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Abstract

Cellular changes during cold-pressed extraction of ‘Hass’ avocado (Persia americana
Mill.) and ‘J5’ olive (Olea europaea L.) were investigated to understand how each step
in the process affects oil release from the tissue and to ascertain if and how cold-pressed
oil yields were influenced by cellular changes. Electrical impedance spectroscopy (EIS),
electrical conductivity, light microscopy and rheological measurements were used to
examine avocado and olive flesh and pulp structure at defined processing steps during
both commercial and laboratory-based cold-pressed oil extraction. Light microscopy
revealed most parenchyma cells in the fruit flesh were ruptured after the destoning and
grinding steps. Concomitantly, a significant reduction in electrical resistance and a
concurrent increase in conductivity of pulp tissue occurred when cells were ruptured
during the destoning and grinding process. Malaxing assisted aggregation of oil into
larger droplets, observed by microscopy. Increasing malaxing time resulted in a decrease
in the solid-like behaviour (G’) of fruit pulp and an increase in cold-pressed oil yield,
which correlated with the oil droplets in the fruit paste coalescing together and becoming
larger. Idioblast cells in avocado flesh appeared to remain unruptured and intact during
the extraction process. In comparison to the cold-pressed oil extraction of ‘Hass’ avocado,
olive oil was easier to recover from ‘J5’ olive during cold-pressed extraction (at lower
temperatures and for shorter times) as the olive paste was less viscous allowing the oil

droplets to aggregate more easily.

Processing of avocado fruit at three different stages of ripening (minimally-, fully- and
over-ripe) produced higher oil yields and decreased oil quality (based on % free fatty
acids and peroxide value) with riper fruit. Intact fruit and fruit pulp from the over-ripe

fruit had higher conductivity and lower electrical resistance values, which indicated more



cell rupture occurred when softer, riper avocado fruit are processed.

For avocado fruit at six different stages of maturity (harvested between September and
April during the 2016/17 season), light microscopy results showed there were more
unbroken parenchyma cells in early season, less mature fruit. Polysaccharides in the cell
walls were more strongly bound to cellulose in early-season avocado fruit. Late season
fruit had more cell disruption during extraction corresponding to higher conductivity and
lower electrical resistance values; hence higher extraction yields with increasing maturity.
No significant compositional changes of the polysaccharides in the cell walls occurred
during malaxing, which indicated that the malaxing step only promoted aggregation of

the oil droplets.

The malaxing temperature and ultrasound treatment at 20-25 kHz did not assist with
cellular disruption during extraction. Higher malaxing temperature reduced the viscosity
and increased the mobility of oil droplets and oil droplets were more likely to collide and
aggregate to form larger droplets, reducing the G’ of the pulp tissue. The oil yield
significantly increased from 1.05% to 13.43% with malaxing temperature increasing from
30 to 50 °C, for early season fruit. Ultrasound treatment at 20-25 kHz decreased the G’

of the avocado pulp and helped the oil to aggregate.

In conclusion, the avocado flesh cellular structure ruptured more easily in softer and late
maturity fruit contributing to increased oil yields. Malaxing time, temperature and
ultrasound treatment at 20-25 kHz influenced the degree of oil aggregation in fruit pulp
and therefore improved the cold-pressed oil yield. Olive pulp was less viscous or less

solid like during malaxing, resulted in faster oil agglomeration.
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Chapter 1:

Introduction



Cold-pressed avocado oil has valuable nutritional properties, including a high level of
unsaturated fatty acids, pigments (chlorophylls and carotenoids), sterols and tocopherols
(Eyres, Sherpa, & Hendriks, 2001). In 2000, New Zealand companies began the
commercial production of cold-pressed avocado oil for the culinary market, extracting
the oil from the flesh of ‘Hass’ (Persia americana Mill.) avocados using an aqueous
extraction process (Woolf et al., 2009). The commercial aqueous extraction process for
avocado oil is based on the continuous virgin olive oil extraction process, which primarily
uses only mechanical means of extraction, including washing, grinding, malaxing (slow
mixing) and centrifugation (Wong, Eyres, & Ravetti, 2012). The temperature of the
avocado pulp during malaxing is controlled between 45 and 50 °C, the malaxing time can

vary from 60 to 120 min depending on the time in the season (Wong et al., 2012).

While there is some oil in the avocado skin and seed (Wong, Requejo-Jackman, & Woolf,
2010), the oil extracted in the cold-pressed process is located in the mesocarp of avocado
fruit, which consists primarily of parenchyma cells (~ 98%) with minor quantities of
idioblast cells and a few vascular strands (Platt-Aloia & Thomson, 1981; Platt-Aloia,
Thomson, & Young, 1980). The ultrastructural changes of avocado mesocarp during the
aqueous cold-pressed extraction process have not been studied. Cold-pressed oil
extraction from olive fruit is very similar process to that of avocado oil (Woolf et al.,
2009). It has been hypothesized that the fruit cells in olive fruit are disrupted to release
the droplets of oil from the vacuoles by grinding and the oil/water emulsions are then
broken up during malaxing so that the oil droplets merge to form larger droplets (Petrakis,
2006). In olive oil extraction, the oil extraction yield also increased significantly when
malaxing time increased from 15 to 90 min (Di Giovacchino, Costantini, Ferrante, &

Serraiocco, 2002a; Di Giovacchino, Sestili, & Di Vincenzo, 2002b).



Extraction of oil from early season avocado fruit flesh by mechanical means currently
used in commercial oil extraction results in a relatively low oil extraction efficiency
relative to the total oil present in the flesh (Wong et al., 2012; Woolf et al., 2009). The
cold-pressed avocado oil yield can be affected by various factors including fruit ripening,
fruit maturity and malaxing conditions (Woolf et al., 2009). Various techniques have been
tried to alleviate the low oil yields early in the season including the use of exogenous
enzymes in the malaxing step to assist with cellular breakdown. Unlike olives, avocado
oil processors use product rejected from the fresh fruit industry, and thus harvest timing
cannot be prescribed by the processor leading to poor (or even uneconomic) returns for
processing early season fruit for cold-pressed oil. Hence it is important for the oil industry
to identify strategies to increase oil yields by understanding how postharvest factors of
fruit and processing conditions affect microstructural changes and oil aggregation during
cold-pressed oil extraction of ‘Hass’ avocado. New techniques such as ultrasound
treatment have potential as a novel technique in cold-pressed avocado oil extraction

process to improve the cold-pressed oil yield.

Various techniques can be applied to monitor the changes in microstructure of avocado
flesh and oil aggregation during cold-pressed oil extraction process. Analysis of
microscope images is commonly used to determine the intactness and size of the cells as
well as the degree of oil aggregation in the fruit pulp (Platt-Aloia, Oross, & Thomson,
1983; Platt-Aloia & Thomson, 1981). Electrical conductivity is a measure of the
concentration of ions in a solution; after incubating fruit tissue for a given period,
conductivity can give an estimate of the degree of electrolyte leakage from cells in a fruit
tissue and thus can indicate the degree of cell wall and membrane integrity in a fruit tissue

sample (Palta, Levitt, & Stadelmann, 1977). Electrical impedance spectroscopy (EIS) and



rheological properties measurement are new alternative methods to the traditional
microscopy and conductivity analysis methods and are relatively simple, providing rapid
results. Thus, these alternative techniques will be investigated to be used for monitoring
oil extraction and aggregation in avocado pulp, something that has not been carried out

in avocado oil extraction.

Cold-pressed olive oil extraction is a very similar process to the process used for ‘Hass’
avocado oil extraction. The main differences between the oil extraction process for olive
and avocado are the malaxing temperature and time. Cold-pressed olive oil extraction
must be carried out at no higher than 27 °C (to be classified as extra virgin) and the
malaxing time is normally less than 90 min (Codex Alimentarius, 2017; European
Commission, 2002; International Olive Council, 2006; Petrakis, 2006; Wong et al., 2012).
The microstructural changes in olive mesocarp can also be investigated to understand the
impact of each step in the extraction process on cellular disruption and oil aggregation

using the measurement techniques used to study the avocado oil process.

The overall aim of this project was to understand cellular changes during cold-pressed

‘Hass’ avocado oil extraction with respect to improving oil yield. The specific objectives
of this project were to:

1. Monitor the cellular changes and oil aggregation in fruit tissue during processing

of ‘Hass’ avocado and, as a comparison, ‘J5° olive fruit for cold-pressed oil

extraction, looking at how each step in the process affects oil release from the

tissue.



2.

Investigate the effect of ‘Hass’ avocado fruit ripeness, fruit maturity and malaxing
temperature on microstructural changes and oil aggregation in fruit tissue during
cold-pressed oil extraction.

Develop rapid techniques, including EIS and rheological properties measurements,
for monitoring the degree of cellular disruption and oil aggregation in fruit pulp
tissue during the cold-pressed oil extraction of ‘Hass” avocado and ‘J5’ olive fruit
in a commercial oil factory.

Investigate the potential application of ultrasound treatments for oil separation

during cold-pressed oil extraction of ‘Hass’ avocado.



Chapter 2:

Literature review



2.1 Overview of avocado fruit

2.1.1 Avocado fruit production

The avocado (Persea americana Mill.) is a high oil content fruit originating in Mexico
and Central America and classified as a member of the flowering plant family Lauraceae
(Schaffer, Wolstenholme, & Whiley, 2013). Avocados are generally grown in frost-free
subtropical regions. Historically, the avocado is also known as alligator pear, vegetable
butter, butter pear and midshipman’s butter (Yahia & Woolf, 2011). The major cultivars
produced worldwide in approximate order of priority are ‘Hass’, ‘Fuerte’, ‘Ryan’,

‘Pinkerton’ and ‘Edranol’ (Avocadosource, 2006).

Avocado fruit are comprised of the skin (exocarp), the flesh (mesocarp), and the seed
(stone or pit). The flesh comprises 50-80% of the total fruit weight depending on the
cultivar, while the seed makes up 10-25% of the total fruit weight (Lewis, 1978). On
average, a ripe ‘Hass’ avocado consists of 68% flesh, 18% seed and 14% skin on a fresh

weight basis (Wong et al., 2008).

From 2006 to 2016, world production of avocado increased 1.5 fold from 3.62 million
tons to 5.57 million tons (FAOSTAT, 2018). Worldwide avocado production in 2006, 2011
and 2016 is summarised in Table 2.1. The main avocado producers are Mexico,
Dominican Republic, Peru, Colombia, Indonesia, Brazil, Kenya and United States. The
majority of the avocado-growing countries are primarily producers for domestic
consumption while exporting less than 10% of their total production. However, Mexico,
Peru and Chile are exceptions to this rule and have industries geared towards export (Paz-
Vega, 2015). In New Zealand, export of fresh avocado fruit in 2015 accounted for 79%

of total production (Plant & Food Research Ltd., 2015). Overall, approximately 13% of



the global production of avocado is traded internationally (Bost, Smith, & Crane, 2013;

Paz-Vega, 2015).

Table 2.1: Production of avocados in the main avocado-growing countries in 2006, 2011
and 2016 (FAOSTAT, 2018).
2006 Production 2011 Production 2016 Production

Country

(metric tonnes) (metric tonnes) (metric tonnes)
Mexico 1,134,250 1,264,141 1,889,354
Dominican Republic 216,378 295,081 601,349
Peru 113,259 213,662 455,394
Colombia 191,710 215,089 309,431
Indonesia 239,463 275,953 304,938
Brazil 164,441 160,376 195,492
Kenya 103,935 149,241 176,045
United States 247,000 205,432 172,630
Chile 205,000 156,247 137,365
China 90,000 105,000 122,942
Australia 34,452 36,352 67,600
New Zealand 15,000 21,500 27,003
Worldwide Total 3,619,147 4,173,951 5,567,044

The cultivar ‘Hass’ constitutes more than 90% of total production in many large avocado-
growing countries including Mexico, Chile and the United States, and other smaller
avocado-producing countries such as New Zealand, Spain, and Australia (Avocadosource,
2006). For this reason, the ‘Hass’ cultivar is most likely to be used for avocado oil
extraction or other processing (Woolf et al., 2009). The popularity of the ‘Hass’ cultivar
is mostly attributed to its postharvest features (Crane et al., 2013; Schaffer et al., 2013;
Whiley, Schaffer, & Wolstenholme, 2002). Its relatively thicker skin and high calcium
concentrations in the fruit provide some tolerance to pest and diseases, and excellent

storage and shipping ability (Crane et al., 2013; Whiley et al., 2002). Moreover, the
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changes in skin colour from green to black can provide an easy index for fruit ripeness,

and masks minor rind imperfections (Crane et al., 2013).

2.1.2 Avocado fruit growth and maturation

On average, avocado flesh contains 74.0% moisture, 13.5% lipids, 7.6% total
carbohydrate, 2.5% fiber and 1.6% proteins (Dorantes-Alvarez, Ortiz-Moreno, & Garcia-
Ochoa, 2012). Lipids and water are thus the two major components of an avocado fruit.
Once a fruit has formed on the tree, it slowly matures over approximately ten months and
increases in size; the dry matter content and lipid content also increase in the flesh tissue
while the moisture content decreases (Kikuta & Erickson, 1968; Lawes, 1980; Pearson,
1975; Wong et al., 2008). In some countries, avocados can be held on tree for a long
period due to the climate. For example in New Zealand, fruit hang on the tree for up to
14 months, as avocado trees flower in October, and the fruit forms in November, to be

harvested from August to February the following year (Scoular, 2019).

Maturity has two definitions, the first being horticultural maturity where the fruit is
harvested at a stage of development that will allow the fruit to meet consumer
requirements (ripen to an acceptable taste and overall quality), and the second being
physiological maturity where the fruit will continue to physiologically develop (ripen for
seed dispersal) after harvest (Watada, Herner, Kader, Romani, & Staby, 1984). Avocados
are unique in that they can be horticulturally mature but they do not ripen while attached
to the tree, which means the fruit can be “tree-stored” to meet supply chain requirements

over an extended period of time.

The dry matter content and the total lipid content in the fruit flesh are highly correlated



(Figure 2.1), thus either can be used as measures of horticultural maturity of avocados
(Brown, 1984; Lee, Young, Schiffman, & Coggins, 1983). Measurement of dry matter
content is the most common method used by the avocado industry because it is simple,
cheap and rapid (Lee & Young, 1983; Lewis, 1978; Morris & O'Brien, 1980; Ranney et
al., 1992). Most avocado-producing countries have guidelines for fruit harvest based on
horticultural maturity as measured by dry matter. Depending on cultivar and the country
of production, the recommended minimum dry matter values range between 20-25% by
fresh weight. For example in 2006, the minimum dry matter values for ‘Hass’ cultivar
were 20.8% in Mexico and the United States, 21% in Chile and Australia, 25% in South
Africa and 24% in New Zealand (Avocadosource, 2006). Avocado fruit harvested at a low
dry matter content is likely to give an undesirable flavour and texture profile. Moreover,
the fruit may fail to ripen if it is harvested at very low dry matter values (< 20%) (Brown,

1984; Pak, Dixon, & Cutting, 2003; Ranney et al., 1992).

Depending on the cultivar and the time of harvest, oil content in physiologically mature
avocado flesh can range between 10-32% by fresh weight. For ‘Hass’ avocados, the oil
content of the flesh can be as high as 30% by fresh weight, depending on the growing
region (Kaiser, Smith, & Wolstenholme, 1992; Requejo-Tapia, 1999). Experiments
performed by Requejo-Tapia (1999) in New Zealand showed that the oil content of ‘Hass’
avocado was 16—17% in September at early season and then increased to 29-31% in April

at the end of the season (Figure 2.1).
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Figure 2.1: Lipid content and dry matter content of ‘Hass’ avocado fruit harvested in

1998/1999 season from a New Zealand orchard (Woolf et al., 2007).

2.1.3 Postharvest ripening of avocado fruit

As mentioned earlier, avocados have a noteworthy characteristic that they do not ripen
while attached on the tree even though they are physiologically mature, and thus can be
held on the tree for as long as two years from flowering (Schaffer et al., 2013). As a
commercial crop, once avocados have reached the desired horticultural maturity, the fruit
are harvested from the tree and then commence ripening, which generally takes around
6—-10 days at room temperature. The timing and variability of ripening is influenced by
various factors including cultivar, the stage of maturity, storage time, ripening
temperature and ethylene exposure. The fruit ripening period can be as short as 3—4 days

or as long as 18-21 days (Woolf et al., 2009).
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During ripening, the key change observed is fruit softening due to the cell wall
degradation of the parenchyma cells (Platt-Aloia et al., 1980; Redgwell et al., 1997). The
softening can be measured by compression by hand or by a mechanical device such as a
Firmometer and the result reported as fruit firmness (White, Woolf, Hofman, & Arpaia,
2005). To ensure maximum oil yields in avocado oil production, the ripeness of the fruit
is required to be equivalent to “firm ripe” which is equal to a hand firmness score of 4 or
a Firmometer reading between 65-95 Firmometer value (Fv) (Woolf et al., 2009). To
achieve uniform, controlled and faster ripening, ethylene treatment is commonly used by
the fresh fruit and oil extraction industries to ripen avocados. Avocado fruit treated with
100 uL! ethylene at 20-22 °C for 24 h will ripen in approximately four to six days at 20—
22 °C (Hofman et al., 2002). During ripening of the main commercial cultivar ‘Hass’, a
distinct change in skin colour from green to black accompanies fruit softening (Cox,
McGhie, White, & Woolf, 2004; Williams, 1977). The skin colour changes are more
subtle for the majority of other cultivars such as ‘Fuerte’, ‘Ryan’ and ‘Pinkerton’, with a
darkening of the green colour from more emerald to darker green (Crane et al., 2013;

Woolf et al., 2009).

Low-temperature storage is a common method for fruit storage and transport in the fresh-
avocado industry. Cool storage of avocados at 4-8 °C for up to four weeks can reduce the
ripening rate and fruit-to-fruit variability (Bower, 1988). However, longer storage periods
can cause an internal-chilling injury (vascular browning and diffuse flesh discoloration)
and general reduction of ripe-fruit quality. Lower storage temperatures (<4 °C) can cause
external chilling injury (skin scalding) of avocado fruits (Bower, 1988; Cutting &

Wolstenholme, 1992; Van Rooyen & Bower, 2006).
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2.2 Cellular changes during avocado growth and ripening

2.2.1 Oil localization in avocado fruit

There is a fairly uniform cellular composition in the mesocarp of the avocado fruit, which
consists primarily of parenchyma cells, specialized oil cells or idioblasts and a few
vascular strands (Figure 2.2; vascular strands are not shown on the figure) (Platt-Aloia &
Thomson, 1981). The majority of cells in avocado flesh are parenchyma cells with a
diameter of 40—60 pm (Platt-Aloia & Thomson, 1981). The cell walls of parenchyma
cells are approximately 2.5 um thick, composed of a primary cell wall and shared middle
lamella (Figure 2.3) (Platt-Aloia et al., 1980). The cell walls are mainly composed of
cellulose, pectin and hemicellulose (Gupta, 2007). Approximately 85% of the total lipids
present in avocado flesh are triacylglycerols (TAG), which occur as numerous droplets or
oil bodies scattered in the cytoplasm of the parenchyma cells (Platt-Aloia & Thomson,

1981).

Figure 2.2: Low-magnification electron micrograph of a thin section of avocado
mesocarp, original magnificationx640 (Platt-Aloia & Thomson, 1992).

L: Oil in parenchyma cells;

OC: Oil in an idioblast oil cell;

W: Cell walls.
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Figure 2.3: Electron micrograph of a thin section through a portion of the cell wall of
parenchyma cells from avocado mesocarp, original magnification x10000 (Platt-Aloia et
al., 1980).

ML: The middle lamella in the parenchyma cell;

W: The primary cell wall of the parenchyma cell;

O: Oil in the parenchyma cell.

Idioblast oil cells are scattered throughout the mesocarp of avocado and make up
approximately 2% of the tissue volume (Cummings & Schroeder, 1942). Ultrastructural
studies showed that the idioblast oil cells are larger than the parenchyma cells with a
diameter of approximate 80 um (Platt-Aloia et al., 1980). In addition, the walls of these
specialized oil cells are 4 pm in thickness, consisting of a primary cellulosic wall, a
secondary suberin layer and a tertiary cellulosic wall (Figure 2.4) (Platt-Aloia et al., 1983).
Rather than the smaller individual oil droplets in the parenchyma cells, the oil in idioblast
cells occur as a single large oil body filling the entire cell (Cummings & Schroeder, 1942).
The oil in the idioblast cells has a different composition to the oil in the parenchyma cells,
which stains with a different density than the TAG of the parenchyma cells when using
osmium tetroxide dye, and has a different appearance in freeze-fracture replicas compared
with the TAG (Platt-Aloia et al., 1983; Platt-Aloia & Thomson, 1989). The idioblast oil

has a polarity less than phospholipids but greater than TAG or diacylglycerols (DAG),
14



and contains alkaloids, sesquiterpene hydroperoxides and possibly other terpenes (Platt-
Aloia & Thomson, 1992). Several of these constituents found in the idioblast cells have
the ability to inhibit the in-vitro vegetative growth of the avocado fungal pathogen

Colletotrichum gloeosporioides (Sivanathan & Adikaram, 1989).

(dd

Figure 2.4: Electron micrograph of a thin section through a portion of the cell wall of an
idioblast oil cell from avocado mesocarp, original magnification x12100 (Platt-Aloia &
Thomson, 1992).

P: The primary wall of the idioblast oil cell;

S: The secondary suberin layer of the idioblast oil cell;

T: The tertiary wall of the idioblast oil cell;

Cy: Cytoplasm of the idioblast oil cell;

O: Oil in the idioblast oil cell.

In the cold-pressed aqueous extraction process for avocado oil, the parenchyma cells are
mostly disrupted during the grinding and malaxing step, however, the fate of the idioblast
oil cells has not been determined. The idioblast cells may be broken down during the
extraction process, remaining in the solid phase (pomace) or liquid stream (Woolf et al.,

2009).
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2.2.2 Cell development during fruit growth

A number of researchers have published information on avocado maturity and cell
development (Barmore, 1977; Lee & Young, 1983; Moore-Gordon, Cutting, &
Wolstenholme, 1994; Schroeder, 1953; Yahia & Woolf, 2011). Avocados are unique in
that cell division of the mesocarp parenchyma and idioblast cells continues during fruit
development, whereas most other fruit development patterns involve cell replication in
the initial stages of fruit growth and then increase in size by taking up water approaching

harvest (Woolf et al., 2009).

Seasonal growth of the avocado from full bloom to fruit maturity follows a single
sigmoidal growth pattern and can be divided into three major stages (Figure 2.5) (Dixon,

Lamond, Smith, & Elmlsy, 2006; Moore-Gordon et al., 1994).
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Figure 2.5: Changes in fruit mass of ‘Hass’ avocado in 2004/2005 season from a New

Zealand orchard (Dixon et al., 2006).
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During the first stage (0-2 months for ‘Hass’ cultivar), both cell division and cell
enlargement occurs though the rate is slow and can involve the "decision" to abort or
proceed with further cell replication and fruit development, which is known as fruit set.
Approximately 90% of fruit abscission takes place during this initial stage (Dixon et al.,

2006; Lee & Young, 1983; Moore-Gordon et al., 1994).

The second stage (3—8 months for ‘Hass’ cultivar) is characterized by rapid cell expansion
and cell division, during which 80% of the growth of the fruit takes place (Dixon et al.,
2006; Moore-Gordon et al., 1994). Cell enlargement ceases when avocado fruit reaches
50% of its size at full maturity, and from thereafter cell size remains constant while cell
division accounts for continued growth (Barmore, 1977; Moore-Gordon et al., 1994;
Yahia & Woolf, 2011). Rapid lipid synthesis occurs during this stage, where oleic acid
(C18:1) is predominantly synthesized and deposited as TAG in the flesh of avocado fruit

(Kikuta & Erickson, 1968).

During the third stage (9—10 months for ‘Hass’ cultivar) physiological maturation of the
fruit proceeds during which the rate of cell division and fruit growth slows down (Dixon
et al., 2006; Lee & Young, 1983; Moore-Gordon et al., 1994). However, the lipid
accumulation in parenchyma and idioblast cells continues until the fruit has been attached
on the tree for approximately 15 months (Kaiser, 1993; Requejo-Tapia, 1999). Schroeder
(1953) observed that mature fruits with different sizes all have the same mean cell size.
It was therefore concluded that size variation of fruit at maturity is mostly due to variation
in number of cells, where relatively smaller fruits have limited cell division (Schroeder,
1953). Differences in fruit size of avocados maturing at approximately the same time

results primarily from differences in the rate of cell division during the initial six months
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of development (Barmore, 1977). This pattern was the same for many cultivars, but the
length of each stage varies for different cultivars (Lee & Young, 1983; Moore-Gordon et

al., 1994).

