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ABSTRACT

The production of uniform, safe, and effective plant-based functional foods and

nutraceuticals is dependent on the optimization or preservation of biologically active

(bioactive) compounds throughout the value-added cycle. The scope of this research was

to address the quality preservation of sea buckthorn berries (Hippophae rhamnoides L.

ssp. sinenszs) in the development of sea buckthom oils. This was achieved in three

phases: I) evaluation of the influence of time of harvest on physical characteristics

(moisture content, size, and colour) and bioactive quality (carotenoids, fatty acids, tocols,

and sterols) on whole berries; II) evaluation of the influence of forced air drying

conditions (50'C at30.6 and 58.7o/o RH; 60"C at24.4 and 57o/o RH, and 70"C at 20.8 and

57% RH) on colour and bioactive quality of the pulp and peel fraction, and III)

development, solution, and validation of a semi-empirical temperature prediction model

(based on simple heat and mass transfer theory) for the simulation of thin layer drying on

an inert sphere.

Within phase I, benies collected at maturity yielded highest values for berry size,

CIELab factor a*, and total carotenoid content in the fruit fraction. Early maturity berries

yielded higher levels of a-tocopherol and B-sitosterol in the fruit fraction. Post-rnaturity

resulted in the lowest quality fruit fraction oil. Seed characteristics and bioactive

compounds did not vary significantly with respect to han¡est time. hi phase II, total

carotenoid and phytosterol concentrations remained relatively stable over the range of

drying conditions. Fatty acid composition exhibited only rninirnal changes to palmitoleic

acid at 70"C. The lowest colour degradation, occurred at drying conditions of 60'C at



24.4% RH, whereas highest concentrations of major tocols occurred at 50oC. Significant

darkening occurred at the higher relative humidity level for each temperature. Although

the darkening did not represent a loss in carotenoids, it did coincide with a retention or

regeneration of tocols. Within phase III, predicted temperatures were within -10o/o of

experimental, with a higher accuracy at lower temperatures (i.e. 55 and 65'C) and later

stages of drying. Overall, the model showed potential for the prediction of temperature

for a material dried in a thin layer on an inert sphere.
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Mu Equilibriurn moisture content (db), kglkg
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X Å,<, Mass fraction of fat component in press cake, kg/kg

X'il,oo Mass fraction of water component in press cake, kg/kg
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GREEK SYMBOLS
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I Summation

r Elapsed time of drying, s (Eqns.2.10-2.19), min (Eqn. 2.33),

h (Eqns. 2.20-2.31)

'r¡ Time at i in time interval Àt, s (Eqn. 5.2)

't¡-t Time at i-l in time interval At, s (Eqn. 5.2)
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COEFFICIENTS
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1 INTRODUCTION

In recent years industrialized countries throughout the world have taken steps to

change from their reactive approach toward healthcare to a more proactive one (WHO

2004). The need for change arose from increasing health care costs and higher life

expectancies. Through significant discoveries by nutrition and health experts, a definite

link was made among health, diet and lifestyle (Oomah andMazza 2000). lncorporating

"healthful" compounds into a person's diet along with proper lifestyle choices including

exercise, is expected to result in an overall better quality of life with reduced incidence of

diet related disease and illness. Although much is known about the benefits of certain

compounds (e.g. vitamin C and D and calcium) there are many (e.g. carotenoids, vitamin

E tocols, sterols, and fatty acids) for which research into health benefits is still being

conducted. Along with this ongoing research is the investigation into plant products that

have an abundance of beneficial compounds. This has led to the identification of plants

that may have long been respected for their health benefits in ancient and traditional

rnedicines.

The need to provide their community with the opportunity to benefit from health

beneficial plants has led govemments and experts in the field to introduce them to

locations in which they may not be indigenous. To understand the effects of local

environment, growing conditions, and crop management on the biologically active

(bioactive) quality of these plants, research is required. Sea buckthorn (Hippophae

rhamnoides L.) is an excellent example of a plant originating from northern locations of

Asia that has been introduced throughout the world in similar climatic regions such as in



Europe and Canada (Schroeder and Yao 1995). While research into its bioactive quality

has been conducted for many years in Asia and Europe (Kallio et al.2002a;2002b;Tang

and Tigerstedt 2001; Yang and Kallio 2002a; 2002b; Z00I; Yang et al. 20Ol),

information for Canada is limited (Li2002) especially for the CanadianPrairies.

The extreme cold encountered in the Canadjan Prairies allows for winter harvest,

whereas this is not commonly practised in warmer climates of Canada. Winter harvest

includes the collection of frozen berries at temperatures below -20oC, typically between

December and February. Since berries generally begin to ripen in the late summer to

early fall (Beveridge 2003a) winter harvest may have an irnpact on the bioactive quality

of the fruit. Providing the Canadian sea buckthorn industry with information regarding

optimum time of harvest for quality preservation will enhance the ability to develop a

better harvesting protocol, for long term profitability. In addition to harvest issues,

researchers (Gutiérrez et al. 2008) are also investigating the post harvest storage and

processing of this plant product.

While there has been some research on the drying of whole crushed sea buckthom

berries (Gutiénez et al. 2008) and leaves (Guan et al. 2005), limited information has been

reported on sea buckthorn berry press cake, a by-product of the juice industry. Sea

buckthom berry juice is deemed to be a profitable product for the Canadian market

(Beveridge et al. 1999). Utilizing the press cake, a product rich in valuable compounds,

can contribute to the development of new functional foods and nutraceuticals as well as

reduce the quantity of waste frorn the juice processing industry. Drying can be used, both

to, preserve the highly perisliable press cake as well as assist in the separation of seeds



from the pulp and peel portion (Arimboor et al. 2006; Cenkowski et al. 2006). Limited

research is available on the effect of forced air drying on bioactive compounds in plant

products in general (Rahman 2005; Sablani 2006). Understanding the link between

drying conditions and quality characteristics is beneficial in the selection of dryer type

and operating conditions (Rahman 2005).

Present trends in drying technology are associated with higher energy efficiency,

enhanced drying rates, system compactness, and control for enhanced quality and optimal

capacity (Grbavcic et al. 2004). With these trends in mind, fluidized or spouted bed

drying with inert particles has shown potential for the production of powders or flakes

from liquids, suspensions, slurries, pulps, and pastes (Grbavcic et al. 2004; Orsat and

Raghavan 2007). These systems may show potential for sea buckthorn berry press cake.

In addition to dryer type and operating conditions, the duration of drying is also an

important aspect in final product quality (Kudra and Efremov 2003). Extended drying

time can lead.to needless quality degradation. Because product temperature is an

indicator of drying stage (Konovalov et al. 2003), a temperature prediction model could

provide valuable information regarding drying behaviour of the product and control of

the operating conditions for optirnurn quality.

Significant research has been conducted in the area of thin layer drying for olive press

cake, another product heterogeneous in both size and composition of particles (Akgun

and Doymaz 2005; Celma et al. 2007; Doymaz et al. 2004) and drying of spherical

particles such as grains (Pabis et al. 1998). However, limited information is available on

the drying of a thin layer on an inert spherical particle. Proposed rnodels range from



theoretical to simplified. Theoretical models are based on a concentric spherical

arangement and unsteady state heat and mass transfer theory (Konovalov et al. 2003;

Mikhailov and Öziçik 1984). As an altemative to a theoretical analysis, Leontieva et al.

(2002) proposed using a simple heat and mass balance model in a micro scale (i.e.

individual inert particle), based on conservation laws. This same approach has been

employed in a macro scale (i.e. dryer section or drying system) for slurries dried in a

fluidized bed (Grbavcic et al.2004) and suspensions dried in a spout-fluid bed (Costa et

al. 2001).

Sea buckthom berry components are among many plant products that are considered

valuable ingredients for functional foods and nutraceuticals. In Canada, currently both

functional foods and nutraceuticals are legislated under the Food and Drug Act (Health

Canada 1998). Quality control is an important aspect in the production of functional

foods and nutraceuticals because products must meet a set of criteria to be marketed as

such. Product uniformity, efficacy, and safety are key factors that can be respected

through the implementation of guidelines and protocols that are established through

research. Investigation of the various stages of the value added cycle (e.g. cultivation

through to final packaging and storage) is irnportant so that quality is ensured at each and

every step.

The scope of this research program is to focus on the quality preservation of sea

buckthom berries (H. rhamnoides L. ssp. sinenszs) from harvest through to drying. The

following are the objectives of each of the independent phases (I, II, and III) of this

research:



Evaluate the influence of time of harvest on physical characteristics (i.e. moisture

content, size, and colour) and levels of oil-based bioactive compounds (i.e.

carotenoids, fatty acids, tocols, and sterols) in fresh sea buckthom berries.

Evaluate the influence of forced air drying conditions (i.e. temperature and

relative humidity) on physical characteristics (i.e. drying time, colour) and levels

of oil-based bioactive compounds (same as phase I) in dried sea buckthorn berry

pulp and peel.

III. Develop, solve, and validate a semi-empirical temperature prediction model for

the simulation of thin layer drying on an inert sphere using sea buckthom press

cake as a test material.

Within the scope of phase I (Chapter 3), three harvest periods representing initial

onset of maturity (early maturity), complete ripeness (maturity), and over-ripeness (post-

maturity) were compared. The two investi gated fractions, seed and fruit (i.e. juice, pulp,

and peel) were discussed individually. Phase II (Chapter 4) allowed for the comparison

between fresh and dried pulp and peel as well as between samples dried at six chamber

temperature and relative humidity (RH) combinations: 50oC at 30.6 and, 5g.7%o RH, 60.C

at 24.4 and 57 .0o/o RH, and 70"C at 20.8 and 57 .O% RH. Phase III (Chapter 5) provided

an approach to drying modelling that included a time incremental heat and mass balance

over a single element which is composed of a concentric sphere (i.e. thin layer on a solid

sphere). This approach required the selection of semi-empirical and empirical models for

the prediction of material and drying condition characteristics (e.g. moisture ratio,

equilibriurn moisture content, specific heat, and heat transfer coefficient).

II.



The thesis was written in a publication-manuscript format. The INTRODUCTION

(chapter 1), LITERATURE REVIEW (chapter 2), GENERAL CONCLUSIONS

(Chapter 6), RECOMMENDATIONS FOR FUTURE WORK (Chaprer 7), and

REFERENCES (Chapter 8) comprise the manuscript portion common to the entire scope

of research. The Methods and Results and Discussion sections of research phases I, II,

and III are detailed within Chapters 3, 4, and 5, respectively. Chapter 3 entitled,

INFLUENCE OF HARVEST TIME ON QUALITY OF OIL-BASED COMPOTINDS IN

SEA BUCKTHORN QI. rhamnoides L. ssp. sinenszs) SEED AND FRUIT is a formatted

excerpt from a published journal article (St. George and Cenkowski 2007); Chapter 4

entitled, THE INFLUENCE oF DRYING oN LEVELS oF BIOACTIVE

COMPOUNDS IN PULP AND PEEL OIL OF SEA BUCKTHORN (H. rhamnoides L.

ssp. sinensis) BERRIES is a formatted excerpt from a recently accepted submission to the

Joumal of Food Processing and Preservation (St. George and Cenkowski 2008), and

Chapter 5, entitled MODEL FoR THIN LAYER DRYING oN AN INERT SPHERE

will be submitted for publication in 2008.



2 I,ITERATIJRE REVIEW

2.1 Nutraceuticals and functional foods

Traditionally, the role of diet has been to provide energy and essential nutrients to

sustain life and growth. However, with aging populations, longer life expectancies, and

increasing health-care costs, the developed world is addressing the role of diet and

lifestyle in the prevention and management of chronic and degenerative diseases (Oomah

and Mazza 2000). Preventable diseases such as certain cancers, heart disease, stroke,

diabetes, diseases of the arteries, and osteoporosis have important dietary links (WHO

2004). Incorporation of foods and food products rich in healthful bioactive compounds

into a healthy lifestyle, including exercise and a nutritious diet, is part of a strategy to

boost health and reduce the risk of disease (Oomah andMazza 2000).

Several tetms are used to describe the many natural products currently being

developed for health benefit (e.g. functional foods, nutraceuticals, pharmafoods, designer

foods, vitafoods, phytochemicals, phytofoods, medical foods, and foodaceuticals)

(Oomah and Mazza 2000; Small and Catling 1999). Although the terms, nutraceutical

and functional food, are the rnost comrnonly used worldwide, there is no definite

consensus on their meaning. To maintain consistency throughout the remainder of this

discussion, the definitions recognizedby Health Canada (1998) are employed.



2.1.1 Nutraceuticals

A plant-based nutraceutical is a product isolated or purified from plant material and is

generally sold in medicinal forms (e.g. capsules, tablets, powders, and potions), not

usually associated with foods (Health Canada 1998). To be considered a nutraceutical, a

product must also be demonstrated to offer a physiological benefit or assist in the

management or prevention against chronic or degenerative diseases or both. Within

Canada, nutraceuticals are included in the category of natural health products (NHPs).

Other NHPs include: traditional herbal medicines; Chinese, Ayurvedic, and Native North

American medicines; homeopathic preparations, and vitamin and mineral supplements.

2.1.2 Functional foods

A functional food appears similar to, or may be, a conventional food that is consumed

as part of a usual diet and is demonstrated to have a physiological benefit or assist in the

management or prevention against chronic or degenerative disease (Health Canada 199S).

A food can be made functional through: 1) the elimination of a compound having a

negative physiological effect; 2) increasing the concentration of benefìcial compounds; 3)

the addition of a new compound observed to offer benefìts, and 4) partial replacement of

a negative compound by a beneficial one, without adversely affecting the nutritional

value of the food (Gibson and Fuller 1998).



2.1.3 Phytochemicals

Plant chemicals (phytochemicals) are the bioactive compounds which contribute to

the activity of plant-based nutraceuticals and functional foods (Oomah and,Mazza2000).

Plants synthesize both primary as well as secondary metabolites (Webb 2006; Wildman

2001a). Primary metabolites include proteins, amino acids, chlorophyll, membrane

lipids, nucleotides, and carbohydrates necessary for the existence of plants. Secondary

metabolites have not been linked to plant processes (e.g. photosynthesis, respiration,

etc.), and were originally regarded as nonfunctional waste products. However,

researchers now recognize that secondary metabolites, which fulfill important functions,

may be associated with only certain plant species or taxonomically related goups.

Functions include protecting the plant from herbivores, insects, fungi, bacteria, microbial

infection, ultraviolet light, also, in the case of colourful pigments and scents, attracting

insects and birds for the purpose of pollination and seed dispersal. Secondary metabolites

can be divided into.three main groups: isoprenoid derivatives, phenolics, and sulfur and

nitrogen containing compounds.

Combining primary and secondary plant metabolites enables a simple classification of

bioactive compounds based on chemical nature: isoprenoid derivatives; phenolic

substances; fatty acids and structural lipids; carbohydrates and derivatives; amino acid-

based substances, and elements (section 2.2.3) (wildman 2001b).



2.2 Sea buckthorn berries

2,2.lThe shrub

Sea buckthom (f{ rltamnoides L.), is ahardy shrub, tolerant of temperatures between

-43 and 40"C and drought conditions, yet requìres irrigation in regions receiving less than

400 mm of rainfall peryear (Li2003b; Li and Wang 1998). The shrub, 2 - 4mhigh,

grows best in well-drained soil (e.g. sandy loam) with a pH of 6 to 7, however, can

tolerate many soil conditions and pH levels except for extremes. The shrub is known for

its extensive root system that develops quickly and is nitrogen fixing. Ripe sea buckthom

berries can be yellow, orange, or red, are spherical to elliptical in shape, and range in size

between 3 to 8 mm in diameter (Li 2003b).

During the last 23 years, sea buckthorn has attracted attention as a potential

diversification plant by researchers from Asia, Europe, and more recently North America

(Schroeder and Yao 1995). The species H. rhamnoides is distributed throughout Eurasia

(e.g. china, Mongolia, Russia, Kazakastan, Turkey, Romania, switzerland, France,

Britain, Finland, Notway, and Sweden). It grows on hills, valleys, river beds, sea coasts,

islands, in isolated or large continuous pure stands or in mixed stands with other shrub or

tree species.

2.2.2Historical uses

The properties of the slirub's bark, leaves, and berries have been known and exploited

in Eurasia for centuries. Medicinal value of these components was recorded in the

10



Tibetan medical classic "'rGyud Bzl" inthe eighth century (Li and Guo 1989). In ancient

Greece, rapid weight gain and a shiny coat were witnessed in horses fed fodder

containing leaves and young branches. This is believed to have led to the Latin name

'Hippo'- horse and 'phaos' - to shine (Rongsen 1992).

Asia

The sea buckthorn industry has been thriving in Russia since the 1940's, when

scientists began investigating the shrub's bioactive compounds (Schroeder and yao

1995). The first Russian sea buckthom factory developed products utilized in the diet of

Russian cosmonauts and as a cream for protection from cosmic radiation. There are

currently -6000 hectares of sea buckthom plantations in Russia (NRCC 2oO2).

The sea buckthorn industry in China is more recent, although traditional uses date

back rnany centudes (Schroeder and Yao 1995). Research and plantation establishment

were initiated in the 1980's with over 300 000 ha planted by 1995. The shrub has

transformed cold deserts in China into a region of sustainable profit. Its acclaim as the

"green hope" is because of its ability to reduce soil erosion, provide fuel and fodder, and

to produce a crop of berries having significant rnedicinal and cosmetic value (Rongsen

1992). With the establishment of 150 processing factories, over 200 different products

have been developed. The people in the mountainous regions of India are following

China's lead (Arimboor et aI.2006).
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Europe

The sea buckthom industry in Germany has a long tradition and is based on a total

area of -300 ha (NRCC 2002). German sea buckthorn products are mainly produced for

the valuable supplementary health food market. Significant research has been performed

in Finland and Sweden focussing on bioactive compounds, health benefits, and effects of

harvest date on quality (Kallio et aL.2002a). Many other European countries are growing

sea buckfhorn, however, little is reported with regards to these markets.

North America

Sea buckthom has been used as a landscape and prairie shelterbelt plant for at least

thirty years in Canada (Li 1999). It is viewed as a crop that will grow on marginal land

and provide excellent soil erosion protection, farmstead protection, an opportunity for

land reclamation, shelter for wildlife, and offer commercial potential. In 2003, - 182

hectares were repofied to be planted in sea buckthom plantations across Canada, with

plans for future expansion (Neish 2003). The variety, subspecies (ssp.) rhamnoides

cultivar (cv.) Indian summer was developed as a hardy and valuable shrub suitable for

Canadian production (Li 1999). Originating from China, ssp. sinensis has also been

tested, however, has not gained wide acceptance as cv. Indian sumtner for a variety of

reasons (e.g. different bioactive content, size, and ease of harvest). Lobatcheva et al.

(2002) determined that several Russian cultivars of H. rhamnoides L. Elaeagnaceae (e.g.

cv. Dar Katugne, Tchyskaja, orangevaja, Maslitchttaja, and Tchuislcaja) are suitable for

establishrnent in Washington State. The following sections include general information
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on H. rhamnoídes L. of different subspecies and cultivars, however, the discussions in

Chapters 3 to 5 are restricted to ssp. sinensís, unless otherwise noted.

2.2.3 Bioactive compounds

According to Schroeder and Yao (1995), "sea buckthom berries are among the most

nutritious and vitamin-rich fruits found in the plant kingdom". The berries consist of

pulp (68%), seed (23%), and peel (8%) (Yang and Kallio 2001; Zadernowski et al. T991).

Sea buckthorn synthesizes and accumulates fat in all morphological parts of the berry,

resulting in three types of oils (e.g. seed, pulp, and peel) (oomah 2003). Generally, the

oils from the pulp and peel fractions are combined due to the difficulty involved with

separation. Yang and Kallio (2001) reported oil contents of seeds (7.3%), freeze dried

pulp and peel (1 .7o/o), and freeze dried whole berry (2.1%) in wild ssp. sinens¿s berries.

Compounds within all parts of the berry are discussed within their classification, with

special emphasis on oil-based compounds investigated in this research le.g. carotenoids,

fatty acids, tocols (i.e. tocopherols and tocotrienols), and phytosterols].

Isoprenoids

The isoprenoid derivative class of 25 000 different substances, one of the largest

categories of secondary metabolites, includes carotenoids, saponins, sterols, and sirnple

terpenes (wildman 2001b). The carotenoids including carotenes (e.g. T-,Þ-,a-,a-,(-

carotene, lycopene, etc.) and xanthophylls (e.g. lutein, etc.) are pigments that produce

colours of yellow, orange, and red and play a significant role in photosynthesis and

photo-protection (Mínguez-Mosquera et al. 2002; Wildman 2001b). All carotenoids must
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be consumed as part of a diet either in food or as supplements (Shi et al. 2002). In most

plant or animal tissues, only a small number of carotenoids account for more than 80% of

the total carotenoid content (Parker 2000). Beta-carotene is the most highly consumed

carotenoid due to its prevalence in plant foods (Mínguez-Mosquera et aL.2002).

Carotenoid content is the main parameter by which sea buckthom oil is traded

commercially (Oomah 2003). Carotenoids vary widely depending on the source of the

oil; pulp and peel oils are a good source as reflected by their rich colours and seed oil

usually contains much lower levels (Beveridge et al. 1999; Xin et al. 1995). As many as

18 carotenoids have been identified in sea buckthorn fruit. The carotenoids possessing

provitamin A activity (e.g. B-carotene, y-carotene, þ-zeacarotene, cryptoxanthin and

sintexanthin) and lutein account for 48 and 14Yo of total carotenoids, respectively

(Kudritskaya et aL.1989). Mironov (1989) indicated that sea buckthom berry carotenoids

consist of 20Yo B-carotene, 30Yo y-carotene,30o/o lycopene, and 75o/o oxygen-containing

carotenoids.

Phytosterols are present in all plants and plant-based foods (Piironen and Lampi

2004). Cereals, vegetables, vegetable oils, and fruits especially berries, are rich in

phytosterols. The majority of phytosterols found in foods are B-sitosterol, campesterol,

stigmasterol, avenasterols, and stanols. Beta-sitosterol is the rnain dietary phytosterol

(56-79%) of the total dietary phytosterol inrake.

The phytosterol content of sea buckthom berry oil, ranges from 2.2 to 8.8%, with

peel, pulp, and seeds contributing 50,20, and 30o/o, respectively (Mironov et al. 1989).
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Up to 25 phytosterols and triterpenes have been identified in the pulp and peel oil, with B-

sitosterol, campesterol, stigmastanol, and the combined isofucosterol (i.e. ô-5

avenasterol) and obtusifoliol contributingT0.6, 1.5,7.4, and,4.9o/o of total phytosterols,

respectively (Yang et al. 2001). Up to 19 phytosterols and triterpenes have been

identified in the seed oil, with B-sitosterol, campesterol, stigmastanol, and the combined

isofucosterol (i.e. ô-5 avenasterol) and obtusifoliol contributing 64.8,2.3,3.2, and 16.90/o

of total phytosterols, respectively (Yang et at. 2001). Li et al. (2001) determined that

combined lanosterol and B-sitosterol account for 48%o of total sterols identified in seed

(cv.Indian sttmmer) oil extracted using super critical fluid extraction (SCFE).

Phenolics

Phenolics, a class of more than 8000 secondary metabolites includes: cinnamic and

benzoic acid derivatives and simple phenols; coumarins; flavonoids and stilbenes; lignans

and lignins; suberins and cutins; tannins, and tocopherols and tocotrienols (Shahidi and

Naczk 2004). Among the group of flavonoids are flavonols, flavones, flavanols,

anthocyanidins, flavonones, and isoflavones (Shahidi and Naczk 2004; Webb 2006).

Tocopherol (o,-T, Þ-T, T-T, and ô-T) and tocotrienol (o-T3, B-T3, y-T3, and ô-T3) isomers

offer vitarnin E activity (Packer and weber 200r; shahidi and Naczk 2004).

Of the phenolics, sea buckthom berries contain flavonoids fe.g. leucocyanidin,

catechin, flavonol (e.g. isorhamnetin, quercitin, quassin, and camellin), and a trace of

flavanonel (Hakkinen et al. 2000), lignans (Yang et aL.2006), and tocols (Oomah 2003).

The vitarnin E content represented by the presence of tocopherol and tocotrienol isomers,
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is higher in pulp and peel oil fractions than in seed or juice oil. Alpha-T is the major

tocopherol isomer in pulp and peel and seed oil (Kallio et aL.2002a). Gamma-T is the

second most predominant isomer in seed oil. Kallio et al. (2002a) reported low levels of

tocotrienols in both pulp and peel and seeds. Levels of vitamin E measured in sea

buckthom berries exceed those found in otherwise rich sources (e.g. wheat embryo,

safflower, maize, and soybean) (Lu 1992).

Fatty acids

The fatty acid composition, which differs between plant products, determines the

physical propedies, stability, and nutritive value of lipids (Kolakowska and Sikorski

2003). Fatty acids are categorized into two broad classes based on chemical structure:

saturated and unsaturated fatty acids. Common saturated fatty acids are C72:0 (lauric),

c14:0 (myristic), c16:0 (palmitic), and c18:0 (stearic) (Dobson 2002). Important

unsaturated fatty acids in nutrition include C16:ln7 (palmitoleic acid), Cl8:In9 (oleic

acid), C18:2n6 (linoleic acid), C18:3n3 (o-linolenic acid), C20:4n6larachidonic acid

(AA)1, C20:5n3 leicosapentaenoic acid (EPA)1, and C22:6n3 ldocosahexaenoic acid

(DHA)]. Linoleic and o-linolenic acids are considered essential fafty acids, since they

carurot be synthesizedby the human body and must be consumed in the diet (Shahidi and

Senanayake 2006).

Yang and Kallio (2001) determined that a characteristic property of sea buckthorn

beny pulp and peel oil is the high content of palmitoleic acid. Berry pulp and peel oil

consists of 36%o saturated fat (mainly palmitic acid) and 64%o unsaturated fat (palmitoleic,
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oleic, linoleic, and o-linolenic acids). Although high in concentration in berryr pulp and

peel, palmitoleic acid is low in seed oil. Seed oil is charactenzed by high C18

unsaturated fatty acids (linoleic, s-linolenic, and oleic acids) and lower saturated fat

content (palmitic and stearic acids).

Carbohydrates and derivatives

Among the carbohydrate and derivatives class, ascorbic acid (vitamin C) is one of the

most used functional ingredients. Certain oligosaccharides may function as prebiotics

which promote the growth of beneficial bacteria in the GI tract. Another term for non-

starch plant polysaccharides is fìber which can be separated into two groups: soluble and

insoluble. Included within the insoluble fiber group are cellulose, hemicellulose, and the

phenol, lignan (Jalili et al. 2001).

Sea buckthorn berries are rich in sugar (e.g. glucose, fructose, mannitol, sorbitol,

xylose, and xylitol), organic acids (e.g. malic, citric, tarfanc, succinic, and d-malic), and

vitamin C (Beveridge 2003b). Li and Wang (1998) reported that vitamin C content in sea

buckthorn berries exceeds levels in strawberry, kiwi, orange, tomato, carrot, and

hawthorn.

Proteins and amino acids

The protein and amino acid based group includes intact protein (e.g. soy),

polypeptides, amino acids, and nitrogenous and sulfur amino acid derivatives (e.g.

capsaicinoids, isothiocyanates, and allyl-s cornpounds) (Wildman 2001b). The amino
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acids, arginine, omithine, taurine, and aspartic acid have been investigated for their

functional activity.

The cloudiness in sea buckthom juice is attributed to the presence of proteins

(Beveridge 2002). Amino acids identified in sea buckthorn berries include aspartic acid,

praline, ammonia, threonine, serine, lysine, valine, alanine, phenylalanine, glutamine,

isoleucine, glycine, histidine, tyrosine, arginine, cysteine, and methionine (Beveridge

2003b).

Elements

Specific elements (e.g. calcium, potassium, and trace minerals such as copper,

selenium, manganese, and zinc) are recognized for their functionality and are being

included as nutraceutical and functional food ingredients (Wildman 2001b). Twenty five

elements and trace elements have been identified in sea buckthorn berries with the

highest concentrations being potassium (497 ¡.:,glnL), calcium (I43 pglmL), phosphorus

(131 p,glmL), magnesium(70.4 ¡t"glmL), and sodium (76.9 ¡tglml) (Tong et al. i989).

2.2.4 A.ctivity and health benefits

Dobson (2002) has implied a link to a lower incidence of diet related degenerative

diseases in individuals and populations that consume a diet high in vegetables and fruits

and low in saturated fat. Due to inconclusive results between epidemiological and animal

and human case studies, complete evidence may not exist between ceftain bioactives and

health benefits in humans. A discussion of the specifics of case studies and their design
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flaws is beyond the scope of this review. Brief mention, however, is made with regards

to studies on sea buckthorn oil-based compounds (e.g. fatty acids, carotenoids, tocols,

and phytosterols).

Yang and Kallio (2002a) reported that more than 60 publications are available on the

link between physiological effects [e.g. anti-inflammation, antimicrobial action, pain

relief the promotion of tissue regeneration (skin and mucosa), boosting of the immune

system, and protection against cancer and cardiovascular disease] and sea buckfhom oils.

While most papers are available in Chinese or Russian, there are some English

publications.

Xing et al. (2002) reported that oral administration of SCFE extracted seed and pulp

(ssp. rhamnoides) oils had a preventative and curative effect against expedmental gastric

ulcers in rats. In a small human study (i.e. 12 participants), Johansson et al. (2000)

reported beneficial effects of sea buckthorn oil on blood clotting, however, further studies

were required on dose-response. Insignificant increases (20%) in plasma high density

lipoprotein (HDL) were reported with the consumption of sea buckthom juice (Eccleston

et al. 2002). Yang et al. (2000) reported that although small changes in the skin

glycerophospholipids resulted in patients with atopic dennatitis after oral administration

of seed oil, fatty acid composition of skin glycerophospholipids were well buffered

against shoú tenn modifications in diet.
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Antioxidant effects

Sea buckthom oils offer important functions in nutrient and antioxidant (e.g. tocols

and carotenoids) delivery. Antioxidants can restrict the effects of oxidation either

directly (i.e. elimination of free radicals) or indirectly (i.e. prevention of radical

formation) (Packer and Weber 2001; Shahidi and Naczk 2004). Although essential to the

body, in excess, free radicals may lead to cyto-toxicity and oxidative damage to healthy

tissue (Packer and Weber 2001). Since oxidative stress has been linked to many

degenerative diseases including cancer, cardiovascular disease, atherosclerosis, arthritis,

and diabetes, antioxidants can potentially play a strong role in disease prevention

(Tomaino and Decker 2000). Based on evidence, Packer and'Weber (2001) stated that

the structural difference between the tocotrienols and tocopherols causes the former to

potentially be more mobile, thus increasing their effectiveness over that of the

tocopherols.

Effects on skin and mucosa

Tissue regeneration, anti-inflammatory, and anti-microbial effects of topically applied

preparations containing sea buckthom oils are associated with the healing of wounds

(Mironov et al. 1983), bums (Lebedeva et aL. 1992), and irradiation dermatitis (Zhanget

al. 1988) of the skin. Sterols (Lebedeva et al. 1992) and long chain alcohols (Kallio et al.

2001) have been identified as the bioactive compounds responsible for these effects. The

fatty acid composition of sea buckthom oils has been deemed as offering benefìts in the

oral treatment of atopic dermatitis (Yang et al. 1999). in the treatment of ulcers, sterols

are suggested to be one of the compound groups to be the rnajor contributor to healing,
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with pulp and peel oils being superior to seed oils (Jiang and Li 1987; Mironov et al.

1e8e).

Effects on risk factors of cardiovascular diseases

There is evidence that ph¡osterols and fatty acids can provide protection against

cardiovascular disease due to their hypocholesterolemic effects (Dobson 2002;Normén et

al. 2004). Preventative effects include: decrease of plasma total and low density

lipoprotein (LDl)-cholesterol levels; increase in level of HDl-cholesterol; inhibiting

thrombus formation and atherosclerosis, and retarding oxidation of LDL (Eccleston et al.

2002; Jiang et al. 1993; Johansson et aI.2000). The essential fatty acids, linoleic and o-

linolenic acids, convert to eicosanoids (e.g. AA, EPA, and DHA) which positively affect

physiological reactions ranging from blood clotting to immune response (Shahidi and

Senanayake 2006). Oleic acid, a monounsaturated fatty acid, is valued for its cholesterol

lowering effect.

Effects on immune function

In an experimental model, increased immune function was reported for mice

administered seabuckthorn seed oil (Ren etal. 1992; Wang et al. 1989). The oils and

water soluble components (e.g. flavonoids, vitamin C, and lignans) of sea buckthom juice

are also considered as possible contributors to improved immune function of mice (yang

and Kallio 2002a). Seed oil reportedly boosted the immune function of cancer patients

undergoing chemotherapy (Li and Tan 1993).
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Prevention of cancer

Intraperitoneal injection of sea buckthom seed oil has been reported to suppress the

growth of pre-innoculated tumors (Zhang et al. 1989a). Yang et al. (1989) reported

elongated living periods in mice pre-innoculated with tumor cells, when orally

administered sea buckthorn press residue oil. In the same publication, it was suggested

that sea buckthom oil may have a cyto-toxic effect on the human leukemia cell line

K562.

2.2.5 Harvesting methods

Sea buckthom berries are a challenge to harvest and store as are most soft fruit.

Harvest is complicated by softness of mature berries, lack of abscission Layer, and the

presence of long spiny thoms (Beveridge 2003a). Due to the lack of abscission layer the

berries persist on the shrubs all winter. A variety of harr¿esting methods have been

utilized or researched worldwide, ranging from manual to. semi-automated harvesters as

summarized by Beveridge (2003a).

Manual methods can be assisted with hand operated devices that comb or brush the

fiuit off the branch and into a receiving vessel. Hand harvesting is performed in China

and requires 1500 person-h/ha (Gaetke and Triquart 1992), which is not practical for the

higher-cost labour markets of North America. The various semi-automated systems

include: 1) cutting of branches and subsequent berry removal through shaking, screen

conveyor and fans, or freezing and beating; 2) shaking of the shrub or branches and
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subsequent collection of the berries, and 3) vacuuming (i.e. rapid air flow) (Beveridge

2003a).

Mann et al. (2001) determined that a test branch shaker employed at a frequency and

amplitude of 25 Hz and32 mm, respectively, removed 98% of berries within 15 s. A

November harvest time was more suitable than January, since during the latter the

branches broke causing damage to the shrub. Certain varieties are more diffrcult to

harvest than others (i.e. ssp. sinensis versus ssp. rhamnoides cv. Indian summer). More

knowledge is required on the effects that the shaking process may have on the shrub,

specifically with regards to the effects on the roots (e.g. recovery time) and the effect of

abrasion of branches (S. Cenkowski, Professor, University of Manitoba). The freezing

and beating approach was developed in Germany and includes freezing (i.e. naturally or

mechanically at --36'C) of fruit laden branches and subsequent beating of the branches

on a hard object to remove the solid berries (Wolf and Wegert |gg3). Since sea

buckthorn sets fiuit on second year wood, cutting the branches results in a harvest every

two years or longer (Beveridge 2003a). There may be some evidence that improper or

continued pruning of the shrubs may expose them to disease.

Berries generally ripen toward the end of August to late September in the Canadian

Prairies (Beveridge 2003a). With the lack of current availability of a commercial

lrarvester, berries are harested at post-maturity at winter temperatures below -20"C

(Plate 2.1). It't Europe and China, berries are normally harvested from the end of August

to middle of September and frorn end of September to end of November, respectively

(Gao et aL.2000; Yang and Kallio 2002b; yang arid Kallio 2001).
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Plate 2.7 Sea buckthom sinensis berries on shrub in January 2004 at St. Claude, MB.

2.2.6 Processing methods

Hundreds of commercial products (e.g. including pharmaceuticals, nutraceuticals,

beverages and foods, cosmetics and skin preparations, sunblocks, fermented products,

animal feeds, and pigment) containing sea buckthom derivatives have been developed in

Europe and Asia (Schroeder and Yao 1995) with product development now extending to

North America. Once harvested, berries are perishable and must be cooled to 4 - 6"C if
they are to be used within a few days (Li 2002). If usage or processing is to be delayed

beyond a few days, the berries must be frozen [e.g. individual quick frozen (IeF)]. The

berries can be thawed and used or processed when required. Alternatively, berries rnay

be processed imrnediately and stored as pasteurized or sterili zed, final products.
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Whole fruit

Fruit selection

Fruit washing

Juice extraction

Press cake/Residue - 45% (w/w) Juice - 55% (wlw)

Drying and seed separation
Centrifugation

(Floating oil elimination)

Mixed juice

Extraction
Filtration or

centrifugation

Extraction
Yellow/orange pigment

Oils

Clarified or opalescent
juice

Figure 2.1 Processing plan for sea buckthorn berries. (Adapted from Beveridge et al.
1 999. V/ith pennission.)
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The favoured processing path of sea buckthorn berries is depicted in Fig. 2.1. The

preliminary steps prior to juice separation include fiuit selection, inspection and washing.

Fruit selection and inspection is necessary to remove diseased, damaged, and pest

infested berries (Beveridge et al. 1999) followed by washing, recommended for the

removal of microorganisms, dust, dirt, and the characteristic "musky" odour (Liu and Liu

1989). The inclusion of berry washing is controversial as it may result in the dilution of

soluble solids and the introduction of foreign chemicals or microorganisms (Beveridge et

al.2002).

The investigation into ju;ce extraction has included decanter centrifugation (Zhang et

al' 1989c), rack and cloth and serpentine belt pressing (Heilscher and Lorber 1996), and

screw pressing (Arimboor et al. 2006). At this point the processing branches off in two

directions: 1) juice and 2) press cake processing. The three main resulting products

include juice, oils fiuice, seed, and pulp and peel), and yellow-orange pigment (pulp and

peel) (Beveridge et al. t999).

Juice

The juice resulting from the press or decanter operation is a turbid product high in

suspended solids (Beveridge et al. 1999). The suspended solids in an oil layer leave a

ring on the bottle surface. Retaining the juice as is, is not desirable from a North

American consumer standpoint, therefore further separation is required (Figure 2.1). One

processing path that is recommended includes reduction of the oil layer (< 0.1%)

centrifugally, resultingin a "mixed" juice (Zhane et al. 1989c). If allowed to sit for 1 to
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2 days, the "mixed" juice separates into a floating particulate phase, a fairly clear middle

liquid portion, and particulate sediment. Subsequent centrifugation (Zhanget al. 1989c)

or filtration (Liu and Liu 1989) can yield an opalescent or clarified juice, respectively.

An altemative approach to assist with the removal of suspended solids includes

treating the extracted juice with pectin methylesterase (Liu and Liu 1989) or commercial

hydrolytic enzyme preparations (Beveridge et al. 1999). Heilscher and Lorber (1996)

patented a technique to yield a clarified juice using crystalline sugar for sedimentation

and subsequent centrifugation. Regardless of the process employed, sea buckthorn juice

is commonly developed for the sports or health drink market (Li 2003a). A by-product of

the juice clarification process is the suspended solids that can be spray dried and used as a

nutrient supplement for foods and nutraceuticals (Beveridge 2003c). Residual products

from juice manufacturing can be used in the brewery industry (Li2003a).

Pigment

Sea buckthorn press cake consists of pulp, peel, and seeds. Drying the press cake

facilitates the removal of seeds and enables the subsequent oil extraction from the pulp

and peel portion using SCFE (Arimboor et al.2006; Cenkowski et al. 2006). A yellow-

orange pigment (containing flavones, carotenoids, and tocols) can also be extracted using

ethanol from a concentrated solution of 11 to l3'Brix (Beveridge et al. lggg). The

pigment is suitable for colouring pharmaceutical or cosmetic creams or for addition to

foods where yellow-orange colours may be favourable.
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Oligomeric proanthocyanidins (Rösch et al. 2004) and lignans such as

secoisolariciresinol and matairesinol (Yang et al. 2006), identified in the pulp and peel

portion of the press cake also increase its value as a potential commodity for the

functional food and nutraceutical industries. Residues from the pulp and peel processing

aÍea aÍe used for animal feeds due to the presence (at lower concentration) of compounds

(Li2003a).

Oils

Oils can be extracted from the juice, seeds, and pulp and peel of the press cake or

decanter waste product. The seed is separated from either the wet (Beveridge 2003a) or

dried press cake (Arimboor et a|.2006), ground, and processed by extraction to remove

the oil. Cenkowski et al. (2006) investigated several extraction methods for pulp and peel

and seed fractions, including solvent extraction using petroleum-ether, SCFE using

carbon dioxide (COz), screw pressing, and aqueous extraction. Fatty acid profile of pulp

and peel oil did not vary between the extraction methodr, ho*.,r"., petroleum-ether

extraction resulted in highest content of total carotenoids and major sterols. Petroleum-

ether and aqueous extraction methods worked equally well for major tocopherols and

tocotrienols. SCFE CO2 technology provided the best oil quality from seeds (Cenkowski

et al. 2006). In a comparison with hexane and cold press extraction methods, Li et al.

(2007) also repofied higher phytosterol contents in SCFE CO2 extracted seed oil samples.

The residual rnatedal from oil extraction can be used for animal feed (Li 2003a).
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While sea buckthom oils are generally used in nutraceuticals and cosmetics (e.g. skin

preparations and sunblocks), incorporation of oils into basic foods such as bread, juice,

and yogourt represents a movement toward adding functionality to daily foods (yang and

Kallio 2002a). To preserve the stability of sea buckthorn oils and compounds,

microencapsulation in modified starches (Partanen et aL.2002) and furcell aran, an extract

from red algae (Laos et al. 2007), have been proposed. No matter what the product (e.g.

beverage, nutraceutical, or functional food) quality in the form of uniformity, safety, and

effectiveness is important from a consumer standpoint.

2.3 Quality of sea buckthorn berry oils

The quality of plant-based bioactive compounds naturally present in foods as well as

those added to nutraceuticals and functional foods can be affected by many factors.

These factors include: methods and time of harvest, storage (post-harvest or post-

processing), processing, and rnethods of extraction (Tatum and Chow 2000). In general,

they can alter the stability of compounds within the product, thus causing chemical

reactions to ensue. The bioactive quality and content of oils is a marker for the overall

quality of the sea buckthom berry and its components (i.e. pulp and peel, juice, and seed)

(Oomah 2003). As was noted in Section 2.2.6, drying is a fundamental operation in the

development of rnany products including pulp and peel, juice, and oil based products.

This section focuses on quality effects pertaining to halvest tirne and berry maturity and

conventional methods of drying (e.g. forced air convective).
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2.3.1 Quality assessment

Traditionally food quality has been based on appearance, taste, texture and in the case

of dried products, parameters such as shrinkage, colour, rehydration ratio, and bulk

density (Perera 2005; Schreiner et al. 2000). Generally a higher quality dried product

displays minimal shrinkage, a higher rate of rehydration, and a relatively high bulk

density (Van Arsdel et al. 1973). With the development of new extraction methods and

compound identification standards, product quality assessment can also include bioactive

compound measurement.

Colour

Colour is an important quality marker, since it can be an indicator of the presence of

certain bioactive compounds (e.g. carotenoids) (Mínguez-Mosquera et aL.2002); stage of

maturity (e.g. loss of chlorophyll) (Tadesse et al. 2002), and degradation of product (e.g.

browning) (Perera 2005). Colour evaluation is generally based on the tristimulus

approach with the Judd-Hunter Lab solid and CIELab systems most often applied to food

analysis (Francis 2003). Two principal attributes of colour interpreted by CIELab

systems are hue and lightness (Delgado-Vargas and Paredes-López 2003). Hue is the

quality normally identified with a colour name (i.e. red, green, yellow, and blue).

Lightness represents the light reflected by a surface in comparison to a white surface,

under similar conditions of illumination.
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Stabitity of bioactive compounds

The determination of bioactive compound content in a product provides a snapshot of

the chemical constituents at a specific instant. Recording the content over a period or

between treatments can indicate changes that may be associated with certain conditions.

The individual mechanisms by which these changes occur are complex and may be

related to 1) fruit development and ripening, 2) pre-harvest climatic conditions, and 3)

post-harvest handling and processing (Perera 2005; Schreiner et al. 2000). During fruit

development, changes to colour, size, and structure are apparent and it is expected that

chemical changes (e.g. biosynthesis) accompany these physical changes (Oomah 2003).

In addition to the normal biosynthesis mechanisms that occur in fruit development,

climatic and processing conditions can affect the stability of bioactive compounds during

pre- and post-harvest stages, respectively.

Many compounds including unsaturated fatty acids, tocols, carotenoids, and

phytosterols are susceptible to oxidation and can serve as initiators of oxidative reactions

(deMan 1999). Oxidation can occur via three main routes: autoxidation, photooxidation,

and enzymatic oxidation (Kotakowska 2003). The sequence of events involved with

autoxidation, as described by Tatum and Chow (2000), begins with the oxidation of a

fatty acid to a hydroperoxide. Oxygen is required and the process is catalysed by the

presence of metals, heat, and light. Hydroperoxides are tasteless and odourless, however,

continued oxidation causes them to transfonn into various short-chain organic

compouuds' These compounds such as aldehydes, ketones, alcohols, and acids, are

responsible for the strong odours and flavours characteristic of rancidity. Certain
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oxidation products are also potentially toxic, usually occurring at high ievels of oxidation.

Pro-oxidants include transition metals (e.g. cobalt, copper, iron, manganese, and nickel).

Metals are found in the soil and can be obtained from metallic equipment used in

processing or storage. Trace metals are also naturally occurring components of all food

tissues and all fluid foods of biological origin as was noted for sea buckthom berries

(Beveridge etal.1999; deMan 1999;Tonget al. 1989).

Light-induced oxidation or photooxidation results from reactivity of singlet oxygen

(tor). Normal or ground-state oxygen is triplet oxygen ('or). Singlet oxygen results

during a reaction of sensitizers (e.g. chlorophyll, hemoglobin, myoglobin, and riboflavin)

with atmospheric oxygen. Photooxidation involves the formation of hydroperoxides in a

direct reaction of singlet oxygen and unsaturated fatty acids (I(olakowska 2003). Singlet

oxygen is short lived and reverts to the ground state with the emission of light.

Enzymatic oxidation in plant systems is mediated by a widely occurring group of

enzymes (e.g. lipooxygenase) tliat use oxygen to catalyse the oxidation of lipids. This

reaction leads to the formation of conjugated hydroperoxides (deMan 2000) and can

initiate oxidation of compounds (e.g. carotenoids, chlorophyll, tocols, and protein)

(Kolakowska 2003).

While antioxidants have been noted to restrict oxidative damage in vit,o, they also

contribute to the stability of food products. Photooxidation can be halted by compounds

known as singlet oxygen quenchers, such as the carotenoid B-carotene and tocols

(Eitenmiller and Lee 2004). Antioxidants (e.g. vitamin C, tocols, and carotenoids) either

added or present in the product can reduce the rate ofautoxidation by scavenging radicals
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(cohen et al' 2000)' v/ith the complexity of food systems, antioxidants can also act

synergistically to inhibit or reduce oxidation (Eitenmiller and Lee 2004). In their role as

antioxidants, tocopherols become tocopheroxyl radicals and can be regenerated with the

assistance of vitamin c and carotenoids thus restoring antioxidant activity. In the

presence of high oxidation and in large concentrations, carotenoids can act as pro-

oxidants reacting with oxygen to produce radicals, feeding the oxidation process (palozza

2004)' Tocopherols, specifically y-T can inhibit the pro-oxidant effect of carotenoids and

colour changes (Eitenmiller and Lee 2004). changes in bioactive compounds may signal

oxidative mechanisms, however, with the synergistic and regeneration ability of
antioxidants the effects of chemical reactions may not be apparent.

2.3.2lnfluence of growing conditions and harvest time

Growing conditions

clirnatic conditions influence oil accumulation in sea buckthom berries (Schapiro

1989)' Dry and wann periods during the spring and fall increase oil content production.

Humid conditions, extended wet and cold weathe¡ and shortened periods of sunshine

result in low oil content. other parameters that affect oil content include genetics, pollen

origin, growing altitude, and time of harvest (oomah 2003). seed oil content

accumulates at a very fast rate from the onset of rnaturity to a maximum a'd remains

constant or begins to decrease with fiuit maturation and ripening. pulp oil content rises

slowly and levels remain constant as the fruit reaches full maturation a'd ripe'ing.

Zademowski et al' (1997) reported that leaving the benjes on the shrub or freezi'g them

did not affect oil content' content of individual bioactive compounds within tlie oils is
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influenced by climatic conditions, geographical location, berry variety, species, and

maturity (Oomah 2003).

