�p�a�r�t�.� 

�T�h�e� �g�r�o�u�n�d� �g�l�a�s�s� �j�o�i�n�t�s� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �m�a�t�i�n�g� �t�o�o� �w�e�l�l� 

�a�n�d� �a� �f�e�w� �r�o�u�g�h�e�n�i�n�g� �s�t�r�o�k�e�s� �w�i�t�h� �e�m�e�r�y� �c�l�o�t�h� �m�a�d�e� �i�t� �p�o�s�s�i�b�l�e� 

�t�o� �t�a�k�e� �t�h�e� �a�p�p�a�r�a�t�u�s� �a�p�a�r�t� �w�i�t�h�o�u�t� �b�r�e�a�k�a�g�e�.� 

�I�n� �a�l�l� �c�a�s�e�s�,� �a�p�p�r�o�x�i�m�a�t�e�l�y� �c�n�e� �g�r�a�m� �o�f� �s�a�m�p�l�e� �(�a�c�c�u�r�a�t�e�l�y� 

�w�e�i�g�h�e�d�)� �w�a�s� �p�l�a�c�e�d� �i�n� �t�h�e� �t�h�i�m�b�l�e� �a�n�d� �t�h�e� �t�o�p� �p�i�n�c�h�e�d� �c�l�o�s�e�d�.� 

�W�h�e�n� �t�h�e� �t�h�i�m�b�l�e� �w�a�s� �p�l�a�c�e�d� �i�n� �t�h�e� �e�x�t�r�a�c�t�o�r�,� �c�a�r�e� �w�a�s� �t�a�k�e�n� �t�o� 

�p�r�e�v�e�n�t� �t�h�e� �c�o�n�d�e�n�s�a�t�e� �f�r�o�m� �d�r�i�p�p�i�n�g� �d�i�r�e�c�t�l�y� �i�n�t�o� �t�h�e� �t�h�i�m�b�l�e�.� 

�T�h�i�s� �r�e�d�u�c�e�d� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �o�f� �m�a�t�e�r�i�a�l� �b�e�i�n�g� �s�p�l�a�s�h�e�d� �o�u�t� �o�r� 

�b�e�i�n�g� �d�i�s�p�l�a�c�e�d� �b�y� �t�h�e� �h�e�a�v�i�e�r� �o�r�g�a�n�i�c� �l�i�q�u�i�d�s�.� �A�t� �t�h�e� �e�n�d� �o�f� 

�t�h�e� �p�r�e�d�e�t�e�r�m�i�n�e�d� �p�e�r�i�o�d� �o�f� �e�x�t�r�a�c�t�i�o�n�,� �t�h�e� �t�h�i�m�b�l�e� �w�a�s� �r�e�m�o�v�e�d� 

�a�n�d� �t�h�e� �r�e�s�i�d�u�a�l� �s�o�l�v�e�n�t� �i�n� �t�h�e� �t�h�i�m�b�l�e� �w�a�s� �d�r�i�v�e�n� �o�f�f� �b�y� �p�l�a�c�i�n�g� 

�t�h�e� �t�h�i�m�b�l�e� �i�n� �a� �c�o�n�v�e�n�t�i�o�n�a�l� �d�r�y�i�n�g� �o�v�e�n� �u�n�t�i�l� �t�h�e� �t�h�i�m�b�l�e�s� �n�o� 

�l�o�n�g�e�r� �g�a�v�e� �a� �s�m�e�l�l� �o�f� �t�h�e� �s�o�l�v�e�n�t�.� �T�h�e� �d�r�y� �t�h�i�m�b�l�e�s� �w�e�r�e� 

�w�e�i�g�h�e�d� �a�n�d� �t�h�e� �l�o�s�s� �i�n� �w�e�i�g�h�t� �w�a�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �c�o�a�l� 

�e�x�t�r�a�c�t�e�d� �b�y� �t�h�e� �s�o�l�v�e�n�t�.� �T�h�e� �t�h�i�m�b�l�e�s� �w�e�r�e� �t�h�e�n� �a�s�h�e�d� �i�n� �t�h�e



�-�3�6�-� 

�g�a�m�e� �m�a�n�n�e�r� �a�s� �t�h�e� �c�o�a�l� �s�a�m�p�l�e�s�.� �W�h�e�n� �t�h�e� �a�s�h� �p�e�r� �c�e�n�t� �w�a�s� 

�c�a�l�c�u�l�a�t�e�d� �o�n� �t�h�e� �b�a�s�i�s� �o�f� �t�h�e� �o�r�i�g�i�n�a�l� �c�o�a�l� �i�n� �t�h�e� �t�h�i�m�b�l�e� 

�p�r�i�o�r� �t�o� �e�x�t�r�a�c�t�i�o�n�,� �t�h�e� �a�s�h� �p�e�r� �c�e�n�t� �w�a�s� �t�h�e� �s�a�m�e� �a�s� �t�h�a�t� �o�f� 

�t�h�e� �o�r�i�g�i�n�a�l� �c�o�a�l�,� �i�n�d�i�c�a�t�i�n�g� �l�i�t�t�l�e� �o�r� �n�o� �r�e�m�o�v�a�l� �o�f� �t�h�e� �a�s�h�-� 