2.2.3 Enzyme activity changes and cell degradation during fruit ripening

Avocado is a climacteric fruit which exhibits the increase in respiration and ethylene
production during fruit ripening (Wills, Lee, Graham, McGlasson, & Hall, 1981). During
ripening of avocado fruit, the activities of cellulase and polygalacturonase (PG) increased
dramatically (Figure 2.6; Figure 2.7, respectively). Therefore these two enzymes were
believed to be cell wall-degrading enzymes in the avocado mesocarp (Awad & Young,
1979). On the other hand, pectin methylesterase (PME) is not involved in the cell wall
hydrolysis. PME activity was found to decline from its maximum value at the time of

harvest to a low level early in the climacteric (Figure 2.6).
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Figure 2.6: Postharvest trends in PME (0) and PG (A) activity in ‘Fuerte’ avocado fruit
(Awad & Young, 1979).
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In the pre-climacteric stage of avocado ripening, PG activity was not detectable. However,
it increased during the climacteric stage (6-9 days after harvest) and continued to increase
during the post-climacteric stage to a level approximately three times higher than when
the avocado reached the edible soft stage (9 days after harvest) (Awad & Young, 1979).
Cellulase activity was low in the pre-climacteric stage of ripening but started to increase
just as respiration increased (6 days after harvest; as shown is Figure 2.8) and reached a
level two times higher than when the fruit reached the edible soft stage. Cellulase activity
started to increase three days before PG activity could be detected. Increased ethylene
production from the fruit occurred after the increase in respiration and cellulase activity
by approximately 1.5 days (Figure 2.8) (Awad & Young, 1979). These findings indicate
that a close correlation exists between the rapid increase in the activities of cell wall-
degrading enzymes and the increase in respiration and ethylene production (Awad &

Young, 1979).

Hatfield and Nevins (1986) have purified and characterised cellulase in avocado
mesocarp. The enzyme is classified as endo-(1-4)-B-D-glucanase, and that its hydrolytic
activity is limited to (1-4)-B-D-glucans of four or more glucosyl residues. This enzyme is
incapable of effectively hydrolysing crystalline cellulose or cellulosic polymers contained
within native fruit cell walls (Hatfield & Nevins, 1986). Hatfield and Nevins (1986)
considered that the role of the cellulase during cell wall degradation may be to solubilize
specific regions of xyloglucans or cellulose fibrils that could lead to changes in cellulose
fibrillar orientation. This may also alter hydrogen bonding to other matrix
polysaccharides, thus disrupting the cell wall matrix, which could allow greater
accessibility to polygalacturonase in the wall matrix (Hatfield & Nevins, 1986). This

process could explain the reason for an increase in cellulase activity preceding PG activity
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in the avocado mesocarp (Awad & Young, 1979; Hatfield & Nevins, 1986).

During fruit ripening, a coordinated series of modifications to the polysaccharide
components of the primary cell wall and middle lamella occurs. Degradation of cell wall
polysaccharides and alterations in the bonding between polymers result in an increase in
cell separation, a softening and swelling of the wall, and a weakening of the cell structure;
this causes fruit softening and textural changes (Brummell, 2006a, 2006b). Early in
ripening, cell wall pectic galactan side chains are rapidly degraded and a depolymerisation
of matrix glycans begins, followed by a loss of pectic arabinan side chains and pectin
solubilisation. A depolymerisation of polyuronides can begin during early or mid-ripening,
but it is usually more pronounced later in ripening (Brummell, 2006a, 2006b). Cell wall
swelling may be related to a loosening of the xyloglucan—cellulose network and to pectin
solubilisation, and these processes combined with the loss of pectic side chains increase
wall porosity. An increase in wall porosity later in ripening may allow increased access

of degradative enzymes to their substrates (Brummell, 2006a, 2006b).

Detailed ultrastructural studies of the parenchyma cells have been carried out,
investigating the cell wall organisation during ripening of avocado fruit (Platt-Aloia &
Thomson, 1981; Platt-Aloia et al., 1980). During ripening, the middle lamella of the
parenchyma cells begins to disappear, with pectin removal from the cell wall’s matrix,
which corresponded to the reported increase in PG activity in the mesocarp tissue (Awad
& Young, 1979; Platt-Aloia et al., 1980). Later, a loss of organization and density in the
cell walls occurs, accompanied by an increase in fruit softening. Finally, the walls of the
parenchyma cells almost completely disappear during the post-climacteric phase (Platt-

Aloia & Thomson, 1981). The ultrastructural changes of the idioblast oil cells during
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ripening have not been studied extensively. Platt-Aloia and Thomson (1992) reported that
the suberised wall of the idioblast oil cells is immune to the activity of cellulase and PG

thus remains intact during ripening.

2.3 Development of avocado oil commercial extraction

2.3.1 History of avocado oil and the avocado fruit for oil production

Throughout history, avocado oil has been well-known for its properties of healing and
regenerating. As early as the 16™ century, the applications of avocado oil to treat rashes
and scars was reported (Sinha, Hui, Evranuz, Siddiq, & Ahmed, 2011). The bulk of
avocado oil is produced by relatively harsh extraction methods which involve high
temperature and/or solvents, followed by refining, bleaching and deodorizing. In the 21
century, a cold-pressed extraction process for avocado oil was successfully
commercialised to produce oil for culinary uses. The technologies, which are similar to
those used to extract extra-virgin olive oil, were commercialised in 2000 when two
commercial producers in New Zealand started cold-pressing avocado oil (Woolf et al.,

2007; Woolf et al., 2009).

Because avocados are generally grown for fresh fruit consumption, avocado oil is
primarily extracted from the avocados rejected from the fresh-fruit trade. This is different
to other oils, such as palm oil and olive oil (grown solely for oil production) or rice-bran
oil (produced from processing by-products) (Wong et al., 2008; Woolf et al., 2009). The
avocado fruit quality required is usually dictated by the ultimate market of the oil. For the
high-quality cold-pressed culinary oil production, the avocado fruit used must be good-
quality rejected fruit not suitable for fresh fruit export, generally due to cosmetic issues,

or being too small for sale. When poor-quality rejected avocado fruit (often with rots) are
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used, the subsequent oil may need refining steps after extraction (Woolf et al., 2009).

2.3.2 Applications and uses for avocado oil

Avocado oil is used in the cosmetic industry as it has beneficial effects on the skin
(Swisher, 1988). In skin care, the avocado oil has four major advantages including its
notable softening and soothing nature, its high stability, its marked absorption, and its
high concentration of vitamin E (a-tocopherol). Compared with other cosmetic oils such
as almond oil, corn oil, olive oil, and soybean oil, avocado oil provides the highest skin-
penetration rate (Human, 1987; Swisher, 1988). For its application in the cosmetic
industry, crude avocado oil requires further refining steps. The resulting oil has a pale
yellow colour and little remaining avocado flavour or odour (Eyres et al., 2001). Because
avocado oil is one of the most penetrating oils suitable for cosmetics and soaps, the oil is
available for making muscle oils, massage creams, and other cosmetics or skin care
products where lubrication and penetration are essential. In addition, avocado oil can form
finer emulsions as it reduces surface tension, which can be used in soaps to form smoother

creams as well as to provide improved lathering (Human, 1987; Poucher, 1974).

Cold-pressed avocado oil is a relatively new arrival in culinary circles and has chemical
properties similar to olive oil. Cold-pressed avocado oil is composed of at least 60%
monounsaturated fatty acids, and approximately 10% polyunsaturated fatty acids. In
addition, high contents of pigments including chlorophylls and carotenoids are found in
cold-pressed avocado oil, which act as antioxidants. Because of the pigments, cold-
pressed avocado oil has a brilliant emerald green colour (Wong et al., 2010). Cold-pressed
‘Hass’ avocado oil has been reported to have an avocado flavour, with delicate grassy and

butter/mushroom-like flavours. Different varieties of avocado may produce oils with
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slightly different flavour profiles. For example, cold-pressed ‘Fuerte’ avocado oil has
been described to give less avocado but more mushroom-like flavour (Wong et al., 2010).
Cold-pressed avocado oil has a smoke point over 250 °C. The high smoke point makes it

suitable for pan frying (Woolf et al., 2009).

Currently, cold-pressed avocado oil retails at about US$7 per bottle (250 mL) on the
Australia and New Zealand market (Grove, 2018; Olivado, 2018). Bulk avocado oil sales
are at approximately US$10 per litre. Sales are increasing with an average annual growth
rate of 2.73% since 2014 as more and more people are becoming aware of the health

benefits of avocado oil (Trent, 2019).

2.4 Avocado oil extraction

2.4.1 Commercial extraction systems

2.4.1.1 Cold-pressed extraction of avocado oil

Cold-pressed avocado oil recovered by aqueous extraction is free of solvent impurities
and suitable for food use; it has been reported to have a superior nutritional quality (Eyres
et al., 2001). Cold-pressed extraction of avocado oil was first attempted in the late 1980s
when centrifugal force was used in the laboratory to extract oil from unripe avocado flesh
(Buenrostro & Lopez-Munguia, 1986; Swisher, 1988; Werman & Neeman, 1987). The oil
yields of this method were significantly lower than with solvent extraction, ranging from
30-80% of the total oil available (Buenrostro & Lopez-Munguia, 1986; Werman &

Neeman, 1987).

In the late 1990s, a novel avocado oil extraction technique was developed in New Zealand

based on the continuous virgin olive oil extraction. This extraction technique produces
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high quality cold-pressed avocado oil that is comparable in quality with the extra virgin
olive oils and contains high concentrations of pigments (Requejo-Jackman et al., 2005;
Wong et al., 2012). The current cold-pressed avocado oil extraction procedures conducted
in commercial plants in New Zealand have been reported by Wong et al. (2012) and

Costagli and Betti (2015), and are shown in Figures 2.9 and 2.10.
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Figure 2.9: Process flow diagram for cold-pressed extraction of avocado oil (Wong et al.,

2012).
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Figure 2.10: Equipment and process of cold-pressed avocado oil extraction system; A)
Avocado washer and destoner; B) Grinder; C) Line flash thermal conditioning system; D)
Atmosphera malaxers; E) Decanter centrifuge; F) Polishing disk centrifuge; G) Example
of a complete cold-pressed extraction process solution from grinder to centrifuge

(Costagli & Betti, 2015).

Wong et al. (2012) describes the process for cold-pressed aqueous extraction of avocado
oil. During the extraction, firstly, the ripe whole avocados are washed by a fruit washing
machine (Figure 2.10A) to remove dirt, spray residues, and other undesirable matter. Next,

the washed fruit enters the destoner (Figure 2.10A) to separate the skin and stone from

26



the flesh. In the destoner, the avocados are smashed against the chamber wall that consists
of a stainless steel screen. The skin and stone, as well as the unripe or hard fruit, are
expelled from the chamber and discarded as waste. The smashed avocado flesh is then
ground to a pulp by using an attrition mill or grinder (Figure 2.10B) to aid in disrupting
the cells in the flesh. The exact mechanism of oil extraction from cells is still unclear,
however, adequate grinding of the flesh plays an important role to liberate the oil as it

breaks down the cellular structure (Woolf et al., 2009).

After grinding, the pulpy avocado flesh is transferred into D-shaped semi-cylindrical
tanks (Figure 2.10D) called malaxers. The malaxers, which can vary in size from 250 to
1000 kg, are made of stainless steel inside and equipped with a shaft with rotating arms
and stainless steel blades of varying shapes and sizes (Petrakis, 2006; Wong et al., 2012).
Depending on the rotation axis location, the malaxers can be classified into horizontal
and vertical tanks. Based on technical and economic reasons, horizontal malaxers are
more popular in the oil industry (Clodoveo, 2012). The walls of the malaxer are hollow
to allow hot water to flow through these jackets to heat the pulpy avocado flesh contained
in the malaxer. During malaxing, the avocado pulp is continuously stirred by the blades
at 15-25 rpm and at a controlled temperature (between 45-50 °C; Figure 2.10C) (Woolf
et al., 2009). The ultrastructural changes of the cells and oil from the avocado flesh during
malaxing has not been studied. Based on the previous study from Di Giovacchino (1989)
and Di Giovacchino (1996) on olive oil, it is hypothesized the aim of the malaxing step
in avocado oil extraction is to assist the small oil droplets join together to form larger

drops that can be easily separated through the following centrifugal extraction systems.

After malaxing, the horizontal decanter centrifuge (Figure 2.10E) is used to separate the
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oil phase from the solids (pomace) and water phase (wastewater). The centrifugal
extraction method is based fundamentally on the principle that any combination of
immiscible liquids with varying densities tends to separate spontaneously into its
individual constituents (Petrakis, 2006). Therefore, the lighter oil will split up to a layer
above the heavier aqueous solution and remaining pomace when avocado pulp is exposed
to the high g forces of a centrifuge for long periods of time (Bizimana, Breene, & Csallany,
1993). The horizontal decanter centrifuge is comprised of a cylindrical-conical rotating
bowl and a helical hollow-axis screw rotating coaxially inside it and at a slightly different
speed to the bowl (Wong et al., 2012). During centrifugal extraction, the avocado pulp is
pumped into the decanter centrifuge through an opening in the screw axis, water is usually
added during pumping as the pulp can be very viscous (Wong et al., 2012; Woolf et al.,
2009). The decanter operates at 3,000—4,000 rpm and with the applied centrifugal force,
the pomace is displaced towards the wall of the bowl and is slowly dragged toward the
end of the decanter by the differential speed between the auger and the bowl (Wong et al.,
2012; Woolf et al., 2009). The lighter oil phase forms an internal ring around the axis and
is drained through outlets placed at the opposite end of the pomace outlet. Also, the water
ring formed between the oil ring and the pomace ring is drained separately (Wong et al.,
2012). The oil phase from the decanter is then passed through vertical polishing disc

centrifuges to remove the residual water from the oil (Figure 2.10F) (Wong et al., 2012).

After polishing, the oil is flushed with nitrogen gas to remove dissolved oxygen and to
cool the oil. Lastly, the oil is passed through 100 pum filter bags or cartridges to filter out

protein and solid residues, then stored in a stainless steel tank (Wong et al., 2012).

The yield and quality of cold-pressed avocado oil depends on the maturity at harvest,
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degree of ripeness, fruit quality, fruit storage, and processing condition (Woolf et al.,
2009). The oil yield achieved from ripe ‘Hass’ cultivar varies between 10—18% of the
fresh weight of avocado fruit (Eyres et al., 2001). Good quality oil obtained by cold-
pressed extraction is ‘extra virgin’ quality with a free fatty acids level (FFA%) and
peroxide value (PV) of < 0.5% w/w (as oleic acid) and < 4 meq/kg of oil, respectively
(Wong et al., 2010; Woolf et al., 2009). Although no standards have been set
internationally for ‘extra virgin’ avocado oil, in contrast the international standard values
for ‘extra virgin’ olive oil are, FFA% < 0.8% w/w and a PV <20 meq/kg oil (International

Olive Council, 2006).

2.4.1.2 Solvent extraction

In the past, avocado oil has been produced using only solvent extraction methods
(petroleum ether, ethyl ether, or benzene), which results in recoveries of 60—90% of the
total oil available (Wong et al., 2008; Woolf et al., 2009). In solvent extraction of avocado
oil, hexane has become the most common solvent choice due to its high stability, low
evaporation loss, low corrosiveness, little greasy residue, as well as the better odour and
flavour of the extracted oil products (Johnson, 1997). The extracted oil from these
methods 1s dark green in colour and requires further refining, bleaching and deodorizing
before it is used (Woolf et al., 2007). The resulting oil is yellow to colourless since the
pigments have been removed during the bleaching step (De Greyt & Kellens, 2000).
Historically, the avocado oil from solvent extraction was predominantly used for

cosmetics purposes.

In contrast to the cold-pressed oil extraction method, the solvent extraction method gives

a higher oil yield. However, this method requires considerable capital investment
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including high capital equipment cost and operational expenditures. The recovery of the
used solvents can also become costly. In addition, solvents are dangerous to work with
because they are hazardous and can cause fire and explosion. It is also difficult to separate
all the solvent from the oil and traces left may reduce the quality of the oil (Owusu-Ansah,

1997; Petrovic, Eljarrat, De Alda, & Barcelo, 2004).

2.4.2 Laboratory-based extraction systems

For determining the amount of lipid available in commercial extraction and for research
purposes, a reliable and reproducible technique is required to determine the total lipid
content in avocado fruit. A range of methods, including Soxhlet method (using petroleum
ether or other solvent), Bligh and Dyer method (using chloroform and methanol), and the
refractometric method (using monochloronaphthalene), have been employed to determine
the total lipid content of avocado (Lewis, 1978). However, they are relatively slow, time-
consuming and expensive (Requejo-Tapia, 1999; Woolf et al., 2009). These solvent
extraction methods also lead to the breakdown of other compounds of interest such as
sterols and pigments (Woolf et al., 2009). This section will now describe the laboratory
based solvent extraction systems for determining the total lipid content in avocado flesh,
including the traditional Soxhlet extraction system and the relatively new accelerated

solvent extraction system.

2.4.2.1 Soxhlet extraction
Soxhlet extraction is well-established and the most widely used organic solvent extraction
method in a laboratory. It is considered to be a standard technique, used as the main

reference method to evaluate other novel extraction methods (Montoro, Masullo, Piacente,

& Pizza, 2015; Skalicka-Wozniak, Widelski, & Glowniak, 2008). Soxhlet extraction is a
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hot continuous extraction process, in which, lipids are concentrated by repeated washings
with an organic solvent, typically hexane or petroleum ether. During the extraction, fresh
solvent comes in contact with the dried material several times, until the lipid is completely

extracted (Montoro et al., 2015).

The apparatus for Soxhlet extraction is shown in Figure 2.11 (Dean, 2010). During
extraction, the flask is gently heated and clean solvent vapour passes around the thimble
holding the sample, travelling up to the condenser. Vapour condenses in the condenser
and drips back into the thimble chamber. When the lipid-laden solvent reaches the top of
the thimble chamber, it flows back into the bottom flask through the siphon device (Kou

& Mitra, 2004).

= Condenser

Clean liquid solvent

' Siphon
Samples i

Solvent vapor \\ Dirty solvent

Figure 2.11: Schematic diagram of typical Soxhlet apparatus (Dean, 2010).
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The major advantage of Soxhlet extraction is that it is a continuous process for the oil
extraction of a sample. No further filtration is required after extraction. In addition,
Soxhlet extraction is a simple and non-labour-intensive process, which is economical and
scalable to compare other novel extraction methods such as supercritical fluid extraction
(Guldhe, Singh, Ansari, Sharma, & Bux, 2016; Skalicka-Wozniak et al., 2008). The most
noticeable disadvantages of Soxhlet extraction is that it is time consuming, there can be
poor penetration by the solvent, and it also requires a significant amount of solvent, which
is expensive and not environmentally friendly (Guldhe et al., 2016; Skalicka-Wozniak et

al., 2008).

2.4.2.2 Accelerated solvent extraction system

The accelerated solvent extraction (ASE) system (Figure 2.12) combines elevated
temperature and pressurised organic solvent, which allows the lipid extraction to be
achieved within a short extraction time using a low volume of solvent (Richter et al.,
1996). ASE can be used to recover the total lipid content in avocado, as it can be used to
extract the majority of the available lipid, with minimal effects on the nutritional
compounds such as pigments and sterols (Woolf et al., 2009). During extraction, samples
are enclosed in stainless-steel extraction cells, filled with an extraction solvent,
pressurized with oxygen-free nitrogen gas and heated to a designated temperature
(Richter et al., 1996; ThermoScientific, 2012; Woolf et al., 2009). The high temperature
leads to the extraction of lipids into the solvent. The high pressure can keep the solvent
below its boiling point, which results in high penetration of the solvent into the sample
(ThermoScientific, 2013). The samples are held under this pressure and temperature for
a fixed period of time for a static extraction, then the lipid and solvent are released from

the cells and collected in the bottle (Richter et al., 1996; ThermoScientific, 2012; Woolf
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et al., 2009).
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Figure 2.12: Schematic of accelerated solvent extraction system (ThermoScientific,

2012).

Woolf et al. (2009) suggested that hexane is the most suitable solvent for avocado oil
extraction by using ASE due to its nonpolar properties, which can minimize the
deterioration of the compounds in the oil. The processing temperature of ASE is
recommended to be at 60 °C for avocado oil extraction. The oil recovery of avocado can

be improved by 3.5% by increasing the extraction temperature from 60 °C to 120 °C with
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a 15 min static time (Woolf et al., 2009). However, increasing the temperature can result
in degradation of TAG and destruction of labile compounds such as pigments and
antioxidants (e.g. chlorophyll is destroyed at 60 °C and above) (Kidmose, Edelenbos,
Norbak, Christensen, & MacDougall, 2002; Woolf et al., 2009). Woolf et al. (2009)
suggested increasing the static time from 15 min to 40 min at 60 °C, which can improve

the lipid, carotenoid and chlorophyll recovery.

2.4.3 Processing extraction aids

2.4.3.1 Enzyme

In the avocado flesh, TAG are mostly found in the parenchyma cells (Platt-Aloia &
Thomson, 1981). Cell wall disruption can either be conducted by mechanical methods
e.g. grinding, or non-mechanical methods, such as exogenous enzymatic action
(Buenrostro & Lopez-Munguia, 1986; Werman & Neeman, 1987). In the avocado oil
extraction process, commercial exogenous enzymes are added for two reasons: firstly
(and primarily), to assist disruption of the cell walls and release the oil from the
parenchyma cells hence to increase oil yield; secondly, to decrease the viscosity of the
avocado pulp during malaxing resulting in less energy being required (Buenrostro &

Lopez-Munguia, 1986).

Laboratory-based enzyme trials were conducted by Wong et al. (2012), where a simple
pectinase preparation or a mixed enzyme solution containing macerating and pectolytic
activity were added into early and mid-season avocado fruit during malaxing at 45 °C and
at concentrations of less than 0.1% w/w. The results indicated that there was no significant
improvement in oil yields and standard pectinase formulations were not suitable for early

and mid-season avocados although they improved the cellular disruption for most other
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fruit extraction processes.

In another experiment, two additives including 0.3% citric acid and cellulase enzyme mix
were applied during malaxing of early-season avocado fruit at 45 °C. Although the oil
yields were very low for early season avocados, adding cellulase enzyme mix was found
to increase the oil yield (Figure 2.13). The results also indicated that citric acid led to
slightly increased oil yields. The adjustment of pH to 4.0 in rendering systems breaks the

emulsion, allowing better separation (Wong et al., 2012).

Experiments with late-season avocados (Figure 2.14) showed the addition of pectinase or
cellulase-based enzymes during malaxing (at 45 °C) increased oil yields (Wong et al.,
2012). This was a logical result as the parenchyma cell walls are mainly composed of

cellulose and pectin hence can be degraded by the enzymes (Gupta, 2007).
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Figure 2.13: Effect of various process additives on oil yield of early-season ‘Hass’

avocados (Wong et al., 2012).

35



16 -

12

% Oil Yield (w/w fresh fruit weight)
(e BN oo
0.3% Citric Acid [ INNENEGG_

S = = = = 5 =
& o o o oy Ead Q.
=t o o o o > 8 g Q.
=) (=3 S (= S S 5} S
S S S S 5 & g a oS
[} [} Q > 0N N © 45
n N n D) @) =5 O 3
< < I > — N
i = = o o o
9} 5} 5} — <
g 5 5 O o <
VR B S

Figure 2.14: Effect of various enzymes on oil yield of late season ‘Hass’ avocados (Wong

etal., 2012).

2.4.3.2 Ultrasonication

Ultrasonication is a potential novel technology for oil extraction processes that can
improve cellular disruption and oil separation to increase the oil yield (Figure 2.15). This
method applied ultrasound energy to crack cell walls and membranes through the
cavitation effect (Mercer & Armenta, 2011). The cells are subjected to ultrasonic
vibrations by introducing an ultrasonic vibration emitting tip into the cell suspension.
Cavitation occurs when bubbles of liquid vapour are produced in an area where its vapour
pressure is higher than the pressure of the liquid. The vapour bubbles that are created by
ultrasonic waves collapse near the cell wall producing shock waves and damaging cell
walls and membranes (Bermudez-Aguirre, Mobbs, & Barbosa-Canovas, 2011; Mercer &

Armenta, 2011).