Maturity

Level of maturity at harvest has an impact on content and quality of individual

compounds prior to processing and can ultimately affect final product quality. In fleshy

fruits, the onset of ripening is often associated with colour changes, changes in sugar

metabolism, fruit softening and alterations in texture, synthesis of aroma volatiles, and an

increased susceptibility to pathogen infections (Barry and Giovannoni 2007). Sea

buckthom fruit are classified as non-climateric, producing only a trace of ethylene during

the ripening stage (Harrison and Beveridge 2002). However, contrary to non-climateric

fruits, respiration rate, the rate at which stored organic materials (e.g. carbohydrates,

proteins, and fats) are broken down, does increase during this period (Zhang et al.

1989b). The variation in content and quality of fatty acids, carotenoids, tocols, and

sterols during the ripening stage of sea buckthorn berries has been documented (Gao et

al. 2000; Kallio et al. 2002a; Yang and Kallio 2002b; Yang et al. 2001) and will be

fuither discussed in Sections 3.2.6-3.2.9.

Post-maturity

There is a lack of information on berries harvested months after ripening. Berries at

post-maturity are exposed to a variety of climatic conditions. Fluctuations and fteeze and

thaw cycles associated with late fall and winter temperatures can cause extensive crystal

formation and physical change, increasing the possibility of oxidation (Erickson lggT).
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Extended exposure to air and sunlight can also contribute to photooxidation and

subsequent degradation of carotenoids. The effects that late harvest and long-term

freezer storage may have on individual compounds have not been reported for sea

buckthom berries.

2.3.3 Influence of forced air convective drying

Drying effects

Drying is a complex process that may involve simultaneous heat and mass transfer,

with the subsequent removal of moisture from the product (Cassini et al. 2006). The

individual mechanisms involved with moisture removal using forced air convective

drying systems are further discussed in Sections 2.5.1-2.5.2. Within the convective

drying process exists the potential for enzyme-catalysed reactions, non-enzymatic and

Maillard reactions, protein denaturation, and nutrient loss (Roos 2004). These effects can

occur as a result of exposure to the drying conditions (e.g. temperature, relative humidity,

and airflow) and are dependent on the product's characteristics and drying behaviour.

The conditions attributed to product degradation are included in the discussion on the link

between drying conditions and quality factors (i.e. colour and bioactive content) in sea

buckthom berry pulp and peel (Sections 4.2.1-4.2.7).

Comparable research

Research into the stability of oil based bioactive compounds and other quality

indicators in products, upon exposure to different convective drying conditions, is
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limited. Colour as an indicator of carotenoid content, \¡/as assessed in rosehips dried

convectively at temperatures between 30 and 70"C (Koyuncu et al. 2003). Regier et al.

(2005) directly measured carotenoid concentration to determine the effect of convective

drying temperatures of 50 to 90"C on the quality of carrot slices. Both colour analysis

and carotenoid content were analysed in mango pulp dried in a spout fluidized bed dryer

at temperatures of 55 to 75"C (Da Cunha et al. 2006). Minimal colour change and high

carotenoid content is generally indicative of quality preservation and enables selection of

favourable drying conditions (Da Cunha et al. 2006, Koyuncu et al. 2003; Regier et al.

2005)' However, in the production of paprika, red peppers are dried at higher

temperatures to invoke caramelization which in tum is correlated with high carotenoid

and tocopherol content (Márkus et al. 1999). Although not the typical red to orange

colours of carrots, rosehips, and red peppers, convectively dried green sea buckthorn

leaves were also evaluated for total carotenoid content (Guan et al. 2005).

Minimal changes in fatty acid composition, was one of the factors used in the

detetmination of the most suitable dryrng method (e.g. sun, oven, or freeze dried) for

brown seaweed (Chan et al. 1997). Only one set of drying conditions was investigated

for each method, therefore a comparison of different convective drying temperatures is

not provided. Similarly, using only one set of drying conditions each, Gutiér::ez et al.

(2008) analysed the effect of freeze drying compared to forced air convective drying on

total lipid content, oil extractability, and peroxide value (i.e. indication of degree of

oxidation) for mashed sea buckthorn berries.
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In the above mentioned reports, with the exception of Gutiérrez et al. (2008),

determination of the cause of compound loss or retention is not investigated, but is based

on knowledge of factors (e.g. oxidation, temperature sensitivity, and browning) that can

affect product quality. Details of the resuits of these studies are further discussed in

Sections 4.2.3-4.2.7.

2.4Drying

Drying may be used as a processing stage: to improve shelf life; for quality

preservation (i.e. elimination or reduction of the growth of spoilage micro-organisms and

chemical reactions); product enhancement; to simpliflz handiing, storage, and transport,

and as a pretreatment for subsequent processes (Cassini et al.2006; Vega-Mercado et al.

2001). Many drying systems and technologies are suitable for plant products. Selection

of the appropriate drying method depends on original product and bioactive compound

characteristics, availability of equipment and technology, required quality and

characteristics of final product, and economics. Drying methods that are suitable for the

processing of plant-based solids for use in the nutraceutical and functional food industries

are summarized in Sections 2.4.1-2.4.2.

2.4.1 Applicable drying methods

Technologies applicable to solids drying can generally be divided into two groups:

atmospheric, mainly forced air convective (e.g. cabinet, tray, tunnel, belt, conveyor,

rotary, vortex, fluidized bed, vibrated fluidized bed, and spouted bed) and sub-

atmospheric or altemative drying (e.g. fi'eeze, vacuum, microwave, and osmosis) (Vega-
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Mercado et al. 2001). Although sub-atmospheric systems generally offer a higher quality

product (Ratti 2001), quality may have to be compromised when considering cost and

practicality (Grabowski et al.2002). Due to sea buckthom press cake being an industry

by-product, forced air convective dryers may offer the most practical solution available.

Forced air convective dryers have long been used by the fruit industry with optimization

of the drying parameters based on characteristics of the product (Somogyi 2000).

Researchers have determined that degrading reactions associated with forced air

convective drying systems (e.g. cabinet, tray, tunnel, belt, and conveyor band dryers) are

generally time and temperature dependent (Nindo et aL.2007). Modifications to particle

and air interactions (through the implementation of fluidization and movement of the

particles within the bed), are offered by fluidized, pulsed fluidized, vibrated fluidized,

spouted bed, vortex, and rotary dryers. An increase in exposed surface area of the

product offers an altemative for heat and oxygen sensitive products due to faster drying

rates and as a result reduced drying times and the potential for lower drying temperatures

(Kundu 2004).

Cabinet, tray, and tunnel dryers

Cabinet, tray, and tunnel drying systems employ warrn air flowing over the surface of

a thin layer of product spread on mesh or solid trays (Sokhansanj and Jayas 2006). These

systems are typically used for sliced, chunked, or whole fruit and vegetables or other

plant material such as seeds, flowers, roots, and leaves (Orsat and Raghavan2007 Vega-

Mercado et al. 2001). The use of solid trays also allows for the drying of fluids and semi-
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solid products such as slurries, purees, and pomace. The main differences between the

batch dryers (tray and cabinet) and continuous tunnel drying systems are configuration

and capacity, with the latter being applicable to high volume products.

Belt and conveyor band dryers

In belt and conveyor band dryers the drying surface moves during the drying cycle

and air flow is through rather than over the thin product layer (Sokhansanj and Jayas

2006). Conveyor band dryers offer the flexibility of having separate regions with

different air characteristics, to accommodate product requirements throughout the drying

cycle, as well as continuous drying (Orsat and Raghavan20OT).

Rotary and vortex dryers

A rotary dryer (Fig. 2.2a) consists of an angled cylindrical rotary chamber turning at a

slow speed. Drying air and wet solids are fed continuously at one end of the chamber and

are discharged at the other end (Kundu 2004). Due to rotation, the material is

continuously chumed, leading to uniformity in mixing with air. However, the rotational

system leads to an increase in capital investment. Retention time is a function of speed

and angle of inclination of the drying chamber. Improved drying performance was

reported for some products dried in a countercurrent flow (i.e. air flows in at the material

outlet).
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Figure 2.2 Schematic of product and air flow in a) a rotary dryer and b) a vortex
dryer. (Adapted from Benali 2004; Sokolovskii et al. 1976. With permission.)

This system was traditionally applied to chemical drying but has been used for some

agricultural products such as beans, rice, nuts, seeds, cereal grains, and herbs (Benali

2004). Olive oil industry by-products such as pomace, press cake, and bagasse are dried

from initial moisture contents of 25-55%, 45o/o, and >75o/o, respectively, down to
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approximately 60/o using concurrent or countercurrent rotary dryers (Doymaz et a|.2004;

Friere et aI.2001; Gögüs and Maskan 2006). To minimize the effects on the environment

by these potential pollutants, dryrng is used as a preliminary step in the production of a

fuel source, fertilizer, or soil conditioner. Drying temperatures ranging from 125 to

250"C are typically used, however, lower temperatures (50 to 110"C) have been

investigated for the quality preservation of press cake oil usable in the soap, animal feed,

and high quality fertilizer industries (Akgun and Doymaz 2005; Doymaz et al. 2OO4;

Gögris and Maskan 2006).

Although the use of a rotary dryer for sea buckthorn press cake has not been reported,

Sokolovskii et al. (1976) developed a vortex dryer that was later implemented in Russian

factories. A vortex drying chamber (Fig. 2.2b) consists of a hollow disk with product

entering tangentially with the incoming air flow. The product and the air move in spirals,

while the walls of the disk provide friction and retardation. Due to centrifugal forces that

develop, the heavy and rnoist particles are forced towards the walls while the lighter dry

particles flow to the centre of the chamber and are discharged to a collection apparatus.

The design was based on initial experiments that determined a concurent flow vortex

dryer (800 mm diameter and 160 mm wide) provided better retention of B-carotene,

process stability, and shorter drying times than cabinet, belt, and vibro-fluidized bed

dryers. The action of the vortex dryer also contributed to the separation of the seed frorn

the pulp, a step that is subsequently necessary. Rotary and voftex drying systems are not

presently in the forefront of drying research for functional foods and nutraceuticals, due

to major emphasis being placed on fluidized and spouted bed systerns.
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Fluidized bed dryers

Fluidized bed dryers (Fig. 2.3) have

specific velocity to fluidize the product

granular and solid products such as

groundnut, and rapeseeds) and has been

cranberries (Grabowski et aL.2002) and

Gerhardt 2000).

a perforated floor through which air flows at a

(Benali 2004). This dryer type is suitable for

oilseeds (e.g. mustard, sunflower, soybean,

investigated for many other products including

granulated pharmaceuticals (Hlinak and Saleki-

Systems such as the pulsed fluidized bed (Fig. 2.4) and the vibro-fluidized bed dryers

(Fig. 2.5) tested better than the fluidized bed dryer for products difficult to fluidize due to

stickiness or poly-dispersity (Benali 2004; Grabowski et al. 2007). The aerodynamic and

mechanical functions of the pulsed fluidized bed and vibro-fluidized bed dryers,

respectively, can assist in preventing agglomeration. The pulsed fluidized bed dryer, a

novel modified version of conventional fluidized bed systems employs gas pulses to

provide high-frequency retraction of the particle bed. These methods have been

investigated for the drying of particulate solids such as diced carrots, cranberries,

blueberries, and onions (Benali 2004; Grabowski et al. 2007; Grabowski et al. 2002).

Grabowski et al. (2002) reported that energy efficiency was liigher for the pulsed

fluidized bed and vibro-fluidized bed dryers over that of the fluidized bed dryer for

osrnotically pre-treated halved cranbenies. Any of the fluidized bed dryers can be either

run continuously or in batch mode.
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Figure 2.4 Schematic of product and air flow in a pulsed fluidized bed dryer.
(Adapted from Benal|2004. With permission.)
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Figure 2.5 Schematic of product and air flow in a vibro-fluidized bed dryer.
(Adapted by Benali 2004. With permission.)

Product
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Spouted bed dryers

A spouted bed dryer uses a high velocity jet for material agitation. Two distinct

zones exist within a spouted bed dryer (Fig. 2.6): 1) a central jet with minimal product

and high heat and mass transfer rates and 2) a moving annular bed with lower heat and

mass transfer rates. Originally developed for grain drying in the 1960's (Mathur and

Epstein 1974), the application has also proven advantageous for sticky or pasty products

such as bluebenies (Feng et al. 1999) and yeast (Grabowski et al. 1997). Grabowski et

al. (1997) determined that pre-drying baker's yeast from 70 to 35Yo moisture content in a

spouted bed dryer provides a more easily fluidized product for finish drying in a fluidized

bed. Employing fluidized bed drying for the final drying stage allowed for an energy

savings due to a 25o/o decrease in hot air demand. Currently, spouted bed drying systems

11111
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are used mainly for small volumes in batch mode due to difficulties involved with scale-

up and continuous systems.

Air outflow

Spouted bed
drying

chamber

flow

Annulus

Spouted jet

Air inflow

Figure 2.6 Schematic of product and air flow in a spouted bed dryer.
(Adapted from Mathur and Epstein lgT4.Withpennission.)

Modifications to conventional systems include the microwave spouted bed (MWSB)

(Feng et al. 1999) and draft-tube spouted fluidized bed (DTSFB) (Marmo 2007) systems.

Blueberries dried in a MWSB system experienced a substantial reduction in drying time

and improved product quality compared to those freeze, tray, and conventional spouted

bed dried (Feng et al. 1999). The addition of fluidization to microwave drying, improved

quality with the elimination of chaned berries caused by uneven drying. In a

conventional spouted bed dryer, dryer dimensions, product characteristics, bed height,
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and airflow must be within an acceptable range to achieve and maintain stable spouting

(Mathur and Epstein 1974). Marmo (2007) determined that the introduction of a draft

tube in the centre of the spouted bed provided improved control of air flow, gas

distribution, and solids motion pattem in the drying of olive pomace. The draft tube also

provided the opportunity for continuous operation.

2.4.2 Fluidization with inert particles

Although fluidized and spouted bed dryers were originally developed for particulate

matenaT, adding uniformly sized inert particles enables the drying of liquids, suspensions,

sluries, pulps, and pastes (Orsat and Raghavan 2007). Inert particles can be made from

glass, ceramics, and plastics (e.g. Teflon@, polypropylene, and high density

polyethylene) and generally range in size from 2 to 8 mm (Costa et al. 2001; Oliviera et

aL.2006; Pallai et al. 2001 ; Zhao et aL.2004). Along with the addition of inert particles to

the process, modifications to conventional fluidized bed and spouted bed systems in the

form of spout-fluid bed (Costa et aI.2001; Marmo 2ll7),jet-spouted bed (Benali and

Kudra 2002), revolving flow fluidized bed (Zhao et al. 2004), and spouted bed with

swirling counter current streams (Kutsakova 2004) have been proposed. Addition of

mechanical devices such as a mixer in a fluidized bed (Grbavcic et a\.2004) or an inner

conveyor screw to a spouted bed dryer (Pallai et al. 2001) was made to further enhance

the mixing and drying uniformity of the system.

The addition of inert particles to fluidized and spouted bed systems was developed as

an alternative to spray, drum, and paddle dryers in the production of powders and flakes
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and is applicable to the chemical, pharmaceutical, and food processing industries

(Grbavcic et aI.2004). Oliviera et al. (2006) reported that compared to spray drying of

9Yo extractive solutions of Brazllian medicinal plants, spouted bed drying with inert

particles resulted in higher concentrations of chemical markers and lower loss on drying

values.

Drying of liquids, suspensions, and slurries

Depending on the consistency of the product, the drying process will follow different

paths. The path involved with the drying of high moisture products such as liquids,

suspensions, and slurries includes: 1) the delivery of the product into the chamber (Fig.

23a),2) adherence of the product to the inert particle, 3) drying and subsequent cracking

of the material on the inert particle, 4) peeling of the material caused by collision between

inert particles, and 5) entrainment of the powder and flakes in the exhaust air with

subsequent separation and collection by a cyclone and bag fìlter (Grbavcic et al.2004).

Delivery methods of the initial wet product can range from jet spray for a suspension to a

screw feeder for a dense paste.

Drying of pulps and pastes

Products high in solids content such as pulps and pastes are fluidized together with

the inert particles as shown in Fig. 2.7b and may not necessarily adhere to their surface.

Tlie inert pafticles, however, assist with fluidization of paste agglomerates, prevention of

the formation of large agglornerates and caking, and eventual diminishment of dried

agglomerates (Grbavcic et al. 2004).
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Figure 2.7 Schematic of the process of drying a) liquids, suspensions, and slurries
and b) pulps and pastes in a fluidized bed dryer with inerts. (Adapted by
Grbavcic et al.2004. With permission.)

Air separation and collection methods of the dried powder or flakes are the same for

the pastes as for the liquids, suspensions, and slurries. Although, there is no reported

research on the drying of pomace or press cake with this technology, it may be suitable

for sea buckthorn press cake, especially to prevent agglomeration of this sticky product.

2.4.3 Optimization of the drying system

Benali and Kudra (2002) suggested that treating drying as an integrated process is a

suitable approach for dealing with slurries of high valued products (e.g. pharmaceuticals,

nutraceuticals, and enzymes). This approach considers the dryer (includes ancillary

equipment such as feeder, cyclone filter, and discharger) as the core of the process. The

next layer is comprised of processes such as heat recovery, control systems, and

automation. The final layer is composed of upstream (i.e. dewatering, stabilizing,

preheating, and pre-fonning) and downstream (i.e. granulation, cooling, screening, and
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blending) processes. The ability to assess a drying system using this approach requires

preliminary knowledge of the various aspects involved (i.e. product composition and

characteristics, drying conditions, and equipment design and configuration). Modelling

is a useful tool to assess the effects of different parameters as well as any interactions

(positive or negative) that may affect the final product.

2.5 Mathematical modelling of the drying process

One of the approaches to drying modelling includes the analysis of an individual

element or a grouping of smaller products (e.g. thin layer) that cannot feasibly be

analysed in isolation (Pabis et al. 1998). The data determined through single element and

thin layer analyses are especially useful for products that have not been thoroughly

researched and for which drying data have not been published. It also provides an

opportunity to determine drying behaviour for specific conditions. A review of basics

appropriate to single element drying theory (Sections 2.5.1-2.5.3) precedes a discussion

of approaches applicable to the analysis of drying of a thin layer of product on an inert

sphere (Section 2.5.4).

2.5.1 Drying kinetics

The rnain method to evaluate the effectiveness with which a dryer removes moisture

from a product is to detennine the product's drying kinetics. Drying data used to

detennine drying kinetics for a product are usually expressed as total mass of the material

as a function of time as shown in Fig. 2.8 (Kemp et al. 2001). This data can be used to

detemine moisture content (luÐ on a dry basis (db) (Eqn. 2.1):
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where m¡= initial mass of sample and m¡: rrràss of dried sample.
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Figure 2.8 Change in mass with drying time.

Drying rate (DÀ) is based on the difference of moisture content (dA4) with respect to a

difference in time (dt) (Eqn.2.2):

DR=-dMldr (2.2)

where dM: change in moisture content during time interval dz. The constant (zone I)

and falling (zone II) rates that may occur during the dryirig process can be visualized with

Fr5.2.9, a representation of plots that can be generated for different operating conditions,

products, and dryer types (Pabis et al. 1998).
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Figure 2.9 Drying rate, !L, and moisture conte nt, M,of a solid being dried during
AT

constant and falling-rate periods. Zone I and II represent the constant and
falling rates of drying, respectively. M : moisture content; Mo : initial
moisture content; Mr,.: critical moisture content; M": equllibrium moisture
content; 'c : time; rr : time duration for onset of drying to end of constant rate
period, and T¡¡ : time duration for falling rate period. (Adapted from Pabis et
al. 1998. With permission.) .

Constant rate of drying (Zonel)

The initial moisture content (M") of a product is greater than the critical moisture

content (M",.) (Figs.2.9 and 2.10). After a short period of heating of the material from its

initial temperature (t") to the wet-bulb temperature (t,,-t), the constant rate of drying

begins and represents a constant rate of moisture removal from the surface of the product

(i.e. water is supplied to the surface as fast as it evaporates). Within constant rate of

dryrng conditions, body surface temp (r,) is constant and rerrains equal to /,,,-¡ (Fig. 2.10).
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If heat losses are negligible, then all heat delivered to the solid being dried is used for

water vaponzation (Pabis et al. 1998).

Figure 2.10 Moisture content, M, and surface temperature, t", of a solid being dried
during constant and falling-rate periods. M: moisture content Mo :
initial moisture content; M",: critical moisture content; Mu : equilibrium
moisture content; z : time; t¡ : time duration for onset of drying to end of
constant rate period) ril : time duration for falling rate period; t :
temperature, ta¡t. : drying air temperature; to: initial body temperature; l, :
body surface temperatvte; tw-b: wet-bulb temperature of the drying air.
(Adapted from Pabis et al. 1998. With permission.)

Falling rate of drying (Zone II)

If Mo is less than M,,., DR decreases with time of drying until equilibrium moisture

content (M,) is reached (Fig. 2.9). The decrease in rate of drying with time is because of

internal resistance to water transfer within the body being greater than the external

i\

M.,
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resistance to water transfer from the body. At the onset of the falling rate period, /,

continuously increases, and eventually approaches to¡,, the temperature of the drylng

medium (e.g. air) (Fig. 2.10). The main mechanism of moisture loss in grain and other

commodities such as vegetables and fruit (includes olive cake and pomace), is due to

diffusion and occurs during the falling rate period(s) (Jayas et al. 1991;Ramaswamy and

Nsonzi 1998). The falling rate period will only be considered for the remainder of this

review.

2.5.2Basic modes of heat transfer

The heat energy (ø) (Eqn. 2.3) stored by a product is determined by its mass (m),

specific heat (Cp), and temperature (Singh and Heldman 2001):

Q:mCP At (2.3)

where Är: temperature difference for a specific time period. Heat transfer from or to a

product can occur via three modes: convection, conduction, and radiation. Radiation is

the mode through which energy, transmitted by electromagnetic waves, is released and

converted to heat once it impacts and is absorbed by a contact surface (Singh and

Heldman 2001). Radiation is generally assumed to be negligible as compared to

convective and conductive heat transfer in the process offorced air convective drying.

Convection

Convection or convective heat (qro,,) transfer occurs with a flow of a medium, most

commonly air, over a body of different ternperature (Mujumdar 2006). Other media can

be used including inerl gases (e.9. Nz), direct combustion gases, or superheated steam.
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The rate of convective heat transfer (4+-\as shown by Eqn. 2.4,tsbased on threeld' )

main characteristics of the drylng system: 1) difference between t, and to¡,,2) heat transfer

coefficient of the medium (h), and 3) surface area (A) of the body exposed to the medium

(Singh and Heldman 2001).

dQ,ou, : h AQ",, -t,) (2.4)
dr

Conduction

Conduction dryers, otherwise referred to as indirect dryers employ the transfer of heat

(q"or,ù from a heated surface in contact with a body at lower temperature (Mujumdar

2006). The rate of conductive heat transfer (!tf^) (Eqn. 2.5) is based onld, )

characteristics of the two surfaces in contact: the difference in temperature with respect to

distance in the direction of heat O"* l4l , the thermal conductivity of the material (1.),
\d, )'

and A'.

dQror¿ 
- , , dt

dr dx
(2.s)

Steady state heat transfer

Regardless of the mode of heat transfer, it is important to understand the conditions

that are present within the process (e.g. steady or unsteady state) (Singh and Heldman

2001). Steady state conditions are those for which time has no influence on the
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temperature distribution within a product. However, a temperature gradient may exist

between different locations within the product itself. Although, not common in practice,

steady state conditions are fairly simple to analyse mathematically using Eqns. 2.3-2.5.

If appropriate, steady state conditions may be assumed to determine useful information

for specific applications.

Unsteady state heat transfer

Unsteady state or transient heat transfer involves a temperature change with respect to

both time and location (Singh and Heldman 2001). This type of heat transfer tends to be

the most dominant one in practical drying situations. Based on Fourier's law (Eqn. 2.5),

the partial differential equation Bqn.2.6, is the goveming equation for a one-dimensional

unsteady state case:

õt 2 ô(,ôr\
ar: o Co ¡ Ar\, A, )

(2.6)

in the body, and z:

for a sphere). If the

is valid:

(2.7)

of advanced

geometry as

where p : density of the body, r : distance from a centre location

geometrical shape coefficient (0 for a slab, 1 for a cylinder, and 2

rate of heat transfer at the surface is due to convection then Eqn.2.7

^+l =h(t.,,-t,)
ar l,=n

The solution for Eqn. 2.6 in conjunction with Eqn. 2.J involves the use

mathernatics and due to complexity, is possible only for objects of simplified

implied by the coefhcient z.
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External versus internal resistance. In a transient heat transfer analysis, the relative

importance of heat transfer at the surface and interior needs to be considered. Once a

solid is immersed in a fluid, the heat transfer from the fluid to the centre of the solid will

be confronted by two resistances: the convective resistance in the fluid layer surrounding

the solid and conductive resistance inside the solid (Singh and Heldman 2001). The ratio

of the internal resistance to heat transfer in the solid to the extemal resistance to heat

transfer in the fluid is defined as the Biot number (Bi) (Eqn. 2.8):

Bi =h 
d"

)"
(2.8)

where d 
" 
: characteristic dimension.

Lumped system analysis, Bi < 0.1. For a Biot number < 0.1, there is negligible internal

resistance to heat transfer; the temperature is nearly uniform (i.e. lumped) within the

product (Singh and Heldman 2001). The heat transfer is relatively instantaneous

therefore no temperature gradients develop. Beginning with a heat balance as shown by

Eqn. 2.9, separation of the variables followed by integration, results in the mathematical

expression Eqn. 2.10:

p cpv {: t AQ",, -t)
dT

tn¡,-t _ I ( ltA I I
tn¡, -t¡ 

t*o 
L l, ø' )' 1

where t¡ : the temperature at the begiming of the drying period;

and r: elapsed time of drying.

(2.e)

(2.10)

Z: volume of the body,
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Finite internal and surface resistance to heat transfer, 0.1 < Bí < 40. For a Biot number

between 0.1 and 40, finite internal and external resistance to heat transfer will occur

(Singh and Heldman 2001). The solution for this situation is an infinite series containing

trigonometric and transcendental functions, as provided in Eqns. 2.11 and 2.I2 for a

sphere and infinite slab;

Sphere:

, =,n¡ +Q", -,,) i (+)å+ *,(t+-)'^(Tl r,,,r

where a: thermal diffusivity of a body;

Infinite plate:

t:tn,,.*Q, (2.12)

where x: variable distance in the x direction from the centre and ),, : eigenvalue roots.

The solutions can be programmed into a spreadsheet for use on a computer or can be

solved using temperature tirne chafis that have been developed specifically for geometric

shapes finfinite slab, infinite cylinder (solution not provided in this review), and sphere]

by Heisler (1944) as cited by Singh and Heldman (2001). The charts are based on three

tenns: 
tn¡' -t 

a +, and Fo =+, where Fo is the Fourier number.
ln¡,-l¡' hd,' d:'

Negligible surface resistance to heat transfer, Bi > 40. At a Biot number > 40, there is

negligible surface resistance to heat transfer (Singh and Heldman 2001). As with the

previous, Heisler charts can be used for the solution, however, tlie value .1. :0 .

hd"
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2.5.3 Analysis for falling rate of drying (diffusion models)

Drying during the falling rate period(s) is mainly controlled by the mechanism of

moisture (e.g. liquid or vapour) diffusion (Akpinar 2006; Pabis et al. 1989). Fick's

second law in terms of moisture content as provided in Eqn. 2.I3 is employed to describe

the drying of many food products:

where, D,r: mass diffusion coefficient (dependent on moisture content or temperature).

In a homogeneous, isotropic material in which the resistance to moisture flow is

uniformly distributed, D* is assumed to be constant and volume shrinkage is negligible,

Fick's second law can be derived asBqn.2.74:

Y=v (D,,,vM)
OT

ôM =D v2M
ÔT

(2.r3)

(2.r4)

where V2 M is the Laplacian operator. The Laplacian operators ( Vt M ) for simple

geometries such as an infrnite plate and sphere are equivalent to 4y and
Õx'

ô2M 2 ôM
-- + - -:- , respectively (Pabis et al. 1998).dr' r Or

Analytical solutions

Anal¡ical solutions for the falling rate of drying considering mainly intemal

resistance to moisture transfer have been developed (Akpinar 2006). Individual food

products, slices, or thin layers of particles can be represented geometrically (e.g. infinite

plate, sphere, cylinder, parallelpiped). Crank (1975) developed solutions in terms of
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moisture ratio (MR) (Eqn.2.15) for each of these shapes and those for an infinite plate

and sphere (with boundary conditions of the first kind) are provided by Eqns. 2.16 and

2.17 , respectively (Pabis et al. 1998).

MRG\-M(r)-M"
Mo-M" (2.1s)

(2.r6)
4s2

- n'D,,,lr'r\
--¡'-)

MRG):#à;*"-r¡

un(r)=#i,#*r(

1l
)

Dtù- n2 (2n +I)2

(2.17)

The solution for the infinite plate (i.e. thickness is very small compared to its length

and width) is valid for the following conditions: plate thickness of 2s; uniformly

distributed Mo; the plate is dried from both sides by a constant airflow at to¡,. andrelative

humidity (R¡Ð; properties of the plate are constant, and moisture movement is

perpendicular to the surface. The solution for the sphere is valid for the same conditions

as the infinite plate except the sphere is of radius (,R) and the moisture flow is along its

radius.

Simplifications of the infinite exponential series represented by Eqns. 2.16 and2.l7,

include using only the first term or the first several tenns and are suitable for long drying

times (Jayas et al. 1999).'The application of the first term sirnplifìcation for an infinite

plate (Eqn. 2.18) was reported for thin layer drying modelling of olive press cake or

sludge (Akgun and Doymaz2005; celma et al.2007;Doymaz et al.2004), flax fibre

(Ghazanfan et al- 2006a;2006b), and organic apple slices (Sacilik and Elicin 2006). The
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similarly reduced equation for a sphere (Eqn. 2.I9) was reported for grains such as wheat

(Becker and Sallans 1955; Hustrulid 1963; Sinicio et al. 1995).

By plotting the natural logarithm of MR versus time for the infinite plate, the intercept

and stope of the straight line are represented by ln (#) ^^ -(+?J, resnectivelv

(Akgun and Doymaz 2005; Celma et al. 2007; Doymaz et al. 2004). This method is

commonly applied to determine D-, which can subsequently be used in the determination

of activation energy for a specific product.

un(c):#"*o(4?")

un(r)=*"*r(ti-)

(2.18)

(2.1e)

The major assumption of both the analytical solutions and their simplified versions is

that the object is hornogeneous in characteristics including moisture content (Pabis et al.

1998). This is not true for the situation in which a thin layer of one material containing

moisture is dried on a particle of an inert material which contains no moisture.

Therefore, neither one of these is directly suitable for the analysis of drying a thin layer

on a spherical particle.
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Semi-empirical and empirical solutions

Many semi-empirical and empirical models have been developed for specific

commodities and drying systems. Semi-empirical and empirical solutions consider the

external resistance to moisture transfer between products and air (Akgun and Doyrnaz

2005). These models offer a compromise between theory and ease of use. The equations

and coefficients are generally only valid for the conditions (i.e. temperature, relative

humidity, or air velocity) and moisture content range for which they were developed,

require reduced evaluation times compared to theoretical models and do not need

assumptions of geometry, mass diffusion coefficient, and conductivity.

Thin layer drying models. Olive pomace, press cake, and bagasse are products that are

non-homogeneous and consist of pieces of pit and pulp of different size, shape, and

ratios. To determine the model that provides good representation and repeatability of

drying curves in the thin layer drying analysis of these products, Agkun and Doymaz

(2005), Celma et al. (2007), and Doymaz et al. (2004) analysed several models. Models

included the Lewis (Eqn. z.20) (Lewis 1921;Bruce 19g5), page (Eqn. 2.2r) (page 1g4g),

modified Page (Eqn.2.22) (Overhults et al. 1973), Henderson and pabis (1qn.2.23)

(Henderson and Pabis 196r), modified Henderson and pabis (Eqn. 2.24) (Karathanos

1999),logarithmic (Bqn.2.25) (Yagcioglu et al. I 999;Yaldiz et al. 2001), two-tenn (Eqn.

2.26) (Henderson 1974), two-term exponential (Eqn. 2.27) (Sharaf-Elden et al. 19g0), the

diffusion approach (Bqn.2.28) (Kassern 1998), verma et al. (Eqn. z.2g) (verma et al.

1985), Midilli-Kucuk (Eqn. 2.30) (Midilli et ar. 2002), and wang and singh (Eqn. 2.31)

(Wang and Singh 1978):

61



MRG)= ex' (-k ù

MR(t)= exp (-k l')

MRG): exp l-(t tl'l

MRG): q ex1 (-k Ò

Un(r) : a exp (-k r)+ b exp (-e r)+ c exp (-f t)

MRG):qex,(-k)+c

MRG) : a exp (-k, ò + b exp (-k, r)

MRG) = a exp (-k r) + (1 - a) exp (-k a )

MR(t) = a exp (-k ù + (r - a) exp (-k b r)

MR(t) = a exp (-k t) + (r - a) exp (- g r)

MR(t)= (t ex1(-k r")+b r

MRG)=7+at+b12

The coefficients a, b, c,.f g, lc, lc¡¡, lcl,andn for Eqns. 2.20 to 2.3r are calculated from

experimental data. While the majority of the models are based on modification of the

simplified analytical solutions to the Fick's Law of diffusion, others have been based on

Newton's Law of cooling or on the experimental relationship between moisture content

and tirne. The Wang and Singh model is representative of the latter method, a purely

empirical derivation (Akgun and Doymaz2005).

Assuming that there is a sirnilarity between the cooling and drying of an element, a

model analogous to Newton's law of cooling can be used to determine drying rate (Eqn.

(2.20)

(2.2t)

(2.22)

(2.23)

(2.24)

(2.2s)

(2.26)

(2.21)

(2.28)

(2.2e)

(2.30)

(2.31)
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2.32) (Lewis 1921). Through the integration from initial time (zo) to z and Mo to M, the

Lewis model (ïqn.2.20) was developed. Modifications to Lewis' model resulted in the

deveiopment of Page's and the modified Page's models, as discussed by Jayas et al.

(reer).

(2.32)

Review of best fit for thin layer drying models. Akgun and Doymaz (2005)

investigated seven (Lewis, Page, modified Page, Henderson and Pabis, logarithmic,

Wang and Singh, and diffusion) of the models for olive cake dried at temperatures

between 50 and 110'C. All models provided a good fit as represented by the coefficient

of determination (rt) , 0.97, however, a certain amount of under- and over-prediction

occurred at different stages of drying. The logarithmic model provided the best overall

fit at all ternperatures [i.e. high ,t, low mean root square error (KMSE). and low

residualsl.

Celma et al. (2007) validated all the rnodels represented by Eqns. 2.20 to 2.31, at

temperatures of 20, 40, and 80oC, for olive sludge with Mo> 650/0. Similar to Akgun and

Doymaz (2005) all models provided a good f,it, however, the best fit was achieved by

Midilli çf : O.OSS4 to 0.9985, RMSE:0.00815 to 0.01454, and, residuals between

-0.00397 to 0.00005). The logarithmic model ranked third best for all temperatures,

whereas the Lewis and Page rnodels provided better fits with an increase in temperature.

Doymaz et al. (2004) determined that the Page model provided a better fit than the Lewis

model for olive cake with Mo : 44.78o/o wb dried at temperatures from 80 to I 10.C. The
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Page model provided good prediction of moisture ratio (y' : 0.996 to 0.998, ilMSE :

0.00844 to 0.01457) for a thin layer of flax fiber dried at temperatures of 30 to 100"C

(Ghazanfai et al. 2006b).

Kudra and Efremov (2003) developed a semi-empirical approach to determine the

dryrng kinetics of fluidized particulate materials as provided in Eqn. 2.33:

(2.33)

where o : characteristic time that is constant for given process conditions and m :

dimensionless factor which reflects the effect of the convective airflow. For wheat dried

in a spouted bed at 70"C, air velocity of 14.7 mls, Mo: 0.339, and Mu: 0.05, o and m

were found to be 36 min and 1.25, respectively. This method was determined to be

applicable to materials with predominantly intemal resistance to rnass transfer and dryers

with active hydrodynamic regimes.

2.5.4 Applications for thin layer drying on an inert particle

The analysis of thin layer drying on an inert particle has been conducted using two

main approaches: theoretical and simplified. In this application, "theoretical" represents

solutions based on basic drying theory that are general in nature. The "simplified"

approach incorporates theoretical drying basics with semi-ernpirical or empirical models

applicable to actual drying situations or specific products. The latter is believed to be

mote suitable for the prediction of drying data in pilot and industrial type dryers (Kemp

and Oakley 2002). It is impoftant, however, that work continues in both areas of

modelling to provide opportunity for more precise models. The selection of the
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modelling approach depends on knowledge of product characteristics, the complexity of

the drying configuration, and the resources available.

Theoretical

Mikhailov and Öziçik (1984) presented a unified approach using partial differential

equations based on Fourier's and Fick's laws, to solve heat and mass diffusion problems.

The solution developed for a composite sphere with generalized boundary and initial

conditions was meant to be applicable to many cases without being limited to specific

products. It allows for the determination of temperature with respect to distance along

the radius and time. Due to the complexity of the solution, its derivation and presentation

is beyond the scope of this review.

The validity of solutions based on fundamental drying theories cannot be proven until

experimentally validated under a wide range of conditions on a small to large scale

(Kemp and Oakley 2002). Konovalov et al. (2003) reported on the development,

solution, and validation of a unified mathematical model incorporating a semi-empirical

temperature-moisture function based on convective drying of a thin layer. While this

model did provide accurate results, sophisticated rnathematical programming is required

as with the solution proposed by Mikhailov and Öziçik (1984). The validation accuracy

of the model is discussed in Section 5.3.3.
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Simplified

Guu (2003) presented a thorough discussion on drying process energy balances. In

drytttg processes, both sensible and latent heat transfer are involved with moisture

removal. Sensible heat is the heat needed to change the temperature and is normally

related to the specific heat of a substance. Latent heat is the heat needed to change the

phase of a substance (e.g. liquid to vapour). The proportion of latent heat is significantly

latger than that of sensible heat and is responsible for most of the energy costs for dryrng.

Leontieva et al. (2002) analysed the heat and mass transfer for an aqueous solution of

finely dispersed solid sprayed over the surface of an inert ceramic sphere. The mass

balances proposed take into consideration the dynamics that would occur within a dryer,

including the change in mass of product (e.g. water and solids) due to drying as well as

product exchange. The heat balances included the heat energy (i.e. convective)

transferred from the drying air and the portions of which required to raise the temperature

of the inert particle and product (i.e. sensible) and to evaporate the moisture from the

product (i.e. latent). While their proposed model included a series of equations to be

solved simultaneously, it was based on a simplified, gradientless approach to transport

phenomena. The equations representing change in product temperature and inert particle

temperature are provided by Eqns. 2.34-2.35:

+ = ;l-1, k ",, -,¡- 
t Q -''')

dr Cppsl \4'' 
s

dmn,o h rrf* .+) (2.34)
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where A¡o: surface aÍea of the inert particl,e; dmr,o: difference in mass of water; h¡r:

latent heat of vaponzation;,r: thickness of product layer, andt¡o: temperature of the

inert particle;

dt¡r: Ad,, (r_r\
dt ck, AnV -t* ) (2'3s)

where dt¡o: difference in temperature of the inert particle d¡o: diameter of the inert

pafücle; Cp¡o : specific heat capacity of the inert particle; pip : densrty of the inert

pafücle, and V¡o: volume of the inert particle.

Validation of the model was achieved at two levels, based on: 1) heat and mass

transfer kinetics on a single inert particle and 2) parameters of dry material and air

exhaust from an industrial dryer (Leontieva et a|.2002). The validation accrrracy of the

model is discussed in Section 5.3.3. The authors recommended that improvements to the

model should include provision for correction factors accounting for interaction of inert

particles in the spouted bed and the effect of the mixing regime.

As part of a model for the drying process in a spout-fluid bed, Costa et al. (2001),

developed a mass and energy balance for inert parlicles with a suspension layer. Similar

to Leontieva et al. (2002), the balance equation represents a dynamic system (i.e. solids

and air exchange) as would occur within a drying situation. Due to the small size of the

inert particles, temperature gradients within tlie particles were neglected. Although this

approach has been applied to individual particles or sections of the dryer, it is also valid

for an entire drying system (costa et al. 2001; Leontieva et ar. 2002).
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Grbavcic et al. (2004) used an overall energy balance to predict the performance of

drylng of slurries in a fluidized bed of inert particles. The energy balance is based on

ingoing and outgoing air, product, and moisture as well as overall losses in the system.

The validation accuracy of the model is discussed in Section 5.3.3. Divergences between

the predicted and experimental were attributed to possible unaccounted losses in the

system.

2.5.5 Suggestions for future research on drying with inert particles

The development and testing of thin layer models for the application of drying

granular products in conventional systems have been thoroughly investigated. More

knowledge, however, is required for the application of models to fluidized and spouted

bed drying systems. These systems are more complicated due to the dynarnics of the

fluidization of the particles. The inflow and outflow stages of the particles also require

consideration. The addition of inert particles adds further complexity due to the many

stages involved: delivery of the product; coating of the inert particle; drying of the

material on the inert particle; cracking of the material, and finally entrainment and

collection of dried particles in the outgoing air. Since these altemative drying methods

are being pursued for products such as fruits, vegetables, and other specialty plant

products of interest to the functional food and nutraceutical industries, it is also important

to understand the drying kinetics and characteristics of these products.
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Reproduced in part with permission from St. George, S.D. and S. Cenkowsl<t.2007.
Influence of harvest time on quality of oil-based compounds in sea buckthom
(I{ippophae rltamnoides L. ssp. sinensis). Journal of Agricultural Food Chemistry
5 5 (20) : 8 054- 8 06 I . Copyright 2001 Amencan Chemical Sociery.

3 INFLUENCE OF HARVEST TIME ON QUALITY OF OIL-BASED

coMPouNDS IN sEA BUCKTHORN (H. rhamnoidesL. ssp. sinønszs)

SEED AND FRUIT

3.1 Experimental determination of characteristics and bioactive compounds

3.1.1 Harvest and post harvest handling

Sea buckthorn berries ssp. sinenszs were manually harvested from five year old

shrubs at St. Claude, Manitob a, Canada, during the 2003-2004 harvest year. Undamaged

berries from 20 shrubs were collected in 200 glots to form a representative sample from

the orchard. The three harvest periods included early maturity (September), maturity

(early November), and post-maturity (January). The first severe frost (-24.2oC) occurring

on November 7, was selected as the point at which berry development may have ceased.

Bagged berries were frozen in a single layer in -40"C freezer storage, within 4 h of

being harvested. Once completely frozen (i.e. a minimum of 24hin freezer storage) the

berries were mixed to form one homogeneous pool for each haruest period. The berries

were bagged and kept frozen until required. Berries were thawe d at 4oC for 5 h prior to

testing. The literature reported that quick freezing and controlled thawi¡g resulted in less

ice crystal formation and physical change to berry structure (Feng et al. 1999; Reid

1e97).
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3.1..2 Temperature monitoring

The temperature was recorded at 15 min intervals from September 4,2003 to January

25, 2004, using a temperature data logger (model 0I-0192, ACR JR-1000 Series, ACR

Systems, lnc., Surre¡ Canada). The data logger was suspended in an instrument shelter

located in a row of shrubs in the orchard.

3.1.3 Berry and seed sizing

Berry sizing was represented by the mass of a randomly selected batch of 100 thawed

berries (go/o bernes), in triplicate (Tang and Tigerstedt 2001). The seed size was

measured as the mass of 100 seeds (g% seeds) after air drying at room temperature

(25"C) for 2 weeks, in triplicate.

3.1.4 Moisture content

Moisture content in mass percentage [o/o mass/rnass (w/w)] on a wet basis (wb) was

determined by the standard vacuum oven method according to the American

Organization of Analytical Chemists (AOAC) official method 920.151(AOAC 2002a).

3.1.5 Seed content in berries

The seed content was the mass of seeds in a sample of benies l% (wlw) wb] (Yang et

al. 2001). This evaluation was performed on nine 56 g fruit samples per harvest time.
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3.1.6 Colour factors

Colour measurements were conducted on berries from each harvest time, in triplicate,

with a Minolta Chroma Meter (model CR-410, Minolta Co. Ltd., Osaka, JupaÐ. The

Commission lnternationale d'Eclairage (CIE) laboratory colour system was followed

(Francis 2003). The CIELab scale measured the degrees of lightness (¿*) and hue fred or

green (+l-a*) and yellow or blue (+l-b*)l in a sample. The unit was calibrated for white

on a scale in which black is represented by Z*: 0 and white by L.: 100.

3.1.7 Sample preparation for bioactive compound determination

The seeds, pulp, peel, and juice each contained different levels of bioactive

compounds. To simplify the process, the fresh berries were separated into two fractions:

seed and fruit (pulp, peel, and juice), according to AOAC method 920.149 (AOAC

2002a). This preparation was performed in triplicate with three sub-sarnples to yield nine

15 g fruit and three 10 g ground seed fraction samples per harvest period. A triple

extraction based on the Folch method (Folch et al. 1951) using a chloroform:methanol

solution [1:2 volume:volume (v:v)] was employed for the fruit and seed fractions.

Extracted oil samples were diluted and stored in hexane, yielding concentrations of 100

and 500 mg/ml hexane for the fruit and seed fractions, respectively.

Total carotenoids

The determination of total carotenoids was based on a method proposed by Gao et al.

(2000). Solutions of fiuit and seed fi'action oil in hexane, 0.5 and 10 mg/mL hexane,
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respectively, v/ere prepared to achieve an absorbance within 0.2 and 0.8. Total

carotenoids were measured at 460 nm using a Spectronic spectrophotometer (model 3000

ARRAY, Milton Ro¡ Ivyland, PA). Quantification of amounts of carotenoids was based

on calibration with a B-carotene standard (type II synthetic, Sigma-Aldrich Canad a Ltd.,

Oakville, Canada). Total carotenoids were expressed in mgl100 g oil, B-carotene

equivalents.

Fatty acids

Fatty acid cornposition determination was conducted through analysis of fatty acid

methyl esters (FAMEs) prepared according to the American Oil Chemists Society

method Ce I-62 (AOCS 2000). FAMEs were analysed with a gas chromatograph (GC)

(model 17AAF, shirnadzu corporation, Kyoto, Japan) equipped with a programmed

split/splitless injector and flame ionization detector (FID). A fused silica capillary

column DB-23 (L:30 m, i.d. : 0.25 mm, d¡: 0.25 pm; J & W Scientific, Folsom, CA)

was used. The linear velocity of the carrier gas, hydrogen, \¡/as 0.5 m/s, with a split valve

ratio 1:80. The column temperature program included maintaining 155"C for 2 min,

increasing aI arate of 2"C/minto 215'C then holding for 1 min. FAMEs were identified

by comparison with retention data of a standard mixture 461 (NuChek Prep, Elysian,

MN). The fatty acid composition was expressed as Yo (w/w) of the total fatty acids.

Tocopherols and tocotrienols

Tocopherol and tocotrienol levels were determined following international Standards

Organization procedure 9936 (ISO 2004). These compounds were analysed using
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normal-phase high performance liquid chromatography with a Shimadzu 10AD

apparatus, a Shimadzu SIL-104 auto injector, and RF-l0AXL fluorescence detector

(Shimadzu Corporation, Kyoto, Japan). The excitation and emission wavelengths were

set a|290 and 335 nm, respectively. A 5 pm silica column (L:250 mm, í.d. :3.2 mm,

df : 5 pm; Phenomenex, Torrance, CA) was used for separation with 5o/o methyl tert-

butyl ether (MTBE) in hexane as the mobile phase. The oil-hexane solution injection

volume was 10 ¡tL at a flow rate of 0.8 ml/min for a 25 min run time. The identification

of individual tocol isomer peaks was performed by comparison with retention data of

standards (catalog number MTI072, MTl071, MT1073, and MTl790; MJSBiolynx,

Brockville, Canada). Quantification of tocol isomers was correlated to an external

calibration. Individual isomers were expressed as % (w/w) of the total and in mg/100 g

of oil.

Phytosterols

Sterols were analysed in saponified oil samples following a method proposed by

Yang et al. (2001). Samples containing the internal standard 5o,-cholestane (Sigma-

Aldricli Canada Ltd., Oakville, Canada) dissolved in MTBE were saponified at room

temperature with 2 mL of I N methanolic potassium hydroxide (KOH) solution for 18 h.