�f�o�r�m�i�n�g� �s�u�b�s�t�a�n�c�e�s� �b�y� �t�h�e� �s�o�l�v�e�n�t�s�.� �A�f�t�e�r� �a�s�h�i�n�g�,� �t�h�e� �m�a�t�e�r�i�a�l� 

�w�a�s� �a�n�a�l�y�z�e�d� �f�o�r� �g�e�r�m�a�n�i�u�m� �i�n� �t�h�e� �s�a�m�e� �m�a�n�n�e�r� �a�s� �t�h�e� �c�o�a�l� �s�a�m�p�l�e�s�.� 

�|�T�h�e� �t�r�e�a�t�m�e�n�t� �o�f� �t�h�e� �e�x�t�r�a�c�t� �i�s� �d�e�s�c�r�i�b�e�d� �u�n�d�e�r� �t�h�e� �h�e�a�d�i�n�g� 

�"�A�n�a�l�y�t�i�c�a�l� �D�i�f�f�i�c�u�l�t�i�e�s�.�"� 

�F�l�o�t�a�t�i�o�n� �T�e�s�t�s�.� �B�l�a�c�k�s�b�u�r�g� �t�a�p� �w�a�t�e�r� �w�a�s� �u�s�e�d� �i�n� �a�l�l� �f�l�o�t�a�-� 

�t�i�o�n�s�.� �T�h�e� �w�a�t�e�r� �h�a�s� �a� �p�H� �o�f� �7�.�4�.� �T�h�e� �h�a�r�d�n�e�s�s� �v�a�r�i�e�s� �f�r�o�m� �2�0�0� 

�t�o� �5�0�0� �p�p�m�.� �A� �2�5�0� �g�r�a�m� �s�a�m�p�l�e� �o�f� �c�o�a�l� �w�a�s� �m�i�x�e�d� �w�i�t�h� �2�.�3� �l�i�t�e�r�s� 

�o�f� �w�a�t�e�r� �i�n� �t�h�e� �f�l�o�t�a�t�i�o�n� �c�e�l�l� �b�e�f�o�r�e� �e�a�c�h� �t�e�s�t� �w�a�s� �b�e�g�u�n�.� �I�n� 

�a�l�l� �c�a�s�e�s�,� �t�h�e� �a�i�r� �w�a�s� �t�u�r�n�e�d� �o�f�f� �w�h�i�l�e� �t�h�e� �r�e�a�g�e�n�t�s� �w�e�r�e� �b�e�i�n�g� 

�a�d�d�e�d�.� �T�h�e� �r�e�a�g�e�n�t� �c�o�n�s�u�m�p�t�i�o�n� �i�s� �r�e�p�o�r�t�e�d� �i�n� �t�e�r�m�s� �o�f� �p�o�u�n�d�s� 

�p�e�r� �t�o�n� �(�l�b�s�.�/�t�o�n�)�,� �w�h�i�c�h� �i�s� �s�t�a�n�d�a�r�d� �i�n� �f�l�o�t�a�t�i�o�n� �p�r�a�c�t�i�c�e�.� 

�U�n�l�e�s�s� �s�p�e�c�i�f�i�e�d�,� �r�e�a�g�e�n�t� �a�d�d�i�t�i�o�n�s� �a�f�t�e�r� �t�h�e� �f�i�r�s�t� �i�n�c�r�e�-� 

�m�e�n�t� �w�e�r�e� �m�a�d�e� �w�h�e�n� �t�h�e� �f�r�o�t�h� �b�e�c�a�m�e� �v�i�r�t�u�a�l�l�y� �b�a�r�r�e�n�,� �t�h�a�t� �i�s�,� 

�w�h�e�n� �t�h�e� �f�r�o�t�h� �c�o�n�t�a�i�n�e�d� �v�e�r�y� �l�i�t�t�l�e� �c�o�a�l�.� 

�f�e�s�t� �O�n�e�.� �T�h�e� �p�u�l�p� �w�a�s� �t�r�e�a�t�e�d� �w�i�t�h� �0�.�0�5� �l�b�.�/�t�o�n� 

�D�o�w�f�r�o�t�h� �2�5�0� �a�n�d� �t�h�e� �f�r�o�t�h� �c�o�l�l�e�c�t�e�d�,� �t�h�e�n� �1�.�5� �l�b�s�.�/�t�o�n� 

�o�f� �T�a�l�l�s�e� �w�e�r�e� �a�d�d�e�d� �a�n�d� �t�h�e� �s�e�c�o�n�d� �f�r�o�t�h� �c�o�l�l�e�c�t�e�d�.� 

�T�e�s�t� �T�w�o�.� �N�o� �r�e�a�g�e�n�t�s� �w�e�r�e� �a�d�d�e�d� �a�n�d� �t�h�e� �f�i�r�s�t� �f�r�o�t�h� 

�w�a�s� �c�o�l�l�e�c�t�e�d�.� �T�h�e� �p�u�l�p� �w�a�s� �n�e�x�t� �t�r�e�a�t�e�d� �w�i�t�h� �0�.�0�5� �l�b�.�/�t�o�n



�A�m�e�r�i�c�a�n� �C�y�a�n�a�m�i�d� �A�e�r�o�f�r�o�t�h� �8�0� �(�A�C� �8�0�)� �a�n�d� �t�h�e� �f�r�o�t�h� �c�o�l�-� 