Ultrasound can also be applied to enhance oil separation. Acoustic separation is based on

the formation of an acoustic standing pressure wave field in the material under treatment
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(Juliano et al., 2011). The rate of separation is related to the relative density of the
suspended matter and the viscosity of the continuous phase (Batchelor, 2000). Ultrasonic
waves have the ability to alter the interaction between oil globules through acoustic
pressure and cause coalescence of oil globules, which then improve the separation and

recovery of oil (Juliano et al., 2011; Vilkhu, Manasseh, Mawson, & Ashokkumar, 2011).
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Figure 2.15: Schematic diagram of various types of ultrasonic systems: a) ultrasonic bath;
b) batch type probe system and c) continuous probe system used for liquid food

processing (Zinoviadou et al., 2015).

To improve extraction oil yield, ultrasound treatment has been successfully applied on
aqueous extraction of olive oil (before or after malaxing) and palm oil (during gravity
settling) (Bejaoui, Beltran, Aguilera, & Jimenez, 2016; Clodoveo, Durante, La Notte,
Punzi, & Gambacorta, 2013; Clodoveo & Hbaieb, 2013; Jiménez, Beltran, & Uceda, 2007;
Juliano, Augustin, Xu, Mawson, & Knoerzer, 2017; Juliano et al., 2013a; Juliano,
Swiergon, Mawson, Knoerzer, & Augustin, 2013b). In the cold-pressed olive oil

extraction process, laboratory scale trials were carried out by Clodoveo and Hbaieb (2013)
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to study the mechanical effect of ultrasound treatment on olive paste and oil yield.
Ultrasound treatment (35 kHz, 10 min, at 30 °C) increased the olive oil extraction yield

from 1.0% to 5.4% without a malaxing step.

In addition, low (24—40 kHz) and high frequency (400—600 kHz) ultrasound treatments
have been tested during cold-pressed olive oil extraction before or after malaxing
(Bejaoui et al., 2016; Clodoveo et al., 2013; Clodoveo & Hbaieb, 2013; Jiménez et al.,
2007; Juliano et al., 2017). Ultrasound treatments at both frequencies improved the oil
yield (g oil extract/100 g fresh flesh) by up to 2.0% and the oil extraction efficiency (g oil
extract/100 g total oil in fresh flesh) by up to 5.7% when they were applied before or after

malaxing step.

The effect of ultrasound treatments on oil quality parameters, fatty acid composition, and
nutritional and sensory characteristics of virgin olive oil were also studied previously
(Bejaoui et al., 2016; Clodoveo & Hbaieb, 2013; Jiménez et al., 2007). The oil quality
parameters including FFA%, PV and specific extinction coefficients (K232 and K>70, the
oil absorbance at 232 and 270 nm), and fatty acid composition of virgin olive oil were not
affected by the ultrasound treatments at 24, 35 and 40 kHz. Also, off-flavour volatiles
were not detected in the olive oils obtained from ultrasound treatments at 24 and 40 kHz
applied before malaxing. However, oil extracted from olive pulp treated with ultrasound
treatments at 24, 35 and 40 kHz showed a reduction in phenolic content and bitterness
index whereas a higher concentration of tocopherols, chlorophylls and carotenoids was

found.

The application of ultrasound treatment during cold-pressed extraction of avocado oil has
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not been studied extensively and the ultrastructural changes in avocado flesh during

ultrasound treatment have not been previously reported.

2.5 Factors affecting cold-pressed oil yield and quality

2.5.1 Maturity (Time of harvest in season) of avocado fruit

Horticultural maturity has the most affect on the oil yield for cold-pressed avocado oil
manufacturers (Woolf et al., 2009). This is firstly due to the significant difference between
the total oil content (available yield) of fruit at different times in the season; and secondly,
due to the difference found between the available yield and the cold-pressed yield (Woolf
et al., 2009). Woolf et al. (2009) reported for ‘Hass’ avocados the seasonal change in
average dry matter content and the increase in total oil content, and the typical commercial
cold-pressed oil yield (Figure 2.16). Since the avocado fruit used in commercial cold-
pressed extraction are extracted at the same firmness stage, the difference in oil yield in
the early season was not because of ripeness differences. The cold-pressed extraction of
avocado oil from fruit harvested in the early season (October) resulted in lower yields of
total oil available than when extraction was from fruit harvested in the late season (March
and April). Early in the season, the commercial cold-pressed oil yield was only about 14%,
but the available oil present was approximately 18%. The total oil content of the fruit
increased up to 23—-25% later in the season, and the oil extraction yield also increased.
The reason for the low efficiency of cold-pressed oil extraction in early-season fruit
compared to late-season fruit is still unclear. It is possibly because of the levels of
endogenous cell-wall degrading enzyme may vary over the season for avocados at the

same degree of ripeness (Woolf et al., 2009).
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Figure 2.16: Typical changes in dry matter content, total oil content and commercial cold-
pressed yield over a commercial harvest and oil extraction season in New Zealand ‘Hass’

avocados (Woolf et al., 2009).

2.5.2 Ripening of avocado fruit

Ripening is another factor that may affect avocado cold-pressed oil yield and quality
(Woolf et al., 2009). The effect of ‘Hass’ avocado ripeness on oil yield and quality was
studied by Woolf et al. (2009). In the experiment, ‘Hass’ avocado fruits with three
different ripeness levels (minimal, fully ripe and overripe) were processed, where
firmness hand ratings corresponded to 4, 5, and 6, respectively (White et al., 2005). The
results indicated the cold-pressed oil yield increased from 7 to 9 to 11% (g of 0i1l/100 g of
fresh flesh weight) respectively, with an increase in fruit ripeness (Table 2.2). However,
the oil quality decreased with increased fruit ripeness as the FFA% in the oil increased

from 0.03 to 0.12% w/w (as oleic acid).
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Table 2.2: Effect of ‘Hass’ avocado fruit ripeness on oil yield (% of flesh tissue) and
quality (FFA%) (Woolf et al., 2009).
Ripeness 4 5 6
Oil yield %
7.0+0.84 8.5+0.22 11.04 £0.33
(g 0il/100 g fresh flesh weight)
FFA% 0.029+£0.017 0.093+0.021 0.127 £0.037

2.5.3 Fruit quality after storage

In the commercial cold-pressed extraction of avocado oil, avocados are normally stored
for 1-2 weeks at 5—7 °C (the commercial recommended storage temperature), before
ripening and subsequent extraction (Woolf et al., 2009). However, during the peak-harvest
season, the capacity of the oil extraction facilities are usually exceeded, which results in
the fruits being stored for longer periods. Fruit storage for longer than 3-4 weeks
generally leads to increases in physiological and pathological disorders which results in

reduced fruit quality (Hopkirk, White, Beever, & Forbes, 1994).

In cold-pressed oil extraction, oil quality is affected by fruit disorders. Since avocado fruit
is required to be ripened to achieve maximum oil yield, postharvest rots are one of the
greatest challenges for oil extraction as they increase dramatically with fruit ripening
(Hopkirk et al., 1994). Moreover, cool storage of fruit over four weeks (long-term storage)
can result in internal-chilling injury (flesh discoloration/flesh greying) and general
reduction of fruit quality (White et al., 2005). In addition, physical damage can also cause
physiological disorders (flesh bruising) of fruit, which lower the oil quality (Woolf et al.,

2009).

The effect of avocado fruit quality on quality of oil extracted was studied by Woolf et al.
(2009). In laboratory based trials, varying degrees of fruit disorders including body rots,
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bruising, and flesh greying of avocado fruit were included in fruit from which oil was
extracted and the oil quality was determined by FFA%. The result indicated that higher
levels of body rots, flesh bruising, or flesh greying all lead to a reduction in the quality of
oil (Table 2.3). These trials showed that higher levels of avocado fruit ripeness increased
the oil yield but the oil quality decreased with an increase in fruit disorders. Prior to
extraction, good postharvest handling of fruit is required to minimize postharvest rots and

disorders and thus maximize oil quality.

Table 2.3: ‘Hass’ avocado oil quality as measured by FFA% (FFA% w/w; as oleic acid)
immediately following extraction from fruit with a range of fruit disorders including body

rots, bruising, and greying (Woolf et al., 2009).

Rot level Control 5% 10% 15% 20% 30%
Body rots
0.38+0.02 036+0.02 042+0.03 0.80+0.04 091+0.14
(FFA%)
Bruising
0.77+0.16 1.06 +£0.48
(FFA%)
Greying
0.77+0.16 0.85+0.09
(FFA%)

The effect of storage period on the cold-pressed oil quality was examined by Woolf et al.
(2009) under commercial conditions. The study showed that the level of chilling disorders
(flesh greying, vascular browning, and stringy vascular tissue) and the ripe rots (body and
stem-end rots) significantly increased with storage time. However, as the storage time
increased, the amount of flesh browning (i.e. bruising) did not increase significantly
(Figure 2.17). The proportion of unsound fruit (fruit with any significant disorders)
increased from 15% to 80% following 1-7 weeks of cool storage. As storage period
increased from 1-3 weeks, the peroxide values (PV) of the extracted oils increased from

0.75 to 1.00 mEq/kg. However, the PV of the extracted oils increased sharply after 4
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weeks of storage and reached 2.25 mEq/kg after 7 weeks of storage. The higher PV meant
the oil had started to oxidise, which will reduce its shelf life (Frankel, 2014; Woolf et al.,
2009). The decrease in extracted oil quality correlated strongly with the increase in fruit
storage time, as the amount of fruit disorders increased. Based on this research, it was
recommended that the storage duration of avocado fruits is less than 3—4 weeks prior to

oil extraction (Woolf et al., 2009).
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Figure 2.17: Mean incidence of sound ‘Hass’ avocado fruit as a percentage of total ripe
fruit processed in the oil factory following up to 7 weeks in storage at 6 °C (Woolf et al.,

2009).

2.5.4 Processing conditions for avocado oil extraction

During cold-pressed extraction of avocado oil, different processing conditions including
malaxing temperature, malaxing time, speed of decanter or polishing centrifuge and
extent of oxidation can influence oil yield and quality (Wong et al., 2012). Firstly, the
cold-pressed oil yield was found to be increased with a higher malaxing temperature
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during cold-pressed olive oil extraction (Di Giovacchino et al., 2002b). However, the
effect of malaxing temperature on cold-pressed avocado oil yield has not been studied
extensively. Woolf et al. (2009) found the quality of the cold-pressed avocado oil was
affected at high malaxing temperatures. Malaxing temperatures around 45 to 50 °C are
recommended for cold-pressed avocado oil extraction, which leads to high oil yields
without a significant effect on oil quality (Wong et al., 2012). Secondly, adequate
malaxing time was required to aggregate the oil droplets to form larger drops, and the
required malaxing time is varied based on the harvest time in the season (Wong et al.,
2012; Woolf et al., 2009). Thirdly, the degree of separation in the decanter and polishing
centrifuges can also affect the oil yield and a minimal loss of oil in the pomace and
wastewater is desired (Woolf et al., 2009). In addition, it is important to ensure that the
water is separated from the oil in the polishing centrifuges so that the extracted oil
contains < 0.1% of water (Brown, 2007). High water content in the oil could accelerate
oil decomposition to form free fatty acids thus reducing the quality of the oil (Brown,
2007). Lastly, excessive aeration of the avocado flesh and the extracted oil should be
avoided as it can result in oxidation of the oil and hence reduce the oil quality (Sherpa,
2002; Woolf et al., 2009). During malaxing, the malaxer is required to be covered to
reduce exposure to air. Furthermore, once the oil is separated from the polishing
centrifuge, it should be pumped into the storage tanks and flushed with nitrogen

immediately to minimise oxidation (Sherpa, 2002; Woolf et al., 2009).

2.6 Methods for monitoring cell rupture and oil aggregation

2.6.1 Microscopy
The significance of microstructure has been well recognized in food technology. Many

key phenomena such as transport properties, physical and rheological behaviours in food
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and biological materials take place at the microstructural level (Aguilera, 2005). Analysis
of microscope images has been commonly used in the scientific literature to reveal
microstructural features that support data obtained by other measurements (Gonzalez,
Jernstedt, Slaughter, & Barrett, 2010). In relation to plant-based products, information on
the structural alteration of cellular and tissue associated with environmental changes or
processing conditions is essential. It helps to obtain a better understanding of biological
systems, to optimize processing procedures and final product quality (Gonzalez et al.,

2010).

Light microscopes use a series of glass lenses to focus light in order to form an image,
which will magnify about 1500 times more than human eyes (Wilson & Walker, 2000).
The resolution limit is approximately 0.2um (Wilson & Walker, 2000). Light microscopes
produce colour images, and many specimen staining techniques make use of colour to
highlight structures or localize chemical activity (Burgess, Marten, & Taylor, 1990; Russ,
2015). Light and electron microscopic examination are often combined with image
analysis to study the integrity of cells and to correlate structure with function, where
transmission electron microscopy gives much higher resolution and magnification of
images at the expense of depth of focus, whilst scanning electron microscopy has
significantly more depth of field, which gives three-dimensional images (Wilson &

Walker, 2000).

Analysis of microscope images has been applied for a number of purposes such as
monitoring cellular structure changes during fruit ripening, determination of degree of
cell disruption from different methods, and investigation of cell integrity before and after

cellular extraction (Campbell & Glatz, 2009; Crookes & Grierson, 1983; Gavahian,
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Farhoosh, Farahnaky, Javidnia, & Shahidi, 2015; Gonzalez et al., 2010; Platt-Aloia et al.,
1980). In the case of avocado mesocarp cells, microscopy has been utilized to monitor
the parenchyma cells of avocado before and after ripening (Platt-Aloia & Thomson, 1981).
The microscopic images showed small holes or pits in the cell wall of parenchyma cell in
ripe avocado mesocarp, which was probably caused by the action of cell wall degrading
enzymes during ripening (Mostert, Botha, Du Plessis, & Duodu, 2007; Platt-Aloia et al.,
1980). Also, microscopy was used to observe the structural changes of avocado cells
before and after several solvent extractions. The images gave clear indications of the
degree of cell disruption caused by the extraction processes (Ortiz, Dorantes, Gallndez,
& Cardenas, 2004). The idioblast cells retained their structure after using a microwave-
squeezing method, but oval-shaped and rough-surfaces were observed after hexane
extraction and acetone extraction (Ortiz et al., 2004). The parenchyma cells showed no
major changes after the microwave-squeezing. However, the parenchyma cells became
elongated after hexane extraction, and the cells appeared to be ruptured after acetone

extraction (Ortiz et al., 2004).

2.6.2 Electrical impedance spectroscopy

Electrical properties of fruit tissues are believed to provide information about the
microstructure of the cells (Sugiyama, 1988). Electrical impedance spectroscopy (EIS)
evaluates the dielectric properties of a medium as a function of frequency. This is based
on the interaction of an external electric field with the electric dipole moment of materials
(Wu, Ogawa, & Tagawa, 2008). Impedance can be defined as a complex resistance
encountered when current flows through a circuit composed of various resistors,
capacitors, and inductors (Lvovich, 2012). Impedance (Z) is generally separated into real

and imaginary components, where the real part of impedance is the resistance (R) and the
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imaginary part is the reactance (X) (Lvovich, 2012; Macdonald & Johnson, 2005):
Z=R+jX (D)
Equation (1) can be plotted in the plane with either rectangular coordinates or polar
coordinates, as shown in Figure 2.18 (Lvovich, 2012; Macdonald & Johnson, 2005). In
rectangular coordinates:
R = |Z|cosb and X = |Z|sin® (2)

with the phase angle:

0 =tan™! (3)

| <

and the modulus:

1Z| = VR? + X2 4)

When impedance is expressed in polar coordinates:

7 = |Z|e® (5)

Z imaginary part / Reactance (Q)

4 R s o

Z real part / Resistance (£2)

Figure 2.18: The complex impedance plotted as a planar vector using rectangular and

polar coordinates (Lvovich, 2012).
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Traditional EIS is based on linear response theory, where the current response is measured
for small amplitude excitations of the applied harmonically oscillating voltage (i.e. <20
~ 30 mV), the resulting current is directly proportional to a change in the applied voltage.
Modern EIS can go to higher voltages and thus into the non-linear region, and can thereby
provide additional information on the conduction mechanisms at higher electrical fields.
For larger excitation voltages, the resulting current is not directly proportional to the

change in the applied voltage (Fasmin & Srinivasan, 2017; Lvovich, 2012).

In most fruit tissue, cells and extracellular fluid are the two main components. The
electrical properties of fruit tissues are associated with the distribution and composition
of these two components (Fuentes et al., 2014). Both intracellular and extracellular fluids
in fruit tissue are composed of water, free ions, electrolytes, salts and other components,
thus their electrical behaviour is mainly resistive (Yu, Liu, & Zhou, 2004). However, the
cell membrane, which surrounds the cell, consists of a thin lipid bilayer that serves as an
interface between the intracellular and the extracellular media. The cell membrane has a
capacitive behaviour because of the presence of this double lipid layer (Harker & Forbes,
1997; Yu et al., 2004). Reactance of a plant tissue is related to the presence of membranes
and the capacitance of the tissue (Harker & Forbes, 1997). These two behaviours affect

the EIS results observed in the fruit tissues.

Figure 2.19 shows a pattern diagram of the unprocessed plant cells and the flow of the
electric current. At low frequency, the electrical current can only flow through
extracellular fluid due to the high electrical capacitance of cell membranes (Ando,
Mizutani, & Wakatsuki, 2014). The extracellular pathway has relatively high resistance

(Figure 2.19) as a result of the small cross-sectional area between membranes of two
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adjacent cells and the low concentration of mobile ions (Ando et al., 2014; Harker &
Maindonald, 1994). However, at high frequency, the electric current is capable of flowing
through intracellular fluid that has relatively low resistance, thus the resistance decreases
significantly (Ando et al., 2014). To analyze the measured dielectric functions, the
resistance component is plotted on the x-axis and the reactance component on the y-axis,
which is known as a complex impedance plot (Figure 2.18) or a Nyquist plot (Lvovich,
2012). In fresh fruit samples, the characteristic Nyquist arcs for a range of frequencies
(Figure 2.21), which corresponds to the aggregation of closed cell structures, can be

clearly observed (Dejmek & Miyawaki, 2002; Ohnishi, Fujii, & Miyawaki, 2002).

When cell membranes are disrupted, the cellular compartmentation is broken down,
which allows the low frequency electrical current to flow through the entire cross-section
of the tissue. This results in a reduction in resistance (Figure 2.20) (Hayden, Moyse,
Calder, Crawford, & Fensom, 1969). In plant and fruit tissues, for example, in potato
tissue, the Nyquist arc completely disappears when the cell membranes are disrupted
(Figure 2.21). However, in some fruit such as grapes, the arc is still partly observed but
the arc has become much smaller than that of the fresh samples (Ohnishi, Shimiya,

Kumagai, & Miyawaki, 2004).

Intracellular fluid
I | [ ] /
1 1 ]
i
:@ i! |~ Extracellular fluid
N
LY

\4

Cell membrane

== | ow-frequency current == High-frequency current

Figure 2.19: Pattern diagram of plant cells and flow of the electric current (Ando et al.,
2014).
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Figure 2.20: Impedance of fruit sample before (@) and after (O) cell disruption over a
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Figure 2.21: Nyquist plot of fruit sample before (@) and after (o) cell disruption over a
frequency range between 50 Hz and 1MHz (Ohnishi et al., 2004).
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Numerous previous investigations have shown that EIS measurements are appropriate for
evaluating the ripening of fruits and fruit quality, and assessing the effect of freezing and
heating injury on fruits and vegetables (Fuentes et al., 2014; Harker & Forbes, 1997,
Ohnishi et al., 2004; Wu et al., 2008). Changes in electrical properties of plant tissues
during freezing-thawing were studied by Ohnishi et al. (2004). After freezing-thawing,
the cellular structure of plant tissues had been physically damaged by the formation of
intracellular ice crystals during the freezing process, which destroyed the cell structure
after thawing (Burke, Gusta, Quamme, Weiser, & Li, 1976; Ishikawa et al., 1997,
Steponkus, 1984; Webb, Uemura, & Steponkus, 1994). This caused drastic changes in the
electrical properties of the plant tissues. Their impedance in the low frequency range (50

Hz-10 kHz) greatly decreased, and the Nyquist arc disappeared.

For the study of fruit tissues, EIS measurement is a fast and simple method for cell
structure determination compared with other techniques such as microscopy and ion
leakage (%) determination (Wu et al., 2008). However, the use of EIS in the analysis of

cell structure changes in avocados mesocarp during lipid extraction has not been studied.

2.6.3 Electrical conductivity

Electric conductivity values of a fruit tissue sample may indicate cell electrolyte leakage
and can be used to estimate the degree of cell membrane intactness. It has been used to
estimate drying, lipid extraction, fruit maturity or chilling injury of plant cells (Reilly,
2012). The leakage of electrolytes, as a result of diffusion from high concentrations inside
the cell to low concentrations outside it, may be considered passive diffusion (Palta et al.,
1977). When a cell wall and membrane is damaged during processing, the ions diffuse

through into the extracellular liquid, which results in a change in measured solute
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conductivity. By measuring the changes, it is possible to estimate the degree of rupture.
Increased electrical conductivity is due to increased ion leakage which, in turn indicates

a reduced membrane integrity (Pesis et al., 2003).

Measurement of ion leakage has been used to study various tissues. Electrical
conductivity was used to investigate changes of avocado fruit during storage by Montoya,
De La Plaza, and Lopez-Rodriguez (1994). The conductivity rise was found to be
associated with long-time low-temperature storage of the fruit. This was believed to be
caused by damage to cell membranes due to chilling injury. Electrical conductivity was
suggested to be a suitable index of avocado quality during cold-storage (Montoya et al.,
1994). Cell integrity of onion tissue was studied by using ion leakage measurement
coupled with microscopic images (Ersus & Barrett, 2010). With a pulsed electric field
continuous treatment, an increase in cell rupture and electrical conductivity were
observed. It was suggested that ion leakage measurements combined with microscopic
methods are an easy way to monitor cell rupture that requires low investment cost (Ersus
& Barrett, 2010). Conductivity of apple, peach, pear, pineapple and strawberry was
measured to determine the effect of ohmic heating on membrane integrity (Sarang, Sastry,
& Knipe, 2008). Increases in the electrical conductivity of all five types of fruit were
observed during heating of biological tissue due to the breakdown of cell walls and

membranes, which increases the ionic mobility (Sarang et al., 2008).

2.6.4 Rheological properties
Food rheology is the study of flow and deformation of food and when subjected to normal
and tangential stresses (Barnes, 1999; Rao, 2010). Rheological measurements have many

applications in the food industry including the fields of food acceptability, food
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processing and food handling (Barbosa-Canovas, Kokini, Ma, & Ibarz, 1996). This has
been considered to be an important analytical tool to provide fundamental information on
the dependence of food structure on overall composition and interaction between the
components (Shoemaker & Borwankar, 1992). Foods can be classified according to their
rheological behaviours as liquids, suspensions of solids in liquids (semi-solids or semi-
liquids) and solids (Gallegos & Franco, 1999; Van Vliet, Van Aken, De Jongh, & Hamer,
2009). Avocado fruit pulp is classified as semi-solid (semi-liquid) material due to its
multiphase nature, which comprises a particle-in-water suspension as well as an oil-in-
water emulsion (20-30% of solid particles and oil droplets dispersed in a liquid phase)

(Martinez-Padilla, Franke, & Juliano, 2017).

