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The increase of diesel fuels and natural gas lasased the energy cost of the mint
oil extraction industry in the Willamette Valley this study the energy evaluation of
a distillation facility in Oregon is considered. gant free microwave extraction of

peppermint oil is introduced as a new techniquebtain the essential oils.

Technology from approximately fifty years ago whe tommon characteristic of all

the farms visited at the beginning of this reseafdttiee sets of data from the Setniker
farm were collected; information from all the pddsisample points were recorded to
then evaluate the energy cost of pound of oil extd It was found that on average
the energy usage cost is $1.26 per pound of odionét; the maximum fraction of oil

recovered was reported to be 20% of all the oillalke from the plant. Suggestions
to improve the current setup without major modiilwas were done based on the

findings of this part of this work.

Solvent free microwave extraction has been usexhamalytical tool; the advantages

and disadvantages on extraction of essential giscifically on the peppermint oil



extraction, were investigated in the second objeatif this work. Dry peppermint hay
was placed in a 100 mL distillation flask. Thredfatent power settings were
explored, 1120 W, 649W and 518W, the extractionetimas the other variable
investigated. Four combinations of the power appte the plant material were also
studied, 1120W-649W and 1120-518W, starting atmifsutes and 2 minutes on the
higher power setting and varying the lower powegeleA Galanz WP700L17-8 (2.45
GHz) microwave was modified to direct the vaporsateondenser and which then
allowed the liquids to be collected and then aredyzThe microwave cavity was
modified with consideration of all safety precanso The composition of the oil
extracted was analyzed by gas chromatography. Wighmodest optimization of
process performed, roughly three times more oil wasacted compared to the
traditional process at an energy cost of approxia@% lower than the energy cost

from the steam distillation facilities.

The quality of the oil varies in some of its magemponents. One example is menthol
which was 4% less than the ideal standard for peppé oil. The microwave
extracted material also was high in menthofuranern 230% higher than the ideal
standards created from blending. While in thiglgtihis fluctuation was shown to be
overshadowed by normal mint crop oil compositioniarzce, further investigation of

how this behavior can affect the mint industrygsammended.

In general the solvent microwave extraction is meféicient than the steam
distillation process. The microwave system was &bkextract more essential oils than
the steam process and do so in 3.25 minutes chaidn time. In comparison, the
steam extraction process requires roughly 1.5 hdihs work offers the foundation
for development of a pilot scale microwave systamd an associated overall plant

operations cost assessment.
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Microwave Extraction of Peppermint Oil and Comparison to the

Current Practice of Steam Extraction

1. Introduction

Peppermint farming has been a tradition in thehveest, especially in the Willamette
Valley of Oregon. For nearly 120 years Americammfars have used steam distillation
to extract the essential oils from the peppermay. The extracted oil is then refined

and blended before going into products from toaskhg$o chewing gum.

The rising costs of natural gas and diesel have ialsreased the mint still operating
costs in the past few years, cutting the profitd placing a considerable burden on
operators. The intention of this research projeas vo find opportunities to make the
peppermint oil extraction industry more efficiefhe first objective was to assess the
energy usage by the Oregon mint stills. Valuable deas collected at the Setniker
mint still during the harvest of 2006 to performsaand energy balance calculations
in order to identify some opportunities to saveoweses and optimize the current
operations. The second objective was to investigateew extraction method that
might be more environmentally friendly and more tceffective than the current

operations used by the Oregonian mint farmers.



2. Literature Review

2.1 Essential QOils

Nowadays forage and fiber crops are not the onkgcisg considered for their
agricultural and trade significance; plants whoseosdary metabolites are extremely
valuable due to their aromatic characteristics (Wagterman 1993). Distilled volatile
oils have been used since ancient times for cyljn@erfumery and pharmaceutical
purposes (Guenther 1949). In fact the world traflessential oils is expected to
continue expanding in the future, as a consequerfcthe growing number and
preferences of consumers and the wider spectrutheofuses of these compounds

(Sangwan, Farooqi 2001).

Volatile oils are obtained mainly from plants whiblelong to the labiates family,
which is also known as “the mint family”. The lat@afamily includes around 200
genera and between 2000 and 5000 species of aonealis; this family is one of the

most highly evolved plant families with a world-weidistribution (Weiss 1997).

Because of its pleasant flavor and aroma and imingp and anesthetic effect
peppermint oil is used in many pharmaceutical, theahre and cleaning products.
This essential oil is used on cosmetics, teas, emtiohary goods and tobacco

products.

2.2 Peppermint Oil Production and Storage

Volatile oils are synthesized, stored and releabgda variety of epidermal or
mesophyl structures, whose morphology is a chatatiteof the taxonomic group (O.
GASIC 1987).These epidermal structures are didetwn the plant leaves, roots,
stems, flowers and fruit. The epidermal structunetude: oil cells, secretory glands,
secretory ducts and trichomes (glandular hairs)ff@fleChialva et al. 1989). Labiates
carry a great diversity of epidermal hairs whicarstvolatile oils; it is known that

glandular trichomes vary in morphology between gseand it is been proved that



more than one gland type can be present on a deafi®ut most are either capitate or

peltate (Croteau and Hooper 1978).

The peppermint essential oil are produced and aglaued in the peltate glandular
trichomes located on the aerial parts of the pepperplant (Turner, Gershenzon et
al. 2000). The epidermal oil glands are formed Ightesecretory cells, radially
distributed, in which the essential oil monotermeare produced (Croteau, Davis et al.
2005), (Turner, Gershenzon et al. 2000). Figuteshows how these cells sit upon a
single stalk cell (ST) and a basal cell (B) thatnsbedded in the surface; the secretory
cells (S) are surmounted by a shared subcuticaaityc(SC) into which the oll is

secreted and stored (Turner, Gershenzon et al)2000

Figure 2. 1 Transmission electron micrograph of a @ppermint peltate glandular
trichome (Turner, Gershenzon et al. 2000)

In general the glandular trichome is made up oasabcell which is located in the
epidermis; a single head celpitate trichome and a more complex head of three to
ten cellspeltate trichome (Burbott and Loomis 1969) . These two importamugs of
trichomes can be subdivide in smaller groups adegrtb the number of stalk cells
and whether the basal is continuous with the epdersurface or sunk in an



epidermal pit. (Bruni and Modenesi 1983) . Figur2 2hows also the epidermal oils
glands in the leaf where (P) are the peltate glemduchomes where menthol and
related monoterpenes are produced and accumulsedre interspersed with several
smaller capitate trichomes (C) and non-glandularshéNG) that do not produce

monoterpenes (Croteau, Davis et al. 2005).

Figure 2. 2 Scanning electron micrograph (CroteauDavis et al. 2005).

In the past it was thought that the trichome dgrdgicreased on both surfaces as the
peppermint leaf expanded, however the total nunabetrichomes increased more
rapidly on the abaxial surface. (Croteau and Hod®&18) It was also discussed that
young peppermint leaves have higher content of teopenes by weight than older
leaves; which indicates that the monoterpene actation in the plant is more
sensitive to the age of the leaf than to the sfzb® leaf. Literature suggests that the



oil glands of peppermint fill up when the leave® atoung and unexpanded and
synthesis does not occur in mature leaves (Loo@&7)L More recent studies state
that trichomes growth initiate at different stageshe leaf development process, the
creation and filling of oil reservoirs appear todmmnplete for all peltate trichomes by
the time the leaf is fully expanded (Croteau anchtéfs 1982). Modern results report
that peppermint peltate glands continue to growl tim leaf expansion process has
been completed. Approximately 8000 peltate glanelsig@af are observed once the
plant has reached maturity (Croteau, Davis etG052

Oil storage capacity varies amongst trichomes guatiss. In peppermint the upper
limit is near to 10uL of oil extracted per individual peltate glandsigfhhave an

approximate diameter of 90m (Denny 1991), (Croteau and Wildung 2005).

Once these reservoirs are filled with oil, it ist tikely to be lost to the surrounding
environment due to evaporation unless the wax-doatdicle is physically damaged
(Croteau and Wildung 2005). There is evidence ti@toterpenes evaporate at a very
low rate if the wax coated cells are not damagedslthan 10% monoterpene loss was
observed over fourteen months when dried pepperimayt was stored at room
temperature; no change on the oil composition wasd either (Burbott and Loomis
1969). This information was confirmed when oil glarof peppermint remained filled
for several years after being frozen in air-dri¢ates (Maffei, Chialva et al. 1989).
Research reaffirms that the oil cells are coateé lbgsinous film which protects the
oil from evaporation. This membrane seems to b&dirdy mechanical forces or by

high temperatures (Guenther 1949).

The vyield of oil per weight of plant material deperentirely upon the environment,
the stage of dryness of the cut herb, and the pteitelopment. It varies
approximately from 0.3% to 0.4% per cent but it imige as high as 1% (Guenther
1949). According to Dr. Rod Croteau the fractionodfin the plant could go as high
as 2% percent by weight.



2.3 Peppermint Essential Oil Composition

Essential oils have several compounds which gieecttaracteristic odor and taste, but
they are mainly formed by terpenes. Terpene comgeare the constituent of labiates
which provide the strongest aroma characteristidhé essential oils (Martinkus and

Croteau 1981) Terpenoids generate from differemmhgmy metabolic precursors and

through biosynthetic routes (Sangwan, Farooqi.e2G01).

The building block of terpenes and terpenoids ig thmydrocarbon isoprene,
CH2=C(CH3)-CH=CH2 (Smith 1976). Terpenes are hyaroans with the molecular
formula: (C5H8)n, they are classified accordingle number of isoprene units that
their molecule has. The most common types of terpeare: monoterpenes (2),
sesquiterpenes (3), diterpenes (4), sesterterfg@hesiterpenes (6) and tetraterpenes
(8) (Hay and Waterman 1993). Over a hundred mopetes are known primarily as
the components of essential oils, they functiontie crop as growth inhibitors,
insecticidal principles and/or chemical attractar(@mith 1976) This could be a
reason why terpenoid levels in the plant can vanry th environmental changes such

as temperature, mineral status of the substrate(Jsan 1994).

From the economic standpoint, monoterpenes arentbst important constituent of

peppermint. As it was said before they accumuiiatglandular trichomes on the

epidermis of peppermint leaves (Gershenzon, McCpekal. 2000). These chemical

compounds are characterized because of their eextiod aroma; they are colorless,
lipophilic and volatile substances that have beeplicated as defenses against
herbivores and pathogens (Hay and Waterman 1993).

All monoterpenes of peppermint are derived from thethyl erythritol phosphate
pathway (MEP). Menthol is the final product of thight-step pathway from primary
metabolism; however the rest of the monoterpenesent in peppermint oil are
residual products from the series of enzymatictreas of the pathway (Croteau and
Wildung 2005),(Croteau, Davis 2005). Figure 2.3vehidhe eight step pathway of



menthol in peppermint oil. "The enzymatic steps aedalyzed by: (1) geranyl

diphosphate synthase (GPPS), (2) (-)-(4S)-limongyrthase, (3) cytochrome (-)-
limonene-3-hydroxylase, (4) (-)-trans-isopiperitenalehydrogenase, (5) (-)-

isopiperitenone reductase, (6) (+)-cis-isopulegosemerase, (7) (+)-pulegone
reductase (PR), (8) (-)-menthone reductase (MRYl, @) cytochrome P450 (+)-

menthofuran synthase (MFS). The boxed MEP Pathwayhé multistep methyl

erythritol phosphate (MEP) pathway for supply o# isopentenyl diphosphate (IPP)
and dimethylallyl diphosphate (DMAPP) precursor®?FOdenotes the diphosphate
moiety” (Croteau and Wildung 2005).

)\/\opp

PP
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¥ MEP
Pathway
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Geran (-lLimonene  (-}Hrans- -Hsopipert-  (+}-cis- (+)-Pulegone  (-)-Menthone
dlphos};mm L Isopiperitencl enone Isopulegone (-FMenthol

Figure 2. 3 Monoterpene biosynthesis in the secreatocells of peppermint leaves
(Croteau and Wildung 2005).

Menthol and all the related monoterpenes are reptatives of the smallest members,
monoterpenes (fg), of a very extend class of terpenoid natural pobsl (Buckingham
2004 ). Limonene is also one of the major monoteepepresent in the peppermint
youngest leaves. The proportion of limonene deslma@idly with development, while
menthone increases in prominence and declines anliater stages as menthol
becomes the dominant monoterpene constituent (Eezseh, McConkey et al. 2000).



It has been observed that as the peppermint platires menthone transforms into
menthol, which is favorable. Menthone gives a bitted harsh odor which is
undesirable in high quality peppermint oils whileemthol gives the “sweet” and
“floral” characteristics to the high quality peppent oil (Guenther 1949). The
changes in terpenoid content within the leaves @guantitative. Developmental
variation is considerable; menthofuran and ketomegh dominate the oil of young
peppermint leaves are replaced by methyl estetseakeaf ages (Turner, Gershenzon
et al.), (Smith 1976). It has been proved thatgpermint oil composition and yield
varies from year to year, which confirms the enwvinental influence on the plants
(Jean 1994). Table 2.1 summarizes the most imggeegppermint oil components and

their usual range.

Table 2. 1 Major monoterpene constituents of peppenint leaves

Compound Chemical Percentage

Structure

Monoterpenes (-)-Menthol 47% - 55%

O

(-)-Menthone 6% - 32%

(+)-Menthofuran 1% - 8%

A\
o]

/




Continued: Table 2.1Major monoterpene constituents of peppermint leaves

Compound Chemical Percentage
Structure
Esters (Menthyl Acetate) | 3% - 29%
1,8-Cineole 3% - 14%
F ?;0
(+)-Pulegone i 1% - 4%
O
(+)-Neomenthol 1% - 3%
i “0H
/i\-.
(+)-Isomethone 1% - 3%
o}
4-Terpeniol 1% - 5%




10

Continued: Table 2.1Major monoterpene constituents of peppermint leaves

Component Chemical Percentage
Structure
Monoterpene Limonene 1%-6%
Olefins
Terpinolene 0.1% - 0.2%

Sesquiterpene

Germacrene-D

0.5%-4.5%

Additional compounds are also present in pepperoilnh a percentage of less than
1%. Some of them are: Isovaleraldhyde, a-Pineri@inbne, Sabinene, b-Myrcene, a-
Terpinene, b-Ocimene, g-Terpinene, para-Cymene,ctds®l, 1-Octen-3-ol, t-
Sabinene Hydrate, b-Bourbonene, neomacetate, lahakopulegol, neocisomenthol,
pulegone, t-b-Farnescene, Carvone,

Viridiflorol (Walter C. McCarthy 1963).

a-Terpineol, GermacreneHeritone,

2.4 Traditional Extraction Techniques of EssentiaDils

For an oil to be distinguished as an essentialtaihust be isolated by physical means
only without the addition of any organic solventel physical methods are steam
distillation, super- or sub-critical solvent extiiaa or hydro-distillation (Ramanadhan
2005).
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Hydro distillation: This is the most ancient method of distillatiomdathe most
versatile. This method requires the simplest sedod it is used extensively by
smallholder producers of essential oils (Figure.2Bhe herb is loaded into a tub and
covered with enough water to ensure the plant nahtersuspended. This mixture is
heated until it boils and the vapors rise from thle and then condensed. Once the
vapors are condensed the liquid mixture is poured separator where the oil and
water separate by density difference (Denny 1984¢ water sometimes is also used
and is marketed as "floral waters" (also calledrbgdl or sweet water) - such as

rosewater, lavender water and orange water.

Some disadvantages are the variability on thelldigbin rate due to the uncontrolled
heat rate input; possible overheated and eventuldlyaromatic materials can get
burned. Improved distillation control can be obéairby using steam from a separate
boiler. A further disadvantage of this system iattih requires the heating of a large
guantity of water and the associated energy dermaddd to the costs and time needed
for each distillation. (Eikani and Rowshanzamir 2P0

Warm Water (out)

Condenser

Cooling Water (in)

Plant Material
+

Water

) l \ Essential Oll

“Floral” Water

Water

Figure 2. 4 Hydro-Distillation Facility
Water/steam distillation: This distillation is very similar to the hydroddillation, the

difference is that in this method the still contaangrid which keeps the plant material

above the water level. This arrangement can be aogdpo a kitchen steamer basket,
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the plant material is supported in a "basket" daaling water, thus exposing the plant
material only to the rising steam vapors. The wetdiled below the charge and wet

steam passes through the plant material (Figude 2.5

It is important in both water/steam and steamilldigon that the still is packed evenly
and not too tightly so that steam can extract ftbexcomplete charge efficiently. Over
packing of the still can cause the steam to fore¢ Holes" through the charge and

leave other parts of the charge unextracted. (EeRRbon 1994)

Condenser Warm Water (out)

/_\

Plant Material

Cooling Water (in)

Water 1 I\ Essential Oil

Separator

Figure 2. 5 Water/Steam Distillation Facility

Steam Distillation: This technique separates a mixture of water andhamiscible

substance, peppermint oil in this specific cases Bbiling point of peppermint oil is
unknown but because menthol is its major componemould be assumed the
peppermint oil mixture boiling point is close tcetmenthol boiling point of 212°C
(CRC 1970-1971). The advantage of this techniquaha mixture distillation

temperature is approximately the lower boiling paomponent, which is water in
this particular process (Adams 1963). This behaigdoetter explained by Raoult’s
Law which states that the vapor pressure of a esdotution is equal to the vapor
pressure of the pure solute (at an specific tentypezamultiplied by its mole fraction,

equation 1.
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Pa = XallPa’ (1)

P is the vapor pressure of the soluti®a; is the vapor pressure of the pure solvent at

a particular temperature aa is the mole fraction of the solvent.

Raoult's Law definition for an ideal mixture saysettotal vapor pressure of the

mixture is equal to the sum of the individual parpiressures as equation (2) shows.

