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Abstract:

Experiments were conducted to determine the feasibility of utilizing supercritical fluid extraction to
remove the organic portion of agricultural peat from the mineral portion. The variables involved in this
investigation were operating temperature, operating pressure, and type of solvent. The operating
conditions covered the widest range of values which was practical with the lower limits being at or near
the critical values of the solvent under consideration. Operating pressure covered a range of 800 to
4800 pounds per square inch (gauge), and operating temperature was varied from 240 to 430 degrees
centigrade. The actual limits varied with different solvents. Three solvents were utilized; water, methyl
alcohol, and acetone.

The experimental runs were made in a 500 milliliter Inconel rocking autoclave apparatus. The
operating time was one hour after attainment of the desired operating temperature.

A maximum amount of organic yield was obtained using acetone as the supercritical fluid at very high
pressures (almost 50 weight-percent at 4800 psig). All water-based runs gave very poor yields (a
maximum of 26 wt-% of the original moisture- and ash-free peat), and methyl alcohol gave
intermediate results (a maximum of 36 wt-%).
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ABSTRACT |

Experiments were conducted to determine the
feasibility of utilizing supercritical fluid extraction
to remove the organic portion of agricultural peat from
the mineral portion. The variables involved in this
investigation were operating temperature, operating
pressure, and type of solvent. The operating conditions
covered the widest range of values which was practical
with the lower limits being at or near the critical
values of the solvent under consideration. Operating’
pressure covered a range of 800 to 4800 pounds per
square inch (gauge), and operating temperature was
varied from 240 to 430 degrees centigrade. The actual
limits varied with different solvents. Three solvents
were utilized; water, methyl alcohol, and acetone.

The experimental runs were made in a 500 milliliter
Inconel rocking autoclave apparatus. The operating time
was one hour after attainment of the desired operating -
temperature. ' ' :

A maximum amount of organic. yield was obtained using
acetone as the supercritical fluid at very high pressures
(almost 50 weight-percent at 4800 psig). All water-
based runs gave very poor yields (a maximum of 26 wt-%
of the original moisture- and ash~free peat), and
methyl alcohol gave intermediate results (a maximum of
36 wt-%).




I. INTRODUCTION AND PREVIOUS RESEARCH

A, Iﬁtroduction

l. Peat

Due to the recent increases in the price of crude
0il and decreasing avé;iability o: petroleum products,
a new demand for alternative sources of enérgy has arisen.
A po;ential major source is peat. It has been estimated
that there are about 1440 quadfillion British thermal
units of energy in the form of peat in the United States
alone (1). |

Peat is the first step in the geologic sequence
involved in the formation of coal beds. The sequence is
initiated by living vegetation and then goes to peat,
_lignite, subbituminous coal, bituminoﬁs coal, semi-
anthracite, anthracite aﬁd finally to meta-anthracite or
graphite. For this reason, peat has often been called
"young coal". feat is‘formeé when a mass of dead'vegé~
table matter is protected from the action of air”and
aerobic bacteria by being submerged in water. Peat
contains a large portion of the ‘carbon énd hydrogén‘of
the original organic mass.

Since peat is only formed while it is under water,
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considerable amounts of water can be retained in its
porous structure, even after the peét is removed frdm thg
ground. " Peat has a much higher water céntent than higher
coals, as is shown in Table I. If the peat is 90 wt-%
water, the heat required to evaporate Ehe water'is more
than the heat obtained by burhiﬁg the peat, so no combus-l
tion can occur (see Table II). However, the peat can be
dried to about 50 wt-% by simély exposing it to the sun
and air for awhile. |

World peat resources and production are shown in
Table III. The U.S.S5.R. produces about 96% of the world's
peat and has qlmost 60% of the world total peat reserves.
Table IV shows the U.S. peat reserves.as determined by
two differeﬁt stﬁdies, one study done in 1922 (4) and the
other done in 1977 (5). It should be»notéd that regions
that have large peat réserVes have very little in the way
of other fuel resources. Alaskan,peat'deposité have been.A
estimated to be in excess of 62 billion tons. The peat
deposits of the entire U.S. are an energy source of over
1440 gquadrillion Btus. This is equivalent to over 240
billion barrels of crude oil and, as shown in Figure 1,

exceeds the combined 1123 quadrillion Btus in other




Table I. Properties of typical U.S. coals (1l).

Higher
Volatile Fixed heating
Moisture matter carbon Ash value
(wt-%) C o (wt-%) (wt-%) (wt-%) : (Btu/lbm)
Reed - _ :
sedge 90 . " .65 27 ' 8 . 8,500
peat . - ‘ : :
North
Dakota 34 40 : 49 11 10,700
lignite B I
. i w
Montana , - |
subbitumi- 10 : - 39 ' 48 - - .13 ’ 11,800
nous -
Illinois '
no. 6 , 13 _ 42 - 48 ‘ 10 13,900
bitumi-
nous
Pennsyl- T : : : ,
vania 3 10 ' 78 o 12 13,600

.anthracite




Table II. Heat required to evaporate water from peat (1).

Per lbm of dry peat

Wt-% water me.of water ‘ Btus to . ~ Evaporation,
' 7 evaporate water % of Btus in peat
90 | 9.0 _ | 9000 | 106
70 . 2.3 . 2333 A 27
50 -‘ 1.0 1000 12
30 0.4 429 . 5

10 : . 0.1 ‘ 111 : 1




Table III.

U.S.S.R.
.Fihlaﬁd
Poland

United States
Sweden
Iceland
United Kingdom
West Germany
Denmark
Japan

Ireland

Canada

Peat resources and production (Million short
tons air-dried peat) (1). '

Resource (2)

138, 000
36,000
24,000

14,000
10,000

2,200
1,800
1,000
600
550
440
220

Production
1973 (2) 1977 (3)
211.200 - - 211.000
'0.436 0.400
0.050 NA
0.635 . 0.974
0.106 | NA
NA : NA
NA - . NA
2.245 2.700
7 °0.006 ~ ﬁA
0.080 ' NA
4.330 . 6.300

0.359 ' 0.410




Table IV. Peat reserves (lL

Soper.(4) (1922) Farnham (5) (1977)
Million Million _ Million Million
acres tpns acres _ tons
Minnesota 5.2 6835 ” 7.2 16,500
Michigan _— 1000 4.5 10,300
Florida — 2000 3.0 6,900
Wisconsin - 1.0 _ 2500 - 2.8 | 6,400
Louisiana --- 2 | 1.8 . 4,100
North Siigiigg _— 700 R 1.5 3,400
Maine - - 100 0.8 1,800
New York : 0.8 480 - 0.7 1,500
All other states : -— 216 2.8 6,600

(not including
Alaska and Hawaiil)

TOTAL .- - - 13,827 25.1 ' 57,500
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Figure 1. United States Energy Resources (1),




natural fuels (excluding coal).

The first step in peat production is the draining
of the bog, usually througﬁ the_use of drainage ditches.
This usually reduces the water content of the peat from
about 95 wt~% to about 85 wt-%. After draining, the
bog surface can support machinery for 1eveling'and '
removing treées' and stumps. Dpe to the large amount of
surface disturbance involved in harvesting peat, thefe
is significant impact on local plant aﬁd wildlife
habitats, both aguatic and terrestrial. The ecology of
a peat bog is especially delidateﬁ and in some blacés
may be considered protected wetlands (6).