Viscosity is a measure of a fluid’s resistance to motion (flow) when a shearing stress is
applied, which is used to characterize flow behaviour of liquid and semi-liquid foods
(Tabilo-Munizaga & Barbosa-Canovas, 2005). Foods with low viscosity flow relatively
easily when subjected to shear; in contrast, high-viscosity foods can be relatively
immobile when a shear stress is applied to make them move or require the need to
overcome a yield stress (Hill & Carrington, 2006). Viscoelasticity is the property of semi-
liquid food material that exhibits both viscous and elastic behaviours. G’ is the storage
modulus, which is a measure of the degree of elastic behaviour in a material; in contrast,
G” is the loss modulus, which is an indicator of the degree of viscous behaviour in a
material (Miri, 2011; Tabilo-Munizaga & Barbosa-Canovas, 2005). In food materials, a
larger value of G’, in comparison to G ”, represents that the material has predominantly
elastic behaviour. However, if G” is greater than G, the material exhibits a more viscous

behaviour (Miri, 2011; Rao, 2010).
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Recent studies showed that monitoring rheological properties of fruit pulp tissues
provides information about the oil aggregation during extraction of oil from oleaginous
fruit (Martinez-Padilla et al., 2017; Romaniello, Leone, & Tamborrino, 2017; Tamborrino
et al., 2017). The application of rheological properties measurement for this purpose is a
relatively new technique. The effect of malaxing time on viscosity of olive pulp has been
studied by Tamborrino et al. (2017). Increasing malaxing time resulted in a decrease in
the viscosity of olive pulp, which could be explained as an increasing availability of the

liquid fraction, as a result of oil droplets coalescing, depending on the malaxing process.

The effect of malaxing time on viscoelastic properties of avocado pulp has been
investigated by Martinez-Padilla et al. (2017) who reported that the storage modulus (G’)
of the avocado pulp decreased after 60 min malaxing at 45 °C. This phenomenon
indicated an increase in the liquid-like behaviour of the avocado pulp, which could also

be explained as an increased degree of oil aggregation during malaxing.

Thus, the rheological properties of fruit pulp represent a fundamental means to
characterise fruit pulp behaviour, which can be very useful for monitoring oil coalescence
in avocado pulp as a more continuous oil phase develops during malaxing. In addition, it
is very important for the design of many processes and processing equipment that apply
shear forces. There are only a few studies on rheological properties of avocado pulp and

none has considered the effect of temperature during malaxing.

2.7 Avocado oil composition

2.7.1 Fatty acid composition

The fatty acid composition (Table 2.4) of avocado oil is similar to olive oil, which has a
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very high percentage of oleic acid (C18:1). The fatty acid composition can be
significantly affected by the growing environment (Woolf et al., 2009). The main fatty
acids in a typical avocado oil includes palmitic acid (C16:0) and stearic acid (C18:0)
(saturated fatty acids), palmitoleic acid (C16:1) and oleic acid (C18:1) (monounsaturated
fatty acids), and linoleic acid (C18:2) and linolenic acid (C18:3) (polyunsaturated fatty

acids) (Eaks, 1990; Inoue & Tateishi, 1995; Ratovohery, Lozano, & Gaydou, 1988).

Table 2.4: Fatty acids composition of ‘Hass’ avocado oil from five countries (Woolf et

al., 2009).

Faty acids (% of total) New Zealand Australia  Chile Mexico California
Range Mean Mean Mean Mean Mean
Palmitic acid C16:0 9.7-15.2 12.3 21.7 13.1 14.8 14.5
Palmitoleic acid C16:1 1.7-8.2 4.1 9.3 3.6 7.9 4.1
Stearic acid C18:0 0.1-0.4 0.3 0.4 0.4 0.4 0.3
Oleic acid C18:1 61.7-77.8  71.5 51.8 68.2 66.8 65.3
Linoleic acid C18:2 7.7-18.9 11.6 16.0 13.2 9.5 15.0
Linolenic acid C18:3 0.2-0.9 0.5 0.8 0.8 0.6 0.8

Monounsaturated fatty acids contribute to a large portion (=70%) of avocado oil. It is
generally accepted that unsaturated lipids instead of saturated lipids have a positive effect
on the low-density lipoprotein cholesterol level and risk of coronary heart disease in
middle-aged and older women and men (Jacobsen, Let, Nielsen, & Meyer, 2008; Kris-

Etherton, 1999).

2.7.2 Tocopherols

Vitamin E, which is an essential vitamin, has powerful antioxidant properties that can
assist to extend the shelf life of oil (Coppen, 1994). In cold-pressed avocado oil, a-
tocopherol is the major form of vitamin E; minor amounts (< 10 ug g! oil) of B-tocopherol,

O-tocopherol and y-tocopherol are also detected in the oil. The concentration of a-
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tocopherol in cold-pressed avocado oil is 70-190 pg g oil, which is similar to olive oil
(100-140 pg g oil) (Boskou, 2006; Wong et al., 2010). Compared to solvent extraction
and refining methods, cold-pressed extraction can help to retain higher concentrations of
the tocopherols. These antioxidants can assist to scavenge the harmful free radicals from
the normal oxidation processes of the body, thus reducing the risk of cardiovascular

disease (Pryor, 2000; Tiwari, Brunton, & Brennan, 2013).

2.7.3 Sterols

Consumption of adequate amounts of plant sterols has a favourable effect on the reduction
of'blood-cholesterol levels, which can help reduce the incidence of heart disease (Piironen,
Lindsay, Miettinen, Toivo, & Lampi, 2000; Weststrate & Meijer, 1998). Avocado contains
the highest concentration of plant sterols of any fleshy fruit (Duester, 2001). B-Sitosterol
is the major plant sterol found in avocado oil, with low concentration of A-5-avenasterol,
campesterol, and stigmasterol. In avocado oil, the concentration of B-sitosterol was
reported to be approximately 2.3—4.5 mg g™! oil, which is significantly higher than that of
olive oil (1.62-1.93 mg g oil) (Phillips, Ruggio, Toivo, Swank, & Simpkins, 2002;

Verleyen et al., 2002; Wong et al., 2010).

2.7.4 Pigments

During cold-pressed extraction, significant amounts of plant pigments including
carotenoids and chlorophyll are extracted into the oil. The carotenoid detected at the
highest concentration in the oil is lutein (0.5-3.3 ug g oil), which is associated with
reduction of age-related macular degeneration and is therefore beneficial for eye health
(Lu et al., 2005). Avocado oil contains approximately twice the concentration of lutein in

olive oil (Criado, Motilva, Goni, & Romero, 2007).
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Chlorophyll (11.1-18.5 ug g! oil) is another pigment found in cold-pressed avocado oil.
Chlorophyll has been reported to be beneficial for health, although the exact mechanism
is still unclear (Minguez-Mosquera, Gandul-Rojas, Gallardo-Guerrero, Roca, & Jarén-
Galan, 2008). However, chlorophyll is a strong photosensitizer, which does not contribute
to oil stability but does contribute to any photo-oxidation occurring. Therefore, it is
important to eliminate light and oxygen during processing and storage of the oil

(Minguez-Mosquera et al., 2008).

2.8 Virgin olive oil extraction

2.8.1 Overview of olive fruit

The olive fruit (Olea europaea L.) is a high oil content fruit composed of three principal
tissues, the skin (exocarp), the flesh (mesocarp), and the seed (endocarp) (Rapoport,
Fabbri, & Sebastiani, 2016). The mesocarp, which is composed of parenchyma cells, is
the major and edible part of the olive fruit as well as the site for oil metabolism and storage
in the fruit. In olive fruit, the accumulation of oil bodies takes place in the cytoplasm of
parenchyma cells. Oil droplet enlargement occurs by a continuous coalescence of oil
bodies throughout development and maturation of the fruit, resulting in the formation of
a large single oil droplet (=30 um in diameter) in most parenchyma cells in mature fruit

(Rangel, Platt, & Thomson, 1997).

A strong correlation was found between dry matter content and total oil content in the
olive flesh (Requejo-Jackman et al., 2010). The dry matter and total oil content largely
increase during the ripening period of olive then slows as full maturity approaches, and

slightly declines as the fruit becomes over ripe (Beltran, del Rio, Sanchez, & Martinez,
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2004; Requejo-Jackman et al., 2010; Salvador, Aranda, & Fregapane, 2001). The olive
flesh at maturity contains 20-25% oil (by fresh weight) (Wong et al., 2012). The optimal
harvest time of olive fruit for oil extraction is when the fruit are at optimum maturity,
when the oil content is high in the fruit flesh (Petrakis, 2006). Traditionally, the harvest
time can be judged by the colour of the fruit skin. Olives should be harvested at the green-

yellow or black-purple stage before natural fruit drop (Petrakis, 2006).

2.8.2 Virgin olive oil

Virgin olive oil is a high-value culinary oil that is prized for its fatty acid composition,
and particularly, its vitamin and antioxidant contents, which are extremely important for
health and nutrition (Petrakis, 2006; Wong et al., 2012). The extraction of the oil and the
standards determining the different grades of olive oil are defined by the International
Olive Council (IOC), European Commission (EC) regulations and Codex Alimentarius
for food (Codex Alimentarius, 2017; European Commission, 2002; International Olive
Council, 2006). These standards specify that virgin and extra virgin grades of olive oil
must be extracted from olives solely by mechanical means, without the use of solvents or
heat. The mechanical extraction of olive oil must not alter the composition or organoleptic
characteristics of the oil, so must be carried out at no higher than 27 °C and use hydraulic
presses or centrifugation to recover the oil from the olive paste (Codex Alimentarius, 2017;
European Commission, 2002; International Olive Council, 2006). The virgin olive oil will
have exceptional chemical and organoleptic characteristics when they are produced by
using appropriate extraction techniques, from high quality fresh fruit that have no
disorders or damage and the fruit have been harvested at the suitable stage of maturity

(Petrakis, 2006; Wong et al., 2012).
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2.8.3 Commercial extraction systems

The commercial extraction system of virgin olive oil is shown in Figure 2.22 and
comprises three main operations: fruit cleaning (defoliation, olive washing), preparation
of the paste (grinding, malaxing) and oil separation. The first step for oil extraction is fruit
cleaning, which includes leaf removal and washing. The leaves, twigs and dirt on the
olive fruit are sucked by defoliators through a powerful airflow generated by an exhaust
fan, then the olive fruit are passed through the washer to be washed in a current of water
(Petrakis, 2006; Wong et al., 2012). Next, the whole washed fruit (with seed) are ground
by using an attrition mill to disrupt the parenchyma cells and release the oil droplets
(Petrakis, 2006; Wong et al., 2012). Not all the oil can be liberated from the parenchyma
cells by grinding because it is virtually impossible to disrupt all the cells in the mesocarp
(Petrakis, 2006). After grinding, a malaxing process is used to help form a larger
continuous oil phase, coalescing the oil droplets released from the cells by grinding
(Petrakis, 2006). By slowly malaxing (15-25 rpm) the ground olive paste, oil droplets
aggregate to form larger drops and eventually a continuous oil phase, which improves oil
yield in the subsequent separation step (Di Giovacchino et al., 2002a; Petrakis, 2006;

Wong et al., 2012).
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Figure 2.22: Process flow diagram for cold-pressed extraction of virgin olive oil (Wong

etal., 2012).

The change in oil droplet size in olive paste during malaxing has been studied by Di
Giovacchino (1989) and Di Giovacchino (1996) who reported that the minimum size of
oil droplets to achieve a good oil yield during continuous-process separation
(centrifugation) was more than 30 pm diameter. However, they found only 45% of the oil
droplets were this size after grinding. After malaxing, this percentage increased to 80%
(Table 2.5). So, oil extraction yield increased significantly with increased malaxing time

to 90 min (Di Giovacchino et al., 2002a; Di Giovacchino et al., 2002b). Oil extraction
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(recovery rate) was dependent on the extent of cellular disruption and oil aggregation
(Petrakis, 2006). Hence methods to help monitor these two processes during malaxing

could assist to identify the minimum malaxing time required to optimise oil yield.

Table 2.5: Changes in olive oil droplet size during malaxing for 90 min (Di Giovacchino

et al., 2002a; Di Giovacchino et al., 2002b).

Diameter of olive oil droplets (um)
<15 1530 3045 45-75 75-150 >150
Before malaxing (%) 6 49 21 14 4 6
After malaxing (%) 2 18 18 18 19 25

After malaxing, the oil separation operations followed similar procedures as the
commercial centrifugation system for cold-pressed avocado oil extraction in Section 2.4.1.
The olive paste is transferred into the horizontal decanter to remove the solid phase
(pomace) from the liquid phase (water and oil). Next, the oil and water phase is passed
through disc centrifuges to separate the water from the oil (Petrakis, 2006; Wong et al.,

2012).

2.9 Literature review conclusions

Cold-pressed avocado oil is a popular culinary oil, which is high in monounsaturated fatty
acids and pigments (chlorophyll and carotenoids), has a characteristic flavour and a high
smoke point (over 250 °C). In avocado fruit flesh, the oil is mostly found as numerous
droplets or oil bodies scattered throughout the cytoplasm of the parenchyma cells. Also,
a small amount oil was found in idioblast oil cells as a single large drop filling the cell.
However, it is still unclear if the idioblast cells are ruptured during the cold-pressed

avocado oil extraction process or remain intact during the extraction process.
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Cold-pressed avocado oil extraction uses mechanical means to liberate the oil after first
breaking the cellular structure, followed by malaxing (mixing) at < 50 °C. The malaxing
step may lead to more cellular disruption and help the oil droplets to aggregate to form
larger drops that can be easily recovered through the centrifugal extraction systems.
However, the microstructural changes in avocado fruit prior to and during cold-pressed
oil extraction, and how these microstructural changes impact on oil yield have not been

investigated in previous studies.

Cold-pressed avocado oil yield and quality might be affected by different factors
including avocado fruit maturity, fruit ripening, fruit quality and oil extraction processing
conditions, but the mechanism behind these effects are still unclear. Novel processing
such as ultrasonication is also a potential new technology in avocado oil extraction
processing that may improve the cold-pressed oil yield. Changes in cell integrity and oil
aggregation in avocado pulp during cold-pressed oil extraction can be monitored using
various techniques, including EIS, electrical conductivity measurement, light microscopy,

and rheology to fill these research gaps in the area of avocado oil study.
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Chapter 3:

Materials and methods
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3.1 Raw materials

3.1.1 Avocado fruit for commercial factory trial

‘Hass’ avocado fruit (Persia americana Mill.) were harvested from commercial orchards
in Northland, New Zealand, from two avocado harvesting seasons, firstly in October 2015
and secondly from September 2016 through to April 2017. Fruit were transported to
Olivado Ltd NZ’s, Kerikeri plant then held outside without temperature control for 610
days and allowed to ripen naturally (without ethylene treatment) in 1000 L wooden bins

to the target fruit firmness at 80 + 3 firmometer value (Fv).

3.1.2 Avocado fruit for laboratory trial

‘Hass’ avocado fruit were harvested from Plant and Food Research Ltd orchards in Bay
of Plenty, New Zealand, over three avocado harvesting seasons, firstly from October
through to November 2015, secondly from July 2016 through to March 2017 and thirdly
from August 2017 and January 2018. Fruit were transported to the Mt. Albert Research
Centre of Plant and Food Research Ltd, Auckland and stored for 2—4 days at 6.0 £ 0.5 °C
prior to ripening and subsequent oil extraction. To ripen the avocados, they were treated
with 100 uL L! ethylene for 24 h at 20 + 1 °C in 360 L tubs. After removal from ethylene,
the fruit were held at 20 + 1 °C and allowed to ripen for around 12 h, 30 h and 48 h to the
target fruit firmness at 55 Fv (minimally ripe), 80 Fv (fully ripe) and 105 Fv (over ripe),
respectively. Ripe rots were detected in avocado fruit at 80 and 105 Fv, the rot parts of
fruit were also used in the laboratory-based cold-pressed extraction (in Section 3.3.2).
Assessment of the rots on the fruit body was carried out visually by determining the area

of rot relative to the entire surface area of the whole fruit.
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3.1.3 Olive fruit for commercial factory trial

Olive fruit from the ‘J5° cultivar (Olea europaea L.), which is similar to the more
commonly grown ‘Frantoio’ cultivar (Edwards, 2007), were harvested when the fruit were
mature and maximum oil yield was anticipated from a commercial orchard in Northland,
New Zealand, in May 2017. The fruit were transported to Olivado Ltd NZ’s Kerikeri plant

then held at 20 £+ 3 °C and were extracted within 12 h of harvesting.

3.2 Postharvest assessments

3.2.1 Dry matter determination for avocado fruit

Twenty fruit for laboratory trials were cut into quarters, peeled and destoned by hand,
then sliced. One avocado transverse slice (2-3 g) was taken from the middle of each fruit.
Twenty avocado slices were weighed accurately to three decimal places in a Petri dish
and dried in an oven (Ezidri Ultra FD1000; Hydraflow Industries Ltd, Upper Hutt, New
Zealand) at 65 = 1 °C for 48 h to a constant mass. The percentage of dry matter content

in fruit was calculated as follows:

Weight of dry flesh,g
Weight of fresh flesh,g

Dry matter content (%) = x 100 1)

3.2.2 Dry matter determination for avocado/olive pulp

Avocado/olive fruit pulp samples (= 50 g) were collected from a D-shaped horizontal
malaxer tank (Alfa Laval, Lund, Sweden) at 0 min malaxing stage of the commercial oil
extraction process. Fruit pulp samples were stored immediately in a chilly bin on ice at 4
+ 1 °C for 4 h (transport time to laboratory). Avocado fruit pulp samples were weighed
accurately to three decimal places in a Petri dish then dried in an oven at 65 + 1 °C for 48
h to a constant mass. The percentage of dry matter content of the fruit was calculated as

follows:
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Weight of dry pulp,g %

Dry matter content (%) = 100 (2)

Weight of fresh pulp,g

3.2.3 Firmness measurement for avocado fruit

The firmness expressed as a Fv of whole avocado fruit was measured using a digital
firmometer (Anderson Manufacturing, Tauranga, New Zealand) (Ashton et al., 2006).
The firmometer evaluates firmness of whole intact fruit (skin on) by using a compression
test, which measures the resistance to compression of the whole fruit when a force is
applied through a 17 mm diameter probe over a ten second period. Force is applied by
using a 200 g weight. Firmness measurement was carried out for each batch of fruit
collected on a sample size of n = 30 fruit (White et al., 2005).

Fv = Firmometer reading (mm displacement) X 10 (dimensionless) (3)

3.2.4 Firmness measurement for olive fruit

Fruit firmness was recorded using a Firmtech machine (Model FT4; BioWorks Inc,
Wamego, KS, USA) which evaluates firmness of fruit by using a compression test to
squeeze the fruit and measures the force required to deform the fruit by 1 mm. Fruit are
placed on a turntable (25 places) and automatically rotated for assessment. The data
collected by the computer software (Inst300, BioWorks Inc, Wamego, KS, USA) was
used to determine the slope of the force/distance curve to calculate force as g/mm (grams
of force required to compress the fruit 1 mm). This was converted to kg mm™. Firmness

measurement was carried out on a sample size of n = 50 fruit.

3.3 Cold-pressed oil extraction

3.3.1 Commercial cold-pressed extraction of avocado oil

The commercial cold-pressed avocado oil extraction was carried out at Olivado Ltd NZ’s
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Kerikeri plant following the procedure (Figure 3.1) as described in Woolf et al. (2009).
Ripe avocados (650 kg/malaxer) were washed by a fruit washing machine (Alfa Laval,
Lund, Sweden) then transferred to a destoner (Alfa Laval, Lund, Sweden) to separate the
skin and stone from the flesh. The smashed avocado flesh was ground using a attrition
mill grinder (Alfa Laval, Lund, Sweden) then collected in a pre-malaxer tank (720 mm
width x 2200 mm length x 720mm height; Alfa Laval, Lund, Sweden) and mixed at 20
rpm using a ribbon mixer for 30 min until the pre-malaxer tank was full. The pulp was
then transferred (within 5 min) into a D-shaped horizontal malaxer tank (720 mm width
x 2200 mm length x 720mm height) and mixed at 20 rpm using a ribbon mixer for 120
min at 45 + 3 °C. After malaxing, the pulp was pumped immediately into a horizontal
decanting centrifuge (Model NX20; Alfa Laval, Lund, Sweden) which was operating at
3,574 x g (4,000 rpm) at 20 = 3 °C to separate the oil phase from the solids (pomace) and
water phase (wastewater). The oil phase was then passed through polishing disc
centrifuges (Model UVPX; Alfa Laval, Lund, Sweden) to remove any residual water in

the oil.

Ten samples were collected during the extraction process: 1. Fresh (unprocessed) whole
avocado fruit (50 fruit); 2. Pulp after destoning; 3. Pulp after grinding (pulp sample
existing the grinder); 4. Pulp at 0 min malaxing (the pre-malaxer took 30 min to fill and
then the pulp was transferred to the malaxer, 0 min was when the malaxer was full); 5.
Pulp after 30 min malaxing; 6. Pulp after 60 min malaxing; 7. Pulp after 90 min malaxing;
8. Pulp after 120 min malaxing; 9. Pomace from the decanting centrifuge; 10. Waste water

from the decanting centrifuge.
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Figure 3.1: Process flow diagram for commercial cold-pressed extraction of avocado oil.

3.3.2 Laboratory-based cold-pressed extraction of avocado oil

The laboratory-based cold-pressed avocado oil extraction was carried out based on
procedures (Figure 3.2) recommended by Woolf et al. (2009) and Wong et al. (2011). For
each trial, twenty fruits were washed, cut into quarters, peeled and destoned by hand and
ground using a bench top hammer mill (Siemens, Munich, Germany). The pulp was then

transferred into a 1 L stainless steel jacketed vessel (malaxer; Massey University,
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Auckland, New Zealand) and mixed with overhead mixers (Model RW20 digital; IKA-
Works Inc, Wilmington, NC, USA) at 45 £ 1 °C at 20 rpm for 120 min. After malaxing,
the pulp (300 g) was put in a 500 mL plastic centrifuge bottle and centrifuged at 12,278
x g (8,500 rpm) for 30 min at 20 = 1 °C (Thermo Fisher Scientific Inc, Waltham, MA,
USA) to separate the oil phase from the solids (pomace) and water phase. The oil phase
was then collected in a 50 mL plastic centrifuge tube and re-centrifuged at 3,214 x g
(5,000 rpm) for 10 min at 20 = 1 °C to remove any residual water from the oil. The oil

samples were stored at -80 = 2 °C for further quality analysis.

Washed, peeled &

destoned by hand Pulp
i ------ \/ ,‘ ®
Avocados Bench top hammer mill Malaxer
Malaxing
120 min
Wastewater - Pomace & wastewater —
: .~ removal - =  removal e
( @oe «— - v -
Qil storage Laboratory-based centrifuge Laboratory-based centrifuge

Figure 3.2: Process flow diagram for laboratory-based cold-pressed extraction of

avocado oil.
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Five samples were collected during the extraction process: 1. Fresh (unprocessed) whole
avocado fruit (20 fruit); 2. Pulp after grinding (at 0 min malaxing); 3. Pulp after 60 min
malaxing; 4. Pulp after 120 min malaxing; 5. Cold-pressed oil sample after centrifugation.

Note there was no pre-malaxing step in the laboratory extraction procedure (Figure 3.2).

3.3.3 Commercial cold-pressed extraction of olive oil

The commercial cold-pressed olive oil extraction (Figure 3.3) method followed similar
procedures as the commercial cold-pressed extraction of avocado oil in Section 3.3.1
except for two changes: 1) After the olive fruit were washed, they were transferred
directly to the attrition mill grinder, without the destoning step; 2) After the pulp was
transferred into a D-shaped horizontal malaxer tank, they were mixed at 20 rpm using a
ribbon mixer for 60 min at 26 = 1 °C, in accordance with Codex specified methods for

olive oil extraction, which states it must be below 27 °C (Codex Alimentarius, 2017).

Eight samples were collected during the extraction process: 1. Fresh (unprocessed) whole
olive fruit (70 fruit); 2. Pulp at 0 min malaxing; 3. Pulp after 15 min malaxing; 4. Pulp
after 30 min malaxing; 5. Pulp after 45 min malaxing; 6. Pulp after 60 min malaxing; 7.

Pomace from the decanting centrifuge; 8. Waste water from the decanting centrifuge.
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Figure 3.3: Process flow diagram for commercial cold-pressed extraction of olive oil.

3.3.4 Determination of the cold-pressed oil yield at each stage of malaxing in the
commercial trial

Fruit pulp samples (300 g) at various stages during the commercial oil extraction process
were collected and weighed accurately to two decimal place in 500 mL plastic centrifuge
bottle and stored immediately in a chilly bin with ice to maintain a temperature of 4 +

1 °C for 4 h (transport time to laboratory). Fruit pulp was centrifuged at 12,278 x g for
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30 min at 20 + 1 °C (Thermo Fisher Scientific Inc, Waltham, MA, USA) to separate the
oil phase from the solids (pomace) and water phase. The oil phase was then collected in
a 50 mL plastic centrifuge tube and re-centrifuged at 3,214 X g rpm for 10 min at 20 +

1 °C to remove any residual water from the oil.