Pa = Xa[Pa’

Pb = Xb[Pb )

Pt = Pa+Pb

Raoult's law applies only to an ideal solution whiby definition is a solution in

which the solvent-solvent and the solvent-soluteractions are the same. A solution
is considered ideal when the intermolecular ativadbrces between the molecules of
the solvent are the same as those between the uteden the separate components.
This statement is true only for very dilute solagoln this particular scenario because
the concentration of the solute (peppermint oilL9%, it could be assumed that the
concentration of the solution is very dilute andttthe intermolecular forces between
the peppermint oil and the water in the plant heesame; therefore the mixture water-

peppermint oil is an ideal solution.

The vapor pressure of a mixture is closely relates boiling point. If a liquid has a
high vapor pressure at a particular temperaturaneans that its molecules are
escaping easily from the surface (its intermolectdeces are relatively weak). That
means that relatively low amount of heat need topbevided to surpass the
intermolecular forces and boil the liquid. Fig@® shows the relationship between
vapor pressure and boiling point of water and pepp# oil. The purpose of this
figure is to illustrate the previous explanatiorheTvapor pressure of mint oil or
menthol was not readily available in the literatut® of peppermint oil by mass in
the liquid mixture represent 0.001 mole fractionodfin the liquid solution (0.999

mole fraction of water in the liquid solution)
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P P° Mixture Composition:
) 99% H,0O
H,0 Mixture Vapor Pressure 1% peppermint oil
Pepper
mint oil
| Hza:' Mol Fraction 0 H20
Boiling : Boiling
Temperature| : Temperature
: 212°C
i Mixture Boiling Temperatu
100 °C
1 H20

Mol Fraction 0 H20

Figure 2. 6 Vapor Pressure-Boiling Point Relationsip

This is how the addition of steam enables the prarisof the menthol and water
allowing them to evaporate at lower temperaturesecto the boiling temperature of
water at atmospheric pressure, 100 °C (Adams 1988).steam then transports the
mint oil way from the plant material; more steamsinbeen generated to remove the

mint oil vapors and to achieve equilibrium.

This is the most advanced type of distillation Imgck steam provided from a separate
boiler. The distillation trucks contain a grid gainder which an open steam pipe is
fitted. The method is faster than any of the ottnethods explained before which is
probably the most important advantage since theggneonsumption is lower. The
rapid distillation is also less likely to damageoth oils which contain reactive
compounds (Eikani and Rowshanzamir 2004). Figuré B a schematic

representation of a steam distillation facility.
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Condenser Warm Water (out)

Cooling Water (in)
Plant Material ﬁ
I\ Essential Qil

“Floral” Water

L L1 Separator

Steam

Figure 2. 7 Steam Distillation Facility

2.5 Peppermint Oil in Oregon

The first peppermint plants grown in the Unitedt&aoriginated in England, they
were planted in 1816 in the Wayne County, New Ydkter on it was introduced to
Ohio, Michigan and some small section of Indianad@her 1949). In the west region
the extraction of peppermint oil is small but arportant industry. The Mint Industry
Research Council (MIRC) confirmed that Washingtond aOregon produce
approximately 72% of the total world production a8@Po of the total crop for the
United States; similar information was found on stedy done by Hughes on 1952.
Washington and specially Oregon are favored by tdmperature climate, ample
supply of water and abundant land suitable for gngweppermint. In fact the yield
of oil per acre since 1946 in Washington and Oregi@considerable higher than in
any of the Midwest States. Another advantage thatwestern states have over the
Midwestern region is that in general the pepperrmpiantations in Washington and

Oregon have a longer life than those in the Midwest
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Distillation plants in Oregon

Steam distillation is the method used in Oregomxtract peppermint essential oil.
With the objective to evaluate different stills@regon and to improve methods for
the field distillation, a cooperative project séattin 1949 at Oregon State University.
A status report of the project written by Dr. Hughee professor of the Mechanical
Engineering from Oregon State University identifsgssme opportunities to improve
the current methods. The following information isc@mpendium of that previous

work.

Hughes identified two types of distillation fadgis in Oregon. Figure 2.8 illustrates
the older example where the tub is stationary &edcbndenser is an open drip type.
The water used to condense the vapors is wastedfaelities used that water as

boiler feed.
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=7 : - WATER
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| rk AR NBTIA e Ts . STEAM T r S I.f).nlDl'\G
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. ek - la e | I S Farnify = r
. !/(_, EEc ; e rref WG Ty
| - 1
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Figure 2. 8 Distillation Facility with stationary tub open drip-type condenser
(Hughes 1952)
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Figure 2.8 is an example of a facility with a ndat®nary tub and a submerged
condenser. The separation can is the same thathbefacility uses. This set-up helps

to save water by using the submerged condenser.

“iFFjg
\-\'J.
" MINT Har

. ..I._u;F'.,-.
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¥

GOOLING |3
WATER ['I‘

—
"4 SUBMERGED COMDENSER

=== TD DRAIN
= — || —SEPARATING

GAN

BOILER

0]

Figure 2. 9 Distillation unit with a portable tub and a submerged condenser
(Hughes 1952)

Aiming a better water/oil separation the water frihv@ separation cans is redistilled to
extract the remaining oil. The oil obtained by tresovery process does not have the
same quality as the oil extracted from the steastilldtion process; however this oil
brings the price of half to two thirds that of pamoil. This is mainly why at that time
the recovery/redistill process was performed.

Based on the evaluations and data collected somgestions were made, some of
them are summarized as follows (Hughes 1952):
1. Installation of pressure gage as an accurate waynhow the steam pressure
going to the mint tub.
2. Installation of an automatic temperature contrdveaon the cooling water

used by the condenser. Keeping the temperaturebaiit a43.3 °C was
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suggested since that seemed to be the optimal tatope that gives a rapid
separation of oils without having evaporation l@sse

3. Use a stopwatch to determine the optimal extractioe. The flow of mint
oils should be used to determine the best extraditnoe.

4. Implement 2 inch heat insulation to the mint tubs

These are some of the suggestions made by HughE35 after analyzing several
distillation facilities in the Willamette Valley (ghes 1952). The mint stills in
Oregon still use steam distillation to extract #ssential oils and they still use the
same technology that was used back in 1952. Aruatiah of the current set up of the
Setniker farm is analyzed later on CHAPTER 5, etnkacility Evaluation.

2.6 Solvent Free Microwave Extraction

Microwave ovens use radio waves to convey energya dtequency which is
approximately 2500 megahertz. Waves in this frequeange are absorbed by water,
fats and sugars and other molecules with a suffilyiepolar oxygen group. In the
specific case of water which is an electric dipfdesitive charge on one end and
negative charge on the other), once the electeid fis induced the molecules try to
align within it; this motion and the collision witbther molecules produce heat. In
other words when microwaves excite the moleculesdywing rotational and
translational motion; this motion is essentiallyah@uffler 1993). Heat is generated
everywhere at once because the microwave energliedppxcites molecules
throughout the material. However radio waves patetunevenly in thick pieces,
therefore depending on the sample the microwave®tmes do not penetrate all the
way to the middle, and there is also localized hmmised by wave interference
(Buffler 1993).

Microwave energy is an advantageous alternativeeteral thermal applications due

to its efficient volumetric heat production (Ramdhan 2005). The volumetric
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heating (heating of the bulk) as opposed to trariefgheat from the surface inwards,
is more efficient and uniform (Sau Soon Chen 199k ability to control and the
rapid heat transfer are probably the greatest ddgea of microwaves over
conventional thermal technologies. In processingliegtions, the ability to
instantaneously stop the heat source makes enordifberence to the product quality
and hence the production economics (Wang, Dind. &086). The nature of heating
through the involvement of the raw material undercpssing (instead of using fossil
fuels or less efficient, indirect electrical hegtirsystems) brings about quality
consistency as well as positive environmental imp@amanadhan 2005), (Kwon,
Belanger et al. 2003), (A. Brachet 2002).

Solvent Free Microwave Extraction (SFME) is a comaltion of microwave heating
and distillation at atmospheric pressure. The bepéthis new alternative is mainly
the reduction of extraction time which leads tagdpportunity in energy savings and
improving the product quality (Michael Spiro 199Because of all these benefits in
1991 and 1992 general methods of microwave extraaif biological material were
patented by Jocelyn Pare (Pare; J. R. Jocelyn 19®dchesi, Smadja et al.). This
technique is considered as the “green” techniquthénessential oil extraction field
since an isolated oil only be an essential oit ikas obtained only by using heat and
water in the extraction process (Ramanadhan 2005).

Previous research investigates the essential ¢ib&ion of fresh leaves of basil,
garden mint and thyme. It was found that the mieresvextraction time was 30
minutes while the time of the hydro-distillation sv4.5 hours. The total amount of
energy used by this method was 0.25 kWh while ydrdrdistillation used 4.5kWh

which represent a considerable reduction of extraatost (Lucchesi, Chemat et al.
2004).

Similar experiments were conducted using Ajowanm@uand Star Anise. Results
show that the composition of essential oils exgddby SFME and HD has major

differences in their aromatic profiles. Larger ambwf desired compounds were
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found in the oils extracted by SFME due to the duion of thermal and hydrolytic
effects since this method uses the in-situ watdhefplant. (Lucchesi, Chemat et al.
2004). The potential of the SFME technique was maned with the conventional
hydro-distillation method for the extraction of essal oil from cardamom seeds. It
was found that extraction time, irradiation powenwisture content can be optimized
to obtain a high yield of essential oil, or to abtaessential oils of differing

composition (Kwon, Belanger et al. 2003).

Microwaves cause the physical rupture of the @ail$ the glands more rapidly than in
conventional hydro-distillation or steam distilati(Lucchesi, Smadja et al. 2007).
Figure 2.9 shows Scanning Electron Microscope (SEMAges of the untreated
cardamom, cardamom subjected to SFME and cardanfiem heydro-distillation to
understand the difference on the seeds betweenweextraction methods used
(Lucchesi, Smadja et al. 2007).

Figure 2. 10 Cardamom seed: (1) without any treatnmd, (2) after hydro-
distillation, (3) after solvent free microwave extaction

Microwave extraction of rosemary and pepperminvésawas studied using ethanol
and hexane as solvents. It was concluded thatxtraction rate is a function of the
plant material properties, the power level, duratad microwave radiation, solvent
used, ratio of solid/solvent used and shape ofaetitm flask. Fast extractions were

observed at high power level (Chen and Spiro 1994).

Among the various available methods, microwave sésdi extractions show the
highest promise due to the low extraction time \wheads to low operating costs and

high quality products.
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3. Materials

3.1 Microwave Modification Design

A Galanz WP700L17-8 microwave produced by Shund&r@aElectric Appliances
Factory, Ltd, China was utilized in this researfferathe modification illustrated in

Figure 3.1 was implemented.
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Figure 3. 1 Microwave Oven

The microwave was modified from its original comatit to collect the water and oil
vapors coming from the peppermint hay once it waatéd. The hole and the
microwave containment choke were centered abovuth&able and approximately in
the center of the microwave chamber. The desigheothoke allows the safe usage of
the modified microwave because as long as modevdtev dielectric materials pass
through the choke, the design appears electridlya quarter-wavelength at the
microwave oven operation frequency of 2.45 GHz.r ¢lwoke design, the reader is
referred to general microwave design found in Eieat Engineering. For this

specific design, internal communications with Pssfe Hackleman resulted in the
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design. In spite of this fact, it is always a gddda to check for leakage during
operation. A UEMW1AK model microwave detector was utilized. An engiimegr
design template for the first design is in the Apgig A including all the choke
dimensions. For this design, Umpqua Research watacied as they have performed
like work on such devices and in addition, Mr. An@yickman (OSU CBEE
Technician) and Mr. Manfred Diettrich (OSU Machihere directly involved.)

3.2 Microwave Reactor Design

Three pieces of glassware were designed by Hiddemv \Glassworks (Albany-
Oregon) to fit the microwave modifications to faeite the oil extraction process.
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Figure 3. 2 Microwave Reactor Parts byHidden View Glassworks
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The reactor assembly consists of four pieces afsgtare. The still pot (Section D) is
a modified round-bottom flask so that it has alflattom and a wide mouth for ease of
sample insertion and retrieval. A vertical ris&e¢tion C) and two Teflon rings
(Section B) allow the still pot to rotate with thentable and still have a fairly sealed
connection to “Y” connector (Section A). The “Y” moector is attached to the
condenser and is equipped with a removable cirqylless window situated directly
above the still pot. This window was intended toused to measure the temperature
of the sample by using infrared transparent mdtema an infrared thermometer,
however in this work, it was not found necessaAn O-ring in the “Y” connector
(Section A) allows adjusting the height and theitpws of the condenser. The vapors
travel from the still flask to the tubular condenséhich has a supporting cooling
water reservoir and recirculation pump that pummdew to condense the vapors.
Extract vapors are then collected from the condeinsa separatory funnel for oil and
water separation. A heating lamp was utilized tanta@én the temperature of the
condensates at a range from 30 to 40 °C which is the optimal separation
temperature (Denny 1991). . Figures 3.3, 3.4 shwmvcomplete schematic of the

microwave reactor assembly.
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Figure 3. 3 Microwave Reactor Diagram
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4. Methods

4.1 Experimental Design

It was desired to explore the effects of the polseel (Table 4.1) and the extraction
time on the amount of oil distilled and its qualifijhis process is solvent free; no
additional moisture was added to the samples of Tilasee power levels (Table 4.2)
were chosen after running multiple samples at whffe power levels to explore the
maximum distillation time. Tables 4.3, 4.4 and 4&mmarize the experimental

design space.

Table 4. 1 Average Power Delivered

Power Equivalent
Level Power [W]
High 1120
Medium High 870
Medium 697
Medium Low| 518
Low 103

Table 4. 2 DOE of Single Step Processes

Power Level | Time [min]
High 0.50 1.00 150 2.00 250 3.00 3.50
Medium 2.00 2.50 3.00 3.50 4.00 4.25 -
Medium Low 3.00 3.25 4.00 4.50 5.00 - -

Table 4. 3 DOE of Two Step Processes Starting with5 min at High Power

Power Level | Aditional Time [min]
Medium 0.50 1.00 1.50 2.00
Medium Low 1.00 1.50 2.00 2.50
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Table 4. 4 DOE of Two Step Processes Startingttvi2 min at High Power

Power Level | Aditional Time [min]
Medium 0.50 1.00 1.25 -
Medium Low 0.50 1.00 1.25 1.50

Each point was replicated at least three timessgniewas a point to confirm the
breakthrough time which is the time when the firgtiid drop gets to the separatory
funnel. All the experiments were done randomly woid any interactions between

other factors that have not been explicitly accedrior in this experimental design.
Table 4.5 shows the sample collection plan to dater the total organic samples
from the water extracted. Four samples at the Biglaed lowest power settings

applied and extraction times were used.

Table 4. 5 TOC experimental design

Extraction Power Applied [W]
Time [min] 1120 518
2.5
3.5

4.2 Sample Preparation Prior to Extraction

Dry chopped peppermint hay collected from the &etniarm (Independence-Oregon)
was used in this research. The peppermint hay wasdsat —1C0F (-23.3C) in the
OSU Department of Food Sciences facility in Wiegatadl, OSU Campus. Freezing
of the hay was necessitated by the fact that magt dapidly decomposes at normal
ambient temperatures. The hay was dried for apprabteiy two weeks and it was
ready to be processed at the time it was colledtied.dryness stage of the hay is not a

variable in this research.

Before conducting experiments, the frozen pepperhagtwas allowed to reach room

temperature (ZC to 23C) in order to avoid considering the hay initial tempaeaas
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a factor that affects the efficiency of the processl also to simulate the starting
temperature at the steam distillation facilitiese land water where placed in the
condenser water reservoir and the recirculationgpumas turned on to make sure the

condenser coolant was circulating before vapors arrive

A series of measurements were recorded to capliuteegossible changes in mass of
the hay. The still pot was massed and one hundrashggof mint hay was added.
Because the hay was dried and chopped it was uliffto collect a homogeneous
sample to be extracted. To improve the reprodutydilased on the observation of the
inhomogenity of the hay sample, approximately &iifty ratio of stems and leaf
fragments were selected and massed in the stillTga initial hay temperature was
recorded as well as the temperature after extractiovas assumed that the still pot
and the mint hay reached equilibrium. All the tenaperes were measured through
use of a Fluke model 574 infrared thermometer aodrded. The still pot was then
placed in the microwave and connected to the reshe apparatus as figure 3.4
shows. The separatory funnel was placed underah@enser outlet stream to collect
all of the extract condensate. The desired microwaweer level was set and the
microwave (along with a stopwatch) was started. il&ine experiment was running,
the apparatus was under observation to ensurah@aitill pot was rotating and that
the mint hay sample did not burn.

4.3 Procedures after Extraction

Once the desired extraction time was completedntiveowave was turned off; this
temperature is assumed to be the final hay temperaifter the distillation process.
The temperature of the liquids extracted was resmbras well as the still pot with
peppermint hay, again assumed to be in equilibriwas read from the infrared
thermometer and recorded. The entire system wasallemed to equilibrate for three
to five minutes to ensure that all vapors were emseéd to minimize vapor losses to
the environment. Then the apparatus was partiatigssiembled to collect the liquid

remaining within the condenser. The mass of theflst#k was recorded to determine
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the change in mass of the mint hay after the ail water were extracted. The mint
hay was collected from the still pot and saved plastic zip-loc® bag and put into

frozen storage for later moisture analysis.

During this time the liquid extract collected waspkwarm by a heat lamp to be close
to the optimum separation temperature of about 40H@ liquid extracted was then
separated; the water was drained from the sepgrétonel into a sample bottle
(massed before and after the water was added) terndee the mass of water
collected. The oil was left in the separatory funagl collected using a Pasteur
pipette into a sample vial which was massed befow after the oil was added to
determine the mass of oil extracted. The masseseamgeratures were all recorded in
a lab notebook and the same procedure was perfofoneshch desired power level

and extraction time.

4.4 Quality Analysis

Several tests needed to be performed to analyzectltBmical composition of the
liquids extracted. The chemical composition of tlleand water extracted from the
peppermint hay was analyzed using several techsigiéscribed in the following

sections.