Acidic gualities of the water in a peat bog may be
toxic to downstream wildlife unless sufficiently diluted.
This contamination could happén during preliminary bog
drainage, especially if the effluents from dewatering
procedures wefe released untreated 'into other bodies
of water. Other pollution coﬁld,occur from the'concen—.
tfations of heavy metals in peat, which are at levels
comparable to those in coal. |

Although peat éan be burned in the same manner as

coal, it also has many‘of the problems that afe
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associated with the burning of coal. Some of fhese
problems are fly ash pollution, equipment abrasion,
nifrogén and sulfur oxide emission, eté. Because of
these probléms( it is desirable to cépvert>peat into a
cleaner, more usable liquid or gaseous substance. A
promising method of separating the organic portion of
the peat from the mineral portion is supercritical
fluid extraction. Most of the reseafch in this area
has been done on coal, but results seem to improve as
the volatile matter content of the'coal increases.
.Since peat has a higher volatile matter content than
coal, this method may be feasible for use with peat
also (7). ‘

2. Supercritical Fluid Extraction

Supercritical fluid extraction (SCFE) is similar to

both distillation and solvent éxtraction in principle,
but takes plaée under conditions that make the two
. processes almost indistinguishable, at ieast from a
physical_standpoint. The dissolution of a substance by
a stream of liquid is a'form df solveﬁt ektfaction, but
the evaporation of a substance into a ‘stream of gas is

a kind of distillation. A fluid can exist as a iiquid
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below its critical temperature; hoﬁever, above thié
temperature the fluid will be in the gaseous state
regardless of the pressure. At temperatures belqw the -
critical poinf, a gas can be liquefied simply by
increasiné the pressuré. However, at temperatures
above the crifical point, the fluid cannot be liquefied.
and is referred to as a "supercritical fluid". The
pressure réquired to liquefy a gas at its critical
temperature is called the critical pressure. At
temperatﬁres and pressures near the critical pqint, fhe
division between the gaseous énd liquid phases.becpmeé
indistinct, and the differentiatioﬁ between distillation
and liquid solvent extraction becomes very difficult.
The basic principle behind SCFE is the increase in
. the voiatility of a substance'that occufs in the presence
of a compressed supercritidal gas. Under'séme circum~
stances an increase in voiatility of up to 10,006 times
may‘occur (8). This effect disappears as the pressuré
is lowered which facilitates recovery and separation
‘bf the solvent and solute because'the solute precip-

itates out of the solvent.




- 11 -

There are five basic steps involved in solvent
extraetion with a.supercritical fluid (9). These are:

1. The solvent fluid penetrates the m1cropore
structure of the substrate.

2. Large molecular aggregates are depolymerized
and the resulting products are dissolved in the
solvent fluid. :

3. Molecular bonds between the molecular species to
be extracted and the substrate are broken.

‘4, The solvent fluid and the extract diffuse out
of the micropores.

5. The extract is recovered from the solvent fluld
by reducing the pressure.

Supercritical fluid extraction has many advantages .
. over conventional extraction techniques (9). Some of
these are:

l. . Grinding of the substrate-is not required due
to the unigue properties of supercritical fluids
which allow penetration of the substrate '
structure. This also permits the extraction of
components which are not normally recoverable
without thermal degradation.

2. The solvent power of a supercritical £fluid may
be varied simply .by altering the pressure or
temperature. To change the solvent power of a
liquid it is necessary to either vary the _
temperature or mix it with a different solvent.
Physical properties of the fluid extractants
are more important than their chemical -nature.
Fluid mixtures may prove t0. be more useful as -
solvents than pure fluids.
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There is very little, if any, chemical degrad-
ation of extracts when a supercritical fluid
extraction process is used.. The chemical
structure of the extract is v1rtually unchanged
from the original structure prlor to the
extraction.

SCFE is utilized at relatively low temperatures
which minimizes thermal degradation of compounds
which are unstable at higher temperatures.

Better separation of the solvent from the extract
and the residue . results in lower contamination
of the product. Separation of the undissolved
material from the solution is easier than in
conventional solvent extraction because gas
densities and viscosities..under normal
conditions are considerably lower than those of

"liquid solvents.

The extract can be fractionated to a certain
extent by lowering the pressure in stages,
thereby precipitating the heavier fractions
first.

By varying the extraction temperature, the degree
of breakdown of the extract can be controlled to

‘yield desired chemicals. ,

The presence of moisture in the substrate could
be advantageous, because water is a polar
substance and could be a good supercrltlcal
solvent.

A certaln amount of hydrogenation is obtalnable
in the extraction stage.

Hydrogen can be produced by gasifying the
undissolved char residue with steam. This
hydrogen can then be used to further _process
the extract.

It has been shown that high sulfur bearing
extracts, such as coal or peat, can be processed
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by supercritical fluid extraction techniques to
yield a low sulfur extract (7).

By simply reducing the molecular weight of the
extract, many chemical feedstocks, especially
benzene and alkyl hydrocarbons,'may be produced.

-Experlments have shown that extracts obtained

from SCFE are richer in hydrogen (6.9% compared
to 4.9%) and have lower molecular weights (500
compared to 2000) than those obtainhed using
anthracene oil type solvents in the absence of
hydrogen gas. Therefore, supercritical fluid
extracts may be readily converted to hydrocarbon
oils and chemlcals.

SCFE has many other possible applications than just

extraction of solid fuels (10). Some of these ares:

l o '

Extraction of food substances and flavors, for
example, decaffeinating coffee or removing
nicotine from tobacco could be accomplished
using SCFE. '

Waste materials can be treated u51ng SCFE - to
recover valuable raw materlals or to make liquid
foods. :

Waste water can be "extracted" to recover raw
materials and reduce pollution. This is also
applicable to the desalinization of sea water. -

.Supercritical fluids have much potential in the

area of chromatography. They may provide higher
yvields and improved efficiency of separation than
elther liquids or gases at normal condltlons.

SCFE may be used to remove spent products from
catalyst pellets. - )
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3. Solvent Behavior

Behavior of a solvent is determined b? its ability
to selectively interact with other'compounds. These
specific-interacfion capabilities can be divided into
three basic types: dipole, protoﬁ donor, and proton
acceptor. The deéree'to which  each of these capabilitieé
affects a solvent's behavior can be expressed in terms
of its fracfional contribution, or solvent selectivity
values. These are Xn (dipole contribution), xe (proton
acceptor contribution), and X (proton dorior SonEris T
bution). When thése fractional contributions are plotted
on a triangular diagram, it is seen that the solvents |
fall into eight selectivity groups,)aé shown in Figure 2.
Also, solvents with thé same fpnctional groups tend to
fall into the same selectivity éroups, as sho&n in Taﬁle V.
Because the degfee'of dipole or hydrogen bonding,inter—
actions which a solvent is capable of is determined by

the functional groups in the solvent molecule, this

verifies the classification scheme of Figure 2 (11).

B. Previous Research

0il shale has been extracted using supercritical
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Table V. Classification of solvent seiectivity (11).

Group . - Solvents
I Aliphatic ethers, tetramethylguanidine,
. hexamethyl phosphoric acid amide,
trialkylamines
i Aliphatic alcohols
IIT Pyridine derivatives, tetrahydrofuran,

amides (except formamlde), glycol
ethers, sulfoxides

v - Glycols, benzyl alcohol, acetic acid,
: formamide ’ :
\Y Methylene chloride, ethylene chloride
VI Aliphatic ketones and esters, polyethers,

‘dioxane, sulfones; nitriles
VII Aromatic hydrocarbons, halo-substituted
‘ aromatic hydrocarbons, nltro compounds,
aromatic ethers .