3.4 Ultrasound treatment

3.4.1 Ultrasound treatment without malaxing

For each trial, twenty avocado fruits were cut into quarters, peeled and destoned by hand
and ground using a bench top hammer mill (Siemens, Munich, Germany). The pulp (50
g) was then weighed accurately to two decimal places in a 100 mL plastic vial and
sonicated directly with a sonotrode (Figure 3.4; Model Sonic-650WT; MRC Ltd,
Frankfurt, Germany) at 20-25 kHz for 5, 10, 15, 20 and 25 min, respectively, with pulsing
intervals of 5 s on and 5 s off. After ultrasound treatment, the pulp (30 g) was weighed
accurately to two decimal places in a 50 mL plastic centrifuge tube and centrifuged
(Thermo Fisher Scientific Inc, Waltham, MA, USA) at 12,278 x g for 30 min at 20+ 1 °C
to separate the oil phase from the solids (pomace) and water phase. The oil phase was
then collected in a 10 mL plastic centrifuge tube and re-centrifuged at 3,214 x g for 10

min at 20 = 1 °C to remove any residual water from the oil.

7

Figure 3.4: Sonic-650WT ultrasonic processor (MRC Ltd, 2018).
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3.4.2 Ultrasound treatment with malaxing

For each trial, twenty avocado fruits were cut into quarters, peeled and destoned by hand
and ground using a bench top hammer mill (Siemens, Munich, Germany). The pulp was
then transferred into a 1 L stainless steel jacketed vessel (malaxer) and mixed at 45 £ 1 °C
at 20 rpm for 20, 40 and 60 min, respectively. The pulp (50 g) was then weighed
accurately to two decimal places in a 100 mL plastic vial and sonicated directly with a
sonotrode at 20-25 kHz for 20 min with pulsing intervals of 5 s on and 5 s off. After
ultrasound treatment, the pulp (30 g) was weighed accurately to two decimal places in a
50 mL plastic centrifuge tube and centrifuged (Thermo Fisher Scientific Inc, Waltham,
MA, USA) at 12,278 x g for 30 min at 20 + 1 °C to separate the oil phase from the solids
and water phase. The oil phase was then collected in a 10 mL plastic centrifuge tube and
re-centrifuged at 3,214 x g for 10 min at 20 = 1 °C to remove any residual water from the

oil.

3.5 Total oil content measurement

Accelerated solvent extraction (ASE) was used to determine the total oil content in the
avocado flesh (Ashton et al., 2006). The procedure was conducted under minimal light
(0.001 umol s™! m2); the extraction solvent was hexane (Liquid chromatography grade
purity, LiChrosolv, Darmstadt, Germany) and the purge gas was oxygen-free N2 (99.99%
purity; The BOC Group Ltd, Auckland, New Zealand). Oven-dried avocado/olive flesh
samples (from Section 3.2.1 and 3.2.2) were ground for 2 min using a coffee grinder
(Breville Group Ltd, Sydney, Australia). An accurately weighed sample of avocado/olive
powder (5 g) was placed into a 20 mL stainless steel closed cell (Dionex Corp, Sunnyvale,
CA, USA) fitted with a 30 mm cellulose filter (Dionex Corp, Sunnyvale, CA, USA). The

extraction was conducted using the following ASE method (Figure 3.5; Model ASE 300;
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Dionex Corp, Sunnyvale, CA, USA). The samples were pre-heated for 5 min to 60 + 1 °C
and then extracted for a total time of 100 min at 10 MPa. The run included five cycles of
20 min with a N> gas purge cycle of 90 s. The oil dissolved in the solvent was collected
in dark glass bottles. Hexane was removed with a solvent evaporator (RapidVap N>
Evaporation Systems; Labconco Corp, Kansas City, MO, USA) for 2 h at 30 + 1 °C under

flowing N». The percentage of total oil content in the fruit was calculated as follows:

OxM

Total oil content (%) = x 100 4)

D

Where:
O = Weight of solvent extracted oil, g
M = percentage of dry matter content in fruit, %

D = Weight of ground, oven-dried sample, g

Figure 3.5: ASE 300 Accelerated Solvent Extractor (ThermoScientific, 2018).

74



3.6 Electrical impedance measurements

3.6.1 Electrical impedance measurements for commercial factory trial

Fruit pulp samples (= 50 g) at various stages during the commercial oil extraction process
were collected in 100 mL plastic vials and stored immediately in a chilly bin with ice to
maintain a temperature of 4 = 1 °C for 4 h (transport time to laboratory). Electrical
impedance measurements were carried out using two Ag/AgCl electrodes (Figure 3.6; 2
mm diameter x 4 mm length, model EP2; World Precision Instruments, Sarasota, FL,
USA). Once the samples had been warmed and equilibrated to 20 = 1 °C (Appendix I),
the two electrodes were placed into the samples 10 mm apart, to a depth of 4 mm (Harker
& Forbes, 1997; Jackson & Harker, 2000). The electrodes were connected to a Hewlett-
Packard Precision LCR Meter (Model HP4284A; Hewlett-Packard, Hyogo, Japan). The
resistance (€2) and reactance () values of electrical impedance at 500 mV were collected

over the frequency range from 50 Hz and 1 MHz.

Impedance meter

. ]

____» Ag/AgClelectrodes

——> Fruit tissue sample

Figure 3.6: The system for electrical impedance measurement (Ando et al., 2014).
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3.6.2 Electrical impedance measurements for laboratory trial

The electrical impedance measurements for laboratory trial experiments followed similar
procedures as the electrical impedance measurements for commercial factory trial in
Section 3.6.1 except for one change: After the fruit pulp samples were collected, the
impedance of samples were measured immediately once the samples had equilibrated to

20+ 1 °C.

3.6.3 Effect of sample storage time on impedance measurements
An experiment was carried out to determine if the impedance of samples changed within
the 4 h required to transport samples back to from Olivado Ltd NZ’s Kerikeri plant to the

laboratory at the Mt. Albert Research Centre of Plant and Food Research Ltd, Auckland.

Twenty ripe ‘Hass’ avocado fruit at firmness of 85 £ 2 Fv (fully ripe) were washed, ground
and malaxed using the laboratory-based cold-pressed extraction process as described in
Section 3.3.2. Five samples were collected during the extraction process: 1. Pulp at 0 min
malaxing (after grinding); 2. Pulp after 30 min malaxing; 3. Pulp after 60 min malaxing;
4. Pulp after 90 min malaxing; 5. Pulp after 120 min malaxing. Samples were divided into
two groups: one group of samples were measured for impedance immediately after
collection, another group of samples were stored in a chilly bin with ice at 4 = 1 °C for 4

h then the impedance was measured.

Ripe J5° olive fruit (= 5 kg) at firmness of 650 = 20 g mm™! were washed, leaf removed
by hand and ground using a bench top hammer mill (Siemens, Munich, Germany). The
pulp was then transferred into a 1 L stainless steel jacketed vessel (malaxer; Massey

University, Auckland, New Zealand) and mixed with overhead mixers at 26 = 1 °C at 20
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rpm for 60 min. Five samples were collected during the extraction process: 1. Pulp at 0
min malaxing (after grinding); 2. Pulp after 15 min malaxing; 3. Pulp after 30 min
malaxing; 4. Pulp after 45 min malaxing; 5. Pulp after 60 min malaxing. Samples were
divided into two groups: one group of samples were measured for impedance immediately
after collection, another group of samples were stored in a chilly bin with iceat4 £ 1 °C

for 4 h then the impedance was measured.

3.7 Electrical conductivity measurements

3.7.1 Electrical conductivity measurements for commercial factory trial

The electrical conductivity of the fruit tissue and fruit pulp was measured based on a
method from Woolf (1997). An accurately weighed fruit tissue sample (1 g) collected at
various stages of the commercial oil extraction process was placed into 20 mL of 0.4 M
mannitol solution (as mannitol is non-ionic) (Sigma-Aldrich Corp, St. Louis, MO, USA)
and immediately stored in a chilly bin on ice with the temperature maintained at 4 + 1 °C
for 4 h. The sample was then shaken at 150 rpm, 30 + 1 °C in an orbital shaker (New
Brunswick Scientific Co. Inc, Hartford County, CT, USA) for 80 min (Appendix II), then
the conductivity of the samples was measured at 20 + 1 °C by using a conductivity meter

(Model CG875; Schott Instruments GmbH, Hoftheim, Germany).

3.7.2 Electrical conductivity measurements for laboratory trial

The electrical conductivity measurements for laboratory extraction trials followed similar
procedures as the electrical conductivity measurements for commercial factory trial in
Section 3.7.1 except for one change: After the fruit tissue was sampled and put into the
mannitol solution, it was immediately shaken at 150 rpm, 30 = 1 °C for 80 min in an

orbital shaker (New Brunswick Scientific Co. Inc, Hartford County, CT, USA) prior to
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conductivity measurement at 20 + 1 °C.

3.7.3 Effect of sample storage time on electrical conductivity measurements

An experiment was carried out to determine if the electrical conductivity of samples
changed within the 4 h required to transport samples back to laboratory from the factory
(Kerikeri) following a similar procedure as that used to determine the effect of storage

time on impedance measurements (Section 3.6.2).

Samples were divided into two groups after collection: one group of samples were
immediately shaken in the orbital shaker for 80 min at 150 rpm, 30 + 1 °C and then the
conductivity was measured at 20 £ 1 °C; the second group of samples were stored in a
chilly bin with ice at 4 £ 1 °C for 4 h, then shaken in the orbital shaker as described above

and then the conductivity was measured at 20 + 1 °C.

3.8 Light microscopy

3.8.1 Samples embedded in London Resin (LR) White resin

Collected fruit pulp samples (= 5 mm diameter) were covered with 5% alginate (Sigma-
Aldrich Corp, St. Louis, MO, USA) then immediately placed into a 0.1 M calcium
chloride solution (Sigma-Aldrich Corp, St. Louis, MO, USA) for 30 s. Fixative was
prepared by combining 10 mL 25% stock glutaraldehyde (ProSciTech Pty Ltd, Townsville,
Australia), 20 mL 10% fresh formaldehyde solution (Merk KGaA, Darmstadt, Germany),
50 mL 0.2 M cacodylate buffer (pH 7.2; Merk KGaA, Darmstadt, Germany) and then
made up to 100 mL in a volumetric flask with distilled water. The alginate-coated granules
were transferred into 15 mL fixative solution and stored at 4 £ 1 °C for 2—3 days before

further embedding steps. Blocks of tissue approximately 3 x 4 x 2 mm were excised from
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the fixed, alginate-coated granules, washed three times in 0.1 M cacodylate buffer (pH
7.2), then rinsed quickly in distilled water then replaced with 5 mL 10% ethanol (Merk
KGaA, Darmstadt, Germany). Samples were agitated on the rotator (Model Pelco R2;
Ted Pella Inc, Redding, CA, USA) at 15 rpm for 15 min. Samples were dehydrated using
progressively more concentrated ethanol solutions (30%, 50%, 70%, 95%), finishing with
two changes of 100% dried ethanol. Ethanol was exchanged with London Resin (LR)
White resin (London Resin Co. Ltd, Reading, UK) and the samples were agitated on the
rotator at 15 rpm. The resin was replaced every 16 h, three times, then the samples were
placed in empty gelatin capsules with resin and polymerised at 60 + 1 °C for 16 h. The
embedded samples were stored at 20 + 1 °C before sectioning. Sections (1 um thick) were
cut using a diamond knife in a Leica UCT ultramicrotome (Leica Microscopy Systems
Ltd, Wetzlar, Germany). Sections were stained with a 0.5% toluidine blue in 0.1% sodium
carbonate (pH 11.1; Sigma-Aldrich Corp, St. Louis, MO, USA) and observed using an
Olympus Vanox AHT3 at 10x, 20x and 40x magnification (Olympus Optical Co. Ltd,
Tokyo, Japan). The representative microscopic image was selected after examining over

100 fields of view.

3.8.2 Samples embedded in Spurr’s resin

Spurr’s resin (Ellis” modified formulation) was prepared by combining four liquid
chemical reagents: 4.1g vinylcyclohexene dioxide (ProSciTech Pty Ltd, Townsville,
Australia), 1.43g diglycidyl ether of a propylene glycol (ProSciTech Pty Ltd, Townsville,
Australia), 5.9g nonenylsuccinic anhydride (ProSciTech Pty Ltd, Townsville, Australia)
and 0.1g dimethylaminoethanol (ProSciTech Pty Ltd, Townsville, Australia) (Ellis, 2006;
Spurr, 1969). The method using Spurr’s resin followed a similar procedure as the one

using LR White resin except for three changes: 1) After the sample was washed in
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cacodylate buffer for 1 h, it was covered with 1% osmium tetroxide fixative in 0.1 M
cacodylate buffer (Sigma-Aldrich Corp, St. Louis, MO, USA) the sample was then rotated
using the rotator for 2 h. The sample was then rinsed with distilled water three times
rapidly, and then placed in 10% ethanol; 2) After dehydration with 100% ethanol, instead
of using LR White resin, the sample was covered with 50:50, Spurr’s resin: 100% ethanol.
The mixture was agitated overnight and then replaced with Spurr’s resin (without ethanol)
every 16 h, three times; 3) After the samples were placed in empty gelatin capsules with
Spurr’s resin, they were placed in an embedding oven at 70 + 1 °C instead of 60 + 1 °C.
Samples were then sectioned to 1 pm thick using a diamond knife in the ultramicrotome,
stained by a 0.5% toluidine blue in 0.1% sodium carbonate (pH 11.1) and viewed under

an Olympus Vanox AHT3 at 20x magnification.

3.9 Rheological properties measurements

3.9.1 Rheological profiling of avocado pulp during laboratory-based malaxing

Avocado fruit pulp samples (= 50 g) collected from various stages of the laboratory-based
oil extraction process were collected for the rheological measurements. Rheological
measurements were carried out using a starch pasting cell (SPC; TA Instruments, New
Castle, DE, USA) attached to a Discovery HR-3 hybrid rheometer (Figure 3.7; TA
Instruments, New Castle, DE, USA). The SPC consists of an impeller and a stainless steel
cylindrical cup that is 36 cm wide and 64 mm high. The system was controlled with
TRIOS software (TRIOS v4.2.1, TA Instruments, New Castle, DE, USA). The viscosity
of each fruit pulp samples (50 g) was measured at a constant shear rate of 40 s at 20 +
0.5 °C. The viscoelastic properties (the elastic modulus, G, and the viscous modulus, G”)
of fruit pulp samples (50 g) were measured at 20 + 0.5 °C over a range of frequencies

from 0.01 to 10 Hz and at a constant strain of 0.5%.
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Figure 3.7: Discovery HR-3 hybrid rheometer with a starch pasting cell (TA Instruments,
2018).

3.9.2 Rheological profiling of avocado pulp during malaxing in rheometer

The malaxer in the commercial avocado oil production mixed the avocado pulp with a
stirrer speed of 20 rpm. To try to simulate this mixing in the Discovery HR-3 hybrid
rheometer using a starch pasting cell (SPC) geometry cup, the rheometer was set to a
constant shear rate of 0.33 s!. During malaxing in the commercial malaxers, the shear

rate experienced by the pulp would have varied with time as the pulp changed in viscosity.

Twenty ripe avocado fruit at 80 + 2 Fv were washed, cut into quarters, then peeled and
pitted by hand. The flesh was ground to a pulp by using a laboratory scale hammer mill
(Siemens, Munich, Germany). The malaxing of avocado pulp was simulated on a
Discovery HR-3 hybrid rheometer with a starch pasting cell which provided the same

shear rate (20 rpm) as the malaxer in the commercial avocado oil production.

The effect of malaxing temperature was examined by comparing the rheological
properties of avocado pulp while malaxing at 30 = 1, 40 £ 1 and 50 + 1 °C. The apparent
viscosity of avocado pulp samples was measured every minute while malaxing constantly
at 20 rpm. The viscoelastic properties (G’ and G”) of avocado pulp samples were
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measured at 20 £ 0.5 °C after 30, 60, and 120 min malaxing over a range of frequencies
from 0.01 to 10 Hz and at a constant strain of 0.5%. At each stage of malaxing, separate
avocado pulp samples were used for viscoelastic property measurement, as the
measurement induced a shear deformation in the sample (Miri, 2011). After malaxing, the
pulp was centrifuged (Thermo Fisher Scientific Inc, Waltham, MA, USA) at 12,278 x g,
20+ 1 °C for 30 min to recover the oil phase from the solids and water. The oil phase was
centrifuged again at 3,214 x g, 20 £ 1 °C for 10 min to separate any residual water from

the oil.

3.9.3 Rheological profiling of olive pulp during malaxing in commercial factory

Olive fruit pulp samples (= 10 g) at various stages of malaxing during commercial oil
extraction were collected in 50 mL plastic vials and stored immediately in a chilly bin
with ice to maintain a temperature of 4 £ 1 °C for 4 h (transport time to laboratory).
Rheological measurements were carried out using an AR550 rheometer (TA Instruments,
New Castle, DE, USA) with attached computer software (Rheology Advantage Data
Analysis Program, TA Instruments, New Castle, DE, USA). A parallel-plate geometry
was used with a gap of 2000 um. The elastic modulus, G, and the viscous modulus, G ”,
of olive pulp sample (= 10 g) were measured at 20 + 0.5 °C over a range of frequencies

from 0.1 to 10 Hz and at a constant strain of 0.5%.

3.9.4 Effect of olive pulp sample storage time on rheological measurements

An experiment was carried out to determine if the viscoelastic properties of olive pulp
samples changed within the 4 h required to transport samples back to the laboratory and
followed a similar procedure used to determine the effect of storage time on impedance

measurements trial in Section 3.6.2.
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Olive pulp samples were divided into two groups after collection: one group of samples
were analysed for viscoelastic properties immediately after collection, another group of
samples were stored in a chilly bin with ice at 4 £ 1 °C for 4 h then the viscoelastic

properties was measured.

3.10 Cell wall isolation and sequential extraction

The procedure for cell wall isolation and sequential extraction from avocado tissue was
based on those of Huber and O'Donoghue (1993) and Jeong, Huber, and Sargent (2002).
Fruit pulp samples (50 g) were collected at 0 min and 120 min malaxing during the
commercial cold-pressed avocado oil extraction process throughout the 2016/2017 oil
production season from September 2016 to April 2017. Samples were accurately weighed
to two decimal places and immediately frozen in liquid N> and stored in a polystyrene
box on dry ice for 4 h. The samples were then stored at -80 + 2 °C until further extraction

trials.

3.10.1 Water-soluble fraction

The main procedures in the experiment extracting water-soluble fraction and cell wall
materials from avocado pulp samples are shown in Figure 3.8. Frozen avocado pulp
samples were ground into a fine powder with liquid N> by using a bench top mill (Model
A1l Basic; IKA-Works Inc, Wilmington, NC, USA). An accurately weighed fruit tissue
sample (50 g) was homogenized in 200 mL of cold 95% ethanol using a dispersing
homogenizer (Model T10 Basic; IKA-Works Inc, Wilmington, NC, USA) on high speed
for 3 min at 20 £ 1 °C. The homogenates were then centrifuged (Thermo Fisher Scientific

Inc, Waltham, MA, USA) at 12,278 x g, 4 £ 1 °C for 20 min. The ethanol-insoluble solids
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were filtered through Miracloth (inert rayon-polyester “fabric” with an acrylic binder;
Sigma-Aldrich Corp, St. Louis, MO, USA) and washed with 100 mL 95% ethanol. The
ethanol-insoluble solids (solids on the top of Miracloth) were transferred to 200 mL of
chloroform—methanol (1:1, v/v) and homogenized at high speed for 5 min at 20 £ 1 °C
then centrifuged at 12,278 % g, 20 & 1 °C for 20 min. The ethanol-insoluble solids were
filtered again through Miracloth and washed with 100 mL of acetone (Merk KGaA,
Darmstadt, Germany) then the ethanol-insoluble solids on the filter were re-suspended in
150 mL of Milli-Q water and homogenized at high speed for 3 min at 20 £ 1 °C, re-
centrifuged at 12,278 x g, 20 + 1 °C for 20 min and filtered again through Miracloth, both
of the water-wash supernatant from the centrifuge tube and the residue ethanol-insoluble
solids on the filter were collected. This water-wash step was repeated once more by re-
suspending the ethanol-insoluble solids in 150 mL of Milli-Q water and homogenizing
on high speed for 3 min at 20 + 1 °C, re-centrifuging the mixture at 12,278 x g,20+ 1 °C
for 20 min and filtering the sample again through Miracloth. Again, both of the water-
wash supernatant and the residue ethanol-insoluble solids were collected. The water-wash
supernatant was transferred to dialysis tubes with a molecular weight cut-off 14,000 Da
(Sigma-Aldrich Corp, St. Louis, MO, USA) that had been pre-treated by placing them in
warm Milli-Q water for 20 min. The dialysis tubes were filled with Milli-Q water to 1 L
and dialyzed in a 10 L bucket with 10 L Milli-Q water for eight days at 4 £ 1 °C with
daily water changes. After dialysis, the solutions were filtered through glass microfibre
filter paper (Grade GF/C; Whatman, Maidstone, UK) to remove precipitated, denatured
cell debris (including protein) and then freeze-dried (Labconco Corp, Kansas City, MO,
USA) at -50 £+ 2 °C for four days to obtain the water-soluble fraction. The freeze-dried

water-soluble fraction was weighed to determine the yield.
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Figure 3.8: Flow diagram for the experimental procedure to extract water-soluble fraction

and cell wall materials from avocado pulp sample.
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3.10.2 Cell wall material

The ethanol-insoluble solids (residue solids on the filter) remaining after water extraction
in Section 3.10.1 (Figure 3.8) were re-suspended in 1 L of water to form thick slurries
and transferred to dialysis tubes. They were then dialyzed against Milli-Q water for eight
days at 4 + 1 °C with daily water changes, removed from the dialysis membranes, and
then freeze-dried at -50 + 2 °C for four days to produce the cell wall material. The freeze-

dried cell wall material was weighed to determine yield.