Gas Chromatography Analysis on Peppermint Oil

A Perkin-Elmer AutoSystem® Gas Chromatograph imsgmt with an auto sampler
and flame ionization detector was used to deterntime composition of the
peppermint oil. The system was operated in thet spbde with a polar, high
resolution capillary column. The operation and dadHection is carried out using
Totalchrom® Data System software. Table 4.6 sumnaearthe conditions, methods

used to run the GC as well the peak separation criteria.
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Table 4. 6 GC Method and Specifications

Instrument Conditions

Run Time: 35.40 min.
Sampling Rate: 3.1250 pts/min
Offset: 5.0 mV

Autosampler Method

Syringe Capacity: 5.0 ul (0.5 ul)
Injection Volume: 0.5 ul (0.1 ul)
Injection Speed: Fast
Viscosity Delay: 1
Sample Washes: 1
Sample Pumps: 6
Post-injection Solvent Washes (A): 5

Column Type DB-Wax (Polyethylene Glycol)
30M x 0.25mm x 0.25um film

Carrier Gas Helium UHP at 9.0 psig.
(approx. 17 cm. /sec. flow)

Split Valve ON (at 88 ml/min. flow)

Detector: Flame lonization

Air flow at 270 ml/min.

Hydrogen flow at 41 ml/min.

Detector B: ON

Time Range: 200

Heated Zones

Oven Program

Injection Port: CAPILLARY; 250C
70°C - 0 min, 3.C / min,

120°C - 6 min, 18.0C/min
190°C - 12 min

Processing Parameters

Bunch Factor: 1
Noise Thresh: 1uv
Area Thresh: 5.00uVv

Peak Separation Criteria

width ratio: 0.200
valley-to-peak ratio: 0.010

Exponential Skim Events

peak ht ratio: 5.00,
Adj ht ratio: 4.00, Valley ht ratio: 3.00
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This analysis was performed by Labbeemint (WhiteusWashington). Appendix B
shows a typical chromatogram of peppermint oil frima Willamette Valley obtained

using the method explained above at Labbeemint.

Total Organic Carbon Test

A total Organic Carbon (TOC) Reagent Set and a DRB0 Portable
Spectrophotometer manufactured by Hach Company weesl to determine the

percentage of organic compounds in the water extracted.

The total organic carbon (TOC) percentage in thapdas is determined by first

removing the inorganic carbon from the sample hyosing the sample under slightly
acidic conditions. In the outside vial the orgaréchon in the sample is digested by
persulfate and acid to form carbon dioxide. Duringesdtion, the carbon dioxide

diffuses into a pH indicator reagent in the innerpale. The adsorption of carbon
dioxide into the indicator forms carbonic acid. Gariz acid changes the pH of the
indicator solution which, in turn, changes the coltie amount of color change is
related to the original amount of carbon preserthensample. This method is used to
qguantify TOC levels between 15 mg/L to 150 mg/Lhn5% confidence limits. The

complete method developed by Hach is available in Agped.

Moisture Content Determination

The moisture content of the peppermint hay wasrated by drying the samples in
a convection oven. The samples were weighed befwleafter they were oven dried
to calculate their moisture. Three replicates ware to determine the average
moisture content of each sample. Moisture analysis @done on all the hay used for
each extraction at different power and time settings.
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5. Results: Setniker Facility Evaluation

The following sections describe the process ofaeting peppermint essential oils. A
process flow sheet which shows the current operatiof the Setniker mint still
facility was created. This flow sheet also displ#ys sample points from where data

was collected (Appendix D).

5.1 Peppermint Hay Preparation

The peppermint plant is cut and left in the fiedddry, typically for about three days.
However, the drying time varies depending on thatined humidity of the hay,
temperature and experience of the farmer. According toefas;msing dry hay is more
economical to handle because the steam neededréztethe oils from the plant will
be reduced as well as the overall extraction tinetaiRed water in the plant must be
heated and evaporated at the same time that tieeadtoils are extracted; this is why
distilling fresh hay means higher operating costisoAdry hay is lighter and more
compact which is beneficial since more mint hay can be pgedgser batch.

5.2 Steam Production

Steam is generated via the use of three commdyaildrs. Boilers E-110 and E-130
have a maximum capacity of 300 hp. Boiler E-120 has a mawioapacity of 600 hp.

Most facilities use natural gas for combustion hesvesome farms use diesel in
combination with natural gas; only one facility wasserved using waste oil products

effectively.

Typically, a mixture of fresh water and make-up wdt®ming from the condensers)
is used to feed the boilers. It should be noted th#here is a large number of
condensers not all water used in the cooling poweel be needed for the boiler and

should be captured to be used elsewhere.
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The mixture of water is fed into the boiler using@mp activated by need based on
the water level in the boiler. Inside of the boitee water is fed into several tubes
where the water gets vaporized and turned intorat&idl steam. Each boiler output

stream combines into another stream which then dividéetbays.

Figures 5.1 and 5.2 show the temperature of tharsfgoduced by boilers E-110 and
E-130; boiler E-120 did not have a temperaturecaidir. The figures show the steam
temperature during mint oil extraction cycles facke boiler. Similarly, the internal
pressures of the boilers were recorded (Figures 5.3, 5.8.8nd
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Figure 5. 1 Boiler E-110 Temperature
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The previous figures show that the internal bgiesssures remain constant during the

entire extraction period.

The temperature djoiler E-110 changes in average from 200 °C at trial 1, 15@fC
trial 2 to 170 °C at trial 3. These temperaturesraspond to the generation of

superheated vapor at trials 1 and 3, and satusa&tedh in trial 2.

The internal temperature dfoiler E-130 varies for all the different trials. Trial 1

shows an average temperature of 137 °C which isoiwdo be even saturated steam.
Trial 2 is at equilibrium at 150+2 °C which is satted steam. Trial 3 shows high
temperatures, 230°C, during the first forty minutasthe process, however its
temperature also achieved “steady state” at 150y’the end of the process.

Sinceboiler E-120 does not have a temperature indicator, the preseadings were
used to calculate the temperature using steamstatddéculations show that the boiler
produces superheated steam, steam at approxird@@RC, as Figure 5.6 shows.

The boilers need to be warmed up for approximasely hour before they start
producing vapors. It was observed that when boilees not in use they remain
connected in the line which enables steam to treatelunused boilers and be spent
heating the boiler and any associated water. Bnesgd heating the metal and water

of unused boilers is not being used to process, mittit increases the operating costs.
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Figure 5. 6 Boiler E-120 Internal Temperature basean Pressure Readings

5.3 Extraction Process

After the mint is dry, it is chopped and loadedithhe mint tubs (D-210 on the flow
sheet). Figure 5.7 shows the dimensions of a ldigtih mint truck. The mint cookers

are usually constructed of ¥4” steel plate; the svate 12 ga. sheet steel. None of the
mint tubs are insulated.

It was observed that the hay packing inside ofttites is not even (Figure 5.8). It is
evident that the hay is often higher in the cethe@n on the sides and uneven from
front to back. Steam flows through the path of teasistance; hence unless some

means of leveling the hay takes place, the hay teasides of the tub will have the
oil extracted much sooner than the center.



Figure 5. 7 Mint Tub Dimensions
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Figure 5. 8 Mint hay inside the mint tub
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Once the peppermint hay was filled into the tulesdteam lines are connected to the
steam manifolds on the mint tubs to start pumpiteae to the hay. The steam
pumped to the mint trucks warms up the peppermaytds well as the tub; the heat
helps to vaporize the oil and water within the niiay which then travels through the
mint tub from bottom to top. Farmers agree thahgi$iigher pressure steam until the
vapors “break through” facilitates the extractiolgess. However, each farmer uses
different settings based on experience and what ¢basider is more efficient. Each
still will have a different optimum setting duettee variance in the plumbing. “Break
through time” is the time to obtain the first condate drops. After the initial
breakthrough, the steam gauge pressure is cut dovimalf. The breakthrough time
varies depending on the temperature of the stdahumidity of the hay, the ambient
temperature, tub load, etc.

Temperature from the tub wall was recorded everynirutes starting when the steam
line was connected to the bay (Figure 5.9).The &atpre and pressure from the
vapors coming out from the top of the tub were atsasured and recorded every 5
seconds (Figures 5.10 and 5.11). Due to an equiptiadore the first run data

collected for this point cannot be used. HoweJes, data obtained for the second and
the third runs are consistent and reflect that lighest temperature of the steam
leaving the tub is 100 °C and the pressure fluesibetween 103 and 101 KPa, which
is consistent with experience and literature. Theid Trial 2 was caused by the

thermocouple falling out of position and not refiee of the process.
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Figure 5. 10 Internal Distillation Tub Temperature
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Figure 5. 11 Mint Tub Internal Pressure

As stated earlier, these mint tubs were uninsulaweé have heard that in some cases,
the metal tub is processed with steam while racod@ing its outer surface. This type
of action significantly increases the amount ofrggenecessary, as the mint tub then
offers conductive cooling to a temperature sinkhat temperature of the rain, while

the steam is attempting to heat the hay to a tesiyoer of the vaporization of the mint
oil.

5.4 Condensation and Separation Process

The water and peppermint vapor mixture flows thioam 8” pipe to the vertical
condenser (E-220 on the flow sheet). The conderserfocated approximately 10ft.
away from the distillation tubs. The condenser his tfacility used ambient
temperature water as coolant. Figure 5.12 showtethperature profile of the cooling
water going out of the condenser. This figure iaths the temperature of the water
exiting the condenser does not remain constantt Wha expected since the vapor
flow rate to the condensers are not constant eifflee cooling water fed to the

condenser was not possible to measure, but acgptdithe operators and the owner
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of the still it is constant during the entire extian process which could represent a
problem to the condensation process. It was obdeivat vapors escaped from the
condenser outlet which means that the coolant teatyre is not low enough and that
the coolant flow rate is too low. It was not possito rearrange the pipes; quantitative

information is not available on this observation.
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Figure 5. 12 Cooling H20 leaving the condenser

The temperature of the mixture of water and peppegrnoil was measured
immediately prior to the separation can. Figure35shows the temperature of the
condensate at the condenser (E-220) exit. The aadlacted during the three runs
show a lack of temperature control which affectediy the distillate flow rate. This

behavior explains why the distill flow rate is nmtoportional to the fraction of oll

extracted.
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Figure 5. 23 Condensate Temperature Profile

The product outlet from the condenser goes to #oeiving can where the oil and
water are separated by gravity. It is known froteréiture and experience that the
optimal separation of the mixture water/mint oinfgerature is approximate 40 °C
(Denny 1991). Figure 5.14 shows that the tempegataries between 60 °C and 35 °C
with an average of 50 °C. Some oil can be losthm geparation process due to the
high temperature of the distillate. This is anotkey that suggests that the condenser

operating temperature needs better control to daglaer quality separation and to
save resources.
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Figure 5. 34 Separation Can Temperature

The water from the separator can be redistilledygb the remaining oil out of the

water and clean the water so it can be reusecktibadfier.

5.5 Distillate Composition

Samples of the peppermint oil/water mixture werkected from the condenser outlet
stream. The samples were taken at regular intethiadgighout the entire extraction
process. Figure 5.15 shows the condensate congpoag a function of the extraction
time. The data collected shows variability in threakthrough time. It is known that
the breakthrough occurs around forty five minutiésrahe steam is fed to the mint
tub. According to Figure 5.16 the first oil dropnees around the minute twenty for the
second and the third run and at minute forty fa fiinst run. The high composition
point at the minute seven on the first trial redethe final composition of the previous
run, therefore that point it is not considered las breakthrough time. Figure 5.17
shows the oil flow rate of each trial. It was exgecthat the flow rate and the
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composition curves would have the same behavioxeker it does not occur, thus a

high condensate flow rate does not imply a hightmincomposition.
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Figure 5. 47 Oil Flow rate

5. 6 Redistill Composition

Figure 5.18 shows the composition from the rdtistit. The water from all the
separation cans is redistilled to recover the removered oils; therefore it was not
possible to get the data from only one line. Tigare displays the information of this
particular piece of equipment and is from the twdlvbs running at the same time.

Even though the amount of oil recovered from thdistédl section is not considerable
and its quality is low, this unit is used to cleha water so it can be reused as a boiler
feed; clean water helps to avoid damage to thepegemt due to presence of mint oil.
Water treatment is the main objective of this l@tause as Figure 5.18 shows the
amount of mint oil collected varies between 0.19% &01% of oil recovered. The
total amount of oil recovered in the redistill uattthe Setniker farm is approximately
one barrel per year, and this mint oil is considerery low quality by the buyers.
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Figure 5. 5 Oil Recovered by the Redistill Unit

5.7 Total Peppermint Oil Extracted

Figure 5.19 shows the cumulative amount of minbbiiained over the total extraction
time process of the second and third runs. Thenghee illustrates when the oll
collected in the separator is drained to the batheis the last three points represent
the amount of oil trapped in the separation cannduthe total extraction time. The
amount of mint oil recovered is almost the sameadfbithe three runs as Table 5.1
shows. The differences of the three runs are dwariations of the mint hay moisture
before the steaming, mint hay packing inside thie, tine condenser operating

temperature, etc.
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Figure 5. 6 Mass of Peppermint Oil Recovered

Figures 5.20 and 5.21 show the energy cost of @xta peppermint oil, gross
revenue rate and the net revenue rate. These atdnd were done assuming a cost of
the natural gas of 0.8 $/therm and a selling poiceeppermint oil at $14/Ib. These
graphs can be used to estimate the best time posggéam flowing to a mint tub. The
last data point of the oil flow rate is actuallyetdraining of the separation funnel
between mint tub runs as it is drained completelipke the next run. This was done
to enable quantification of the amount of oil ineotub of mint hay and does not
represent an increase in oil coming from the hapaend of the run. The flow of oil
from the mint hay is at nearly zero at approximatéle 90 minutes after the steam
lines were connected. Therefore ninety minutes bellthe optimal stop down time
before the energy cost of extracting oil is higtiem the net revenue. The graph from

the first trial is not reported due to lack of data
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5.8 Boiler Feed Tank

Water from the condensers is sent to a recycling tahich feeds the boilers. This
stainless steel tank is not covered or insulatsdyalume is approximately 33mit
was observed that after the distillation has be&ming for approximately 40 minutes
at its maximum capacity, the boiler tank overfloWwhe temperature of the water
inside the tank was measured; the temperatureeabthat times is much higher than
the temperature at the bottom as figures 5.22 a8 $how. This means that the
best place to draw make-up water for the boilefragsn the top of the tank, for
example with a floating siphon, and the best ptacselect water for the condenser is
where the water temperature that the condensatechwhill then flow into the
separator) will be at the optimum separation tempee of 40° C. Such action would
require a redesign of the tank to retain the higkerperature water instead of the
current mixing process. In the case of the facoipgerved, no such automatic controls
were in place. Table 5.1 is a stream summath@imeasurements and calculations

collected at the Setniker still.
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Figure 5. 9 Boiler Feed Tank Temperature (top)
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Figure 5. 10 Boiler Feed Tank Temperature (bottom)

Table 5. 1 Data Summary

Run# 1| Run#2 Run # 3 Notes
Overall Run Timg¢ ~ 1:50 1:47 1:51
Breakthrough  0:40 0:28:50 0:23:0
Moisture Content Before| 49.2% 55.6% 36.3%
After| 67.2% 57.2% 50.7%
Truck [kg]] 24800 24800 -
Weights [kg] Mint [kg]| 16500 16600 16000
After steaming [kd] 19459 18100 -
Peppermint oil Extracted reading from scale [kg] 68B. 37.47 38.1p
reading from scale [Iip] 75.00 82.60 84100
Ib oil/lb of hay 209 23% 24% assuming 1% oil total
$ obtainedl  1050J0 1156.40 1176.00 assume $14/lb
Natural Gas (NG) # Tubs running 8 3 4
consumption NG used [m"B] 2203.16 1232.00  1240(00
NG / tub [m"3] 287.37 448.00 320.0d
$ spend in NG only  83.60, 130.33 93.092.75 nf produces 1therm
[cost $/Ib extracted] 1.11 1.58 1.11] $0.8/therm
Profit $| 966.40| 1026.07f 1082.9]
Left Boiler Temperature [¢] 215.13 153)89 158.74 supaide:
Pressure [ba}] 7.83 7.85 8J09 vapor
Middle Boiler Temperature [¢] 172.32 17463 179.45 Tnir6team tables
Pressure [baf] 8.43 8.93 9J03 assuming sat steam
Right Boiler Temperature [(] 135 146 169{60 T and P lothian sat
Pressure [ba}] 8 8.48 8.B9 conditions
average Temperatures [C T3 3372 53.19 5p.09
T5 15.44 16.08 13.948
T4 98.71 50.7p 51.34
T2 63.61 64.6f 57.99
T25 38.5% 38.5p 48.81
T13 42.44 37.71L 47.97
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5.9 Conclusions and Recommendations to improve cuent operation

Due to difficulties in access to all the samplenp®it was not possible to evaluate the

facility completely. However the production of pepmint oil in Oregon was well

understood and practical suggestions that will helpave money in the operation of

stills can be made. These suggestions do not irapyy changes in the current still

operations; they are only some adjustments thaheip to get more out of the current

process.

1. The hay should be leveled before steam comes thrtufpave a uniform steam

3.

resistance and ensure a vapor rich in mint oil ognoiut from the top of the mint
tub. This modification ensures a more effective olsthe steam produced by the
boilers.

Insulating all the pipes which carry the vaporsl wélduce the heat loss due to
convection with the environment. Adding insulationsl reduce the operating

cost of the condensers as well. Table 5.2 showscdisés of insulated and no
insulated pipes per running tub; and also the twaat assuming there are twelve

running tubs. The calculations are available in éqgix E and F .