Water (2 nL), was added to the saponified samples and the unsaponified portion was

triple extracted with hexane. Upon removal of all water and solvent through nitrogen

evaporation, the residue was dissolved in 1 mL iso-octane and analysed for composition.
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Sterols were analysed using a Shimadzu GC (model 17AAF, Shimadzu Corporation,

Kyoto, Japan) with a DB-5 capillary column (L : 30 m, í.d. : 0.25 n'rn, d¡:0.25 ¡tm;

Restek, Bellefonte, PA). The column temperature program included maintaining 60"C

for 1 min, increasing at a rate of 40"C/min to 240'C, holding for 1 min, increasing at a

rate of 2"C/min to a final temperature of 300'C, and holding for 2 min. Hydrogen was

the carrier gas (2.2 ml/min) with the injector and FID temperatures set at215 and320"C,

respectively. Sterols were identified by comparison with retention data for standards of

campesterol (Sigma-Aldrich Canada Ltd., Oakville, Canada), B-sitosterol (SRL, Milan,

Italy), stigmasterol (SRL, Milan, Italy), cholesterol (Chemservice, Inc., West Chester,

PA), and 5u,-cholestane and quantified using the intemal standard. Individual sterols

were expressed as % (wlw) of total sterols and in mgll00 g of oil.

3.1.8 Statistical analysis

Statistical analysis was conducted using JMP IN Statistical Discovery Software (SAS

Institute, Inc., Cary, NC, 2001). Simple statistical parameters fmean, standard deviation

(^SD), and coefficient of variation Gnl were estimated for each of the physical

characteristics and bioactive compounds studied. Group differences on these traits were

established with one way analysis of variance (ANOVA) for equal variances and using

non-parametric methods (Wilcoxon/Kruskal-Wallis) for unequal variances. Significant

differences among rneans detected by ANOVA were compared using the Tukey-Kramer

Honestly Significant Difference (HSD) test with a probability of p: 0.05.
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3.2 characteristics and bioactive analysis with respect to harvest time

3.2.1 Temperature

The three harvest periods occurred during: September 4 to 8, 2OO3; November 9 to

12, 2003, and January 18 to 20, 2004. The mean dry bulb ambient temperatures for

September 4,2003 to January 25,2004 ranged from 17.7 to -76.3"C with temperatures

ranging from 34.0 to -35.2"C (Table 3.1).

Table 3.1 Mean, maximum, and minimum temperatures ('c) for the 2003-04
harvest period

Month

Maximum
Minimum

34.0
-3.4

z t.3
-10.0

9.2
-24.2

4.6
-30.8

-5.4
-35.2

September berries were flrm, easily removed from the branches, and at various stages

of ripening. Berry development and ripening continued throughout the mild fall until

early November. The November harvest was conducted at temperatures of --5.0oC,

which slowed the collection of intact whole berries. Freeze and thaw effects on the beny

structure, ripeness, and lack of abscission layer caused tearing of the peel of many

berries. Berries that remained on the shrubs for 10 additional weeks through winter

conditions were exposed to freeze and thaw cycles, temperature fluctuations,

precipitation, wind, and sunlight. The January harvested berries were collected at

temperatures below -20oc, resulting in easy removal of the frozenberries.
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3.2.2 Berry and seed sizing

The effect of harvest time on berry size was significant (p < 0.05) (Table 3.2). The

berry size for September (15.6 g%) was the lowest (p < 0.05) because of berry

immaturity. Berries increased in size as ripening progressed from September to

November (19.4 g%), with an insignificant decrease to 77.9 gYoin January (p > 0.05).

Differences in seed sizes were insignificant (p > 0.05), possibly because of early seed

development and protection from the elements by the berry structure. Berry sizes were

lower than the 21.8 to 34.2 g% reported by Tang and Tigerstedt (2001). As with b"rry

sizes, Tang and Tigerstedt reported consistently larger seed sizes of 1.4 and 1 .5 go/o as

compared to 1.0 g% (Table 3.2).

Variations between studies throughout this discussion may have been attributed to

differences in geographical location, climate, environment, harvest period, and berry

maturity. The experimental results and sample calculations for Sections 3.2.2 to 3.2.4 are

presented in Appendix 4.1.

3.2.3 Moisture content

Moisture contents for september, November, and January were: 77.8,75.g, and

75.8% wb, respectively (Table 3.2). The differences between harvest times were

insignificant @ > 0.05) possibly because of the large variation (SD : 2.Iyo) in berries

encountered for November. Values compared well in rnagnitude witli the 74Yo measured

by Ma and Cui (1987), however, were lower than those reported by Tang and Tigerstedt
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(2001) of 82.2 to 87.5%o. A larger size of the latter berries may have contributed to the

higher moisture content.

Table 3.2 Characteristics of sea buckthorn berries for different harvest times

Characteristic Harvest -orr¡6 
iuJ, tcl

November
Berry size
(g % benies)tdl
Seed size
(g % seeds)l"l
Moisture content
(% wb)ta

15.60 + 1.0

1.00 + 0.03

77.8 !0.0

7 .00 +.0.3

0.97 + 0.01

15.8 r2.1

5.9b + 0.1

0.99 + 0.02

75.8 + 0.1

T9.4'L0.6 77.9' +0.9

[a] n: number of samples.

[b] Means along a row with like letters are not significantly different at p : 0.05.
[c] +,SD, SD: standard deviation.
[d] g% berries : mass of 100 berries
lel g% seeds: mass of 100 seeds

[f] wb : wet basis

[g] w/w: mass/mass

3.2.4 Seed content in berries

Seed contents varied significantly (p < 0.05) between harvest times (Table 3.2). The

seed content was highest at 7.0o/o for the September berries, with a decrease to 5.9o/oby

November and an increase to 6.60/o by January (p < 0.05). The seed content trend across

harvest times was opposite to that for the berry size. This relationship was confirmed by

the increasing berry and consistent seed sizes. The seed contents were within the ranges

of 3.9 to 9.0o/o and 3.6 to 8.4%o, reported by Yang and Kallio (2001) and Yang et al.

(2001), respectively.

Seed content in berries 6.6" +0.3
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3.2.5 Colour factors

The effect of harvest time on CIELab factor a* was significant (p < 0.05) (Table 3.3).

Positive colour factors (a* and ó*) for each harvest period confirmed red and yellow

values in the fruit, respectively. Visually, a portion of the September berries had a green

colouring represented by lower values of a*. A 42.3% increase in a* occurred between

September and November. Factor a* (+ 20.2) was significantly higher þ < 0.05) for

November, possibly because of the processes involved with ripening: disappearance of

chlorophylls, major biosynthesis of carotenoids, and esterification of xanthophylls with

fatty acids (Mínguez-Mosquera et a\.2002). A 13.g% decrease in a* occurred between

November and January. Lightness factor, Z*, was highest in January samples at 47.2 and.

was significantly different (p < 0.05) from September samples at 45.2. The lightening of

the fiuit and decrease of a* may have been due to carotenoid degradation (Erickson

1997). The experimental results and sample calculations are presented in Appendix A.2.

3.2.6 T otal carotenoids

Fruit fraction

Means of total carotenoids in the fruit fraction for the three harvest periods were

significantly different (p < 0.05) (Table 3.4). The values ranged from a low in Septernber

of 498-l rng/l00goiltoahighinNovemberof 817.8ngll¡1goil. A 24.6%decreasein

carotenoids occured from November to January resulting in 616.8 mg/100 g oil.

Redness, ax, and carotenoid content followed the same trend. The 64.2% increase from

September to November was comparable to the 62Yo increase for whole berries (ssp.
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botanitjetskaia, trofimovskaja, and aromatnaja) obtained by Gao et al. (2000). The total

carotenoids compared well with the 500 to 1000 mgl100 g oil range (variety not

specified) reported by Xin et al. (1995).

Table 3.3 Colour analysis of sea buckthorn berries for different harvest times

CIELab factor Harvest mon

(+)red/Ogreen, a* 3 +1 4.2o +0.5 +zO.Zb +0.4 +I7.4" r0.5
+)yellow/(-)blue, å* 3 +35.7 + t.6 +36.7 +3.1 +39.7 +0.7

[a] n: number of samples.

lbl Means along a row with tike letters are not significantly different atp: 0.05.
[c] + 

^1D, ,SD: standard deviation.

Table 3-4 Total carotenoids in sea buckthorn fruit and seed fractions for different
harvest times, expressed in mg/100 g of oil

3 24.4 + 1.6 25.6 + 4.2 27 .6 + 3.5

Fraction ,rlal narvest month'-"Harvest monthtol' tc

[a] n: number of samples.

[b] Means along a low with like letters are not significantly different at p : 0.05.
[c] +SD,,SD: standard deviation.

Seed fraction

Total carotenoid levels in the seed fraction did not significantly change between

harvest times (Table 3.4). For seeds, the total carotenoid levels of 24.4,25.6, and27.6

rngl100 g oil fell into the lower range of 20 to 85 mgl100 g oil measured by Xin et al.

(1995). The experimental results and sample calculations for both fiuit and seed fractions

are presented in Appendix 4.3.



3.2.7 Fatty acids

Fruit fraction

Three major fatty acids, palmitic, palmitoleic, and oleic accounted for approximately

32.2,26.5, and I8.7o/o of the total fatty acids in the fruit fraction, respectively (Table 3.5

and Fig. 3.1). Yang and Kallio (2001) obtained similar results with palmitoleic and oleic

acids accounting for 27.2 and 17.1% of the total fatty acids, respectively. The compound

which accounted for 8.1o/o, was identified by other researchers as vaccenic (Yang and

Kallio 2001; Yang and Kallio 2002b) or cis-vaccenic acid (Kallio et aL.2002b; Pintea et

al.2001).

The fatty acid profile remained relatively stable between harvest times in the fruit

fraction. Significant changes included a lo/o increase (p < 0.05) in oleic acid from

November to January, while minor (s o.a'lr¡ differences (p < 0.05) occured for o,-

linolenic between all harvest times (Table 3.5). Zademowski et al. (1997) reported that

once berries (variety not known) tumed a yellow orange (mid-September), palmitic,

palmitoleic, linoleic, and o-linolenic acids were fully synthesized and remained relatively

constant for the remainder of the maturation period. Another study, in which berries

were collected at two week intervals, reported up to 72o/o variation in levels of oleic and

palmitoleic acids in whole berry oil in mid-October (Yang and Kallio 2002b). Linoleic

and s,-linolenic acids were also reported to be negatively correlated (Yang and Kallio

2001).
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Table 3.5 Fatty acids composition in sea buckthorn fruit and seed fractions for
different harvest times, expressed in mass percentage [%o mass/mass
(w/w)l of oil

Fatty acidtul
Retention tDl

time, min
Harvest -ott16lcJ'toJ

September November January

C16:0
Cl6:In7
C18:0
CI8:7n9
Unknown
Cl9:2n6
C18:3n3

1.89
8.10
10.16
10.37
10.46
10.85
tr.52

7.89
8.09
10.1ó
10.37
10.46
10.86
1 1.53

32.1 + 0.2
26.2 + 0.5
7.40 +0.1

18.8o'ó + 0.6
8.1 + 0.2
6.9 + 0.3
2.6o L0.3

Fruit fraction (n:9)t"l

32.2 +0.6
26.8 + 0.5
t.2b +0.0
18.2'+0.5
8.0 + 0.2
6.8 + 0.3
2.3b +0.1

Seed fraction (n: 3)

8.5 + 0.2
0.6 r 0.1

2.3 + 0.1

19.0 + 0.7
2.3 L 0.t

36.6b t0.7
28.9 + 0.8

32.2 + 1.1

26.5 + 0.8
l.3o +0.2
lg.2b +. 1.0
8.1 r 0.4
6.6 + 0.3
2.0'+0.I

C16:0
C76:ln7
C18:0
Cl9:ln9
Unknown
CI8:2n6
CI9:3n3

8.6 + 0.0
0.8 + 0.0
2.3 + 0.0
19.3 +0.2
2.3 + 0.0

36.2o +0.0
28.9 t0.3

8.4 i 0.2
0.7 + 0.i
2.3 *.0.2
19.9 + 0.6
2.3 + 0.0

36.40'b + 0.7

28.2 + 1.1

[a] C16:0: palmitic acid. C16:1n7 : palmitoleic acid. C18:0: stearic acid. CI8:1n9:
oleic acid. C78:2n6: linoleic acid. C18:3n3: u-linolenic acid.

[b] Retention times corelate with profiles provided in Figs. 3.1 and 3.2.

fcl Means along a row with like letters are not significantly different at p : 0.05.
ld] +.tD,,SD: standard deviation.

[e] n: number of samples.
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Figure 3.1 Fatty acid profile for sea buckthorn fruit fraction oil (November harvest).
Major fatty acids with respective retention times: C16:0, 7.89 min; CI6:Inl,
8.10 min; Cl8:0, 10.16 min; Cl8:7n9, 10.37 min; CI8:2n6, 10.85 min, and
C78:3n3, 11.52 min.
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Figure 3.2 FatQ acid profile for sea buckthorn seed fraction oil (November harvest).
Major fatty acids with respective retention times: C16:0,7.89 min; C76:7n7,
8.09 min; Cl8:0, 10.16 min; Cl8:7n9, 10.37 min; Cl8'2n6, 10.86 min, and
Cl8:3n3.11.53 min.
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Seed fraction

Three major fatty acids, linoleic, ø-linolenic, and oleic accounted for approximately

36.4,28.7, and 19.4o/o of the total fatty acids in seed fraction oil, respectively (Table 3.5

and Fig. 3.2). In sharp contrast to the fruit fraction, the seed fraction contained

approximately 8.5o/o palmitic and 0.7o/o palmitoleic acid. Harvest time had a negligible

effect (p > 0.05) on fatty acid concentration in the seed fraction. Seed fatty acid

proportions were in close agreement with the results reported by Yang and Kallio (2001).

However, as with whole berries (Yang and Kallio 2002b), variations in oleic acid content

in the seed fraction were reported (Yang and Kallio 2001). The experimental results and

sample calculations for both fruit and seed fractions are presented in Appendix A.4.

3.2.8 Tocopherols and tocotrienols

Total tocol concentrations ranged from 485 to 343 m{100 g oil and 262 to 217

mgl100 g oil for fruit and seed fractions, respectively (Table 3.6). A significant loss of

20.2% (p < 0.05) of total tocols in the fruit fraction occurred between November and

January. Kallio et al. (2002a) reported the range of tocols in ssp. sinensis fruit fraction,

400 to 700 mg/100 g oil, was2 to 3 times higher than ssp. rhamnoide,s and mongolica.

They also reported total tocol contents of 100 to 300mg/100 g oil in sinensis seeds.

A major proportion (91.4%) of fruit fraction tocols was comprised of a-T (79.3%), þ-

T3 (8.8%), and ô-T (3.3%). Signihcant changes (p < 0.05) in proportions included: a

I.4%o decrease from September to November (u,-T), a I.1o/o decrease from September to

January (ð-T), and a 0.8% increase from September to November (p-T3). Similar



proportions were reported by Kallio et al. (2002a) with changes in o,-T up to l0% within

a period from August to November.

Fruit fraction

September fruit fraction had significantly higher (p < 0.05) levels of cr-T, with

concentration (mgll00 g oil) losses of 12.9 and 19.5%iobetween September and November

and November and January, respectively (Table 3.6 andFig. 3.3). Significant losses þ <

0.05) were also noted from September to January for y-T, ð-T, and B-T3. The consistent

decreasing trend from September to January did not occur for minor isomers, B-T and o-

T3, which had slightly higher levels in November (p < 0.05). Maximum amounts of o,-T,

y-T, and õ-T were also reported for the oil of whole berries (cv. nadbaltycka) harvested in

September (Zademowski et al. 2003). The berries were of an olive-yellow colour

denoting under-ripeness as in this study.

Seed fraction

The isomers, û,-T, 0-T, y-T, ô-T, y-T3, and plastochromanol 8 (p-g) were detected in

the seeds. A major proportion (94.0%) of the seed fraction oil tocols was comprised of u,-

T (62.9%), y-T (26.0%), and B-T (5.1%) (Table 3.6 and Fig. 3.a). Effects of harvest time

were insignificant (p > 0.05) for isomer concentration in seeds. Lower proportions of u,-T

(30-50%) were repoded by Kallio et aL. (2002a) with changes in o,-T and y-T approaching

20%o within a period frorn August to November. The experimental results and sample

calculations for both fruit and seed fractions are presented in Appendix A.5.
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Table 3.6 Major tocopherol
and seed fractions

and tocotrienol concentrations in sea buckthorn fruit
for different harvest times, expressed in mg/100 g of oil

Tocol [u] Retention time tol,

min
Harvest month (2003-2004) tcj' tdl

September November January

s-T
p-r
y-T
ô-T
o-T3
p-r3

v-T3
ô-T3
Total

o-T

B-r
y-T
ð-T
P-8

v-T3
Total

6.83
8.87
10.84
15.62
7.8s
10.16
12.77
18.56

6.82
8.8s

r 0.81
1s.65
10.13
r 8.s6

3880 +42
10o r 1

9" +2
I8o t4
go +2
40o ¡5
10 +2
1+0

4850 +.53

272" +27
100+ 1

2"rl
gb +2

Ijo'b *2
31b +5
8+1
1+0

343b +34

158+5
12+0
68+1
I0 *2
3+0

i1+ 19

262 + 19

Fruit fraction (n:9) t'ì

338b + 43

72b +2
4b +l
I5o +2
12b +2
39o*4
9+2
1+0

430' + 53

Seed fraction (n:3)

139 +28
11+2

51 +tI
7t2
3+0
n/dtrl

217 + 42

156+4
14 L3
63 +2
7+0
3+0
nld

243L5

[a] o-T: o,-tocopherol. B-T: B-tocopherol. y-T : y-tocopherol. ô-T: ô-tocopherol. s-T3: o-tocotrienol. B-T3 : B-tocotrienol. y-T3 : y-tocotrienol. ô-T3 : ô-tocotrienol. P-8: Plastochromanol-8.

[b] Retention times correlate with profiles provided in Figs. 3.3 and3.4.
[c] Means along a row with like letters are not significantly different at p: 0.05.
[d] +SD,,SD: standard deviation.

[e] n: number of samples.

tf] n/d: not detected.
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Figure 3.3 Tocol profTle for sea buckthorn fruit fraction oil (November harvest).
Major tocols with respective retention times: a,-tocopherol, 6.83 min; B-
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Figure 3.4 Tocol profile for sea buckthorn seed fraction oil (November harvest).
Major tocols with respective retention times: cr-tocophero1,6.82 min; B-
tocopherol, 8.85 min;y-tocopherol, 10.81 min; ô-tocopherol, 15.65 miri;
plastochrornanol (P-8), 10.13 rnin, and y-tocotrienol, 18.56 rnin.
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3.2.9 Phytosterols

Over 20 phytosterols and terpenes have been identified in the oils of sea buckthom

fruit and seed fractions (Li et aL.2007; Yang et al. 2001). Phytosterols identified in this

study included cholesterol, campesterol, stigmasterol, and B-sitosterol (Figs. 3.5 and 3.6).

Other peaks were detected but were not identifiable due to limited standards and

incomparable spectra presented in other studies. A major proportion of the identified

phytosterols in the fruit and seed fraction was comprised of B-sitosterol.

Fruit fraction

Concentrations of B-sitosterol in the fruit fraction were significantly (p < 0.05) higher

in September (928 mgl100 g oil) with a 25.3% decrease to a low of 693 mgllO} g oil in

November (Table 3.7 and Fig. 3.5). Sirnilarly, a decrease was reported in levels of B-

sitosterol from August to November paired with a slight increase in campesterol (Yang et

al. 2001). Reported values of fiuit fraction phytosterol concentration ranged from 1030

Io 2870 mg/l00 g oil (ssp. sinensis and rhamnoides) and777 mgl100 g oil (ssp. sinensís)

(Yaonian et al. 1995). The content of p-sitosterol ranged frorn 61 to 83o/o (ssp. sinensis

and rhamnoides) (Yang et al. 2001) andSSYo (ssp. sinenszs) (Yaonian et al. 1995).

Seed fraction

Concentrations of B-sitosterol in the seed fraction did not vary significantly (p > 0.05)

from September (521 mg/100 g oil) to January (567 mgl100 g oil)) (Table 3.7 and Fig.

3.6). No significant effects (p > 0.05) of harvest time occured for total sterols and B-
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sitosterol in the seed fraction as similarly reported by Yang et al. (2001) for a harvest

time between August and November. Reported values of total phytosterol concentration

ranged from 1240 to 2300 mgll00 g oil (ssp. sinensis and. rhamnoídes) (yang et al.200I)

and from 1022 to 1298 mgl100 g oil (ssp. sinensir) (Yaonian et al. 1995). The content of

B-sitosterol ranged from 57 to 160/o (ssp. sinens¡r and rhamnoide.s) (yang et al. 2001) and

74o/o (ssp' sinensís) (Yaonian et al. 1995). Contrary to this study, total phytosterol

concentrations have been reported as being higher in the seed versus the fruit fraction (Li

et al.200l; Yang et al.200l; Yaonian et al. 1995). The experimental results and sample

caiculations for both the fruit and seed fractions are presented in Appendix A.ó.

Table 3.7 Phytosterol concentrations in sea buckthorn fruit and seed fractions,
expressed in mg/100 g of oil

Retention Harvesttoont@
timetul,min ffivember Janiarv

Cholesterol
Campesterol
Stigmasterol

B-sitosterol

Cholesterol
Campesterol
Stigmasterol

16.10
1 8.10
18.79
19.89

i 6.10
18.10
18.19

2+2
13+1

n/d
12 +2

1+)
14t1
1È1

Fruit fraction (n:9) tdl

4+.6 6*4 2+3
l9o+4 74b+2 l6o,b+2
7+4 4+3 g+g

928" +tg6 6g3b +105 723b +106

Seed fraction (n:3)

n/d L"J 
t1/d

F-sitosterol 19.89 521 + g 52g + 52 561+27

[a] Retention times correlate with profiles provided in Figs. 3.5 and 3.6.
[b] Means along a row with like letters are not significanily different at p: 0.05.
[c] +.!D,,SD: standard deviation.
[d] n: number of samples.

lel n/d : not detected.
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Figure 3.5 Phytosterol profile for sea buckthorn fruit fraction oil (November
harvest). Major sterols with respective retention times: cholesterol, 16.10
min; campesterol, 18.10 min; stigmasterol,IS.Tg min, and B-sitosterol, i9.89
min.

Figure 3.6 Phytosterol profile for sea buckthorn seed fraction oil (November
harvest). Major sterols with respective retention times: cholesterol, 16.10
min; campesterol, 18.10 rnin; stigmasterol,18.79 min, and B-sitosterol, 19.89
min.
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3.3 Conclusions on the influence of harvest time on quality

The influence of harvest time on quality of sea buckthom berries was investigated.

Whole berries were evaluated for colour, size, seed content, and moisture content,

whereas the individual fractions, fruit (included pulp, peel, and juice) and seed were

evaluated for bioactive content (i.e. total carotenoids, fatty acids, tocols, and sterols).

Changes that occurred with respect to harvest time varied depending on the physical

characteristic and oil compound. The individual mechanisms by which these changes

occurred are complex and were not identified in this study. Holever, these mechanisms

could have been divided into two main groups; those related to (1) fruit development and

ripening and (2) degradation due to post-maturity and climatic conditions.

Early maturity and maturity

Varying rates of biosynthesis and metabolic pathways may have attributed to the

differences in trends and levels between individual compounds during the fruit

development and ripening stage (from Septernber to November). The increase (15.6 to

19.  g%) in berry size between September and November reflected the growth and

development that occurred during the ripening stage. The size increase was due only to

the development of the fruit fraction as supported by the significant 1.1 % decrease in

seed content and consistent seed size.

Concentrations of major compounds, such as a,-T (388 mgl100 g oil) and B-sitosterol

(928 m{100 g oil) for the fiuit fraction were at their highest in under-ripe berries with

losses of 12.9 and 25.3yo, respectively, incurred during the ripening stage.
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Concentrations of these compounds as well as total carotenoids in seed oil did not

change. Biosl'nthesis of carotenoids in the fruit fraction during the ripening stage was

represented by a 64.2 0/o increase in total carotenoid concentration and a 42.3 o/o increase

in colour factor a* (redness). The fatty acid compositions for both the fruit and seed

fractions remained relatively consistent between September and November with only

slight differences (< 0.4%) occurring for Cl8:0 and Cl8:3n3 (fruit fraction) and C78:2n6

(seed fraction). The stability in seed oil bioactive content is representative of seed

development occurringat an early stage of berry development.

Post-maturity

Extended exposure to temperature fluctuations including freeze and thaw conditions

and environmental conditions such as precipitation, light, wind, and inherent pro-oxidants

would have occurred between November and January. This combined with tlie cessation

of chemical and physical reactions related to fruit development was associated with

significant losses in total tocols (20.2%) and individual isomers (i.e. o-T, B-T, y-T, õ-T,

B-T3), total carotenoids (24.6%), and colour le.g. o* (13.9%)l in the fìuit fraction oil.

The antioxidant activity of tocols and carotenoids in the berry may have contributed both

to their respective losses as well as the relative stability of the fatty acid profile. A slight

gain (< 1%) occurred in the proportion of C18:7n9 in the fruit fraction Based on this

study, harvesting during post-maturity resulted in overall lower quality of fruit fraction

oil. Compound degradation was limited to the fruit fraction because no significant

changes occurred in the seed fraction oil.
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4 THE INFLUENCE OF DRYING ON LEVELS OF BIOACTIVE

COMPOUNDS IN PULP AND PEEL OIL OF SEA BUCKTHORN

(H. rhamnoidesL. ssp. sinens¿s) BERRIES

4.1 Experimental determination of characteristics and bioactive compounds

4.1.1Harvest and post harvest handling

Sea buckthorn berries ssp. sínensis were manually harvested from four year old

shrubs at St. Claude, Manitoba, Canada, during February 2003. Undamaged berries were

collected from 75 shrubs in 1.3 kg lots to form one representative sample from the

orchard. Harvested frozen, the berries were cleaned of debris and mixed to fonn a

homogeneous pool of berries. The benies were bagged and kept frozen at -25'C until

required. Berries were thawed according to Section 3.1.1.

4.1.2 Fruit preparation

The berries were crushed using a tomato press (model Master, Rigamonti Pietro &

Figli, Vercurago, Italy) which yielded juice and press cake (seed and pulp and peel)

fractions. Only the press cake fraction was used for the remainder of this research. Two

types of samples were prepared from the press cake: a fresh and a drying sarnple. For

fresh sarnple preparation, seeds were removed manually fi'orn 28 g of press cake using

forceps. For the drying sample, a total volume of 240 mL of press cake was spread upon
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two non-stick drying sheets (model Teflex TF14, Excalibur Products, Sacramento, CA) in

six square 0.016 *'areas with 2.5 mm thickness. The drying sheets were supported upon

a fine wire mesh pan.

4.1.3 Drying trials

Convective drying of the fruit laden sheets was performed within an environmental

chamber (model IH-400U, Yamato Scientific America, Inc., Orangeburg, NY). Six

chamber temperature and relative humidity (RH) combinations: 50"C at 30.6 and 58.7%

RH, 60"C at 24.4 and 57.0o/o RH, and 70"C at 20.8 and 51.0% RH, were applied in

triplicate, resulting in a total of 18 drying trials. Relative humidity was monitored using a

humidity sensor (model HIH-4000, Honeywell, Freeport, IL) suspended within the

chamber. Air flow measured in preliminary drying trials for each of the drying

conditions using a digital anemorneter (model HHF300A, Omega Engineering, Inc.,

Stamford, CT), averaged 1 m/s a|0.25 m from the base of the chamber interior.

One 40 mL fruit section was spread on a non-stick sheet on a wire mesh tray

suspended from a scale (model Adventurer Pro, Ohaus Corporation, Pine Brook, NJ),

providing t0.001 g accuracy, located on the roof of the environmental chamber. Drying

time for each hial was selected based on the suspended sample achieving an approximate

moisture content of 7 .0o/o wb. Estirnation of the final moisture content was based on pre-

trials run at the same conditions. Drying data were recorded at 15 rnin intervals using a

data acquisition system (model HP 3421A, Hewlett-Packard Company, Houston, TX).

93



4.1.4 Moisture content and water activify

Moisture content determination as decribed in Section 3.1.4 was conducted in

duplicate according to AOAC's Official Methods 920.151 and 934.06 for the fresh and

dried press cake, respectively (AOAC 2002a). Water activity (ø,) was determined for the

fresh and dried seeded press cake and seeds using an a\¡, centre (Novasina, Pfaeffikon,

Switzerland). Calibration and determination was conducted according to the AOAC's

Official Method of Analysis 978.18 (AOAC 2002b).

The seed removal process of the dried press cake sections was conducted using a

blender (model LR47897, Osterizer, Sunbeam Corporation, Delray Beach, FL) and a seed

shaker (model RX-812) with a standard series of sieves (W.S. Tyler Company, Mentor,

OH). The dried press cake was gently threshed in the blender at the lowest setting for

short term intervals (1 to 3 s) repeatedly for 10 to 15 cycles. Seed damage was

minimized by covering the blades of the blender with lablfood grade tubing, (i.d. : 32

mm, o.d. : 64 mm, Nalgene, Rochester, NY). seeds were separated from the dried

threshed press cake using 203 mm o.d USA standard test sieves number: 6 (3.36 mm), 8

(2.36 mm), i0 (2.00 mm), 12 (1.70 mm), 14 (1.40 mm), and 16 (1.18 mm). The final

pulp and peel sample consisted of the seedless contents from all sieve pans except

number l0 16 % (w/w) of totall due to the large volume of seeds collected in that sieve.

The final pulp and peel sample was ground in a mill (model 6389-33, Oster, Sunbeam

Products, Inc., Boca Raton, FL) for 10 s, to produce particles of uniform size, -l mm.
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4.1.5 Colour factors

Colour measurements were conducted on fresh and dried samples, in triplicate, as per

section 3.I.6. The difference in colour (Aø) between the dried and fresh samples was

determined using Eqn. 4. 1 (Koyuncu et al. 2003):

LE=

where subscript "o" represents the fresh sample prepared from the press cake.

(4.1)

4.1.6 Sample preparation for bioactive compound determination

Bioactive compound determination was conducted for fresh and dried pulp and peel

samples. The bioactive compounds analysed included: total carotenoids, fatty acids,

tocols, and phytosterols. Detailed methods of oil extraction and bioactive compound

analysis are described in Section 3.1.7 . The only changes made to these methods include

the replacement of filters or programming for the fatty acid and phytosterol analysis. A

fused silica capillary column DB-225 (L:30 m, i.d. : 0.25 mm, d¡ : 0.25 pm; J & W

Scientific, Folsom, CA) was used with a split ratio of 1:20 for the fatty acid analysis.

The column temperature program included maintaining 155"C for 2 min, increasing at a

rate of 4"C/min to 215'C then holding for 4 min. A ZB-1 capillary column (L : 30 m,

i.d. : 0.25 mm, d¡:0.25 pm; Phenomenex, Torrance, CA) with a split ratio of 1:20 was

used for phytosterol analysis.
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4.1.7 Statistical analysis

Statistical analysis was conducted using JMP IN Statistical Discovery Software

according to Section 3.1.8.

4.2 Characteristics and bioactive compounds of fresh and dried pulp and peel

4.2.1Drying behaviour of press cake

The times associated with drying at the lower relative humidity level (i.e. 30.6,24.4,

and 20.8o/o RH) from a moisture content of 56.4 to approxim ately 7 .0%o ranged from 1 i .4

h at 50oC to 4.0 h at 70"C (Table 4.I). AI a chamber relative humidity of approximately

57.0 to 58.1o/o, drying times increased to 24.I h, 19.0 h, and 10.8 h at 50, 60, and 70"C,

respectively. During the drying process the press cake would have been dried from an

a*> 0.925 to 0.390-0.471. Refer to Appendix 8.1 foÍ a*, moisture content, and drying

time data. At higher relative humidity, drying rate was reduced resulting in longer drying

times, causing the material to pass through the intermediate av, zone, 0.5-0.8 for an

extended period. Several reactions (e.g. lipid oxidation, non-enzymatic browning, and

enzyme activity) can occur within this range of a,u (Yan Den Berg 1986).

4.2.2 Fresh seeded sea buckthorn pulp and peel characteristics

The three main constituents in fresh press cake included water (56.4%), pulp and peel

solids (35.4%), and seeds (8.2%). Prior to oil extraction, the seeded pulp and peel had a

moisture content of 43.3o/o, a,,, of 0.925, and oil content of 4.8o/o. The CIELab colour

factors, L*o, a*o, and bxo, were 50.8, 13.1, and 24.5, respectively, representative of a



bright orange colour (Table 4.2). Total carotenoids in the pulp and peel were 920.3

mgl100 g oil (Fig. 4.1). Palmitic, palmitoleic, and oleic acids claimed the three highest

proportions of fatty acids at 22.9,22.5, and 12.9o/o (Table 4.3). Total tocols amounted to

707 m!100 g oil withT6Yo attributed to o,-tocopherol (Table 4.4). Alltocol isomers were

detected except for ô-tocotrienol. The major phytosterol was B-sitosterol at 1370 mg[}}

g oil (Table 4.5).

Table 4.1 Drying and material conditions for dried sea buckthorn berry press cake

Temperature Relative
humidity tul

% (w/w) wbt"J
50
50
66tul

60
10
70

57.0+0.1
20.8+1.0
57.0+0.1

19.0+0.1
4.0+0.2
10.8+4.4

30.6+3.7 11.4+1.4
58.7+1.1 24.1+0.1

24.4+r.4Lb) 6.4+1.5tbl

8.0+1.1
6.8+0.9

6.7+O.4tbJ

6.4+1.4
6.011.4
7.9+0.4

0.463+0.05
0A28+0.02

0.390+o.o1tbl
0.410+0.02
0.407+0.05
0.471+0.03

[a] +.9D (n: 3) unless otherwise noted, ^gD: standard deviation.
[b] tsl) (n:2).
lc] M: moisture content.

ldl a*: water activity.
lel % (w/w) wb: Yo mass/mass (w/w) wet basis (wb).

4.2.3 Colour

Lightness and hue

Visually the dried pulp and peel appeared darker and less intense than the bright

orange of the fresh pulp. The darkening appearance was generally reflected by a

reduction in lightness, redness, and yellowness based on CIELab factors L*, a*, and b*,

respectively (Table 4.2). Factors L*, a*, and å* were significantly lower than fresh pulp



and peel for drying parameters, 50'c-30.6% RH (ø* only), 50c-58.7yoF.LL,60"C-57yo

RH, 70oc-20.8% RH (a* and L* only), and 70"c-57%F.Ír (p < 0.05). The colour values

of L*, a*, and b* at 60"C-24.4% RH were the closest to fresh of the six temperature-

relative humidity combinations. Refer to AppendixB.2 for colour analysis data.

Colour change

Minimal colour change occurred at the low relative humidity level for each drying

temperature as compared to the higher relative humidity level. Colour change value was

signifìcant for drying parameters 50c-58.7yo RH (AE :7.0),60"C-57.jyo RH (AE:

13.5), 70c-20.8yo RH (A¿:4.1), and 70'C-51.0%RH (LE:14.9) (p < 0.05) (Fß. a.Ð.

Dryrng parameter combinations ranked in order from least to greatest AE were: 60"C-

24.4% RH, 50"C-30.6% RH, 700C-20.9% RH, 500C-59.1% RH, 60"C_57.0% RH, and

70"c-57.0% RH.

Table 4.2 CIELzb colour factors in fresh and dried sea buckthorn pulp and peel

1.aau1*"rr¡ to.], tcJ

Factorlu] Freshtoj Dried
50'c 60'c 70"c

30.6% 58.1% 24.40/oLd) 5l.O% 20.8% 57.0%
L* 50.9o

+1.6
13.7'
+0.0

24.50't'

+0.4

4J.go'o 45.9t'
+1.5 +0.2
72.4b 10.5"
+0.1 +0.1

23.20'b'" 20.4'
+2.1 +0.1

49.20't' 41.9"
+0.3 +1.1
12.70'b g 3'l
+0.0 +0.1
25.6" r5.2't
L0.7 +0.6

47 .2b 47.5"
+1.4 +0.3
123b 9.5't
+0.3 È0.0
27.gt',' 73.5't
+0.8 *0.5

+

b*

la) L* : lightness . a* : (+)red/(-)green. óx : (+)yellow/(-)blue.
[b] Means along a row witli like letters are not significantly different at p: 0.05.
[c] +.fD (n: 3) unless otherwise noted, SD : standard deviation.
[d] +.lD (n:2).
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Figure 4.1 Total carotenoids for fresh and dried sea buckthorn pulp and peel

[a] +SD (n:3) unless otherwise noted, SD: standard deviation.

[b] +sD (n:2).
[c] Means with like letters are not significantly different at p: g.gt.

Effects of drying parameters

For press cake dried at 50"C, 58.7% RH had significantly different (p < 0.05) values

for a* (Table 4.2) and AE (Fig. 4.2) than the 30.6Yo RH dried samples. For 60 and 70oC

temperature levels, 57 .0% RH dried samples had significantly different (p < 0.05) values

of L*, a*, b* (Table 4.2) and AE (Fig. 4.2),lhan the sarnples dried at 24.4 and 20.8olo RH,

respectively. These results were reflected in the extreme darkening of the samples dried

at the high relative humidity levels. No comparable research was available for the effect

of relative humidity on product colour, howeveL, temperature effects were studied for

rosehips and mango pulp powder (Da Cunha et aL.2006; Koyuncu et al. 2003).

894.7
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Figure 4.2 Colour change Al9, between fresh and dried sea buckthorn pulp and peel.

[a] Means along a row with like letters are not significantly different at p : g.gt.
[b] +^tD (n:3),,SD: standard deviation.

[c] +^SD (n:2).

I(oyuncu et al. (2003) determined that temperatures > 60oC, reduced the drying rate

and browning of wild rosehips. Drying temperature of 70'C (20 h - drying time) resulted

in smallest LE, A.a, and Aå values based on the Hunter colour scale while 60'C (35 h -
drying time) yielded highest Z values. Temperatures of 30 to 50'C (> 500 to 90 h -
drying time) resulted in extensive browning, lowest I value, and highest decreases in a

value with 40'C having the largest Aã. The benefits related to a reduction in drying time

for 70oC may have outweighed the potential disadvantages related to a 10oC increase

frorn the 60'C trials. Similar to rosehips (Koyuncu et aL.2003),70"C was detemined as
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the optimum drying temperature for colour retention in mango pulp powder (Da Cunha et

al.2006).

Colour degradation of fruits and vegetables during drying may be due to pigment loss

or browning, attributed to both enzymatic and non-enzymatic browning reactions

(Krokida et al. 2001). Enzymes are deactivated at temperatures ranging from 60 to >

100'C and activity drops as ãvì approaches 0.2 (Van Den Berg 1986). The potential of

non*enzymatic browning, caused by 1) carcmelization of reducing sugars and vitamin C

or 2) Maillard browning, a reaction between amines (e.g. amino acids and proteins) and

carbonyls (e.g. sugars and flavours) also decreases as a* approaches 0.2 (Bell 2001;

Pokomy and Schmidt 2003). The combination of the moderately high temperature with

reduced drying times provided by 60"C-24.4o/o F.H, may have minimized oxidation and

both enzl,rnatic and non-enzymatic browning in the sea buckthorn berry pulp and peel

(deMan 1999; Nursten 1986). The 10'C difference in optimum temperature for sea

buckthorn and the other products (e.g. rosehips and mango pulp powder) may have been

due in part to differences in product composition and drying behaviour.

4.2.4 T otal carotenoids

Comparison of treatments

No significant difference in total carotenoid levels occured between dried and fresh

pulp and peel oils norbetween the oils of dried samples (p > 0.05) (Fig. a.1). Refer to

Appendix 8.3 for carotenoid analysis data. The extremely darkened samples at 70"C-

57%RH had carotenoid concentration levels closest to that of fresh. Upon oil extraction,

10r



dark compounds present in the dried pulp and peel were removed in water soluble

solvents leaving rich coloured oil, similar to fresh pulp and peel oil. This colour richness

in the oil was reflected in the carotenoid results. Similar to this research, Márkus et al.

(1999) reported favourable carotenoid retention in browned (i.e. carameljzed) red

peppers.

Effects of drying parameters

Regier et al. (2005) reported that carrot slices dried convectively retained lycopene

for drying air temperatures between 50 and 90"C at 8Yo RH and airflow of 4 m/s. Beta-

carotene loss (20% to 90"C) occurred for temperatures above 70oC, therefore decreasing

total carotenoids. Since temperatures above 70oC were not investigated in this research

on sea buckthom pulp and peel, it is not known if significant losses would have occurred

at higher temperatures.

The slight, yet insignificant increase (p > 0.05) in total carotenoids in sea buckthom

pulp and peel for 70"C-51.0o/o RH, may have been due to structural changes caused by

extended drying time at higher temperatures. Regier et al. (2005) attributed an increase

in carotenoid levels in car¡ot slices to enhanced extractability caused by structural

changes due to thermal treatment. Da Cunha et al. (2006) also reported that temperatures

> 70"C resulted in the highest carotenoid levels in mango pulp and peel. Although

Gutiérrez et al. (2008), did not determine carotenoid content, oil content was reportedly

higher in the convectively dried pulp and peel than in freeze dried samples. The higher
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oil content was attributed to cellular structure changes in the convectively dried samples

resulting in oil extractions two-fold higher than in freeze dried samples.

4.2.5 Fatty Acids

Comparison of treatments

Fatty acid composition of dried pulp and peel oils was not significantly different than

that of the fresh pulp and peel oil (p > 0.05) (Table 4.3). Refer to Appendix 8.4 for fatty

acid sample data. The only significance that occurred among means was that the

proportion of palmitoleic acid was greatest for 60"C-57.0yo RH at 26.I% and was

significantly different (p < 0.05) from 20.7o/o at 70"C-20.8% RH. The main factor that

can affect oil stability is oxidation, the rate of which can be influenced by temperature,

light, pro-oxidants (e.g. enzymes, minerals, and metals), and a* (deMan 19gg). At an a,,

of -0.2 to 0.3, oxidation is reduced to a minimum whereas at lower (< 0.2) and

intermediate a*'s (0.5-0.S) the oxidation rate increases as a result of increased activity of

catalysts. Polyunsaturated fatty acids tend to be more susceptible to oxidation than

saturated fatty acids (Litwinienko and Kasprzycka-Guttman 2000). Although palmitoleic

acid proportions were lower at 70"C, proportions of other polyunsaturated fatty acids,

oleic, linoleic, and cr-linolenic did not decrease. The lack of major differences in the fatty

acid profile between the oils of dried and fresh sea buckthom pulp and peel signified

relative stability during the drying process (Tatum and chow 2000).
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Table 4.3 Fatty acids composition for fresh and dried sea buckthorn berry pulp and
peel oil, expressed in mass percentage [7o mass/mass (w/w)] of oil

Treatment

Fatty Acidtul
500c 600c 70"c

30.6% 58.1% 24.4o/oLd| 51.0% 20.8% st.0%
C16:0

C76:ln7

C18:0

CI8:1n9

Unknown

C78:2n6

C78:3n3

22.9
+3.6

22.50'b
+.4.1

0.9
+0.1

12.9
+1.9
7.r

+1.1
8.0

+0.9
5.2

+0.5

24.8
+2.4

24.20'b
+2.0
0.9

+0.i
13.6
+1.1

7.2
+0.7
9.5

+0.7
5.9

+0.5

25.6
+1.ó

24.9o'b
+1.1

1.0
+0.1

14.T
+0.8
7.4

+0.2
r0.2
+1.6
6.5

+1.5

24.9 26.7
+2.0 +0.9
24.50'b 26.ro
+2.4 +0.9
0.8 1.0
+0.1 +0.0
13.1 14.0
+7.2 +0.3
LI 1.4
+1.1 +0.2
8.7 10.3
+0.7 +0.6
4.9 s.8
+0.6 +0.9

223 22.5
+1.1 +1.7
20.1b 2r.f'b
11.5 +1.0
1.0 1.0
+0.1 r0.2
13.8 13.9
+1.9 +1.6
6.8 6.9
+0.7 +0.3
I 1.0 1 1.1
+0.9 +2.5
7.5 7.8
+0.6 +2.1

Ia] c16:0: palmitic acid. c16:7n7 : palmitoleic acid. c18:0: stearic acid. clg:ln9:
oleic acid. Cl8:2n6: linoleic acid. C18:3n3: o,-linolenic acid.
Means along a row with like letters are not significantly different at p : 0.05.
+.lD (n: 3) unless otherwise noted, .ÎD: standard deviation.
*.1D (n:2).

Effects of drying parameters

Gutiérrez et al. (2008) reported that although peroxide values for convectively dried

(50'C) samples indicated that some oxidation did occur, lipid composition was not

significantly different between convectively dried and freeze dried sea buckthom berries.

Chan et al. (1997) reported that oven dried seaweed samples (60oC, 15 h - drying time)

had signifìcantly lower levels of polyunsaturated fatty acids than freeze dried samples,

attributing the loss in nutritive value to oxidation. The difference in composition between

seaweed and sea buckthom pulp and peel (e.g. level of antioxidants) may have influenced

tbl
Ic]
tdl
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stability. The presence of antioxidants such as vitamin C, tocols, and carotenoids in the

sea buckthom pulp and peel may have reduced the rate of oxidation (Cohen et al. 2000).

4.2.6 T ocopherols and tocotrienols

Comparison in treatments

Total levels of tocols ranged froml3T mgl100 g oil (50'C-58.7% RH) to 473 mgl700

g oil (70"C10.8% RH) (Table 4.4). Refer to Appendix 8.5 for tocol sample data.

Significant differences (p < 0.05) occurred between drying parameter combination 70"C-

20.8% RH and 50"C trials (e.g. 30.6 and 58.7Yo RH) for a,-tocopherol, B-tocopherol, and

total tocols. The drying parameter combination 70"C-20.8% RH was also significantly

lower (p < 0.05) than the fresh pulp and peel, 50oC trials, and 70"C-51% RH for B-

tocotrienol.

Effect of drying parameters

The 50"C temperature yielded best results in tocol concentrations, signifying that

degradation can occur to tocols due to temperatures > 50"C. This staternent was valid in

a comparison of samples dried at lower relative humidity levels (i.e. 30.6, 24.4, and

20.8% RH). Interestingly, however, ûrean tocol values were higher for the sarnples dried

at 51.0 or 58.7o/o RH for each temperature level especially 60 and 70oC. These samples

also exhibited a higher level of darkening, as previously discussed. Similarly, Márkus et

al. (1999) reported increased levels of tocopherols in browned (e.g. caramelized) dried
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red pepper. The specific cause of the possible retention or regeneration of tocols is not

known.

Table 4.4 Maior tocol concentrations in fresh and dried sea buckthorn berry pulp
and peel oil, expressed in mg/100 g oil

Tocolt^l
50"c

30.6% s8.7%_M ffi
+11 +16 +80

p-T 25o,b 26o 26o
+2 +5

y-T 30 32 36

ô-T

o,-T3

p-r3

v-T3
+5 +2 +5

ô-T3 n/d t'l nld n/d

Total 707o'b i73. 73lo
+10 +31 +105

r55 *90 +23 +66
lïo'b 22o,b

+3 t4
l6b 25o,b

+1 +4
24 32 22 34+5 +5 +5

66 7s 77
+3 *5 +g
476
+0 +3 +1

+2 +5
6s 66
t20 +15
32
+1 +2

+1 +g
52 68
*4 *11
23

+1 +3
350 340 340 2go,b 2gøb+3 +1 +4 +1 +4

24b 340
+2 +410101278ss

+3 +3 +0 +3
nld n/d nld n/d

54go't'

+84
6220'b
+123

473b

+31
6920,b

197

[a] o-T: u,-tocopherol. B-T: B-tocopherol. y-T: y-tocopherol. ô-T: ô-tocopherol. a_T3: s-tocotrienol. B-T3 : B-tocotrienol. y-T3 : y-tocotrienol. ô-T3 : ô-tocotrienol.
[b] Means along a ro\À/ with like letters are not significantly different at p : 0.05.
[c] *SD (n:3),,9D: standard deviation.
[d] +SD (n:2).
[e] n/d: not detected.

4.2.7 Phytosterols

No sigriificant difference in phytosterol concentration was determined between the

oils of the fresh and dried pulp and peel, nor arnongst the oils of the dried pulp a¡d peel
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(p > 0.05) (Table 4.5). Refer to Appendix 8.6 for phytosterol sample data. The lack of

difference in phytosterol concentration between fresh and dried samples could have been

due to coefficients of variation up to 18.2% or to the inherent heat stability of

phytosterols (Shahidi 2004). There was no comparative research available on effects of

drying on phytosterol quality.