�l�e�e�t�e�d� �o�n�c�e� �m�o�r�e�.� 

�f�e�s�t� �T�h�r�e�e�.� �A�n� �a�d�d�i�t�i�o�n� �o�f� �0�.�0�5� �l�b�.�/�t�o�n� �A�m�e�r�i�c�a�n� 

�C�y�a�n�a�m�i�d� �A�e�r�o�s�o�l� �O�S� �w�a�s� �m�a�d�e� �a�n�d� �t�h�e� �f�r�o�t�h� �r�e�m�o�v�e�d� �f�o�r� �o�n�e� 

�m�i�n�u�t�e�.� �T�o� �t�h�e� �r�e�m�a�i�n�i�n�g� �p�u�l�p� �0�.�0�2� �l�b�.�/�t�o�n� �A�C� �8�0� �w�a�s� 

�a�d�d�e�d� �a�n�d� �t�h�i�s� �f�r�o�t�h� �w�a�s� �s�k�i�m�m�e�d� �o�f�f� �f�o�r� �o�n�e� �m�i�n�u�t�e�.� �A�n� 

�a�d�d�i�t�i�o�n�a�l� �0�.�0�1� �1�b�.�/�t�o�n� �A�G� �8�0� �w�a�s� �a�d�d�e�d� �a�n�d� �t�h�e� �f�r�o�t�h� 

�s�c�r�a�p�e�d� �o�f�f� �o�n�c�e� �m�o�r�e�.� �A� �l�a�s�t� �a�l�i�q�u�o�t� �o�f� �0�.�0�2� �l�b�.�/�t�o�n� 

�A�C�G� �8�0� �w�a�s� �a�d�d�e�d� �t�o� �o�b�t�a�i�n� �a� �f�o�u�r�t�h� �p�r�o�d�u�c�t�.� �F�i�n�a�l�l�y�,� �t�w�o� 

�d�r�o�p�s� �(�a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�4�2� �l�b�.�/�t�o�n�)� �o�f� �B�a�r�r�e�t�t�-�6�3�4� �(�a� �c�o�a�l� 

�t�a�r� �c�r�e�o�s�o�t�e�)� �w�e�r�e� �i�n�t�r�o�d�u�c�e�d�.� �T�h�i�s� �p�r�o�d�u�c�e�d� �t�h�e� �l�a�s�t� 

�f�r�o�t�h� �c�o�l�l�e�e�t�e�d�.� �T�h�e�s�e� �f�r�o�t�h�s� �w�e�r�e� �n�u�m�b�e�r�e�d� �1�,� �2�,� �3�,� �4�,� 

�5�,� �a�n�g� �t�h�e� �u�n�d�e�r�f�l�o�w� �w�a�s� �d�e�s�i�g�n�a�t�e�d� �a�s� �6�.� 

 ��T�e�s�t� �F�o�u�r�.� �F�o�u�r� �d�r�o�p�s� �(�0�.�8�5� �i�b�.�/�t�o�n�)� �o�f� �B�a�r�r�e�t�t�-�6�3�4� 

�a�n�d� �0�.�1� �l�b�.�/�t�o�n� �A�C� �8�0� �w�e�r�e� �a�d�d�e�d� �i�n� �s�t�a�g�e�s� �t�o� �o�b�t�a�i�n� �t�h�e� 

�f�i�r�s�t� �f�r�o�t�h�.� �T�w�o� �d�r�o�p�s� �(�0�.�2�4� �l�b�.�/�t�e�o�n�)� �o�f� �B�a�r�r�e�t�t�-�6�3�4� �a�n�d� 

�a�n� �a�d�d�i�t�i�o�n�a�l� �0�.�1� �l�b�.�/�t�o�n� �A�C� �8�0� �w�e�r�e� �a�d�d�e�d� �t�o� �e�f�f�e�c�t� �t�h�e� 

�l�a�s�t� �s�e�p�a�r�a�t�i�o�n�.� 

�I�n� �t�e�s�t�e� �o�n�e�,� �t�w�o�,� �a�n�d� �f�o�u�r�,� �t�h�e� �f�i�r�s�t� �f�r�o�t�h� �w�a�s� �d�e�s�i�g�n�a�t�e�d� 

�C�o�n�c�e�n�t�r�a�t�e�,� �t�h�e� �s�e�c�o�n�d� �f�r�o�t�h� �w�a�s� �d�e�s�i�g�n�a�t�e�d� �M�i�d�d�l�i�n�g�s�,� �a�n�d� �t�h�e� 

�r�e�m�a�i�n�i�n�g� �u�n�d�e�r�f�l�o�w� �w�a�s� �t�h�e� �T�a�i�l�i�n�g�s� �p�r�o�d�u�c�t�.� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e�s�e� �t�e�s�t�s� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e�s� �2�,� �3�,� �4�,� 

�a�n�d� �5�.