VIII Fluoroalkanols, m—cresol, watér, chloroform
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methylcyclohexane at 440 °c ana 1500 psig (10,440 kfa)
(12) . The yield obtained was_16.4 wt-% of the dry shale,
and only 8.0 wt-% of the original organic material‘
remained aftef the extraction. Also, SCFE has been used
to remove thé organic components of tar sand.from the
minefal portién {12) . The solvent was tetrahydfofuran
at 310 °C and 1500 psig (10,440 kPa) and the yield was -
9.3 wt-% of the sand. | |

Maddocks et. al. (13) performed extractions on the
high-volatile, low sulfur coal found in the western U.S.
(Wyodak coal), using toluene and para-cresol as solvents.
Toluene has.a critical temperatﬁre of 320.8 QC énd a
critical pressuré of 611.5 psia (4,215 kPé); paia-cresol-
has a critical temperature of 431.4 ©c and a critical
pressure of 746.8_péia (5,147 kPa). Temperatures were
iimited to a.small range near the critical point of the
solvent.

_Thé results obtained with supercritical toluene
were a yield of 21.2 wt-% of the dry coal, with 5.8 wt-%
of the coal being converted to gas and 3.3‘wt—%.to water.
Over‘99% of the toluene solvent was.recovered. - Signif-

icant hydrogen sulfide was present'in the gas, .indicating
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that SCFﬁ may bé useful with high sulfur coals. The
extract had a lower sulfur coﬁtent than the feed coal
(0.15 wt-3 as compared to 0.35 wt-%), a much higher
hydrogen cdntént, and contained'vefy little minerai
mattér .

The‘para—cresol runs yielded much better results.
The average extract yield was 34.2 wt-% and the average
char yield was 69.7 wt-%. Because this is gfeater than
100% of the dry coal, it was suggested that the solvent
reacted with the coal or decomposéd to produce material
collected as extract. This view is sﬁpported by the fact
that heat was generated durihg the extraction.

6ther'runé using a mixture 6f 90% para-cresol and
10% water increased extract yields greatly, to about

64.8 wt-%. Of this, approxim;tely 40% was actual extract

and the remaining 25% was extract-like material produced

from‘decomposition of the solvent and péssiblé reaction
with the coal. This material was difficult to distinguish
aﬁd separate from the actual extract.

Coal moisture content had little effect on thé

extract yield. To facilitate handling and reduce the heat
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load on the apparatus, air-drying.seems to be indicated;
The chemical structure of two extractioﬁs preparéd
by supercritical'extréction of low rank éoals were studied
by Bartie et. al. (14). One extractibn, done in the
absence of hydrogen,.gave a yield of 27.0 wf—% of the
coal and contained arométic structures iinked by ring-
joining methylene or heterocyclic groups. The other
extraction was dohe in the presenée of hydrogen and a
catalyst. A yield of 47.5 wt-% was obtained and the
product was more condensed and contained smaller mole-
cules, apparently from cleavage bf hetérocyclié groupé

in the coal.:




II. RESEARCH OBJECTIVE
The purpose of this investigation was to detefmine'
~ the feasibiiity of supercritiéal fluid extraction-as a
means of separating the érganic Qortipn,of peaﬁ from the
undesirable mineral portion. Sdl?ents utilized wére
water, methyl alcohol (CH3OH), and,acetppe (CH3COCH3).
This choice of solvents provided a fairiy wide‘range of
properties such as critical temperature and pressure,
hydrogen bonding ability, and prbton donating or
accepting ability. The range of temperatures and
preséures investigated for each solvent was as‘wide as
.possible, within the limits of the equipmenﬁ and the
limits-imposed by the physicél bghavior of tHe,solvent

itself.




ITI. MATERIALS, EQUIPMENT, AND PROCEDURE

A. Materials

All peat used'in this project was standard agri¥
cultural peat, as received. The moisture contenf of this
"peat was between 59.0 and 61.0 wt—-%, and the ash content
was between 5.9 and 8.9 wt-%. All solvents were technical

grade, except water, which was distilled.

B. Pre-run Preparation and Reaction Apparatus

All results( yields, and conversions reported in this
thesis are based on a moisture- and ash~-free mass of peat,
usually 25 grams. .So, the moisture and:.ash QOntenté of
the peat were required before anything else could be done.
To determine the compositidn of tﬁe peat,<severa1 10 gram
sampies were blaced in a drying oben'at approximately
110 °c until completely diy. To be sure of complete
dryness, the samples were removed from the oven at 30
minute intefvals, weighed, stirred céfefully, and replaced
in the oven. When two successive weighingé were the same
(2-3 hours), the weight was recorded and the. percent loss
was taken as the moisture content of the peat. The.dried

samples were then placed in an ignition oven at about
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700 °C for at least 12 hours to drive off everything
except the ash. The amount of ash remaining was then
compared to the initial sample amount to defermine the
ash.content of the peat. All measurements were accuréte
to * 0.005 graﬁs; which represents an error of well under
0.1% in all cases. The moisture and ash analyses were
repeated periodically to guard agihst radicai changes in
composition due to drying of the peat. Because the peat
was stored in an airtight container, the moisture
content did not vary by more than one percent between
analyses.

Once the composition of the peat was known, the
~amount of actual peat required to obtain 25 grams of
moisture- and ash-ffee (MAF) peat could be found. This
was calculated by

(Actual peat)
(g MAF peat)

Actual'peat = (25g MAF) X
where the fraction in the second term is found by

(Actual peat) _ 100
(g MAF peat) 100 - (% moisture) - (% ash) -

Once this calculation had been made, the amount of ash
which should be present in this quantity of actual peat

. could be found. Because the ash should go through all
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extractions unchanged, an indication of the reliability
of the results can be obtained by comparing the amount of
ash actually present after the run with the predicted

amount. The percent difference was found by.

¢

(Actual ash) - (Predicted ash)
(Actual ash) : X 100%.

¢ Difference =

The basic reaction apparatus consisted of'a Parr
Instrument Company Series 4000 Pressure Reaction
Apparafus, and is shown in Figure 3. The apparatus
includes a 500 milliliter bomb constructed of Inconel
757-S alloy, which has a pressure rating of 7000 psia
at 500 OC, and a rocking resisténce heater which has a
_ power rating of 2250 watts. The power input to the
heater was controlled by a Powerstat variable transformer,
and the voltage and amperage output of the Powerst;t was '
monitored to prevent equipment damage. Initially, the
temperature of the bomb was monitored by an iron-constan-
tan (J¥type) thermocouple and.was recorded oh avHonéywell
temperature recorder. However, when difficulties |

developed with the recorder, use of a Cole-Parmer Digi~-
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Figure 3. Bomb and rocking heater details.
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Sense digital thermocouple thermometer was initiated,
with a chromel-alumel (K-type) tﬁermocouple. This
occurred about Run #25, so in earlier runs ﬁhe
temperature was measured to‘ﬁithih 2 °c, and in later
runs to within 1 ®c. This is a maximum error of 1%.

The Powerstat was sensitive enough to prevent temperature
fluétuations of more than 5 °C. |

C. Run Procedure--Loading of the Bomb, Run-Conditions,

and Actual Run

After the amount of actual éeat reqdired to obtain
25 grams of MAF peét was determined, this quantity was
placed in a dried, tared, alundum Soxhlet ex£raction
thimble. This allowed the solvent to freely contact the
peat while simultaneously containing the Substréte.
This reduced spillage losses, facilitated separation of
the liguid érdduct from the solid char, and greatly
simplified cleaning of the bomb. The thimble was then
placed in a stainless steel rack,Ashown in Figure 4, and
placed in the bomb. Also placed in the boﬁb was a
sufficient améunt of solvent to give the desired pressure
at the temperature under consi@eration. With water asﬂthe

solvent, the amount required was calculated using van der
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Figure 4. Soxhlet thimble and rack assembly
details.
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Waal's equatioq of state (15); and the pressure was
predicted quite well. However, with either methanol orxr
acetone as the solvent this equation gave very poor !
results, and the amount of solvent needed was determined
by trial and error. See Appendix D for data on amount