Table 5. 2 Opportunities of savings using insulatio on the pipes

Heat loss due to:| $/running tub | $ /12 running tubg Cst Reduction
Convection only & 0.19 2 o7

no insulatiol
85.49
Convection & 2cn 0.0 0.3%

foam insulatio

A rain shelter over the mint tub docking region whkoeasily pay for itself after
one rainstorm. Operating the still under cold omyaenvironment will be
prejudicial to the overall mint extraction procebsulating the mint tubs would
be the best action to take. This allows one toallsthe steam produced by the

boilers on only heating up the mint hay and redubesheat losses of heating the
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mint tub. Insulating all the mint tubs can be exgea for farmers; however
covering the mint tubs from the rain is a simpléacthat would save money in
the steam production unit. Table 5.3 shows the @ispn between the cost per
running the mint tubs with and without insulaticemyd also the total cost of

running twelve tubs. The calculations are availablappendix E.

Table 5. 3 Opportunities of savings using insulatio on the tubs

Heat loss due to: | $/running tub| $/12 running tubs| Cst Reduction
Convection only &
no insulatiol 2450 294.0p 98.5¢9
ConV(_ectlon & 2cn 037 4 5(
foam insulatiol
Rain & no insulatiop 103.67 124404 99.69
Rain & insulation O.SFS 4.95

. The internal temperature does not correspond toedtpected steam pressure
under the conditions desired. From thermodynangarsttables, one can deduce
that at the observed pressure, the temperaturddsicotrespond to superheated
vapor which would be around 170°C. The variationte@mperature and pressure
from boiler to boiler reflects that the optimal ogéng conditions are not well

known. The fact that the boilers produce superlteaégor and sometimes they
do not produce vapor puts in evidence the lackrotgss control in the facility

and the poor performance of the boilers. It is giessible that the pressure
gauges and/or the temperature indicators are nuottibning as well. It is

recommended to perform maintenance on the boilersnake sure they are

delivering steam at the desired conditions.

. Installing a flow meter to control the cooling watesed by the condensers would

be useful to ensure no vapors are lost due to pamaiensation.

. By using the condenser cooling water not neededdeantry into the make-up
tank, the water in the tank would be cooled less$ lsance the temperature of the
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water entering the boiler would be higher. Thisuldoreduce the cost of the
steam generation, and can be afforded by judigibasement of return pipes and
a float valve which only opens to enable the pipese if the tank reaches a
predetermined low level. The surplus water wowddbtter diverted to other uses
(agricultural irrigation, etc.) through simple uskan open pipe extension at the
maximum fill height of the tank to act as a sipHmeak, after which the waste
water could be returned to some cistern for usdwe Meated condenser water
should be the primary feed of the boilers due ®ftct that it is pre heated and
will cost less to turn into steam.

. On average the energy cost per running tub wasndited to be 1.26 $/ Ib of oil
extracted based on 120 minute run time. Decreasiegrunning time to 90
minutes which is the time when the oil flow decesaenough to cause the cost of
steam production to be higher than the net revestmoelld decrease the energy

cost per running a tub and increase the net profit.

. The lack of process control is evident in evergkamiece of equipment, however
the fact that this facility has run successfully flecades indicates that one must
first ensure that such additions will be cost dffex Installing efficient
temperature and pressure indicators and contratlentd be expensive, however
this implementation represents saving to the opwyatost of the mint sill and
ensures a higher percentage of mint oil extract@drecent observation of the
Thacker facility in Bow Island, Alberta Canada pesvthat not only is it cost
effective, it also dramatically increases the cstesicy and quality of the product
(Hackleman, Velasco 2007). In this report a feyarpunistic examples will be

provided.

. Further measured data would give more confidenth@ evaluation of the
efficiency of the current process. This next phasey best be performed by

individual extraction facilities utilizing the sanmeeans used in this study.



54

10.1t is recommended that further investigation befqgrered on the optimal stage of

the peppermint hay dryness.

11.Mint oil heat capacity for the liquid phase wasedetined: 3.358 J/g °C. The
liquid mint oil density was determined as well: @ @mL. These values were not

evident from the literature.
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6. Results: Solvent Free Microwave Distillation

The microwaves applied to the hay break the olsaaid heat the water present in the
stomata and the plant stems. The temperature of/déiber reaches its boiling point at
atmospheric pressure, and as it was mention edhemixture is extracted at the
minimum boiling point component. This method usé® tsteam produced by
microwave heating of the water available in thenpldbecause of the Raoult's law
behavior of the vapor composition, the steam cathe non miscible liquid portion in

the plant as a vapor allowing the extraction tgbssible.

6. 1 Material Balance

In order to determine the efficiency of this newtragtion method, the following

assumptions were done to perform the mass balance:

1. The material balance is performed only on the 8&#k taking into account the
following species:

a. Peppermint Oil (0)
b. Water (w)

2. During extraction only the liquids trapped in theppermint leaves are
evaporated, the amount of plant material remainsstemt before and after
extraction. (Mass of solids is constant before afiter the extraction)

3. To determine the initial moisture content of thaml material, it was oven
dried. It was assumed that all the liquid conteas wvaporated.

4. Literature states the approximate peppermint aiteot in the plant is 1% by
mass.

5. Assume optimal water-oil separation. The TOC tesige used to quantify the
amount of carbon components left in the water ekh The results from the
four samples used reveled that the total carbdnidethe water varied from
0.11% and 0.14%. This information allows assumimaf the water extracted
from the microwave process was free from peppermint

6. No chemical reaction
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7. No accumulation

The overall material balance on the liquid phas#emscribed by equation

M - Mafter _extraction + Ivllost =0 [g 3)

before _extraction

The material balance by species is modeled by smsa4 and 5:

M = Ivlo_in + Ivlw_in [g

before _extraction (4)

M after _extraction =M o_out +M w_out g} (5)

The initial mass of water in the plant is calcuthatesing equation 6 and assuming that

the percentage of oil in the plant is 1% (Win).
Initial Moisture ContentW,_ +0O,, Y ()

Then, the initial mass of water and oil can be Waled by equations 7 and 8.

M w_in = M before _extraction ><V\/in [g]
M, .,,=M x QO [a] (7). (8)

before _extraction in

The amounts of water and peppermint oil extrackég §.:and M, ou) is known from

the measurements of both the liquids after theysaparated.

6.2 Energy Balance

The total energy (E) used by the microwave wasutatied by equation 9, where P is
the power used by the microwave and t is the etitratime.

E [J]=P [W]{ [sec](9)
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The cost of energy according to the Pacific Corgl. cents per kWh, using this

factor is possible to calculate the cost of engrgyrun.

To calculate the total energy needed to extractigjueds from the plant the following

assumptions were needed:

1. The value of the peppermint hay heat capacity wasd on a previous study
(Chen and Spiro 1994). It was assumed that thigevadcludes the water and
peppermint oil contained in the plant before extoac

2. Due to the low concentration of peppermint oilhe tiquid phase (1%); it was
assume the mixture was very dilute, approximated% water.AHy,, Of

water was used.

The theoretical amount of energy needed was caéxiilay the following equation
(20):

E' :(Mhay %H\/lgas I:(nglass) [(le _To)+(|—iqa<tracxed +Liqost)mHvap (10)

where,

The efficiency of the microwave is determined byatipn (11):

n=—000 (1)
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6.3 Maximum Operating Conditions

The operating conditions were determined by expipithe longest extraction time
possible before the peppermint hay ignites. Thegeetitions confirmed the ignition

time at the power settings decided previously. @abll shows the upper limit

operating conditions at the different power settiagailable. The experimental data
is available in Appendix F

Table 6. 1 Maximum Operating Conditions

First Step Second Step Total

Power Time Power Time Energy

W] [min] W] [min] Applied [KJ]
High 1120.0 3 - - 201.6
Medium 697.1 4.5 - - 188.2
Medium Low 518.2 b - - 186.6
High & Medium 1120.0 1p 697.1 2 184.5
High & Medium Low 1120.0 1p 518.2 25 178.5
High & Medium 1120.0 p 697.1 1.25 186.7
High & Medium Low 1120.0 D 518.2 U5 181.0

6.4 Extractions at 1120 Watts (High Power)

The breakthrough time observations show that tis¢ dirops of liquid come out to the
condenser on average at 1.2 minutes with a maxiwvamation coefficient of 10%
(Figure 6.1). The first data point that was feasitdl collect was at 1.5 minutes. The
extraction temperature is equal to the boiling poinwater at atmospheric pressure on
average 100 °C with a variation coefficient of 2%idure 6.2).

Figure 6.3 shows the percentage of oil extractdcutted assuming there is 1% of
essential oil available in the plant. Figure 6 8oadhows the cost of extracting the oil
at each extraction time. The error bars represieatvariation coefficient of the

percentage of oil extracted. The fraction of oillected at 2.5, 2.75 and 3 minutes is
comparable; this shows that the best extractioe i872.5 minutes because it requires

less energy. Figure 6.4 shows how increasing thraeion time helps to extract more
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water; the maximum amount of water extracted is &4i#h a variance coefficient of

6% at 3 minutes extraction time.

¢ breakthrough time

2.0 4
1.6 1

1.2 ‘{{‘§§0

0.8 1

Breakthrough Time [min’

0.4 1

0.0 T T T T T T 1
0 0.5 1 15 2 25 3 3.5

Extraction Time [min]
Figure 6. 1 Breakthrough Time vs. Extraction Time elationship (1120 W
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Figure 6. 4 Percentage of Water Extracted (1120 W)

Figure 6.5 shows the average mass balance omthnd pphase at each extraction time;
as it was expected the amount of water and peppeoiiextracted is proportional to
the extraction time. The quantity of liquids remag in the plant material after
extraction reduces as the extraction time incredd®s amount of liquids unaccounted
for vary between 9% and 24%. The liquids unaccalfae represents the sum of the

liquids lost during extraction and variance.

The quality of the oil extracted is presented ie thllowing figures which are the
result of GC analysis. The twelve components setetd be monitored are distributed
in 4 figures to make the observation easier. [gbu6 through 6.9 compare the
average composition of peppermint oil extractec dsnction of the extraction time

with an ideal sample obtained from steam distolati

It is observed that the concentrations of menthehmenthol, esters, terpenen-4-ol,
pulegone and germacre-d are proportional to theaetidn time increase. All these
components seem to approach equilibrium at theetlmeger extraction times (2, 2.5

and 3 minutes).
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Figure 6. 5 Mass Balance on the Liquid Phase (1120)
The concentration of menthone, cineol, isomenthdagn, limonene and t-sabine
hydrate follow the opposite pattern; their concatntn decreases as the extraction

time increases (Figure 6.7)
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Figure 6. 6 Cineol, Menthol and Menthone Compositio (1120 W)
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Figure 6. 7 Neomenthol, Isomenthol and Esters Compiion (1120 W)
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The variation of the oil extracted composition wadculated as the variation of each

component peak area with respect to the standbfdquiation 11)

Observation Concentration-Standard Concentration
Standard Concentration

%Variation=

(11)

Table 6.2 summarizes the variation of all the congms concentration with respect to
the standard. A negative variation reflects thatdbncentration of that component on
the sample is lower than the standard concentrafiguositive variation indicates that

the concentration of the samples is higher tharstiiedard concentration.

Table 6. 2 Composition Variation with respect to tle Standard (1120 W

Extraction Time [min]

Component 1.5 1.75 2 2.25 2.5 2.75 3
Limonene 98% 46% 33% 46% 8% 13% 9%
Cineol 65% 29% 23% 29% 3% 2% 2%
t-Sabine Hydratg 220% 200% 202% 200% 184% 175% 174%
Menthone 9% 3% 2% 3% 2% -1% -1%
Furan 347% 305% 260% 305% 250% 250% 221%
Isomenthone -8% -9% -8% -9% -8% -10% -9%
Esters -34% -30% -26% -30% -25% -25% @ -24%
Neomenthol -14% -9% -7% -9% -5% -6% -5%
Terpenen-4-ol -37% -29% -25% 29%  -26%  -22%  -20%
Menthol -26% -15% -13% -15% -8% -71% -6%
Pulegone 56% 65% 33% 65% 72% 63% 61%
Germacrene-d -23% 1% 9% 1% 14% 22% 23%
Total 0% 1% 1% 1% 2% 2% 2%
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6.5 Extractions at 697 Watts (Medium Power)

At 697 W the maximum extraction time is 4.5 minusgghout causing ignition to the
peppermint hay. Samples at every 0.5 minutes waltected. Figure 6.10 shows the
breakthrough time at the different extraction timess it was expected the
breakthrough time remains constant the differentrageion times; the average

breakthrough time is 1.9 minutes and the variasdsfo.

Figure 6.11 shows the final temperature of the fplaaterial after extraction.

# breakthrough time

2.5
2.0 - 3 3 $ 3 3 s
1.5

1.0

Breakthrough Time [min]

0.5

OO T T T T T T T T T 1
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Extraction Time [min]

Figure 6. 10 Breakthrough Time vs. Extraction Timerelationship (697 W)
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Figure 6. 11 Final Temperature of 697 W Process

Figure 6.12 shows percentage of oil extracted &edenergy cost per pound of oll
extracted. The error bars represent the variatamfficient of the percentage of oil

extracted. The fraction of oil extracted at 3.5 @il minutes is similar on average;
these two sets of experiments show the higher exarayield (53% and 54%). The oll

recovered at 4 minutes on average is lower tharaet expected; the variation on the
plant material and experimental error might havettethis result. Figure 6.13 shows
how increasing the extraction time helps to extraote water; the maximum amount
of water extracted is 60% with a variance coeffitief 10% at 4.5 minutes extraction
time
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Figure 6.14 shows the average mass balance onqthid phase as a function of the
extraction time. The percentage of the liquidsaoted increase as the extraction time
increases while the percentage of liquid remaiminipe plant material after extraction
reduces. The amount of liquids unaccounted foregadoetween 4% and 17%.

Figures 6.15 to 6.18 represent the quality ansiysthe peppermint oil extracted. It is
observed that the concentration of menthol, neohwmntesters, terpenen-4-ol,
pulegone and germacre-d is proportional to the aektyn time increase. The
concentration of menthone, cineol, isomenthongrfulimonene and t-sabine hydrate

concentration decreases as the extraction increases

100% -+ — — — — — —
] — 0 % liquid
] L ] unaccounted
80% - - for
0% liquids
60% remaining
-
k=]
S
(=3
—
© os W %water
° 40% extracted
20% - )
I M % oil Extracted
0% J |

2 2.5 3 3.5 4 4.5

Extraction Time [min]

Figure 6. 14 Mass Balance on the Liquid Phase (69V)
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Table 6.3 summarizes the variation of all the congms concentration with respect to
the standard.

Table 6. 3 Composition Variation with respect to tle Standard (697 W)

Extraction Time [min]

Component 2.5 3 3.5 4 4.5
Limonene 59% 20% 18% 10% 15%
Cineo 39% 15% 7% -1% 1%
t-Sabine Hydral 209% 195% 175% 169% 169%
Menthone 7% 2% 1% -1% 2%
Furan 286% 243% 228% 224% 228%
Isomenthone -7% -9% -9% -10% -9%
Esters -29% -24% -24% -24% -25%
Neomenthol -9% -4% -5% -5% -6%
Terpenen-4-ol -30% -24% -23% -21% -22%
Menthol -19% -10% -8% -6% -9%
Pulegone 54% 52% 51% 55% 61%
Germacrene-d -9% 6% 15% 19% 17%
Total 1% 2% 2% 2% 1%
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6.6 Extractions at 518 Watts (Medium Low Power)

At 518 W the first drops of liquid are obtained at 2.9 minutes witaration of 1%
variation between runs. The fraction of available oil extractedlaénergy cost are
presented on figure 6.19. The final temperature of the plant aladees not achieve
100 °C; the maximum temperature recorded was 98 °C at 4.5 minuéasradtion
time (Figure 6.20). The maximum percentage of oil extractedbiained at 5 minutes
of extraction; however the minimum energy cost of oil extractedbserved at 5 and
4.5 minutes. Since on average the amount of extracted is equivaleaptthml
extraction time would be 4.5 or 5 minutes (Figure 6.21). Even though atugemiit is
observed a higher percentage of oil recollected, a yellow casrdetected extracted
oil and that characteristic might not be desired; also the opgratst is higher.
Figure 6.22 shows the percentage of water extracted in function exttiiaetion time;

it is observed that at 4.5 and 5 minutes the amount of water extracted is 43% and 48%.
* breakthrough time
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Figure 6. 19 Breakthrough Time vs. Extraction Time relationship (518 W)
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Figure 6.23 is the mass balance on the liquid phase. The same trencedln the
two previous power settings is observed in this case. The peageenfaliquids
unaccounted due to experimental error losses to the environmeribatargen 15%
and 27%.

Figures 6.24 to 6.27 show the composition of oil extracted. As it wasvebsien the
two previous power settings the same components concentration aretipnabdo
the extraction time (menthol, neomenthol, esters, terpenen-4-ol, opelegnd
germacre-d.) and decrease as extraction time increasesth@me, cineol,

isomenthone, furan, limonene and t-sabine hydrate).
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Figure 6. 24 Cineol, Menthol and Menthone Composition (518 W)



77

45 O Neomenthol

O Isomenthone

O Esters

Peak Area [%]

Esters

Ideal 3.25

4 Neomenthol
Qil 3)

Extraction Time [min]

Figure 6. 25 Neomenthol, Isomenthol and Esters Composition (518 W)

O Germacrene-d
Bl Terpenen-4-ol

O Furan

Peak Area [%]

Furan

Ideal 3.25
Oill

Germacrene-d

4 5

Extraction Time [min]
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Table 6.4 summarizes the percentage on the concentration variatidre afils
extracted with respect to the standard.

Table 6. 4 Composition Variation with respect to the Standard (518 W)

Extraction Time [min]

Component 3.25 4 5 6
Limonene 89% 43% 16% 13%
Cineol 58% 25% 4% 1%
t-Sabine Hydrate 211% 188% 166% 158%
Menthone 7% 4% 2% -1%
Furan 306% 229% 224% 223%
Isomenthone -8% -7% -8% -9%
Esters -30% -22% -24% -22%
Neomenthol -12% -6% -5% -5%
Terpenen-4-ol -32% -26% -23% -23%
Menthol -24% -14% -8% -6%
Pulegone 52% 60% 62% 63%
Germacrene-d -19% -1% 10% 11%
Total 0% 1% 1% 2%
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6.7 Two Extraction Step (1.5 minutes at 1120 WattsMedium)

It was desired to study the combination of two different powtings in a single
extraction. It was believed that more energy was needed untir¢lagthrough time

was passed then less energy is needed to keep the hayovextract the rest of the

volatiles.