�T�a�b�l�e� �2� 

�R�e�s�u�l�t�s� �o�f� �F�l�o�t�a�t�i�o�n� �T�e�s�t� �1� 

� � 

� � 

�P�r�o�d�u�c�t� �W�e�i�g�h�t� �A�s�h� �G�e�r�m�a�n�i�u�n� 

�S� �%� �P�p�a� 

�C�o�n�c�e�n�t�r�a�t�e� �2�h�0� �7�1� �L�S� 

�M�i�d�d�l�i�n�g�s� �3�3� �o�h� �1�4�0�5� �3�6� 

�T�a�i�l�i�n�g�s� �4�2�.�6� �2�6�h� �1�8� 

�C�o�m�p�o�s�i�t�e� �1�0�0�.�0� �3�1� �1�7�.�8� 

� 



�T�a�b�l�e� �3� 

�R�e�s�u�l�t�s� �o�f� �F�l�o�t�a�t�i�o�n� �T�e�s�t� �2� 

� � 

� � 

�P�r�o�d�u�c�t� �W�e�i�g�h�t� �A�s�h� �G�e�r�m�a�n�i�u�m� 

�S� �é� �p�r�i�m� 

�C�o�n�e�e�n�t�r�a�t�e� �2�6�.�2� �7�5� �4�6� 

�M�i�d�d�l�i�n�g�s� �1�9�.�8� �1�0�.�5� �3�6� 

�T�a�i�l�i�n�g�s� �5�4�.�0� �2�0�.�8� �3�8� 

�C�o�m�p�o�s�i�t�e� �1�0�0�.�0� �1�5�.�3� �1�0� 

� 



�T�a�b�l�e� �4� 

�R�e�s�u�l�t�s� �o�f� �F�l�o�t�a�t�i�o�n� �T�e�s�t� �3� 

� � 

� � 

�P�r�o�d�u�c�t� �W�e�i�g�h�t� �A�s�h� �G�e�r�m�a�n�i�u�m� 

�~� �A�b� �P�p�a� 

�1� �5�2� �6�.�4� �4�2� 

�2� �5�0�7� �7�5� �A�T� 

�3�h� �1�5�.�6� �8�.�6� �3�h� 

�5� �2�9�.�2� �7�.�6� �4�8� 

�6� �h�i�.�3� �1�8�.�9� �h�2� 

�C�o�m�p�o�s�i�t�e� �1�0�0�.�0� �1�2�.�7� �4�3� 

� 



�T�a�b�l�e� �5� 

�R�e�s�u�l�t�s� �o�f� �F�l�o�t�a�t�i�o�n� �T�e�s�t� �4� 

� � 

� � 

�P�r�o�d�u�c�t� �W�e�i�g�h�t� �A�s�h� �G�e�r�m�a�n�i�u�m� 

�%� �%� �p�p�m� 

�C�o�n�c�e�n�t�r�a�t�e� �3�7�.�1� �6�.�5� �6� 

�M�i�d�d�l�i�n�g�s� �5�9�3� �1�4�.�3� �3�9� 

�T�a�i�l�i�n�g�s� �3�.�6� �8�5�.�6� �1�7� 

�C�o�m�p�o�s�i�t�e� �1�0�0�.�0� �1�3�.�7� �A�L� 

� 



�T�h�e� �t�h�r�e�e� �p�r�o�d�u�c�t�s� �o�f� �t�e�s�t� �f�o�u�r� �w�e�r�e� �d�i�v�i�d�e�d� �i�n�t�o� �t�h�r�e�e� 

�s�i�z�e� �g�r�o�u�p�s� �(�+�4�8�,� �-�4�8�+�1�0�0�,� �a�n�d� �-�1�0�0� �m�e�s�h�)�,� �e�a�c�h� �o�f� �w�h�i�c�h� �w�a�s� 

�a�n�a�l�y�z�e�d� �f�o�r� �a�s�h� �a�n�d� �g�e�r�m�a�n�i�u�n� �c�o�n�t�e�n�t�.� �T�h�i�s� �w�a�s� �d�o�n�e� �t�o� �n�o�t�e� 

�t�h�e� �s�i�z�e�-�g�e�r�m�a�n�i�u�m� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �p�r�o�d�u�c�t�s� �a�s� �t�a�b�u�l�a�t�e�d� �i�n� 

�T�a�b�l�e�s� �6�,� �7�,� �a�n�d� �&�.� 

�T�h�e� �s�i�z�e�d� �t�a�i�l�i�n�g�s� �w�e�r�e� �f�u�r�t�h�e�r� �f�r�a�c�t�i�o�n�a�t�e�d� �b�y� �s�p�e�c�i�f�i�c� 

�g�r�a�v�i�t�y� �s�e�p�a�r�a�t�i�o�n� �a�t� �1�.�9�0�.� �T�h�i�s� �1�.�9�0� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �l�i�q�u�i�d� 

�w�a�s� �a� �m�i�x�t�u�r�e� �o�f� �c�a�r�b�o�n� �t�e�t�r�a�c�h�l�o�r�i�d�e�,� �w�h�i�t�e� �g�a�s�o�l�i�n�e�,� �b�r�o�m�o�-� 

�f�o�r�m�,� �a�n�d� �a�c�e�t�y�l�e�n�e� �t�e�t�r�a�b�r�o�m�i�d�e�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�i�s� �s�e�p�a�r�a�-� 

�t�i�o�n� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �9�.� �T�h�e� �a�n�a�l�y�s�e�s� �o�f� �t�h�i�s� �f�r�a�c�t�i�o�n�a�t�i�o�n� 

�a�n�d� �c�o�m�p�o�s�i�t�e�s� �c�a�l�c�u�l�a�t�e�d� �t�h�e�r�e�f�r�o�m� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e�s� �1�0� 