" charged for given conditiohsa The bomb cap was then
screwed on and the cap bolts were tightened with a torque _
wrench to assure an even pressure distribution on the
copper gasket. With a new gasket, the torque applied to
the cap bolts was about 50 ft-lbf. The torque was

increased by 2-3 ft-1b per run, until a maximum of 110

£

ft-1b. was reached, and the gasket was then replaced. The

£
-bomb was then placed in the rocking heating jacket and the
power to the resistance heater turned on. An upper limit
was placed on the power input to the heater of about 1600
‘watts to prevent damage to the heater or to the wiring of.
the apparatus. This cqrresponds to a setting of about

75% on the Powerstat, or about 15 amperes and 110 volts

oe

AC. The rocker motor was then started and the temperature
was brought up to the desired wvalue. When the'temperature'
reached this value, a short period of time was allowed

to elapse (usually about 10 minutes) to enable the
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pressure to stabilize before any readings were taken.
The temperature and pressure were then recorded at 10-
minute'intervals for a period of one hour. The power
and the rocker were then turned off and the bomb was
allowéd to cool overnight. The following day the bomb
was opened, the liquid contents were placed ih a tared
beagker, and the solvent was allowed to évaporate.froﬁ
both the thimble and the beaker in a hood. |

D. Recovery of Liquid Product

Product was considered to be any portion of the
'conténts of the bomb after a run which was soluble in
tetrahydrofuran (THF), which is an excellent organic
solvent. The remaining bomb contents were either an
insoluble organic char, ash, or solvent from the run.'
Separation of the product from the char was accomplished
using the Soxhlet extraction.apparatus shown in Figure 5,
with THF as the working solvent. The alundum thimble was
placed inside the apparatus, and a quantity of THF was
placed in the still pot and heated to boiling. Enough
THF must be in the still pot to insure that it will not

boil to dryness and burn any product which is in the
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Figure 5. Soxhlet extraction apparatus.
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still pot. As the THF boils, vapor proceeds up the
riser tube to the condenser, where it reliquefies and
drips\into the thimble. Tﬁe THF dissolves parf,of the
product in the thimble and carries it out through the
pores. When the level of the THF-product mixture rises
above the top bend of the siphon tube, the thimble
chamber,empties.ité entire liquid contents back into the
stiil‘pot, where the THF is heated back to'boiling.' This
cycle is allowed‘to'repeat until no more product is
dissolved and the THF in' the thimble chamber is clear
when viewed through the siphon tube, usually 24 to 48
hours. The thimble is then removed from the apparatus
and allowed to air-dry in a hood. The thimble is then
placed in an oven ét about 110 °c to dry completely.
Conyersion‘was taken as the amount of MAF peat Which was
not present in the thimble as char. After the tﬁimble
and contents were dry, they were weighed and the
conversion was calculated by

(Initial )~ (Net Contents)_(Predicted)
MAF Peat of Thimble - Ash

(Initial MAF Peat)

% Conversion=

The liquid THF-product solution was placed in the same
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beaker as the liguid contents of the bomb, and the THF
was allowed to evaporate in a hood. The yield was taken
to be the percentage of the initial MAF peat which was

present as product, and wéslcalculated by

(Net Product in Beaker)

% Yield = "3 7fial MAF Peat)

X 100%.

The ash content'was found by placing the contents of the
thimble in  tared crucibles and then into-an oven at
about 700 °c overnight. The ash balance was .calculated-
as described previously.

E. Cleaning of Thimbles

The alundum extféction-thimbles réquired cleaning
after every run, or the pores became clogged very
rapidly. When this happened, the THF would rnot seep
through the pores and the thimble would £ill up to the
top. The THF would then,épill over thé top of the
thimble, carrying char particles with it into the still
pot. This gave erroneously high yieldé and poor results.
Thimbles were cleaned by the following procedure:

l; The thimble was thoroughly scrubbed with a

- strong detergent to remove any superficial

residue, and was allowed to dry.

2, The thimble was then placed in a bath of
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concentrated hydrochloric acid and allowed to
soak for 1-2 hours to dissolve or loosen any
residue in the pores, and placed in a hood to
dry.

3. The thlmble was flnally placed in an ignition
oven at about 700 °C for 3-4 hours to burn off
any remalnlng carbon.

This cleaning procedure was found in the Van Waters and
Rogers Scientific Equipment catalog. Any concentrated

acid will work, but hydrochloric acid was fqund-to be

the easiest to use.

F. Hot Removal of Solvent

At the oﬁtset bf this investigation, the féasibility
and usefulness of removing the solvent gas from the bomb
hlle the gas was still hot and under pressure was
examlned. This was done with water as the SCFE solvent;
two runs were made removing the gas while still hot and
two runs were made opening the bomb after it was allowed
to cool. When the gas was removed hot, the solvent gas

was passed through two ice-water cold traps in succession

to insure that all the solvent and product was condensed
" out and none was lost to the air. The only difference

- observed between the two methods was that when the solvent

was removed while still hdt a large proportion of the
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product was taken off along with it, so less-product
remained in the thimble. This reduced the time required
in the Soxhlet apparatus, but this was the only advantage:
The hot gas removal procedure was abandoned as not being

worth the effort. -




IV. RESULTS AND DISCUSSION

. In all, 72 runs were made for the purpose of
collecting data. Of these, 59 were deemed successful

and were included in the statistical analysis. Appehdix.

'C contains a complete tabulation of all successfﬁl runs,

along with a list of the unsuccessful runs and the reasons
for their rejection. Of the 59 successful runs, 9 used.

H.O as-the SCFE solvent, 19 used methyl alcohol, 25 used

2

- acetone, and 6 used HZO under an atmosphere of 500 psig of

hydrogen gas. The three solvents gave a wide range of

physical characteristics such as critical temperature,

_ pressure, and solvent selectivity values, as is shown in

Table VI. The runs made under a hydrogen atmosphere were
made to determine if the presence of a reducing atmosphere
would have any effect on the yield.

A. Mass Balance.

In most cases, the conversion obtained was in the
range of 65-80 wt-% of the initial MAF peat, while the
yields obtained were usually 15-40 wt-%. This indicates
that up to 60 wt-% of the original peat was removed from:
the char but is not present in the product. Run #1l1 was

made for the purpose of an overal; mass balance to try to




Table VI. Physical properties and range of variables for solvents.

Critical Critical Solvent

Solvent* pressure tempgrature V:iizgtizz$z* Range of variables
(psig) ("c) - % X % ‘Temp Pressure

n d “e (°C) (psiq)

" Water 3200 375 0.25 0.37 0.37 400 3000 to

only 4500

Ziiﬁill 1180 240 0.31 0.22 0.48 270 to 1000 to
° : 350- 3000
Acetone 690 235 0.42 0.23 0.35 250-to 750 to
~ 430 4800

* Using the classification system given in Snyder (11) and
discussed in the Introduction section of this thesis, water
is a Group VIII solvent, methyl alcohol is a Group II solvent,
and acetone is a Group VI solvent.
%k Xh~is a measure of the dipolarity of a solvent, xd is a measure
-of a solvent's proton donating ability, and X is a measure of a
solvent's proton accepting ability. water, methyvl alcohol, and

dcetone have dipole moments of about 1.85, 1.70 ,ahd52.88 debyes.

—gE—
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determine if this amount was actually being lost, or if'it
‘was béing converted to another substance which was not
being collected as product. The bomb was charged with 50
grams‘of actual peat and 50 gfamsvof water and:thé run waé_
made as usual.' Thg operatiné temperature was 400 OCvand
the operating pressure was 3300~psig. The gas releasedi
upon opening the bomb was measured with a wet-test meter
and included in the balance under the assumpfion that it
was pure carbon dioxide wifh a molecular weight of 44 érams'
per mole. Also included in the balance was a small améunt‘
of liquid which condensed in the tubing which led to the

wet-test meter and was assumed to be pure water. The

. contents of the bomb were

93.3 grams of solid and liguid in the bomb,
3.4 grams'(0.0S ft3) of gas thrbugh wet-test meter,

and 1.5 grams of liquid in tubing (estimated)..