The first step extraction was 1.5 minutes at 1120 W (High) and dtigerent time
intervals on 697W (Medium). All figures from the two step prockase two
horizontal axes: the total extraction time (bottom axis) and tmdysecond step
extraction time (top or secondary x axis) to make the observafithe second step
easier. Figure 6.28 shows the breakthrough time as a functiba ektraction and the
information obtained is similar to the single step process at 1120aMreakthrough
time is constant at approximately 1.2 minutes on average with aivarcoefficient

of 4% between runs.
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0.5 1 1.5 2 2.5 3 3.5 4

Total Extraction Time [min]

Figure 6. 28 Breakthrough Time vs. Extraction Time relationship (1.5H-xM)
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Figure 6.29 shows the final temperature reached after extraction; asakpected all

temperatures reach the water boiling point easily.

Figure 6.30 shows the percentage of oil extracted as a functiba ektraction time.

This fraction represents the amount of oil recovered from all thavailable in the

plant (assuming there is 1% by mass of oil in the plant mBtek&git was seen before

the amount of oil extracted increases with the extraction ainaeit seems to reach a
maximum limit. Because on average the last three points de¢hisf data are similar,

it could be assumed hat a plateau starts at 2.5 minutes of todtiex time (1.5
minutes on 1120 W and 1 minute on 697W). The maximum percentage recovery is
63% however at 2.5 minutes 57% of the oil was extracted and at 3 mdtewith a
variation of 12%.
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Figure 6. 29 Final Temperature of 1.5H-xM process
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I % Oil Extracted—— Energy Cost
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Figure 6. 30 Percentage of Oil Extracted (1.5H-xM)

Figure 6.31 shows the percentage of water extracted. A maxirunislialso reached
on the percentage of water extracted, the two longer extrdicties on average reach
a maximum of 51% of water extracted. The comparison of figu@3 &nd 6.31
shows that the energy used on the last two extraction timeschekpract more water
than the oil. Figure 6.32 show the material balance on the liquidsctextralrhe
percentage of liquids unaccounted for varies from 7% to 28%.

The composition of the oil extracted is shown on Figures 6.33 to 6.36. e sa
components are proportional to the extraction time (menthol, neomenthers, es
terpenen-4-ol and germacre-d.) and decrease as extractiomtiraases (menthone,
cineol, isomenthone, furan, limonene and t-sabine hydrate). The coiopasH
pulegone does not follow any pattern with respect to the extratitne as it did in the

previous settings.
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Figure 6. 31 Percentage of Water Extracted (1.5H-xM)
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Figure 6. 32 Mass Balance on the Liquid Phase (1.5H-xM)
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Figure 6. 33 Cineol, Menthol and Menthone Composition (1.5H-xM)
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Figure 6. 34 Neomenthol, Isomenthol and Esters Composition (1.5H-xM)
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Figure 6. 36 Limonene, Pulegone and t-Sabine Hydrate Composition (1.5H-xM)
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Table 6.5 summarizes the variation of the oil extracted per compounghoeshto the

standard.

Table 6. 5 Composition Variation with respect to the Standard (1.5H-xM)

Extraction Time [min]

Component 1.5 2.5 3 3.5
Limonene 98% 27% 23% 13%
Cineol 65% 12% 9% 1%
t-Sabine Hydrate 220% 185% 182% 158%
Menthone 9% 3% 1% -1%
Furar 347% 272% 223% 223%
Isomenthon -8% -8% -8% -9%
Esters -34% -26% -24% -22%
Neomenthol -14% -8% -1% -5%
Terpenen-4-ol -37% -24% -20% -23%
Menthol -26% -12% -9% -6%
Pulegone 56% 69% 47% 63%
Germacrene-d -23% 10% 18% 11%
Total 0% 1% 1% 2%
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6.8 Two Extraction Step (1.5 minutes at 1120 WattdMediumLow)

This process keeps 1120 W constant for 1.5 minutes; the second step applies 518 W
(Medium Low) for five different time intervals. The breakthrough is cmstvith

extraction time at approximately 1.2 minutes as figure 6.37 shows.

Figure 6.38 shows how the final temperature remains constant at 100 °C at each two
step process; the highest temperature observed is 101.7 °C at a total extraetafn t
4 minutes (1.5H-2.5ML).
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Figure 6. 37 Breakthrough Time vs. Extraction Time relationship (1.5H xML)
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Figure 6.38 shows that the maximum percentage of oil collected is obtained after 3

minutes of extraction time. The highest extraction yield varies between b & &6

with a variation coefficient between 10% and 12%. The percentage of water ektracte

is presented on figure 6.39. The maximum limit is 47% and it is reached at 4.5 minutes

of total extraction time.

The material balance of the liquids shows that the % of liquids unaccounted vary
between 14% and 24% (Figure 6.40)
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Figure 6. 38 Final Temperature 1.5H-XML process
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Figure 6. 40 Percentage of Water Extracted (1.5H xML)
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Figures 6.42, 6.43, 6.44 and 6.45 show the extracted composition and table shows the
variation on its composition with respect to the standard.
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Figure 6. 41 Material Balance on the Liquid (1.5H xML)
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Figure 6. 42 Cineol, Menthol and Menthone Composition (1.5H xML)
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Figure 6. 43 Neomenthol, Isomenthol and Esters (1.5H xML)
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Figure 6. 44 Germacrene-d, Terpenen-4-ol and Furan (1.5H xML)
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Figure 6. 45 Limonene, Pulegone and t-Sabine Hydrate Composition (1.5H xML)

Table 6. 6 Composition Variation with respect to the Standard (1.5H xML)

Extraction Time [min]

Component 1.5 2.5 3 3.5 4
Limonene 98% 30% 22% 9% 15%
Cineol 65% 15% 4% -6% -1%
t-Sabine Hydrat¢  220% 187% 174% 161% 166%
Menthone 9% 3% 1% -4% -2%
Furan 347% 259% 279% 269% 229%
Isomenthone -8% -8% -10% -13% -11%
Esters -34% -27% -26% -23% -23%
Neomenthol -14% -8% -8% -5% -6%
Terpenen-4-ol -37% -24% -24% -24% -21%
Menthol -26% -12% -10% -5% -T%
Pulegone 56% 56% 68% 72% 58%
Germacrene-d -23%  10% 11% 17% 20%
Total 0% 1% 1% 2% 1%
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6.9 Two Extraction Step (2 minutes at 1120 Watts- gdium)

This set of experiments was chosen trying to obtain bettertsebaln that obtained
from the two previous combinations processes. Figure 6.46 shows how the
breakthrough time remains constant. Figure 6.47 shows the final renmeeof the

hay; it reaches 100 °C at all times.

Figure 6.48 show that the highest percentage of essentiakm@it®d was obtained at
3 minutes of extraction. It is observed that at 3 and 3.25 minutesrtbant of oil

extracted is similar.
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Figure 6. 46 Breakthrough Time vs. Extraction Time relationship (2H-xM)
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Figure 6. 48 Percentage of Oil Extracted (2H-xM)
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Figure 6.49 shows that more water extracted was higher at 3 than at 3.25; however due
to the small time extraction difference these two sets of data arg ¢idrsame

information.

The material balance of the liquid phase is shown on figure 6.5€harmbmposition
of the extracted is shown on figures 6.51, 6.52, 6.53 and 6.54. The same component
are proportional to the extraction time (menthol, neomenthol, estepgnen-4-ol,
pulegone and germacre-d.) and decrease as extraction times&scrgaenthone,

cineol, isomenthone, furan, limonene and t-sabine hydrate).
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Figure 6. 49 Percentage of Water Extracted (2H-xM)
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Figure 6. 51 Cineol, Menthol and Menthone Composition (2H-xM)
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Figure 6. 52 Neomenthol, Isomenthol and Esters Composition (2H-xM)
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Figure 6. 53 Germacrene-d, Terpenen-4-ol and Furan Composition (2H-xM)
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Table 6.7 is the summary of the variation of the composition of eastpanent
compared to the standard obtained from the steam distillation process.

Table 6. 7 Composition Variation with respect to the Standard (2H-xM)
Extraction Time [min]

Component 2 2.5 3 3.25Average
Limonene 33% 35% 8% 17% 23%
Cineol 23% 18% -1% 3% 11%
t-Sabine Hydrate 202% 191% 171% 172% 184%
Menthone 2% 5% -1% -26% -5%
Furan 260% 280% 220% 243% 251%
Isomenthone -8% -8% -10% -10% -9%
Esters -26% -29% -26% -25% -26%
Neomenthol -7% -9% -6% -7% -7%
Terpenen-4-ol -25% -25% -19% -21% -22%
Menthol -13% -14% -6% -8% -10%
Pulegone 33% 57% 56% 61% 51%
Germacrene-d 9% 10% 26% 21% 17%
Total 1% 1% 2% -5% 0%
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6.10 Two Extraction Step (2 minutes at 1120 WattdMediumLow)

The effect of the combination of two power leveigrting with 2 minutes at 1120 W
(High Level) and followed by 0.5, 1, 1.25, 1.5 @n@d5 minutes on at 518 W (Medium

Low).

Is it proven that the breakthrough time occurs werage at 1.2 minutes, which proves
that the first step of this combination helps tep#he breakthrough (Figure 6.55).
Figure 6.56 proves that the boiling temperaturavater has been reached at each

extraction time.

The percentage of oil extracted approaches toibquiin starting at the minute 3.25
and reaching its maximum (68% of oil extracteddhat minute 3.75 (figure 6.57) The
percentage of water collected also reaches itsrmanxi at 3.5 minutes (51.8%) and at
3.75 minutes the average is 52% (figure 6.58)

¢ Breakthrough Time
Second Step Extraction Time [min]

0 0.5 1 15 2
2.0~
= |
51.6
[¢D)
.E 1.2 ¢ N { ;
= L3 {
S
o 0.8
<
K
$04-
m
O-O I I I I I I I 1
0 0.5 1 1.5 2 2.5 3 3.5 4

Extraction Time [min]
Figure 6. 55 Breakthrough Time vs. Extraction Timerelationship (2H-xML)
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Figure 6.58 shows the mass balance on the liquadghand figures 6.59 through 6.62

show the composition of the extracted as a funaticthe extraction time.
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Figure 6. 60 Cineol, Menthol and Menthone Compositin (2H-xML)
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Figure 6. 61 Neomenthol, Isomenthol and Esters Comogition (2H-xML)
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Table 6.8 is the variation of each component wapect to the standard.

Table 6. 8 Composition Variation with respect tahe Standard (2H-xML)

Extraction Time [min|

Component 2 3 3.25 3.5 3.75
Limonene 33% 17% 6% 4% 15%
Cineol 23% 5% -5% -3% 2%
t-Sabine Hydrate 202% 176% 169% 168% 174%
Menthone 2% -1% -4% 1% -3%
Furan 260% 238% 230% 223% 228%
Isomenthone -8% -10% -11% -9% -10%
Esters -26% -25% -22% -25% -18%
Neomenthol -T% -T% -4% -5% -4%
Terpenen-4-ol -25% -20% -22% -20% -23%
Menthol -13% -8% -4% -6% -6%
Pulegone 33% 52% 56% 52% 64%
Germacrene-d 9% 23% 23% 25% 19%
Total 1% 1% 2% 2% 2%
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6.11 Comparison of best extraction times at diffem& power settings

In this section, the best results from each setexgjeriments are compared to
determine which could be the most recommendablaetidn time and power. Figure
6.64 compares maximum percentage of oil extraciethé steam distillation system
and the microwave systems. This figure also shawaplgcally the energy cost of the
oil extracted (secondary y axis) and the totalaetion time (secondary x axis). The

amount of oil obtained from the microwave extragti@ries from 54% to 70%.
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Figure 6. 64 Percentage of Oil Extracted (Best Epdction Settings)
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Figure 6.65 shows the fraction of water extractedagh power setting; the amount of
water extracted from the steam distillation systeas not possible to quantify hence it
is not included in this plot. The fraction of watsttracted varies from 44% at the two
step process 1.5H1.5ML to 59% at also the comlumngirocess 2H1Med. The higher
percentage of water extracted is the reason wiHaMed the energy cost is higher
than the other two step extraction costs.
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Figure 6. 65 Percentage of Water Extracted (Best Evaction Settings)
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Figure 6.66 shows the mass balance at each pottigseptimal stage. Figures 6.67

to 6.70 show the average composition of the oitaetéd at optimal specific power

setting and time.
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Figure 6. 66 Mass Balance on the Liquid Phase (BeSktraction Settings)
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Figure 6. 68 Neomenthol, Isomenthol and Esters Corogition (Best Extraction
Settings)
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Figure 6. 69 Limonene, Pulegone and t-Sabine HydratComposition (Best
Extraction Settings)
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Figure 6. 70 Germacrene-d, Terpenen-4-ol and Fura@omposition (Best
Extraction Settings)

Table 6. 9 Composition Variation with respect to tle Standard (Best Extraction
Settings)

Power Level (Extraction Time [min])

High Medium  M_Low 1.5H-Med 1.5H-M_Low 2H-Med 2H-M_Low
Component 25 35 5 25 3 3 3.25
Limonene 8% 18% 16% 27% 22% 8% 6%
Cineol 3% 7% 4% 12% 4% -1% -5%
t-Sabine Hydrate 184% 175% 166% 185% 174% 171% 169%
Menthone 2% 1% 2% 3% 1% -1% -4%
Furan 250% 228% 224% 272% 279% 220% 230%
Isomenthone -8% -9% -8% -8% -10% -10% -11%
Esters -25% -24% -24% -26% -26% -26% -22%
Neomenthol -5% -5% -5% -8% -8% -6% -4%
Terpenen-4-ol -26% -23% -23% -24% -24% -19% -22%
Menthol -8% -8% -8% -12% -10% -6% -4%
Pulegone 2% 51% 62% 69% 68% 56% 56%
Germacrene-d 14% 15% 10% 10% 11% 26% 23%
Total 2% 2% 1% 1% 1% 2% 2%
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The efficiency of optimal extraction settings byetholvent free microwave system
was determined by the energy balance (Section Ei@ure 6.71 shows the power
needed based on energy balance and the powerlpcoasumed by the microwave.
As figure 6.72 shows the percentage of energy tsedtract the essential oils varies
from 40% to 60% of the total energy consumed. Thggests that the lab scale

microwave unit is roughly 50% efficient.

Extraction Time [min]

200
180

160
B Power Used
140

1207 O Average Power

100 Needed

Power [W]

80

60

40

20

0 - —
High Medium M_Low 1.5H-Med 1.5H- 2H-Med 2H-
M_Low M_Low

Power Setting

Figure 6. 71 Comparison of Power Used and Needed bye Microwave System
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|
|
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Figure 6. 72 Percentage of Power Needed

As it was mentioned on the literature review (Ckapl) the composition of any
essential oil is a strong function of the weatladtifude, humidity, diseases that attack
the plant on growing stages, etc. The standardsatl to compare the results from the
microwave extraction is considered an ideal conjuosi

6.12 Comparison of extraction efficiency using difrent peppermint hay

With the purpose to validate this efficiency ofsthmethod and to explore future
opportunities for this field seventeen experimemese run at IP Callison & Sons in
Lacey- Washington. The same apparatus used fan#ie group of experiments was
used, however; the peppermint hay utilized was feodifferent farm. All extractions
were done for 3 minutes at 1120 W. Figures 6.73@idd compares on average the

percentage of oil and water recovered from theetkfiit samples of peppermint hay.
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Figure 6. 73 Comparison of percentage of oil extraed from different
peppermint hay (3min- 1120W)

The comparison of the oil extracted compositiomfrtne steam distillation processs
(after blending), the extractions done at the IRis2en facility and the extraction done
at Oregon State using the mint hay from the Setrideen is presented on figures 6.75
to 6.78.
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Figure 6. 74 Comparison of percentage of water exdcted from different
peppermint hay (3min- 1120W)
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Figure 6. 75 Cineol, Menthol and Menthone Compositin (Comparison different
hay)



114

O Menthofuran
0O Germacrene-d

Peak Area [%]
@

Germacrene-d

‘ Menthofuran
ol IP Callison Setniker
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Figure 6. 78 Neomenthol, Isomenthol and Esters Corogition Composition
(Comparison different hay)

Table 6.10 shows the variation on the compositibroib extracted by using two
different samples of peppermint hay.

Table 6. 10 Comparison to the ideal mint oil samplef the extractions done at 3
minutes and 1120 Watts using hay from different fams

Component | IP Callison Setniker
Limonene 27% 9%
Cineol -17% 2%
t-Sabine Hydrate  200% 174%
Menthone -19% -1%
Furan -54% 221%
Isomenthone -20% -9%
Esters 4% -24%
Neomenthol 50% -5%
Menthol 9% -6%

Pulegone -100% 61%
Germacrene-d 25% 23%
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7. Conclusions

Traditionally peppermint oil is extracted by steam distiati20% of the oil available

in the plant is extracted. Solvent free microwave extractiam iglternative extraction
method that was proposed on this study. The power applied to the planiahend

the extraction time were the variables studied in this reledihree power level
settings were chosen: 1120 W, 697W and 518 W, two combinations of power wer
also explored: 1120 W-697W and 1120 W-518 W. The minimum and maximum
extraction times varied for the different power settings. &kteacted samples were
collected and analyzed in the GC to determine its composition. Twelwponents
which represent 90% of the total concentration were chosen to ecothgaguality of

the oil with ideal peppermint oil.

In all the experiments performed a variation from 10% to 30% on the oil extieased
observed. The variation is in part due to the small amount of nmatesiais being

obtained as a small droplet is easily lost in the condenser stilth®ot and causes a
considerable increase in the experimental error. Also theteai/ratio in the samples
used causes more variability than would be seen in a langgilesaThe variation on
the amount of water extracted (2% -20%) was observed to be less than thenvana
the oil extracted because the amount of water in the plarghgihihan the oil; in fact
water is present in leaves and stems; while the oil is awdylable from the plant

leaves.