�a�n�d� �l�l�.� 

�F�l�o�t�a�t�i�o�n� �t�e�s�t�s� �c�a�n� �e�f�f�e�c�t� �a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �g�e�r�m�a�n�i�u�n�,� 

�b�u�t� �t�h�e� �r�a�t�i�o� �o�f� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �c�l�o�s�e� �t�o� �u�n�i�t�y�.� �T�h�e� �r�a�t�i�o�s� 

�o�f� �c�o�n�c�e�n�t�r�a�t�i�o�n� �b�e�t�w�e�e�n� �f�e�e�d� �a�n�d� �c�o�n�c�e�n�t�r�a�t�e� �f�o�r� �e�a�c�h� �o�f� �t�h�e� 

�f�o�u�r� �f�l�o�t�a�t�i�o�n� �t�e�s�t�s� �w�e�r�e� �1�.�5�,� �1�.�2�,� �1�.�1�,� �a�n�d� �1�.�1� �i�n� �t�h�a�t� �o�r�d�e�r�.� 

�G�e�r�m�a�n�i�u�m� �w�a�s� �c�o�n�c�e�n�t�r�a�t�e�d� �i�n� �t�h�e� �s�m�a�l�l�e�r� �s�i�z�e�s� �b�y� �m�e�a�n�s� �o�f� 

�f�r�o�t�h� �f�l�o�t�a�t�i�o�n�,� �w�h�i�c�h� �m�e�a�n�s� �f�r�o�t�h� �f�l�o�t�a�t�i�o�n� �w�o�u�l�d� �c�o�n�c�e�n�t�r�a�t�e� 

�t�h�e� �g�e�r�m�a�n�i�u�m� �i�n� �t�h�e� �f�i�n�e�r� �s�i�z�e�s� �t�h�a�t� �a�r�e� �n�o�t� �a�m�e�n�a�b�l�e� �t�o� 

�s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �s�e�p�a�r�a�t�i�o�n�s�.� �S�i�n�c�e� �t�h�e� �t�a�i�l�i�n�g�s� �w�e�r�e� �a�p�p�r�o�x�i�-� 

�m�a�t�e�l�y� �o�n�e�-�h�a�l�f� �t�h�e� �t�o�t�a�l� �w�e�i�g�h�t�,� �b�u�t� �c�o�n�t�a�i�n�e�d� �l�e�s�s� �t�h�a�n� �o�n�e�-� 

�h�a�l�f� �o�f� �t�h�e� �g�e�r�m�a�n�i�u�m�,� �t�h�e� �a�m�o�u�n�t� �o�f� �m�a�t�e�r�i�a�l� �t�o� �b�e� �h�a�n�d�l�e�d� �w�a�s� 

�r�e�d�u�c�e�d�,� �b�u�t� �m�o�s�t� �o�f� �t�h�e� �g�e�r�m�a�n�i�u�m� �w�a�s� �r�e�t�a�i�n�e�d�.