This accounts for approximately 98.2% of the initial mass,
so the discrepancy is probably due to the conversion of a
large portion of the peat into either,

1. light, volatile hydrocarbons which were lost in
the soxhlet extraction step,

2. gaseous products which were not collected;




- 37 -

3. products which were soluble in the SCFE solvent
and were not separated from it, or

4, water.
Very little quantitative analysis was done to determine
which of these, (if any), contained most of the "lost"
organic material. However, a few qualitative‘observations
can be made. A mass-spectrographic analysis of;the..
' gaseous contents of the bomb éhEGéd'that'fﬁé'Eﬁg—ﬁEé_
almost entirely carbon dicxide (about 17 wt=% Of the MAF
peat), with tréceé of water and methane. While the -
liquid phase produced in é water-ﬁased run appeared dlear
when first removed ffom the bomb and filtered, dark
sqlid particles appeared .after about a wgek. An attempt
was made to obtain an analysis of tﬁe total organié
carbon content of this liquid, but circumStanéés preclgded
this. .The loss of light hydrocarbons is indicated by a
solvent balance performed on Run #65. The run was made
with 130 grams of acetone as the SCFE solvent. The
contents of the bomb were weighéd immediately after they -
were removed from the'bomb.ana were then allowed to dry .
in a hood. The weight loss from drying was 137 grams,
which is greater than the 130 grams of solvent charged,

so some of the prdecf may have been lost in the drying
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step of the aﬂaljsié."More investigation is required to
discerr the source of this discrepancy and to find alway
of reducing or eliminating it. It should be noted that
for runs using acetone as the SCFE at an operating temp-
eratﬁre of 250 °C the conversion is within 5.0 wt-% (of
the initial mass) of the yield. This means that very
little of the original MAF peaf_removed from the char
was not collected as product. Tﬁis ééeﬁsft6“55§béﬁ"w“_

dué to a combination of the relatiVely low temperature',
and the high polarity of the solvent. This is indica£ed

by the fact that either raising‘the tempefatufe or chaﬁging
the solvent to methyl alcohol causes the difference’
between the conversion and the yield to increase greatly.

Determining the nature of this interaction could be an

important objective of future research.

B; Research Variables and Experimental Design.

The variables investigated in the course of this -
research were temperature, pressure, and physical properties
of the solvent. The range of values investigated is given
at the 5eginning.of this secfion in‘Table VI."initially,

a factorial statistical experimental design was used in

which various combinations of different values of-the_“
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variablés are investigated. This would give data points
ét high temperaturg and high pressure,'high temperature
and low pressure, and so on, for each éolvent. However,.'
due to difficulties encounteéred in controlling the
pressure, this approach was abandoned. Instead, runs

were made at a given temperature and a wide variety of
pressures. ‘The pressures usually had.avlower_limit of

the critical pressure of the solvent and an imposed

upper limit of about 4500 psig. Then the temperature

was changed and a range of pressufes would be investigated
again. The temperature levels varied from a lbwef limit
of the critical temperature.of the solvent to an upper
iimit of about 430 oC. The entire process was then
repeated with a new solvent. The results were analyzed
using standard linear regression techniques and yield-

pressure isotherms were plotted.

C. Method of Analysis Jf Data.

The data‘waé analyzed by using a multiple regressiqh
"computer progrém (MREGRESS) from the program,iibrary of
the Statistics Depaftment of Montana State University .
(MSUSTAT)f This program is very'cqﬁvenient and easy to

use and is. highly recommended. Due to the limited .
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number of different temperature levels investigated, a
completely bivariate analysis was not emﬁloyed, but
indicator variables were utilized‘to distinguish between
the different temperature levels. In order to find a
linear équation that.reasonably approximates the data,
fhe method of 1eas£‘squares was used to test the following
models:

1. For water-based runs

YHéO = AO + AlP '

2. For water-hydrogen-based runs

Y. ~.y =B + B.P,
: HZO H2 o) 1

3. Methyl alcohol-based runs

YMeOH = C0 + ClP + C2D + C3PD ’

4. 'Acetone-based runs

P+ G,D, + G,b, + G,D.P + G_.D,P

=G, t G 2P 3Py aP1 5DoF

Y
acetone

where P is the operating pressure, . -
Di are temperature indicator variables,

Ai, Bi_’ Ci; and Gi are constants.
The water- and water-hydrogen-based runs had only one
‘temperature level, so no temperature indicator variables

appear in the model. Similarly, the methyl alcohol-based




-
runs had only two temperatufe 1evels,'so only a single
indicator variable is in the model. Ace;one,'however,-
had three different. temperature levels so the'modelnfor
acetone has two different indicator variables. The terms
involving the product of the bperating pressure and an |
indicator.variable are included to account fof possible
interactions between operating temperature and pressure.
- The method of least squares Selects the "best" equafion
to describe the data by minimizing the sum of the squares
of the deviations of the actual observed values from the
values projected by the model. This method ie explained
in more deﬁéil in Appendin A. The equations so obtained
involve all possible combinationsvef the independent
Variablee.

The next step in the analysis was to determine if the
complete set of variables given above was the "best" set
to describe the data, or if any of the variables could
" be eliminated ffom’the model. This was accoﬁplished
through the use of a backward elimination variable
selection.procedure. In this prbeednre, a variable is
'eliminated_fron the complete, or full model, and thie

reduced model is then analyzed using the method of least
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squares. Thé two podels.were then compared to deféimine
if the statistical significénce of the model had been
appreciably diminished by the elimination of theivariable;
" The method of comparison is fully explained in Appendix B,
and a sample calculation is ‘given there also. The "besf“
models will simply be presented here and discussed one at

a time.

D. Experimental Results.

1. Water-based runs.

Runs using water as the %CFE soiVent were done at a
single operating temperature 6f 400 °c due to fhe high
critical femperétufe of water (TC_'= 375 oC). Theipressure
was also restricted to a narrow range from about 3200 psig
(P,=3200) to'ébbﬁ£'4500.§sig; CbnséQuently;”Eﬁémaﬁiy
independent Qariable involved in this model is operating

pressure. The "best" model .obtained was

vYH o= 58.13 - (0.0104)P.
2
This model has an F-value of F* = 18.48 and a coefficient
of determination of r2 = 0.725. The meaning of these

statistics is diséussed fully ‘in Appeﬁdix B, but they

indicate that this model is statistically significant and
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approximates the data reasonabiy well. The model and the
actual data are given in Figure 6. The yield is seen to
decrease rapidly as the operating pressure increases.

2. Water-Hydrogen-based runs.

As in the water-based runs, pressure is the only
independent variable involved in this model. The |
operating temperature was again 409 oC, and the pressure
ranged from 3300 to 4500 psig. The data obtained were
very erratic and not reproducible, and thus gave little
or no useful data.‘.EA;"initi;i;Hélpressufe;w;;:5dd—ﬁéig.
The "best" model and its related statistics were

YHzo'Hz = 5.81 + (0.00533)P,

F* = 1.59, and

r2

0.2755.
Though the yield is seen to increase wiﬁh increasing
pressure, the model i§ not statistically significant.” '
More investigation is required to determiﬁe_the effect of
a reducing atmosphere on the yield. The model and aata
are shown in Figure 7. |
3. Methyl alcohol-based runs.