3.10.3 CDTA-soluble fraction

Cell wall material (200 mg), collected in Section 3.10.2, was stirred in 100 mL of 0.05 M
trans-1,2-diaminocyclohexane-N,N,N’,N’-tetraacetic acid (CDTA; Sigma-Aldrich Corp,
St. Louis, MO, USA) for 6 h at 20 + 1 °C. The mixture was then centrifuged at 12,278 x
g, 20 = 1 °C for 20 min and filtered through Miracloth, both of the CDTA-wash
supernatant from the centrifuge tube and the residue solids on the top of Miracloth were
collected. The residues were re-suspended in 75 mL of Milli-Q water and homogenized
on high speed for 3 min at 20 + 1 °C, re-centrifuged at 12,278 x g, 20 °C £ 1 for 20 min
and filtered again through Miracloth; both of the water-wash supernatant from the
centrifuge tube and the residue solids on the top of Miracloth were collected. This water-
wash step was repeated once more. The CDTA and water-wash supernatants were
combined and transferred to dialysis tubes. The dialysis tubes were filled with Milli-Q
water to 1 L and dialyzed against 5 L of 0.1 M ammonium acetate buffer (pH 5.2) for
three days (to aid removal of CDTA) with a daily change of buffer, followed by dialysis
with Milli-Q water for eight days with daily water changes. The CDTA and water-wash
supernatants were then freeze-dried at -50 + 2 °C for four days to produce the CDTA-

soluble fraction.
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3.11 Oil quality analysis

3.11.1 Peroxide value

Analysis of peroxide value (PV) of the samples was carried out according to a modified
AOCS (2009) Official Method CD 8-53. The oil sample (5 g) was accurately weighed to
three decimal places in a 250 mL Erlenmeyer flask with glass stopper. Glacial acetic acid
(18 mL; Merk KGaA, Darmstadt, Germany) and chloroform (12 mL; Merk KGaA,
Darmstadt, Germany) were mixed and added to the sample. The flask was swirled to
dissolve the sample. Saturated potassium iodide (0.5 mL; BDH Chemicals, London, UK)
solution was added to the mixture and the flask was shaken for one minute before 30 mL
of Milli-Q water was added. The mixture was titrated with 0.0IN sodium thiosulfate
(BDH Chemicals, London, UK) gradually with constant agitation until the yellow iodine
colour had almost disappeared. Starch indicator solution (2 mL; Hopkin & William Ltd.,
Birmingham, UK) was added and the titration was continued with constant agitation until
the blue colour totally disappeared. A blank determination of the reagent was carried out

using the same procedure. The PV was calculated as follows:

(S—B)xNx1000
Weight of sample,g

PV (milliequivalents peroxide/1000g sample) = (%)

Where:
B = volume of titrant for blank titration, mL
S = volume of titrant for sample titration, mL

N = normality of sodium thiosulfate solution

3.11.2 Free fatty acids

Determination of free fatty acids (FFA) in the oils was carried out according to AOCS
(2009) Official Method Cab5a-40. To standardize the sodium hydroxide (NaOH; BDH
Chemicals, London, UK) titre used in this test, dried potassium acid phthalate (0.2 g)
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(KHP; Sigma-Aldrich Corp, St. Louis, MO, USA) was dissolved with 25 mL distilled
water in a 100 mL Erlenmeyer flask by heating on a hot plate. The solution was cooled
before three drops of phenolphthalein indicator (1%; Sigma-Aldrich Corp, St. Louis, MO,
USA) was added and titrated with NaOH solution until the first faint pink colour remained
for 30 s. The volume titrated was recorded and used to calculate the normality of the

NaOH.

of KHP
=2 (6)
mL of NaOHX%0.204

To determine the FFA in the oils, the oil sample (1 g) was accurately weighed to three
decimal places in a 100 mL Erlenmeyer flask. Ethanol (95%; 20 mL) was neutralized to
the end point by adding a few drops of phenolphthalein into it, and then it was titrated
with 0.IN NaOH until a permanent faint pink colour appeared. The neutralized 95%
ethanol was heated to 50 + 1 °C and then added into the flask to dissolve the sample. The
sample was titrated with 0.1N ethanolic NaOH and gently shaken until the appearance of
the first permanent pink colour of the same intensity as that of the neutralized solvent
before the latter was added to the sample. The percentage of %FFA was calculated as

oleic acid based on follows:

. . mL of NaOH X N x 28.2
%FFA as oleic acid = Welght of samplog (7)

Where N = normality of NaOH, mol/L

3.12 Statistical Analysis

For commercial based avocado and olive oil extraction, a single oil extraction trial was
performed at each fruit harvest time. Due to the shortage of avocados during the
2015/2016 in New Zealand, Olivado Ltd NZ’s Kerikeri plant had reduced production for
the whole season (from November 2015 to 2016/2017 season). For ‘Hass’ avocado oil

production in early and late season for 2015/2016 and 2016/2017, the commercial based
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oil extraction could only be performed once per month due to the fruit shortage. In
commercial avocado and olive oil extraction, electrical impedance measurement for intact
whole avocado/olive fruit was carried out on ten replicates. Three batches of fruit pulp
samples were collected from one malaxer (= 650 kg fruit pulp per malaxer) at each stage
of malaxing. For various analyses, including the dry matter and total oil content, electrical
impedance, conductivity, rheological properties and the cold-pressed oil yield
measurements (at each stage of malaxing) for avocado pulp, these were carried out in

triplicate.

For laboratory-based oil extraction experiments, the cold-pressed oil extraction were
performed in triplicate. Postharvest assessments of avocado fruit were performed in
triplicate. Electrical impedance measurement for intact avocado fruit was carried out on
ten replicates. Electrical impedance, conductivity, rheological properties and cold-pressed
oil yield measurements for avocado pulp were carried out in triplicate. FFA% and PV

determination for cold-pressed avocado oil were performed in triplicate.

Statistical analysis was performed by using Minitab 17 Statistical Software for Windows
(Minitab Inc, State College, PA, USA). One way ANOVA and Tukey test were used to
determine significant differences between samples (p < 0.05). Sample uncertainty was
determined by calculating standard errors of the mean, and presented as mean + standard

error (SE), sample size n.
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Chapter 4:
Cellular changes in ‘Hass’ avocado mesocarp

during commercial cold-pressed oil extraction
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4.1 Introduction

In the mesocarp of avocado flesh, the oils are stored in parenchyma and idioblast cells
(Platt-Aloia & Thomson, 1981; Platt-Aloia et al., 1980). During cold-pressed oil
extraction, the cell walls and membranes must be broken to release oil droplets so that the
oil can be separated from the cellular material (Wong et al., 2012; Woolf et al., 2009).
However, there is no information as to whether the avocado oil extracted by cold-pressed
extraction is mostly from the parenchyma cells or from both parenchyma and idioblast
cells. Also, the microstructural changes of avocado mesocarp during the aqueous
extraction process have not been studied. Work in olive oil extraction has hypothesized
that fruit cells are disrupted during grinding to release the droplets of oil from the vacuole,
then the oil droplets merge to form larger droplets during malaxing (Petrakis, 2006). No
research has been carried out in this area for the cold pressed avocado oil extraction

Pprocess.

It is important for the oil industry to identify strategies to increase oil yields. One
approach to understanding the factors that influence the oil yields is to investigate the
microstructural changes in the avocado fruit flesh during various stages of the oil
extraction process. Various techniques are available to determine the cellular changes in
avocado mesocarp during cold-pressed oil extraction. Microscopy examination allows
observation of oil aggregation as well as the integrity and size of the cells (Platt-Aloia et
al., 1983; Platt-Aloia & Thomson, 1981). Electrical conductivity measurement of a fruit
tissue sample indicates cell electrolyte leakage and can be used to estimate the degree of
cell membrane intactness (Palta et al., 1977). The application of electronic sensors based
on electrical impedance spectroscopy (EIS) is an alternative to these methods for cellular

changes in food materials, they can provide a fast response and high sensitivity (Masot et

91



al., 2010).

The objective of the research presented in this chapter was to monitor cellular changes
during processing of ‘Hass’ avocado for extraction of cold-pressed avocado oil, using EIS,
electrical conductivity measurement and light microscopy to understand how each step in
the process affects oil release from the tissue. The work presented in this chapter was
carried out in the first season of work to determine the best sampling and evaluation
methods, and it was carried out using early-season fruit (mature but relatively low dry
matter). This chapter will present results on the cellular changes in ‘Hass’ avocado
mesocarp during commercial cold-pressed oil extraction and of a laboratory trial
investigate the effect of sample storage time on EIS and conductivity measurements. The

results in this chapter have been published in Yang et al. (2018).

4.2 Experimental design

4.2.1 Effect of sample storage time on electrical impedance and conductivity
measurements from laboratory-based experiments

Laboratory-based experiments were carried out to determine if the electrical impedance
and conductivity of avocado pulp samples changed within the 4 h required to transport
samples back from Olivado Ltd NZ’s Kerikeri plant to the laboratory at the Mt. Albert

Research Centre of Plant and Food Research Ltd, Auckland.

The main steps in the laboratory-based experiment looking at the effect of storage time

on electrical impedance and conductivity measurements for cold-pressed avocado oil

extraction are shown in Figure 4.1.
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Fruit harvested in
October 2015
(DM: 25.35%)

Ripen with ethylene in the laboratory

Fruit at 85 Fv

Washing

Peeled & destoned
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Grinding Pulp after grinding
Malaxing Sampling point 2-5:

Pulp after 30, 60, 90 & 120 min
at 20 rpm, 45+ 3 °C| of malaxing
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incubation)
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measurement measurement

Figure 4.1: Process flow diagram for the laboratory-based experiment looking at the
effect of sample storage time on electrical impedance and conductivity measurements for
cold-pressed ‘Hass’ avocado oil extraction. Electrical impedance and electrical
conductivity measurement were carried out on samples collected at each sampling point
during the extraction process.

DM: Dry matter content (g dry flesh/100 g fresh flesh weight).
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‘Hass’ avocado fruit (Persia americana Mill, = 10 kg) were harvested in October 2015
and ripened to 85 & 2 Fv in the laboratory following the procedures described in Section
3.1.2. Firmness measurements of fresh fruit were carried out on twenty avocado fruit
following the method described in Sections 3.2.3. Effect of sample storage time on
electrical impedance and conductivity measurements was studied following the methods
described in Sections 3.6.3 and 3.7.3. Statistical analysis of data was carried out following
the methods as described in Section 3.12. Firmness measurement and the laboratory-
based avocado oil extraction experiments were performed in triplicate. Electrical

impedance and conductivity measurements were carried out in triplicate.

4.2.2 Cellular changes in ‘Hass’ avocado mesocarp during commercial cold-pressed
oil extraction

The main steps in the experiment looking at cellular changes during commercial based
cold-pressed oil extraction for avocado in October 2015 (early season) are shown in

Figure 4.2.

‘Hass’ avocado fruit (= 650 kg) were harvested and processed at Olivado Ltd, Kerikeri,
New Zealand in October 2015 following the procedures described in Sections 3.1.1 and
3.3.1. The cold-pressed oil yield at each stage of malaxing in the commercial trial was
determined following the method described in Section 3.3.4. Postharvest assessments of
avocado fruit, including dry matter determination, firmness measurement, and total oil
content determination of fruit were carried out following the methods described in
Sections 3.2.2, 3.2.3 and 3.5. Firmness measurement of fresh fruit were performed on 30

avocado fruit.
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Figure 4.2: Flow diagram for the experimental procedure to investigate cellular changes during commercial cold-pressed oil extraction for ‘Hass’ avocado.

Light microscopy observation, electrical impedance measurement, electrical conductivity measurement and cold-pressed oil yield determination were carried

out for samples collected at each sampling point during the extraction process.

DM: Dry matter content (g dry flesh/100 g fresh flesh weight).
Sampling point 3 was the pulp sample existing the grinder; the pre-malaxer took 30 min to fill and then the pulp was transferred to the main malaxer, Sampling

point 4 was when the main malaxer was full (0 min malaxing); Sampling point 5-8 were 30, 60, 90 and 120 min after the malaxer was full.
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EIS, electrical conductivity and light microscopy were used to examine avocado flesh
structure at defined steps during the extraction process (destoning, grinding, malaxing
and decanting) following the procedures described in Sections 3.6.1, 3.7.1 and 3.8.
Avocado pulp samples were stored at 4 + 1 °C immediately after collection. EIS, electrical
conductivity and cold-pressed oil yield (at each stage of malaxing) measurements were
carried out within 4 h of collection. Microscopy experiments were carried out within 72

h of collection.

Statistical analysis of data was carried out following the methods as described in Section
3.12. A single commercial based avocado oil extraction trial and firmness measurement
was performed. Dry matter and total oil content determinations for avocado pulp were
carried out in triplicate. Electrical impedance measurements for intact avocado fruit were
carried out on ten replicates. Electrical impedance, conductivity and cold-pressed oil yield

measurements for avocado pulp were carried out in triplicate.

4.3 Results and discussion

4.3.1 Effect of sample storage time on electrical impedance and conductivity
measurements from laboratory-based experiments

Avocado fruit pulp samples collected at Olivado Ltd NZ’s Kerikeri plant during the
factory extraction trials had to be held for four hours during transport before electrical
impedance and conductivity measurements were carried out at the Mt. Albert Research
Centre of Plant and Food Research Ltd, Auckland (the impedance instrument could not
be transported back and forth to the factory). The samples were rapidly cooled at the
factory with ice and stored in a chilly bin to keep the samples at 4 = 1 °C. During the oil

extraction process, the ruptured cells may release more endogenous enzymes which assist
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with further cell wall disruption during transport and storage. The experiment was carried
out to determine if the electrical impedance and conductivity of samples changed over

the 4 h required to transport samples back to the laboratory.

In October 2015, a separate 10 kg batch of ‘Hass’ avocado fruit were treated with ethylene
then held at 20 °C to ripen to a firmness of 85 + 2 Fv. The avocado fruit flesh was ground
and malaxed using the laboratory-based cold-pressed extraction process and samples
were collected at 0 (after grinding), 30, 60, 90 and 120 min during malaxing. Samples
were divided into two groups: one group of samples were measured for electrical
impedance and conductivity immediately after collection, another group of samples were

stored at 4 + 1 °C for four hours then the electrical impedance and conductivity were

measured.
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Figure 4.3: Comparison of electrical resistance of ‘Hass’ avocado pulp tissue at 50 Hz,

10 kHz and 1 MHz before and after 4 h storage at 4 + 1 °C (mean + SE, n = 3).
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The results in Figure 4.3 show that at low frequency (50 Hz), medium frequency (10 kHz),
and high frequency area (1 MHz), there were no significant differences (p < 0.05) between
the electrical resistance of avocado pulp tissue, collected from various sampling points
during cold-pressed oil extraction, before and after 4 h of sample storage at 4 + 1 °C. The
4 h storage at 4 + 1 °C was also found to not affect the electrical conductivity of the
avocado pulp tissue which had been placed into the mannitol solution immediately after
collection (Figure 4.4). Hence, it can be concluded that transporting the samples for 4 h
at 4 £ 1 °C from Olivado Ltd NZ’s Kerikeri plant to the Mt. Albert Research Centre of
Plant and Food Research Ltd, Auckland did not affect the EIS and electrical conductivity
results for the avocado pulp tissue samples collected during the extraction process.
Endogenous enzyme activity is inhibited during chilled storage (Bettelheim, Brown,

Campbell, Farrell, & Torres, 2010; Saini, 2010).
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Figure 4.4: Comparison of electrical conductivity of ‘Hass’ avocado pulp tissue before
and after 4 h storage at 4 + 1 °C (mean + SE, n = 3).

b Different letters denote significantly different conductivity values (p < 0.05).
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4.3.2 Cellular changes in ‘Hass’ avocado mesocarp during commercial cold-pressed
oil extraction

4.3.2.1 Avocado fruit for commercial trial

In avocado oil production, the ripeness of the fruit is required to be the equivalent to “firm
ripe”, which is equal to a firmometer reading between 65 and 95 firmometer value (Fv)
(Woolf et al., 2009). This firmness has been reported to result in a balance of maximising
oil yield while minimizing the incidence of fruit rots (Woolf et al., 2009). The firmometer
reading of the avocado fruit selected for oil production in October 2015 was 85.05 + 2.48

Fv, which is within the required target firmness range.

Before harvest, the avocado fruit increases in dry matter content and oil content in the
flesh tissue, while the moisture content of flesh tissue decreases (Lawes, 1980; Pearson,
1975; Wong et al., 2008). The dry matter content and the total oil content in the fruit flesh
are highly correlated, this is generally used as a horticultural measure of commercial
maturity of avocados (Brown, 1984; Lee et al., 1983). The average dry matter content of
the fruit flesh extracted in the commercial trial in October 2015 (early season) was 25.41
+0.03% (g of dry flesh/100 g of fresh flesh) which is above the minimum dry matter level

(24%) recommended in New Zealand.

4.3.2.2 Total oil content and commercial oil yield

The total oil content in the avocados, the cold-pressed oil yield at different stages during
malaxing and the final commercial oil yield from the commercial trial in October 2015
are presented in Table 4.1. The total oil content of the fruit flesh was determined by
accelerated solvent extraction (ASE) method. For determining the cold-pressed oil yield

at each stage of malaxing in the commercial trial (Table 4.1), avocado pulp samples were
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collected at 30, 60, 90 and 120 min of malaxing and centrifuged by using a laboratory
centrifuge to mimic the commercial centrifugation system to determine oil yield. The
cold-pressed oil yield increased with an increasing malaxing time, which agrees with the
previous studies on olive oil extraction (Di Giovacchino et al., 2002a; Di Giovacchino et
al., 2002b). The commercial oil yield obtained for the batch of fruit sampled was 11.47%
(g of 0il/100 g of fresh flesh), which is less than the 15.4% (g of 0il/100 g of fresh flesh)
total oil content by ASE. The incomplete extraction corresponds to the findings of Woolf
et al. (2009) that cold-pressed oil extraction efficiency in early-season fruit is low. The
reason why all the oil was not recovered from the fruit in early season was unclear and
this is part of the purpose of this research study. It is hypothesized that the cells in the
early season avocado flesh are more resistant to rupture during the extraction process and
hence the oil is more difficult to separate from the pomace and wastewater. This is

examined in more detail in Chapter 5.

Table 4.1: Total available oil and extraction yield from commercial cold-pressed ‘Hass’
avocado oil extraction and from samples collected during the extraction process (mean +

SE, n =3).

Malaxing time (min)

0 30 60 90 120

Total oil content measured by ASE
(g of 0il/100 g of fresh flesh)

15.4+0.3°

Extraction yield at different malaxing

times (g of 0il/100 g of fresh flesh)

- 0.8+0.1* 57£0.3° 10.1 £0.2¢ 12.0 £ 0.44

Commercial cold-pressed oil yield (g

of 0il/100 g of fresh flesh)

¢ Different letters denote significantly different oil yield values, across rows and columns (p < 0.05).
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4.3.2.3 Change in electrical impedance during commercial oil extraction

Electrical impedance spectroscopy (EIS) was used to determine the degree of cell rupture
during the commercial extraction process. EIS is a measure of the ability of an electrical
AC current to flow through a material (Section 2.6.2). Fully ruptured cells provide a low

resistance to the current flow, and the different frequencies provide additional information.
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Figure 4.5: Resistance (Q) of ‘Hass’ avocado flesh during commercial cold-pressed oil
extraction at various stages of the oil extraction process (a) Resistance range 0—1500 Q
with ‘Intact flesh’ sample (mean = SE, n = 10); (b) data is replotted for the resistance

range 150-550 Q without ‘Intact flesh’ (mean + SE, n = 3).
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The impedance spectra of avocado samples collected during the commercial cold-pressed
oil extraction trial are shown in Figure 4.5. In all the samples, the electrical resistance
decreased as frequency increased (p < 0.05). This pattern has also been reported for other
fruits (Fuentes et al., 2014; Harker & Dunlop, 1994; Ohnishi et al., 2004; Wu et al., 2008;
Zhang & Willison, 1991). The cell membrane has a high electrical capacitance, which
insulates against low frequency current passing through the tissue (Zhang, Shen, & Luo,
2010). Thus, at low frequency, the electrical current can only flow through extracellular
fluid (Ando et al., 2014). The extracellular pathway has relatively high resistance as a
result of the small cross-sectional area through which the current can flow between the
membranes of two adjacent cells and also due to the low concentration of mobile ions
(Ando et al., 2014; Harker & Dunlop, 1994). However, at higher frequencies, the
electrical current is capable of flowing through intracellular fluid with relatively low
resistance (Ando et al., 2014). Therefore, the reduction in electrical resistance at high

frequency was due to the current flow through the cell membranes and intracellular fluid.

When cell membranes are disrupted, the cellular compartmentation is broken and this
allows the low frequency electrical current to flow through the entire cross-section of the
tissue. Because of the low resistance to the current flow, this resulted in a reduction in the
low frequency electrical resistance value (Hayden et al., 1969). At low frequencies (50
Hz; Figures 4.5(a) and 4.5(b), there was a significant decrease (p < 0.05) in the electrical
resistance from intact flesh (1405 + 44 Q) to flesh after destoning (471.2 £ 5.7 Q), after
grinding (428.0 £ 2.9 Q) and after sitting in the pre-malaxer tank for 30 min prior to
malaxing (0 min malaxing; 401.1 = 2.6 Q). This confirms that in the extraction process,
cells in the avocado flesh are broken during destoning, grinding and while sitting in the

pre-malaxer tank for 30 min (corresponds to time 0 min malaxing). During the destoning
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step, avocado fruit was smashed against the destoner drum and cylinder wall, which can
lead to damage and rupture of cell walls and membranes. Grinding also breaks cell walls
and membranes of fruit samples, and in addition, endogenous enzymes are released that
may assist with cell walls and membranes disruption enabling oil release (Woolf et al.,
2009). However, malaxing did not result in any changes to EIS (p > 0.05). There were no
significant changes (p > 0.05) in the low frequency electrical resistance from pulp at 0
min malaxing (401.1 = 2.6 Q) to pulp after 30 min malaxing (401.2 £+ 3.7 Q), 60 min
malaxing (401.1 £ 0.7 ), 90 min malaxing (402.6 = 2.3 Q) and 120 min malaxing (400.3

+3.0 Q).

Impedance is generally separated into resistance and reactance components. To analyze
the measured dielectric functions, the resistance component is plotted on the x-axis and
the reactance component on the y-axis, which is known as the Nyquist plot or a complex
plane impedance plot (Lasia, 2014). Nyquist plots generally produce semi-circular
patterns that disappear or contract as the cell membranes are disrupted. Previous studies
on fresh fruit and vegetable samples report that the characteristic Nyquist arc corresponds
to the aggregation of closed cell structures (Dejmek & Miyawaki, 2002; Ohnishi et al.,
2002). During processing (e.g. drying or freezing) of fruit and vegetable samples, the
semi-circular arcs of the Nyquist plots of the samples gradually shrink with increasing
processing time or due to the damage to the cell membranes (Halder, Datta, & Spanswick,
2011; Repo, Zhang, Ryyppd, Vapaavuori, & Sutinen, 1994; Wu et al., 2008; Zhang &
Willison, 1992b; Zhang, Willison, Cox, & Hall, 1993). In most plant and fruit tissues, the
Nyquist arc disappeared when the cells in the tissue are mostly or fully disrupted.
However, in some fruit such as grape, the arc can still be formed when the fruit is crushed

but the arc was much smaller than that of the fresh samples (Ando et al., 2014; Ohnishi
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et al., 2004). The Nyquist plot of avocado samples collected during the cold-pressed oil
extraction showed the typical characteristic arc shape expected of whole intact fruit tissue
in that as the resistance increased the corresponding reactance produced a smooth arcing
curve (‘Intact flesh’ - Figure 4.6). The clear Nyquist arc in the ‘Intact flesh’ avocado
samples agrees with the findings in previous studies indicating intact cells in the
unprocessed avocado mesocarp. However, in the present study the Nyquist arc
relationship did not exist in the pulp samples (‘After destoning’, ‘After grinding’, and ‘0
min malaxing’ to ‘120 min malaxing’), which indicated that the cell membranes were

disrupted.
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Figure 4.6: Nyquist plot of avocado flesh during cold-pressed oil extraction (mean + SE,
n=3).

Electrical reactance of a plant tissue is related to the presence of membranes and the
capacitance of the tissue (Harker & Forbes, 1997). However, in previous studies of fruit
processing and storage, the electrical reactance was not found to be as useful a tool as

electrical resistance, which can be singly used to estimate the degree of cellular changes
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during fruit processing and fruit storage (Harker & Dunlop, 1994; Harker, White, Freeth,
Gunson, & Triggs, 2003; Jackson & Harker, 2000). The electrical behaviour of avocado
fruit is mainly resistive as both intracellular and extracellular fluids in tissue are composed
of water, free ions, electrolytes, salts and other components (Yu et al., 2004). In this study,
the electrical reactance of intact flesh tissue increased from -131.7 + 7.8 Q at a frequency
of 50 Hz, to -76.8 + 7.3 Q as the frequency of the current increased to 400 Hz, then
decreased to -294.4 + 11.4 Q as the frequency increased to 75 kHz, and lastly increased
to -162.1 £ 5.0 Q as the frequency of the current increased to 1 MHz (Figure 4.7). A
similar pattern of reactance change also occurred in other plant tissue including nectarine,
eggplant and potato, although the magnitude of the changes were different (Ando et al.,
2014; Harker & Dunlop, 1994; Wu et al., 2008). However, the relationship between the
reactance of the plant tissue and the frequency of the current has not been studied
extensively and is still unclear. The reactance of the avocado fruit pulp samples (‘After
destoning’, ‘After grinding’, and ‘0 min malaxing’ to ‘120 min malaxing’) increased from
= -115.0 Q at a frequency of 50 Hz, to = -7.5 Q as the frequency of the current increased
to 1 MHz, which gave a different pattern of reactance change compared to the intact
avocado flesh. This is likely because the greatest cellular disruption occurred in fruit
tissue after the destoning step. There were no significant changes (p > 0.05) in the
electrical reactance (at 50 Hz, 10 kHz and 1 MHz) from pulp after destoning to pulp after

grinding, pulp at 0 min malaxing, pulp after 30, 60 , 90 and 120 min malaxing.
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Figure 4.7: Reactance (Q2) of ‘Hass’ avocado flesh during commercial cold-pressed oil

extraction at various stages of the oil extraction process (mean = SE, n = 3).