�T�a�b�l�e� �6� 

�S�i�z�e� �D�i�s�t�r�i�b�u�t�i�o�n� �o�f� �P�r�o�d�u�c�t�s� 

�o�f� �F�l�o�t�a�t�i�o�n� �T�e�s�t� �4� 

� � 

�P�r�o�d�u�c�t� �+�1�8� �-�4�,�8�+�1�0�0� �-�1�0�0� �T�o�t�a�l� 

� � 

�m�e�s�h� �m�e�s�h� �m�e�s�h� �%� 

�C�o�n�c�e�n�t�r�a�t�e� �6�.�2� �2�0�.�6� �7�3�0�2� �1�0�0�.�0� 

�T�a�i�l�i�n�g�s� �4�6�.�7� �2�9�3�9� �2�3�0�4� �1�0�0�.�0� 

�C�o�m�p�o�s�i�t�e� �3�1�.�0� �2�7� �6� �A�l�e�k� �1�0�0�.�0� 

� 



�A�s�h� �A�n�a�l�y�s�e�s� �o�f� �S�i�z�e�d� �P�r�o�d�u�c�t�s� 

�T�a�b�l�e� �7� 

�o�f� �F�l�o�t�a�t�i�o�n� �T�e�s�t� �4� 

� � 

� � 

�P�r�o�d�u�c�t� �+�1�8� �~�/�4�,�8�+�1�0�0� �~�1�0�0� �C�o�m�p�o�s�i�t�e� 

�m�e�s�h� �m�e�s�h� �m�e�s�h� 

�C�o�n�c�e�n�t�r�a�t�e� �3�.�9� �b�e�d� �T�e�l� �6�.�5� 

�M�i�d�d�l�i�n�g�s� �1�0�.�9� �1�3�6� �2�2�6�2� �1�4�.�3� 

�T�a�i�l�i�n�g�s� �7�9�.�5� �8�9�.�9� �9�2�.�4� �8�5�.�6� 

�C�o�m�p�o�s�i�t�e� �1�3�.�7� �1�3�.�6�.� �1�3�.�8� �1�3�.�7� 

� 



 ��h�5�-� 

�T�a�b�l�e� �8� 

�G�e�r�m�a�n�i�u�m� �C�o�n�t�e�n�t� �o�f� �S�i�z�e�d� �F�r�o�d�u�c�t�s� 

�o�f� �F�l�o�t�a�t�i�o�n� �T�e�s�t� �4� 

� � 

� � 

�P�r�o�d�u�c�t� �+�1�4�8� �-�4�,�8�+�1�0�0� �-�1�0�0� �C�o�m�p�o�s�i�t�e� 

�m�e�s�h� �m�e�s�h� �m�e�s�h� 

�C�o�n�c�e�n�t�r�a�t�e� �3�3� �5�5� �4�5� �4�6� 

�M�i�d�d�l�i�n�g�s� �4�3� �3�8� �3�3� �3�9� 

�T�a�i�l�i�n�g�s� �1�6� �1�8� �1�8� �1�7� 

�G�o�m�p�o�s�i�t�e� �4�1� �k�2� �4�0� �4�1� 
� 



�T�a�b�l�e� �9� 

�R�e�s�u�l�t�s� �o�f� �S�e�p�a�r�a�t�i�n�g� �t�h�e� �S�i�z�e�d� �T�a�i�l�i�n�g�s� �F�r�a�c�t�i�o�n�s� 

�o�f� �F�l�o�t�a�t�i�o�n� �T�e�s�t� �4� �b�y� �a� �S�p�e�c�i�f�i�c� �G�r�a�v�i�t�y� 

�o�f� �1�.�9�0� �b�y� �W�e�i�g�h�t� �P�e�r� �C�e�n�t� 

� � 

� � 

�P�r�o�d�u�c�t� �+�h�8� �-�h�8�+�1�0�0� �~�1�0�0� �C�o�m�p�o�s�i�t�e� 

�m�e�s�h� �m�e�s�h� �m�e�s�h� �.� 

�F�l�e�a�t� �1�.�9�0� �1�0�.�0� �1�.�0� �3�.�3� �5�.�8� 

�S�i�n�k� �1�.�9�0� �9�0�.�0� �9�9�.�0� �9�6�.�7� �9�4�.�2� 

�T�o�t�a�l� �1�0�0�.�0� �1�0�0�.�0� �1�0�0�.�0� �1�0�0�.�0� 

� 



�~�i�,�'�7�=� 

�T�a�b�l�e� �1�0� 

�s�h� �P�e�r� �C�e�n�t� �o�f� �t�h�e� �S�i�n�k�-�F�l�o�a�t� �a�n�d� �S�i�z�e�d� �F�r�a�c�t�i�o�n�s� 
�a�e�n�i�n�d�t�e�n�e�m� 

�o�f� �t�h�e� �T�a�i�l�i�n�g�s� �f�r�o�m� �F�l�o�t�a�t�i�o�n� �T�e�s�t� �4� 

� � 

� � 

�P�r�o�d�u�c�t� �+�1�8� �~�4�8�+�1�0�0� �~�L�1�0�0� �C�o�m�p�o�s�i�t�e� 

�m�e�s�h� �m�e�s�h� �m�e�s�h� 

�F�l�o�a�t� �1�.�9�0�.� �4�0�.�6�6� �2�3�.�8� �6�7�.�5� �A�3� �e�h� 

�S�i�n�k� �1�.�9�0� �8�8�.�8� �9�2�0�4� �9�5�.�5� �9�1�.�3� 

�C�o�m�p�o�s�i�t�e� �-� �B�h�.� �9�1�.�7� �9�4�.�2� �$�8�.�0� 
� 



�T�a�b�l�e� �1�1� 

�G�e�r�m�a�n�i�u�m� �C�o�n�t�e�n�t� �o�f� �t�h�e� �S�i�n�k�-�F�l�o�a�t� �a�n�d� �S�i�z�e�d� 

�F�r�a�c�t�i�o�n�s� �o�f� �t�h�e� �T�a�i�l�i�n�g�s� �f�r�o�m� �F�l�o�t�a�t�i�o�n� 

�T�e�s�t� �4� �i�n� �P�a�r�t�s� �P�e�r� �M�i�l�l�i�o�n� 

� � 

� � 

�P�r�o�d�u�c�t� �+�1�8� �~�1�,�8�+�1�0�0�  ��1�0�0� �C�o�m�p�o�s�i�t�e� 

�m�e�s�h� �m�e�s�h� �m�e�s�h� 

�F�l�o�a�t� �1�.�9�0� �1�s� �|� �1�9�8� �T�h�,� �3�5� 

�S�i�n�k� �1�.�9�0� �1�8� �2�3� �L�k� �1�7� 

�C�o�m�p�o�s�i�t�e� �1�8� �2�k� �1�6� �2�0� 

� 



�~�h�9�=� 

�T�h�e� �s�i�z�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �l�a�s�t� �t�e�s�t� �s�h�o�w�e�d� �t�h�a�t� �s�i�z�e� �a�l�o�n�e� 

�h�a�d� �l�i�t�t�l�e� �o�r� �n�o� �e�f�f�e�c�t� �o�n� �t�h�e� �a�s�h� �a�n�d� �g�e�r�m�a�n�i�u�m� �a�n�a�l�y�s�e�s�.� 

�T�h�e� �a�n�a�l�y�s�e�s� �o�f� �t�h�e� �f�r�a�c�t�i�o�n�s� �m�a�d�e� �f�r�o�m� �t�h�e� �t�a�i�l�i�n�g�s� �o�f� 