Due to methyl-alcohol's lower critical temperature

.(Tc = 240 oC), two temperature levels were investigated.
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These temperatures Were 270 and 350 °C. The critical
pressure qf‘methyl alcohol is also much lower than that of
water (Pc = 1150 psig), so a wider range of pressures was
investigated. The operating pressure varied from a value
of 1000 psig up'fo‘a value'of 3000 psig. Becaﬁsé of the
two temberature levels utilized, an indicator variable

was necessary. The indicator variable had anvalue of +1
for runs at an operating temperature of 270 oC_and a value
of -1 for runs at én operating temperature of 350 oC. The
"best" model obtained and its pertiﬁent statistics were

Y = 33.59 - (0.00117)P + (0.000914)PD ,

MeOH _
F*# = 6.11, and
2

r~ = 0.441.
This modél and the data are'shOWp in Figures 8 and 9. The
data haﬁe a ﬁuch higher degree 6f.scatter than the H,0
data, as is shown by the lower value of r2° However, the
data still have some significance and yield some useful
informatioﬁ. The yield decreases with increasing

operating pressure for both temperature levels, although

at the lower temperature of 270 °c the decrease was very

slight.
4, Acetone-based runs

Acetone has a fairly low critical temperature and
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critical pressure compared to water (T, =.235 °¢c,. .p,.é' =
691 psig), so the range of variation of the independent
variables was large.. Three levels of temperature were
_utilized; 250, 340, and 430 oC,-and the pressure varied
over a range from 750 to 4800 psig. Due to the three-
levels of temperature, two indicator variabies were
required, and the values of these Yariables were set up

as follows:

Tenperature D, D,

- 250 ¢ SIS R |

340 °c +1 0
430 °c 0 +1 .

The "best" set of independent variables was found'to be
the complete set, because no termé-could be eliminated
from the model without impairing the statistical validity
of the model. The "best“ equation was found to be

Yacetone>= 17.28 + (0.00554)P + (3.165)Dl - (33785)D2

4 (0.000928)PD, + (0.00876)PD, |,
with F* = 39.31 and r” = 0.9119.  This model and the data
- are shown in Figﬁres 10, 11, and 12. The high values of
the F-statistic and the coefficient of determination show

that the model is. statistically significant and approxiF
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mates the data very well. The slope of the model changes
radically as the temperature increases. At the 1owér
temperature of 250 OC, yield'décrgases gradually as the
operating pressure is increased. However, at the
intermediate temperature of 340 °C and the higher
temperature of 430 oc the yield’increases-quite rapidly
as the pressure is increased. This indicates a stfong
interaction between the operating temperature”and the

operating pressure with a strongly dipolar solvent. This

- could also indicate some type of a chemical reaction

between the acetone and the peat, which does not occur at

lower temperatures and pressures.




V. cONCLﬁs IONS

This investigaﬁion of the extraction of peat usiﬁg
supercritical fluids as solvents produced the féllowing
conclusions:

1. In most cases, best yie;ds were obtained at
_conditions as close to the critical temperature and
critical pressure of the solvent as possible. _

2. Acétone.produced the ﬁighest'yields in this
investigation, methyl alcohol gave intermediate yieldé,
and water gave the lowest yields. '

3. Introduction of é reducing hydrogen atmosphere
into the bomb prior to a run increased the yield to a
certain extent, but results were erratic and not
reproducible.

4. Temperature and pressure interacted to_éhanééhfﬁé
sldpe of pressure-yield isotherms as the temperature was
chaﬁged. All isotherms were well aéproximated by linear
functions.. This interaction caused the slcpe of the ™
acetone isotherms to change ﬁadically from a small negative
value at low temperature to a large positive value at
higher temperatures. The effect on the methyl alcohol

isotherms was minimal.
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5. Yield decreased with increasing operating
pressure in runs with either water or methyl alcohol as
the solvent, and in runs with acetone as the solvent at

i
the lowest temperature leveél.  Yield increased with

increasing operating pressure in runs using acetone as

the solvent at the two higher temperature levels.

6. Highest yield was obtained wifh acetoﬁe as.the
solvent at very high pressufes (about 4800 psig) and at
the higher temperature levels.

7. A large amount of the initial moisture- and‘ash—
free peat was removed from the char but ﬁot collected as
product, except When using acetone at the lowest
temperature level. This indicates that'a significant
‘portion of the MAF peat was "lost", or converted into a
form which was not recovered.

8. Removal of the solvent while it was sﬁiii‘at-dr,
near the operatiné temperature and pressure provided no

appreciable benefits over cold removal.




VI. RECOMMENDATIONS FOR FUTURE STUDY

1. .A semi-continuous operation of this process
should be the next step in the investigation of SCFE of
peat. This would facilitate the invéstigation of a
wider range of variables and would approximate an
industrial application more closely.

2, Eecause acetone yielded the best results during
the course of this investigation, more experimentation

with solvents of the strong dipole type would be useful

for the purpose of identifying more effective or economical-

solvents.

3. Solvent recovery and recycle must be invesﬁiéated
in order fo render this procéss economically feasible.

4. Partial ffactionation of the product by stepwise
depressurization should be studied. The ability. to do

this would greatly simplify utilization of the product.
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Appendix A. Method of Least Squares.

For simplicity, this method will be demonstrated for
a linear function with only one independent variable. The
function will be assumed to be of the form

Yi = lel + B ; i =1’ 2’ 3, * e 0 ’ np
where Bl is the slope of the line and Bo is the y-intercept.
The deviation of Yi from its projected value at each point
is given by
ei = Yi - BlXi - BO'

In the method of least squares, the sum of the squares of

the n deviations is the function under consideration, which

'is denoted as Q, and is found by

— _ _ 2

= Ze. Z(Y B,X; - B)”.
The estimated values of Bl and Bo which minimize the wvalue
of Q are denoted by bl and bo’ and are éomputed by

i z[(xi =% (¥y - iz‘)]
1 T, - %2

Y - bX ,

b
o

where X and Y are the mean values of X; and Y, (17). All

summations are over the entire interval of i from i = 1 to .

i=n.
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Appendix B. Backward elimination variable

- search procedure (17).

l. Definitions.

Before an explanation of this procedure can be

undertaken, a number of definitiohs are required. These

are given below.

a.

The error sum of squares (SSE) is the sum‘ef the,:"

squares of the differences between the actual
value of the dependent variable and the value
predicted by the model under con51deratlon. In

" equation form, this is

SSE = Y (v, - ?i)' y

where Y. is the. actual observed value of. the ith
A occurrence, -
Yi is the predlcted value of the ith
occurrence, and .
n is the number. of actual data p01nts.
If SSE = 0, all the data p01nts lie exactly on
the model 1line.

The error mean square (MSE) is. the SSE divided by
the number of degrees of freedom associated w1th
the model. The number of degrees of freedom is

found by subtracting the number of coefficients .

‘in-the model from the number of observed data

p01nts, or

¢

SSE

MSE = Pe——

14

where ¢ is the number of coefficients involved
in the model under con51deratlon.

The total sum of squares (SsTO) is the sum of the

squiares of the differences between the observed

,,,,,,




- 60 -

value of the dependent variable and the average
of all observed values, or

ssto = Y (v, - D7

' - 1l
where Y = HzYi‘

This is the total variation of the dependent .
variable with no consideration of the independent
variable. If the data are completely random, the
line is horizontal through ¥, Y = ¥, and SSTO = '
SSE. .

d. The coefficient of determination (r2) is the
amount of reduction of total variation obtained
through the use of the independent variable, and

is found by

2 _ . _ _SSE
If all the daga lie exactly on the line, then
SSE = 0 and r“ = 1. However, if the data gre
randomly distributed then SSTO = SSE and r“ = 0.

Therefore, the closer r” is to unity, the more
closely the data fits the model.