4.3.2.4 Change in electrical conductivity during commercial oil extraction

Electrical conductivity measurements were used in this study to support EIS results for
determining the degree of cell rupture during the extraction process. By measuring
changes in electrical conductivity, it is possible to estimate the degree of cellular
disruption. Increased electrical conductivity is due to increased ion leakage which, in turn,

indicates a loss of membrane integrity (Pesis et al., 2003).

The electrical conductivity of fruit pulp tissue increased significantly (p < 0.05) from
intact flesh to flesh after destoning, after grinding, and after accumulating in the pre-
malaxer tank for 30 min prior to malaxing (corresponds to time 0 min malaxing; Figure
4.8), which indicated cellular disruption occurred at these three steps during the cold-
pressed oil extraction process. However, the electrical conductivity of the fruit pulp did
not change (p > 0.05) during the 120 min malaxing period. These results are in agreement
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with the impedance results (Figure 4.5).
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Figure 4.8: Electrical conductivity (uS/cm) of ‘Hass’ avocado flesh during cold-pressed
oil extraction at various stages in the oil extraction process (mean + SE, n = 3).

d Different letters denote significantly different conductivity values (p < 0.05).

4.3.2.5 Change in avocado cellular microstructure during commercial oil extraction
monitored with light microscopy

The cellular microstructure changes in tissue during the cold-pressed avocado oil
extraction process were examined with light microscopy using two contrasting methods:
toluidine blue staining, which stained the cell walls, and osmium tetroxide fixative, which
stained the lipids due to the dye’s interaction with the lipids. After examining 100 fields
of view on each sample, Figures 4.9, 4.10 and 4.11 were selected as being truly
representative of the tissue. After staining, the cell walls of both the parenchyma and

idioblast cells could be clearly observed under the light microscope when the pulp tissue
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was embedded in LR White resin. For samples embedded in Spurr’s resin, the oil droplets
inside the parenchyma cells and the cell walls of idioblasts are highlighted with the

osmium tetroxide fixative.

The microstructure of unprocessed intact flesh exhibited a uniform cellular structure
(Figures 4.9(a) and (b)), which consisted primarily of parenchyma cells and a smaller
number of idioblast cells, as was found in previous studies (Platt-Aloia & Thomson, 1981).
In Figure 4.9(a) (intact flesh), all cells were intact, and the idioblast cells were distinct
from the parenchyma cells due to their intense cell wall staining. The difference in
staining was likely to be due to the distinct difference in the cell wall composition between
the two different types of cells (Platt-Aloia et al., 1983; Platt-Aloia et al., 1980). The
number of idioblast cells per field of view was counted to estimate the number of
idioblasts as a percentage of total cells in the fresh tissue. The idioblast cells were
approximately 2% of the total cells per view, which agrees with previous studies (Platt-
Aloia & Thomson, 1981; Platt-Aloia et al., 1980). Small circular oil droplets (grey areas)
were scattered throughout the cytoplasm of the parenchyma cells (Figure 4.9(b)). In the
idioblast cells, a large single oil droplet filled the cells, staining a different colour (white
colour) than the oil in the parenchyma cells, as also found by Platt-Aloia and Thomson
(1981). This different staining may be due to the oil in the idioblast cells having a different
composition to the oil in the parenchyma cells (Platt-Aloia et al., 1983; Platt-Aloia &
Thomson, 1989). Platt-Aloia & Thomson (1992) reported the idioblast oil has a polarity
less than phospholipids but greater than TAG or diacylglycerols (DAG), and contains

alkaloids, sesquiterpene hydroperoxides and possibly other terpenes.

There were a series of cellular changes throughout the extraction process. Although some
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parenchyma cells were broken by the destoning step of the extraction process (Figures
4.9(c) and (d)), after grinding, almost all the parenchyma cells in Figure 4.9(e) were
broken and oil droplets were released (Figure 4.9(f)) in agreement with the impedance
results (Figure 4.5). Di Giovacchino et al. (2002b) suggested that adequate grinding of
the flesh plays an important role in the extraction process to liberate the oil from the oil
bearing cells. In contrast to the parenchyma cells, in this study the idioblast cells were not
broken by grinding (Figure 4.9(f)). The idioblast cell wall is reported to contain a primary
and tertiary cellulosic wall, as well as a specialized secondary suberin layer rather than
the single cellulosic wall of parenchyma cells (Platt-Aloia et al., 1983; Platt-Aloia et al.,
1980). It appears that this stronger cell wall is more resistant to grinding. Platt-Aloia et
al. (1983) suggested that the function of the specialized suberin layer may be to isolate
the contents of the idioblast cell from neighboring parenchyma cells, hence preventing
the occurrence of autotoxicity. Autotoxicity is a phenomenon where a plant species
inhibits the growth of its own kind through the release of toxic chemicals into the

environment (Singh et al., 1999).

The changes in avocado tissue microstructure during malaxing showed that the malaxing
steps can help the oil droplets to aggregate (Figures 4.10(a) to (f)). At 0 min malaxing,
the free oil droplets were scattered in the field of vision observed (Figure 4.10(a) and (b));
however, after 60 min (Figure 4.10(d)) and 120 min (Figure 4.10(f)) malaxing, the oil
droplets were much larger, increasing from = 5 um to = 80 um average diameter. This
result is similar to the findings that malaxing assists olive oil droplets to accumulate more
easily into larger droplets to form a continuous oil phase (Di Giovacchino, 1989, 1996).
Therefore, the result of the malaxing step appeared not to break mesocarp (or idioblast)

cells in the tissue, but to accumulate the oil droplets to form a larger oil phase thus making
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it easier to recover the oil during the decanting (centrifuge) step.

LR White resin Spurr’s resin

TS raes WP MR v
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7

Figure 4.9: Light microscopy images of the microstructure of (a) intact avocado flesh
embedded in LR White resin, (b) intact avocado flesh embedded in Spurr’s resin, (c) pulp
after destoning embedded in LR White resin, (d) pulp after destoning embedded in
Spurr’s resin, (e) pulp after grinding embedded in LR White resin, (f) pulp after grinding
embedded in Spurr’s resin. Cell walls stain blue in the LR White embedded tissue, lipid
from parenchyma cells shows a grey colouration in the Spurr’s embedded material.

P: Parenchyma cells; I: Idioblast cells; O: Oil droplet(s) from parenchyma cells.
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LR White resin Spurr’s resin

Figure 4.10: Light microscopy images of the microstructure of (a) pulp at 0 min malaxing
embedded in LR White resin, (b) pulp at 0 min malaxing embedded in Spurr’s resin, (c¢)
pulp after 60 min malaxing embedded in LR White resin, (d) pulp after 60 min malaxing
embedded in Spurr’s resin, (e) pulp after 120 min malaxing embedded in LR White resin,
(f) pulp after 120 min malaxing embedded in Spurr’s resin.

I: Idioblast cells; O: Oil droplet(s) from parenchyma cells.
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LR White resin Spurr’s resin

Figure 4.11: Light microscopy images of the microstructure of (a) pomace from decanter
embedded in LR White resin, (b) pomace from decanter embedded in Spurr’s resin, (c)
waste water from decanter embedded in LR White resin, (d) waste water from decanter
embedded in Spurr’s resin.

P: Parenchyma cells; I: Idioblast cells; O: Oil droplet(s) from parenchyma cells.

The observations of both pomace and wastewater samples (Figures 4.11(a) to (d)) showed
some free oil droplets in both streams. This indicated that not all of the oil was separated
from the pomace and wastewater in the decanter. Also, some unbroken parenchyma cells
remained in the pomace (Figures 4.11(a) and (b)), which indicated that not all the
parenchyma cells in the flesh were completely ruptured during the grinding process.
Some oil droplets were still trapped in the cytoplasm of the unbroken parenchyma cells

(Figure 4.11(b)), which will have led to loss of oil and reduced oil yield. This result agreed
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with the findings for ‘total oil content’ (Table 4.1) compared with ‘commercial oil yield’
in that not all the oil was recovered from the avocados processed during the commercial
cold-pressed extraction process. Thus, it is suggested that there are two reasons for oil
loss during extraction: firstly, oil droplets did not coalesce into large enough droplets
during malaxing, therefore making separation difficult during the decanter centrifugation
step. Secondly, some parenchyma cells were not ruptured during the destoning, grinding
and malaxing steps to release the oil droplets from their cytoplasm, and these whole intact
cells remained in the pomace after centrifugation. It should be noted that these findings
were observed with early season fruit. The discrepancy in the oil yields from total oil

content versus commercial cold-pressed oil yield is examined further in Chapter 5.

4.4 Conclusions

This work is the first published work showing the changes in cell structure during the
cold-pressed avocado oil extraction process. During commercial cold-pressed avocado
oil extraction processing, oil is only recovered from the parenchyma cells in the flesh and
not the idioblast cells. The parenchyma cells were ruptured during destoning, grinding,
and after sitting for 30 min in the pre-malaxer tank (time 0 min malaxing). The two hours
of malaxing enabled the oil droplets to coalesce, which although it improved oil recovery,
some oil was still lost in both the solid and liquid waste streams. The measures of
electrical impedance and conductivity showed a correlation with microscopic cellular
structure and provided useful information to understand the cold-pressed avocado oil
extraction process. As these results showed the applicability of these electrical methods,
further experiments will be carried out which report on the influence of fruit maturity,
fruit ripeness, malaxing conditions and ultrasound treatment on microstructural changes

and oil yield during cold-pressed oil extraction of ‘Hass’ avocado.
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Chapter 5:
Effect of fruit ripeness and maturity on
microstructural changes and oil yield during

cold-pressed oil extraction of ‘Hass’ avocado
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5.1 Introduction

Fruit maturity can be defined in two ways: the first is horticultural maturity, where the
fruit is harvested at a stage of development that will allow the fruit to ripen to an
acceptable taste and overall quality in order to meet consumer requirements, and the
second is physiological maturity, where the fruit will continue to physiologically develop
after harvest i.e. ripen for seed dispersal (Watada et al., 1984). Hereafter we will refer to
horticultural maturity when discussing maturity since this is the most relevant term for
the oil extraction process. Once an avocado fruit has formed on the tree, it slowly matures
over approximately ten months, and increases in size, dry matter content and oil content
in the flesh tissue, while the moisture content of flesh tissue decreases (Kikuta & Erickson,
1968; Lawes, 1980; Pearson, 1975; Wong et al., 2008). Avocados are unique in that they
do not ripen while they are attached to the tree, even if they have attained both
physiological maturity, and even high horticultural maturity. Healthy avocado fruits stay
firm (unripe) and remain attached to the tree, continuing to grow and to accumulate oil
for several months after reaching horticultural maturity but once harvested they begin to
ripen (Whiley et al, 2002). During ripening, the activities of cellulase and
polygalacturonase in the avocado mesocarp tissue increase dramatically leading to the
disappearance of the middle lamella of the parenchyma cells and to pectin removal from
the cell wall matrices (Seymour & Tucker, 2012). A loss of organisation and density in
the cell walls is accompanied by an increase in fruit softening (Platt-Aloia & Thomson,

1981; Seymour & Tucker, 2012).

The degree of fruit ripening, monitored by fruit softness, affects cold-pressed avocado oil
yield and quality (Woolf et al., 2009). The effect of ‘Hass’ avocado ripeness on cold-

pressed oil yield and quality was studied by Woolf et al. (2009) who found the cold-
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pressed oil yield increased from 7 to 11% (g of 0il/100 g of fresh flesh weight) with
increasing fruit ripeness. They also found there was a corresponding increase in free fatty

acids content (FFA%) from 0.03 to 0.12% w/w (as oleic acid).

Horticultural maturity has also been found to have a significant impact on the oil yield
for cold-pressed avocado oil manufacturers (Woolf et al., 2009). It has been observed that
there is a significant increase in total oil in the fruit as they mature over the season; the
total oil content of the fruit increases up to 23 — 25% (g of 0il/100 g of fresh flesh) later
in the season compared to 15 — 18% (g of 0il/100 g of fresh flesh) early in the season.
However, over the harvest season (6 months), there is a significant change in the
proportion of total oil available that could be extracted by cold-pressed oil extraction, as
nearly 100% of oil can be recovered from late season avocado fruit, but only = 75% of

oil is able to be recovered from early season fruit (Woolf et al., 2009).

Optimising oil extraction yields from avocado flesh is important for the avocado oil
industry. The effect of fruit ripeness and maturity on microstructural changes during cold-
pressed avocado oil extraction can be used to identify the factors that influence avocado
oil extraction. The hypothesis is that the cells in riper and late maturity fruit flesh are
easier to rupture during the cold-pressed oil extraction process, which results in a higher
oil extraction efficiency. The objective of this study was to use electrical impedance
spectroscopy (EIS) and electrical conductivity to investigate microstructural changes in
avocado tissue during both laboratory-based and commercial cold-pressed extraction
from fruit at different stages of ripening and maturity. The disruption of the parenchyma
cell walls during commercial cold-pressed oil extraction of avocado for fruit at different

stages of maturity and ripening was also observed with light microscopy examination. As
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fruit are ripened to a similar ripeness value for commercial oil extraction, to evaluate the
impact of fruit ripeness on cell structure and oil yield, the fruit were extracted using the

laboratory-based extraction procedure.

5.2 Experimental design

5.2.1 Effect of fruit ripeness on microstructural changes and oil yield during
laboratory-based cold-pressed extraction

‘Hass’ avocado fruit (Persia americana Mill, = 10 kg) were harvested from Plant and
Food Research Ltd orchards in the Bay of Plenty, New Zealand, in August 2016 and
ripened to the target firmness values of 55, 80 and 105 Fv following the procedures as

described in Section 3.1.2 (Figure 5.1).

Fully ripe Over ripe
Firmometer value: 80 Fv Firmometer value: 105 Fv

Figure 5.1: ‘Hass’ avocado fruits at the three different stages of ripening; 55, 80 and 105
Fv.

The main steps in the experiment looking at the effect of fruit ripeness on microstructural
changes and oil yield during laboratory-based cold-pressed extraction are shown in Figure

5.2.
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Figure 5.2: Flow diagram for the experimental procedure to investigate the effect of fruit ripeness on microstructural changes and oil yield during

laboratory-based cold-pressed extraction. Electrical impedance measurement, electrical conductivity measurement and light microscopy

observation were carried out at each sampling point during the extraction process.

DM: Dry matter content (g dry flesh/100 g fresh flesh weight).
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Postharvest assessments of avocado fruit, including dry matter determination, firmness
measurement and total oil content determination of fresh fruit were carried out on 20

avocado fruit following the methods described in Sections 3.2.1, 3.2.3 and 3.5.

Laboratory-based cold-pressed oil extraction of avocado fruit at three different stages of
ripening were carried out following the procedures as described in Section 3.3.2. EIS,
electrical conductivity and light microscopy were used to examine avocado flesh structure
at defined steps (intact flesh before grinding, fruit pulp at 0 min malaxing, fruit pulp after
60 min malaxing and fruit pulp after 120 min malaxing) during the extraction process
following the procedures as described in Sections 3.6.2, 3.7.2 and 3.8.1. Analysis of oils,
including the free fatty acid content (FFA%) and the peroxide value (PV) determination,

were carried out following the procedures as described in Section 3.11.

Statistical analysis of data was carried out following the methods as described in Section
3.12. Postharvest assessments of avocado fruit and the laboratory-based avocado oil
extraction experiments were performed in triplicate. Electrical impedance measurement
for intact avocado fruit was carried out on ten replicates. Electrical impedance,
conductivity and cold-pressed oil yield measurements for avocado pulp were carried out
in triplicate. FFA% and PV determination for cold-pressed avocado oil were performed

in triplicate.

5.2.2 Effect of fruit maturity on microstructural changes and oil yield during
commercial cold-pressed extraction
The steps in the experiment to investigate the effect of fruit maturity on microstructural

changes and oil yield during commercial cold-pressed extraction are shown in Figure 5.3.
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Figure 5.3: Flow diagram for the experimental procedure to investigate the effect of fruit maturity on microstructural changes and oil yield during

commercial cold-pressed extraction. Electrical impedance measurement, electrical conductivity measurement and light microscopy observation

were carried out at each sampling point during the extraction process.

DM: Dry matter content (g dry flesh/100 g fresh flesh weight).
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‘Hass’ avocado fruit were harvested from commercial orchards in Northland, New
Zealand, from September 2016 through April 2017 (Figure 5.3), and ripened to the target
fruit firmness at 80 + 2 Fv following the procedures as described in Section 3.1.1.
Postharvest assessments of avocado fruit, including dry matter determination, firmness
measurement, and total oil content determination of fruit were carried out following the
methods described in Sections 3.2.2, 3.2.3 and 3.5. Firmness measurement of fresh fruit

were performed on 30 avocado fruit.

Commercial cold-pressed oil extraction of avocado fruit (= 650 kg) at six different stages
of maturity was carried out at the Olivado Ltd, Kerikeri, New Zealand as described in
Section 3.3.1. The dry matter values of fruit ranged from 24% (which is just at the
minimum level for commercial harvest in New Zealand), to 34% by the end of the harvest
season (April) seven months later, thus spanning the period that fruit would be harvested
for fresh fruit consumption (oil fruit in New Zealand being sourced from rejected fresh
fruit). EIS, electrical conductivity and light microscopy were used to examine avocado
flesh structure at defined steps during the extraction process (intact flesh before grinding,
fruit pulp at 0 min malaxing, fruit pulp after 60 min malaxing, fruit pulp after 120 min
malaxing and fruit pomace after decanting centrifugation), following the procedures as
described in Sections 3.6.1, 3.7.1 and 3.8.1. Cell wall extraction trials for selected samples

were carried out following the procedures as described in 3.10.

Statistical analysis of data was carried out following the methods as described in Section
3.12. At each fruit harvest time, triplicate samples were collected at different times during
the extraction process from one malaxer. Dry matter determination and total oil content

determination for avocado pulp were carried out in triplicate. Electrical impedance
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measurement for intact avocado fruit was carried out on ten replicates. Electrical
impedance, conductivity measurements and cell wall extraction trails for avocado pulp

were carried out in triplicate.

5.3 Results and discussion

5.3.1 Effect of fruit ripeness on laboratory cold-pressed avocado oil extraction
5.3.1.1 Laboratory cold-pressed oil yield and quality

In this study to determine the effect of fruit ripeness on microstructural changes and oil
yield during laboratory-based cold-pressed extraction, fruit dry matter and the total oil
present in the flesh, as determined by solvent extraction (ASE), were found to be the same
(p > 0.05) for the fruit from three different firmness values (Table 5.1). Fruit of the same
dry matter would be expected to have similar quantities of oil present based on fresh fruit
flesh weight. In contrast, the laboratory scale cold-pressed oil yield increased
significantly (p < 0.05) with decreasing fruit firmness (i.e. riper fruit). These results are
similar to the findings of Woolf et al. (2009) on late season ‘Hass’ avocado where they

also found a higher cold-pressed oil yield was obtained from riper ‘Hass’ avocado fruit.

In terms of oil quality extracted by laboratory-based cold pressing, the FFA% and PV of
the oils significantly increased with fruit ripeness from 0.24 to 0.37% (as oleic acid) and
1.18 to 2.23 (meq/kg oil), respectively (Figure 5.4). During fruit ripening, the incidence
of rots (body and stem-end rots) and internal disorders (flesh browning) increased
markedly from = 0% (amount of rots in fruit) at 55 Fv, to = 5% at 80 Fv, to = 10% at 105
Fv, this results in the reduction in cold-pressed oil quality. This result agrees with Woolf
et al. (2009) who found that the increased rots level in avocado fruit resulted in a

significant increase in FFA% of the oils. FFA% of the cold-pressed avocado oil increased
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from 0.36% to 0.42% to 0.80% when the rot level in fruit increased from 5% to 10% to
15%. Similar results were also found in the cold-pressed olive oil extraction that the FFA%
and PV of olive oil significantly increased with the increased rots level in olive fruit
(Garcia et al., 1996; Kiritsakis, Nanos, Polymenopulos, Thomai, & Sfakiotakis, 1998).
The increases in FFA% and PV are related to the lipid hydrolysis reactions and oxidation
of oil after oil is released from the cells. The lipid hydrolysis reactions could be the result
of fungal lipase activity reported for olive oil (Kiritsakis et al., 1998). In avocados, the

presence of rots could lead to increased lipid hydrolysis with damaged fruit cells.

Table 5.1: ‘Hass’ avocado fruit flesh dry matter, total oil present in flesh (determined by
ASE solvent extraction) and laboratory-based cold-pressed extraction oil yield for fruit

ripened at different firmness; 55, 80 and 105 Fv (mean + SE, n = 3).

Fruit firmness

55 Fv 80 Fv 105 Fv
(minimally ripe) (fully ripe) (over ripe)
Laboratory-based 7.38 £0.22% ® 8.92+£0.35% ° 9.95+0.29% °
cold-pressed oil yield
(g 0il/100 g fresh
flesh weight)
Total oil present in 12.79 +0.27% ¢ 12.90 + 0.19% ¢ 12.83 £0.22% ¢
flesh (g 0il/100 g
fresh flesh weight)
Fruit flesh dry matter 24.18 £ 0.17% # 24.03 £0.15% * 24.18 £ 0.20% ~
(g dry flesh/100 g
fresh flesh weight)

ASame upper case letters denote no significant difference between dry matter values (p > 0.05).
»d Different lower case letters denote significantly different oil yield values for comparison

between rows and columns (p < 0.05).
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Peroxide value (meg/kg oil)

Free fatty acids content (% w/w as oleic acid)

Minimally ripe (55 Fv) Fully ripe (80 Fv) Over ripe (105 Fv)

Firmness

Figure 5.4: Free fatty acid content (FFA%) and peroxide value (PV) for oil extracted
from ‘Hass’ avocado fruits ripened to different firmness; 55, 80 and 105 Fv after
laboratory-based cold-pressed oil extraction (mean + SE, n = 3)

ABC Different upper case letters denote significantly different values for free fatty acid

content (p < 0.05).

b Different lower case letters denote significantly different peroxide values (p < 0.05).

5.3.1.2 Electrical impedance spectroscopy

Electrical impedance measurements are used to monitor rapid changes (within hours)
associated with physiological dysfunction and cell membrane damage of the intact fruit
flesh (e.g. chilling or heating injury) or to monitor changes that occur over a longer period
and are associated with cell wall degradation of the fruit (e.g. fruit ripening) (Harker &
Maindonald, 1994; Zhang & Willison, 1992a). A number of studies have demonstrated
that electrical impedance measurements are able to provide a useful insight into ripening
of fruit including nectarines, persimmon, tomato and kiwifruit (Bauchot, Harker, &
Arnold, 2000; Harker & Dunlop, 1994; Harker & Forbes, 1997; Harker & Maindonald,

1994; Varlan & Sansen, 1996).
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For fruit of different ripeness, the resistance of intact avocado fruit tissue at a low
frequency (50 Hz) decreased as the fruit softened from 55—105 Fv (Figure 5.5(a)). During
fruit ripening, the low frequency resistance of flesh tissue decreased by about 30% from
1856 + 50 Q to 1344 + 35 Q. In intact fruit tissue, higher resistances normally indicated
there was a lower concentration of ions in the apoplast, the tissue’s cell wall had a dense
structure and the plasma membranes were intact (Harker & Dunlop, 1994). A decrease in
resistance of fruit flesh tissue may be related to increased concentrations of mobile ions
in the apoplast and/or an increase in cross-section of the cell accessible to low frequency
current. A decreased resistance indicated degradation of the parenchyma cell walls in
avocado flesh with the corresponding leakage of ions from intracellular compartments
during avocado fruit ripening (Hershkovitz, Saguy, & Pesis, 2005; Platt-Aloia &
Thomson, 1981; Platt-Aloia et al., 1980). Therefore, the reduction in resistance observed
in this experiment, in the intact flesh, was highly likely to be due to enzymatic degradation
of parenchyma cells in the avocado mesocarp from increased cellulase and
polygalacturonase activity during avocado ripening. Such enzyme activity leads to a loss
of middle lamella structure (more hydrated and open structure) in the parenchyma cells
(Awad & Young, 1979; Platt-Aloia et al., 1980). The electrical reactance (the imaginary
part of impedance) of a plant tissue is related to the capacitance of the tissue (Harker &
Forbes, 1997). The electrical reactance of intact avocado fruit tissue did not change
significantly (p > 0.05) as fruit softened from 55 to 105 Fv. For example at 50 Hz, for
avocado fruit at 55, 80 and 105 Fv, the mean electrical reactance of the fruit tissues were
-107.6 £ 6.4, -107.0 £ 2.7 and -110.2 £ 6.9 Q, respectively. These results agree with
previous studies on kiwifruit and nectarine fruit ripening, which showed that the electrical
reactance of fruit tissue did not change during fruit ripening (Harker & Maindonald, 1994;

Bauchot, et al., 2000). Harker & Maindonald (1994) proposed that the cell membranes in
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fruit tissue remained structurally intact during fruit ripening, resulting in no observed

change in reactance although membrane permeability and function may have changed.