�t�e�s�t� �f�o�u�r� �l�e�d� �t�o� �i�n�t�e�r�e�s�t�i�n�g� �c�o�n�e�l�u�s�i�o�n�s� �a�b�o�u�t� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� 

�o�f� �g�e�r�m�a�n�i�u�m� �i�n� �c�o�a�l�,� �b�u�t� �t�h�e� �w�e�i�g�h�t�s� �o�f� �t�h�e� �s�a�m�p�l�e�s� �a�v�a�i�l�a�b�l�e� 

�w�e�r�e� �t�o�o� �s�m�a�l�l� �t�o� �j�u�s�t�i�f�y� �a�n�y� �m�a�j�o�r� �a�s�s�u�m�p�t�i�o�n�s�.� �T�h�e� �g�e�r�m�a�n�i�u�m� 

�c�o�n�t�e�n�t� �o�f� �t�h�e� �c�o�a�l� �i�n� �t�h�e� �t�a�i�l�i�n�g�s� �w�a�s� �1�1�8� �p�p�m�.� �W�h�e�n� �f�u�r�t�h�e�r� 

�f�r�a�c�t�i�o�n�a�t�e�d� �b�y� �s�i�z�i�n�g�,� �t�h�e� �f�i�n�e�s�t� �s�i�z�e� �w�a�s� �f�o�u�n�d� �t�o� �c�o�n�t�a�i�n� 

�2�3�6� �p�p�m� �o�f� �g�e�r�m�a�n�i�u�m� �i�n� �t�h�e� �a�s�h�-�f�r�e�e� �c�o�a�l�.� �T�h�i�s� �i�n�d�i�c�a�t�e�s� �t�h�e� 

�g�e�r�m�a�n�i�u�m�-�e�n�r�i�c�h�e�d� �c�o�m�p�o�n�e�n�t� �i�s� �l�e�s�s� �f�l�o�a�t�a�b�l�e�,� �a�n�d� �s�h�o�w�s� �t�h�e� 

�m�o�r�e� �e�f�f�e�c�t�i�v�e� �l�i�b�e�r�a�t�i�o�n� �o�f� �t�h�i�s� �c�o�m�p�o�n�e�n�t� �i�n� �t�h�e� �f�i�n�e�r� �s�i�z�e�s�.� 

�T�h�e� �g�e�r�m�a�n�i�u�m� �c�o�n�t�e�n�t� �o�f� �t�h�e� �t�w�o� �f�r�o�t�h�s� �w�o�u�l�d� �t�h�u�s� �b�e� �a�t�t�r�i�b�u�t�e�d� 

�t�o� �u�n�f�r�e�e�d� �p�a�r�t�i�c�l�e�s� �o�f� �t�h�e� �g�e�r�m�a�n�i�u�m�-�e�n�r�i�c�h�e�d� �c�o�m�p�o�n�e�n�t� �l�o�c�k�e�d� 

�u�p� �w�i�t�h� �t�h�e� �m�o�r�e� �f�l�o�a�t�a�b�l�e� �c�o�a�l�.� �I�n� �t�h�e� �m�i�n�u�s� �1�0�0� �m�e�s�h� �f�r�a�c�t�i�o�n� 

�o�f� �t�h�e� �t�a�i�l�i�n�g�s� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �g�e�r�m�a�n�i�u�m� �i�n� �t�h�e� �a�s�h�-�f�r�e�s�e� 

�c�c�a�l� �i�s� �f�i�v�e� �t�i�m�e�s� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �g�e�r�m�a�n�i�u�m� �i�n� �t�h�e� �f�e�e�d� �t�o� 

�f�l�o�t�a�t�i�o�n�.� 

�A�s�h� �A�n�a�l�y�s�e�s�.� �A�s� �w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d�,� �v�a�r�i�a�t�i�o�n�s� �i�n� �t�h�e� �a�s�h� 

�c�o�n�t�e�n�t� �w�a�s� �l�e�s�s� �f�o�r� �f�i�n�e�r� �s�i�z�e�d� �c�o�a�l� �a�n�d� �t�h�e� �a�s�h� �o�f� �t�h�e� �S�i�n�k�-� 

�F�l�o�a�t� �p�r�o�d�u�c�t�s� �v�a�r�i�e�d� �d�i�r�e�c�t�l�y� �a�s� �t�h�e� �s�e�p�a�r�a�t�i�n�g� �g�r�a�v�i�t�y� �(�s�e�e� 

�F�i�g�u�r�e� �7�)�.� �T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �g�e�r�m�a�n�i�u�m� �c�o�n�t�e�n�t� �a�n�d� �a�s�h� 

�i�s� �p�r�e�s�e�n�t�e�d� �a�s� �a� �s�c�a�t�t�e�r� �d�i�a�g�r�a�m� �i�n� �F�i�g�u�r�e� �8�.� �T�h�e� �g�e�n�e�r�a�l� �t�r�e�n�d� 

�s�h�o�w�s� �t�h�e� �g�e�r�m�a�n�i�u�m� �c�o�n�t�e�n�t� �t�o� �v�a�r�y� �i�n�v�e�r�s�e�l�y� �w�i�t�h� �t�h�e� �a�s�h�.
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�V�o�l�a�t�i�l�e� �M�a�t�t�e�r� �A�n�a�l�y�s�e�s�.� �T�h�e� �v�o�l�a�t�i�l�e� �m�a�t�t�e�r� �c�o�n�t�e�n�t� �o�f� 