2. Test procedure.

‘'The general test used to determine if a particular
independent variéble may be eliminated from the model
without impairing the model's validity is essentially a
test of two hypotheses:

C. is the hypothesis that the coefficient of the

vériable under consideration is equal to zero (B1=0),

and C., is the hypothesis that the coefficient of

the viriable is not equal to zero (Bl#O).

The full model.is taken as the modei-with-the independent

variable under consideration included and will be deneted
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by an F in parentheses (F). The reduced model will be
taken as £ﬁé model from which the independént variable
under consideration has been eliminated and will be
denoted by (R). Both models are fitted to the data usiné
the method of least squares and the error‘sum of squares
for each is défermined, along with the error meén square
for the full model. The actual test statistic utilized

is an F-statistic and is found by -

1  SSE(R) - SSE(F)
MSE (7) df, - af,

F* =

where df_ and df_ are the number of degrees of
freedom assgciated'with the reduced and full
models, respec;ively. o
_ The criterion for elimination of a variable was taken to
be F¥* € 0.8. If the F* computed had a value less than 0,8,
the variable being tested was dfo?ped from the mogél{ the
reduced model beéame the full model for the nekt iferatioh,
and the pfocess was continued. ' The value Of 0.8 for thé
criterion was chosen in a somewhat arbitrary manner after
all yariablés had been tested. ‘It was taken as a

compromise value that was neiﬁher-so lenient that any

blatantly insignificant variables were included in the

model, nor so rigorous that any variables of possible or
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borderline significance were eliminated. This method
will now be demonstrated, using the data given in the
"Results and Discussion" section of this thesis for the

runs using methyl alcohol as the SCFE solvent. The full

model feor the initial iteration was taken to be

Y (F) = Bo + B,P + B.,D + B,PD ,

MeOH 1 2 3
and the statistics obtained from the least squares
analysis were

97.48

SSE (F)
MSE(F) =.6.499

df, = 15 .

The first variable to be tested was D, the temperature
indicator variable. The hypotheses to be tested were

Cl: B2 =0
C2: B2 #0 . '
The reduced model and its pertinent statistics were

Y (R) = Bo + B.,P + B,PD

MeOH 1 3
SSE(R) = 97.80
MSE(R) = 6.11 , and
at, = 16.

The F-statistic obtained from these data .was found to be
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97.80 - 97.48

6499 = 0.049 .

F* =

This value is mucﬁ less than the criterion for elimination,
0.8, so hypothesis_cl is assumed to Be true (B2 = 0).

The term involving the temperature indicator variable in
the initial model is eliminated and the reduced model'
above becoﬁes the full model for the next iterétion. The
next term testéd was the pressure—temperature interaction
term, PD. 'The.reduced model and its statistics were

Y(R) = B_ + ByP

1
SSE(R) = 170.4

'de = 17
170.4 - 97.8

L
F 6. 11

= 11.9 .

Because this value is much greater than 0.8, elimination
of this variable has a large effect on the Validity of
the model."Hypothesis C2 (B3 ¥ 0) is assumed to be true,
and the variable is retained in the model. This
procedure is repeated until all terms of the model ﬁave
' been tested (see Table VII).
3. Significance of model.

In order to test the statistical signifiéance of the

"best" model,. another F-statistic was employed. This
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Table VII. Results of statistical testuprocedure.

Solvent Terms in Term(s)

A - ' ] 3 23
used ' = full model tested* F-value Decision
P, D, PD P 1,93 ‘retain
" : D 0.05 eliminate
Methyl " l - o
alcohol . PD 0.90 rgtaln
P, PD P . 2.75 retain
" PD 11.91 retain
P’le' D2, ) . .
PD., PD Pl' D2 50,13‘ retain
1 2
Acetone m ﬂ 'PDi, PD2 18.53 retain
" P 19.12 retain

* The temperature indicator variables_for‘thé acetone
runs. were tested in pairs because both of them,
taken together, constituted a single variable.

. **% The criterion for elimination of a term was chosen
to be 0.8 due to the borderline values of two of
the variables in the methyl alcohol runs. A value
of 1.0 or 2.0 would have caused one or both of
these terms to be eliminated from the model, but
the model would only be improved slightly and some
valuable information could have been lost. The
lower value was therefore chosen in order to keep
these two terms in the model without affecting any
of the other terms. 1.0 is a value which is
componly employed in statistical analysis.




_65_
-statistic is ‘given by the equation

SSTO -~ SSE
MSE '

F* =

If the data is completely random, SSTb = SSE and F* = 0.
The greater fhe difference between SSTO and SSE the
greater the amoﬁnt of variation in the dependent variable
that is accounfed for by the modei. Therefore, the
larger the value of the F-statistic, the greéter the

statistical significance of the model.

4, Confidence interval.

The confidence intervals in Fiéures 6-12 Were
constructed in a point~by-point fashion. Predicted values'
for the dependent variable (Qh)‘are obtained from the
appropriate model at several values of the independent
variable(s). The confidence interval for each point is
obtained through the use of the estimated standard
deyiation at each point [S(?hﬂ and a t-statistic. S(QL)
is fbﬁnd by. o

~

2 =
s (Y,) = MSE

S
+

where X, is the chosen value of the independent
Xariable, and '
Y, is the predicted value of the dependent

variable at xh,
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Tables of ﬁ-statistics can be found in most inéroductory
statistics texts. The t;statistic for a 90% confidenée
interval is evaluated at |
1 ~C¢= 0.95 , and
Y =n-c

where )/ is the number of degrees of freedom which
are associated with the model,

n is the number of data points, and
c is the number of coefficients in the model.

The 90% confidence interval is then found by

S : A ~ A
Yh - t(0.95, n—c)S(Yh)ﬁYhﬁYh + t(0.95, n—c)S(Yh)v.

This means that there is 90% confidence that the actual
value of the dependenf variable is within a range arbﬁnd
the predicted value defined by the product of the
appropriate t-statistic and the estimated standard

deviation of the predicted value.




Apﬁendix C. Run data.

'l. Data from runs utilized in statistical analysis, grouped by solvent.

number used . pressure Siiﬁgiﬁﬁre Conversion Yield [l
(psig) C) : o _(wt-%)
6 'Hzo 3350 400 79.0 21.4 +0.2
7 _m 4300 400 81.2 13.8 ©  -6.5
9 " 3500 400 77.3 17.6 °  +1.2
12 we 3700 400 81.8 18.6  +5.0
15 o 4000 400 81.5 16.5 -1.2
38 4 3600 405 69.4 23.5  -3,2
43 " 3400 410 67.2 24.6°  -2.6
44 " 3200 405 64.6 26.4  -3.9
- 45 . 3600 . 400 73.3 22.2  +1.8
14 MeOH " 1500 265 70.0 32,7  +4.2

16 " 1400 . 265 74.4 33.1  -4.2

—Lg_




Appendix C. Run data (cont.).

1. Data from runs utilized in statistical analysis (cont.).

" Ash

namber used pressare tempgratare CONVersion Yield 320

(psig) e . | (wt-3)
18 MeOH 1400 270 68.8 129.2  +2.0
19 - 1000 - 265 48.1 36.4  +3.1
21 " 2650 270 70.9 32.9 . +3.9
22 o 4600 270 . 72.5  31.4  +2.2
23 " 2700 275 69.4 36.0  +6.5
24 . " 3000 350 72.7 29.3  +2.7
25 "o .2900 355, 72.5 '29.3 +1.8
26 " 2700 350 72.6 27.9  -1.9
28 S w 1900 350 ' 71.7 27.5  +1.8
29 W 2300 350 . 9.3 26.6  =0.2
30 .o . 2100 350 - 68.8 26.9 +0.2

31 " 2100 . 350 - 70.6 29.8 =5.9

- 89 ~




Appendix C. Run data (cont.).