Table 4.5 Phytosterol concentrations in fresh and dried sea buckthorn pulp and
peel oil, expressed in mg/100 g of oil

Treatment tu

Phytosterol
Fresht"l Dried

50"c
30.6% 59.7% 24.4yoL) 57.0% 20.go/o 57I%

Cholesterol

Campesterol

Stigmasterol

B-sitosterol

+7 +5
23 26
+i +2

JJ
+10
27
+1

n/dtdJ

1370
+20

30 23 24 31 30
+2 +2
25 27
+5 +5

+6 *2
23 23
+5 +1

nld nld nld n/d I nld
L2

1260 1300 1190 1240 t210 12s0
+50 +100 1140 +100 +230 +i0

f al Means along a row with like letters are not significantly different at p : 0.05,
[b] +.tD (n: 3) unless otherwise noted, ^!D: standard deviation.
[c] +.lD (n:2).
[d] dd : not detected.

4.3 conclusions on the influence of drying conditions on quality

An evaluation of different dryrng conditions on sea buckthom beny pulp and peel

resulted in varied effects on quality evaluation parameters (i.e. colour and levels of total

carotenoids, fatty acids, tocols, and phytosterols). Temperature and relative humidity

each had a significant effect on one or more of the evaluated parameters. Since samples

were dded to the same moisture content, drying time increased considerably with a

107



decrease in temperature or an increase in humidity level or both. The resulting decrease

in drying rate and subsequent extended exposure time contributed to the effects of the

dryrng conditions.

The best colour retention compared to fresh pulp and peel was achieved at a

temperature and relative humidity combination of 60'C-24.4% F{ÍI. A higher degree of

colour change due to darkening occurred for all other drying treatments including the

milder 50"C temperature level. The shorter drying time and 1OoC increase in temperature

would have reduced the possibility of enzymatic and non-enzyrnatic browning. Although

colour change in yellow to red food products is commonly attributed to carotenoid loss,

carotenoid levels remained relatively stable and the browned portion of the pulp and peel

was water soluble and not related to the oil.

At the lower relative humidity levels of 30.6 to 20.8%o RH, losses in concentration of

o,-tocopherol, B-tocopherol, and total tocols occuned at temperatures greater than 50oC.

However, relatively high concentrations of these compounds occurred at the 57 to 5g.7yo

relative humidity levels and coincided with a higher level of darkening. The reactions

that occurred during the browning of the pulp and peel may have contributed to the

retention or regeneration of the tocols. The slightly lower levels of palmitoleic acid in the

fatty acid profile at 70"C could be an indication that oxidation occurred. However, the

lack of change in other polyunsaturated fatty acids and the remaining portion of the

profile indicated stability. Phytosterol levels also appeared to remain stable between

di fferent dryin g treatments.
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5 MODEL FOR THIN LAYER DRYING ON AN INERT SPHERE

5.1 Experimental determination of drying kinetics

5.1.1 Harvest and post harvest handling

Sea buckthom berries QI. rhamnoídes L. ssp. sinenszs) were harvested and stored

according to Section 4.1.1. Prior to testing, a sample of 250 mL berries was thawed in a

thin layer for 5 h at 4"C.

5.1.2 Press cake preparation

The whole berry sample was crushed using a tomato press (Master, Rigamonti Pietro

& Figli, vercurago, Italy) yielding juice and press cake (seed and pulp and peel)

fractions. only the press cake was used for the remainder of this research.

5.1.3 Equipment and materials

The approach used to determine the drying kinetics of rnaterial on an inert particle

was based on single element drying (Pabis et al. 1998). An inert sphere, ten times the

size used in industry, provided enough rnaterial for mass change and moisture content

detennination. A volume of 40 mL of press cake, equivalent to a 2.5 mm layer, was

evenly applied to the inside surfaces of two halves of a 63.5 mm diameter strainer (Norco

Pro, Everett, WA). The strainer was hand compressed over the surface of a pre-heated
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polytetrafluoroethylene (PTFE) sphere, 50.8 mm in diameter, (Applied Plastic

Technology Inc., Bristol, RI) and gently removed leaving the press cake on the surface of

the sphere. The press cake laden inert sphere was suspended from a scale (Adventurer

Pro, ohaus Corporation, Pine Brook, NJ), providing +0.001 g accvracy, located on the

top of the environmental chamber (IH-400U, Yamato Scientific America Inc.,

Orangeburg, NY) as depicted in Fig. 5.1.

5.1.4 Press cake drying trials

The trials performed in triplicate were conducted at the dryrng temperatures and

accompanying relative humidities summarized in Table 5.1. As identified in Fig. 5.2,

mass of the press cake and inert sphere system (mryr), to¡,, temperature of the press cake

(to),temperature at the geometric centle of the inert sphere (t¡p-r), temperature of the inert

sphere inside surface (t,pu), and chamber air Allwere recorded at 15 min intervals using a

data acquisition system (HP 3421A, Hewlett-Packard Company, Houston, TX).

Temperature (+ 0.5"C) was measured using T-type thennocouples AWG30 (Omega

Engineering, Inc., Stamford, CT). Relative humidity (t 3.0%) was monitored by wet and

dry bulb temperature thermocouples built into the chamber and a separate humidity

sensor (HIH-4000, Honeywell, Freeporl, IL) suspended within the chamber. In pre-trials,

air flow was measured using a digital anemometer (HHF300A, Omega Engineering, Inc.,

Stamford, CT) and averaged 1 m/s at the location of the sphere.
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Figure 5.1 Schematic of experimental drying apparatus.
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Table 5.1 Environmental chamber drying settings

Temperature oC Relative humidity %

60

70

80

57

45

36

36

62

51

45

45

70

t0

51

57

ta¡r

RH

Figure 5.2 Schematic of inert sphere and press cake system. System includes hook
and thermocouples (not shown). Measured and recorded parameters include
kH : relative humidity; ffisys : mass of inert sphere and press cake system
(includes hook and attached thermocouples); to¡,.: temperature of the drying
air in the chamber; t¡o-r: temperature at the geometric centre of the inert
sphere; tip-, : temperature of the inside surface of the sphere, and tp" :
temperature of the press cake layer.

The trials were concluded once the suspended system mass differed by less than

+ 0.019 in a 30 rnin time interval. Another 40 mL sample was dried in a 9.8 mm x 9.8

mm x 2.5 mm layer on aflat teflon and glass nonstick sheet (Teflex TF14, Excalibur

Products, Sacramento, CA), placed on a wire mesh tray in the chamber for the duration of

two drying cycles to determine the equilibrium moisture content for every drying

condition. Three drying trials used to validate the model were conducted for temperature

and relative humidity settings of 55'C-55% RH; 65"C-45o/o RH, and 75"C-43o/oF.H.
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5.2 Development of the temperature prediction model

5.2.1 Semi-empirical analysis of the drying process

The approach taken for the determination of press cake temperature throughout the

drying process of a thin layer of material on an inert sphere included the analysis of the

energy balance across the press cake and inert sphere system (Fig. 5.3). Equation 5.1,

provided a balance between the incoming energy (q¡) and the energy expended as both

latent (qu,"n) and sensible heat (Qsensue) by the press cake and inert sphere system with no

energy generation.

Press cake

lnert padicle

Figure 5.3 Schematic of heat and mass transfer for the sea buckthorn press cake
and inert sphere system. The parameterc Qi,,: incoming heat energy) Qtarcnt: expended latent heat energy (press cake only), and Qsensi¡¡u: expended
sensible heat energy (inert sphere and press cake).

Q¡t=QInrcrt*Ssensibte (s.1)

Due to the heat and mass transfer processes changing with time, the steady state thermal

energy equations were solved for incremental time intervals (Az) (Eqn. 5.2):

A.r = r, - r,_, (5.2)

where subscripts (i-1) and (i) represented the beginning and end of each interval,

respectively, creating a step process.
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where Cpp"O : the specifìc heat capacity of the press cake at time i; L*o,o(,): the

moisture loss from the press cake for time interval Lr; m¡o: the mass of the inert sphere;

Tttpc(i) : the mass of the press cake at time i; t¡p¡: the temperature of the inert sphere at

time i; t¡p(¡-t): the temperature of the inert sphere at time í-l; tp"¡¡: the temperature of the

press cake at time i, and tpc(i-t): the temperature of the press cake at time i-1 .

To simplify the model it was assumed that the inert sphere temperature, ttp

(representative of both t¡p-¿ and t¡o-r), and tpc, wara approximately the same after an initial

wann-up period (Eqns. 5.3b-c):

An expanded form of Eqn. 5.1 is presented by Eqn. 5.3a:

h A (t.i, - t 0"1,-17) A" =

(o* o,o r,, h *) *fu 
o" <,> 

cP o"ç¡ Q p"çt - t p" t¡-r) * * o cp,o 
Q,o <,>- l,¡1,tr )

"ip(i) - 'pc(i)

1,01,-t¡ = I pc(i--t¡

h A (t.i,. - t p"(¡-t)) Lt - Am r,oe) h fc + t 0,1,-r, @ 0,1,¡ CP o,ç¡ + m,o Cp,o)

(s.3a)

(s.3b)

(s.3c)

(s.4)¿ pr(i) -
m pc(ù CP pc(i¡ + mip CPio

Equation 5 .4, a rearrangement of Eqns. (5.3 a, b, and c), was developed to predict trc¡¡

at every time interval. The solution for Eqn. 5.4 required the determination of several

parameters including heat transfer coefficient, h, Cppc¡¡, mp,(i), and Lmn,or,r. The values

of surface atea, A,latent heat of vaponzation, h¡g, m¡0, ãfld Cp¡oweÍe assumed to remain

constant tluoughout the trials.
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5.2.2 Model analysis and validation

A program developed using Matlab@ (The Mathworks, Inc., Natick, MA, 2004) with

an iterative time interval of I20 s for the 55"C trial and 60 s for the 65 and 75"C trials

was employed to generate temperature prediction data (Appendix C.1). Statistical

analysis was conducted using JMP IN Statistical Discovery Software. The statistical

parameters, coefficient of determination, 12, root mean square er::ol HMSE (Eqn. 5.5),

and residuals (Eqn. 5.6) were used to determine the fit of the predicted to the

experimental data:.

RMSE: 
[} å 

(/p"-.*pr¡) -,,"-,^,,,Yf'''

resicluals= Ë(ro.-*o r¡) -t p"-p,,¿<¡¡)

(s.s)

(s.6)

where tp¿-exp(í): experimental temperature of the press cake at time i; tpc-prert(i): predicted

temperature of the press cake at time i, and -Ày': number of observations. High values for

,t,lo* values of ilMSE, and non-pattemed residuals centered around zero were used to

represent a good fit. This assessment of fit was used for all models unless otherwise

noted.

5.2.3 Determination of model parameters

Heat transfer coeffi cient, lt

The goveming dimensionless corelations in the estimation of heat transfer

coefficient, /2, include the Nusselt number (Nu) (Eqn. 5.7), Reynolds number (Re) (Eqn.

5.8), and Prandtl number (Pr) (Eqn. 5.9) (Fryer etal.1997; Singh and Heldman 2001):
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where Cpoi, : specific heat capacity of the air; d : diameter of a body; ),o¡r: thermal

conductivity of air; p : viscosity of the air; paìr: density of the air, and z : velocity of

the air. A commonly employed correlation for estimation of convective heat transfer

coefficient used in conjunction with Eqns. 5.7 to 5.9 for gas flow past a single sphere is

provided in Eqn. 5.10 (Brodkey and Hershey 1998; Saravacos and Maroulis 2001; Singh

and Heldman 2001). This correlation is applicable for conditions in which 1<Re<70 000

and 0.6<Pr<400 (Singh and Heldman 2001).

Nt= åd
lo¡,

,.e- Pn¡,ud
p

p, = þ CPn¡'

Ln¡,

ll

Nu : 2.0 + 0.6 ReI Prl

(s.7 )

(s.8)

(s.e)

(s.10)

Fryer et al. (1997) also proposed a correlation (Eqn. 5.11) that was specifically developed

for foods containing two phases:

ll

Nu = 2.0 + 0.7 Ret Prj (s.1 1)

Transient press cake mass, ntpcg)

Formulation of a model to predict transient press cake mass, tTtpc(i)> was facilitated

using terms fortransient moisture content (M¡) (based on Eqn.2.1), transient moisture

ratio (MR¡i¡) (based on Eqn. 2.15), and dried press cake mass (mp,61) (Eqn. 5.12):

ffi oc(o\
ffipr(.f) = 

M Jl
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where l?xpcþ): initial mass of the press cake. Solving for mp"¡¡ using Eqns. 2.I,2.I5, and

5.12, resulted in the development of the moc¡¡model, Eqn. 5.13. Refer to Appendix C.2

for complete derivation of Eqns. 5.I2-5.13.

(s.13)

Determination of transient moisture ratio, MR6. Many empirical models and their

respective coefficients have been developed for the determination of time dependent

moisture ratio for specific products. The Lewis (Eqn. 2.20),Page (Eqn. 2.21),Henderson

and Pabis (Bqn.2.23), and logarithmic (Eqn. 2.25) models were selected based on their

simplicity and their acceptability for the modelling of olive press cake, a material similar

in composition to sea buckthom press cake (Akgun and Doymaz 2005; Celma et al. 2007;

Doymaz et aL.2004).

The experimental data accumulated frorn the drying trials listed in Table 5.1 were

analysed to detennine moisture ratio as expressed in Eqn.2.15. The coefficients a, c, k,

and n for the Lewis, Page, Henderson and Pabis, and logarìthmic models were

determined for each experimental trial using non-linear regression analysis and then

expressed in terms of the variables ftemperature ('C) and relative humidity in decimal

(dec.) form], using linear regression techniques.

Determination of equilibrium moisture content, Mo. Equihbrium moisture content

prediction rnodels recommended by ASAE Standard D245.5 (ASABE 2006) that include

effects of both temperature and relative humidity are the modified Henderson (Eqn. 5.1a)

lun,,r(ll,-u")+M"+tlffip,(¡)=Tffip"(ù
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(Thompson et al. 1968), modified Chung-Pfost (Eqn. 5.i5) (Pfost et al. l9l6), modified

Halsey (Eqn. 5.16) (Iglesias and Chirife 1976), and modified Oswin (Eqn. 5.17) (Chen

and Morey 1989):

(s.14)

M - --! tn | -Q.,,'* c) 
m nøl" BL E J

* _l -exp(E + B t,)le
lua "L lnRH j

no -( M lår",o- \
'""-(tl-Rr? ) 

,"rDLai,)

The constants B, C, and E were determined using a non-linear regression

on results accrued from the trials listed in Table 5.1.

(5. i s)

(s.16)

(s.17)

analysis based

Initial moisture content, Mo, and initial press cake mass, tîtpc@). Initial values for

moisture content, Mo, and press cake mass, ffipr(o), were determined experimentally from

the validation trial data.

Determination of moisture loss, Lm,r,o(,)

Assuming that all mass change is due to a loss of moisture, a determination of the

moisture removed for a given time interval (Lmo,o,l) (Eqn. 5.18) is based on press cake

rnass (Eqn.5.13):

A* oro(,) = m pc(i-.t) - ffi pr(¡)

-h(r -kH
EV",Jd
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where mpcQ-t): mass of the press cake at time i-l.

Determination of the specifïc heat capacity of sea buckthorn press cake, Cpp"ril

The transient specific heat capacity of press cake, Cpp"¡i¡, (Eqn. 5.19) was estimated

using the empirical equation proposed by Charm (1978) (Singh and Heldman 2001):

Cp o"ç¡ 
:2.093X 

r^,ro * i .256X::r(Ð + 4.181 X';,o() (s.1e)

where X'i., 
<,1 

: mass fraction of fat component at time i; X'i'", <o 
: mass fraction of solids

component at time i, andX'ij,o1i¡ : mâss fraction of water component at time i. The

transient mass fractions of fat, solids, and water and total mass of the press cake portions,

TTtpcaot(iþ are presented in Eqns. 5.20-5.23, respectively:

ffi p"- -fnt1/ lll

'L ¡t ¡i\ = m pc-tot (i)

m p"- rol

(5.20)

(s.2r)

(s.22)

vDt/L sol(i) -
m pc-rot(i)

v tìr m Pc-HrO(i)
" il.oti\ - ffi pc--tot(¡)

mpc-ror(i) = mpc-Jirt +mp"-rot +mpc-Ítzo(i) 6'23)

where înpc-fat : mass of the fat portion of the press cake, ftrpc-sot : mass of the solids

portion of the press cake, ¿¡¡d m o"_u,o(,) 
: mass of the water portion of the press cake at

time i. Although rflpc-farand ftl.pc-sotremained constant, mpc_Hro(i) and subsequently ftrpc-tot(i)

decreased throughout the drying process.
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5.3 Model parameter determination and validation

5.3.1 Preliminary selection or development of key parameters

Validation of the accuracy of the temperature prediction model (Eqn. 5.a) required

the preliminary selection or development of best fit correlations or models for key

parameters h, mpc¡i¡, and Cpp"¡i¡.

Determination of heat transfer coefficient, ft

Values for heat transfer coefficient, å, determined using Eqns. 5.10 and 5.11 were

15.7 to 15.8 and 18.2 W(m''K¡, t"spectively. The data used in the calculations are

provided in Appendix C.3. Because the air temperatures used in this research ranged

from 50 to 80oC, the values for å were lower than the 20 to 80 W(m2.I<) reported for

heat transfer coefficients in baking ovens (saravacos and Maroulis 2001).

Determination of transient mass of the press cake, ntor¡¡

Model and coefficient selection for moisture ratio, MR6l. The coefficients for

evaluated prediction models (Lewis, Page, Henderson and Pabis, and logarithmic)

provided by Eqns. 5.24 - 5.31

Lewis:

lc : 0.02562t n,, - 0.03 69 6 kH t ni,. + 7 .9326 kH - | .2124 (s.24)

lr = 0.0l908tn,, -0.03118RH tnr, +l5B52RH -0.9294

the

are

Page:
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n:0.01190tni, +0.00I462RH tni,. +0.1657 kH +0.2475

Henderson and Pabis:

a: -0.00223to,,. +0.01166RH t"i,. -0.7873RH +1.2633

lc = 0.029 57 t n,, - 0.041 58 RH t ni,. + 2.18 1 8Ãll - l .4lgl

logarithmic:

a : 0.0043t 
",,. 

+ 0.002298 RH t ni,. - O.l 1 4l RH + 0. 8 1 06

k :0.0I739tn,, -0.02494RH t"i, +0S936kH -0.51g5

c = -0.006I74t n,,.+ 0.003758 RH t ni,. - 0.4257 RH + 0.47 6g

(s.26)

(s.27)

(5.28)

(s.2e)

(s.30)

(s.31)

These coefficients are applicable for a start time of r : 1.33 h and an MR > 0.039, the

period during which steady state conditions (i.e. t6¡.and RÍI) and the first falling rate were

achieved for the trials. While all models showed pattemed residuals at some point during

the drying period, consistently high values for 12 and low values of RMSE were achieved

(Table 5.2). The Lewis and Page rnodels were selected as the best fit for the validation

trials, however, the Page model provided a smaller range of residuals for the validation

trial of 75"C-43o/o F.H. Model fitting and assessment summaries are provided in

Appendix C.4.
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Table 5.2 Statistical analysis of moisture ratio, MR, mod,el fït for validation trials

LAIT

OC dec.

Lewis

Page

Henderson
and Pabis

logarithmic

4T

25
15

4T

25
15

4T

25
15

4t
25
15

55

65
75

55

65
75

55

65
t5

55

65
75

0.55
0.45
0.43

0.55
0.45
0.43

0.55
0.4s
0.43

0.55
0.4s
0.43

0.9999
0.9999
0.9989

0.9998
0.9997
0.9998

0.9998
0.998s
0.9990

0.9969
0.9985
0.9989

0.0119
0.0112
0.0260

0.0117
0.0158
0.0110

0.0r74
0.0149
0.0120

0.01s2
0.0204
0.0089

la] t.o: temperature of the chamber air.
[b] All: relative humidity of the chamber air, decimal basis (dec.).
[c] N: number of observations.

Ld] ,t: coefficient of determination.
fe] RMSE: root mean square error.

Model and coefficient selection for equilibrium moisture content, M. The

coefhcients for the evaluated equilibrium moisture content models, modified Henderson,

modified Chung-Pfost, modified Halsey, and modified Oswin are summarized. in Table

5'3. Refer to Table C.4.3 (Appendix C.4) for data used in the detennination of

coefficients B, C, and E. The modified Chung-Pfost model provided best fit conditions

based on a high ,2, low value for RMSE (Table 5.4), and randomized residuals. This

model also provided a good fit forthe prediction of moisture content forproducts such as

mungbean (Chowdhury et al. 2005) and rough rice (Basunia and Abe 2000; San Martin et

al.2001).

122



Table 5.3 Equilibium moisture content, Mu, coeffrcients for validation trials

Modeltul Coefficient values
EBC

Modified Henderson
0.0621 0.1404 35.9872

Modified Chung-Pfost

M __ t ,n[-(r", +c)mnal 1t3.s66e t3'2336 12.6304
. BL E ]

Modified Halsey

^, -l -"xp(ø + n t",,)]I -2'1330 -0'0131 0'8791

ila^-l-l" L lnRËI -l

Modified Oswin
r 0 .1037 -0.0008 t.1417

M":(f#)- (E+8t",,)

[a] Model nomenclature: Mn : equilibrium moisture content of the press cake;
to¡,.: dry bulb temperature of drying air in chamber; Rll: relative humidity on a
decimal basis (dec.), and B, C, and -Ð: coeffìcients.
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Table 5.4 Equilibrium moisture content data for validation trials expressed in
[mass/mass (w/w)] on a dry basis (db)

r.lalLAIT

"C
RHTOI

dec.
M"-"rpLJ M"-o,"¿for models 1 -4tdi

55

65
75

0.55
0.45
0.43

0.0846 0.0711
0.0562 0.0418
0.0421 0.0338

0.0780 0.0699 0.0714
0.0458 0.0433 0.0436
0.0324 0.0350 0.0344

Statistical results between Mu-rro and Mr-r,r,t
o.gg3

RMSÈfJ 0.012s 0.0066 0.0086 0.0082

la) to,,: dry bulb temperature of air in drying chamber.

[b] All: relative humidity of air in drying chamber, decimal (dec.)

lcf Mu-^p: equilibrium moisture content of press cake.

ldl M"-p*¿ : equilibrium moisture content of press cake, predicted by models
where E, B, and C are predetermined coefficients.
Model 1 - Modified Henderson; Model 2 - Modified Chung-Pfost; Model
Modified Halsey, and Model 4 - Modified Oswin.

[e] 12 : coefftcient of determination.

Lfl RMSE: residual mean squared error.

Validation and analysis of transient mass of the press cake, ntpc(i). The values for

initial moisture content, Mo, and press cake mass, tltpc(o)t used in the determination of

transient mass of the press cake, mp"¡¡, are provided in Table 5.5. Both the Lewis and

Page based models provided a good fit for all validation trials (Figs. 5.4 and 5.6)

determined by high values of I ç0.598) and low values of RMSE (<0.48óx10* Lg)

(Table 5.6). In all cases, the predicted data were within 3.6 to 0.5o/o of the experimental

data.

Referring to residuals (Figs. 5.5 and 5.7), the Lewis based model slightly over-

predicted the values for 55"C, under-predicted the values for 65oC, and resulted in a

sinusoidal shaped curve for 75oC with residuals ranging frorn -0.524xi0-3 to 0.970x10-3

kg. The Page based model also slightly over-predicted the values for 55oC and under-

l-4,

J-
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predicted the values for 65"C. The residual pattern was less distinct at 75"C for the Page

predicted data and resulted in residuals ranging from -0.171x10-3 to 0.309x10-'kg. The

Page based model may be more applicable than the Lewis model for the 75oC

temperature trial. Guan et al. (2005) reported that although non-randomized residuals

were determined for a portion of the dryrng period for sea buckthorn leaves (dried at

temperatures between 50-100'C), eventually the prediction model did converge toward

the experimental data resulting in a good estimate of the final moisture content.

Table 5.5 Initial conditions for the temperature prediction model

Validation trialtur
vl v2 v3

rnpcþ) (kg)'o' 37.630x10-' 35.816x10-' 33.027xI0-'
Mo dbt"t 1337 r.314 r.4r4
tTtp¿-fat(kg)toj 1 .407x10-3 1 .356x10-3 1.199x10-3
mp,.,otG.g)t"l l4.695xlo-t r4.123x10-3 12.484x10-3

m pc-H2o(o) (kg)tfl 2l .528x10'3 20.336x 1 0-3 19 .344x70-3

cpp,r"iJ/(k8'K)1tel 2964 2952 3003
t,"rot f C)tt't 39.084 38.531 44.426

[a] Validation trial: V1 : 55'C - 55% RH; V2 : 65"C - 45% RH;
v3:15"c - 43% RH.

lb) mpr¡o¡: Initial press cake mass.

lcl M" db: Initial press cake moisture content, dry basis (db).

ld) mp"¡ot: Mass of press cake fat component.

le) mpc-sot: Mass of press cake solids component.

tf] m pc-H2o(o): Initial mass of press cake water component.

l9l Cpp"r"l: Initial specific heat capacity of press cake.

lh] tp,¡"¡ : Initial press cake temperature.
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Figure 5.4 Press cake mass based on the Lewis model.
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Figure 5.5 Residuals of press cake mass based on the Lewis model.
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Figure 5.6 Press cake mass based on the Page model.
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Figure 5.7 Residuals of press cake mass based on the Page model.
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Table 5.ó Fit of press cake mass, nrpcgþ model

Validation trial Model basis r¿Lat KMSÈol
x10-3 ke

55"C - 55% RH Lewis 0.9999 0.166
55"C - 55% RH Page 0.9998 0.195
65"C - 45%RH Lewis 0.9999 0.284
65oC - 45%RH Page 0.9991 0.427
75"C - 43%RH Lewis 0.9989 0.486
75oC - 43%RH Page 0.9998 0.221

lul ,t: coefficient of determination.

Lbl RMSE: residual mean squared error.

Table 5.7 Constants for the temperature prediction model

Parameter Value
Inert sphere/press cake surface aÍea, A (x70-'m') 9.78
Latent heat of vap onzation, hp @I03 J/kg)la 2258
Specific heat of inert sphere, Cp¡olJl(kg'K)1tul 1400
Mass of inert sphere, m¡r(kg) 0.148

[a] Incropera and DeWitt 1985.

[b] Dupont 1999.

5.3.2 Transient press cake temperature precliction model, tpc¡i¡

Initial conditions and constants used in the temperature prediction model aÍe

summarized in Tables 5.5 and 5.7, respectively. The determination of specific heat

capacity of the press cake, Cpp"¡i¡, is provided in Appendix C.5. A 155% difference in

heat transfer coefficient, /2, (between values determined by Eqns. 5.10 and 5.11), resulted

in a 1.4 to 3.0'C difference in press cake temperature occurring at r,:1.33 h with

temperatures eventually converging toward the experimental data. This frnding provided

an indication that the value of /z has an influence on the solution for press cake

temperature. Since Eqn. 5.11 provided results closer to the experimental data,
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h: 18.2 W(m2'f¡ was used in the remainder of this discussion. Refer to Appendix C.6

for press cake temperature results using the å vaiue determined by Eqn. 5.10.

A gradual convergence of the predicted to the experimental press cake temperatures

occurred for all validation trial conditions, however, the convergence was more apparent

at lower temperatures of 55 and 65'C (Figs. 5.8 and 5.10). Both the Lewis and Page

based models provided a good fit for the two lower temperature validation trials based on

high values of 12 (> 0.984) and relatively low values of RMSE (< 1.7'C) (Table 5.8). The

75oC temperature trial was not as well predicted according to fuMSE values of 3.1 and

4.I"C, for the Lewis and Page based models, respectively. Both the Lewis and Page

based models resulted in a general under-prediction of values for all validation trials,

except for the 65'C trial between 11 and 13.3 h (Figs. 5.9 and 5.11).

Residuals ranged from (3.1 to 0.1"c), (4.3 to -0.4"c),and(6.7 to 0.3"c) forrhe 55,

65, and 75oC trials, respectively, for the Lewis based model. Similarly, for the Page

model, residuals ranged from (2.9 to 0.1'c), (3.5 to -0.6'c), and (6.4 to -0"c) for the 55,

65, anð 75'C trials, respectively. Predicted temperatures using the Lewis based model

were within +5.0o/o of the experimental temperatures by 3.1,2.3, and 3.3 h for the 55, 65,

and 75"C trials, respectively. The Page based model resulted in slightly later drying

times of 3.3,3.0, and 4.5hal which the predicted and experimental temperatures were

witliin +5.0o/o for the 55,65, and 75oC trials, respectively. Residual patterns were

detemined not to be affected by tlie initial press cake temperature.
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Figure 5.8 Press cake temperature based on the Lewis model.
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Table 5.8 Fit of the temperature prediction model

Validation trial Model basis
mt.K

550C - 55% RH
55"C - 55% RH
65"C - 45%P*II
65'C - 45%PtÍI
75"C - 43%RH
75"C - 43%RH

Lewis
Page

Lewis
Page
Lewis

18.2

18.2

18.2
18.2
18.2
t8.2

0.98s0
0.9875
0.9929
0.997t
0.9943
0.9s74

t.2
1.3

1.4

1.1
3.1

4.r

Lal h: heat transfer coefficient.
lbl /: coefficient of determination.

lcl RMSE: residual mean squared error.

5.3.3 Applicability of the temperature prediction model

The accuracy achieved at the stage during which the press cake temperature

approached that of the drying air indicated potential for the application of the proposed

model to the prediction of thin layer drying on an inert sphere. During later drying

stages, the heat transfetred to the product is no longer being expended as sensible heat but

only as latent heat (Pabis et al. 1998). This is also when product degradation can occur,

therefore prediction of the onset of this stage is useful in quality control of the dryrng

process.

Suitability of this model for the prediction of product temperature at earlier drying

stages may have been influenced by the assumptions and models employed. The

assumption that the press cake temperature was equal to tliat of the inert sphere soon after

drying began was applicable to the situation for which this rnodel was developed (i.e.

inert sphere size 4 to 8 mm in diameter). In the experimental situation, the 50.8 mrn

diameter inert sphere was determined to have a Biot number (Eqn. 2.8) equal to 1.59-1.85
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(Appendix C.3) which is within 0.1 to 40, the ran9e in which a temperature differential is

possible between the surface and the centre of the inert sphere. The temperature

difference between the press cake and the centre of the inert sphere for each validation

trial is provided in Fig. 5.12. Based on the temperature differentials being within l"C

between the start (r: 1.3 h) and finish time for both the 55 and 65oC trials, the

assumption used in the model would be valid. However, for the 75"C trial the

temperature differential varied between 1.2 and 3.5'C and was not within 1"C until -7.1

h. While inert sphere temperature may have had pafüal impact on the experimental

temperature data, especially at higher drying temperatures (75oC), other parameters such

as heat transfer coefficient may have influenced the final results. Due to the good fit of

the predicted press cake mass values, the models involved with the determination of mass

were deemed to not have significant influence on the predicted temperatures.

Visually, drying temperature prediction was most accurate towards the later part of

each analysis period. However, differences between predicted and experimental

temperature of the press cake did not exceed -10% at any time for the 75oC trial and

were less than 8 and 7Yo for the 65 and 55'C trials. The simplified approach to drying

modelling used in this research also achieved comparable accuracy in other applications

(Grbavcic et al. 2004; Leontieva et aL. 2002).

Prediction accuracies of 7.5 and 8.5o/o were reported for the analysis of moisture

content of aqueous suspensions dried on an inert particle in lab-scale and industrial trials,

respectively (Leontieva et al. 2002). The performance of a fluidized bed of inert particles

fbr the drying of a variety of slurries was predicted with mean absolute deviations
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between experimental and calculated values of 5.8% while 85o/o of the data was within

+10yo (Grbavcic et al. 2004). Although, the model developed by Konovalov et al.

(2003) was more theoretically based, similar prediction accuracies were reported. The

model was validated for several products (i.e. meat processing sludge, heavy com steep

water, gelatin, starch, sugar, salt, combined latex emulsion, P-salt, gamma acid,

dispersing and bleaching agents). Differences between simulated and experimental results

for temperature, moisture content, and drying time did not exceed 10olo.

o 55"C-55% RH
r 65"C-45% RH
t 75"C-43o/oRfl

9n13
Time ( h)

T7

Figure 5.12 Experimental temperature differential between the press
cake and centre of inert sphere at different drying conditions.
[a] Temperature differential : tp, - t¡p_¿, tpc: temperature of the
press cake, and t¡o_r: temperature at the geometric centre of the
inert sphere.
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5.4 Conclusions of model analysis

A semi-empirical model for the temperature prediction of a thin layer of material

dried on an inert sphere was developed, solved, and validated. The model was developed

based on simple heat and mass balance equations. Solving the model required the

selection of models and equations for the determination of moisture ratio, equilibrium

moisture content, heat transfer coefficient, and specific heat capacity. Once fully

developed the model was validated using trials conducted for temperature and relative

humidity settings of 55"C-55% RH, 65"C-45o/o RH, and 75"C-43o/oF{H.

The determination of moisture ratio was based on the Lewis and Page models and the

equilibrium moisture content on the modified Chung-Pfost model. These equations

embedded within the model allowed for the accurate determination of press cake mass.

The Lewis and Page based models provided a good ñt (r2>0.999 and RMSE<O.427x10-3

kg) of experimental data at both 55 and 65"C, however, the Page model provided the

better frt al75"C, due to less patteming of the residuals. The Lewis and Page rnodels both

slightly over-predicted the results for 55oC and under-predicted the results for 65'C.

Two equations were employed for the determination of heat transfer coefficient and

the 15.5Yo difference between the final values resulted inI.4 to 3.0"C difference in press

cake temperature at the start of the analysis period. Although press cake temperatures

were under-predicted and did eventually converge toward the experirnental temperatures

for both calculated coefficients, heat transfer coefficient was noted to have an influence

on the solution for press cake temperature. A gradual convergence toward experimental
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values occurred at all temperature and relative humidity conditions, however, was most

apparent at the lower temperatures of 55 and 65oC. While predicted temperatures did not

exceed +l0o/o of experimental values, all values were within 5%by 3.1,2.3, and 3.3 h for

55,65, and75"c (Lewis model) and 3.3, 3.0, and 4.5 h for 55, 65, and75"c (page

model).
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6 CONCLUSIONS

The generai conclusions for this thesis work were summarized as follows:

No significant difference occurred between harvest times for the parameters (i.e. seed

size and bioactive content) measured for the seed fraction of sea buckthom berries. This

may be an indication that the development of the seed (including oil composition)

occurred early in the fruit development stage, prior to early maturity as tested in this

research. Therefore for optimum seed quality, berries can be harvested at any point

during the evaluated period (early to post-maturity). Conversely, harvest time did have a

significant effect on the fruit fraction of the berries. Major compounds, o,-tocopherol and

B-sitosterol at levels of 388 and 928 mg/100 g oil were highest at early maturity,

signifying early synthesis. Due to complete fruit development and ripening, highest

levels of measured parameters: berry size (19.4 gyo), redness (+20.2), and total

carotenoids (817.8 rng/l00 g oil), occurred at maturity. Harvest at post-maturity resulted

in an overall lowerquality of fruit fraction oil due to losses ranging from13.9%o (ax) to

20.2% (total tocols mainly athibuted to o-tocopherol), and 24.6% for total carotenoids.

Time of drying of press cake to an approximate content of 7o/o wb ranged from24.Ih

at 50'C-58 .7% RH to 4.0 h at 70"C-20.8% RH. As with harvest tirne, drying conditions

also exhibited varying effects on different quality parameters. In the case of lower

temperatures or higher humidities or both, decreased drying rates and increased exposure

time occurred, contributing to the effect of the drying conditions. The sample dried at

60"C-24.4o/o RH had a drying tirne of 6.41'¡ and the best colour retention (LE :2.0) as
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compared to fresh pulp and peel. The improvement of colour retention at this level

compared with the lower temperature condition of 50"C-30.6%F.tI may have been due to

the deactivation of enzymes or a 5 h decrease in drying time or both. Increasing the

relative humidity to 57.0-58 .7% F.LI resulted in significant darkening (LE : 7.0 to 14.9)

of the pulp and peel. This darkening did not coincide with a loss of carotenoids but

instead with improved retention or regeneration of q,-tocopherol, p-tocopherol, and total

tocols at temperatures ) 50"C. The fatty acid profile remained quite stable between

different drying conditions with only a slight decrease in palmitoleic acid levels at70"C.

Concentration of sterols also remained stable, although as with tocols, large variations

(< I8.2%) between individual samples may have influenced the results.

To enable the analysis of an unsteady state condition using the proposed temperature

prediction model, an iterative time step process was employed. This process allowed for

the determination of the transient mass of the press cake and dependent parameters,

transient specific heat capacity of the press cake, and the loss in moisture during each

tirne interval. The Lewis or Page model (moisture ratio) in conjunction with the Chung-

Pfost model (equilibrium moisture content) were used to provide an accurate prediction

(0.9989 . 12 < O.gggg) of transient mass of the press cake. The values for the transient

temperature of the press cake were not as accurately predicted at early stages of the

drying period resulting in differences of up to t10, 8, and 7o/o for rhe75,65, a¡d 55oC

trials. As drying progressed beyond 3.1-4.5 h within the first falling rate period,

predicted values improved to within 5Yo of the experimental values. Discrepancies in

temperature prediction may be attributed to other parameters such as heat transfer

coefficient, the value of which was determined to have an influence on the solution.
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7 RECOMMENDATIONS FOR FUTURE WOR.K

Several recommendations can be offered for each of the phases investigated in this

research either for the improvement of accuracy, for the applicability to other products or

situations, and for the expansion ofresearch scope.

Within phase I (Chapter 3), an investigation into the berry quality at smaller time

intervals between early maturity and full maturity would assist in the determination of the

optimal harvest time. This research conducted for several locations within the Prairies

(or within Canada) as well as over a series of years would assist in evaluating the effect

of location and climatic conditions on the quality of fruit. This quality research in

conjunction with further work in non-winter harvest techniques would contribute greatly

to the sea buckthom industry.

Due to interesting results within phase II (Chapter 4), several recommendations can

be made. For products exhibiting variability, such as sea buckthom beny pulp and peel,

number of replicates should be investigated and optimized to ensure good accuracy of

results. Accurate detennination of number of replicates prior to experimentation is

important due to the cost and time involved with the preparation and bioactive testing of

specialty products. Extra tests (for the determination of oxidation, Maillard browning,

non-enzymatic and enzymatic reactions, and antioxidant capacity) could provide insight

as to wliy certain compounds were preserved and others degraded. This knowledge

accompanied by further experimentation with a greater range of drying temperatures and

humidities can provide knowledge on how specific compounds can be optimized or
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enhanced using the drying process. This is especially useful when a processing system is

aimed at the extraction of a specific compound.

Within phase III (Chapter 5), since many of the parameters used in the model were

based on recommended values or equations and models, improvements in model

accuracy may be possible through the accurate assessment of product and fluid

properties. These properties include specific heat of the product as well as the inert

sphere, equilibrium moisture content of the product, heat transfer coefficient of the drying

fluid, and the latent heat of vaporization. A sensitivity analysis would also indicate

which factors should be further investigated to reduce the influence of uncertainty on the

analysis. An example in this research includes the specific heat capacity of the press cake

that was assumed to only vary with moisture content, however, several equations are

available for the determination of specific heat based on temperature. This requires

knowledge of the solids composition (e.9. protein, ash... etc.) of the product.

The model based on the 50.8 mm diameter inert sphere should be validated using a

series of smaller inert spheres, to determine if inert sphere size had an effect on the

accuracy of the model. This model should also be investigated for application of other

products such as liquids, sluries, and pastes. Finally, if irnproved rnodel accuracy is

achieved on an individual sphere basis, validation trials could be conducted in an actual

spouted bed or fluidized bed drying system with inert particles.
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Appendix 4.1 Physical characteristics of sea buckthorn berries

Table 4.1.1 Berry and seed size data (coordinates with Table 3.2)

Harvest month Sample Berry sizetul Seed sizetbl
(g% berries) (e% seeds)

September

November

January

1

2
J

Mean
sDt'l

CV,Yorct
1

2
J

Mean
SD

cv,o/o
1

2
J

Mean
SD

cl/, o/o

16.42s
t5.925
14.508
rs.6t9
0.99s
6.37

18.929
19.240
20.086
19.4r8
0.599
3.08

t7.102
17.772
18.919
17.93r
0.919
5.13

0.978
r.014
0.971
0.981
0.023
2.33
0.958
0.976
0.987
0.974
0.014
r.44

1.00s
0.969
1.022
0.999
0.027
2.70

[a] Berry size : mass of 100 berries.

[b] Seed size: mass of 100 seeds.

[c] SD: standard deviation.

ldl C't/: coefficient of variation.

Sample calculations for Table 4.1.1: fMean, ,SD, and CV for berry size - September]

1) Mean berry size using Eqn. A.1a:

Mean =
iu"oy sizelr1
P=l (4.1a)

where berry size¡o¡: berry size for samplep;

samples.

n

p: sarnple number, and n: number of
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16.425 +15.925 +14.508
lvlean = 

-

^

3) Standard deviation 
^9D 

of beny size using Eqn. A.lb:

l,*

lI(0"* sizelo¡ - vean)
sD = 1l '='I n-l (A.1b)

where ^SD 
: standard deviation of berry size; Mean : mean berry size; berry size¡o¡:

berry size for sample p; p : sample number, and n: number of samples.

cn _ lçtø.+zs -ts.61Ð'z + Q5.925 -ts.61Ð'z + (+.SOS -15.619)?
\l ,-,

4) Coefficient of variation CV for berry size using Eqn. A.1c:

CV = SD 
"100Mean

(4.1c)

where CV: coefftcient of variation for berry size; ,SD : standard deviation for berry

size, and Mean: mean value for berry size.

CV : o'995 *too
t5.619
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Table 
^.1.2 

Moisture content, M, data (Coordinates with Table3.2)

Harvest month
September November January

Sample
mi, gLu

*f, gloj

Mt, %o (w/w) wbt"l
Sample 2

m¡g
mf, g

Mz,o/o (w/w) wb

Mean, % (wlw) wb
SD,o/o (w/w) wbtdl

C't/. YoL"i

15.16s4
3.3806
77.84

15.256r
3.3869
77.80

77.82
0.03
0.04

15.3120
3.9229
74.38

t5.t926
3.4487
77.30

7s.84
2.06
2.72

15.0189
3.6256
15.86

15.3248
3.7rr7
75.78

75.82
0.06
0.08

laf *t: initial mass of sample.

lbl *¡: final mass of sample.

Lc] M: moisture content for sample I, o/o masslmass (w/w) on a wet basis (wb).

[d] .SD: standard deviation.

le) CV: coefficient of variation.

Sample calculations for Table A.1.2: lMt - September (samplel)l

1) Moisture content, M, ona wet basis (wb), using Eqn. A.1d:

M

where m,: initial mass of sample;

content wb.

Mt:

m,.: frnal mass of sample, and M: moisture

15.1654g -3.38069

m, -m,.= ' , xl00
Tfl¡

(A.1d)

x 100
t5.1654s

Refer to "Sample calculations for Table 4.1.1" in Appendix 4.1 for Mean, SD, and CV.
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Table 4.1.3 Seed content (Coordinates with Table3.2)

Harvest month
November

Sample 1

Sample 2

Sample 3

Sample 4

Sample 5

Sample 6

Sample 7

Sample 8

Sarnple 9

lTlberries>

mr".d., glbl
56.00
3.94
7.04

56.01
3.89
6.95

s6.03
4.16
7.42

s6.00
3.93
7.02

s6.06
3.79
6.76
s6.06
3.14
6.67

56.06
3.90
6.96

s6.03
3.90
6.96

56.03
4.20
7.s0

7.03
0.27
3.84

56.03
3.23
5.76

s6.01
3.34
s.96
56.02
3.47
6.19
56.0s
3.26
5.82
56.00
3.36
6.00
56.03
J.3 I

6.01
s6.04
J.JJ

5.94
56.03

3.21
5.84
56.00
3.24
5.79

5.92
0.14
2.36

Jan

56.05
3.47
6.r9
s6.00
3.65
6.52

56.01
3.s9
6.41

56.00
3.72
6.64
56.04
3.81
6.80

56.00
3.84
6.86
s6.04
3.61
6.44
s6.02
3.63
6.50
s6.06
4.07
7.26

6.62
0.31
4.68

SC,Yo (w/w)t'l
lTlberriesr I
lllseedsr I

SC,Yo (w/w)
lflbeoies, I
lIlseeds, I

SC,Yo (w/w)
IïIberries, I
IIìseedsr I

SC,Yo (w/w)
lflbe..ies, I
IIìseeds, I

SC,Yo (w/w)
fllbeoies, I
lIlseeds, I

SC,Yo (w/w)
lllberries, I
lllseeds, I

SC,o/o (w/w)
fllben.ies, I
lTlseeds, I

SC, o/o (w/w)
lllbenies: I
lTlseeds, I

SC,o/o (w/w)

Mean, % (w/w)
SD,Yo (w/w¡ tal

CV, o/o|"l

lal m6n,.,.¡nr: mass of fresli berry sample.

lbl mruu¿r: mass of seeds in fresh berry sample.

[c] SC : seed content for sample 7, o/o masslmass (w/w) of seeds in fresh fruit sample.

[d] SD: standard deviation.

le) CV: coefficient of vadation.
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Sample calculations for Table 4.1.3: ISC- September (sample 1)]

1) Seed content,,SÇ using Eqn. A.1e:

,SC = 
ffi'""d xl00 (A.ie)

ffi berrìes

where ffibu,i"s: mass of berry sample; ffi,",d: mass of seeds from original beny

sample, and,SC: seed content (i.e. mass ratio of seeds in fruit sample).

,sc,:ffi.too

Refer to "Sample calculations for Table ,A..1.1" in Appendix 4.1 for Mean, SD, and CV.
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Appendix 4.2 Colour analysis for sea buckthorn berries

Table A.2.1Colour analysis data (Coordinates witli Table 3.3)

Month
/sarnple

Sept Slt"r
Sept 52
Sept 33
Mean
sDt'l

CV, Yotd)

Nov 51

Nov 52
Nov 53

Mean
,SD

cv, o/o

Jan S1

Jan 52
Jan 53
Mean

,SD

CI/,YO

rù
L "'.ç.ç,

SS l LUI SS2 SS3

4s.s0 45.41 4s.36
45.92 4s.88 45.86
44.50 44.35 44.33

44.67 44.65 44.70
46.73 46.51 46.41
45.19 45.16 4s.t3

SS1

t4.19
14.03

13.68

a*ssp

46.84 46.76 46.69
47.20 47.r7 47.17
41.7r 47.64 41.67

SS2

t4.75
14.08
13.79

Colour factorsLuj

al
bl
cl
dl

L*solL*s5r: lightness; a*sola*sso: hue, (+) red or (-) green; b*s/b*ssp: hue, (+) yellow or (-) blue for samples and subsamplesp.
Sept S1 : sample 1 for September(Nov:November, Jan:January); SS1 : subsample l, l'tevaluationof sample 1.

S53

20.64
19.58
20.27

14.79
14.06
13.74

SD : standard deviation.
CV: coefficient of variation.

20.62
t9.72
20.23

SS1

34.04 34.02
37.27 37.16
35.87 35.66

ó *.çs,

17.76
16.8s
17.62

20.43
19.87

20.27

S52

17.74
16.98

17.75

SS3

3 3.63 3 3.3 8

39.28 39.19
36.97 36.95

33.98
37.r3
3s.69

17.70
16.93
17.65

¡*st

45.42
45.89
44.39
45.23

0.77
r.70

44.67
46.55
45.16
4s.46
0.98
2.16

46.76
47.18
47.67
47.20
0.46
9.75

q*sn

38.88 38.87
40.00 39.94
40.00 40.29

33.30
39.80
36.93

14.78
14.06
13.14
t4.r9
0.53
3.74
20.s6
19.72
20.26
20.1 I
0.43
2.r3
11.73
16.92
17.67
17.44
0.4s
2.58

6*st

34.01
37.r9
35.74
35.65
1.59

4.46
33.44
39.62
36.9s
36.61
3.10
8.45

38.88
39.97
40.21

39.69
0.7r
t.19

3 8.88
39.98
40.35
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Sample calculations for Table A.2.1: [Z*sr, ø*51, ând å*sl - Sept S1]

1) Lightness factor, L*sp, a*sp, and å*5ousing Eqns. A.2a-c:

Iz *rro

r* -P=l1-*sr= 
" 

(A.2a)

(A.2b)

Ë, 
*,,o

uro=4 n (4.2c)

where ¿* ro: lightness for samplep, where p : I,2,3 and n:3; a x": hue, (+)red or

(-)green for sample p, where p : I,2,3 and n : 3; b *so: hue, (+)yellow or (-)blue for

samplep, where p : 1,2,3 and n:3; L*sso: lightness for subsample p, where p:

I,2,3 and n: 3; a* ,rr: hue, (+)red or (-)green for subsample p, wherep : 7,2,3 and n

:3; b xse: hue, (+)yellow or (-)blue for subsample p, where p: 7,2,3 and n:3; p:

sample number, and n: number of samples.