Because only 1% of the liquid available for extraction is b#, boiling point of the
mixture could be assumed to be that of water. The final temperatuble sample
after extraction shows that the maximum temperature achievédOisC once the
breakthrough time was passed. This is why the two step procssasre efficient
than the single step processes. More energy is needed at theirmegihnthe
extraction until the water starts vaporizing, then less energgeded only to keep the
temperature high enough to help the vapors transport. This is foanehy applying
low energy at the beginning of the process only retarded tl&threugh time which
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increases the energy cost. The time needed to achieve 1001°& nsinutes using
1120 Watts which is similar to the results reported by Lucdhesichesi, Chemat et
al. 2004).

Microwave extraction with no solvent addition was successfully tigeted and
shown to extract roughly three times more oil from the plant fham the steam
process. Results show that the most effective power settingast the combination
of 2 minutes at 1120 W and 1.25 minutes at 518W (2H1.25ML). This combination
allows extracting 65% of the total oil available in the plarthvai variation coefficient
of 21%; 48% of the water available with a variation coefficient9dt5%. The
percentage of liquids left in the hay after extraction is 35% thadpercentage of
liquids unaccounted for is 16%. Figures 7.1 and 7.2 are SEM imageshieotopt of
the peppermint leaves before and after extraction. These irshges how the oil
glands are destroyed after the microwave irradiation wasedpfa the plant; these
images are similar to the ones obtained by Chan who performeowaige extraction

of rosemary leafs in hexane (Chen and Spiro 1994).

#ApA1"

Figure 7. 1 SEM Peppermint leaf prior to extraction
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Figure 7. 2 SEM Peppermint leaf image after microwae extraction

The energy cost of the optimal condition extraction is 1.22 $/Ib ofbiheted which
is 3% lower than steam distillation cost which on average is 1.B6 Tiis was the
only power setting combination that reported a lower energy cost ttiea steam
distillation. On average the energy used by this power combinatierli3 KJ (0.048
KWh) to extract the essential oils from 100 grams of peppernhay.
Previous work done by Lucchesi found that 0.25 KWh was used to estsential
oils from 500 g of plant material. This information is comparabldécenergy usage
reported on this work since 0.24 KWh will be used if 500 grantegfare used if the

optimal settings were used.

The other settings give an energy cost between 1.64 and 1.39 $/ Ibeafracted
which is 23% and 9% higher than the steam distillation energy dostmlcrowave
efficiency was proved to vary from 40% to 60%; the energy cesbealiminished by

using a higher efficiency microwave.
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The composition of the oil extracted varies in certain componemnts than in others.
In all runs the concentration of menthol, neomenthol, esters, terpeviem4degone
and germacre-d are proportional to the extraction time. Theimmian concentration
is reached at the longer extraction until a plateau is rdaahesually the last two
longer extraction times. In all cases the concentration of meathacineol,
isomenthone, furan, limonene and t-sabine hydrate decrease rastiext time
increases. Because the main component of peppermint oil is menttedtthetion
time and the power setting which allow the maximum concentragiatesired. The
highest concentration of menthol was observed to be 40% at (2H1.25ML) iwHieh
less than the concentration of the ideal peppermint oil sample. Unéesame
conditions the menthone concentration is 4% lower than the standare thahil
concentration of furan is 230% higher. The furan component in this hatesdid
not show a lower concentration than 200% with respect to the stetiltatehn ideal
standard. The sets of extractions done at the IP Callisontyfacging the OSU
microwave and process show that there is a dramatic variatitre @il composition
compared to the standard composition as a function of the hay used. \alsv dé
furan and high levels of menthol were reported from this set af dae results from
these trials infer that the composition of the oil varies sicgifily with the plant
material and maturity. This is why it is necessary to blé&edoil from extractions to
achieve the desired composition. This does not represent an inconeesice it is
an existing standard practice all the oil extracted bynstdsstillation is currently
blended before it is distributed.

This study proves that far more oil can be extracted from #r& pking less energy
compared to the traditional steam extraction because as thisicjee reduces the
extraction time to 3.25 minutes from the traditional steam @igth 120 minute
extraction time. The extraction time reduction and the percerafgil extracted are
opportunities for the mint industry. Because the solvent free micewatraction
uses only the in-situ water of the plant to extract its esdails the product obtained
is more natural than the product obtained from the steam distillgtiocess. Anti

scaling agents and softening chemicals are products used to plevdrdard water
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formation the boilers which produce steam to extract the essavilsal These
chemicals can end up in the essential oil and they could reduceatitg qtithe final

product.

The true extraction cost of Microwave systems would requireysisabf a “pilot
scale” or full scale unit. This work offers the foundation for dgwment of a pilot
scale microwave system and an associated overall plantiopsrabst assessment.
With no further work, this technology can be used at the lab scalertorme
extractions in the field to determine the optimal harvest,thmenidity stage and other
parameters. Studying other plants from the labiate famiybeauseful to compare
the results from this research. This technique can also be usadlyothe nature of
peppermint from different regions and at different growing stageAnother
application is to enable the studying of the extraction time &id §s a function of

hay packing in the still flask, useful to determine the optimal conditions.
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8. Future Work

The peppermint hay that was used was chopped and dried for approxitndésly. It
was challenging to use a homogeneous sample for each runhg@rieaves fell to the
bottom of the bags and then the still pot. It is recommended to gtedgxtraction
efficiency as a function of the dryness of the hay. Even thotefatiire shows that
only a small quantity of oil is lost due to simple evaporation itccbel useful to study

the optimal dry state of the hay.

Implementation of a vertical condenser would facilitate the liqualéection and
reduce the percentage of liquids unaccounted due to loss in the infeivte

condenser.

A better temperature recorder could be useful to determine tipetatare profile as a
function of time. Implementing a temperature feedback controlldrpralvide the
ability to study different combinations of power settings andait be helpful for

easier extraction time control.

A preliminary model to predict the results from this new eximacmethod has been
developed. Equation (12) shows the mass of liquids vaporized calculatedhieom

energy balance:

M” — Pm}fﬂt‘tb)
T AH

vap

(12)

P is the power applied to the sampleis the microwave efficiency, t is the overall
extraction time, ¢ is the breakthrough time and is thel,,, heat of vaporization of

water.

Figure 8.1 is comparison of the actual data at 1120 Watts tdatfaeobtain from
equation 12. This model predicts the first 5 data points; a new modis$ tede
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developed to have a better approximation when more than 60% of theoitota

available has been extracted.

Fraction of Available Oil Extractec

140%
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100%

80% -

60%

40%

20%
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2 225 25
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Figure 8. 1 Comparison of experimental data to theetical model
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APPENDIX A. Microwave Choke Design

DRILL 4 PLACES FOR
MOUNTING IN MICROWAVE
| 8-32 MACHINE SCREW

MICROWAVE CHOKE TUBE
- PREVENTS RF ESCAPE
MATL: BRASS OR ALUM

BRICKMAN CHOKE FOR MICROWAVEVED

T
T
I
I
I
L
I TUBE DIMENSIONS:
i 1D.10", 0.D. 1.3"
; LOA 30"
i BOTTOM FLANGE
MICROWAVE i 0.0 25" THICKNESS: 0.2°
OUTSIDE TOP -
30-GA STEEL !
I
I
I
I
I
|
1.4in I
I
in i imi
|
I
T
[
MIDROWAVE i
INSIDE CEILING I DRANN BY FILENANE
30-GA STEEL i
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APPENDIX B. Typical Chromatogram Of Willamette Vall ey Peppermint Oil
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APPENDIX C. Total Organic Carbon Method

ORGANIC CARBON, TOTAL, Mid Range, continued

REQUIEED REAGENTS
Total Orgame Carbon Direct Method Mid Eange

Test "W Tube Beagent Set S0wials . 2815045
Includes:
Cuantity Required

Description Per Test Unit Cat. No.
Acid Digestion Solunon Vials, Mid Range TOC . e S0RRE *
Buffer 5:::111[101.1 Sulfate [I' -1 mI_ e 25ml 451.33

: 843-35
Indicater Ampules, MidHigh Range TOC ... | S0Pk *
TOC Persulfate Powder Pillows b0k *
Water, organic-free® ™ e 10mL ... S00mL ... 2641549
REQUIRED APPARATUS
DEE 200 Eeactor, 110V, 15 = 16 mum fubes....oo e, LTW082.53.40001
DEB 200 Beactor, 220 V) 15 = 16 mm tubes oo LTWV082.52.40001
Cylinder, graduated, 10-mL e | each.. ... 508-38
Flask. Erlenmeyer, 30-mL ... | U each. ... 505-41
Magnetic Stirrer, 1153 W, 47 54" s | each.......... 28812-00
Test Tube Back . 13 each ... 18641-00
Pipet, TenSette™ 0.1 to 10mL 1o each. ... 19700-01
Pipet Tips, for 19700-01 TenSette™ Pipet.....ooooooooo 2 S0pkg.......... 21856-95
Stir Bar, Magnetic | each.___.... 43315-00
Wipes, Disposable, Eimwipes . | 280/pkg........20970-00
OPTIONAL REAGENTS
Description Per Test Unit Cat. No.
TOC Standard Solution (BEHP Standard, 1000 mgT C) Sipkg.......... 2791505
Potassium Aeid Phthalate .o 0 g 315-34
Sulfuric Acid Feagent Solution, 323N 100 mL MDB.. ... 244032
OPTIONAL APPARATUS
Analytical Balamee .o e each........28014-01
DEB 200 Beactor, 110V 21 s 16 mm and 4 x 20 mm e, LTV082.55.42001
DEB 200 Beactor, 220V 21 x 16 mm and 4 x 20 mm1 oo, LTV082.52.42001

DEE 200 Beactor, 110V, 9x 16 mmand 2 x 20mm

-LTWV0E2.53.30001

DEB 200 Eeactor, 220 V. 9 x 16 mm and 2 x 20 mm e LTVI082.52.30001
Flask, volmmetric, T00-mL....o e s assa e each.......... 14574-42
Pipet, Class A 10.00-mL each ... 145135-38
Pipet, Class A, 15.00-mL e each.. ... 1451539
Pipet Tips, for 19700-01 TenSette PIpet e 1000/ pkg.......... 21856-28

* These items are net sold separately.
*#% This itam must be purchased saparately:
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APPENDIX E. Mint Tub Heat Loss Calculations

Parameters
Dimensions Ft m
Width 10 3.048
Length 25 7.62
Hieght 8 2.4384
wall thickness 0.25" 0.006
NG Cost 0.5 $/ therm
Operating Time 120 min
1 Therm = 105506 KJ
Running Tubs 12
°c K
Internal Temp 105 378.15
External Temp 29.5 302.65
Heat Loss Thermal Conductivity of Stainless Steel 17 W/mK
No Insulation Convective Heat Transfer Coefficient for Air 100 wign/K
Q1 54.20 kW .~ Cost($)/runningtub  24.50
Q2 169.38 kW Therms  49.01
Q3 135.50 kw TotalCost($) 29405
Total 718.16 kW
Heat Loss Thermal Conductivity of Foam 0.03 W/mK
With Insulation Thickness 0.02 m
Foam 0.79 in
Q1 0.83 kW .~ Cost($)/runningtub  0.37
Q2 2.07 kW Therms 0.75
Q3 2.59 kw TotalCost($) 450

Total 10.98 kW



Heat Loss

With Rain
No Insulation

Q1

Q2

Q3
Total

Heat Loss
With Rain
With Foam
Insulation
Q1
Q2
Q3
Total

Convective Heat Transfer Coefficient for H

Rain Temperature (10 C) 283.15 K
300.0¢ kW ~ Cost($)/runningtub  103.67
937.74 kW Therms 207.34
sotolw S

3038.28 kW

Thermal Conductivity of Foam

0.84 kW
2.10 kW
2.62 kW
11.11 kW

0.03 W/mK

Thickness 0.02 m
0.79 in

Therms 0.76

500.0( W/m”2 .K
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APPENDIX F. Pipes Heat Loss Calculations

Heat Loss in Stream Pipes
Thermal Conductivitys

Air 0.0313 W/m2k
Steel 17 W/m2k
Foam 0.03 W/m2k
Tubs running 12
Diameter in m Radious [m]
Outside 2 0.0508 0.03
Inside 1.5 0.0381 0.02
Wall Thickness 0.25 0.00635
Foam Thickness 0.5 0.0127
Outside with foam 3  0.0762 0.04
Length ft m
Total 60 18.288
Temperatures C K
Air 27 301.15
Steam in 155 429.15
Steam out 130 429.15
Wall pipe 153 429.15
D Tmean 140.5
Steam flowrate [kg/sec] 0.0809568 Convetion Coeffient W/m2.K
Heat Capacity [J/kg.K] 4178 hl 27.49
hair 100.00
Heat Loss
Q no insulation kW 6.34 KW
~ Costs 0189 NG Cost 0.4 $/kJ
Therms 3.786 Operating Time 105 min
4
Q with insulation kW 0.93 W
~ Cost$ 0028
Therms 0.555

2



APPENDIX G. Experimental Data and Calculations

Experimental Data and Calculations at 1120 Watts
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FXPERIMENTAL DATA  Unite
Extraction Time [2tize] 1.5 muin LTE min I min I.25 mdn
Breakthrough Time [zmin] 1.20 124 127 1.10 109 127 1.14 125 1.10 1.0 1.10 123 1.25 120
Mass Empty Pot [£] 2804 2513 2492 28045 2804 280.4 2492 280.4 2804 2492 2804 280.4 2805 2806
Mass Grass + Pot Before [£] 382 3533 3527 3804 3804 3207 3492 386 3804 354.4 S804 370.5 3805 3808
Mass Grass + Pot After [l 3771 3476 3478 I35 3734 329 336.4 3675 371 3443 370 358.8 36877 3676
Mass Grass Before [2] 1014 102 105.5 99 .95 100 100.3 100 982 100 1052 100 0.1 100 100
Mass Grass After [l 987 83 B8 a53.05 a5 925 7.2 7.1 a0.é 251 308 T84 372 27
Mass of Beaker [] 32 22 82 287 287 g2 &8 298 2985 82 287 287 287 287
Mass of Beaker + Water [2] 102 114 104 338 34 132 2 378 367 15 371 388 399 39.7
Mass of Water extracted [£] 28 32 24 41 43 5 32 3 705 68 74 EN 102 10
Mass of Vial [£] 2334 22879 23553 253 24973 23133 253 25504 24584 23499 24818 24842 25338 2531
Mass of Ol + Vial [l 2471 25094 25402 27885 27783 26881 31122 28883 28801 2.785 28908 28198 2.9%88 2.8038
Mass of Ol extracted [2] 0.137 02215 01849 02385 0281 0.3748 05822 03338 04017 0.4351 0429 035336 0.485 03728
Ta [*C] 20 1% 128 288 24.4 184 158 20 271 24 251 20 244
Tf [*C] 2l B3 4.4 ] 7.3 7.5 6.2 413 1007 100.5 932 413 1034 75
Teondensate [*C] n7 305 28 274 0.8 322 272 7 69 262 35 na 261 306
Moistare Cont. after axt o 193% 19.0%  21.5% 19.5%  19.5%  18.4% 16.5%  17a% 18.5% 18.7%% 16.7% 17.1% 168.7%% 16.9%

MASS BALANCE

oil extracted A 13% 22 18% 26% 8% 3T S8 34 40%% 41% 43%% 39% 470 e
average e oil extracted a 18% 27 40%% 41%
variance ¥ 25 & 10% 124
ol non extracted ) e T8 324 T4 T2 a3 420 [ a0t 59 3T Gl 54 a3
average ™ oil non ext e B2 0% S8 584
H20 extracted o R 11% 2% 14% 14% 174 28% a7 24% 22% 25% 34 34t 34t
average % H20 extracted “a 9% 15% 248 34%
varlance 15% 10% 10% 1%
average MASS BALANCE ON LIQUID
4 oil extracted from Liquid ¥ 0.58% 0.91%% 1.35% 1.538%
24H20 extracted from lignid b 344 14 4244 23.59% 32.79%
Siliquid left o a7.0% 84.18% A0.00%% 56.72%
total lignd accounted for o T638% 7257 44 .92% 90.89%
total % hquid anccounted for A 2382% 20.43% 15.08% 9.11%
tatal A 100.0% 100% 100% 1a0%s

ENERGY BALANCE
Energy used [ET] 10020 10020 10020 11780 11740 117460 13440 13440 13440 134.40 134.40 151.20 15120 15120
Energy needad [ET] 6718 418 8962 7040 7035 645 2104 7395 7589 2517 748 70.50 9570 7217
Energy needed average [ET] 7051 7240 1826 3146
varlance [ET] 51% 4.8% 8.2% 159%
efficiency A a1 T4 9% 80%% B0%: 5% a0l 5% 55% 83% 8% 47 B3 52
$iun 3 o001z o.0o0l2  0o0ol2 00014 00014 00014 0.00ls 00016 00016 00018 0.0016 0.oo1s nools oools
$izr of oil extracted $iz 00080 00038 00087 00036 00051 00038 0.0028 00045 00041 0.0038 00038 0.00s2 0.0040 0.0050
$3Moof ol extracted 4.08 2.52 302 2.52 252 1.74 1.28 222 1.35 1.71 1.74 238 1.30 225
average $3/b of oil ext 321 219 1.78 214
varlance B 25% 19% 19% 14%




137

Experimental Data and Caleulations at 1120 Watts (Continuation)