�t�h�e� �s�a�m�p�l�e�s� �o�n� �t�h�e� �a�s�h�-�f�r�e�e� �b�a�s�i�s� �w�a�s� �f�a�i�r�l�y� �c�o�n�s�t�a�n�t� �(�s�e�e� 

�F�i�g�u�r�e� �9�)� �a�n�d� �n�o� �c�o�r�r�e�l�a�t�i�o�n� �w�a�s� �d�r�a�w�n� �b�e�t�w�e�e�n� �g�e�r�m�a�n�i�u�m� �a�n�d� 

�v�o�l�a�t�i�l�e� �m�a�t�t�e�r� �i�n� �c�o�a�l�.� 

�F�i�x�e�d� �C�a�r�b�o�n� �A�n�a�l�y�s�e�s�.� �S�i�n�c�e� �t�h�e� �v�a�r�i�a�t�i�o�n�s� �i�n� �t�h�e� �v�o�l�a�-� 

�t�i�l�e� �m�a�t�t�e�r� �w�e�r�e� �s�m�a�l�l� �a�n�d� �w�e�r�e� �n�o�t� �c�o�r�r�e�l�a�t�e�d� �w�i�t�h� �t�h�e� �g�e�r�m�a�n�i�u�m� 

�c�o�n�t�e�n�t�,� �t�h�e� �f�i�x�e�d� �e�a�r�b�o�n� �a�n�d� �g�e�r�m�a�n�i�u�m� �w�e�r�e� �a�l�s�o� �l�e�f�t� �u�n�c�o�r�r�e�-� 

�l�a�t�e�d� �(�s�e�e� �F�i�g�u�r�e� �1�0�)�.� 

�G�e�r�m�a�n�i�u�m� �A�n�a�l�y�s�e�s�.� �T�h�e� �g�e�r�m�a�n�i�u�m� �a�n�a�l�y�s�e�s� �h�a�v�e� �b�e�e�n� �c�o�m�-� 

�p�a�r�e�d� �w�i�t�h� �t�h�e� �o�t�h�e�r� �f�a�c�t�o�r�s� �o�f� �c�o�a�l� �i�n� �t�h�e� �p�r�e�c�e�d�i�n�g� �s�e�c�t�i�o�n�s�,� 

�a�n�d� �a� �g�e�n�e�r�a�l� �s�u�m�m�a�r�y� �w�i�l�l� �r�e�v�e�a�l� �t�h�a�t� �t�h�e� �h�i�g�h�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� 

�o�f� �g�e�r�m�a�n�i�u�m� �t�e�n�d� �t�o� �o�c�e�u�r� �i�n� �t�h�e� �l�i�g�h�t�e�r� �g�r�a�v�i�t�y� �f�r�a�c�t�i�o�n�s�,� 

�w�h�i�l�e� �t�h�e� �s�i�n�k� �p�r�o�d�u�c�t�s� �a�r�e� �l�o�w� �i�n� �g�e�r�m�a�n�i�u�m� �c�o�n�t�e�n�t�.� 

�T�h�e� �g�e�r�m�a�n�i�u�m� �i�n� �t�h�e� �a�s�h� �i�s� �n�a�t�u�r�a�l�l�y� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �g�e�r�-� 

�m�a�n�i�u�m� �i�n� �t�h�e� �c�o�a�l� �s�a�m�p�l�e�,� �a�n�d� �i�n� �a�l�l� �c�a�s�e�s� �t�h�e� �g�e�r�m�a�n�i�u�m� �c�a�n� �b�e� 

�c�o�n�c�e�n�t�r�a�t�e�d� �m�e�r�e�l�y� �b�y� �a�s�h�i�n�g� �t�h�e� �c�o�a�l�.� �T�h�e� �h�i�g�h�e�s�t� �r�a�t�i�o� �o�f� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �f�o�u�n�d� �i�n� �t�h�e� �-�1�0�0�+�2�0�0� �s�i�z�e� �a�n�d� �F�l�o�a�t� �1�.�3�0� 

�f�r�a�c�t�i�o�n�,� �w�h�e�r�e� �t�h�e� �r�a�t�i�o� �o�f� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �5�0�.� �T�h�e� �l�o�w�e�s�t� 

�v�a�l�u�e�,� �a�l�s�o� �o�b�t�a�i�n�e�d� �a�t� �~�1�0�0�+�2�0�0�,� �b�u�t� �f�o�r� �t�h�e� �S�i�n�k� �1�.�3�5� �p�r�o�d�-� 

�u�c�t�,� �w�a�s� �2�.�1�.� �T�h�e� �r�a�t�i�o� �o�f� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�b�t�a�i�n�e�d� �b�y� �a�s�h�i�n�g� 

�t�h�e� �h�e�a�d� �s�a�m�p�l�e� �w�a�s� �6�.�4�.� �T�h�e� �r�a�t�i�o�s� �o�f� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�r�e� �p�r�e�-� 

�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e� �1�1� �f�o�r� �t�h�e� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �f�r�a�c�t�i�o�n�s� �a�t� �e�a�c�h� 

�s�i�z�e�.
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