4s.50 + 45.41+ 45.36f*
Jl aJ

.,. 14.79 +14.75 +14.79
^+ssl-.

J

34.04 +34.02 + 33.98
Sl - .J

Refer to "Sample calculations for Table 4.1.1" in Appendix A.l for Mean, SD, and CV.

fo* uo
-,, O=l

U S¿ --'n

175



Appendix 4.3 Carotenoid analysis for sea buckthorn berries

Table 4.3.1 Total carotenoid analysis for fruit and seed fractions (Coordinates with Table 3.4)

/sample x10-3rng/ml x10-3mg/ml ms,lmL mL ms s. ms./100 e

Sept 51ttJ
Sept 52
Sept 53
Sept 54
Sept 55
Sept 56
Sept 57
Sept S8

Sept 59
Mean
sDtrl

CV, oToL'")

Nov 51

Nov 52
Nov 53
Nov 54
Nov 55
Nov 56
Nov 57
Nov S8

Nov 59
Mean

,SD

0.31 1

0.304
0.283
0.287
0.333
0.317
0.286
0.354
0.26r

1 .817
1.775
1.647
1.672
1.9s1

1.854
r.666
2.019
1.514

4
4
4
4
4

4
4

4

4

0.434
0.438
0.62r
0.403
0.516
0.514
0.470
0.533
0.4s8

7.270
1.099
6.589
6.686
7.805
7.416
6.662
8.3 1s

6.054

Fruit fraction
50 0.3635
50 0.3550
50 0.3294
50 0.3343
s0 03902
s0 0.3708
s0 0.3331
50 0.4158
50 0.3027

2.565
2.s89
3.702
2.377
3.064
3.416
2.784
3.167
2.111

CV.%

4
4
4

4
4
4
4
4
4

10

10

10

10

10

10

10

10

10

t0.260
10.357
14.801
9.506
12.2s4
13.664
1 1 .135
12.667
r0.844

3.635
3.550
3.294
3.343
3.902
3.708
3.331
4.1 58
3.027

50 0.s130
50 0.5119
50 0.7403
50 0.4753
50 0.6121
50 0.6832
s0 0.5568
s0 0.6334
s0 0.5422

0.7r17
0.7615
0.6478
0.7090
0.7478
0.7503
0.6269
0.7523
0.7037

s06.4
466.2
508.5
471.5
52t.8
494.2
53r.2
552.7
430.3

498.1

31.4
7.5r

169.9
769.4
997.6
815.3
75r.2
843.9
744.r
838.8
830.3
817.8
17.5
9.48

10

10

10

10

10

10

10

10

10

5.1 30
5.t79
1.403
4.753
6.t27
6.832
5.568
6.334
5.422

0.6663
0.6130
0.7422
0.5831
0.8157
0.8096
0.7483
0.7551
0.6530
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Table 4.3.1 Total carotenoid analysis for fruit and seed fractions (cont'd)

Month Y"oro,

/sarnple

Jan S1

Jan 52
Jan 53
Jan 54
Jan 55
Jan 56
Jan 57
Jan S8

Jan 59
Mean

.tD
CV, O/O

0.399
0.450
0.453
0.3 88

0.404
0.404
0.37s
0.459
0.391

X"oro,

x1O-3rng/ml-

2.3523
2.6623
2.680s
2.28s4
2.3827
2.3821
2.2064
2.7170
2.3037

Dz X7"oro, Dt
x1O-3rng/ml-

Sept 51

Sept 52
Sept 53
Mean

SD
CV, O/O

Nov 51

Nov 52
Nov 53
Mean

,SD

4
4

4
4
4
4
4
4

4

9.409
10.649
r0.722
9.142
9.531
9.531
8.826
10.868
9.215

0.514
0.529
0.433

Fruit fraction
s0 0.4705
s0 0.532s
50 0.5361
50 0.4571
50 0.4765
50 0.4765
50 0.4413
s0 0.5434
50 0.4607

X2"oro¡

ms/mL

3.05 i 3
3.1425
2.ss90

0.474
0.386
0.393

CV,%

Vh"^

mL

2.8082
2.2733
2.3158

10

10

10

10

10

10

10

10

10

l7lcarot

mg

3.05 13

3.1425
2.s590

4.705
5.325
5.361
4.571
4.765
4.765
4.413
5.434
4.607

Seed fraction
20 0.0610
20 0.0628
20 0.0512

1

I
1

lTIoil

o

0.7271
0.831 1

0.7940
0.7190
0.83s7
0.7857
0.7523
0.8879
0.1984

2.8082
2.2733
2.3t58

X¡ual
mdl00 e

641.0
640.6
675.3
635.6
570.3

606.6
586.5
612.0
517.1

616.8
35.4
5.74

25.3
25.4
22.5
24.4
1.6

6.6
30.4
22.9
23.4
25.6
4.2
16.4

20 0.0562
20 0.0455
20 0.0463

5

5

5

0.305
0.314
0.256

5

5

5

1.20s9
t.236r
1 .13 80
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0.281
0.227
0.232

0.9239
0.9932
0.99t2



Table 4.3.1 Total carotenoid analysis for fruit and seed fractions (cont'd)

Month Y"orot

/sample

Jan S1 0.452
Jan 52 0.481
Jan 53 0.462
Mean

SD
CV, O/O

Xcoror

x1O-3mg/ml

Ia]
tbl
Ic]
tdl
Ie]
tfl
tel
thl
til
trl
tkl
tl l
Irn]

Ycarot : absorbance value (measured).
Xcarot: concentration of total carotenoids in hexane solution.
Dz : dilutionratio 2.

Xl 
"o,ot: 

concentration of total carotenoids in hexane solution, corrected for dilution 2.

Dr : dilution ratio 1.

X2"o,ot: concentration of total carotenoids in hexane solution, corrected for dilution 1.

Vhur: volume of hexane used in original dilution.
n'tçs¡6¡: mass of total calotenoids.
tTIe¡¡: LTIãSS Of Oil.
X¡,at: concentration of total carotenoids per 100 g oil.
Sept 51 : sample 1 for September haryest month; Nov: November; Jan: January.

^lD 
: standard deviation.

CV: coefftcient of variation.

2.6744
2.8s07
2.1352

Dz Xl roro,

x1O-3mg/ml-

2.6744
2.8507
2.73s2

D1

Seed

20
20
20

X2¿o16¡

me/mL
fraction

0.053s
0.0570
0.0547

Vhu,

mL

5

5

5

I7lç¿ye¡

mg

0.267
0.285
0.274

lTLoil

o

r.0397
1.1 163

0.8667

X¡nat

me/100 e

25.7
25.5
31.6
27.6
3.5
12.7
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Sample calculations for Table 4.3.1: fTotal carotenoids - Sept S1(fi:uit fraction)]

1) Determine the concentration of total carotenoids using Eqn. A.3a:

Y"n,ot =I64.52X,n,.o/ + 0.012 (4.3a)

where Ycarot: absorbance value (measured) (calibration curve in Fig. 4.3.1) and

Xcarot: concentration of total carotenoids in hexane solution.

y _ (o.grr-o.orz)
" carol - 164.52

2) Determine concentration of total carotenoids accounting for 2nd dilution in hexane

using Eqn. A.3b:

Xlrnro, : X rrrot Dz (A'3b)

where Xl"o,ot: concentration of total carotenoids in hexane solution corrected for 2"d

dilution and D2: dilution ratio 2 for the fruit fraction,

D2 Gfritfraction) - 
(t's--t-l g's gornl-)

0.500mL

Xl,n,o, =1.817 x 10-3 rng/rnLx  nL/mL solution

3) Determine concentration of total carotenoids accounting for 1't dilution in hexane

using Eqn. A.3c:

X2"n,o,= XI"nro, D, (A'3c)

where X2ro,ot: concentration of total carotenoids in hexane solution corrected for 1't

dilution and D1: dilution ratio 1 for fruit fraction,

,r (fruit fracrion) - (o'toomL++'grnt-)

0.l00mL

Y2,n,o, :l '210x l0-3mg/mlx 5OmL/mL solution
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4) Determine mass of total carotenoids in oil sample using Eqn. A.3d:

ffirnrot = X2"n,o,Vhut (4.3d)

where tTtcarot: mass of total carotenoids in extracted oii sample and v¡,",: the volume

of hexane used in original oil dilution.

ffi 
"n,ot 

: 0.3635mg/ml x 1 OmL hexane

5) Determine mass concentration of total carotenoids in 100 g oil using Eqn. A.3e:

x¡,nt=;ï# (4.3e)

where X¡,o¿ : Concentration of total carotenoids in 1 00 g fruit fraction oil and tTtoit :

mass of extracted oil.

v _ 3.635mg.. 100
1\ titot - alnTg^ loo

Note: D2 (seed fraction) : 1,

D¡ (seed fracrion): 
(o to3îh.Ilï*t)

Refer to "sample calculations for Table 4.1.1" in Appendix 4.1 for Mean, SD, and, CV.
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Figure 4.3.1 p-carotene calibration curve.

0.002 0.004 0.006 0.008 0.01 0.012
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Appendix 4.4 Fatty acid analysis for sea buckthorn berries

Table A.4.1Fatty acid sample analysis for fruit and seed fractions (Coordinates with Tables 3.5 and A.4.2)

Fatty
acidtul

C6:0
C8:0

C10:0
Cl2:0
Cl4:0
CI4:1
C15:0
C16:0

C76:7n7
C17:0
CI7:1
C18:0

CI8:In9
Unknown
Cl8:2n6
C78:3n6
C18:3¡e3

C20:0
C20:I
C20:2

C20:3n6
C20:4

C20:3n3
C20:5

Standard
Retention
time. rnin

1.9s
2.96
4.09
5.18
6.30
6.s0
1.02
7.88
8.09
8.93

9.r7
10.16
10.36
nld

10.84
1 1.09
lL52
t3.14
t3.39
14.0i
t4.29
t4.42
14.83

15.24

Fruit fraction (November, sample 7)

nld
3.15
nld
5.17
6.30
nld
7.02
7.89
8.10
8.93
9.rl
10.i6
t0.31
t0.46
10.85
I 1.10

11.52
t3.t4
13.39
r4.01
nld
n/d

r4.84
15.23

nld
308
nld
367
5914
nld
793

249334
20tr92

1 181

26653
9519

139946
59992
51224

181

17287
3318
1 048
192
nld
n/d
214
350

nld
0.04
r/d
0.0s
0.76
nld
0.10
3r.94
25.77
0.15
nJat"l

1.22

17.93

7.69
6.56
0.02
2.22
0.43
0.13
0.02
n/d
nld
0.03

0.0s

Seed fraction (November, sample 1)

Retention Aru Amounto/op1
time, min

nld
n/d
n/d
ti/d

6.30
nld
7.02
7.89
8.09
8.93

9.1 8

10.16
10.37
r0.46
10.86
n/d

1 1.53
13.r4
13.39
t4.01
nld
nld

14.84

nld

nld
nld
nld
nld

1259
nld

1319
72876
6316
574

22152
19438
r56t20
19474

306032
nld

244292
3905
1952
364
nld
n/d
324
nld

n/d
nld
n/d
nld
0.15
nld

0.16
8.68
0.76
0.07
nla

2.32
18.60
2.32
36.46
n/d

29.r0
0.47
0.23
0.04
nld
nld
0.04
nld

r82



Table A.4.1Fatty acid sample analysis for fruit and seed fractions (cont'd)

Fatty acid Retention

c22.0
C22:1
C22:2
C22:4

C22:5n3
C22:6n3

C24:0
C24:1

Standard

trme. min
r6.64
16.93

n.63
18.19
19.10
19.24
20.52
20.94

Retention

Totalltl g07271.7 862124.2

trm

Total

|a]C6:0:caproicacid.C8:0:capry1icacid.C10:0:capricacid.Cl2:0:

16.63
16.93

nld
18.48
18.96
nld

20.52
20.93

C14:1: myristoleic acid. Cl5:0 : pentadecanoic acid. C16:0 : palmitic acid. C16:1 n7 : palmitoleic acid.
C17:0: heptadecanoic acid. Cl7:1 : cis-l0-heptadecanoic acid. C18:0: stearic acid. Cl8:In9: oleic acid.
C78:2n6: linoleic acid. C18:3n6: y-linolenic acid. C18:3n3: s-linolenic acid. C20:0: arachidic acid.
C20:\: eicosenoic acid isomer. C20:2: eicosadienoic acid isomer. C20:3n6: eicosatrienoic acid isomer.
C20:4: arachidonic acid. C20:3n3 : eicosatrienoic acid isomer. C20:5: eicosapentaenoic acid. CZ2:0 :
behenic acid' C22:1 : etucic acid. C22:2: docosadienoic acid isomer. C22:4: docosatetraenoic acid isomer.
C22:5n3 : docosapentaenoid acid isomer. C22:6n3: docosahexaenoic acid isomer. C24:0: lignoceric acid.
C24:1: nervonic acid.

Ap,l

2191
195
tlld

2844
214
n/d

t497
34r

AmountYoru Retention Ar¿ AmountYor¿

bl
cl
dl
el
fl
olbt

0.28
0.025
nld
0.36
0.02
t1/d

0.19
0.04

AFA: area of fatty acid provided on chromatograms (Figures A.4.2 and A.4.3).
Arnount oÁr¡ : percent arnount of fatty acid.
n/d : not detected.
nJa: not applicable for calculation (standard).

Seed fraction (November, sample i)

tlme. mrn

Total : total area of fatty acids provided on chrornatograms (Figurcs A.4.2 and 4.4.3).
TotaTo¿¡ A : total area of fatty acids excluding the standard CIj:1.

183

780618.7 839372.2

16.63

nld
nld

18.48

n/d
nld

20.52
nld

r371
nld
nld
429
n/d
nld
662
nld

0.16
nld
nld
0.05
nld
nld
0.08
nld



Sample calculations for Table A.4.1: fPalmitoleic acid (C16:0) fruit fraction]

1) Refer to retention times for fatty acids provided on the chromatogram for Standard 461

(Figure 4.4.1) as summarizedinTable A.4.1.

2) Based on these retention times, identify fatty acids on chromatogram for fruit (Figure

A.4.2) and seed (Figure A.4.3) fractions as summarizedinTable A.4.1.

3) Record the area for each fatty acid as well as total area. Adjust the total areaby

subtracting the area for the standard Cll:1.

4) Calculateo/o amount for C16:0 in the fruit and seed fractions using Eqn. A.4a:

Amount %rn = = 4=rcg (A.aa)
TotalnorA

where Amount o/op¿: percent proportion of individual fafty acid in fatty acid profile;

AFA: area associated with individual fatty acid peak on chromatogram, and

Total,¿f : total area associated with all fatty acid peaks except standard.

Fruit faction: Amount %r,u,o = #:#x 100 = 31.94%

Seed fraction: Amount %rru,o = Æ ^x100 = 8.68%
839372.2
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Time - Minutes (span=20)
l8

Sample Name = S.St.G

lnstrument = Shinradzu

Heading 1 = 1uL injected; 1:8Osplit

Heading 2 = 4pr25,2005

Raw F¡fe Name = GlBerr¡es-0049.R.A.W

Method File Name = G:Dennisl.MET
Calibrat¡on File Name = G:Dennisl.CAL

Peak # Ret, Time Name
1 1.95 C6:0
2 2.96 Ca:o
3 4.09 C10:0
4 5.18 C12:0
5 6.30 C14:0
6 6.50 C14:1
7 7,O2 C15:0
I 7.88 C.16:0
9 8.09 C16:1

10 8.93 C17:0
11 9.17 C17:1
12 10.'16 C18:0
13 10.36 C18:t
14 10.84 C18:2
15 11.09 C18:3nO
16 11.52 C18:3n3
17 13.14 C2O:O
18 13.39 C20:1
19 14.O',t C20:2
20 14.29 C20:3n6
2',t 14.42 C20-.4
22 '14.83 C20:3n3
23 '15.24 C20:5
24 16.64 C22:A

Acquisilion Port = 4

Date Taken (eno¡ = a¡27¡2oor 12:38:12 AM
Method Vers¡on = 23

Calibration Version = 4

Amount Aml %o

0.00 0.000
0.00 0.000
0_00 0.000
0.00 0.000
0.00 0.000
0.00 0.000
0.00 0.000
0.00 0.000
0.00 0.000
0.00 0.000
0.00 0.000
0.00 0.000
0.00 0 000
0.00 0.000
0.00 0.000
0.00 0.000
0.00 0.000
0_00 0.000
0.00 0.000
0.00 0.000
0.00 0.000
0.00 0.000
0.00 0_000
0.00 ' 0.000

Area o/o Type W¡dth
1.877 BB 0.01
2.808 BB 0 01
3.071 BB 0.01
3.171 BB 0.02
3.213 BV 0.02
3.137 VB O.0Z
3.?13 BB O.O2
3.324 BV 0.02
3.283 VB 0.03
3.261 BV 0.03
3.277 VB 0.03
3.328 BB 0.03
3.376 BB 0.04
3.341 BB 0.04
3.307 BB 0,04
3.335 BB 0.04
3.292 BV 0.04
3.332 VB 0 04
3.248 BB 0.04
3.322 BV 0,05
3.333 VB 0.05
3.265 BB 0.04
3.332 BB 0.05
3.317 BB 0.05

Area
9168

13715
1 5001
1 5489
1 5694
1 5326
1 5699
1 6239
1 6039
15932
1 6009
16260
1 6494
16321
16155
1 6295
1 6084
16280
1 5868
16227
16284
1 5951
16275
162Q5

Pfinted on 511112005 5:23:17 PM Page 1 of 2

Figure A.4.1Fatty acid profile chromatogram for Standard 461.
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Chrom Perfect Chromatogram Report

õl¿
il
õ
d912
Iõ
è

=10o

g8

s.st G

10 12
Time - Minutes (span=20)

Sample Name = S.SI.G

lnstrument = Shìmadzu

Heading 1 = lrrL injected; 1:80split

Headíng 2 = 4pr25,2005

Raw File Name = G:\Berries.0015.RAW
Method File Name = G:Dennisl.MET
Calibration File Name = G:Dennisl.CAL

Peak # Ret. Time Name
I 3.15 C8:0
2 3.47
p 5.17 C't2:O
4 6.30 C14:0
5 7.02 C15:O
6 7.24
7 7.49
8 7.66
9 7.89 C16:0

10 8.O2
11 8.10 C16:1
12 8.20
13 8.55
14 8.93 C17:0
15 9.17 C17:1
16 9.32
17 9.41
18 10.16 C18:0
19 10.37 C18:1
20 10.46
21 10.61
22 10.85 C18:2
23 11.10 C18:3n6
24 11.52 C18:3n3

Acquis¡tion Port = 4

Date Taken (end¡ = 4¡2611005 2:28:28 AM
Method Version = 23
Calibration Version = 4

Amount Amt % Area
0.00 0.000 308
0.00 0.000 230
0.00 0.000 367
0.00 0.000 5914
0.00 0.000 793
0.00 0.000 187
0.00 0.000 218
0.00 0.000 173
0.00 0.000 249334
0.00 0.000 418
0.00 0.000 201192
0.00 0.000 1774
0,00 0.000 924
0.00 0.000 1181
0.00 0.000 26653
0.00 0.000 564
0.00 0.000 236
0.00 0.000 9519
0.00 0.000 139946
0.00 0.000 59992
0.00 0.000 451
0.00 0.000 51224
0.00 0.000 181
0.00 0.000 17287

Area o/ø Type Width
0.038 BB 0.02
0.028 BB 0.02
0.045 BB O.O2
0.733 BB 0.02
0.098 BB 0.02
0.023 BB 0.03
0.027 BB 0.03
0.021 BB 0.03

30.886 BB 0.02
0.052 BV 0,03

24.923 W 0.03
0.220 vB 0.03
0.114 BB 0.03
0.146 BB 0.03
3.302 BV 0 03
0.070 w 0.03
0.029 vB 0.03
1.179 BV 0.03

17.336 W 0.03
7.431 W 0.03
0.056 W 0.04
6.345 W 0.04
o.o2? vB 0.04
2.141 BV 0.04

ri

a

ldi

\

dt

q

@\
:i

Printed on 511112005 5:47'.34 PlVl Page 1 of 2

Figure A.4.2 Fatty acid profile chromatogram for the fruit fraction - November
(Sample 7).
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Chrom Perfect Chromatogram Report

Peak # Ret, Time Name
25 11.78
26 't 1.99
27 12.05
28 12.23
2S 12.58
30 13.14 C2O:O
31 13.39 C20:1
32 13.53
33 14.01 C2O:2
34 14.M C2O:3n3
35 14.97
36 15.23 C2O:5
37 16.63 C22:O
38 16.93 C22:1
39 18.48 C22:4
40 18.78
41 18.96 C22:5n3
42 2A.52 C24:Q
43 20.93 C24:1

TotalArea =807271.7

Amount Amt%
0.00 0.000
o.00 0.000
0.00 0.000
0.00 0.000
0.00 0.000
0.00 0.000
0.00 0.000
0.00 0.000
0.00 0.000
0.00 0.000
0.00 0.000
0.00 0.000
0.00 0.000
0.00 0_000
0.00 0.000
0.00 0.000
0.00 0.000
1.50 81.450
0.34 18.550

Total Heisht = 441347.6

Area Area o/o

1814 0.225
705 0.087

3087 0.382
17886 2-216

1 13 0.014
3318 0.411
1048 0.130
274 0.034
192 0.924
214 0.027

1590 0.197
350 0.043

2191 0.271
195 0.024

28r'4 0.352
332 0.041
214 0.027

1497 0.185
ul 0.042

Tvæ

VB
BB
BB
BB
BB
BB
BV
VB
BB
BB
BB
BB
BV
VB
BB
BB

widrh
0.04
0.04
0.04
0.04
0.04
0.04
0-04
0.05
0.05
0.05
0.05
0.06
0.05
0.05
0.0s
0.05
o.o7
0_07
0.07

Printed on 511112005 5.47:34 PM

Figure A.4.2 Fatfy acid profile chromatogram for the
(Sample 7). (cont'd)

Tolal Amount = 1.838449

Page 2 ot 2

fruit fraction - November
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' Chrom PeleclChromatogram Report
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E10
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Time - Minutes (span=20)

Sample Name = S.S¿G

lnstrument = Shimadzu
Heading I = 1uL injected: 1:8Osplit

Heading 2 = 4pr25,2005

Raw F¡le Name = G:lBerries.oo11.RAW
Method File Name = G:Dennisl.MET
Cal¡bratlon F¡le Name = G:Dennis'1.CAL

Peak # Ret. T¡me Name
1 6.30 C14:0
2 6.90
3 7.02 C15:O
4 7,89 C16:0
5 8.02 r'

6 8.09 C16:1
7 8.32
o o ÃÃ

9 8.93 C17:0
10 9.18 C17:1
11 10.16 C18:0
12 10.37 C18:1
13 10.46
14 10.86 C18:2
15 't1.U
16 11.53 C18:3n3
17 12.24
18 13.14 C20:O
19 13-39 C20:1
20 14.01 C2O:2
21 14.84 C20:3n3
22 16.63 C22:0
23 18.48 C2?.4
24 20.52 C24:O

Printed on 511112005 5:43:15 PM

Acqu¡sition Port = 4

Date Taken (end\ = 4¡251299U 1 1:52:02 PM

Method Version = 23

Calibration Version = 4

Amount Amt % Area
0.00 0.000 1259
0.00 0.000 241
0.00 0.000 1379
0.00 0.000 72876
0.00 0.000 420
0,00 0.000 6376
0.00 0.000 488
0.00 0.000 208
0,00 0.000 574
0.00 0.000 2?752
0.00 0.000 19438
0.00 0-000 156120
0,00 0.000 19474
0.00 0.000 306032
0.00 0.000 973
0.00 0.000 244292
0.00 0.000 213
0.00 0,000 3905
0.00 0.000 1952
0,00 0.000 364
0.00 0.000 324
0.00 0.000 1371
0.00 0.000 429
0.66 100.000 662

AreaYo Type Width
0.146 BB 0.02
0.028 BB 0.02
0.160 BB 0.02
8.453 BV O.O2

0.049 w 0.03
0.740 vB 0.03
0.057 BB 0.03
0.024 BB 0.03
0.067 BV 0.03
2.639 VB 0.03
2.255 BB 0.04

18.109 BV 0.04
2.259 VB 0.03

35.497 BB 0.04
0.113 BV 0.04

28.336 VB 0.04
0.025 BB 0.04
0.453 BV 0.04
0.226 VB 0.04
0,042 BB 0.05
0.038 BB 0.05
0.159 BB 0.05
0.050 BB 0.05
0.077 BB 0.08

Page 1 of 2

Figure A.4.3 Fatty acid profile chromatogram for the seed fraction - November
(Sample 1).
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Chrom Perfect Chromatogram Report

Total Area = 862124.2 Totial Heíght = 389306 Total Amount = 0.6622307

Pr¡nted on 5/1 l/2005 5:43:15 PN4 Page 2 ol 2

Figure A.4.3 Fatfy acid profïle chromatogram for the seed fraction - November
(Sample 1). (cont'd)
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Table 
^.4.2 

Major fatty acids of fruit and seed fractions
(Coordinates with Tables 3.5 and 4.4.1)

Month
/sample

Fatty acid amount, o/o (w/y¡¡l"t
Cl6:0 Cl6:ln7 Cl8:0 C18:ln9 Unknown C18:2n6 C18:3n3

September
Samplei
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9

Mean
sDtbl

CV,Yol"J
November
Sample 1

Sample 2
Sample 3
Sample 4
Sample 5
Sarnple 6

Sample 7
Sample 8
Sarnple 9

Mean

^SD
CV,YO

January
Samplel
Sample 2

Sarnple 3

Sample 4
Sarnple 5

Sample 6
Sample 7
Sample 8
Sample 9

Mean
SD

26.58
25.07
26.02
26.43
26.26
25.82
26.78
26.23
26.28
26.16
0.50
1.9i

26.84
26.87
26.86
26.94
26.82
26.62
25.77
27.13
21.52
26.82
0.46
1.72

28.02
27.00
26.12
26.30
25.9s
26.15
26.66
26.sI
25.33
26.52
0.75
2.83

Fruit fraction

18.97
20.25
18.87
18.60
18.31

18.40
18.47
18.99
18.3ó
18.80
0.60
3.19

17.7

17.51
17.80
18.22
18.45
18.12
t7.93
18.67
19.09
18.17
0.s0
2.15

18.93
18.37
18.24
18.70
19.44
18.66
19.80
19.15
21.36
19.25

0.97
s.04

32.43
31.92
32.04
32.48
3r.67
32.t6
32.12
32.05
32.05
32.10
0.24
7.48

32.34
32.66
32.41
32.52
33.03
32.29
3r.94
31.99
30.89
32.23
0.60
1.86

3r.54
32.16
32.69
32.25
32.72
32.47
32.92
32.92
29.58
32.21
1.07
J.JZ

r.37
r.49
1.36
1.38

1.33
1.36
r.32
1.40
1.33
t.37
0.05
3.6s

t.r9
1.18
1.21

l.t7
1.20
1.r9
1.22
t.r9
1.26
1.20
0.03
2.50

1.24

1.2
1.22
1.28

1.34

1.29
1.31

1.31

r.71
r.32
0.15

1 1.36

8.24
8.29
8.05
1.93
8.14
7.91

8.20
8.29
8.00
8.12
0.15
1.85

7.99
8.01

8.10
8.01
7.89
8.20
1.69
8.03
8.44
8.04
0.21

2.61

8.22
7.92
7.86
8.02
8.03
8.12
7.8s
7.85
9.06
8.10
0.38
4.69

6.s5
6.tl
7.08
6.6s
7.r1
7.28
6.63
6.80
7.15
6.90
0.28
4.06

7.08
7.r3
7.12
6.78
6.s6
7.00
6.56
6.57
6.s8
6.82
0.26
3.81

6.43
6.63
6.72
6.71

6.12
7.r0
6.2t
6.30
6.91

6.64
0.28
4.22

2.27
2.40
2.65
2.43
2.93
2.90
2.40
2.29
2.83
2.57
0.26
10.1

2.5r
2.36
2.34
2.25
2.08
2.21

2.21
2.20
2.20
2.26
0.12
5.31

2.02
2.04
2.08
2.07
2.13
2.r7
1.84
1.83
1.97

2.02
0.12
5.94CV.%
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Table 
^.4.2 

Major fatty acids of fruit and seed fractions (cont'd)

Month
/sample

Fatty acid amount o/owlw

Cl6:0 CI6:Iq7 C18:0 C78:In9 Unknown Cl8:2n6 CI8:3n3

September
Samplel
Sample 2
Sample 3

Mean
,SD

CV,YO

November
Sample 1

Sample 2

Sample 3

Mean
SD

cv, o/o

January
Sample 1

Sample 2

Sample 3

Mean

^yD
CV,O/O

8.59
8.s5
8.56
8.57
0.02
0.23

8.68
8.s 1

8.35
8.s 1

0.11
2.00

8.61

8.24
8.31
8.39
0.19
2.26

0.79
0.75
0.80
0.78
0.03
3.8s

0.16
0.sl
0.59
0.64
0.10
15.63

0.66
0.85
0.65
0.72
0.i 1

15.28

2.35
2.28
2.28
2.30
0.04
1.74

2.32
2.48
2.21

2.34
0.r4
s.98

2.50
2.21
2.24
2.32
0.16
6.90

2.35
2.28
2.21
2.30
0.04
1.74

2.32
2.30
2.22
2.28
0.0s
2.19

2.29
2.2r
2.24
2.25
0.04
r.l8

36.1 8

36.i 5
36.16
36.16
0.02
0.06

36.46
36.64
36.69
36.60
0.r2
0.33

36.s6
36.31
36.36
36.41
0.13
0.36

28.56
29.09
29.06
28.90
0.30
1.04

29.t0
28.01
29.52
28.88
0.78
2.70

27.01
28.95
28.73
28.23
1.06
3.75

Seed fraction

19.52
19.21

19.18
19.30
0.19
9.84

18.60
19.80
t8.64
19.01
0.68
3.58

20.63
19.46
19.67
19.92
0.63
3.16

[a] C16:0: palmitic acid. C16:7n7 : palmitoleic acid. Ci8:0: stearic acid. C18:1n9:
oleic acid. C78:2n6: linoleic acid. C18:3n3: u,-linolenic acid; o/o rnass/mass (w/w).

lbl SD: standard deviation.

lcl CV: coefficient of variation.

Refer to "Sample calculations for Table 4.1.1" in Appendix 4.1 for Mean, SD, and CV.
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Appendix 4.5 Tocol analysis for sea buckthorn berries

Table 4.5.1 Tocol concentration analysis for fruit and seed fractions
(Coordinates with Tables 3.6 and A.5.2)

TocolstuJ

o-T o-T3 B-T F-T3to' y-T T-T3 ð-T ô-T3
or P-8

Fruit fraction (November, sample 7)

Retention 6.83 7.85 8.87 10.16 10.84 l2.ll 15.62 18.56
time, min

y,o,ort"t 2624946 68i90 l4lt4ï 552810 54786 g6tr4 2044t7 16823

xt,o,otLdt 66.231 1.736 2.2gg g.960 1.11g 1.961 3.170 0.26r
ng/10¡ù
co¡tL") z.8B 2.BB z.BB 2.BB 2.gg 2.88 2.88 2.gg

m/mL
x2¡o,o¡Lr) 230.0 6.0 7.9 31.1 3.9 6.g 11.0 0.9
mgl100g

Seed fraction (November, sample 1)

Retention 6.82 tr7¿tsJ 8.85 10.13 10.81 nld 15.65 nld
time, min

Yø"ot 2139235 nld 219521 70700 1173974 n/d 198960 nld

X|ø"ot 53.976 n/d 4.530 1.146 23.947 nld 3.085 nld
ngllOpL

Co¡t 3.48 3.48 3.48 3.48 3.48 3.48 3.48 3.48
mglmL
X2p¿6¡ 155.1 n/d i 3.0 3.3 68.8 nld 8.9 n/d

mg/100g

lal o-T: o,-tocopherol. B-T: B-tocopherol. y-T: y-tocopherol. ô-T: ô-tocopherol.
o-T3 : q,-tocotrienol. B-T3 : B-tocotrienol. 1-T3 : y-tocotrienol.
ô-T3 : ô-tocotrienol. P-8 : Plastochromanol-8.

[b] P-T3 : P-T3 is present in fruit oil; P-8 : P-8 is present in seed oil.
lcf Y,orot: area of individual tocol.

ld] X7¡o"o¡: concentration of tocol in prepared hexane solution.

lel Co¡t: concentration of oil in hexane solution.

lf X2¡oro¡: concentration of tocol in oil.
fg] n/d: not detected.
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Sample calculations for Table 4.5.1: fcr-tocopherol concentration (fruit fraction)]

1) Identify individual tocols shown in Figures 4.5.3 (fruit fraction) and 4.5.4 (seed

fraction) based on calibration chromatograms and data (Figures 4.5.1a to i; Figures

4.5.2a - e).

2) Record aÍea "Y¡o"o¡" for individual identified tocols in Table 4.5.1.

3) calculate amount of o-tocopherol (o-T) in hexane solution using Eqn. A.5a:

Yo_r =39633.3X"_, *0 (4.5a)

where Ya-T : area of tocol on chromatogram and Xo_7: amount of tocol in 1 0 ¡rL

hexane.

Note: Eqn. (4.5a) also applies to calculation of u,-tocotrienol.

xlo - -2624946-'- 3g6zE3

4) Convert amount of c-tocopherol in prepared hexane solution to oil basis using Eqn.

A.5b:

xr,o"ot1o3PL
Y)'--,.c.r ,y"ffi#,.# (Asb)

where X2¡6¿¿¡: concentration of tocol in 100 g oil and C6¡¡: eoflcentration of oil in

hexane solution.

v. 66.23ttg .l000pL mLhexanesol'n mgxl000rng 100-- ^-^-70pL_hexane _sol'n mL 2.88mgoil 106ngxg 100
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5) To calculate B-tocopherol and tocotrienol, y-tocopherol and -tocotrienol, and ô-

tocopherol and tocotrienol use equations 4.5c, A.5d, and 4.5e, respectively:

(B-T and P-T3) Y :61698.06X + 0 (A.5c)

(y-Tandy-T3) Y=49023.2X+0 (A.5d)

(ô-Tandô-T3) Y=64487.47X+0 (A.5e)
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Chrom Perfect Chromatogram Report

- C:\Program Files\CPSpirit\HPLC Fluorescent\SusâFGrad.oilsdent\May'10_2006\seabuckthorn.0099.RAW
18

10 12 14

Time - Minutes (span=25)

Sample ldentiñcati or: lgLOphfj,d\
Wt (mg) =
mg/ml =

lþuL
Today's Date = 5/13/06 Today's Time = 11:22:21 AM

Raw File Name = CiProgram Files\GPSpirit\HPLC Fluorescont\Susan-Grad.Student\May10-2006\seabuckthorn.0099.RAW

Sample Name = oils

Method File Name = CIP¡ogram Files\CPSpirit\HPLC Fluorescent\Tocopherol.fulET

Method Description = Tocopherol Analysis - column: Phenomenex 250x3.2mm 5micron; 5u silicon

Calibration File Name = CJProgram Files\CPSpirit\HPLC Fluorescent\Tocopherol-T3.CAL

Run Time = 25

Pàak # Ret. Time Peak Name
'l 6.98 alpha-T3

2 9.03 gamma-T

3 11.15

4 16.14

Total Area =224133.7

Checked by Date

ug/g or ppm

alPha-T =

bela-T

P-B

gamma-T =

delta-T =

Printed on 5/13/06 11:22:22 AM

Figure A.S.la Calibration chromatogram (50,000 x 1pL - run 1).

Amount Amt % Area Area o/o 
^l ¡lrrt -T

1.810 39.532 _36528 1630 "ì't:*'-
2.768 60.46S 65062 2e 03 búc't"- L

o ooo o ooo szlea Ng ci¿tvwv L-T
0.000 0.000 69360 30.95 Jc tt t- i-

Total Amount = 4.577673

fl',
c
dq
910
g
õ
¿a
2

36
Eo
I
ß4t.

lnslrument = HPLC Fluorescent

Heading 1 = Tocopherol Analysis -Susan -seabuckthorn

Heading 2 = May10,2006; 1OuL inj; 0.8mUmin; 25 min. run time

ç-
¡

E
s)
o

¡1-rÈi

fß

rìhl
s
d

T
d

o
-.õ

o
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Chrom Perfect Chromatogram Report

fi,,cõo
J¿ 10
ø
o

ÈB

q6
coo
É

- C:\Program Files\CPSpirit\HPLC Fluorescent\Susan-Grad.oilsdent\May10-2006\seabuckthom.0O9S.RAW
l8

10 12 14 16 18

Time - Minutes (sPan=25)

lnsfument = HPLC Fluorescent

Heading 1 = Tocopherol Analysis -Susan -seabuckthorn

Headìng 2 = May10,2006; 10uL inj; O.8mUmin; 25 min. run tlme

Sample ldenüfication:

Wt. (ms) =
mg/mL =

Today's Date = 5/13i06 Today's Time = 11.'22:32 AM

Raw File Name = ClProgram Files\CPSpirit\HPLC Fluorescent\Susan-Grad.Student\May10 2006\seabuckthorn.0098.RAW

Sample Name = oils

Method File Name = ClProgram Files\CPSpiritìHPLC Fluorescent\Tocopherol MFT

Method Doscription = Tocopherol Analysis - column: Phenomenex 250x3.2mm Smicron; 5u silicon

Calibratjon File Name = ClProgram Files\CPSpirit\HPLC Fluorescent\Tocopherol-T3.CAL

Run Time = 25

5o'æoX

Itr,lt

Peak# ReLTime PeakName

1 6.95 alpha-T3

2 9.01 gamma-T

3 11.11

4 16.10

Total Area = 213209

Amount Amt o/o Area Area o/o

1.717 38.319 34662 1626 al?Ll6t-l

2.764 61.681 64972 30.47 b.ta-f
0.000 0.000 48966 2237 l d-Lt'\v&(:T
0.000 0.000 64608 3030 ,l"Iþtr-l

Total Amouni = 4.481432

Checked by Date

ug/g or ppm

alPha-T =
beia-T =
P-8

gamma-T =

delta-T =

Printed on 5/13/06 11'.22.33 AM 
:

Figure 4.5.1b Calibration chromatogram (50,000 x 1¡-LL - rurl2).
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Chrom Perfect ChromatogEm RePod

- C:\program Files\CPSpirit\HPLC Fluorescent\Susan-Grad,oilsdent\May10-2006\seabuckthom-O097.RAW

10 12 14

Tíme - MinL¡tes (span=25)

o
c{
llc
Go

6
È
=,
o
coo
Øo
É.

'Jampte 
toentincarion, lcoplwrp {,94b

lnshument = HPLC Fluorescent

Heading 1 = Tocopherol Anatysis -Susan -seabuckthom

Heading 2 = Mayl0,2006; 1OuL inj; O.8mUmin; 25 min. run time

Wt (mg) =
mg/ml =

Today's Date = 5/13i06 Today's Time = 11:22:54 AM

Raw File Name = C:\Program Files\cPSpirit\HPLC Fluorescent\Susan-Grad.student\May10-

Sample Name = oils

I |,lt
2006\seabuckthom.0097.RAW

Method File Name = ClProgram Files\GPSpirit\HPLC Fluorescent\Tocopherol.MET

Melhod Description = Tocopherol Analysis - column: Phenomenex 250x3.2mm 5micron; 5u silicon

Calibratjon File Name = C:\Program Files\CPSpirit\HPLC Fluorescenl\Tocopherol-T3 CAL

Run Time = 25

Peak #
1

2

3

4

Ret. Time Peak Name

6.96 alpha-T3

9.01 gamma-T

11.10

16.07

ollt4&l;
belr'L-l

(l[\/v|/LVtLd" I

St roti-

Amount Amt % Area A¡eao/o

1.958 40.434 39528 16.99

2.885 59.566 6781 1 29.15

0.000 0.000 54658 23.49

0.000 0.000 70669 30.37

Total Area = 232667.1 Total Amount = 4.843285

Checked þy Date

ugig or ppm

alPha-T =

beta-T

P-B

gamma-T =

delta-T =

Printed on 5/1 3/06 11:22:55 AM

Figure 4.5.1c Calibration chromatogram (50,000 x I pL - run 3).
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Chrom Perfect Chromatogram Report

C:\Program Files\CPSplrit\HPLC FluorescentlSusan-GËd.oilsdent\May10_2006\seabucKhom.0032.RAW
18

a-^
1ì rz
c
oo

o
)o

=.
36co

É.

lnshument = HPLC Fluorescent

Heading I = Tocopherol Analysis -Susan -seabuckthom

Heading 2 = May10,2006; 10uL inj; 0.8mUmin; 25 min. run time

tc[fl
Today's Date = 5/15/06 Today's Time - 10:34:50 4M "' ," \
Raw File Name = ClProgram Files\CPSpirit\HPLC Fluorescent\Susan-Grad.StudenilMay'10-2006\seabucklhom.0032.RAW / t0W51
Sample Name = oils I 2L'.-
Melhod File Name = ClProgram Files\CPSpirit\HPLC Fluoresceni\Tocopherol.MET

Melhod Description = TocopherolAnalysis - column: Phenomenex 250x3.2mm 5micron; 5u silicon

Calibration File Name = ClProgram Files\CPSpirit\HPLC Fluorescent\Tocopherol_T3.CAL

Run Time = 25

10 12 14 16 18 20 Z2 24

Tìme - Minutæ (span=25)

sampre tdentificati.r, TC¿CÈ,¡rct .9l'¿{Á

Peak# ReLTime PeakName
1 6.72 alpha-T3

2 8.69 beta-T3

3 10.65 gamma-T3

4 15.31 delta-T3

Total Area = 2015415

Checked by

Amount Amt o/o Area A¡eao/o

17'47s 22'134 '352807 17'51 ' ¿ú'.h'¿L'l
21.e03 27.737 581100 283t btk^'T
19.524 24.724 458905 22.77 û twu,trL&.- |

20.062 25.405 6i2603-J0-39_- (/,lt 
{:Fa -T

Total Amount = 78.9ô758

Date

ug/g or ppm

alpha-T =-
beta-T

P-8 =_
gamma-T = 

-

delta-T =

Pr¡nted on 5/15/06 l0:34:51 AIM

Figure 4.5.1d Calibration chromatogram (50,000 x 10 ¡rL - run 1).
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Chrom Perfect Chromatogram Reporl
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- C:\Program Files\CPSpirit\HPLC Fluorescent\Susan-Grad.oilsdent\May10_20O6\seabuckthorn.0033,RAW
l8

tb

14

O
il12
No.9 10

o

=B2

co4E¿
É

lleading 1 = Tocopherol Analysis -Susan -seabuckthorn

Heading 2 = May10,2006; 1OuL inj; 0.8mUmin; 25 min. run time

Wt (mg) =
mg/ml =

toPt
ïoday's Dale = 5i 15/06 Today's Time = 10:34:59 AM
Raw File Name = ClProgram Files\CPSpirit\HPLC Fluorescent\Susan-Grad.Sludent\May10_2006\seabucklhorn.0033.RAW
Sample Name = oils

Method File Name = ClProgram Files\CPSpirit\HPLC Fluorescent\Tocopherol.MET

Mefrod Desøiption = Tocopherol Analysis - column: Phenomenex 250x3.2mm Smicron; 5u silicon
Calibralion File Name = C:\Program Files\CPSpirit\HPLC Fluorescent\Tocopherol_T3.CAL
Run Time = 25

0246

lnsfument = HPLC Fluorescent

Peak# Ret.Time PeakName

1 6.75 alpha-T3

2 8.72 gamma-T

3 10.71 gamma-T3

4 15.43

ïotal Area = 2021556

81012141618
Time - Minutes (span=25)

Sample ldentification:

Amount Amt% Area Area%
17.584 28.311 354:ß;; 

'"ri# 
úPþu'T

24.ss} 4o.z4s s8i5iT----?qõ7- D¿ld-T
19527 31.440 qgEr?9-----J2lL- ¿)üt/ tv\Ln
o.ooo o.ooo o2oosz an ot .13\+a4

Total Amount = 62.10839

DateChecked by

ug/g or

alpha-T

beta-T

P-8

gamma-T =

delta-T =

Printed on 5/15/06 '10:35:00 AM

Figure 4.5.1e Calibration chromatogram (50,000 x l0 pL - run 2).
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Chróm Perfect Chromatogram Reporl

C:\Program Files\CPSpirit\HPLC Fluorescent\Sus¿n-Grad.oìlsdent\May10 2006\seabuckthom.OO34.RAW

ds
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iì rz
c
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tL 10
a
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36coû
É

10 12 14 16 18

nme - Minuies (span=25)

Sample ldentifìcaüon:

Wt (ms) =

20 22 24

'iì",c* oJrorøL,\Ìi,{[

mg/ml =

Toda/s Date = 5/15i06 Today's Time = l0:35:09 AM

Raw File Name = CJProgram Files\CPSpirit\HPLC Fluorescent\Susan-Grad.Student\May10_2006\seabucklhorn.0034.MW
Sample Name = oìls

Method File Name = ClProgram Files\CPSpirit\HPLC FluorescentlTocopherol.MET

Method Descriptìon = Tocopherol Analysis - column: Phenomenex 250x3.2mm Smicron; 5u silicon

Calibration File Name = C:\Program Files\CPSpirit\HPLC Fluorescent\Tocopherol_T3.CAL

Run Tìme = 25

lnsbument = HPLC Fluorescent

Heading 1 = TocopheÍol Analysis -Susan -seabuckthorn

Heading 2 = May10,2006; 1OuL inj; O.8mUmin; 25 min. run time

Peak# Ret.lime PeakName

1 6.77 alpha-T3

2 8.74 gamma-T

3 10.72 gamma-T3

4 15.42

Total Area = 2001835

Checked by

Amount Amt o/o Area A¡eao/o

1t.z6s zs.1sz 348:5;; ll.i1 d,Ipkil:[
24.712 40.257 599.11!Z_____29-a2-b{rrin
ìg.¿ol sì ãìo lsooso 22.7s a n n¡ùLuL4
o.ooo o.ooo 6læß 3ù?, Jl,+" -r

Total Amount = 61.3853

Date

$brulo,X

lo ¡vli

ugig or ppm

alpha-T =

beta-T =
P-8

gamma-T =

della-T =

Printed on 5/15/06 10:35:10 AM

Figure 4.5.1f Calibration chromatogram (50,000 x 10 pL - run 3).
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C:\Program Files\CPSpirit\HPLC Fluorescent\Susan-Grad.oilsdent\Mây10-2006\seabuckthom-0031 .RAW
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Chrom Perfect Chromatogram Report

10 12 14 16 18

Time - M¡nutes (span=25)

lnstument = HPLC Fluorescent

Heading 1 = Tocopherol Analysis -Susan -seabuckthorn

Heading 2 = May10,2006; 10uL inj; O.8mUmin; 25 min. run time

Sample ldentifìcatÍon:

Wt (mg1=

mg/ml =

Toda/s Date = 5/15/06 Today's Time ='10:34:38 AM

Raw File Name = ClProgram Files\CPSpirit\HPLC Fluoresoent\Susan-Grad.Student\May10 2006\seabuckthorn.003

Sample Name = oils

Method File Name = ClProgram Files\CPSpirit\HPLC Fluorescent\Tocopherol.MET

Method Desøiption = TocopherolAnatysis - column: Phenomenex 250x3.2mm 5micron; 5u silicon

Galibration File Name = CiProgram Files\CP^Spirit\HPLC Fluorescent\Tocopherol-T3.CAL

Run Time = 25

Peak # Ret. lime Peak Name

4.40

5.59

6.76 alpha-T3

7.67 beta-T

8.72 gamma-T

9.73

10.69 gamma-T3

15.34 delta-T3

18.01

Total Area = 1.1134788+n7

Checked by

5

6

7

I
I

ug/g or ppm

alpha-T = -

/0, coo x

to¡t(

RAW (9

Amount Amt % Area A¡eao/o

0.000 0.000 13278 0.12

0.000 0.000 178130 1.60

e9 9s1 22.578 20174s7 18.12 alplucl
0.657 0.149 17442 0.16

132.388 29.905 3111760 27.95 bat\rT
0.000 0,000 31309 0.28 f

10s.28'l 23.782 2!74619 ?2?2 ftrt1'trutt'r
104.410 23.585 3240276 2S 10 ).,|+a:T

0.000 0.000 -6414 - M5

Total Amount = 442.6866

Date

9AM

Figure 4.5.19 Calibration chromatogram (10,000 x 10 ¡rL - run 1).
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Chrom Perfec-I Chromatogram Report

Rratt -
cßo910
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* C-:\Program Files\CPSpirit\HPLC Fluorescent\Susan-Grad.oilsdent\May10_2006\seabuckthom.O030.RAW
18

10 12 14 .16 18
Time - Minutes (span=25)

lnsbument = HPLC Fluorescent
Heading 1 = Tocopherol Analysis -Susan -seabuckthom
Heading 2 = May10,2006; 10uL inj; O.8mUmin; 25 min. run time

Sample ldenüfication:

WL (mg)=

Eoo

mg/mL =

Today's Date = 5/15/06 Today's Tme = '10.34.,27 AM
Raw File Name = ClProgram Fìles\CPSpirit\HPLC Fluorescenflsusan-Grad.Student\May10_200ô\seabuckthom.0030.RAW
Sample Name = oils

Method File Name = ClProgiram Files\CPSpiritìHPLC Fluorescent\Tocopherol.MET
Melhod Desøípüon = Tocopherol Analysis - column: Phenomenex 250x3.2mm Smicron; 5u silicon
Calibration File Name = ClProgram Files\CPSpirit\HPLC Fluorescenl\Tocopherol_T3.CAL
Run Time = 25

l0¿C00,1

þþtI

Peak # Ret. Time Peak Name

I 4.40

2 5.59

3 6.74 alpha-T3
4 7.65 beta-T

5 8.71 gamma-T

6 9.70

7 10,67 gamma-T3

I 15.33 delta-T3

9 18.03

ïotal Area = 1.1257 41E+n7

Checked by

ug/g or ppm

alPha-Ï =

Printed on 5/15/06 10:34:28 AM

Amount Amt%
0.000 0.000

0.000 0.000

10'1.179 22.632

0.590 0.132
133.753 29.918

0.000 0.000
106.110 23.735
105.430 23,583

0.000 0.000

Total Amount = 447.0616

Date

Area Areao/o

16502 0.15
199333 1.77

2042280 18.14

15643 0.14
3143852 )7 93

î,U)ILL-T

h&ntr
27474 0.24

zasqios ,:.i6 frtut't'tuuaLl-3271s44 2s.06 "¿ ¿L+k-'f
46275 041

Page 1 of 2

Figure 4.5.1h Calibration chromatogram (10,000 x l0 pL - run 2).
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C:\Program Files\CPSpirit\HPLC Fluorescent\Susan-Grad.oilsdent\May10-2006\seabuckhom.O029.RAW
18-

Rrr¡r '-cõa910
o)o

¿
OA
too
o+
v.