EXPERIMENTALDATA  Uniis
Extraction Time [rmin] 1.5 min L.75 min 3 min 3.5 min
Breakthrongh Tire [rair] 113 1.0% 125 1.27 127 125 13 125 11 12 11 127 12 114 114 113 128 124
[ilazs Ergty Pot £ 245.4 2452 2513 2452 2452 2304 245.4 2513 2804 280.5 2514 2304 2513 2482 2513 2452 2432 2432
[ilazs Crrass + Pot Before £ 345.4 3718 3518 352.2 3503 3837 348.7 351 3737 380.5 3582 3845 3508 3482 3517 3802 4028 3713
ilazs Crrass + Pot After £ 332 354.5 333 3337 3342 37246 3324 3385 3545 3al.2 3382 367.3 3315 32835 3283 350 3845 347.1
[ilazs Crrass Before £ 100 122.7 1005 103 101.1 1053 1003 9.7 233 100 1048 042 223 100 1004 131 lala 1221
Iilazs Crrass After £ 2.6 1053 837 86.5 g5 922 83 g8.2 741 20.7 878 463 202 713 g 03 1353 979
Ivlass of Beaker [d 63.1 297 111 82 23 287 82 83 297 297 52 111 111 298 111 L 631 287
Ivlass of Beaker + Water [ 2.7 437 2489 2la 218 408 219 218 435 46.6 647 249 275 475 294 257 04 4539
Ivlass of Water extracted [ 136 14 158 154 133 11.1 13.7 135 158 lag 12.7 138 lad 123 185 267 213 202
Ivlass of Vial [ 22734 25388 3.3523 2308 34524 24574 23506 23024 2.5359 245917 25138 35344 33519 2.5144 5.3403 2573 2.5153 2.583
Ivlass of O + Vial [ 2872 32254 4 1083 2878 4162 28711 2815 30255 285 30453 30234 4 0985 539327 31279 58322 3338 39485 353989
Ivlass of Ol extracted E] 06986 06838 0.7182 0668 070% 04137 04644 07251 04141 0.5536 0.50%8 07141 0.5808 0.6133 04512 0.765 14352 0.8358
To [°C] 172 17.2 lag 12.5 10 10 20 15 172 293 3 10 10 20 21 14 1a 10
Tf [°C] 7.1 7.1 992 101.6 1004 ] 3.7 994 971 1016 3 04 995 99 7 977 I7h 99
Teondensate [°C] 221 221 231 234 221 30 30 221 287 27 204 204 311 30 26
IvIoisture Cont. after ext ¥ 9 2% 15.1% g% 1l4% 108k 127 8.7% 14.2% 7 11.5% 10.%% S4% 5.6% 10.5% 42% 10.8% 28.2%
MASS BALANCE
o1l extracted i 0% 5% T a5% 0% 39% Aa% 3% 445 55% 49% a8 A8t al% 494 8% a8 a8%%
arverage ¥ oil extracted i B4 54% 56% BB
ariate i 15% P 1%
oil ron extracted i 0% 445 28 35% 0% al%e 54% K Sab 45% Sl% Sl 42% 3% Al% 428 1% 32%
average o oil non ext i 43% 45% 445
H20 extracted b 5% 38% 454 44 44 35% 5% 454 S 37 1% 44 554 6l 62 B8 454 36
verage e H2O extracted b 44 5l 644 S
[atiamie Bi% 18%% Gi% 14%%
pverage MASS BALANCE ON LIQUID
+ oil extracted fiomm Looid b 2.18% 1.82% 1.82% 2.30%
% H20 extracted from liguid KA 42.72% 43 285 61 800 53.71%
o licpuid left Yo 42 83% 372 26.97% 31.94%
total ligid accounted for Yo 8771 38560 066 37.95%
total ¥ Liguid anceounted for Yo 12 28% 11.64% 3545 12.05%
total Yo 100% 100 100 100
ENERGY BALANCE
Exergy used [KI] 1a2.00  1&8.00 la200 18200 16200 16300 16800  1s2.00 124 20 12420 124 20 124 80 124 20 20180 201 .80 201 .80 23520 235.20
Excrzy needed [KI] 9620 99.67 9854 9912 9251 9369 11384 98.50 2478 9656 10385 10401 9819 103.20 382 127.59 14124 12281
Excrgy needed sverage [KI] 103.32 97.50 9841 13192
[variarce [KI] 9 5% a.1% &.3% 10.0%
efficiency ¥ i 59% 58% 59% 594 59% a3 59% 4ath 52% Sa% St 53% 1% 4ath a3t Al 52%
$imm $ 0oozl 00021 00021 00021 00021 00021 00021 00021 0.0023 0.0023 0.0023 0.0023 0.0023 0.0025 0.0025 0.0025 0.002% 0.o0zs
$$izy of oil extracted iz 00028 0.0030 00022 00031 00028 00050 00044 00028 0.0055 0.0041 00044 noos2 0.003% 0.0040 0.0050 0.0032 0.0020 0.0034
$$/Tof ail extracted 133 136 130 13% 1351 235 a0l 129 247 185 2.0 143 176 182 227 146 051 156
average $$T0 of oil ext 1.64 191 205 123
[variance ¥ 49% 20% lats It




Experimental Data and Caleulations at 697 Watts
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EXPERIMENTAL DATA  Units

Extraction Time [xour] Tmin 1.5 min 3 min J.5min

Breakthrough Tirne [Frary] 2.00 200 170 150 2.10 1.845 138 2 1.7 202 2
Ivlass Ernpty Pot [2] 2804 2128 2515 280.4 28045 2452 2492 2804 280 .4 2515 2515
Ivlass Graze + Pot Before [g] 204 2323 3527 ZBl2 ze0.3 488 247 204 213 3477 330
Ivlass Grrass + Fot Lfter [=] 3781 3155 3455 3739 370 3384 336.1 SE6.S SEG .2 3326 3318
Ivlass Grass Before [=] 100 1038 101 .4 1002 9985 298 Q7.8 100 1011 264 A
Ivlass Grass After [=] Q7.7 Q& .6 Q4.2 935 89.55 892 269 865 858 213 205
Ivlass of Beaker [2] 8.2 11 82 82 287 22 82 257 83 111 83
Ivlass of Beaker + Water [] 2.1 152 13 122 364 148 17.1 40.3 207 23 238
Ivlass of Water extracted [] o0s 4.9 4.3 4.7 a7 a.a a9 10a 124 112 153
Ivlass of Wial [=] 33712 22024 22978 23352 25286 3.374 53608 2.5099 34822 33816 3.3508
Ivlass of Ol + Vial [2] 34717 28059 26487 28375 2988 3.827% 538345 30857 359156 40453 39322
Ivlass of Oil extracted [2] 0.1005 03875 0.3511 0.3023 04554 0.4559 04757 0.5758 04534 08882 0.5814
To [*Z] 121 20 168 22 243 12.2 20.4 21 122 19 127
Tf [*Z] 274 27 24 947 93 297 1008 1028 224 Se8
Treordensate [*Z] 33 33 252 304 203 22 239 207

Ivloisture Cont. after ext Vo 22 0% 21 5% 22.4% 12 &% 22.4% 1%.1% 17.8% 16 2% 12.0% 12.0% 11.1%

MASS BALANCE

oil extracted e 10%% ey 350 30 44%% 46 48%% S8%% 43%% aEL S
average ¥e ol extracted Vo 28% 345 48%% 53%
rariance Vo 12% 5% 17%%

o1l non extracted Yo [0 azta asa T SE% 54%% 52% 42 a7 31 41%%
average ¥ ol non ext Ve 0% BEYG 54%% 43%%

H2O extracted e S lews l&ws 1&%% 23%% 22% Sl 36 41%% 41%% S2%e
average ¥ H20 extracted Vo 12%% lata 25% 43%%
rariance 14 19%4 15%%
javerage MASS BALANCE ON LIQUID

e 0l extracted from Liguid Ve 1%% 1%% 2% 2%

H2O extracted frorn Liguid e 11l%% 15%% 24%% 42%%

oligguid left Vo T4 Tl a6%% 43%%

total liguid accounted for Vo BEY B 2% BEY

total % liguid ancoounted for Yo 14%4 13% 8% 14%4

total e 1004 100 1008 1004

EMERGY BALATNCE

Erergy used [ET] 83.85 104 57 104 .57 104 .57 12542 12548 12548 14539 14539 146359 14659
Erergy needed [ET] 6553 af B4 6558 7051 a6 78 Fo.54 635 2602 Q.02 o814 9541
Erergy needed average [ET] 8598 a7.58 7388 F715
ratiance [ET] 1.1% X 2.5%% 44 gl

efficiencsy o T adin B3 BT 33%% B3%% Gl%% 18%% [rap) Al B5%%
$irun b 00010 00013 0.0013 0.0013 00015 00015 00015 oools oools 00018 0.0018
$$rzx of oil extracted Fig ooloz 0.0o0zz2 0.0026 0.0042 0.0055 0.0054 0002 00031 00041 0.0027 0.0051
$$Moof oil extracted b 461 148 165 152 1.58 1.55 147 141 187 121 140
wverage $5Mb of oil ext 461 1.68 1.53 1.58
ratiance e - 14%% 4% 27%




Experitnental Data amd Calculations at 627 Watts (Continuaationn)

EXPERIMENTAL DATA Units

Extraction Tirne [xeiz] 4 madn 4.5 main £.5 mdn
Brealkthrongh Titme [rrird 12 2 2 2.1 1.7 2 2 12 205
Ivlass Froptw Pot [=] 2513 2452 2452 25135 280.4 2515 2513 280.4 2805
Ivlass Girass + Pot Before [=] 351.7 351 351.%9 3506 g1 3503 352 251 321.5
Lilass Grass + Pot After [=] 3353 334 .2 3338 331.8 381.5 3355 3298 3838 3522
Ivlass Grass Before [=] 100.4 101.8 102.7 995 1008 == 100.7 104.7 101
Ivlass Girass &fter [=] 24 25 24.8 20.5 2l.1 242 2.5 232 717
Ivlass of Beaker [=] 51.% 11 8.3 11 11.1 8.2 2.2 8.2 a3l
Ivlass of Beaker + Water [=] &84 249 233 273 281 232 273 255 94 .4
Ivlass of Water extracted [=] 13 132 15 1a3 17 14 121 173 253
Tvlass of Wial [=] 2.515% 23483 34856 42 33827 33954 23275 23275 25082
Ivlass of Ol + Wial [=] 28822 28332 3.200& 40763 37085 4.103& 2.BE2E 28828 28088
Ivlass of Oil extracted [=] 0.3863 0.4242 0415 06563 0.3432 0702 0.5553 0.5553 0.3024
To [=C] 5 10 10 122 20 122 20 = 12
T [=C] 7 o 1077 1008 100.% 1008 335 26 7
Trondersate [*Z] 22.8 24 24.5 213 237 213 a0
Lloisture Cont. after ext o 15.0%: 10.8%% ST &2 8.8 11.8% 12.0%: ST 8.5%

MASS BALANCE

oil extracted o 36 42%% 0% % 4% TA 5% a3 0%
average v oll extracted o 4075 St S0
“rariance Ve 15%% =32

oil non extracted W adin S2% ala S ) 28% 4 5% 470 T
average v ol non ext o 51%% Lot F0
H2O extracted W 43 &% 45 S5% ST 420 g DB 242
average ¥ H2O extracted o 4% a0 844
ariance 12%% 10%%
fverage MASS BALAMNCE ON LIQUID

o oil extracted from ligguid o 124 2%% 124
Y H2AO extracted frorm liguid o 4745 S84 51
e liguid left W 35%% el 25
total licuid accounted for W S35 FEG 111%%
total 3% liguid anecounted for o 1745 4 -11%%
total W 1002 1002 10035

ENERGY BALAMNCE

Ernergy used [ET] 18751 18751 18751 18751 18751 18751 18522 18822 230.04
Erergy needed [ET] 21.24 S22 107.41 108 34 10035 25.07 9256 10291 10533
Erergy needed average [ET] 100.00 101 .25 105353
=rariance [ET] &.14%% 12.1%% =
efficiencsy Ve S5 S8 g G als ST 45%% S8 &%
F$iun ] 0.0020 00020 00020 0.00z0 00020 00020 0.0023 000235 0002z
$%/zr of oil extracted $iz 0.0058 0.0042 0.004% 0.0051 0.00s8 o.o0z2g 0.0041 0.0041 0.00235
$4$/Toof oil extracted $1Ta 2.53 1.21 2.23 1.41 2.70 1.31 1272 1279 4.217
average 5%/ of oil ext 254 1.88 422
ariance Yo 35% 02 -




Experimental Data amd Calculations at 518 Watts
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EXPERINMENTAL DATA Units

Extraction Time [rodrg 3 mdn 3.25 main 4 mdn 4.5 min

Breaktlrough Tirne [rrir] 3 270 3.00 270 3.00 3.10 3.20 285 2.50
Ivlass Ermptyw Pot [=] 2492 280.4 2513 2805 2513 2513 24935 280.4 2492
Ilass Grass + Pot Before [=] 3506 3824 G442 380.5 3524 3508 34596 3783 3477
Ilass Grass + Pot Lfter [=] 485 3758 338.7 572 3419 331.8 3361 Se5.2 334.5
Ivlass Grass Before =] 101 .4 102 2.9 100 101.1 925 1005 =) 985
Ivlass Grass After [=] 75 954 874 91.5 Q0.8 80.5 BE.8 848 855
Ivlazz of Beaker [=] 2.2 11 2.4 29.7 11 11 =] 2.2 11
Ivlass of Beaker + Water [=] 2.2 142 11.4 Se.l 1235 273 125 17.2 207
Ivlass of Water extracted [=] 1.7 3.9 3 &.4 73 183 10.2 .7 .7
Ilass of Wial [=] 3.3785 25127 35879 24549 22955 5.4284 3.53227 33845 53.5528
Ilass of Oil + Vial [=] 3.5688 2.8405 3.8731 28987 27107 4. 1985 3.7571 39455 53.9231
Llass of Oil extracted [=] 0.19035 03278 0.3052 0.4458 04151 0.7a73 0.4544 0.55% 0.57035
Ta [*C] 20 20 20 232 20 20 21.4 22.4 20
T [*Z] S5 S5 =2 100.1 =11 =11 9.q 100.4 925
Trondensate [*C] 239 239 24 288 28 28 233 248 28
Iloisture Cont. after ext o 21 4% 15 2% 1& 8% 20.8% 1& 8% 1594945 15 4% 12.0%% 15.0%%

MASS BALANCE

oil extracted W 192 3% 33 4425 41%% FTe 43 ST S8
average ¥ oll extracted Ve 1994 32% 4395 53%%
FATIATICE Yo 2% 5% la%s

oil non extracted o 21% a8% a7% S6% 59%% 23% 57%% 435%% 42%%
arerage Yo oil non ext W 21 55 57 41375

H2D extracted Yo a%% 15%% 11%% 21%% 2495 55% 4% 33%% 33%%
average ¥h H2O extracted Yo B 12%% 25%% S
wrariatice 12 =1 2%
laverage MASS BALANCE ON LIQUID

%% ol extracted from liguid W 1% 1% 1% 2%

WH20 extracted frorm lguid W S 11%% 22 3%

eligpuid left %o TA a0 B35 485

total liguid accounted for Yo e T3 B 80%%

total %% liguid anccounted for Yo 22%% 27%% 13%% 20%%

tatal Yo 100%% 100%% 100%% 100%%

EMNERGY BALATCE

Ernergy used [ET] 93528 101.05 101.05 12457 124 57 153291 153291 15291 153291
Ernergy needed [ET] B5.E1 7185 7212 F0.41 TTRE 81.77 88 .54 5504 88 .52
Ernergy needed average [ET] &3.81 7197 74.17 8502
Srariatce [ET] - 0.53% T2 3.5%

efficiency W a2 Tl F1 i a3 S8 el g el
Ffun % 0.0011 0.0012 00012 0.0015 0.0015 0.0017 o.ool7? o.o017? 0.0017
$$.I'gr of oil extracted $.l'g 0.00&0 0.003s 0.oo040 0.0054 0.0057 0.0022 0.ooss 0.0051 0.0as0
F$Mof oil extracted FiTh 2717 1.70% 1.838 1.554 1.8a8l 1.010 1788 1.588 1.3a0
aerage 33T of oil ext 2.717 1.772 1607 1.51
sratiatce e - a%% a%% 2435




Experimental Data and Calculations at 518 Watts (Continuation)
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EXPERIMENTAL DATA  Units
Extraction Time [nir] £ min & min 1.75
Breakthrough Tirne [enin] 2.:z0 28 3 31 24 iz 2.7 2.80 3.00 2.40 3.000 143 (3100
Ivlase Fropty Pot [=] 2514 2492 251.2 2805 2804 2513 2422 2804 2804 2492 2433 2433
Ivlass Grass + Fot Before [=] 3553 3554 249 381 383 3508 3421 3214 3803 350.2 352 3485
Ivlass Grass + Pot After [ 3415 3321 3338 3686 3706 3359 3278 372 3527 3302 334 4 3243
Ivlass Crass Before [=] 1059 1042 e 100.5 1026 9.6 229 111 k] 101 102.7 100.2
Ivlass Grass After [=] 0.1 BES B2 BE1 S0.2 848 784 LR ™5 g1 851 75
Ivlass of Beaker [=] 87 11 g2 2.2 25 25 5.2 8.5 23 25 2.2 1.
Ivlass of Beaker + Water [ 406 139 a0z 172 179 209 211 409 251 244 223 139
Ivlass of Water extracted [=] 102 A 128 2 9.8 128 129 11.4 a2 la.l 14.1 22
Ivlass of Wial [=] 24878 25328 23327 34072 23258 3.3781 34267 24718 25228 34525 23128 24847
Ivlass of Ol + Vial [=] 28402 31582 28352 38882 28425 4.0%01 37962 30748 28192 38752 25208 2.8887
Ivlass of Oil extracted [ 05724 06256 0.a0&5 0.5583 0.51a7 071z 03695 0.603 0.4%3&64 0.52a7 0.a02 0.404
Tao [*C] 10 20 123 183 20 2.2 12.4 20 11a 116 10
Tf [*C] 30 e 9.4 S84 S8 1055 100.7 o8 100.6 100.6 SE.8
Teondensate [*C] g 255 21 21 235 217 20 30 282 282 248
Tvlodsture Cont. after ext e 1% 8% 1235% l2.0%% 13.a% la.a%s 5.5% 15.0% 12.8% 1o.0%% 10.53% 25
MASS BALANCE

oil extracted e S8 &0 £2%% St S0t Tl 40%% 5455 S0%% 52% 5944 4045
average ¥ oil extracted e 37 34 40%%
ratiarce o 9% 3%

oil non extracted T &% 40%% 38% 4425 S0 29% a0 4a%% 0% 48%% 41%% a0
average ¥ oil nom ext e 485 485 a0%%
H2D extracted e 35% 289 43%% S0% Sl% 42%% 475 35% S6% 5450 46%% T4
average ¥ HIO extracted e 33% 43% T4
variance 20% 21%
laverage MASS BALANCE ON LIQUID