1. Data from runs utilized in statistical analysis (cont.).

Operating Operating

- : : : Ash

mumbor “vasa  Presgure vemgrature STLIL® i) belamce
32 MEOH. 1700 345 67.5 27.8  +16.2
33 v 1500 350 60.6 28.8  -1.4
34 " 1500 345 63.8 29.8  =0.7
35 " 1400 350 59.8 36.1  =5.7°
36 " 1500 350 62.3 31.7  -2.6
39 H,0-H, 3600 410 . 68.8 28.4  -3.8
40 v - 3300 405 © s8.1 21.0  +2.4
a1 vt 4300 - 505 - 78.0  22.2° -1.8
2 v 4400 400 76.2 '35.8  +0.6
46 v . 3400 400 © 60.8 244 +1.6

47 " 4500 - 400 L 17,7 28.4  +3.3

-.69 -




Appendix C. Run data (cont.).

1. Data from runs utilized in statistical analysis (cont.).

Jun - solvent JPESLY compgrature Comversion Yield A0
~ (psig) (’c) . _ (wt-%)
48 | acetone 800 255 49.3 46.6 +2.7
49 " 1100 250 45.4 43.0 -2.4
50 " 1600 250 | 43.3 41.8  -3.5
51 " 750 255 48.7 - 44.0 +1.8
52 " 11500 . 250 26.1 41.6  -1.8"
53 " 1400 255 46.7 42.6  +2.9
54 o | 3700 430 67.4 37.9 -1.2
55 " . 3300 430 64.5 30.6  -2.6
' 56 o 3650 430 . 65.9  36.6  +1.0

. 57 " 3300 430  66.0 28.4  +0.8

‘58 " 2900 430 . 64.1 24.8 +0.6

- 0L -




Appendix C. Run data (cont.).

1. Data from runs utilized in statistical analysis (cont.).

Jun o solvent DRCCRTOd O etuge Comverslon Yield T
(psig) (C) (wt~3%)
59 acetone 3000 430 63.2 - 22.8  -1.4
60 " 4000 430 70.8 - 42.1  +0.4
61 n 3900 430 | 68.8 45.8  +2.4
62 . 4600 430 | 72.6 48.7  -2.1
63 " 2000 - 340 . 61.0 33,1 -1.2
64, n 2800 340 64.3 40.1 - -1.4
65 " 4800 430 73.6 47.8 ~1.2
66 m 2300 340 63.4 35.4  +1.0
67 " 4800 340 57.7 49.6 2.5
68 2000 | 340 53.4 31.8  -1.5

.'69. " 1600 340 ‘ 62.0 29.1 -0.6

- 1L -




Appendix C. Run data (cont.).

1. Data from runs utilized in statistical analysis (éont.).

Ash

Run Solvent gg:z:s;gg Sg;;g;;ggre"Conversion Yield balance
pumber used (psig) - (®c) (wt-%) (Wt'%? (wt-%)
70 acetone 2400 340 54.9 36.2  -0.8
71 " ~ 2700 . 340 72.9 42.2 +1.4
72 " 1600 . 340 59.0 30.1 +1.1

_ZL_
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Appendix C. Run data (cont.).

2. Runs not utilized in statistical analysis.

O0f the 72 runs made for the purpose of producing
data, 13 wefe deemed unsuccessful and were not inclﬁdéd
in the statistical analysis of the data. Four;runs wefe
unsuccessful due to equipment failure, and these are

summarized below:

Run , . o
number o Reason for rejection

The pores of the soxhlet extraction
thimble were clogged, causing it to
overflow during the product recovery

8 step. This caused a large amount of
solid char to be carried out of the’
thimble with the actual product, giving
erroneously high results.

Gés leaked from the bomb during the run
10 due to a worn copper gasket, rendering:
the run invalid. - o

20 . The temperature recorder malfunctioned
during the run, and the run was aborted.

37 ' Gas leaked from_the:bomb.during the run.

Runs #13 and 27 were rejecﬁed because the pressure '
remained well below the desired operating value when the

desired operating_temperéture had been reached.. Run #17
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produced very singular results. Due to inattention on

the part of the experimenter, the temperature of the
apparatus was allowed to reach a value in excess of 350 °c
instead of the desired operating value of 250 ©c. This
caused the pressure in the bomb to risg well above 5000
psié. When the‘bpmb was openéed, a large amount of brown
solid material was found outside. the thimble, along with

a quantity of éreen liquid. Also the staiﬁless steel
thimble rack was nearly'destfoyed, with the Ewo disc-
shaped parts béing‘severely scarred and the legé being
weakened to the point'of uselessness. The green liquid
was analyzed with a gaS‘chromatégraph,.but the oﬁly two
cpmpounds'detected were methyl alcohol and water. Becéuse
methyl alcohol Qaé the SCFE solvent used in this run and
the peat was over 60 wt-% water, the presence of these two
compounds is completely normal; The presence of inorganic
impurities is indicated by the green color and by the
fact fhat the liquid was much heavier than methyl alcohol
and even heavier than tetrahydrofuran (the specific
éravities of MeOH and THF are 0.79 and 0.89, respectively).
These impurities could be either from the stainless steel

‘of the bomb and rack or from.the copper gasket. Run #11 =
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was made for the purpose of a mass balance only, and was

-not‘analyzed for yield. Runs #1-5 were not included in

the statistical analysis .for the following two reasons:

l.

The soxhlet extraction solvent used in these

runs was toluene, while the subsequent runs

used tetrahydrofuran. Because THF is a much
better organlc solvent than toluene, the yields
obtained in the first five runs were consistently
lower than those obtained in the following runs.
In order to find out how large an effect this

‘change had on the résults a control soxhlet

extraction was performed on ordinary peat with.
toluene and then repeated with THF. The toluene
extracted 4.1 wt-% of the moisture- and ash-free

_peat, while the THF extracted 9.8 wt-%.- Since

this is a significant improvement, it was
concluded that although Runs#l-5 were technically
successful, they yielded no meaningful results
and should be rejected. -

The peat used in Runs #1-5 was sun- and air-dried
and had a moisture content of about 32 wt-%, while
the subseguent runs used peat as received which
had a moisture content of about 60 wt-%. The
effect of moisture content on yield was not
investigated.
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Appendix D. Procedural Data.
1. Pressures obtained from a given amount‘of‘solvent

at a given temperature.

Mass of

Solvent  solvemt (JPRERL. DEETLIOS
(9) (/c) (psig)
5 405 3350
H,0 '1i0 :400' 4300
| 125 : 400 4700
10 350 ' 1500
15 350 1700.
25 350 2100
50 350 2700
MeOH 90 350 " 3000
200 350 A 5000
95 260 1500
150 265 1800
200 265 | 2650
H,0-H, 27 410 - 3400

100 400 4300
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Appendix D. -Procedural Data (cont.).

- 1. Préssures'obtained from a given amount of solvent

at a given temperature'(éont.),

Mass of . .

. Operating . Operating
Solvent solvept temperature pressure
used charged o (psig)

/ (g) (%) _

75 255 800

150 250 1100

200 250 1600

75 340 1600

100 340 _ 2000

125 340 . 2300

Acetone :

: 150 340 2800
200 340 4800

25 430 - 3300

75 430 3700

100 | 430 4000

130 ' | 430 4600
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Appendix D. Procedural Data (cont.).

2. Typical power input during the course of a run.

The power input to the resistance heater during
the initial heat-up period was approximately 1500 watts,

or 14-15 amperes of current.

Temperature Heat-up Current at
desired period ©  gteady state
o (min) _ (amperes)
(7c) -
250 ‘ 45 - 9.0
340 60 . ] 10.5

430 75 . 12.0
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