Chrom Perfect Chromatogram Reporl

'10 12 '14 16 18

Timê - Minutes (span=25)

lnshument = HPLC Fluorescent

Heading 1 = Tocopherol Analysis -Susan -seabuckthorn

Heading 2 = May10,2006; 1OuL inj; 0.BmUmin; 25 min. run üme

Sample ldontification:

WL (mg) =
mg/mL =

to ¡,ti
Today's Date = 5112106 Toda/s Tme = 3:20.22PM

Raw File Name = ClProgram Files\CPSpirit\HPLC Fluorescentlsusan-Grad.Siudent\May10-2006\seabucklhorn.0029.RAW

Sample Name = oils

Method File Name = CiProgram Files\CPSpirit\HPLC Fluorescent\Tocopherol.MET

Method Descripüon = Tocopherol Analysis - column: Phenomenex 250x3.2mm 5micron; 5u silioon

Calibration File Name = ClProgram Files\CPSpirit\HPLC Fluorescent\Tocopherol-T3-CAL

Run Time = 25

Peak# RelTime PeakName

I 5.65 alpha-T

2 6.80 alpha-T3

3 7.70 beta-T

4 8.77 gamma-T

5 9.76

6 10.74 gamma-T3

7 15 39

B 16.07

I 16.29

Total Area = 1.05835E+07

Amount Ami % Area þ¡ea olo

0.454 0.139 9167 0-09

s4.721 2s.014 tstlgzi ß.ot 
- 

ql|W'l
0.568 0.17 4 15076 0.14

128.446 39.345 3019124 28.53 btktt;t
0.000 0.000 33924 0.32

iuz.z7z u.tzt zqåiitïi u..:ti qû'wuL'L-l
o.ooo oooo @--9q!1- t"Lfa.'f0.000 0.000 7597 0.07

0.000 0.000 6981 0.07

Total Amount = 326.4617

Checked by Date

ug/g or ppm

alpha-T =

Printed on 5/12y06 3_:20:24 PM 
.

Figure 4.5.1i Calibration chromatogram (10,000 x 10 pL - run 3).
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alpha-T
lng 36528

34662
39528

AVG 36906
STDEV 2454,924
CVo/o 6.651829

alpha-T
10ng 352807

354924
348575

AVG 352102
STDEV 3232,68
cv%o 0.918109

alpha-T
50ng 2017497

2042280
1911921

AVG 1990s66
SïDEV 69226.63
cvok 3.477736

alpha-T
100n9 3852353

3818227
379331 1

AVG
STDEV
CVo/o

3821297
29640.48
0.775665

:

âtohlt-Tø!'l 

-
-l-zctç\i3 X t 0

l-- 'J '|r 1|

NtÙ-

bt-h'r

, -' ,'h|B'otð uo

aPl
n i oo

Grlt¡¡t¡,,1',- I I t'Õ(¿--É

l- t'10?3,eÌ 1 o

(\wù '

J¿ lh-T
;= t,Ltqg:l 4l [ + t)

I
t^ fill '

p¿l inilli¿{-i r;( 
t'l) cllLt'ltrt'tlv¡ii 

(Ltrv<'

beta-T
65062
64972
67811

65948.33
1613.744
2.446983

beta-T
581 1 00
587s71
580857

5831 76
3808.12

0.652997

beta-T
3111760
3143852
3019124

3091 579
64766.76
2.O54941

beta-T
61 43649
5991 357
5965460

6033489
96276.36

1.5957

gamma-T
531 84
48966
54658

52269.33
2954.18

5.651841

gamma-T
458905
458979
456090

457991.3
'1647.019

0.359618

gamma-T
2474619
2494108
2403901

2457543
47466.06
1.931444

gamma-T
4823424
4782713
4743171

4783't03
40127.92
0_838952

delta-T
69360
64608
70669

68212.33
31 89.323
4.675582

delta-T
622603
620082
61 631 3

61 9666
3165.567
0-51 0851

delta-T
3240276
3271944
31 7s803

3229341
48994.42
1 .s17165

delta-T
6425946
6330006
6314995

6356982
60194.04
0.946897

Figure A.5.2a Tocol calibration data - summary.
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Chrom Perfect Calibration File

Expeoted retention time:
\i,/?cr-1cî.ù+-i '-/'' i /'

i,/
iiT,fJYJG.: 

/
:,/

iÙ:g;./
'i ÍtcÍctri i ,'/i/

Search window:
No retention time refetence component
Group number:

Fligh alarrn limit:
Low alarm limit:
Component constant:

Single peak quantìñcationby area

Y=39633.3X+0

Lìnear fit with er¡ual weighting, forced to origin
Coefhcient of detennination:
Average en'or:

RSD:

Dstc ând tinìc
5/15/063:24:48 PM
5/15/M 3:25:04 Plvf
5ÌlS1063:2?:38PM

i.'
i/:
i../iq::nr,..j ,/ 1"""-"" i / Ii,/.:i,/:

:t,/i./ i.

^t!iv i : , ,. r i: ! | i't | |

5.84 minutes
0.4 minules

0

0
0

0

0.9990714
6.164%
37309.17
ô. ¿5 l'/ø

iì 5 1íì ¡5 ìt' 2:i :3ù S¿i 4ù .15 ,Jiì tiSAverage CF:

Sourcê
Muual
l\,]ùuâl
Moul

l¡vel 
^Doùtrfll0

250
31

ÀìÌ'¡ctJnt

R$Þonsc CÂl Fador Enor,õ/.
352102 352't0.2 -n.t60

t990566 398tì.32 0.419

36906 36906 -6.E81

Printed on 5/15/06 3:28:02 PM

Figure A.5.2b Calibration datâ - (a-tocopherol and o-tocotrienol).
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Chrom Pe¡fect Calibration File

îL-'ùO:.'CC..j

- . """ -Z Expectedretentiontime:
i Searchwindow:
! No retention time teference component

i Groupnurnber:

i ,/ i High ataûn lirrir: o
i ,/ i io* ¡".- li-it: 0

7.44 mínutes
0.4 minües

0

0
,z,Tüoüüç -i ./' i L¡w alarm limit: o

i ,,/ i Component constant: o
i,/!
i./i
i ,/ ì Singlepeakquantificationbyarea
i.''r-

< ñnr'ãl¡a .. i ,/ ;:r;\:uì.4{, i ./ iy=61698.06X+0i-/rr/:/ì,(
i ,,/ i Linea¡ fit with eçal weighting, forced to origin
i ,/' i Coefficient of determination: 0.9997699i,/ ì

0 ..i{,.r-"-..-.-,..,..1-r-r=-.i-:-.î-1--:.--r--'r.--ì Average error: 4.195%

í.i L\ 'lC :i.-i:t 2ii íìÙ 35 4Lr.i5 5il SSAverageCF: 62032-5

¡\rn(xtnt RSD: 6'15'7%

Lct€l 
^mounl 

RcsPoDst CalFocIor Emi% Sour.c Dthãnd(inr!
I lo 5831?6 5831?.6 -5.4?9 M¡nwt 5/151063:24:51 PM

2 50 309t5?9 61831.58 0.216 Mâ¡ul 5ll5/063t25101PM

3 I 65948.33 65948,33 6.E89 Mùùal 5/l5lM3:2'l:41PM

Printed on 5/15/06 3:28:04 PM

Figure A5.2c Calibration data - (B-tocopherol and B-tocotrienol).
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I

i0cilærl

0 51iì ì¡-i ìt' 2¿i 1ìc sii 4ù ,l,j ùi.r SsAvefage CF:

Chrom Perfect Calibration File

Expected retention time:
Sea¡oh window:
No retention time reference component

Group number:

High alarm limit:
Low alarmlimit:
Component constånt:

Single peak quantification by ârea

Y =49023.2X+O

Linear fit \À,ith equal weighting, forced to origin
Coeffrcient of delennination:
Average error:

RSD:

DÂtê Ârd l¡mc
5/15/06 3ì24:56 PM
5/15/06 3i5:10 PM
5/l5lu63:2'1:44PM

8-93 minutes
0.4 minutes

0

0
0
0

0.99967 1 I
4.486%
49013.11
6 594o/o

i,/

;f-.---.0

Lèvcl AnouD{
I l0
.<ô
3l

Âinc.tJlìt

Rcspons! Cal Fâclor Effor, t¿ Sourcc
151991.3 45'199.13 -6.577 M&ul
2457541 49150.86 0,?60 Manùul

52269.33 52269.33 6.6æ Àlâ¡uol

Printed on 5/15/06 3:28:05 PM

Figure 4.5.2d Calibration data (y-tocopherol and y-tocotrienol).

Page 4 of 5
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.<!.\ìirÀìJ ":

./
i,/"lú[crJùt.í ./
t/
i/

Rsponsè Cal¡aaúof EftorrY.
6196ó6 6t96ó_6 -3.909

32?934t 64586.82 0.154

6Ð12.33 6821233 5.'¡76

Dûlc ând t¡mc
5/i5/06 3:2.1:59 PM
5/15/06 3:25:13 PM
5ll5l06 3:2'1.47 PM

12.47 minutes
0.4 mi¡utes

0

0
0
0

0,999881 8

3.280%
64921.92
4.83t%

High alarmlimit:
Lowalarmlimit:
Component constanl

Single peak quantification by area

Y = 64481.47 X+0

Linear fit with equal weìghting, forced to origin

if
Þ

i ./'
i/

C.-iÌì.,.---,..,.-=--:..-,-T-:..:-î-r-:-.i-.

t 5 -1fi Ì5 èü 2Ír :lÙ l)5
¿l!ìna{tnt

i Coefücient of determination:

-r-,-r---r-= i Average en'or:

4Lr .lg 5il SbAverage CF:
RSD:

Sourcc
Moml
Mmul
Mmusl

LÈYcl ADount
110
250
3l

Printed on 5/15/06 3:28:06 PM

Figure A.5.2e Calibration data (ô-tocopherol and õ-tocotrienol).
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Chrom Perfect ChromatogEm Report

- C:\Program Filæ\CPSpiritlHPLC Fluorescent\Susan-Grad.oilsdent\May10_20O6\seabuckthom.0052.RAW

s\
ciN

z.
(Ð
u)
+t-z

sl

Nlzo-oog
þ1s
=E
o
2to
o4
@
&.

5

lnsbument = HPLC Fluorescent

Heading 1 = Tocopherol Analysis -Susan -seabuckthorn

Heading 2 = May10,2006; 10uL inj; 0.8mUmin,25 min. run time

10 12 14 16 18 20 22 24
Tir¡s - Minutes (span=25)

sampleldentìfication: Tìtl f%-1
wt(s)=

Today's Date = 5/15/06 Today'sTime= 11:05:184M
Raw File Name = ClProgram Files\CPSpirit\HPLC FluorescentlSusan-Grad.Student\Mayl0_2006\seabuckthorn.0052.RAW

Sample Name = oils

Method File Name = ClProgram Files\CPSpirit\HPLC Fluorescent\Tocophero15.lr/ET

Method Description = TooopherolAnalysis - column: Phenomenex 250x3.2mm 5micron; 5u silicon

Calibration File Name =
Run Tìme = 25

Peak# Ret.Time PeakName
1 4.34

2 5.14

3 6.83 - aipha
4 7.59

5 Z.Bs - alphar3
6 8.87 - het4
7 10.16 - baralj
I 10.84 -.¿) rtù;rrv1¿l

g 12.77 ^ ¡ntwrr,trtla10 14.44

11 14,93

12 '15 62 - ¿{¿it4

13 17 24

14 18 56 - ú{ti'toil-,
15 21.45

Area Areao/o Group #
2403 0.05 [.Jo data]

50890 1.09 [No data]

2624946 56.40 [No data]

17444 0.37 [No data]

68790 1.48 [No data]

141148 3.03 {No datal

552810 '11.88 
[No data]

54786 1.18 [No data]

961 14 2.07 [No data]

614477 13.20 [No data]

152506 3.28 [No data]

204417 4.39 [No datal

41889 0.90 [No data]

16823 0.36 [No data]

14623 0.31 [No data]

Amot¡nt

0.000

0 000

0.000

0.000

0.000

0.000

0.000

0.000

0 000

0 000

0.000

0.000

0.000

0.000

0.000

Amt%
N/A

N/A

N/A

N/A

N/A

N/A

NYA

N/A

¡UA

NiA

NiA

N/A

NiA

N/A

NiA

Printed on 5/15/06 '11:05:'19 AM Page 1 of 2

Figure 4.5.3 Tocol chromatogram for the fruit fraction - November, sample 7.
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Chrom Perfect Chromatogram Report

C:\Program Files\CPSpirit\HPLC Fluorescent\Susan-Grad.oilsdent\May10-2006\seabuckthom.0044-RAW

20

18

^16
N

H,oq

1,,o
Èro

g
åo
oÉ

10 12 14 16 18 20 72 24

Time - Minutes (span=25)

lnshument = HPLC Fluorescent

Heading 1 = Tocopherol Analysis -Susan -seabuckthorn

Heading 2 = May'|0,2006; 1OuL inj; 0.BmUmin; 25 min. run üme

Sample ldentifÌcation: 3l I SÞl
Wl (g) =

Today's Date = 5/15/06 Todat's Time = 110217 AM

Raw File Name = ClProgram Files\CPSpirit\HPLC Fluorescent\Susan-Grad.Student\May10-2006\seabuckthorn.0044.RAW

Sample Name = oils

Method File Name = ClProgram Files\CPSpirit\HPLC Fluorescent\Tocopherol5,MEÏ

MethodDesøiption=TocopherolAnalysis-column: Phenomenex 250x3.2mm 5micron;5usilicon

Calibralìon File Name =
Run Time = 25

Peak# ReLllme PeakName
1 5.13

2 6.82 - dtplvì
3 8.85 - bdtl
4 10.13 - P-å
5 10,81 - ieii''nvnu'r6 11.37

7 12.76

B 15.6s - Àe t1-t\

IotalArea = 3943'119

Checked by

p¡"t"0 
"" 

snsloå ìt,oi ìu'nt
:

Figure 4.5.4 Tocol chromatogram for the seed fraction - November, sample 1.

Amount

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

Total Amount = 0

Date

Amt % Area

N/A 11822

N/A 2139235

N/A 279521

N/A 70700

N/A 1173974

N/A 60682

NiA 8226

N/A 198960

Area o/o Group #
0.30 [No data]

54.25 [No datal

7.09 [No data]

1.79 [No data]

29.77 [No data]

1.54 [No daia]

0.21 [No data]

5.05 [No data]

Page 1 of 1
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Table 
^.5.2 

Tocol concentration in fruit and seed fractions
(Coordinates with Tables 3.6 and 4.5.1)

Month/ Tocol concentration mgll00 g oiltal
sample o-T o,-T3 P-T P-T3 y-T y-T3 ô-T ô-T3

Fruit fraction

September
Sample 1

Sample 2

Sample 3
Sample 4
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9

Mean
5Dtbl

Cf, Yol"J

November
Sample 1

Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9

Mean
SD

CV,YO

January
Sample 1

Sample 2

Sample 3
Sample 4
Sample 5
Sample 6

Sample 7
Sample 8
Sample 9

Mean
SD

CV, O/O

3s7.6
402.3
378.3
384.3
424.2
412.7
424.2
4t5.5
295.2
388.2
4r.6
t0.7

339.8
345.9
341.3
353.9
338.9
38s.2
230.0
354.5
348.8
337.6
42.8
12.7

299.0
238.4
287.4
304.3
275.1
220.1

276.6
266.8
283.6
212.4
27.5
10.1

8.8
8.1

10.5
9.6
9.6
10.0
10.0
10.3
4.9
9.1

t.7
18.7

12.6
lt.9
13.0
12.1

13.1

1 1.3

6.0
14.5
12.6
11.9

2.4
20.2

13.1

7.1

10.7

I 1.8

10.8
7.9
10.3
11.6

10.8

10.5
1.9

1 8.1

8.6
9.6
9.7
10.0
I 1.0

10.3
10.9
7.8
12.5
10.0
r.4
t4.0

12.4

12.8
12.8
1 i.9
1 1.9

t4.4
7.9
13.2

12.8
12.2
1.8

14.8

10.2
8.8
IT.2
lt.4
10.3

7.1
9.6
9.3

10.5
9.9
1.2

12.t

36.1
39.2
39.2
4r.9
44.9
44.0
43.1

4r.4
28.2
39.8
5.1

12.8

37.5
38.0
3l.t
40.3
40.4

46.1
3 1.1

42.1

38.2
39.0
4.2
10.8

30.3
25.4
28.3
32.4
42.2
29.8
32.3

30.0
3r.7
31.4
4.6
14.6

1.4
8.0
9.0
10.2
13.0

9.3
9.t
10.0
7.4
9.3
t.7

18.3

4.8
4.r
3.1

3.3
3.s
5.0
3.9
4.1

3.4
3.9
0.7
17.9

2.4
3.2
2.2
2.2
3.2
2.0
2.4
1.9

2.2
2.4
0.4
16.7

9.2
9.2
r0.2
8.4
10.3

i 1.0
11.6

9.7
6.3
9.5
1.5

15.8

14.7 1.3

18.6 1.5

14.9 1.4
18.9 1.3

26.3 t.6
19.1 1.5

n5 1.5

16.6 1.6
1 1.8 0.8
17.6 1.4
4.0 0.2
22.7 14.3

6.3 15.3 1.2

6.2 16.3 0.8
9.8 13.8 0.9
8.4 14.8 1.2
8.s t4.5 l.s
10.9 18.2 1.4
6.8 1 1.0 0.9
rz.t 15.7 1.3

9.0 t4.s 1.5

8.7 14.9 r.2
0.6 2.0 0.2
6.9 13.4 16.7

7 .8 r2.8 1.3

s.6 9.2 0.7
7.3 7 .s 0.9
9.0 9.2 0.8
r0.2 1 1.0 1.7
6.3 7.s 0.9
8.I 8.8 l.s
7.6 8.2 1.2
8.7 10.6 1.2

7 .8 9.4 1.1

1.4 1.8 0.3
17.9 19.1 27.3
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Table 4.5.2 Tocol concentration in fruit and seed fractions (cont'd)

Month/ Tocol concentration mgl100 g oil
sample a-T s-T3 P-T P-8 y-T T-T3 ð-T E-T3

Seed fraction
September
Sample 1

Sample 2
Sample 3

Mean
SD

CV,YO

November
Sample 1

Sample 2
Sample 3

Mean
SD

cv,y;o
January

Sample 1

Sample 2
Sample 3

Mean
.t,

cv, o/o

155.0
t54.9
163.4
r51.8
4.8
3.0

1 55.1
106.7
1s5.9
139.2
28.2
20.2

154.9
152.4
160.0
155.8
3.9
2.5

n/dl.dl

nld
nld
nld
nld
nld

n/d
nld
n/d
n/d
nJd

nld

67.5
67.1
68.9
68.0
0.8
1.2

68.8
4s.9
56.9
51.2
11.4
19.9

64.1

63.5
61.3
63.0
1.5

2.4

nld
n/d
nld
n/d
nld
nld

12.1 3.1

12.1 3.2
12.6 3.2
t2.5 3.1

0.3 0.1

2.4 3.2

13.0 3.3
8.s 2.6
11.1 3.1

10.9 3.0
2.2 0.3
20.2 10.0

14.2 2.8
r2.0 3.0
17.0 2.7
14.4 2.8
2.5 0.1

17 .4 3.6

32.8 12.3 nld
nld 8.3 n/d
nld 8.0 nld
10.9 9.5 nld
18.9 2.4 nld

25.3 nld

nld 8.9 nld
nld 5.5 nld
nld 6.6 nld
nld 7.0 nld
nld 1.7 nld
nld 24.3 nld

nld 7.3 n/d
nld 7.3 n/d
nld 6.9 nld
n/d 1.2 nld
n/d 0.2 nld
nld 2.8 nld

Ib]
Ic]
tdl

[a] o-T: o-tocopherol. B-T: B-tocopherol. y-T: y-tocopherol. ð-T: ð-tocopherol.
cr-T3 : a,-tocotrienol. B-T3 : B-tocotrienol. y-T3 : y-tocotrienol.
ô-T3 : ô-tocotrienol. P-8 : Plastochromanol-8.

^!D 
: standard deviation.

CV: coefftcient of variation.
r/d: not detectable.

Refer to "Sample calculations for Table 4.1.1" in Appendix A. i for Mean, SD, and CV.
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Appendix 4.6 Phytosterol analysis for sea buckthorn berries

Table 4.6.1 Phytosterol concentration analysis of fruit and seed fractions
(Coordinates with Tables 3.7 and A.6.2)

Phytosterol
5s- Cholesterol Campesterol Stigmasterol P-

cholestane sitosterol
Standard

Retention 11.96 16.10 18.10 18.74 19.88
time, min

Fruit fraction (November, sample 7)

Retention 11.96 n/dluj 18.10 18.79 19.89
time, min
A,,u,ottoJ 48046 nld 2504 729 r246iï

xl,rc,.ott") 206 nld ro.i4 3.13 534.56

l-rg
mo¡tLdJ 0.0835 0.0835 0.0835 0.0835 0.0835

ob
x2,¡u,.o¡l"J ¡ultJ nJd 12.g58 3J43 640.197
mg/l00 g

oil
Seed fraction (November, sample 1)

Retention 11.96 nld 18.10 n/d 19.89
time, min

A,rc,ot 48662 nld 2816 nld 116297

X7,rc,or 206 nld 12.17 n/d 492.32

ug
ffioi! 0.0838 0.0838 0.0838 0.0838 0.0838

b
X25¡¿yç¡ n/a nld 14.529 nld 587.492

mg/l00 g
oi1

[a] n/d - not detected.

lbf Ar,u,ot- area of individual phytosterol on chromatograrn.

lcl Xlrrc,.ot- amount of individual sterol.

ldl mo¡¡- mass of oil.

le) X2,¡u,'¡- mass of individual phytosterol per 100 g oil sarnple.

lfl n/a - not applicable.
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Sample calculations for Table 4.6.1: fB-sitosterol concentration (fruit fraction)]

1) Identify the retention time for major sterols using Figure 4.6.1.

2) Identify the major sterols and associated chromatogram aÍea Asþrot in Figures A.6.2

(fruit fraction) and 4.6.3 (seed fraction).

3) Determine the amount of individual phytosterols in solution using A.6a:

xr,,",ot - 4outt y1,, (A.6a)
Ats

where XIsrcror: amount of individual phytosterol; Ar¡u,o¡: area of individual

phytosterol on chromatogram; A¡s: ãtêàof internal standard, 5a,-cholestane, and

XIn:amount of internal standard 5o-cholestan ": 
2'09pgx100pL 

=206.0p.g.
pL

X7 p-ri,or,rrot ='?::!: "206Pg'' 48046

4)Determine the amount of individual phlosterols in oil using Eqn. A.6b:

x2,,u,or =+i# (A.6b)

where X25¡¿¡.6¡: Írass concentration of individual phytosterols per 100 g oil sample;

XI,terot: amount of individual phytosterol, and fttoit: mass of oil.

v1 _ 534.6p"9., mg ., 100
1L Lb-sitoslcrot - 0Jg359 ^ l}t pg ^ 100
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Chrom Perfect Chromatogram Report
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Chrom Perfect Chromatogram Report
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Printed on 6/3/2005 4:00:55 PM

Figure 
^.6.2 

Phytosterol chromatogram for the fruit fraction
- November, sample 7.
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Chrom Perfect Chromatogram Repoú

25 15.57

26 15.92

27 16.34

28 1ô.55

29 16.80
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U 18.10 campeslerol

35 18.37

36 18.79 stigmasterol

37 19.22

3B 19,39

39 19.58

40 19.89 tssitosterol

41 20.06
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43 20.55

44 20.99

45 21.34 d7-avenasterol

46 21.58

47 21.75

48 22.03

49 22.37
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52 22.98

s3 23.35

54 23.70

s5 24,01

56 24.31

57 24.56

5B 24.75

59 25.07

60 25.23

61 25.58

63 26.15

64 26.38

65 26.72

66 27.13

67 27.43
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72 30.41

13 30.63

74 31.59

75 32.31

76 32.94
aa eaoa

7S 34.77

B0 35.00

B'l 35.93
oa aa aEOL JI .¿J

83 38.3s

Printed on 6/3/2005 4:00:56 PM

0.000 0.000 2179 0.50

0.000 0.000 4755 1,09

0,000 0.000 539 0j2
0.000 0.000 1298 0.30

0.000 0.000 937 0.2t
0.000 0,000 632 0j4

48.877 1.757 2504 0.57

0.000 0.000 567 0.13

8.021 0,288 729 0.17

0.000 0.000 1M0 0.38

0.000 0.000 39n 0.90

0.000 0.000 2448 0.56

2342.M3 84.170 124678 28.51

0.000 0,000 3854 0,BB

169.056 6.076 9000 2,06

0.000 0.000 28510 6.52

0.000 0.000 9874 2.26

214.515 7.709 11420 2.61

0.000 0.000 3908 0.89

0.000 0.000 6190 1,42

0.000 0.000 3117 0.71
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0.000 0.000 29966 6.85
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Figure 
^.6.2 

Phytosterol chromatogram for the fruit fraction
- November, sample 7. (cont'd)
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Chrom Perfect Chromatogram Report
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Figure A.6.3 Phytosterol chromatogrâm for the seed fraction
- November, sample 1.
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Chrom Perfect Chromatogram Reporl
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Printed on 61312005 3:59:21 PM

Figure 4.6.3 Phytosterol chromatogram for the seed fraction
- November, sample 1. (cont'd)
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Table A.6.2 Major phytosterol concentrations in fruit and seed fractions
(Coordinates with Tables 3.1 and 4.6.1)

Month
/sample

Phytosterol concentration mell00 e oil
Cholesterol Campesterol Stigmasterol B-sitosterol

September
Sample i
Sample 2

Sample 3

Sample 4

Sample 5
Sample 6
Sample 7

Sample 8
Sample 9

Mean
5¿tuJ

CV, o/oL"l

November
Sample 1

Sample 2

Sample 3

Sample 4

Sample 5
Sample 6

Sample 7

Sample 8
Sample 9

Mean
SD

cv,o/o
January

Sample 1

Sample 2

Sample 3

Sample 4

Sarnple 5

Sample 6

Sample 7

Sample 8
Sample 9

Mean
SD

CV, O/O

Fruit fraction

23.71
23.61
22.06
19.80
19.t6
17.22
22.03
13.29
12.26
19.24
4.24
22.0

13.83
r7.90
13.98
14.44
13.31
15.88
12.86
1 1.91

i 1.86
14.00
r.92
13.7

t4.09
15.58
19.s3
15.61

15.52
20.84
14.10
t5.14
15.60
16.22
2.35
14.5

n/dtul
nld

13.16
nld

10.t2
9.48
nld
nld
nld

J. t I
s.68

9.26
12.53
3.0s
nld

3.45
5.14
nld

8.32
7.72
5.s0
3.7r

1.22
nld
nld
n/d
n/d
nld
nld

6.s4
n/d
1.53

3.04

13.25
1.82
4.74
8.31
4.03
4.88
14.05
4.25
s.70
1.45
3.83
51.4

nld
nld

3.61

6.90
5.23
8.s8
3.74
6.27
4.49
4.31
2.91

2.35
4.24
n/d
7.14
12.11
21.75
9.17
nld
s.20
7.62
8.58

1113.68
1078.00
t046.76
955.64
t014.40
825.32

1082.96
6s4.19
s84.37
928.37
19s.87
21.10

693.9t
924.72
677.r4
704.00
646.4r
770.9s
640.20
595.77
s79.26
692.48
104.s8
15.10

634.19
663.29
839.8s
716.68
683.09
9s2.11
630.34
674.13
709.74
122.67
106.23
14.70
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Table 
^.6.2 

Major phytosterol concentrations in fruit and seed fractions (cont'd)

Month Phytosterol concentration mgl100 g oil
/sample Cholesterol Campesterol Stigmasterol B-sitosterol

September
Sample 1

Sample 2
Sample 3

Mean

^sD
CV,YO

November
Sample 1

Sample 2
Sample 3

Mean
SD

cv,o/o
January

Sample 1

Sample 2
Sample 3

Mean
SD

n/d
nld
nld
nld
nld
nld

3.12
2.08
nld
r.73
1.59

4.45
3.04
n/d
2.50
2.27

n/d
nld
nld
nJd
nld
nld

n/d
nld
nld
nld
nld
nld

nld
2.43
n/d
0.81

1.41

523.36
527.r8
511.51
s20.70

8.13

1.s6

s81.49
488.30
508.61
528.13
52.39
9.92

s96.21
5s8.87
s44.48
566.52
26.70
4.71

Seed fraction

12.s7
12.32
13.28
12.72
0.s0
3.93

14.s3
10.19
t2.26
t2.33
2.17
17.6

14.58
t3.28
13.s6
13.81
0.68
4.92CV.%

Ia]
tbl
Ic]

n/d: not detected.

^SD 
: standard deviation.

CV: coefficient of variation.

Refer to "Sample calculations for Table 4.1.1" in Appendix 4.1 for Mean, SD, and CV.
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Appendix B.L Moisture analysis for sea buckthorn berry pulp and peel

Table 8.1.1 Water activity, ø*, anzlysis for fresh and dried pulp and peel
(Coordinates with Tables 4.5 and 8.1.3)

'Water 
activity

Sensor Fresh pulp and peel Dried pulp and peel
(sample 2) [50"C/30.6% RH (sample 1)]

, ,t ut 0.919 0.410I yltuJ 0.922 o.4rl

) x2 0.923 0.4t3
Y2 0.924 0.4t2

n x3 0926 0.421
' Y3 o.g2l 0.420

Mean 0.925 0.415

la) Xl : sensor water activity (a.) reading.

lb) Yl : adjusted a, based on calibration.

Sample calculations for Table 8.1.1: fWater activity, a,, of dried pulp and peel]

1) Corrected a,, for sensor 1 using Eqn. 8.1:

Yl =1.0029X1+ 0.0003 (8.1)

where 11 : corrected a,, based on equipment calibration for sensor 1 (Table 8.I.2),

and X\ : sensor a* reading.

Y7 = 1.0029 x 0.410 + 0.0003
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Table 8.1.2 Calibration and linear regression for water activity centre

Sensor a-
Calibration salttul Y"otlbl

XlL"J

Sal-11
Sal - 33
Sal - 53

Sal - 75
Sal - 90

0.113
0.328
0.529
0.753
0.901

0.1i5
0.323
0.s27
0.152
0.898

O.TT4
0.330
0.s29
0.153
0.899

0.t74
0.330
0.536
0.744
0.903

alol

6Le)

,4\

r.0029
0.0003

0.99

1.0039
-0.0022

0.99

r.0049
-0.0032

0.99

[a] Calibration salt: Sal - 11 : LiCl. Sal - 33 : MgCl2. Sal - 53 : Mg(NO3)2.
Sal - 75 : NaCl. Sal - 90: BaClz.

lbl Y*t: known water activity, a.of callbration salt at25"C.
lcl XI: wateractivity, a*readingforsensor 7 at25"C.

ldl a: slope, based on linear relationship (Y*t : a X +b).

le] å: Y - intercept, based on linear relationship (Y*, = a X +b).

lfl /: coefficient of determination.

Linear regression analysis performed using JMP IN Statistical Discovery Software (SAS

Institute, Inc., Cary, NC, 2001).
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Table 8.1.3 Drying parameters and characteristics of pulp and peel
(Coordinates with Tables 4.5 and 8.1.1)

Temperature
"C

Sample
RI¿ut

%
Time

h
r40t a-L'j
w/w wb

50

1

2
J

1

2

J

50

1

2

3

Mean
.tD

CV,YO
1

2
3

Mean
,snt¿l

CV, o¡1")

26.3
32.3
33.1

30.6
3.72
12.2
s7.8
58.4
59.9
s8.1
1.1

t.9
23.4
25.4
27.7
24.4
1.4
5.7
57.r
s6.9
s7.0
57.0
0.1

.2

19.9

20.7
21.8
20.8
1.0
4.8
57.0
s7.0
57.1

57.0
0.10
0.1

t.I3
7.69
9.19
8.00
1.07

13.4
t.t6
7.49
s.76
6.80
0.92
13.5
6.43
6.98
6.93
6.7r
0.39
5.8

4.78
7.06
1.40
6.4r
1.42
22.2
4.42
6.69
6.87
5.99
r.3l
22.9
1.49
8.34
7.85
1.89
0.43
5.4

0.4t5
0.467
0.506
0.463
0.046

9.9
0.431
0.438
0.409
0.428
0.016
J.t

0.396
0.383
0.413
0.390
0.009
2.3

0.383
0.420
0.428
0.410
0.024

5.9
0.355
0.429
0.437
0.407
0.045
11.1

0.43s
0.489
0.490
0.411
0.031

6.6

Dried pulp and peel
13.0
10.5

10.6
rt.4
1.4

12.3
24.0
24.2
24.2
24.1

0.1

0.4
7.4
5.3

6.3
6.4
1.5

23.4
19.r
19.1

18.9

19.0
0.1

.5

4.r
3.8
4.1

4.0
0.2
5.0
1s.9
8.3

8.3

i 0.8
4.4
40.7

60

Mean

^tD
cv, o/o

1

2
3teJ

Mean
.SD

c[/, yo

1

2
J

Mean

^SD
CV,YO

60

70

70

Mean
SD

CV, O/O
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Table 8.1.3 Drying parameters and characteristics of pulp and peel (cont'd)

Temperature
"C

Sample
RH
%

Time
h

M
w/w) wb

4w

nlatrJ
nla
n/a
nJa

nJa

nla

l teJ

2
3

Mean

^gD
CV

nla
nJa

nla
nJa

nla
n/a

43.62
40.68

45.92
43.30
3.11
8.s7

0.92s
0.925
0.926
0.925
0.001
0.1 1

Fresh pulp and
peel
n/a
nJa

nJa

n/a
nJa

n/a

[a] KH: relative humidity.
lbl M: moisture content, o/o masslmass (w/w) on a wet basis (wb).
lcf o*: water activity.
[d] .tD: standard deviation.

lel CV: coefficient of variation.
Lfl n/a: not applicable.

[g] Sample data not used for analysis due to outlier.

Refer to "sample calculations for Table 4.1.1" in Appendix 4.1 for Mean, sD, and, cv.
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Appendix 8.2 Colour analysis for sea buckthorn berry pulp and peel

Table 8.2.1 Colour analysis data for fresh and dried pulp and peel (Coordinates with Tables 4.2 andB.z.2)

Ternp/
RI-It^l Sample

50'c/
30.6%

Mean
,sntdl

CV,o/ol")
1500c/ ;58.7% ;

Mean

^tD
cv,o/o

160"c1 ;24.4o/o ^irJ.,
Mean

^tD
CV,O/O

i
2

J

48.91 49.45 49.06
48.02 48.24 49.15
45.85 46.36 46.41

45.41 45.51 46.07
45.49 46.35 46.43
45.64 45.87 45.96

t2.59
t2.83
12.50

Colour factorstol

48.63 49.t3 49.12
49.04 49.67 49.6r
48.04 48.32 48.76

12.37 t2.23
12.48 t2.48
12.21 12.32

10.53
t0.92
10.55

10.48 10.30
r0.64 10.54
10.43 10.36

24.18 24.45 23.88
24.40 24.32 24.90
20.76 20.93 20.72

1,2.92

12.99

t2.84

12.66 12.54
12.73 t2.54
12.82 12.60

20.12 20.33 20.48
20.91 2T.30 21.27
19.50 19.80 19.7 5

7* sn

49.r4
48.47
46.2r
47.94
1.54
3.27
45.66
46.09
45.82
45.86
0.22
0.48
48.96
49.44
48.37
49.20
0.34
0.69

o*sn

26.20 26.30 25.83
24.97 2s.34 25.02
23.30 23.62 23.64

12.40
12.60
12.34
12.45
0.14
1.t2

10.44
10.70
10.45
10.53
0.15
1.42

12,71

12.75
12.75

12.13

0.03
0.24

6*st

24.r7
24.s4
20.80
23.17
2.06
8.89

20.3r
21.t6
19.68
20.38
0,74
3.63

26.TT
25.1r
23.52
25.6r
0.7r
2.77
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Table 8.2.1 Colour analysis data for fresh and dried pulp and peel (cont'd)

Temp
lkH Sarnple

60'cl
57.jYo

Mean
.sD

cv,o/o
I70"c1 ;20.8% 
ã

Mean
,tD

cv,o/o
170'cl ;57.0% ;

1

2

J

SS1 SS2

40.14 40.92 41.t3
42.70 42.7 5 43.42
4r.5r 4r.93 42.22

Í*L 
"S,SN SS3

48.63 49.06 48.89
46.08 46.31 47.01
46.09 46.55 46.49

Colour factols

SS1

4*.ç.ç,

9.40
9.38
9.6r

S52

Mean

^t,

4r.30 41.56 41.5r
41.80 41.70 41.92
40.83 41.02 41.63

9.41 9.23
9.03 9.r2
9.33 9.34

CV,%

SS3

12.11
t2.33
12.65

Dried
SS1

i 1.90 rr.92
12.26 12.26
12.52 12.45

14.TO

15.36
15.44

ó*.ç.ç,

S52

9.54
9.66
9.73

14.63 14.49
15.28 15.93

15.52 15.69

SS3

9.s6 9.39
9.53 9.36
9.50 9.40

21.08
¿2.) J
22.11

tr* st

2t.28 20.49
22.42 22.82
22.40 22.14

40.73

42.96
41.89
4r.86
I,I2
2.68

48.86
46.49
46.38
47.24
1.40

2.96
4r.46
41.81
4T.16
41.48
0.33
0.80

q*sn

13.47
13.12
14.08

9.37
9.18
9.43
9.33
0.13
r.39

1 1.98

12.28
t2.s4
t2.27
0.28
2.28
9.50
9.52
9.54
9.52
0.02
0.2r

6*sn

13.63 13.36
i3.00 12.96
r4.0t 14.09

T4,41

15.52
15.55
15.1 6

0.65
4.29
20.9s
22.52
22.22
21.90
0.83
3.79
13.49
13.03
14.06
13.53

0.52
3.84
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Table 8.2.1 Colour analysis data for berry pulp and peel (cont'd)

'"#T sarnple

n/a
1 

ttl

2
J

Mean

^tD

SSl

I*ssp

Ia]
tbl
Ic]
tdl
Ie]
tfl

49.03 50.40 48.85
5r.64 s2.04 52.36
49.83 49.93 49.28

S52

Templk? : drying conditions (temperature and relative humidity).
L*slL*ssp: lightness; a*s/axssp: hue, (+) red or (-) green; b*s/b*ssp: hue, (+) yellow or (-) blue for samples and subsamplesp.
SS1 : subsample 1, 1't evaluation of sample 1.

,SD : standard deviation.
CV: coefficient of variation.
Sample data not used for analysis due to outlier.

CV.%

SS3 SSl

q* ssn

14.93 14.13 t4.90
13.48 13.24 12.48

12.90 12.82 13.47

Colour factors

S52 SS3 SS1

túp.'slþ

25.8r 25.7r
24.70 24.62
24.49 24.6r

S52 SS3

¡* st

25.87
25.00
23.52

q*sn

49.43

52.0r
49.68

50.85
r.65
3.24

6*sn

r4.65
13.07
13.06
13.07
0.01

0.05

25.80
24.71
24.21
24.49
0.40
r.63
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Table 8.2.2 Colour change, LE, for dried pulp and peel
(Coordinates with Ftg.4.2 and Table 8.2.1)

TemplRflut Sample a.E5riol

50"C130.6o/0

50"C|58.7o/o

60"c124.40Á

60"C/57.0o/o

70"C120.8o/o

70"C157.0o/o

1

2
J

Mean
sDt'l

CV, o/oldl

1

2
J

Mean
SD

cv, o/o

1

2
3tel

Mean

^tD
c[/,yo

1

2

J

Mean
SD

cv, o/o

1

2
J

Mean

^SD
CV,YO

1

2
aJ

Mean
,'D

c[/,yo

1.86

2.42
5.91
3.42
2.23
65.20
7.16
6.27
7.43
6.95
0.61

8.78
2.5r
1.51
2.67
2.04
0.66
32.4
14.15
12.56
13.16
t3.49
1 .13

8.3 8

4.20
4.84
5.04
4.69
0.44
9.38
14.89
15.02
14.66
14.86
0.18
1.2

[a] Temp/1?I{: drying conditions (temperature and relative humidity).
[b] A¿V: colour change between dried and fresh pulp and peel.

[c] ^9D: standard deviation.

ldl Cl/: coefficient of vadation.

[e] Sample data not used for analysis due to outlier.

230



Sample calculations for TablesB.2.l-22 fColour change, AE, for 50oC - 30.6% RH,

Sample 1l

1) Colour change using Eqn.B.2a

LE = (B.Za)

where : meanZ x for fresh samplep, where p : I to 3; a*0: mean a * for fresh

samplep, wherep:1 to 3, and b*o: mean å* forfresh samplep, where p: I to3.

A,E,, :

Refer to "Sample calculations for Tabie A.2.7" in Appendix A.2 for colour factors Zx,

a* , and b* and "Sample calculations for Table 4.1 .1 " in Appendix A. 1 for Mean, ,SD,

and CV.
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Appendix 8.3 Carotenoid analysis for sea buckthorn berry pulp and peel

Table 8.3.1 Total carotenoid analysis for berry pulp and peel (Coordinates with Fig. 4.1)

Temp
IRH^]

\/ tDlI carol

Sample mf,mL

50'c
130.6%

Mean
5'rtrl

CV'o¡1"')

500c :158.7% ;

1

2

3

0.581
0.s67
0.702

V LCIlrcarol

x10-3

mg/mL

60'c
125.5%

Drtot

3.4s9
J.J /J
4.t94

Mean
,sD

cv,o/o
1

2

3 
LoJ

Mean

^tD

0.602
0.616
0.630

Xl 
"oro,L"l

x10-3

mg/mL

4
4

4

3.s86
3.611
3.756

Dried pulp and peel
13.834 50 0.6917
13.494 50 0.6747
16.176 50 0.8388

0.669
0.576
0.562

DrL{

CV.%

.nrorotlgl Vhr*LnJ tnrorotlt)

mg/mL mL mg

4

4
4

3.993
3.428
3.343

t4.345 50 0.7t72
14.685 50 0.7343
15.026 50 0.7sr3

4
4

4

10

10

10

t5.97 4 50 0.7987
t3.l 13 50 0.68s6
13.372 50 0.6686

llto¡lUJ

ob

6.9r7
6.747
8.3 88

X¡uotL*)

mg/i00 g

0.7990
0.7843
0.8755

10

10

10

L172
1.343
7.513

865.8
860.1

9s8.1
894.7
55.0
6.r5
829.7
951.0
898.1

892.9
60.8
6.81

958.4
774.3
867.8
866.4
130.2
15.0

0.8644
0.7720
0.8364

T2

10

11
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Table 8.3.1 Total carotenoid analysis for berry pulp and peel (cont'd)

Temp
IRH

60"c
157.0%

Sample
Ycarot

mglmL

1

2
a
J

70"c
t20.8%

Mean
SD

cv,o/o
1

2
aJ

Mean
SD

CV,YO

1

2
aJ

Mean

^tD

0.603
0.602
0.s96

Xcarot

x10-3
mg/mL

700c
1s7.0%

3.592
3.586
3.550

Dz

0.513
0.665
0.663

Xl ,oro,

x10-3
mgJmL

4

4
4

3.045
3.969
3.957

Dried pulp and peel
t4.369 50 0.7185
14.345 s0 0.7t72
t4.r99 s0 0.7099

0.541
0.676
0.s98

Dt

CV.%

X2¿o16¡

mglmL

4

4
4

3.215
4.036
3.562

12.t8r 50 0.6090
1s.876 s0 0.7938
15.828 50 0.7914

Vh6

rnL

4
4
4

lfilcarot

mg

10

10

10

12.862 s0 0.643r
16.144 50 0.8012
t4.248 50 0.7124

lTloíl

o

7.t85
7.172
'7.099

X¡nat

mg/100 g

0.8196
0.8154
0.8s28

l0
10

10

6.090
7.938
7.9r4

876.5
819.3
832.6
842.8
29.9
3.55
811.8
897.8
891.8
867.r
48.0
5.54
854.9
1045.6
924.4
94r.6
96.5
t0.25

0.7502
0.8842
0.8874

10

l0
t0

6.431
8.072
1.r24

¿J3

0.7521
0.7720
0.7707



Table 8.3.1 Total carotenoid analysis for berry pulp and peel (cont'd)

Ternp
tkH Sample

n/a['']

Y"oro,

mglmL

l LoJ

2

3

Mean
SD

Ia]
tbl
Ic]
tdl
lel
tfl
tel
nil
til
Lr l
tkl
ul
lml
lnl
lol

TemplRH: drying conditions (temperature and relative humidity).
Y ca ro r : absorbance value (measured).
Xrorot: concentration of total carotenoids in hexane solution.
D2 : dilution ratio 2 (fruit fraction).
Xl"o,o,: concentration of total carotenoids in hexane solution, corrected for dilution 2.

D1 : dilution ratio 1 (fluit fraction).
X2ça¡e¡: concentration of total carotenoids in hexane solution, corrected for dilution 1.

Vhur: volume of hexane used in original dilution.
rfrcarot: mass of total carotenoids.
I'r'toit: maSS Of Oil.
X¡uat: concentration of total carotenoids per 1 00 g oil.
,SD : standald deviation.
CV: coefftcient of variation.

n/a: not applicable.
Sample data not used for analysis due to outlier.