. oil extracted from lguid e 2% 2% 1%%
L H2D extracted from liguid e 32% 45% 1%
eliguid left T 45% 37% 28
total ligmd aceounted for e 0% 25% 100%%
total %% lguid anceounted for e 20% 1554 0%
total e 100%% 100%% 100%%
ENERGY BALANCE

Enerzy nsed [ET] 15548 15548 15548 15548 15548 15548 15548 188.55 184.55 188 .55 186.55 24058
Enerzy needed [EI] 43.75 Q228 85 .49 8533 8343 105332 2052 4353 9621 11542 101.21 10340
Enerzy needed average [EI] 8322 91.54 240 %6
ATIATCE [KI] 22.8% 32.8% -
efficiency e 2B 529 58 ST St 13 53% 8% 52% 4% 5484 4345
$3rum $ onole o.no1g onole o.oo1e 0.oo19 0.001% 0.0o1e 00023 00023 00023 00023 0.0022
$$izr of oil extracted $iz 00051 0.0030 00031 0.0034 0.0037 0.0027 0.0051 0.0ozs 0.004a 00043 00038 0.0073
$$/Toof ol extracted $To 2.314 1372 1.421 1.544 1.682 1210 2332 1715 2.083 1.584 1.701 3.307
average $5/Tb of oil ext 1.50 1.868 3.307
atiance o 13% 10% -
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EXPERIMENTAL DATA ~ Uniis

Extraction Tirne [roin] 1L.5H-0.5M LEH-1M 1L5H-1.5 M L5 H-2M

Breakthrongh Tirne [xnin] 1.1 1.20 1.30 1.05 1.03 1.25 126 1.50 1.20 1.50 1.a0
Ivlass Ernpty Pot [] 2513 2482 2313 2493 2482 2204 2493 2205 2203 2493 249.4
Ivlass Grass + Pot Before [=] G506 S51.4 3511 3423 496 S82 53495 3857 3817 3423 345 .4
Ivlass Grass + Pot After [] 3405 S3E1 3383 3378 G281 385335 334 el SE2.1 331.5 330.5
Ivlass Grass Before [=] Q93 1022 Q2.8 100 1004 101.& 1002 1052 101 .4 100 100
Ivlass Grass After [=] o) BES 87 BE.A FRE 249 24.7 Ba.4 818 822 211
Ivlass of Beaker [] 23 111 2.2 2.3 11 2.2 11 52 11 227 2.4
Ivlass of Beaker + Water [=] 155 218 124 171 279 221 233 ag.l 288 45355 248
Ivlass of Water extracted [£] T2 107 102 g8 a9 159 123 1a.1 156 1585 16.4
Invlass of Wial [=] 3.551 2353536 34908 235214 2353536 253454 35478 24732 2.5087 242394 238356
Ivlass of Oil + Vial [] 3.5881 2.89927 4.0883 28215 2.89927 2.5488 3805 31579 3.2422 Z04s5 2849
Ivlass of 01l extracted [=] 0.2551 06351 0.5787 0.5001 06381 0.a012 0.5572 0a721 07335 0.5571 0.52854
To [#2] 194 B 12.4 26 22 128 168 10 2.8 227 231
Tt [*C] 100 QB3 100 Q2.8 Q8 10001 100 7.8 97 93 101 .2
Trondensate [#2] 227 22.7 22.7 27 28 22 27.7 24 2688 21.4
Iloisture Cont. after ext Y 12.9%% 12.5% 16.4% la.ats 14.0%% 12.9% 27 10.68% 12.59% 15.0%% 12.5%

MASS BALANCE

oil extracted W 26 [0 S S0%% adin 559 SEY adin T SEY 5990
awerage ¥o oll extracted Yo 26%% 57 5995 B35
wratiahce W - 11%% T 12%%

o1l non extracted Yo ) S 4% S0%% Sa% 41%% 449 Sat 28% 2 41%
average ¥ ol non ext W T4t 435 4145 37

H20 extracted Yo 24%% S35% Sd S0% 5% d& 41%% 51% S2% 47 S5%
average ¥ H2O extracted a 240 S35 Sl Sl
rATIATCE F 1ate "
laverage MASS BALANCE ON LIQUID

% oil extracted frormn liguid Y 1%% 29% 2%% 29%

¥H20 extracted froro liguid Ve 249 St S0 43

Ioliguid left W 480 Sl%% 41%% 41%%

total Liguid accounted for Yo 2% B5%% k2 3%

total % liguid anceounted for W 28 15%% T T

total Yo 100%4 100%4s 100%4 100%4s

EMNERGY BALATNCE

Energy nsed [ET] 12171 14283 14263 14263 163554 16354 163 .54 124 .45 124 .45 124 .45 1234 .45
Energy needed [ET] 7288 2681 gl.28 TE.E2 2828 9288 2681 104 .55 101.07 2399 2281
Energy needed average [ET] =Rl 24.50 21.59% 2485
ariance [KI] - 12.2% 58 10.1%%

efficiencyy Y aln agts 57 5495 S35%% 57 589 S S5% a7 43%%
FFiran § 0001z 00017 00017 00017 0.00Z0 0.0020 00020 00023 00023 00023 00023
$$4zr of oil extracted $i= 0.0056 00027 0.0030 00035 00031 0.00353 00056 00033 00031 0.0040 0.0035%
$$Moof oil extracted b 2523 1.237 1588 1.581 1.41% 1.508 1.627 1.502 1.354 1236 1.747
arerage $$Mb of oil ext 2.52 1.32 1.52 182
VATIATICE Yo - 12% T 153%
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EXPERIMENTAL DATA ~ Units

Extraction Time [pean] L5 H-1.0 ML L5 H-1.5 ML L5H-2.0 ML L5 H-2.5ML

Breakthrough Tirne [trary] 113 125 118 1.13 1.25 13 120 1.10 105 120 1.50 110 110 125
Ilass Erapty Pot [£] 2513 2451 2804 2492 2492 2804 2804 249 2513 2452 2804 2453 2804 2804
Ilass Grass + Pot Before [£] 3525 3473 348 34189 352 3Bl4 3842 349 3514 3515 3814 3493 3813 38
Ilass Grass + Pot After [g] 3418 3371 3637 3228 33ge 3878 3962 331 3337 3308 3668 3334 3634 3592
Ilass Grrass Before [£] 1.2 882 542 927 10258 101 1058 100 100.1 1023 101 100 100.% 945
Ilass Grass After [£] 205 22 233 7 294 274 1158 22 24.4 2L7 264 241 23 TeE
Ilass of Beaker [£] 8.3 82 8.3 83 44 82 23 2.3 11.1 11 44 23 111 82
Ilass of Beaker + Water [£] 18 1& 165 184 121 189 203 229 248 287 203 21 258 208
Ilass of Water extracted [g] 17 R 22 103 10.7 0.7 12 148 135 177 112 127 147 128
Ilass of Vial [£] 23878 3472 34338 2382 23533 33373 23312 34225 34182 23205 23218 23831 34078 3412
Ilasz of O + Vial [£] 2788 39604 35388 277887 28375 4.0242 275926 4.0247 38345 285985 2787 25158 4.081% 4.0823
Ilags of Oil extracted [£] 04124 04224 0.49% 04047 05822 046275 04614 06622 0.5183 0a722 04652 0.53685 0a741 08703
To ["2] 185 20 185 124 177 175 122 l6& 166 128 14 202 202 21
T [*C] 917 10l& 100 23 1006 964 26 1003 938 29 3.7 928 1087 1014
Teondensate [*2] 235 2538 217 267 22 267 30 211 211 138
Iloisture Cont. after ext e 17.2% 1570 15.3% 165 187 102% 11.4% T 11.9% T8 15.5% 11.4% 10.2%%

MASS BALANCE

ol extracted e 414 0% 53 44545 5% BB 44545 1 52% 1324 4550 sS4 BT i
average ¥ oil extracted i 43% S6% 54% B1%

arlatce e 12%% 220 20t 174

ol non extracted e S8 a0 47 56 43% 32w SE% 34 48 34 4% 45545 33 a2
aversge ¥ oll non ext e A2 4497 445 3%

H20 extracted e 26%% W 28 34 35%% 3645 3% 430 45%% 58 40%% 4304 43045 4554
average ¥ H20 extracted e 2% 36% 444 4%

arlatce T 3% 1244 15%
average MASS BALANCE ON LIQUID

% oil extracted frora ligmid e 2% 2% 2% 2%

HZ0 extracted from ligmd e 26%% 3504 4304 45

Yalieguid 1eft e Sd% 49% 2 38%

total liguid aceounted for e 22 85%% o 26

total %% liguid anccounted for e 12 158 21%% 14%

total e 100%s 100% 100% 100%

ENERGY BALANCE

Energy used [KI] 151.8% 15189 151.8% 14744 14744 14744 16258 16258 16298 178.53 178.53 17853 17853 178.53
Enerzy needed [EI] 7800 2130 2181 545 3408 9548 3754 101.78 S2.52 104 .74 8221 154 121.13 anE2
Energy needed average [EI] 2083 2533 2408 2345

ariatce [EI] 1.8% 11.2% 7.5% 137

efficiency e Al Ly a2 5204 5% B8 S 2% 5% 5% S0%% sl B Sl
$$irm 3 ooola a0ola ooola oo0lz 000l 00018 0.0020 00020 0.0020 00022 0002z 00022 00022 0.00zz2
$$izy of ol extracted b1z 00032 00023 00032 00045 00031 00028 0.0045 0000 0.0038 0002 0.0047 0.0041 0002 0.00=3
$$Moof il extracted $il 1748 1437 1485 2.020 1.404 1.12%9 1358 1384 1.743 1452 2128 1245 1468 1.477
verage $$/Th of oil ext 1.57 1.54 189 143

warlarce e 10% 284 13% 18%




Experimental Data and Calculations 2 Step Process: 2.0 minutes at 1120 W- x minutes at 697W (2ZH-xM)

EXPERIMENTAL DATA  Uniis

Extraction Time [rouiny] 2H-0.5 M IH-1.0 M IH-L.2E M

Breakthrough Tirne [Enin] 1.03 125 1.30 1.1% 1.25 1.11 1.15 1.20 1.25 1.25
Ivlass Fmpty Pot [ 2482 2804 2804 25135 25135 280.4 2481 2804 2804 25135
Ivlass Grass + Pot Before (=] 350.7 3807 383 348 3385 380.4 3438 3758 382 3525
Ivlass Grass + Pot Sfter [ 53347 3867 3683 532735 521 3627 53312 354 .5 3639 3355
Ivlass Grass Before (=] 101.5 1003 1028 S8.7 572 100 100.5 954 101& 1.z
Ilass Grass After [ 855 863 a7 6 827 823 g2l 741 83.5 o4.2
Ivlass of Beaker (=] 108 fhc 22 25 2.2 287 3.2 22 25 111
Ivlass of Beaker + Water [ 243 198 201 258 229 43.3 235 252 234 252
Ivlass of Water extracted (=] 134 11.5 11 175 147 158 153 17 153 141
Ivlass of Wial [£] 23308 534175 23719 2.3483 34178 2404 3.5868 23724 34033 34207
Ivlass of Ci + Wial (=] 28811 38787 28801 253545 40522 28947 35825 2982 40085 4157
Ilass of Oil extracted [£] 03805 05812 0.5082 0.58582 0.&151 0.4307 0.5759 0.5838 0.608 077383
Tao [*Z] 20 17 20 181 181 204 122 204 121 128
Tf [*C] a5 1007 53 100 593 473 e 97 1001 1n0.&
Trondensate [*Z] 28 227 28 207 207 288 228 288 238 211
Ivloisture Cont. after ext i 15.0% 105 14.3% &.8% 10.1%% 28.0% 8.1% 1.3 9.2% 2.0%

MASS BALANCE

oil extracted e 38%% S8%% S0 gl Tl 43%% 7% al% &% T3
average ¥ ol extracted b 47 13 37 39%

wariance e 3% 11% i)

oil non extracted b i 4485 S0t jei=br 25 57% 43%% jei=bot 40%% AT
average ¥ oil non ext e 53% 344 41%

HIT extracted b 4485 39%% je=b 35 ST 4&%% 51% &% 514 47
average ¥ H2O extracted e 41% S8 ST 5%

arAnCe ;2 5t 10%
fverage MASS BALANCE ON LIQUID

%o ol extracted frora lguid b 2% 2 2%

VH2O extracted frorm liguid i 39 a7 52%

Woliguid left b 45% ety 25%

total liguid accounted for i 2E 27 s

total ¥% liguid ancconnted for b 1484 13% 21%

total i 100%% 100 100%

ENERGY BALAMNCE

Energy used [ET] 15531 15531 15531 176.23 176.23 186.68 186.68 186.68 186.68 186.68
Energy needed [ET] 8307 9847 8841 9285 8586 £5.0% 10368 873 100.01 100.03
Energy needed average [KI] BE.65 Q2EG 2311

~ariance [KI] 79, 1074 17.0%

efficiency i S3%% S2%% SB% ST 435 35% S8 S2% 54 54
FFirun ¥ 0.oo1s 0.001% 00012 0.002:2 0.002:2 0.0023 0.0023 0.0023 0.0023 0.0023
$%/2r of ol extracted $iz 0.0053 00034 00037 0.0037 0.0035 0.0053 0.0040 0.00z% 0.00zg8 0.0031
$$Mbof oil extracted $ib 2388 1.534 1854 1.687 1.588 2403 1.797 1773 1.708 1.40&
average $4T of oil ext 1.87 1.83 1.75

warance ki 24% 3t 3%
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EXPERIMENTAL DATA  Uniis
Extraction Time [reuin] 2H- 0.5 ML 2min High'lmdin Mlew 2H-1.25 ML 2 H-1.5 ML 2 H-1.75 ML
Breakthrough Tire [rerin] 1.05 1.10 1.20 1.15 1 125 1.25 1.25 1 1.10
Inlazz Emptyr Pot [€] 2204 2804 2804 2513 2432 2513 2422 2513 2492 2433
Ivlass Grass + Pot Before [£] 3178 3857 3728 342 3432 3427 352 3525 347 3435
Ivlass Grass + Pot After [£] 363.5 373 3629 331 331.9 3348 3335 3355 3297 331.4
Ivlass Grass Before [=] 975 1053 992 77 100 8.4 1028 1012 978 100
Inlags CGrass Bfter [€] 231 928 22.5 7 22.7 23.5 243 4.2 205 22.1
Inlazs of Beaker [£] 82 11 22 11 23 25 111 11.1 82 298
Inlazs of Beaker + Water [£] 12.4 208 214 254 229 208 271 252 252 451
Ivlazs of Water extracted [£] 112 a8 132 144 146 121 la 14.1 15 155
Ivlass of Wial [g] 3.3869 2.5307 235494 2379 23217 3.433% 3.3%91a 3.4207 34124 25268
Ivlagz of Od + Vial [€] 39248 31318 29123 25514 2.8952 32418 38908 4.157 408535 3.205%8
Inlazz of Ol extracted [£] 0.537% 0.a00% 05629 06124 0.5755 0.4077 04552 0.7383 083511 06782
To [*2] 217 3 181 204 268 123 123 126 217 227
Tf [*C] 991 4 1012 ] 1002 979 983 1006 991 1002
Trondensate [*2] 243 27 20.4 28 22z 211 211 211 243 4.1
Ivloisture Comt. after ext e 11.0%% 5.23% 12.59% 6.5% 10088 11.0% 9.8% 13.4% 2.4%
MASS BALANCE

oil extracted i 55% 5 57 a3 57% 41% 43 T3% alv a8%
average ¥ oil extracted i 55% 59 B85% alv a8%
variance ¥ B 21%

oil non extracted i 450 430 430 ) 435 359 Sl a7 e 32
average ¥ oil non ext e 455 4144 458 5% 32
H2D extracted i 3% ) b 45% S0 49%% 41% 52% 47%% 52% 52%
average ¥ H2O0 extracted i 38% 42%% 48% 52% 52%
variance 23% 0%
laverage MASS BALANCE ON LIQUID

% oil extracted from Hogmid e 2 2 2% 2 2%
H2O extracted from liguid i 3T 40%% 46% S0%% 0%
oliguid left o 3T 28%% 35% 45% 32%
total Liguid accounted for e TE 1 245 T 245
total %% lgmd anceounted for e 2444 2805 18% 3 18%
total e 1004 1004 100%% 100 100%%
ENERGY BALANCE

Energy used [EI] 14235 16542 165439 16542 17327 10105 10105 101.05 121.04 12821
Energy needed [ET] 20,70 11270 g2.08 9224 20.40 2048 2703 11535 2548 24,61
Energy needed anerage [ET] Q0.70 101.01 9831 2548 24 81
~variatce [KT] 10.5% 12.0%

efficiency i &l ag S6% 59% 52% 0% Savh 114% 47 0%
$inm $ 0oole 00020 00020 0.0020 0.0021 00012 o001z 0.0012 o.ooz2 0.0023
$$fzr of oil extracted $iz 0.00z4 0.00z4 0.00Z8 0.0033 0.0037 0.00z0 00025 0.0017 0.00z4 0.0024
$$/Mof odl extracted $ih 1.545 1.527 1.830 1.438 1675 1.574 1.122 0.761 1.541 1.542
EETATE $5M of oil ext 1.55 1.55 122 1.54 1.54
ariance ¥ 4% 38%