0.215
0.4r2
0.333

X"oro,

x10-3

m!mL

CV.%

t.234
2.431
1.9s 1

D2 XI"orot Dt X2"oro¡

x10-3 m/mL
mg/mL

4
4
4

Fresh pulp and peel
4.936 50 0.2468
9.725 50 0.4863
7.805 50 0.3902

Vh",

mL
ITlcarot

mg

11

10

12

2.7t5
4.863
4.683

ffioit
ûé

X¡nat
mg/l00 g

0.3340
0.4823
0.5625

8t2.8
I 008.1
832.4
920.3
r24.2
13.50
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Refer to "Sample calculations for Table 4.3.1" in Appendix 4.3 for total carotenoids and "sample calculations for Table A.1 .1" in

Appendix 4.1 fol Mean, SD, and CV.
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Appendix 8.4 Fatty acid analysis for sea buckthorn berry pulp and peel

Table 8.4.1 Fatty acid analysis for berry pulp and peel (Coordinates with Tables 4.3 and 8.4.2)

Fattv
acidlul

C6:0
C8:0

C10:0
C12:0
C14:0
CI4:l
C15:0
C16:0

C76:In7
C17:0
C17:I
C18:0

C78:ln9
Unknown
CI8:2n6
CI8:3n6
CI8:3n3

Standard

Retention

0.90
r.07
1'46
2.33
4.00
4.35
5.17
6.s3
6.86
8.04
8.40
9.64

Fresh pulp and peel (samplel)

Retention

0.94
1 .13

1.17

2.30
3.9s
nld
5.10
6.49
6.81
8.16
8.32
9.57
9.85
9.96
r0.46
10.75
1r.26

À lolNFA

2127
2t40
4440
1450

18818
nld

3079
522355
500426
35609
92874
20235

279229
149845
195362

676
tl4rst

Amount o/or¿Ll

9.91
nld
0.s3
0.84
1.33

0.11
0.01

0.22
0.07
0.94
nld
0.15

26.0r
24.92
1.77

nlat"J

1.01

13.90
7.46
9.73
0.03
5.68

Dried pulp and peel
(50'C - 30.6%RH, samplel)

Retention Ar¿ Amounto/op¿
trme. mrn

nld
1.13

t.I7
2.30
3.95
nld
5.10
6.48
6.81
8.16
8.32
9.s7
9.84
9.96
10.46
t0.74
tt.25

n/d
r094
2086
96r

13766
nld

2297
399504
396090
22585
78749
r5t44

222629
1 15871
1 55690

712
102769

nld
0.06
0.12
0.0s
0.76
nld
0.13

22.17
2r.98
1.25

nJa

0.84
12.35

6.43
8.64
0.04
5.70
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Table 8.4.1 Fatty acid sample analysis for berry pulp and peel (cont'd)

Fatty acid

C20:0
C20:1
C20:2

C20:3n6
C20:4

C20:3n3
C20:5
C22:0
C22:I
C22:2
C22:4

C22:5n3

Standard

Retention
tirne, min

12.96
13.25
13.90
14.2r
14.31
14.73

15.19
16.25

16.56
17.23

17.84
18.82

Fresh pulp and peel (samplel)

Retention
time, min

12.88

13.30
ß.82
nld

r4.47
14.74
14.89
16.17
16.59
t7.59
t7.83
18.40

Apt

r0827
1 655
857
nld

16164
3359
2744
6243
r2709
13489
3771
t792

ÃmountYopl

0.s4
0.08
0.04
nld

0.80
0.17
0.14
0.31

0.63
0.67
0.19
0.09

Dried pulp and peel
(50'C - 30.6%RH, samplel)

Retention Aru AmountYopl
time, min

12.88
13.30
13.81

14.33
14.47
14.74
14.89
16.r7
16.61

11.59
11.82
n/d

6968
t342
619

6027
8311
3897
3416

366s8
27029
17439
23282

nld

0.39
0.01
0.03
0.33
0.46
0.22
0.19
2.03
1.50

4.30
r.29
nld
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Table 8.4.1 Fatty acid sample analysis for berry pulp and peel (cont'd)

Fatty acid

C22:6n3
C24:0
C24:I

Standald

Retention Retention
time, min time, min

Totaltrl
Tota

19.00
19.94
20.42

[a] C6:0 : caproic acid. C8:0 : caprylic acid. C10:0 : capric acid. CI2:0: lauric acid. C14:0 : myristic acid.
CI4:1: myristoleic acid. C15:0: pentadecanoic acid. Cl6:0: palmitic acid. Cl6:In7 : palmitoleic acid.
Cl7:0: heptadecanoic acid. Cl7:1 : cis-1O-heptadecanoic acid. Cl8:0: stearic acid. Cl8:1n9: oleic acid.
Cl8:2n6 : linoleic acid. C 1 8:3n6 : y-linolenic acid. C18:3n3 : o,-linolenic acid. C20:0: arachidic acid.
C20:l: eicosenoic acid isomer. C20:2: eicosadienoic acid isomer. C20:3n6: eicosatrienoic acid isomer.
C20:4: arachidonic acid. C20:3tß : eicosatrienoic acid isomer. C20:5: eicosapentaenoic acid. C22:0 :
behenic acid. C22:1 : erucic acid. C22:2: docosadienoic acid isomer. C22:4: docosatetraenoic acid isomer.
C22:5n3: docosapentaenoid acid isomer. C22:6n3: docosahexaenoic acid isomer. C24:0: lignoceric acid.
C24:1: nelonic acid.

Fresh pulp and peel (sample1)

n/d
19.85
20.33

Ar¿

tld
5205
208s

2101363
2008489

bl
cl
dl
el
fl
sl

AmountYop¿

AFA: area of individual fatty acids provided on chromatograms (Figures 8.4.2 and 8.4.3).
Amount Yor,t: percent proportion of individual falty acid in fatty acid profile.
rVd: not detected.
n/a: not applicable.
Total : total area of fatty acids provided on chromatograms (FiguresB.4.2 and 8.4.3).
Tolalo¿¡A: total area of fatty acids provided on chromatograms excluding the standard Cll:1.

nld
0.26
0.10

Dried pulp and peel
(50'C - 30.6%RH, samplel)

Refer to "Sample calculations for Table 
^.4.I" 

in Appendix A.4 for fatty acid proportions in conjunction with Figs. 8.4.1-3.
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Retention Ar¿ AmountYop¿
time, min

19.T9
19.85
20.34

1 15181

3890
1700

1881107
1 802358

6.39
0.22
0.09
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lnstrument = Shimadzu Acquisition Port = 4
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Heading 2= MayZ06 155int, 4C/min,-215C- 4min

Raw File Name = C:\Program Files\CPSpi¡it\Shimadzu GC\Susan Sl.George\Be0in¡È Etdrdl6lÊ4er6/0&bffi'O0 AM

Method Fìle Name = c:\Program Fìles\CPSpirit\Shimadzu GclHma.met Method Version = 5

Calibration File Name = Calibratjon Version = 0

Peak# Ret.Time Namê Amounl Amt% Area Area'h
1 0.94 0.00 NUA 2127 0.101

¿ 1.13 0.00 N/A 2lAo 0.102

3 1.17 0.00 N/A 4440 0.211

4 1.27 0.00 N/a 786 0.037
5 2.30 0.oo N/A l45o 0,069

6 3.46 0,00 Nia f535 0.073

Figure 8.4.2 Fatty acid profile chromatogram for fresh pulp and peel (sample 1).
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Peak /l Ret. Time Name
I J.t¿
I 3.95
I 5.10
l0 5.34
1 I 5.e2
12 6.1 r

t3 6.49
14 6.69
15 6,81
16 6,95
17 7.14
18 7.49
19 7.96
20 8.1 6
2l 8.32
22 650
23 8.88
24 9.t1
25 9.57
26 9.72
27 9.85
2A 9.96
29 10.13
30 f 0.46
3f t0.75
32 1f.26
33 1 f.53
34 1 t.68
35 12.15
36 12.36
37 12.8A
38 13.f6
39 13.30
40 13.82
4l 14,47
4? 14.74
43 14.89
44 15.60
45 16.03
46 1 6.17
47 16.59
48 17.59
49 17.83
50 18.40
51 19.85
52 20.33
53 21.0 t

Total Area = 210f363

Amounl
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0,00
0.00
0.00
0,00
0.00
0.00

Chrom Perfect Chromatogram Report

Amt %
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
NUA

N/A
N/A
N/A
NI/A
N/A
f\UA

I'UA
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
NiA
N/A
N/A
N/A
N/A
N/A
N/A

Area AteaYo Typ" Wdlh
30f9 0.144 VB 0.03
r88r8 0.895 tsB 0,03
3079 0.147 BB 0.03
2316 0.110 BB 0.04
2294 0.109 BV O.O4
4A22 0.229 VB 0.04

522355 24.858 BV 0.04
4072 0.194 W 0,05

500426 23.814 W 0.04
4338 0.206 VB 0.04
775 0.037 BB 0,04

4200 0.200 BB 0.04
3376 0. r 6t BV 0.04

35609 1.695 W 0.04
92874 4.420 W 0.04
3440 0.164 VB 0.04
1590 0.076 BS 0.10
1849 o.OSb BB 0.04

20235 0.963 BV 0.04
2793 0.133 W 0.05

279229 13.288 W 0.04
f49845 7.r3f W- 0.04

858 0,04f W 0.04
195362 9.237 W 0.04

676 0.032 VB 0.05
I 14t51 5.432 BB 0.05
7496 0.357 BV 0.04
2782 0.132 VB 0.0s
626 0.030 BV 0.09

1744 0.083 VB 0.0s
10827 0.515 BB -0.05
3724 0.17/ BB 0.05
1655 0.079 BB 0.06
857 0,041 BB 0.07'16164 0.76s BB 0.05

3359 0.160 BV 0.07
2744 0,131 VB 0.06
1266 0_060 BB 0.12
2060 0.098 BB 0.06
6243 0,297 BB 0.05

12709 0,605 BB 0.20
13489 0.642 BB 0.06
3771 0.179 BB 0.14
1792 0.085 BB 0.19
5205 0.248 BV 0.07
2085 0.09s vB 0,08

15886 0.756 BB 0.20

Tolal Amount = 0

Printed on 5/3/06 1:54:37 PM

Figure 8.4.2 Fatty acid profile chromatogram for fresh pulp and peel (sample 1). (cont'd)
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Raw File Name = C:\Program Files\CPSpirit\Shimadzu GClSusan St.George\BeÐide
Melhod File Name = C:\Program Fìles\CPSpirit\Shimadzu cO\Hma.met Method Version = S

Cal¡bration File Name = Calibration Version = 0
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Peak il Ret. Time Name
1 Lt3
2 1.l7
3 2.30
4 3.46
5 3.72
6 3.95

ti
,l

Printed on 5ßi06 1:53:02 Pl\4

Figure 8.4.3 Fatty acid profile chromatogram for dried pulp and peel (50oC - 30.6%RII, sample 1).
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u?

ry

Amount

.?

:,

.00
,00
.00
00
.00
.00

Amt %
N/A
N/A
N/A
N/A
N/A
N/A

Area Araao/"
1094 0.058
20s6 0.1 I I
961 0.051
8s0 0.045
t562 0.083

13766 0.732

Type
BV
VB
BB
BB
BB
BB

widrh
.0?
.04
.02
,03
,03
,03

Page 1 of 2



Peak f Ret. Time Name
7 4.92
I 5.10
9 5.34
10 5.82
11 6.11
12 6.48
13 6.69
14 6.81
15 6.95
1 6 7.49
17 7.97
18 8.16
t9 8.32
20 8,50
21 9.12
22 9.57
23 9.71
24 9.84
25 9.96
26 10.46
27 10.74
28 11.25
29 f 1.54
30 1f.68
31 12.26
32 12.36
33 12.88
34 13.16
35 13.30
36 13.91

37 14.33
38 14.47
39 14.74
40 14.89
41 16.t7
42 I 6.61
43 17.59
44 17.42

^q 
tq !q

46 19.85
47 20.34

Total Area = 1881 f07

Amount
0.00
0.00
0,00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0,00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0,00
0.00

Chrom Perfecl Chromatogram Report

Amt %
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
l\va
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

A¡ea Atea"/o Type W¡dth
715 0.038 BB 0.03

2297 0.1?2 BB 0.03
1370 0,073 BB 0.04
1203 0.064 BV 0.03
2615 0.139 VB 0.04

399504 21.238 BB 0.04
1924 0.102 BV 0.05

396090 21.05ô W 0.04
3539 0,18S VB 0.03
3229 0.172 BB 0.04
2699 0.143 BB 0-05

225A5 1.201 BV 0.04
78149 4.186 W 0.04
2036 0.108 vB 0.04
|25 0.060 BB 0.04

f5144 0.805 88 0.04
940 0.050 BV 0.05

222629 11.835 VV 0.04
I 15871 6.160 VS 0.04
1556S0 8.277 BV 0.04

712 0.038 VB 0.05
102769 5.463 BV 0.05

5249 0.279 W 0.04
1549 0.082 VB 0,05
662 0.035 BV 0.05
t062 0.056 vB 0.05
6968 0.370 BB 0.05
3069 0,163 BB 0.05
1342 0.071 BB 0,07
619 0.033 BB 0.08

6027 0.320 BV '0,15.
8317 0.442 W 0.05
3897 0.207 W 0.09
34f6 0.182 W 0.07

36658 1.94S W 0.23
27029 1.437 W 0.26
77439 4.117 W 0.12
23282 1.238 W 0.12
fi518r 6.123 W 1.12
3890 0.207 vB 0.07
1700 0.090 BB 0.09

Total Amount = 0

Figure 8.4.3 Fatty acid profile chromatogram for dried pulp and peel (50oC - 30.6%RH, sample 1). (cont'd)
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Pr¡nted on 5¡3/06 1:53:02 PM

Total Height = 637202.3

Page 2 of 2



Table 8.4.2 Major fatty acids of berry pulp and peel (Coordinates with Tables 4.3 and 8.4.1)

Ternp
IRHT^)

50'c
130.6%

Sample
Fatty acid amount, %omasslmass (w/w)

1

2
J

50'c
158.7%

Cl6:0 C16:1n7 Cl8:0 Cl8:1n9 unknown CIB:2n6

Mean
sDt'l

CV,YoLd)

1

2
J

Mean
SD

cv,o/o
1

2

J.,
Mean

,SD

cv,o/o
1

2

3

22.17
26.83
25.48
24.82
2.40
9.67

24.58
24.87
27.45
2s.63
1.58

6.16
26.30
23.51
24.67
24.90
1.98

7.9s
27.55
25.87
26.81
26.74
0.84
3.14

21.98
25.85
24.69
24.17
1.99

8.23
23.82
24.75
26.10
24.89
1.14
4.58

26.25
22.82
23.38
24.54
2.42
9.86

26.s7
2s.07
26.63
26.09
0.88
3.37

60'c
l2s5%

0.84
0.94
0.95
0.91
0.06
6.59
1.05

0.92
0.93
0.96
0.07
7.29
0.90
0.78
1.03

0.84
0.09
r0.2
0.91
0.98
0.94
0.96
0.02
2.08

Dried pulp and peel
12.35 6.43
13.91 7.47
14.50 7.82
13.61 7.24
1.12 0.72
8.23 9.94
14.09 7.13
13.27 7 .39
14.91 7.60
14.09 7.37
0.82 0.24
5.82 3.26
13.93 7.86
12.19 6.30
14.52 7.60
13.06 7.08
1.23 1.10
9.42 15.5
13.76 7.44
14.27 7.26

600c
ts7.0%

Mean
.sD

CV.%

8.64
9.82
9.93
9.46
0.72
7.61
IT,9
9.85
8.89
r0.22
1.55
15.2

9.r5
8.20
t0.37
8.67
0.67
1.73

9.82
10.98
9.96
10.25

0.63
6.15

CI9:3n3

s.70
5.56
6.44
s.90
0.41
7.97
8.06
6.16
5.2r
6.47
t.45
22.4
s.3 8

4.48
6.81
4.93
0.64
13.0

s.30
6.81
5.41
5.84
0.84
14.4

13.8s
13.96
0.27
r.93

1.59
7.43

0.r7
2.29
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Table 8.4.2 Major fatty acids of berry pulp and peel (cont'd)

Ternp
IRH

1 22.3519:ç ) zostt20.8% :3 23.95
Mean 22.21

^tD 1.7\
CV,o/o 7.68

1 23.35!9': ) zoso1s7.0% :3 23.67
Mean 22.53

^tD 1.71

Cf/,o/o 7.59

ltrl 26.01

Sarnple
C16:0 CI6:1nj

20.87
19.10
22.05
20.67
r.49
7.21

21.45
19.99
2r.95
21.13
1.01

4.78

24.92
19.55
25.38

nlat"l 2

Ĵ

Fatty acid amount. o/o fulw
Cl8:0 CI8:1n9 unknown

Dried pulp and peel
1.02 t4.23 6.96
0.87 11.70 6.06
1.09 15.34 7.37
0.99 13.75 6,79
0.1 1 1.87 0.67
1 1.1 \3.6 9.87
1.13 14.69 6.95
0.79 12.08 6.51
1.09 14.98 7 .r9
1.00 13.92 6.88
0. 19 1 .60 0.34
19.0 1 1.5 4.94

Fresh pulp and peel
1.01 13.90 7 .46
0.78 I 1.59 6.30
0.97 t4.14 7.87

Ia]
tbl

TemplkY: drying conditions (temperature and relative humidity).
C16:0 : palmitic acid. C16:In7: palmitoleic acid. C18:0: stearic acid. Cl8:In9: oleic acid. Cl8:2n6: linoleic acid.
C78:3n3 : o,-linolenic acid.

^lD 
: standard deviation.

CV: coefftcient of variation.
n/a: not applicable.
Sample data not used for analysis due to outlier.

245

Mean 22.85 22.46 0.88 12.87 i.09
sD 3.56 4.12 0.14 1.81 f.i1

Ic]
Id]
Ie]
tfl

cv,o/o 15.6 19.3 15.g 14.1 15.1

20.33
25.36

CI8:2n6

10.87
10.18

1 1.89
10.98

0.86
7.83
12.86
o aaO.JJ

12.23

tl.14
2.45
22.0

9.73
7.40
8.68
8.04
0.90
tt.2

C78:3n3

7.48
6.93
8.09
7.50
0.58
7.73
9.35
5.45
8.64
7.8 i
2.08
26.6

s.68
4.89
5.s4
5.22
0.46
8.81



Refer to Sample calculations for Table 4.1.1 in Appendix 4.1 for Mean, SD, and CV.
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Appendix 8.5 Tocol analysis for sea buckthorn berry pulp and peel

Table 8.5.1 Tocol concentration analysis for berry pulp and peel
(Coordinates with Table 4.4 andB.s.z)

Tocolstuj
o,-T s-T3 p-T F-T3 y-T y-T3 ô-T

Fresh pulp and peel (samplel)

Retention 6.81 7.83 8.83 10.12 10.79 12.81 15.55
time, min
y,o,o/bJ 52rr0z4 42971 421309 542400 466467 104669 t296075

xt,o,o}") t31.632 1.0g4 6.929 g.7gl 9.5i5 2.135 19.943
ngll}VL
co¡tLdJ 2.93 2.93 2.93 z.g3 z.g3 2.93 2.93
mglmL
,Ð.,o,o¡t"J 449.2 3.7 23.3 30.0 32.5 7 .3 6g.1
mgl1009

Dried pulp and peel (50'C - 30.6%RH, sample 1)

Retention 6.65 7.45 8.58 9.80 10.44 12.29 14.90
time, min
Yrc"or 6838357 122301 527002 670130 540955 t27321 t599077

X7ø,ot 172.541 3.086 8.542 10.861 11.035 2.597 24.197
ngll0¡ú
Co¡t 3.25 3.25 3.25 3.25 3.25 3.25 3.25
mglmL
X2¡eçs¡ 530.9 9.5 26.3 33.4 33.9 8.0 76.3
mg/100g

[a] o-T: u,-tocopherol. B-T : B-tocopherol. y-T: y-tocopherol. ð-T: ð-tocopherol.
o-T3 : o,-tocotrienol. B-T3 : B-tocotrienol. y-T3 : y-tocotrienol.
ô-T3 : ô-tocotrienol. P-8 : Plastochromanol-8.

lb) Y,o"ot: area of individual tocol.

fcf X|¡oro¡: concentration of tocol in prepared hexane solution.

ldl C",t: concentration of oil in hexane solution.

le] X27o"o¡: concentration of tocol in oil.

Refer to "Sample calculations for Table 4.5.1" in Appendix 4.5 for tocol concentration

in conjunction with Figs. 8.5.1-2.
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Chrom Perlect Chromatogram Reporl

- C:\Progrâm Files\CPSpirit\HPLC Fluorescent\Susan-Grad.oilsdent\May10-2@6\æbuckthorn.0045.RAW

@
ñ

o
ñ

55

50

^45o(o
'å qo
6q
-9 os
I
o
>30

'25@

tzoq

oÉ15
't0

10 12 14 16

Time - M¡nutes (span=25)

18 24

FY3 Ïlnshument = HPLC Fluorescent

Heading 1 = Tocopherol Analysis -Susan -seabuckthorn

Heading 2 = May10,2006; 1OuL inj; 0.8mUmin; 25 min. run time

Sample ldenüfication: I ?''"O
Wt 19¡=

Today's Date = 5i l5/06 Ioday's Time = I 1:02:34 AM

Raw File Name = ClProgram Files\CPSpirit\HPLC Fluorescent\Stlsan-Grad.Student\May10*2006\seabuckthorn.0045.RAW

Sample Name = oils

Method File Name = ClProgram Files\CPSpirit\HPLC FluorescenMocophero15.MET

Method Doscription = TocopherolAnalysis - column: Phenomenex 250x3.2mm 5micron; 5u silicon

Calibralion Fìle Name =
Run Tìme = 25 

.

Peak# Ret.Time PeakName

1 5.13

2 681_¿rrphn
3 7.55

4 7.83 - a\p\1ttT I
5 S.83 - be',til
6 10.12 - þfla l5
7 10.7s - ¿rÉthtï¿ì

I 12.43

s 12'81- oúttlltnr',i 
1J

10 14.37

11 1486 , ,L
12 1555 - detr¿t

13 17.12

14 21,35

Total Area = 1.07 1 4818+07

Amount
0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000
0.000

0.000

0.000

0.000

0_000

0.000

Total Amount = 0

Areao/o Group #
3.11 [No data]

48.69 [No data]

0.39 [No datai

0.40 {No datal

3.93 [No data]

5.06 [No datal

4.35 [No data]

1.03 [No data]

0.98 [No data]

1297 [No data]

3.43 [No data]

12.00 [No data]

3.24 [No data]

0.41 [Ì'lo data]

Amt%
N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

' Area
333410

5217024

42195
42971

421309

542400

466467

10991 1

104669

1 389876

367625

1286075

34679s

44083

Prìnted on 5/15/06 1 1 :02:36 AM

Figure 8.5.1 Tocol chromatogram for fresh pulp and peel (sample 1).

Pagel of2
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Chrom Perfeci Chromatogr¿m Report

- C:\Program Files\CPSpirit\HPLC Fluoresænt\Susan-Grad.oilsdent\May10_2006\seabuckthom.0Ol3.RAW

10 12 14 16 18 20 22 24

Time - Minutes (span=25)

Sample ldentifìcati on' ()(o þT lB
Wt. (s)=

Today's Date = 5/15/0ô Today's Time = 10:48:06 AM
Raw File Name = ClProgram Files\CPSpirit\HPLC Fluorescent\Susan-Grad.Student\May10_2006\seabuckthorn,0013.RAW
Sample Name = oils

Method File Name = C:\Program Files\CPSpirit\HPLC Fluorescent\Toc0pherol5.MET
Me{hod Description = TocopherolAnalysis - column: Phenomenex 250x3.2mm Smicron; 5u silicon

Calibration File Name =
Run Time = 25

65

60

55
@

ìsoEõ
t45
9qo
è,.
å30
Côr
o
o?n
M'"

15

lnsbument = HPLC Fluorescent

Heading 1 = Tocopherol Analysis -Susan -seabuckthom

Heading 2 = May10,2006; 1OuL inj; O.8mUmin; 25 min. run time

Peak # Ret. Time Peak Name

I 4.42

2 5.08
3 6.65 -¿ttpnli
4 7.45- ¿rtþhú't'l3
5 8.09

6 asa- btt^
7 980 - ìleì¿t1l
I 10.44 - 3c(!ttt/Y|ìI 1 1.85

1ó i2ãé - ga"t'wtttl
11 13 82

12 1429
'13 149s - d'ettrt

14 16.24

15 20.62

Area A¡eao/o Group#
2052 0.02 [No data]

430109 3.34 [No data]

6838357 53.12 lNo datal

122301 0.95 [No data]

1600 0.01 [No data]

527002 4.09 [No data]

670130 5.21 [No data]

540955 4.20 [No data]

83917 0.65 [No data]

127321 0.99 [No data]

1016798 7.90 [No data]

419604 3.26 [No data]

1599077 12.42 [No data]

444605 3.45 [No data]

50657 0.39 [No data]

Amoun{

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000
0.000

0 000

Amt%
N/A

t'UA

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

oN
o¡

nq

Printed on 5/15/06 10:48:07 AM Pagel of2

Figure 8.5.2 Tocol chromatogram for dried pulp and peel (50oc - 30.6%RH,
sample 1).
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Table 8.5.2 Tocols of berry pulp and peel (Coordinates with Tables 4.4 and 8.5.1)

Temp
lRdol

500c
130.6%

1

2

3

Mean
sDtdl

CV,Yol"l
1

2
J

Mean
SD

cv,o/o
i
2

3 
[eJ

Mean
,s,

c[/,o/o
1

2

J

Mean

^tD
CV,O/O

u-T

500c
/58.7%

530.9
544.9
s 13.3

529.7
15.8
3.0

622.4
555.5
463.7
547.2
79.7
t4.6

362.0
439.3
239.2
400.7
54.7
13.7

51 8.s
510.7
3 58.6
462.6
90.1
19.s

s-T3

9.5
7.7
3.9
7.0
2.9
4t.4
5.7
4.8
6.8
5.8
1.0

17.2
2.8
J. /

0.6
3.2
0.6
18.8

1,4
4.2
1.1

2.2
1.7

77.3

60'c
t24A%

26.3
27.8
23.4
25.8
2.2
8.5

30.8
26.3
21.6
26.3
4.6
17.5
16.r
19.9
1 1.0
18.0

2.7
15.0
24.6
24.0
17.3
22.0
4.1

18.6

Dried pulp and peel
33.4 33.9 8.0
34.8 35.9 1 1.3

32.1 26.t 1 1.3

33.7 32.0 10.2
1.1 5.2 1.9
3.3 16.3 18.6
37.9 41.t t5.2
34.7 34.7 13.5
29.4 30.9 6.0
34.0 35.6 rr.6
4.3 5.2 4.9
12.6 14.6 42.2
28.4 22.7 4.8
29.4 26.1 9.4
17.5 12.9 3.1
28.9 24.4 7.r
0.7 2.4 3.3
2.4 9.8 46.5
32.0 33.5 lO.s
3t.2 36.9 9.3
24.7 26.5 4.2
29.3 32.3 8.0
4.0 5.3 3.3
13.7 16.4 4t.3

-T3
TocolsLbl

60'c
157.0%

-T -T3 ô-T

/o.J
78.0
69.4
74.6
4.5
6.0

81.9
80.9
67.2
76.7
8.2
r0.7
51.4
79.3
35.5
65.4
19.7

30.1

72.9
76.5
48.3

6s.9
15.3
23.2

ô - T3 Total

n/dt'l
nld
nld
n/d
n/d
nld
nld
n/d
nld
nld
nld
nld
nld
nld
nld
n/d
n/d
nld
n/d
nld
nld
nld
nld
nld

718.3
740.4
680.1

713.0
30.5
4.3

835.2
750.5
625.8
737.2
105.3
t4.3

488.2
607.1
320.4
547.6
84.1
15.4

693.5
692.8
480.8
622.3
122.6
t9.7
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Table 8.5.2 Tocols of berry pulp and peel (cont'd)

Temp
IRH Sample

70"c
t20.8%

1 377.4
2 335.1
3 342.8

Mean 351.8
,sD 225

CV,Yo 6.4
1 557.6
2 443.3
3 ss6.7

Mean 519.2
,sD 65.9

CV,o/o I2.7

l0"c
157.0%

ü-T 0-T3 0-T
2.8
1.0

2.6
2.1

1.0

41.6
6.2
1.1

2.8
3.4
2.6
76.s

nJaÍr1

16.9
15.7

16.5
16.3

0.6
3. t

27.3
19.8
26.s
24.6
4.r

16.7

Tocols
0-T3 y-T Y-T3 ô-T ô-T3

1 
tsJ

2s.3 23.4 5.4 s6.8
21.6 21.2 5.0 49.3
24.8 22.6 4.9 49.2
23.9 22.4 5.1 51 .8

2.0 1.1 0.3 4.4
8.4 4.9 5.9 8.5
35.2 4t.4 12.9 74.7
29.5 24.t 6.1 55.8
36.3 35.9 8.5 73.1
33.6 33.8 9.2 67.9
3.6 8.8 3.4 10.5
10.1 26.0 37 .0 15.5
Fresh pulp and peel

Ia]
tbl

Ic]
tdl
lel
tfl
tel

2

3

Templk?: drying conditions (temperature and relative humidity).
o-T: o-tocopherol. B-T : B-tocopherol. y-T : y-tocopherol. ô-T: ô-tocopherol. a,-T3 : a,-tocotrienol.
9-T3 : B-tocotrienol. y-T3 : y-tocotrienol. ô-T3 : ô-tocotrienol.
n/d: not detectable.
SD : standard deviation.
CV: coefftcient of variation.
n/a: not applicable.
Sample data not used for analysis due to outlier.

251

Mean 536.6 3.6 25.4 34.7 30.4 10.3

449.2 3.7 23.3 30.0 32.5 7 .3

^tD 10.5 0.2 0.0 3.0 4.9 4.9

s44.0 3.s 25.s 36.8 33.8 6.9

CV,o/o 2.0 5.2 0.3 8.6 16.1 46.6

s29.2 3.8 2s.4 32.6 26.9 13.7

J
aJ

J

J

0

5

.7

.5

.8

.6

.2

.2

nld
nld
nld
nld
nld
n/d
nld
n/d
0.6
0.2
0.3

150

Total
s08.1
448.8
463.3
473.4
30.9
6.5

7 55.4

579.7
740.4
691.8
97.4
14.1

614.0
714.4
700.4
707.4

9.9
r.4

68.1

64.0
68.8
66.4
3.4
5.1

nld
nld
n/d
nld
n/d
nld



Refer to "Sample calculations for Table A.l .1" in Appendix 4.1 for Mean, SD, and, CV.
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Appendix 8.6 Phytosterol analysis for sea buckthorn berry pulp and peel

Table 8.6.1 Phytosterol concentration analysis of pulp and peel
(Coordinates with Tables 4.5 andB.6.2)

Phytosterol
5u,-cholestane Cholesterol Campesterol Stigmasterol B-sitosterol

Standard

Retention 15.52 16.13 18.08 18.14 19.87
time, min

Fresh pulp and peel (sample 1)

Retention 15.53 16.15 18.10 n/dtuj ß9l
time, min
A,,u,ottbi 95233 32904 rg525 nld 952169

xl,,,,.otL") 216 74.403 42.orj nld 2159.6
pg

mo¡ttdt 0.1021 0.1021 0.t02r 0.t02r o.1o2t
o

x2,¡n,o¡l"l nlalrJ 72.g73 41.153 n/d zrl5.2
mgl100 g

oil
Dried pulp and peel (50'C - 30.6%RH, sample 1)

Retention 15.53 16.16 18.09 nld t9.94
time, min

A,rc,ot 111135 16941 11102 nld 612680

Xlsrc,ot 216 32.926 21.578 n/d 1190.8

trg
ffio¡r 0.0975 0.0915 0.0975 0.0975 0.0975

ob
X25¡s,,6¡ nla 33.710 22.131 n/d 1221.3

mg/100 g

oil

[a] n/d: not detected.

lbl A,,nrot: aÍea of individual phytosterol on clrromatogram.

lcf Xlr¡u,o¡: arnount of individual sterol.

ldf mo¡t: mass of oil.
lef X2,¡n,'¡: mass of individual pliytosterol per 100 g oil sample.

lÍl nla: not applicable.
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Refer to "Sample calculations for Table A.6.r" in Appendix A.6 for phytosterol

concentration in conjunction with Figs. 8.6.1-3.
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l5-

lr
s
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t0.

Chrom Perfect ChromatogEm Reporl

Iil - Éiñulê3 Gpú=]5)

Sample Name = Seabuckthorn

ìnstrument = Shimadzu Acqu¡sition Fort = 4

Heading 1 = ful inj.: 20:lsplit ZB-1 30m

Heading2-June03/06

Raw File Name = C;\Program Files\CPSpirit\Shimadzu cC\Susan St,ceorgc\Slùb (mISBE@lsO{Ig8çHyl;s4 pÀ,l

Melhod Flle Name = ClPrograD Files\CPspirit\Shimadzu GO\Sterols,MET Method Version = 3ô

Calibrâtjon Fjle Name = Cålibration VeEion = O

Peak # Rel. Tmo NÐe Amount Amt % Arca Area %
1 t5,52 0.00 tya 33322 8.404
2 I 6. r 3 0.00 ¡l/A 173215 4iI,687
3 f6,73 0.00 Nt/A 1878 0,474
4 f8.09 0.00 f¡/A 25264 6.372
5 18.74 0.00 N/A 12t235 30,577
6 19.87 0.00 ¡ua 41574 10,486

Figure 8.6.1 Phytosterol chromatogram for standards. Standards with
cholesterol, 16. 1 3rnin; campesterol, 1 8.08 min; stigmasterol,
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Type
BB
BS
BB
BV
VB
BB

wdth
0.07
0,07
0.08
0.09
0.08
0.08

Page 1 of 2

respective retention times : 5 a,-cholestane, 1 5. 5 2min;
18.7 4min, and B-sitosterol, 1 9.87min.
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50

[4s
9qo
I

=.tò30
8. 25

d
20

l5

Chrom Perfect Chromalogram Report

10 12 14 16 18 20 22
TIme - M'nules (spanE2l)

Sample Nme = Seabucklhorn

lnstrument = Shimadzu Acquìs¡tion Pod = 4

Heading f = fuLinj.:20:lsplit ZB-l 30m

Heading2=June03/06

Raw File Name = C:\Program Files\CPSpirit\Shimadzu GClSusan Sl.George\St@o¡Ê OÊIstsQáerqlegod8Fô90:44 AM
Method File Name = ClProgram Fìles\CPspirit\Shimadzu Gclsterols.MET Molhod Version = 38

Calibration F¡le Name = Câlibralion Version = 0

ôi

ld

Peak # Ret. Tims Namo Amount Amt % Area Ateay. Typu Widlh
1 10,10 0,00 N/A 65012 t.730 BB 0.04
2 10.17 0.00 N./A 45417 t.20S BV 0.04
3 10.28 0.00 N/a t0038 0.267 vB 0.08
4 10,4f 0.00 N/a 263810 7.021 88 0.05
5 10.7f 0.00 N/a 326090 8.679 88 0.05
6 10.85 0.00 N/,Â. 20766 0.553 88 0.05

Printed on 6/4/06 1 2:51:03 P[/

Figure 8.6.2 Phytosterol chromatogram for fresh pulp and peel (sample 1). Standards with respective retention times: 5u,-
cholestane, 15.53 rnin; cholesterol,16.75 min; campesterol, 18.10 min, and B-sitosterol, 19.97 min.
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Peak ,1 Rel. Time Name
7 f 1.55
I r 1.68
I 1 1.83

10 f2.00
11 t2.r3
12 t¿.22

14 12,86
15 f3.f7
16 13.52
17 13.74
18 i4.t2
t9 14,55
20 14,86
21 15.02
22 15.21
23 15.53
24 15.88
25 16.00
26 t6.t5
27 16.31
28 16.70
29 t7.05
30 17.37
31 17.64
32 18.10

34 18,85
35 1S.07
36 19.36
37 19.53
38 19.97
39 20.18
40 20.4A
4t 20.99
42 2t.t5
43 21.37
44 2t.52
45 2t.68
46 21.94

4A 22.57
49 ¿2.46
50 23.54
51 24.45
52 24.94
53 25.26
54 25.44
55 26.3r
56 27.?5
57 28.37

Amount
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0,00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Chron Perfect Chromalogran Report

Aht %
N/A
N/A
òUA
NiA
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
NiA
N/A
N/A
N/A
N/A
N/A
N/A
NI/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
Àl/a
N/A
r.tA
N/A
NUA

N/A
N/A
N/A
N/A
N/A
r.yA
N/A
N/A
NVA

N/A
N/A
N/A
N/Â

Area Area"/" Typ" Wdth
6060 0.16f BB 0.07

26086 0.748 8B 0.05
4054 0.t08 BB 0.05

41267 1.098 BB 0,05
14554 0.387 BB 0.06
15451 0.4t1 BB 0.06

127239 3.397 BB 0.06
21 658 0,576 BB 0.05

1902t0 5.062 88 0.06
316æ9 A.U7 BB 0.06

I I f78 0.298 8B 0.09
8362 0.2?3 BV 0.07
17071 0.454 W 0.07
21779 0.580 W 0.08
42113 1.121 W 0.06
44683 f.189 W 0.1 1

95233 2.535 W 0.07
5004t 1.332 W 0.11
2MA4 0.652 W 0.08
32804 0.873 W 0.09
16752 0-446 W 0.07

1 17610 3.130 W 0.07
66800 1.778 VB 0.08
8195 0.218 BB 0.1 r

r 194 0.032 BB 0.08
16525 0.493 BB 0.0ê
8587 0.229 BB 0.t2
8665 0.23f BB 0.1 f

f 1343 0.302 BB 0.09
f6597 0.442 BV 0.08
18f73 0.484 W '0.09.

952169 25.342 W 0.10
99007 2.635 W 0.09
97235 2.588 W 0.09
76669 2.041 W 0.r0
32295 0,860 W o.tf
15696 0.418 W 0.10
1 f02l 0.293 W 0.09
16568 0.44t W 0.10
5568 0.148 W 0.08

86006 2.289 W 0.10
40f89 1.070 W 0.10
25020 0,666 VB 0,10
6738 0.179 8B 0.15

42212 1.123 BV 0.09
2532 0.067 VB 0.10
6289 0.1 67 BV 0.09

50042 t.332 VB 0.10
9087 0.242 BB 0.rl

20467 0.545 BB 0.09
I 853 0.049 BB 0. I 0

Printed on 6/4i06 l2;5'1:03 PN4

Figure 8.6.2 Phytosterol chromatogram for fresh pulp and peel (sample 1). Standards with respective retention times: 5a,-
cholestane, 15.53 min; cholesterol , 16.75 min; campesterol, 18.10 min, and B-sitosterol, 19.97 min. (cont'd).
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Psak # Rel. lme Name
58 31.18
59 3f.54
60 3t.89
6f 32.55
62 34.22
63 36.43

Total Area = 3757247

Amount
0.00
0.00
0.00
0.00
0.00
0.00

Total Height = 802379.4

Chrom Pelect Chromatogram Report

Amt %
N/A
N/A
N/A
N/A
NiA
N/A

Area Ateao/, Typ"
5065 0.135 BV
2676 0.071 W
3r3t 0.083 vB
3129 0.083 BB
3570 0.095 BB
6886 0.183 B8

fotal Amount o 0

Wdrh
0.12
0,r8
0.09
0.12
0.f 7
0.33

Pr¡nled on 6/4/06 1 2;5'1 :03 PM

Figure 8.6.2 Phytosterol chromatogram for pulp and peel
15.53 rnin; cholesterol , 16.I5 min; campesterol,

Page 3 of 3

(sample 1). Standards with respective retention times: 5u-cholestane,
18.10 rnin, and P-sitosterol, 19.97 min (cont'd).
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Chrom Perfecl ChromatogEn Reporl

10 12 14 t6 18 20 22
Time - Minules (spãn=21)

Sample Name = Seabuckthom

lnstrument = Shimadzu Acquisiùon Port - 4

Heading I = luLinj.;20:lspl¡t ZB-1 30m

Heading2=June03/06

Baw Fìle Name = c:\Program Files\CPSpirit\Shimadzu GClSúsan St.George\StdoÞ tÊleBq@le8ût8FqWr42 PM

Method Filo Name = Cr\Program Flles\CPspirjt\Shimadzu Gclstero's,MET Method VeFjon - 38

câlibratìoñ Fìfe Name = Calibration Veßion = 0

=i1:

Peak# Ret.Time Namc Amount Amt% Area Area% Type W¡dlh
I 10.09 0.00 N/a 46040 2.22a BB 0,04
2 10.18 0.00 N/A 33972 1.644 88 0.04
3 10.41 0.00 N/A r t9f4g 5.767 BB 0.05
4 10.70 0.00 N/A 141366 6.842 88 0.04
5 10.85 0.00 N/A 9883 0.47A 8B 0.05
6 r r.54 0.00 N/a 2398 0.f16 BB 0.06

Pr¡nled on 6/4/06 1 2:41;'1 8 PM

Figure 8.6.3 Phytosterol chromatogram for dried pulp and peel (50oC - 30.6%RH, sample 1). Sterols with respective retention
times: 5o,-cholestane, 15.53 min; cholesterol, 16.16 min; campesterol, 18.09 min, and B-sitosterol, i9.94 min.
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Peak # Rot. fime Name
7 1 1.68
I 1 r.83
I 12.00
10 12.22
1t 12.74
t2 12.85
t3 13.16
14 fs.st
15 13.74
t6 14.84
17 f5.0f
1 I 15,24
t9 15.53
20 t5.90
2f t6.16
22 16,31
23 t6.69
24 17.04
25 17.36
26 18.09
27 18.38
2A 19.06
29 19.35
30 f9.52
3f 19.94
32 20.17
33 20.46
34 20.98
35 21.15
36 21.36
37 21.67
38 22.44
39 22.57
40 22.A6
41 23.55
42 24.44
43 25.44
44 26.t1
45 26.31
46 27.24
47 35.28
48 36.3A

Tolal Area = 2066026

Amount Amt %
0.00 N/a
0.00 Ni./a
0.00 N/A
0,00 N/a
0.00 N/a
0.00 Àt/A
0.00 N/A
0.00 NyA
0.00 t't/A
0.00 N]/A
0.00 N/A
0.00 N/A
0.00 N/A
0.00 ¡ua
0.00 N/a
0.00 N/A
0.00 N/a
0.00 N/a
0.00 N/A
0.00 N/A
0.00 N/a
0.00 N/a
0.00 Àua
0.00 N/A
0.00 N/A
O.OO NUA
0.00 N/a
0.00 N/a
0.00 N/A
0.00 N/a
0.00 Nia
0.00 N/A
0.00 N/A
0.00 NtA
0.00 N/A
0.00 N/A
0.00 N/A
0.00 N/A
0.00 N/a
0.00 N/a
0.00 N/a
0.00 Àya

Chrom Perfect Chromatogram Report

Àrea Areao/o Typu Wdth
9207 0.446 BB 0.05
2205 0.10? 8B 0.05
9862 0.4Tt 8B 0.05
14737 0.713 8B 0.06
88794 4,298 8B 0.06
13968 0.676 88 0.06
68263 3.304 BB 0.06
122556 5.932 BB 0.06

3336 0.f61 8B 0.09
2162 0.105 BV 0.08
l88ff 0.sf0 w 0.07
14308 0.693 W 0.12

11 il35 5.379 W 0.07
24979 f.209 W 0.11
t6941 0.820 W 0.08
10660 0.516 W 007
70t68 3.396 W 0.07
23746 1.149 VB 0.08
2602 0.126 BB 0.1 1

1 I 102 0.537 88 0 08
33f5 0.160 BB 0.16
4604 0.223 BV 0.08

I 1328 0.548 W 0.09
10868 0.526 W 0.10

612680 29.655 W 0.09
67508 3.268 W 0.10
6656f 3.222 VV 0.09
57026 2.760 W 0f0
t8264 0.884 W O.12
10199 0,494 W 0.10
s550 0.a62 vB '0.09

47435 2.296 BV 0.09
25673 1.243 W 0.10
t2994 0.629 VB 0.10
4022 0.195 BB 0.18

25060 f.2f3 BB 0,t0
470f9 2.276 BV 0.10
3333 0.16f W 0.17
7005 0.339 VB 0.12

2t542 1.043 BB 0.10
4484 o.2ti 88 0.48
3206 0.t55 BB 0.31

Total Amount = 0

Pr¡nted on 6/4/06 12:41:19 P[¡

Figure 8.6.3 Phytosterol chromatogram for dried pulp and peel (50oC - 30.6%RH, sample 1). Sterols with respective retention
times: 5ct-cholestane, 15.53 min; cholesterol, 16.16 min; campesterol, 18.09 min, anrd B-sitosterol ,Igg¡min (cont'd).
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Table 8.6.2 Major phytosterol concentrations in pulp and peel
(Coordinates with Tables 4.5 and 8.6.i)

Temp
/Rtl^l

Sample Phytosterol concentration mgl100 e oil
Cholesterol Campesterol Stigmasterol B-sitosterol

Dried pulp and peel

50"c
130.6%

500c
ls8.t%

600c
124.4%

60'c
151.0%

Mean
sDt"l

CV,o¡tat

1

2
J

Mean
,SD

CV,YO

1

2
3ttJ

Mean

^tD
cv,o/o

1

2

J

Mean

^tD

33.11
34.24
2t.25
29.15
t.3l
24.8
23.89
23.62
32.56
26.69
s.09
19.1

21.77
25.02
37.29
23.40
2.30
9.8

21.04
24.66
25.66
23.19
2.43
r0.2

22.t3
21.86
24.33
22.78
r.36
5.97
28.34
24.46
25.31
26.04
2.04
1.83

28.22
21.44
25.50
24.83
4.80
19.3

22.33
28.1 8

31.53
27.34
4.66
11.0

¿¿tuJ

nld
nld
nld
nld
n/d
nld
n/d
n/d
nld
nld
nld
n/d
n/d
nld
nld
nld
nld
nld
n/d
nld
nld
nld
nld

r22r.33
13t0.82
1242.06
12s8.07
46.85
3.72

t331.65
t376.47
TT82.T6
1298.76
102.83

7.92
1280.42
1089.8s
r436.t0
1185.14
134.75
lr.4

1160.07
1,213.94
1343.t0
1239.04
94.06
7.59

I
2

J

CV.%
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Table 8.6.2 Major phytosterol concentrations in putp and peel (cont'd)

Temp
/RH

Sample Phytosterol concentration mg/ 100 g oil
Cholesterol Campesterol Stigmasterol $-sitosterol

Dried pulp and peel

70"c
120.8%

70"c
1s7.0%

nJal"l

Mean
,SD

cv,o/o
1

2
J

Mean
SD

c[/,o/o

Mean

^tD

30.68
24.97
36.80
30.82
5.92
19.2

3t.34
31.55
28.46
30.45
t.72
s.6s

72.87
2s.98
40.55
33.26
10.30
31.0

19.97
28.89
20.98
23.28
4.89
2t.0
23.64
22.58
22.11
22.78
0.79
3.47

nld
nld
2.s8
0.86
r.49

nld
nld
nld
nld
nld
nld

trgt.92
1527.03
1084.72
1267.89
230.13
18.20

1253.57
1230.98
1251.10
t245.21

12.39
0.99s

2rt5.22
1377.t4
13s3.96
1365.55

16.39
1.20

1

2
J

Fresh pulp and peel
nld
nld
nld
n/d
n/d
nld

I tfl

2

J

CV.%

4L15
26.05
27.15
26.60
0.18
2.9

[a] Temp/Al/: drying conditions (temperature and relative humidity).
lbl dd: not detected.

lcl SD: standard deviation.

ldl CV: coefficient of variation.

lel n/a: not applicable.

[f] Sample data not used for analysis due to outlier.

Refer to "Sample calculations for Table 4.1.1" in Appendix 4.1 for Mean, SD, and CV.
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Appendix C.l Matlab program for press cake temperature, tpc¡¡¡emodel

Note: Text followiÍrg"%o" are cofiìments and not part of the program

o/o Heat and mass transfer analysis for material dried on an inert sphere

o% Constants for drying model at 65oC and 45% RH

Mo: 1.3I4; % Initial moisture content, db

M":0.0458; % Equilibrium moisture content, db

A : 9 .7 8x70-3 ; o/o Surface area of press cake/inert sphere system, (m2)

m¡p:0.148; % Mass of inert sphere, (kg)

Cp¡p: 1 .400; % Specific heat capacity of inert sphere, (kJ/kg.K)

Fp"-¡ot:0.0379; % Multiplication factor for fat component in press cake

Fpc-sot:0.3943; % Multiplication factor for solids component in press cake

Fp,-H,o:0.5678; % Multiplication factor for water component in press cake

to¡.: 65; o/o Chamber air temperature ('C)

h : 1 8.2 ; Yo Heat transfer co effi cient, 1W/m2' K)

L:2258;o/oLatent heat of vaporization at 100 Pa (kJ/kg)

lr : 0.016667; % Time increment (h)

k : 0.19 56; Yo P age coeff,rcient

n : 7 .1382; o/o P age coefficient

Yo Initial conditions for drying model @ 65degc,45% RH

nxpcþ):0.03581 6; %o Initial mass of press cake (kg)

mpc(i-r): Inpc(o); % Setting initial mass to mass at beginning of next tirne interval (kg)

tltpc-fat: Fpc-fafttpcþ)i o/oMass of fat component in press cake (kg)



Ínpc-sot: Fpc-sottTtpcþi %o Mass of solids component in press cake (kg)

m pc-H2o 
: F p"-n,ompc(o)i 

o/o Initial mass of water component in press cake (kg)

Ívtpc-w(ït): tTtpc-w) % Setting initial rltpc-w to lTtpc-w 4t beginning of next time interval (kg)

tpcþ):38.531;o/olnitial temperature of press cake ('C)

to"¡tt¡: tp4,i o/o Setting initial tpc to tpc at beginning of next time interval ('C)

i : 0; o/o lteration counter zeroed

C: zeros(490, 5); % Establishment of matrix with 490 rows and 5 columns

o/o Press cake temperature determination during drying cycle

forr : (0. 03 3 3 34 : 0.01 6667 :1 3.3 50) ; Yo Time iteration (h)

i : í+7; Yo lteration counter

Terml : lhA(to¡¡tocf¡-tl)Ar]'3.6; o/o Convective heat transfer term (kJ)

o/o Calculations for moisture evaporation term

MR: exp(Jci'); % Moisture ratio at r¡q, using Page's model

lttn(u"-M")*M"+tfm,tltp, = ; o/o Mass of press cake at tf,l(kg)

Lmpc: mpc(i-r)-mpc(i); % Moisture loss during time interval (kg)

TermZ : A,mp" L; o/o Energy required to evaporate moisture (kJ)

o/o Calculations for specific heat capacity of press cake

m pc-H,o = m pc-H2o(i-t¡ - Lnt o"; 
o/o Water component in press cake at tirne z¿¡ (kg)

tntpc-to!: tnpc-fat+tnpc-rot frt p,-n,o;% Mass of all components in press cake at rfù (kg)

tl tÌl m 
Pc-1àtA .Ín, 

: ; % Mass fraction of fat cornponent in press cake at r¡¡' m p"-,or
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m
X'!), : ,=; % Mass fraction of solids component in press cake att¡¡

m pc-tot

vrt - 
m Pc-HrOn H,o : - , 

oá Mass fraction of water component in press cake at r¡i¡' m 
or--,o,

Cpp":2.309 X'],+7.256 X:::r +4.187 x';;,o)o/o Specific heat capacity atr¡¡ (kJ/kg.K)

Term3 : tp"¡rt¡(mp"Cpo"*m¡oCp¡p); Yo Partial term for energy required to increase

temperature of inert sphere and press cake at time z¡a ftJ)

Term4: (mp"*Cpn"+m¡o*Cpip); YoPafüal term for energy required to increase

temperature of inert sphere and press cake at time r¡¡ (kJ/K)

To Calculation of press cake temperature

tp": (Terml-Term2+Term3) I Term{; o/oTemperature of press cake at r¡¡(C)

o/o Resetting of parameters at r¡g to t¡i-t¡for the next time increment

mpc(i-t): mpc, % Mass of press cake (kg)

lntpc-tv(i-t): tTtpc-wt % Mass of water component in press cake (kg)

toc-¡tt¡: trr; o/o Temperature of press cake ("C)

mpc(e): mo"*1000:. %o Converting mass in (kg) to mass i" (g) for tabulation purposes

% Storing the data in matrices

B : [i r MR mo,¡s1to,f;Yo Storing the data from time r¡¡to matnxB

C(i,:): B;% A copy of matrix B

endYo End of iteration loop
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Appendix C.2 Derivation of Eqns.5.12 and 5.13

C.2.1 Derivation of fTnal press cake mass, ntpcff) (Eqn. 5.12) (on the basis that mass of

the complete sample at end of drying trial is equivalent to the final sample in

moisture content determination).

1) Using ratio as shown inEqn. C.2a

ffintc(f) _ ffip"(.f) 
(C.2a)

mnrc(ft) ffi p"(ft)

where fttmc(fl: final mass of sample used in moisture content determination; m*"6i¡:

initial mass of sample used in moisture content determination, and mpr(f1): mass of

complete sample at end of the drying trial.

2) Rearranging Eqn. C.2ain terms of m0,61;

( *-^ rr\
ffi p"(.r) :l-,,^^ 

)ffi 
pc(Jt)

Using the data from the moisture content determination test and the mass of complete

sample at end of the drying tfral, mpr¡l can be determined.

3) The moisture contents Mo and M¡ can be determined using Eqn. 2.1 , where rnrpcfl : t7t7

and mp"¡o¡: m¡. Since initial conditions for the validation trials are used in the model,

mo,¡11(Eqn. 5.12) can be stated in terms of Mo:

ffi oclolffipr(.fl: 
M"*1
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C.2.2 Derivation of press cake mass at time i, mpcg) @qn. 5.13)

Incorporating Eqns. 2.I and 5.I2 into Eqn. 2.15 results in an equation in terms of mo"¡q:

1) State Bqn.2.75 in terms of M¡i¡:

M(,):MRo(M"-M")+M"

2) Replace M6by the terms in Eqn. 2.1:

mpc(i)-mpc(f)
=MR,t(M"-M")+M"

ffi pr(.f)

where mpc(i¡ and mpr6 are represented by m¡ and m¡ respectively, in Eqn.2.1 .

3) Replace mo"67by terms in Eqn. 5.12:

ffi p"(¡) :lþAfu o,,, (M 
" - 

M 
") 

. M ")f.Gf)

ffi p,(¡) = iftl*o, (M 
" - 

M 
") 

+ M 
" 
+t]
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Appendix C.3 Determination of heat transfer coefficient, å

Table C.3.1 Heat transfer coeffìcient, h,for a sphere (d: 0.0558 m)

t.PJþau

K
1 tDl
'/Lair

w
P oirL"l

kg

m3

PLOJ

x 10-s

hrLnt

w
-t.K

hrL'l

w
2f,m.Ì\.m.K

kg

m.f

cpoirLeJ Rettl Prtg'l

J

kg'K

300.00 0.0263
323.ls 0.0280
328.75 0.0284
333.ls 0.0288
338.15 0.0291
343.t5 0.029s
348.Is 0.0299
350.00 0.0300
353.15 0.0302
400.00 0.0338

1 .13 86

1.0631
1.0468
1.0305
t.0142
0.9978
0.981s
0.9755
0.9618
0.8s40

1.846
1.955
r.979
2.002
2.026
2.0s0
2.013
2.082
2.096
2.301

1007
1 008
1008
i008
1009
1009
1009
1009
1009
1014

3442
3034
2952
2872
2193
2716
2642
2614
2576
2071

0.707
0.704
0.702
0.701
0.702
0.701
0.699
0.700
0.700
0.690

rs.1 18.2
15.8 r8.2
1s.8 r8.2
1s.8 18.2
r5.l 18.2
rs.j 18.2
15.7 t8.2
r5.7 18.2
rs.1 18.2
1s.8 18.3

fal tot,,: temperature of drying chamber arr.

lbl tr"u.: thermal conductivity of air (Incropera and DeWitt 1995).

lcf pon.: density of the air (Incropera and DeV/itt 1995), corrected for P : 100 Pa.

ldl p: viscosity of air (Incropera and De Witt i 995).

lel Cp"u.: specific heat capacity of air (Incropera and DeWitt 1995).

tf] Re - Pn¡'Ltd 
; Reynolds Number where u: I mlsis the air velocity and

P 
: diarneter of sphere.

lel P¡ - ltcPn" 
: Pr: Prandtl's Number.

l,¡,

heat transfer coefficient for flow over a sphere.

heat transfer coefficient for flow over a sphere.

thl r, = +lr.o +0.6(Re¡å . 1n.¡i],

til ,, = +lr.o + 0.7(Re¡i . 1n,¡i],
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ht:

hz:

Sample calculation of Biot number: [65'C - 45% RH; år : 15.7 W/(m2.K) and
hz: \8.2 w4m2'f)1

Based on Eqn. 2.8 the Biot number for the inert sphere of d : 0.0508 m (does not include

press cake layer) and with )":0.25 W(m'K) for hl andh2 areI.59 and 1.85, respectively,

with calculations as follows:

Bi= 15.l x0.0254

0.25

18.2x0.0254Bi=
0.25
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Appendix C.4 Determination of moisture ratio, MR, and model coefficients

Table C. .IData for sample trial (60oC - 4so/oRJH, sample 1)

lal , [b]L tait'

hoc
RTI"]

%

*rrrlol
x10-3 kg

to¡,r[") to*tÍfl

"C OC
t,o-rßl to"lnl t,o-"l'l
OC OC OC

0 54.0

0.02 53.9

0.03 s9.2

0.0s 60.9

0.07 s9.8

0.08 60.2

0.33 60.0

0.s8 60.2

0.83 60.0

1.08 59.9

1.33 59.9

1.58 60.0

1.83 59.8

2.08 s9.9

2.33 60.1

2.s8 60.1

2.83 60.0

3.08 60.1

3.33 s9.9

3.s8 60.0

3.83 60.0

4.08 60.0

4.33 60.1

4.s8 60.0

4.83 60.0

5.08 60.1

s.33 60.1

5.58 60.0

s.83 60.3

6.08 60.1

6.33 60.0

6.s8 60.1

6.83 59.9

7.08 60.0

0.000

181 .31 8

18r.467

r8r.629
18L716
181.161

181.412

180.334

t79.281
t78.344
111.5r4
176.820

176.121

175.468

t74.857
174.284

113.744

173.235

172.752

t72.299
111.872

171.470

171.087

170.726

170.444

170.118

169.811

169.523

169.252

168.999

168.762

168.s39

168.327

t68.129

21

31

53

57

62

6T

51

47

45

45

45

46

45

45

45

45

45

45

45

45

45

45

45

45

46

45

45

45

45

45

45

45

45

46

38.923 21.604

60.206 21.614
63.113 21.935

58.794 21.s90
60.489 2r.649
s9.7s7 21.540

60.4t2 21.703

60.206 21.343

59.818 2r.38s
60.404 21.483

60.268 21.286

60.216 21.404
60.ss6 21.524

60.478 21.4r4
60.011 2t.592
59.9t9 2t.356
60.102 2r.28r
59.989 21.492

60.0s7 21.567

60.309 21.s61

60.380 2r.620
59.991 2t.718
s9.835 21.352
60.064 21.t06
60.298 21.407

60.174 21.396

59.761 21.317

60.182 21.519

59922 21.372

60.326 21.439

60.244 21.399

60.213 21.404

60.318 21.s27

59.992 21.497

3s.716 34.30r s5.3s2
36.650 35.286 54.150

40.s35 39.2t4 52.839

43.905 42.867 5t.423

46.070 45.29s s0.142

41.43r 46.892 49.068

49.s72 49.293 49.04s

49.666 49.279 49.629

s0.126 49.972 s0.019

s0.132 50.810 50.554

5r.266 sI.st8 51.183

51.714 52.164 51.652

52.181 52.614 52.197

s2.628 s3.022 52.674

s2.994 53.3s2 s3.049

s3.374 53.639 s3.398

s3.700 53.894 s3.122

s3.990 s4.093 53.990

54.301 s4.278 54.301

s4.s91 54.508 s4.s46
s4.860 54.698 s4.802
s5.103 s4.849 ss.047

5s.338 ss.024 55.269

s5.556 55.139 ss.476

ss.688 55.297 ss.s96
ss.887 ss.426 55.809

s6.145 ss.s92 s6.021

56.357 55.712 56.223

s6.s33 55.840 s6.408

56.1s6 ss.99s 56.622

s6.903 s6.120 s6.802
s7.045 56.240 s6.94s
57.207 s6.401 s7.096
57.364 56.s3s s].230
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Table C. .IData for sample trial (60"C - 4so/oFllJ, sample 1) (cont'd)

Latr-s

OC
tp"
OC

Lip-c

OC

ta¡nb Lip-s

"C "C

ffisys

xl0-3 kg

r taír RH
hoc%

1.33 60.3

1.58 60.1

7.83 60.1

8.08 60.1

8.33 s9.8

8.58 s9.9

8.83 60.0

9.08 60.i
9.33 60.0

9.58 60.1

9.83 60.0

10.08 60.0

10.33 59.9

10.58 s9.9

10.83 60.0

1 1.08 60.0

1 1.33 60.0

i 1.58 60.1

1 1.83 60.2

12.08 s9.9

12.33 60.1

12.58 60.0

12.83 60.0

13.08 60.0

13.33 60.0

13.s8 60.0

13.83 60.0

14.08 60.0

14.33 60.1

14.58 60.0

14.83 60.0

1s.08 60.0

1s.33 s9.9

15.58 60.1

1 s.83 s9.9

16.08 60.0

167.948

16l.7t3
167.608

167.4s6

161.3t3
161.t17
167.051

166.932

166.823

166.720

166.622

r66.532
t66.4s0
166.37t
166.299

166.232

r66.169
166.1t3
166.06r
166.0i 3

r6s.966
165.922

16s.88s

165.848

16s.815

165.783

165.757

16s.729

165.707

165.683

165.662

16s.651

16s.6s8

16s.627

16s.606

165.s89

59.984

60.432

60.299

60.528

60.t71
60.208

60.638

60.446

60.208

s9.910

60.290

59.947

60.162

60.208

60.048

60.242

60.233

s9.693

60.244

60.1 8 1

59.938

60.6s 1

60.204

60.04s

s9.991

60.320

60.549

60.343

60.393

s9.903

60.032

60.064

60.446

60.102

60.208

s9.992

21.329

2r.429
21.335

21.424

2r.665
21.483

21.s42

2t.345
2t.276
21.385

21.414

21.473

2r.335
2t.409
20.940

21.002
21.t40
2r.116
2r.069
20.860
20.920
20.925

20.826

21.012
20.74s

20.938
20.154

20.814
20.735

20.897

20.149

20.135

20.631

20.678
20.842
20.172

57.460

57.516

51.662

s7.800

s7.9t0
58.016

58.1 18

s8.210

s8.260

58.384

58.466

58.512

s8.604

s8.682

s8.682

s8.832
s8.858

s8.868

s8.994

58.998

s9.0s3

s9.1 1 8

s9.151

59.1 83

s9.1 98

59.2s4

59.243

s9.276

59.271

s9.248

s9.308

s9.203
59.175

59.242

59.2ss

s9.283

45

45

45

45

45

45

45

46

45

45

45

45

46

45

45

45

45

44

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

s6.632 51.358

56.747 51.46s

56.844 s7.s84
56.972 s7.732

s7.106 51.832

s7.212 s7.938
s7.290 s8.040

57.39s s8.098

s7 .479 58.181

s7.593 s8.274

s7.676 s8.370

51.732 s8.402

57.824 58.494

57.892 58.s48

51.91s s8.586

s8.064 58.722

s8.102 s8.749

s8.156 s8.801

s8.274 58.829

s8.3 10 s8.888

58.36s s8.930

s8.476 59.017

58.554 59.047

s8.610 s9.106

58.616 s9.087

s8.702 s9.129

s8.739 s9.166

58.818 s9.198

s8.821 s9.194

58.83s s9.161

s8.911 s9.207

58.83s s9.216

s8.87t s9.039

s8.943 59.086

s8.980 s9.168

59.039 59.228
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Table C.A.IData for sample trial (60oC - Aso/oRH, sample L) (cont'd)

tìp-"
OC

t¡pu tp"
OC OC

taìr-s
OC

tanb
OC

ffisys

x10-3 kg
r ta¡r RH
hoc%

16.33 60.0

16.58 59.9

16.83 60.2

17.33 60.0

17.58 60.0

17.83 60.1

18.08 60.0

18.33 60.1

18.58 s9.8

18.83 60.1

19.08 60.1

19.33 60.0

19.58 59.9

19.83 60.0

20.08 60.1

20.33 s9.9

20.s8 60.0

20.83 60.0

21.08 60.0

21.33 60.1

21.58 60.1

2r.83 60.0

22.08 60.1

22.33 60.1

22.58 60.0

22.83 60.0

23.08 59.9

165.575

I6s.s63
16s.s50

165.557

165.s87

t65.562
165.539

165.521

16s.s09

r65.496
t6s.492
165.484

165.476

16s.469

165.463

t65.460
16s.455

165.450

r6s.446
165.44r
165.440

16s.435

16s.432

r65.430
t6s.428
165.424

16s.420

60.268

60.326

60.144

60.2s4

s9.906
60.3s4

60.263

60.139

60.487

60.r07
60.130

60.290

60.404

59.718

60.111

60.244

ó0.1 1 6

60.034

60.286

60.428

60.052

59.780

59.887

60.326

60.099

s9.997

60.216

20.751

20.s99

20.673

20.142

20.752

20.579

20.678

20.644

20.812
20.811

20.807

20.658

20.46t
20.402
20.529

20.485

20.s84
20.629

20.s70
20.6s8

20.564
20.666

20.989

20.162

20J23
20.812
20.693

45

45

45

45

45

45

45

44

45

45

45

45

46

45

45

45

45

45

44

45

45

45

45

43

45

45

45

59.338 59.086 59.2s1

59.329 59.122 59.288

59.351 59.168 59.288

s8.866 59.132 s9.099

58.814 59.t04 58.91t
s9.012 s9.095 58.994

59.081 s9.I4t 59.063

s9.181 59.177 s9.168

59.228 s9.228 59.209

s9.329 s9.305 59.26s

59.338 s9.305 59.3t9
59.338 s9.315 s9.3t9
s9.315 59.283 s9.297

59.3s1 s9.297 s9.333

s9.356 59.333 s9.338

59.36t s9.361 s9.36s

s9.384 s9.361 59.374

s9.401 s9.379 s9.370

59.347 s9.324 59.407

s9.384 s9.361 s9.387

s9.398 59.387 s9.401

59.391 s9.391 59.404

59.393 s9.370 59.361

s9.36s 59.343 s9.379

s9.374 s9.36s s9.356

s9.36s s9.333 s9.333

59.347 s9.347 s9.370

la) t: dryingtirne.
lbf t",,.: temperature inside environmental chamber (chamber sensor).

lcl RH : relative humidity (chamber sensor).

ldf mÐ,,: mass of inert sphere and press cake system
(i.e inert sphere, hook, thermocouples, and press cake).

le] to,,-,: temperature inside environmental chamber (independent thermocouple).

lfl to*u: ambient temperature outside environmental chamber.

lgl t*-,: temperature on inside surface of inert sphere.

lh] tw: temperature of press cake on surface of the inert sphere.

lil t,p r: temperature at the geornetdc centre of the inert sphere.
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Table C.4.2 Moisture ratio for sample trial (60oC - Aso/oRJH, sample l)

*ul h¡,lbl RIl"l *,r,ful *o"L"l

h oC % x10-3 kg x10-3kg

Àl{f1 74pld lnMRttl
w/w db

0

0.02

0.03

0.05

0.07

0.08

0.33

0.s8

0.83

1.08

7.33

1.s8

1.83

2.08

¿.3 J

2.58

2.83

3.08

J.JJ

3.58

3.83

4.08

4.33

4.58

4.83

5.08

5.33

s.s8

5.83

6.08

6.33

6.s8

6.83

7.08

I.JJ

54.0

53.9

s9.2

60.9

59.8

60.2

60.0

60.2

60.0

59.9

59.9

60.0

s9.8

s9.9

60.1

60.1

60.0

60.1

59.9

60.0

60.0

60.0

60.1

60.0

60.0

60.1

60.1

60.0

60.3

60.1

60.0

60.1

59.9

60.0

60.3

2I
31

53

5l
62

6l
51

47

45

45

45

46

45

45

45

45

45

45

45

45

45

45

45

45

46

45

45

45

45

45

45

45

45

46

45

0.000

181.318

181.461

181.629

18r.716
181.761

181.412

180.334

119.281

t78.344
177.sI4
176.820

176.121

175.468

174.851

174.284

113.744

r13.235
172.752

172.299

171.872

171.470

111.087

170.726

170.444

170.118

169.81 1

169.523

169.2s2

168.999

t68.762
168.s39

168.327

r68.129
t67.948

29.087

29.236

29.398

29.485

29.536
29.181

28.t03
21.0s0
26.1t3
2s.283
24.589

23.89

23.231

22.626

22.053

21.513

21.004

20.s21
20.068

19.641

19.239

i 8.8s6

t8.495
18.2t3
17.887

17.580

17.292

17.021

16.168

16.531

16.308

r6.096
1s.898

t5.717

1.337 1.000 0.000

1.349 1.009 0.009

1.362 1.019 0.019
1.369 1.025 0.02s

1.313 1.028 0.028

1.344 1.006 0.006

t.258 0.939 -0.063

1.173 0.873 -0.136

1.098 0.814 -0.205
1.031 0.762 -0.271

0.915 0.7t9 -0.330

0.919 0.67s -0.392

0.867 0.63s -0.4ss
0.818 0.596 -0.s17
0.772 0.561 -0.579

0.728 0.s27 -0.641

0.687 0.495 -0.703

0.649 0.46s -0.766

0.612 0.437 -0.829
0.s78 0.410 -0.892

0.s46 0.38s -0.9ss
0.s1s 0.361 -1.019

0.486 0.338 -1.083

0.463 0.321 -1.137

0.437 0.300 -t.202
0.412 0.281 -1.268

0.389 0.263 -1.334
0.361 0.246 -1.401

0.347 0.231 -1.467

0.328 0.216 -r.s34
0.3 i0 0.202 -1.600

0.293 0.189 -1.668

0.277 0.176 -1.736

0.263 0.165 -1.802
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Table C.4.2 Moisture ratio for sample trial (60oC- 4so/oFlil, sample 1) (cont'd)

't ta¡ RH
hoc%

ffiry, ffip"

xl0-3 kg x10-3 kg
M

w/w db

MR lnMR

7.58

1.83

8.08

8.33

8.58

8.83

9.08

9.33

9.58

9.83

10.08

10.33

10.58

10.83

1 1.08

i 1.33

i 1.58

1 1.83

12.08

12.33

12.s8

12.83

13.08

13.33

13.58

13.83

14.08

14.33

14.58

14.83

15.08

15.33

15.58

15.83

16.08

16.33

16.58

60.1

60.1

60.1

59.8

s9.9

60.0

60.1

60.0

60.1

60.0

60.0

59.9

s9.9

60.0

60.0

60.0

60.1

60.2

s9.9

60. l
60.0

60.0

60.0

60.0

60.0

60.0

60.0

60.1

60.0

60.0

60.0

59.9

60.1

s9.9

60.0

60.0

s9.9

45

45

45

45

45

45

46

45

45

45

45

46

45

45

45

45

44

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

161.713

167.608

167.456 Ls.225

15.082

14.946

14.820

14.701

t4.s92
14.489

14.39r
14.301

14.2t9
14.r40
14.068

166.232 14.001

0.1s4 -1.871

0.144 -1.940

0.r34 -2.008

0.12s -2.017

0.117 -2.148
0.109 -2.217

0.101 -2.288
0.095 -2.3s7

0.088 -2.428
0.082 -2.500
0.076 -2.57t
0.071 -2.640
0.066 -2.712

0.062 -2.782

0.058 -2.8s2
0.054 -2.922

0.0s0 -2.989
0.047 -3.056

0.044 -3.122

0.041 -3.r91
0.038 -3.260

0.036 -3.322

0.034 -3.388

0.032 -3.451

0.030 -3.s16

0.028 -3.513

0.026 -3.637

0.025 -3.691

0.023 -3.7 53

0.022 -3.8 i 0

0.022 -3.824
0.022 -3.821

0.020 -3.914
0.019 -3.982

0.018 -4.041

0.017 -4.092
0.016 -4.137

167.313

167.r11

167.051

166932
166.823

166.720

166.622

166.532

166.450

t66.371
166.299

166.169

t66.113
166.061

166.013

165.885

165.848

165.815

16s.183

165.757

t65.729
16s.701

16s.683

r6s.662

16s.657

16s.6s8

165.621

r65.606

165.589

16s.57 5

t6s.s63

15.542

15.377

13.93 8

13.882

13.830

13.782

0.249

0.235

0.223

0.212

0.201

0.191

0.181

0.r72
0.r64
0.1 56

0.149

0.142
0.1 36

0.1 30

0.125

0.r20
0.1 15

0.111

0.1 07

0.1 03

0.100

0.097

0.094
0.091

0.089

0.087

0.084

0.083

0.081

0.019

0.019

0.079

0.076

0.074

0.073

0.012

0.071

t6s.966 13.73s

r6s.922 13.691

13.654

13.617

13.584

13.552

13.526

13.498

13.476

13.452

13.431

13.426

13.427

13.396

t3.375

13.358

t3.344
13.332
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Table c.4.2 Moisture ratio for sample trial (60oc -  so/oFlLr, sample 1) (cont'd)

T

h

Iair
OC

RH
ñ//o

lTlsys m^. M
w/w db

MR InMR
x10-3 xl0-3

16.83

17.08

17.33

71.58

17.83

18.08

18.33

18.s8

18.83

19.08

t9.33
19.58

19.83

20.08

20.33

20.s8

20.83

21.08

2r.33
2r.58
21.83

22.08

22.33

22.58

22.83

23.08

60.2

60.1

60.0

60.0

60.1

60.0

60.1

59.8

60.1

60.1

60.0

59.9

60.0

60.1

s9.9

60.0

60.0

60.0

60.1

60.1

60.0

60.1

60.1

60.0

60.0

s9.9

16s.s50

165.578

165.5s7

16s.s87

165.562

165.539

r6s.s2I
165.509

165.496

16s.492

16s.484

16s.416

t65.469
165.463

165.460

165.455

165.450

165.446

165.441

165.440

r65.435
165.432

165.430

16s.428

t65.424
t65.420

73.3r9
13.347

13.326

13.3s6

13.331

13.308

13.290

13.278

13.26s

13.261

13.253

13.245

13.238

13.232

13.229

13.224

13.219

13.215

13.2r0
13.209

13.204

13.201

13.r99
13.191

13.193

13.1 89

0.070

0.072

0.01t
0.073

0.07r
0.069

0.068

0.067

0.066

0.06s

0.06s

0.064
0.063

0.063

0.063

0.062

0.062

0.062

0.0ó1

0.061

0.061

0.061

0.060

0.060

0.060

0.060

45

45

45

45

45

45

44

45

45

45

45

46

45

45

45

45

45

44

45

45

45

45

43

45

45

45

0.015 -4.190
0.0t7 -4.080

0.016 -4.161

0.017 -4.048
0.016 -4.141

0.014 -4.236

0.013 -4.317

0.013 -4.375

0.012 -4.441

0.012 -4.463

0.011 -4.507

0.011 -4.554
0.010 -4.s96
0.010 -4.634

0.010 -4.6s3
0.009 -4.681

0.009 -4.721

0.009 -4.7s0
0.008 -4.786

0.008 -4.794

0.008 -4.832
0.008 -4.856
0.008 -4.872

0.008 -4.889

0.007 -4.922

0.007 -4.9s7

lal t: drying tirne.

lb) tr¡,.: temperature inside environmental chamber (chamber sensor).
[c] All: relative hurnidity (chamber sensor).

ldf mryr: mass of inert sphere and press cake system
(i.e iner-t sphere, hook, thermocouples, and press cake).

le] mp": mass of press cake.

tfl M db: moisture content, mass/mass (w/w) on a dry basis (db) at time t.
Lgl MR: moisture ratio at time r.
[h] ln MR: natural logarithm of MR at tirne r.
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Sample calculations for Table C.4.2: (r : 0.33 h)

1) Mass of press cake, mo";

ffip" =ffi"r, -mip-ry, ( C'4a)

where nnrip+ys:152.231xl0-3 kg finitial mass of inert sphere system (includes hook and

thermocouples) prior to addition of press cake] and ffisys: mass of press cake and inert

sphere system (includes hook and thermocouples).

2) Moisture contents Mo and Mr0.33tt¡ were calculated based on Eqn. 2.1 using the

parameters as described in Appendix C.2.2, where mpcþ):29.081x10-'kg ;

mpc(r0.33tt): 29 .78 lx 1 0-3 kg ; mp,¡J1 : I2.448x10-3kg :

^n _29.087 -12.449tvr o - r2A48

M ^.., r 
29'181-12'448

12.448

3) Moisture ratio MR.c=0.33ttwas calculated based on Eqn. 2.15

MR ^"., r 
1'344 - 0'0505

¡=u 1r' 
1337 - 0.0505

where Mo : I.337 , M¡:s.33¡: 1.344, Mr: 0.Q505 is the equilibrium moisture content as

per Table C.4.3.

4) The falling rates were identif,red based on plots of lnMR versus r as shown in Fig.

c.4.1.

Note: For all drying conditions based on 3 samples each, a time of 13.3 h was

determined as being suitable for the analysis of the first falling rate period.

217



Table c.4.3 Equilibrium moisture content, M", for experimental trials

Trial

#

Temperature

OC
humidity
(deç.;tul

Relative --M"tr|-

w/w
70
80
60
70
80
50
60
70
80
s0
50
60

1

2
J

4
5

6

7

8

9
10

11

t2

0.36
0.36
0.45
0.45
0.45
0.57
0.57
0.51
0.51
0.62
0.70
0.70

0.0i 85
0.02s8
0.050s
0.0421
0.039s
0.0895
0.0s34
0.0139
0.0409
0.1 01 6

0.12s6
0.1261

lal M, : Equilibrium moisture content, mean of duplicate samples.
[b] dec. : decimal form.

Note: M" was calculated using Eqn. 2.1 based on drying trials described in Section 5.1.4.

Tirne (h)

Figure C.4.1 Plot of lnMR for sample trial (60oC - 4SÛÁF*IJ, sample l).

._)ø
à

-1

1510
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Determination of moisture ratio model fit.

i) A summary of data from the experimental trials that was used for the determination of

model coeffi cients is summari zed in Table C.4.4.

2)The data from individual trials was fit using nonlinear regression analysis (Table

c.4.s).

3) The coefÍicients shown in Table C.4.6 were fit across different temperatures using

linear regression analysis.

4) The final coefficients based on a second linear regression analysis are provided in

Eqns. 5.24-5.3T.

5) The fit of predicted to experimental values for moisture ratio and the residuals for all

validation trials are provided in Figures C.4.2-C4.7.
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Table C.4.4 Summary of model fitting data and constraints

R[T"J

dec.

Temperature

"C

Final moisture
ratio, MR

Time Number of
data points

t+î
Initial

h
Final

h
0.36

0.45

0.57

10
70
70
80
80
80
60
60
60
70
70
70
80
80
80
50
50
50
60
60
60
70
70
10
80

80
80
s0
50
50
50
50
50
60
60
60

0.038
0.038
0.039
0.039
0.036
0.036
0.038
0.039
0.039
0.040
0.039
0.037
0.039
0.038
0.037
0.039
0.039
0.039
0.039
0.038
0.040
0.038
0.038
0.036
0.077
0.074
0.037
0.038
0.0s7
0.10

0.042
0.038
0.039
0.089
0.13s
0.038

0.02
0.s8
0.s8
0.02
0.33
0.08
0.s8
0.58
0.83
0.02
0.02
0.33
0.33
0.02
0.33
1.08
1.08
1.33
0.33
0.83
0.33
0.33
0.38
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.58
0.33
0.33
0.s8
0.3s

10.58
9.83
9.33
6.33
6.s8
5.s8
12.58
12.83

13.33
9.83
9.33
8.08
8.08
6.58
6.08

2s.83
23.58
21.08
12.83
14.58
12.83
13.08
12.83

1 1.83
1 1.08
9.08

1 1.83
23.83
24.33
24.08
s3.08
35.33
J¿.JJ

24.08
23.58
21.10

43
39

36
26
26
23

49
50
51

40
38
32

31

27
24
100
91

r04
5i
55
49
52

51

47
44
36

47
95
97

96
212
140
129
96

83

84

+

ò

0.62
**

0.70

++

+g

la) RH : relative humidity on a decimal basis (dec.); * : data removed (1't falling
rate ended), and xx : insufficient data (trial was ended at -24 h which didn't
allow sufficient tirne to achieve MR: -0.039).
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Table C.4.5 Model coefficients based on nonlinear fitting analysis

dec.

Lair

0.36
0.36
0.36
0.36
0.36
0.36
0.45
0.4s
0.45
0.45
0.4s
0.45
0.4s
0.45
0.45
0.57
0.51
0.57
0.57
0.s7
0.57
0.57
0.s7
0.57
0.s7
0.57

OC
Rep

#

70
t0
70
80
80
80
60
60
60
70
70
70
80
80

80
50

50
50
60
60
60
70
70
70
80
80

Lewislor Pageltl
klrr"kt

1

2

J

I
2
3

1

2

3

I
2
J

1

2

J

1

2

J

I
2

J

1

2

J

1

2

0.30282
0.32672
0.3482s
0.43375
0.43763
0.50214
0.23673
0.22674
0.21588
0.21970
0.28946
0.31426
0.3s098
0.40405
0.42048
0.12996
0.13564
0.11965
0.22972
0.21178
0.22802
0.2020t
0.22891
0.23144
0.22525
0.26798

0.24488
0.23913
0.30892
0.30872
0.34427
0.36873
0.19731
0.1 8435
0.18024
0.20864
0.20617
0.21103
0.25737
0.28305
0.30854
0.12636
0.12495
0.r1621
0.18313
0.t8329
0.1 8916
0.1 3040
0.r6t26
0.1447t
0.1s748
0.1 8370

1 .15650 L07350 0.32479
1 .2457 6 r.18979 0.3 8s 19
t.0976r r.08770 0.31194
1.35380 1.12018 0.48392
1 .24795 1.15189 0.s0249
L37786 t.12293 0.s6074
1.11402 1.083s0 0.25645
1.12640 1.08451 0.24587
1.10693 r.08322 0.23363
1.20865 1.09025 0.30502
1.24831 1.09895 0.31803
1 .3147 s 1.t7319 0.368s8
r.26413 t.r6528 0.40810
r.34815 1 .12429 0.45296
1.31s83 1.11384 0.49267
1.01261 1.02026 0.13260
t.03779 1.03869 0.14089
r.01262 r.01412 0.12132
1.13985 1.08873 0.25028
1.08394 L07043 0.22647
1 .1 1507 1 .08043 0.24672
1.2s449 1.r2759 0.22793
1.21736 1.13454 0.25952
1.29689 1.17202 0.27087
t .22701 1.13608 0.25702
r.27101 r.16I9s 0.3 1280

Model coefficients

1.08354
I .1 8948
1.08964
1.18254
1.1s922
r.18445
1.08503
1.08913
1.08361
t.t2354
1.14645
1.20710
T.I7I45
1.1 9038
1,.20522

1.02097
1.03899
1.01432
1.09s30
t.07028
1.08285
t.16207
1.141 05
L18769
1.14388
1.17223

0.30585
0.38385
0.38832
0.38852
0.45312
0.45773
0.24683
0.22913
0.22315
0.26s00
0.26472
0.30397
0.37914
0.36135
0.40111
0.13810
0.14479
0.12199
0.23610
0.22486
0.24109
0.1 9098
0.244t4
0.2423r
0.24503
0.29348

-0.02156
-0.00107
0.00775
-0.09745
.0.03703
-0.09564
-0.01247
-0.02389
-0.01389
-0.05755
-0.07818
-0.080s8
-0.02678
-0.10207
-0.08443
0.0rr47
0.00799
0.00155
-0.02049
-0.00215
-0.0079s
-0.07252
-0.02200
-0.04349
-0.01881
-0.02567
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Table C.4.5 Model coefficients based on nonlinear fitting analysis (cont'd)

RH
dec.

0.s7 80 3 0.25812 0.16093 1.3t739 t.r8267 0.30360 1.18903 0.28217 -0.02657
0.62 50 r 0.112s4 0.10992 1.01013 1.00788 0.11348 r.01291 0.11021 -0.01049
0.62 s0 2 0.10790 0.13064 0.9181r 0.97243 0.10459 094732 0.12518 0.05896
0.62 50 3 0.13104 0.12,686 r.0147r r.0rs72 0.r33r7 1.01578 0.13310 -0.00018
0.70 50 1 0.08562 0.rr474 0.88764 1.01089 0.08665 r.02763 0]1622 0.06858
0.70 s0 2 0.10201 0.10025 1.00705 1.02778 0.10492 1.02595 0.11358 0.02259
010 50 3 0.10633 0.11428 0.97030 1.00380 0.10675 0.99922 0.rr452 0.02070
0.70 60 1 0.096s6 0.07938 1.0813s 1.0s40s 0.10230 r.06214 0.09876 -0.01427
0.10 60 2 0.08217 0.06822 1.07800 1.04813 0.08146 1.05528 0.08530 -0.01111
0.70 60 3 0.12971 0.08661 r.18624 1.10849 0.14404 1.12320 0.13183 -0.03392

t air
OC

Rep
! Lewis

Ia]
tbl
Ic]
tdl

Ie]

tfl
lel

RH: relative hurnidity of drying chamber air on a decimal basis (dec.).
tait.: temperature of drying chamber air.
Rep : replicate.
Lewis : Lewis model IMR: exp(- lc r)l; MR: moisture ratio; k: coefficient, and r : time (h).

Page : Page model IMR= "rp(- 
k ,")); MR: moisture ratio; k,n: coefficients, and r : time (h).

Henderson and Pabis : Henderson and Pabis model IMR= o e*p(-n r)yUn: moisture ratio; a,k: coefficients, and z: time (h).

logaritlnnic: logarithrnic model IMR=oe*pÇkr)+cl; MR: moisture ratio; a,k,c: coefficients, and r: time (h).

Page

Model coefficients
Henderson and Pabis logarithmic
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Table C.4.6 Model coefficients based on Iinear regression analysis

Model Relative humidity, dec.tcl
parameter 0.36 0.45 0.57 0.70
r-ewls-

0.01 3 19 0.00827a(k¡Þt
b(Ðþ)

Pagstal
a(k)
b(k)
a(n)
b(")

Henderson and

Pabisl"l
a(a)
b(a)
a(k)
b(k)

logarithmtrl

-0.59144 -0.27460

0.00763 0.00478
-0.26953 -0.10860
0.01599 0.00968
0.04123 0.54991

0.00147 0.00354
r.0143t 0.81213
0.01s31 0.01039
-0.7089 -0.37838

0.00364 0.000s0
-0.03071 0.07285

0.0009s -0.00317
0.09348 0.26819
0.00896 0.01602
0.58331 0.1s400

0.00472 0.00s61
0.79518 0.73382
0.00490 0.001 18

-0.08948 0.04031

a(a)
b(a)
a(k)
b(k)
a(c)

c)

0.00s45
0.73927
0.00718
-0.14314
-0.00111
0.49727

0.00s 1s
0.78383
0.00736
-0.21832
-0.00272
0.1 3689

0.00512
Q.77731
0.00408
-0.0478s
-0.00128
0.06489

0.00626
0.70457
-0.0009s
0.16216
-0.00571
0.32257

fal Lewis : Lewis model IMR:exp (- lc r)l; MR: moisture ratio; lc: coefficient,
andr:time(h).

lbl a(k): parameter a,the slope in the linear equation (y = o x+b); wherey :/rin
the model, x: temperature, and å:intercept.

lc) b(k): parameter b,the intercept in the linear equation (y = o x+b); wherey:
/r in the model, a : slope, x : temperature.

fdl Page: Page model IMR:"^p f t t")1; Un: moisture ratio; lc,n:
coefficients; t: time (h).

[e] Heriderson and Pabis : Henderson and Pabis model IMR = a exp(-lr t)l;MR:
moisture ratio; a,lc: coefficients; z: time (h).
logarithmic : logarithmic model IMR = a exp(- tt r)+ cl; MR: moisture ratio;
aJc,c: coefficients; r: time (h).
dec. : decimal basis

tfl

tel
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Appendix c.5 Determination of specific heat capacify of press cake, cpp,¡i¡

Determination of press cake composition: (validation trial, 65oc - 45% RIr)

i) The soiution to Eqns. 5.19-23 requires the determination of the mass portions of the

fãt, mpc-fat, waterftto"-u,o, solids, mpc-sot> and total components, rTtpcroh of press cake.

Determination of these parameters is based on an analysis of fresh berries at

M:75.82%o wb. Referring to Table c.5.1 (Tables c.5.2-3 for 55.c - 55% RH and

15"C - 43o/oRÍI), the measured data is as foilowst Í716s,¡.¡¿5: mass of fresh berries; tTtseeds

: mass of seed portion of fresh berries; Tnseedoit: mass of oil in three combined seed

samples, and mputp/puet oit : mass of pulp and peel oil in the pulp and peel portion of

dried press cake.

2) The values for lltputp/peet, mpc-H2o, and mpc are calculated from the parameters

mentioned above:

ln pttlp/ peel = ffiuurríes -@turri"r-nro + Inruu¿r) fC.5a)

wlrere fttputp/peer: the mass of the pulp and peel in the fresh berry and press cake

samples ãfld ffib,,.,.¡u,-n,o: the mass of moisture in fresh berries based on an approximate

moisture content of 7 5.82Yo wb;

m ,,^=pc- il 2u

@ p,,tpt p""t * mruu¿r)
(c.sb)

[;t')
where mpc-H2o : the mass of the water in the press cake based on 56.78o/o wb moisture

content, and Mpr: the moisture content wb of the press cake in decimal form.
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ffi0":@prplpr"t lffir"rd, +mpc-Hro) fC.5c)

where lnpc: equivalent mass of the press cake based on fresh berry components.

3) Based on the results in Table C.5.i, average ratios for the following terms can be

determined ' 
ffiputPtpeet 

- 0.3138, 
|fr'u"d': 

0.1184, 
ffi"o : 0.5678,

ffi4" ffi4" ffir"

ffiputptpeetoit : 0.0g06, Un¿ 
ffiseetto¡t :0.1062.

m pulpl peel ffir"ud,

4) Using the ratios in the previous step, factors can be developed to enable the

detennination of the initial mass of the separate components (i.e. fat, solids, and water)

in the press cake of mass mpcþ¡l

n m prrlpl peel oil m pttlplpee! , ffiseetl oil ffiscctls
t p"_ rn, - 

t"'t i --'

ln ptrlpl peel ffi o, ffirunds ffi r,

'm pc- ./irt = Fp"-.[n, ffi p"(o) (C'5e)

/\/\
Fp'-"=[r- ;#:)'#.1'-'ffi)T (csÐ

mpc-sot = Fpr-rol mprlo¡ (C'5g)

Fpr-tt,o:*"o (c.5h)- ffir,

In pc-Hro = Fpr-H2o m pc(o) (C'5i)

where Fpc-fat: factor for the determination of the fat portion in the press cake; Fp,-,ot:

factor for the determination of the solids poúion in the press cake, and
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Fp"-H,o: factor for the determination of the \Ã/ater portion in the press cake. The

values for mp"-¡ot, tTtpc-sot, afld ffi p"-nro are provided in Table 5.5. It was assumed that

no losses of solids and fat occur, therefore fttpc-far and mpc-ror do not change during the

drying period.

Table c.5.1 Press cake components for fresh berry samples 6s.c-45%RH

s6.0s
56.00
56.01
56.00
56.04
56.00
56.04
s6.02
s6.06

31.3s t] .80 3.47
31.33 17 .79 3.65
31.33 17 .79 3.s9
31.33 17 .79 3.72
31.35 17.80 3.81
31 .33 t7 .19 3.84
31.3s 17.80 3.61
3 1 .3 s 17.80 3.64
31.38 lt .82 4.07

i0.08
1.1063 9.89

9.9s
9.82

1.2780 9.74
9.70
9.94

1 .1ó60 9.91
9.49

0.82 i s
0.8416
0.1244
0.8s 14

0.7753
0.7479
0.7932
0.8433
0.7374

lãl mbn,,¡u,: mass of fresh berry sample at M:75.82% wet basis (wb).
lbl mp, : equivalent press cake mass (fixbu,,¡urreduced to M: 56.7g%'wb).
[c] tn pc-tr,o : initial mass of water in press cake.

fdl mruu¿,: mass of seeds in fresh berry sample.
lel mruu¿ o¡¡ : mass of seed oil in three seed samples of fresh berries.
lfl mpury4uul : mass of pulp and peel in the fresh berry sample.
lgf mp,prpeu¡67: rnâss of pulp and peel oil in pulp and peel.
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Table c.5.2 Press cake components for fresh berry samples 55oc-55yoRH

mburrlrrlu) *,")ot ffi o"_,.ol"l mrrrdrloJ

xl0-i kg xl0-3 kg *í'O:á't* x10-3 kg
fltru"d"o¡Ì"J mpup/prutlt) fttprlp/pe^et oilLgl

xl0-'kg x10-'kg xl0-'kg
56.05
56.00
56.01
56.00
56.04
56.00
s6.04
56.02
56.06

3r.67
31.64
3t.64
3r.64
31.61
3r.64
3r.67
31.67
3r.69

18.t2
18.10
18.10
18.10
T8.T2

18.10
18.r2
T8.T2

18.13

3.47
3.65
3.59
3.72
3.81

3.84
3.6r
3.64
4.01

1.1 063

1.2180

1.1660

10.08
9.89
9.9s
9.82
9.14
9.70
9.94
9.91
9.49

0.821s
0.8416
0.7244
0.8514
0.7753
0.7419
0.7932
0.8433
0.7374

là] mbu,,¡rr: mass of fresh berry sample at M:15.82% wet basis (wb).
lbl mp" : equivalent press cake mass (ffibu,,írrreduced to M: 57 .2I% wb).

[c] m pc-H2o 
: initial mass of water in press cake.

ld) mrur¿r: mass of seeds in fresh berry sample.

lê] msnua o¡t : mass of seed oil in three seed sarnples of fresh berries.
lff mpurprpu"/: mass of pulp and peel in the fresh berry sample.
lgf mpuprpeet oit : mass of pulp and peel oil in pulp and peel.

Table c.5.3 Press cake components for fresh berry samples 7s"c-43o RH

rrrburrirrLoJ *otot ffi rr-u.ol'l tnr""drlol nxrru,t:r¡rl"l tnp,,tp/pur/tl ;;,rrr*Ãil-
xl0-'kg xl0-'kg xl0 3'kg xl0-'kg xl0-'kg xl0-i kg xl0-3 kg

56.05
56.00
56.01
s6.00
56.04
s6.00
56.04
s6.02
56.06

32.71
32.68
32.68
32.68
32.71
32.68
32.71
32.71

32.73

19.16
19.14
19.14
19.14
19.16
19.14
19.16
19.16
19.17

3.41
3.65
3.59
J.t¿
3.81
3.84
3.61

3.64
4.07

I .1 063

1.2780

1.1660

10.08
9.89
9.95
9.82
9.74
9.70
9.94
9.91

9.49

0.821s
0.8416
0.7244
0.8s 14

0.77 53

0.1479
0.7932
0.8433
0.7374

làf ffibu,,¡ur: mass of fresh berry sample at M:15.82% wet basis (wb).
lbl mo" : equivalent press cake mass (tflbu,,¡u,reduced to M: 58.57% wb).

lc] tn p"-H,o : initial mass of water in press cake.

ldf mrun¿, : mass of seeds in fresh berry sample.

lef mruu¿ o¡¡ : mass of seed oil in three seed samples of fresh berries.
lfl mpurprpeel: mass of pulp and peel in the fresh berry sample.

lgf mpurprpeetoit: mass of pulp and peel oil in pulp and pèel.
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Appendix C.6 Press cake temperature model
(heat transfer coeffÏcient, /r, using Eqn. 5.10)

56

54

52

50

48

46

44

42

l0 t2
Time (h)

Figure C.6.1 Press cake temperature for 55oC - 55% RH trial :

h:ti.B W/(m2.IÇ.
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Figure C.6.2 Press cake temperature for 65oC - 45o/o RH trial :

lrl5.7 W/(m2.Ig.
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Figure C.6.3 Press cake temperature for 75oC - 43o/o RH trial:
h:15.7 W(m2.IÇ.
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