The electrical resistance was monitored in fruit pulp during the laboratory oil extraction
process for fruit at the three firmness levels. For all firmness levels, a significant reduction
(p < 0.05) in electrical resistance was observed after the grinding step (Figure 5.5(b)).
The majority of cell disruption was a result of the grinding step. This result supports the
findings of Petrakis (2006) and Woolf et al. (2009) and their research into cold-pressed
olive and avocado oil extraction; the grinding step in the process is designed to rupture
the fruit cells to release the oil droplets from inside the cell structure/cell membrane. The
electrical reactance (data not shown) of avocado fruit pulp tissue was not found to be
significantly affected by the fruit ripeness in this study. As found in Chapter 4 and the
previous studies from Harker and Dunlop (1994) and Jackson and Harker (2000),
reactance may not be used alone to investigate the cellular changes in plant tissues during

processing.
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Figures 5.5(b) to 5.5(d) show at 50 Hz, 10 kHz and 1 MHz, the softer fruit (105 Fv) was
found to have lower electrical resistance values at each sampling point during the oil
extraction process, which suggested more cell rupture occurred during extraction of the
softer and riper avocado fruit. The differences in resistance for avocados of different
firmness observed in Figures 5.5(b) to 5.5(d) could be related to the microstructural
changes in the avocado mesocarp caused by ripening. During avocado fruit ripening, most
of the cell wall polysaccharides of the parenchyma cells are subjected to some degree of
controlled degradation and a loosening of the polymer networks of the cell wall occurs.
These changes lead to reduced intercellular adhesion, a loosening of the cell wall structure
and a weakening of cell wall strength (Brummell, 2006b; Jeong et al., 2002; Platt-Aloia
& Thomson, 1981; Platt-Aloia et al., 1980). This may then result in the cell walls of the
parenchyma cells being softer in riper avocado fruit, which are easier to rupture during
the grinding step and thus results in lower electrical resistance values. Previous studies
have indicated that softer and riper avocado fruit yield more oil when extracted using
cold-pressed (Woolf et al., 2009) and solvent (hexane, SC-CO,) extraction systems
(Mostert et al., 2007), which in this experiments appears to be related to changes in the

avocado tissue at the microstructural level.

5.3.1.3 Electrical conductivity

Electrical conductivity measurements were used in this study to support EIS results to
determine the degree of cell rupture during the extraction process. Increased electrical
conductivity is due to an increase in ion leakage which, in turn, indicates a loss of

membrane integrity (Pesis et al., 2003).
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Figure 5.6: Electrical conductivity (uS/cm) of ‘Hass’ avocado flesh and pulp samples
from fruit at three fruit firmness stages (55, 80, 105 Fv; mean + SE, n = 3). Pulp samples
collected during laboratory-based cold-pressed oil extraction

¢ Different letters denote significantly different conductivity values (p < 0.05).

In this study, the electrical conductivity of intact ‘Hass’ avocado flesh increased
significantly (p < 0.05) as the fruit ripened (Figure 5.6), suggesting a loss of cell
membrane integrity in the avocado mesocarp of intact flesh as the fruit ripened. These
results agree with the previous study of Montoya et al. (1994) and Ahmed, Yousef, and
Hassan (2010) where electrical conductivity of the ‘Hass’ and ‘Fuerte’ avocado fruit tissue
increased as the fruit softened due to ripening. At each stage of malaxing (0, 60 and 120
min of malaxing), the softer and riper avocado fruit (105 Fv) showed higher conductivity
values compared to the unripe fruit (55 Fv; Figure 5.6), which indicated greater cellular
disruption occurred during the extraction of softer avocado fruit and more ions were

released into the apoplast.
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Figure 5.7: Laboratory-based cold-pressed oil yield of malaxed ‘Hass’ avocado pulp

samples at 55, 80 and 105 Fv as a function of (a) electrical resistance (Q2; at 50 Hz) and

electrical conductivity (uS/cm) of avocado pulp collected at 0 min malaxing.

The cold-pressed oil yield of malaxed avocado pulp samples at 55, 80 and 105 Fv are
plotted against the respective electrical resistance (at 50 Hz) and electrical conductivity
of fruit pulp samples collected at 0 min malaxing and are shown in Figure 5.7. The cold-
pressed oil yield showed a linear decrease (R? 0.91) with increasing electrical resistance
(R) and a linear increase (R? 0.88) with increasing electrical conductivity (C) (Equations
1 and 2). The following models (Equations 1 and 2) are proposed after correlating the
laboratory cold-pressed oil yield after malaxing the pulp at 45 = 1 °C at 20 rpm for 120
min to measured electrical resistance and electrical conductivity value at 0 min malaxing,
equations only apply to R and C at 0 min malaxing:

Laboratory-based cold-pressed oil yield =—0.049R + 25.08 (1)
Laboratory-based cold-pressed oil yield = 0.045C — 19.34 (2)
Therefore, there is a strong correlation between the cold-pressed oil yield of the pulp and
the electrical resistance and conductivity of a fruit pulp sample. The measurement of the

electrical resistance and electrical conductivity of the avocado pulp sample at 0 min
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malaxing can be applied in the oil industry to estimate the cold-pressed oil yield after 120

min malaxing.

5.3.1.4 Light microscopy

The microstructural changes in fruit tissue at different stages of firmness and during the
laboratory cold-pressed avocado oil extraction process were examined with light
microscopy. The light microscopy images of the fresh intact tissue from avocado fruit
with firmness of 55, 80 and 105 Fv are shown in Figure 5.8. Intact parenchyma cell walls
were visible (Figures 5.8(a) to 5.8(c)), but swelling of cell walls was observed during fruit
ripening and a loss of organization in the cell walls was found in the over-ripe avocado
fruit (Fv 105) (Figure 5.8(c)). In the over-ripe fruit, the cell walls were also observed to
be splitting apart from adjacent cells. This loss of cell wall organization could be due to
the action of the cell wall-degrading enzymes in the avocado mesocarp tissue. No
swelling of the idioblast cell walls was visible as the fruit softened (Figures 5.8(d) to
5.8(f)), and these cells remained intact after grinding and malaxing (Figure 5.9), as
reported in Chapter 4. The idioblast cell wall contains a specialised secondary suberin
layer rather than the single cellulosic wall of parenchyma cells, which may be the reason
the idioblast cell wall was more resistant to enzyme degradation and grinding (Platt-Aloia
et al., 1983; Platt-Aloia et al., 1980). Most of the parenchyma cells were disrupted after
grinding (Figures 5.9(a) to 5.9(c)) and less intact parenchyma cells were found in the pulp
of softer and riper avocado at different stages of malaxing (0 min, 60 min and 120 min)
than in the pulp of unripe avocado fruit (Figure 5.9). The light microscopy results support

the findings observed with EIS and electrical conductivity (Figures 5.5 and 5.6).
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Figure 5.8: Light microscopy images of the microstructure of parenchyma and idioblast cells in intact ‘Hass’ avocado mesocarp at different
firmness, (a) parenchyma cells at 55 Fv, (b) parenchyma cells at 80 Fv, (c) parenchyma cells at 105 Fv, (d) idioblast cell at 55 Fv, (e) idioblast cell
at 85 Fv, (f) idioblast cell at 105 Fv.

S: Swelling of parenchyma cell wall; B: Break of parenchyma cell wall; I: Idioblast cell wall.
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55 Fv (minimally ripe) 80 Fv (fully ripe) 105 Fv (fully ripe)
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Figure 5.9: Light microscpy images of the microstructure of ‘ass avocado flesh at different firmness, (a) 0 min alaxing, 55 Fv, (b) 0 min
malaxing, 80 Fv, (¢) 0 min malaxing, 105 Fv, (d) 60 min malaxing, 55 Fv, (¢) 60 min malaxing, 80 Fv, (f) 60 min malaxing, 105 Fv, (g) 120 min
malaxing, 55 Fv, (h) 120 min malaxing, 80 Fv, (i) 120 min malaxing, 105 Fv.

P: Unbroken parenchyma cells; I: Idioblast cell; O: Oil droplet from parenchyma cells.
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Avocado fruit firmness was correlated to cell wall swelling and ion leakage which was
monitored by EIS and electrical conductivity. The softer and riper fruit sample had lower
electrical resistance and higher conductivity. The ripe softer fruit (Fv 105) had a more
diffuse cell structure and thus were more easily disrupted by grinding, which lead to
improved cold pressed oil yields. During avocado fruit ripening the polymer networks of
the cell wall, primarily polysaccharides, begin to breakdown. This leads to a reduced
intercellular adhesion, a loosening and weakening of the cell wall strength and structure
(Brummell, 2006; Jeong et al., 2002; Platt-Aloia & Thomson, 1981; Platt-Aloia, et al.,
1980). Hence, softer parenchyma cells in riper avocado fruit cells are easier to rupture

during the grinding step resulting in a lower electrical resistance values.

5.3.2 Effect of fruit maturity on commercial cold-pressed avocado oil extraction
5.3.2.1 Commercial cold-pressed oil yield

In the study to determine the effect of fruit maturity on microstructural changes and oil
yield during commercial cold-pressed extraction, for each commercial factory sampling
date over the 2016/2017 season the firmometer readings were taken from an average of
30 fruit per sampling date. For the entire season, the firmness of the avocado fruits
processed were an average firmness of 80 + 2 Fv, which was within the recommended

firmness for oil extraction (Woolf et al., 2009).

In New Zealand, the commercial harvest season for ‘Hass’ avocados starts in June (with
limited fruit available), followed by a general peak between September and February-
March, then there is a tail of late season fruit that goes to April or May of the following
year. The harvests are dictated by the demand for local and export supply and may even

change from year to year depending on the target export markets. The main export season
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is November to February (New Zealand Avocado, 2019). The avocados harvested for this
experiment were horticulturally mature (dry matter content > 24% (g dry flesh/100 g fresh
flesh)) with harvest starting in September in New Zealand, 2016 (Figure 5.10). Before
harvest, the fruit development on the tree results in an increase in dry matter content =
24% (g dry flesh/100 g fresh flesh) in the early-season (September) to = 34% (g dry
flesh/100 g fresh flesh) in the late-season (April). The total oil content (determined by
chemical extraction - ASE) in the fruit flesh was highly correlated with the dry matter
content, which increased from = 13.5% (g 0il/100 g fresh flesh) in the early-season to =
23.5% (g 0il/100 g fresh flesh) in the late-season (Figure 5.10). These results are in
agreement with previous studies of avocado maturity (Hopkirk, 1989; Kikuta & Erickson,

1968; Lawes, 1980; Lee et al., 1983).

40
—&— Dry matter content %

—e— Total oil content %

(=]

o\ 35_ C . . . 0
S —A— Commercial oil yield %
T8
> =

— <
.ag 30 4
©

o 8

0N = 254
&) o
(SIS

T 9
o": 20
© 0o

(6 S

S £ 154
o ©

g E
58 10
806

5 T T T T T T
15 Aug 24 Sep 3 Nov 13 Dec 22 Jan 3 Mar 12 Apr

Sampling date

Figure 5.10: Changes in ‘Hass’ avocado fruit flesh dry matter content % (g dry flesh/100
g fresh flesh), total oil % present in flesh (g 0il/100 g fresh flesh; determined by ASE
solvent extraction) and commercial cold-pressed extraction oil yield% (g 01l/100 g fresh
flesh) over the 2016-2017 commercial harvest and oil processing season in New Zealand

(mean + SE, n = 3)
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The commercial cold-pressed oil yield at Olivado NZ was obtained based on processing
from one malaxer of = 650 kg of avocado. Early in the season, there was = 3% difference
between the total oil content in the flesh and the commercial cold-pressed oil yield
achieved (Figure 5.10). However, the oil extraction efficiency increased later in the season,
the difference between the total oil content and the commercial oil yield decreased to =
1% in March and April 2017 (Figure 5.10). Since commercial oil extractions were carried
out on avocado fruits at the same firmness stage (Appendix III), the differences in cold-
pressed oil yield were therefore assumed to be not due to any differences in ripeness.
These findings agree with the previous study by Woolf et al. (2009) who found the oil
was more difficult to be recovered from early maturity ‘Hass’ avocado by cold-pressed
aqueous extraction, although that result was derived from estimated incoming dry matter
values and commercial oil yield records, whereas in this experiment these results are
derived from measured dry matter and oil yields from a controlled experiment in the
factory. The reason for the lower extraction efficiency for cold-pressed oil extraction in
early-season fruit rather than for late-season fruit is still unclear. Hence, the hypothesis of
this experiment was that there are cell wall changes in the fruit over the season which

leads to optimal oil release. This will be explored more in Section 5.3.2.5.

5.3.2.2 Electrical impedance spectroscopy

The electrical resistance of intact avocado fruit flesh measured at six different stages of
maturity were found to be not significantly different (p > 0.05) when all were compared
to each other (Figure 5.11(a)). From this result, it is concluded that the fruit used for the
six commercial cold-pressed extractions were carried out with fruit at the same level of

ripeness based on results presented in Section 5.3.2.1 (Appendix III).
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Avocados harvested at six different maturity stages were subjected to a commercial cold-
pressed extraction process, the electrical resistance was monitored in the fruit pulp during
the malaxing step. For all maturity stages, the electrical resistance, at 50 Hz, decreased
from = 1650 Q to 400-500 Q after the grinding step (corresponds to time 0 min malaxing).
As shown earlier in Chapter 4, the grinding step resulted in the disruption of the majority
of the cells in the avocado flesh. Figures 5.11(b) to 5.11(d) show the resistance measured
in the pulp at each sampling point during the malaxing process (0, 60 and 120 min of
malaxing). There was a significant decrease (p < 0.05) in the electrical resistance from
fruit pulp samples collected in September 2016, to October 2016, December 2016 and
January 2017 for the frequencies measured at 50 Hz, 10 kHz and 1 MHz. There were no
significant changes (p > 0.05) in electrical resistance from fruit pulp samples collected in
January 2017 to March 2017 and April 2017. The results indicated more cell disruption
occurred during extraction of the avocado fruit harvest later in the season. These findings
also explained the results in Figure 5.10 that showed that the higher oil extraction
efficiency in the late-season was due to the cells in the late maturity fruit being easily

disrupted.
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Figure 5.11: Resistance (£2) of ‘Hass’ avocado flesh from fruit at six different stages of maturity (harvested between September to April 2016/17

season) (a) Resistance range 200-2000 Q with intact ‘Hass’ avocado flesh sample (mean + SE, n = 10); Resistance range 180-550 Q with avocado

pulp (b) At 0 min malaxing (after grinding); (¢) At 60 min malaxing; (d) At 120 min malaxing (mean + SE, n = 3).
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5.3.2.3 Electrical conductivity

For each harvest date no significant difference (p > 0.05) was found between the electrical

conductivity of intact ‘Hass’ avocado flesh at six different stages of maturity (Figure 5.12),

suggesting there was no significant difference in cell wall and membrane integrity as the

fruit matured. After grinding, the electrical conductivity of fruit pulp samples

significantly increased and the late-season avocado fruit showed higher conductivity

values (p <0.05) at 0, 60 and 120 min of malaxing (Figure 5.12), which indicated greater

cellular disruption occurred during the extraction of late maturity avocado fruit and more

ions were released into the extracellular fluid.
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Figure 5.12: Electrical conductivity (uS/cm) of ‘Hass’ avocado flesh and pulp samples

from fruit at six different stages of maturity (mean + SE, n = 3). Pulp samples collected

during commercial cold-pressed oil extraction

*d Different letters denote significantly different conductivity values (p < 0.05).
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Figure 5.13: Commercial cold-pressed oil yield of malaxed ‘Hass’ avocado pulp samples
at six different stages of maturity as a function of (a) electrical resistance (€2; at 50 Hz)

and electrical conductivity (uS/cm) of avocado pulp collected at 0 min malaxing.

Similarly to the previously findings in Section 5.3.1.3, a strong correlation between the

commercial cold-pressed oil yield of the pulp (after malaxed at 45 + 3 °C at 20 rpm for

120 min) and the degree of the cellular disruption in a fruit pulp sample (at 0 min malaxing)
and was found in this study (Figure 5.13). The commercial cold-pressed oil yield showed

a linear decrease (R? 0.97) with increasing electrical resistance (at 50 Hz; R) and a linear

increase (R? 0.94) with increasing electrical conductivity (C) (Equations 3 and 4),

equations only apply to R and C at 0 min malaxing:

Commercial cold-pressed oil yield =—0.160R + 89.10 3)

Commercial cold-pressed oil yield = 0.225C — 109.27 4

It was expected of the correlation equations for cold-pressed oil yield vs electrical
resistance and cold-pressed oil yield vs electrical conductivity for laboratory-based oil
extraction (Figure 5.7) and commercial oil extraction (Figure 5.13) to be similar.

Equations 1 and 2 have very different slopes to Equations 3 and 4. As the laboratory-
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based extractions were carried out with early season fruit it was expected this data would
be similar to early season from the commercial oil extraction. However, a lower cold-
pressed oil yield and more broken parenchyma cells indicated by lower electrical
resistance and higher electrical conductivity values was found in the laboratory-based oil
extraction of early season avocado fruit. This difference is firstly due to the different
malaxing times, since there was an additional 30 min pre-malaxing in the commercial oil
extraction. Secondly, the differences may be due to the different grinders applied in
laboratory-based (hammer mill) and commercial oil extraction (attrition mill). Therefore,
it is important for the commercial oil industry to use the correlations for commercial oil

extraction (Figure 5.13) to estimate the cold-pressed oil yield after 120 min malaxing.

5.3.2.4 Light microscopy

The microstructural changes in avocado fruit at different stages of maturity and during
the commercial cold-pressed oil extraction process was also examined with light
microscopy. After examining over 100 fields of view, it was concluded that after grinding,
fewer unbroken parenchyma cells were found in the pulp of late maturity avocado
samples at different stages of malaxing (0 and 120 min) than in the pulp of early maturity
fruit samples (Figure 5.14). Also, more unbroken parenchyma cells were found in the
pomace sample of early maturity fruit after the decanter (Figure 5.15). The light
microscopy results support the findings observed with the EIS and electrical conductivity
results (Figure 5.11 and 5.12). As hypothesised, there may be differences in the cell wall
composition of the parenchyma cells over the season which lead to differences in the

degree of cellular disruption during cold-pressed oil extraction.
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Figure 5.14: Representative light microscopy images of the microstructure of ‘Hass’ avocado pulped flesh at three different stage of maturity (a)

early-season (September), 0 min malaxing; (b) mid-season (December), 0 min malaxing; (c) late-season (March), 0 min malaxing; (d) early-season,
120 min malaxing; (¢) mid-season, 120 min malaxing; (c) late-season, 120 min malaxing. Cell walls were stained with toluidine blue staining.

P: Unbroken parenchyma cells; I: Idioblast cell; O: Oil droplet from parenchyma cells.
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Figure 5.15: Representative light microscopy images of the microstructure of pomace from decanting centrifuge at three different stage of maturity

(a) early-season (September), (b) mid-season (December), (¢) late-season (March). Cell walls were stained with toluidine blue staining.

P: Unbroken parenchyma cells; I: Idioblast cell.
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For all maturity stages, larger sizes of the oil droplets were found in the late maturity fruit
sample after 120 min of malaxing (Figures 5.14(d) to 5.14(f)). Early in the season, the
average diameter of oil droplets was = 90 um after 120 min of malaxing; however, the
average diameter of oil droplets increased to = 190 um in the mid-season and to = 260
um in the late-season after 120 min of malaxing. This may firstly be because of the higher
total oil content in the late maturity fruit flesh (Figure 5.10). Secondly, this may be due to
more cellular disruption in the late maturity fruit samples releasing more oil from the cells
which can easily agglomerate during malaxing, or may be due to more breakdown of cell

walls therefore the pulp is less viscous and it is easier for the oil to agglomerate.

5.3.2.5 Cell wall composition

As noted previously, it is hypothesised that the composition and structure of the
polysaccharides in the cell walls of fruit at different stages of maturity may affect the
efficiency of cellular disruption during the cold-pressed avocado oil extraction. However,
how the organisation of the polysaccharides and their composition relate to fruit maturity

and oil extraction process has not been studied previously.

A cell wall is made up of a network of cellulose microfibrils and cross-linking glycans
embedded in a highly cross-linked matrix of pectin polysaccharides (Alberts et al., 2002).
Analysis of the cell wall fractions obtained through chemical fractionation allows the
determination of the polysaccharide composition of the cell wall, which can give an
indication of the binding strength of polysaccharides to cellulose (Brummell, 2006a;
Selvendran, Stevens, & O'neill, 1985). Chemical extraction of cell wall fractions is often
based on sequential extraction with solvents of increasing strength, from this it is assumed

that the higher the solvent concentration needed to solubilise the polysaccharides, the
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stronger the bonding of those polysaccharides to cellulose (Redgwell & Selvendran, 1986;

Selvendran et al., 1985).

Figure 5.16(a) shows that the yield of the water-soluble polysaccharide fractions from
mid-season (December) and late-season (March) avocado fruit pulp was significantly
higher (p < 0.05) than that from the early-season (September) fruit pulp. Polysaccharides
in the water-soluble fraction would be freely soluble in the cell wall and would not be
strongly bound in any cell wall network (Brummell, 2006a). An increase in the yield of
the water-soluble fraction suggested that polysaccharides originally held in the cell wall
by covalent bonds become more weakly attached to the wall and eventually become freely
soluble (Brummell, 2006a). Their loss from the cell wall network would contribute to the
weakening of cell wall strength. In many fruit such as avocado and kiwifruit, a loosening
of the cell wall structure has been positively correlated with pectin solubilisation,
characterised by an increase in water-soluble polysaccharides yield (Defilippi,
Ejsmentewicz, Covarrubias, Gudenschwager, & Campos-Vargas, 2018; Jeong et al., 2002;
Redgwell et al., 1997). Figure 5.16(b) shows that the CDTA-soluble polysaccharide
fraction yield decreased (p < 0.05) with increasing fruit maturity. CDTA (the chelating
agent) is used to solubilise polysaccharides attached by calcium bridges to insoluble cell
wall components, which generates a fraction enriched in polysaccharide held in the wall
by ionic bonds (Jarvis, 1982; Jarvis, Hall, Threlfall, & Friend, 1981). The result suggests
that in late maturity avocado fruit, there are larger amounts of polysaccharides which are
freely soluble in the cell wall and less of them are held in the wall by stronger ionic bonds.
The result of this is a weakened cell wall. This is likely to be the reason why the
parenchyma cells were easier to disrupt during the extraction of late-season fruit. Also,

no significant difference (p > 0.05) was found for both the water- and CDTA-soluble
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polysaccharide fraction yields for fruit pulp collected at 0 min and 120 min of malaxing
(Figure 5.16), which indicated that the malaxing did not result in any changes to the

composition of the polysaccharides in the cell walls.
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Figure 5.16: Polysaccharide yields of (a) water- and (b) CDTA-soluble fractions of ‘Hass’
avocado pulp samples at three different stages of maturity (mean + SE, n = 3). Pulp
samples collected during commercial cold-pressed oil extraction

AB Different upper case letters denote significantly different values for water- soluble
fractions (p < 0.05).

b Different lower case letters denote significantly different values for CDTA- soluble

fractions (p < 0.05).
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For avocado fruit at different maturity, the commercial cold-pressed oil yield was
correlated to the polymer network in parenchyma cell walls and to the degree of cellular
disruption, which was examined by light microscopy, EIS, conductivity measurement,
and chemical extraction of cell wall fractions. The parenchyma cells in late season fruit
have a weaker bonding strength holding the polysaccharides to cellulose in the cell walls,
thus were more easily disrupted by grinding which resulting in a lower electrical
resistance values and higher conductivity values, and lead to a higher cold pressed oil

yields.

5.4 Conclusions

Cold-pressed avocado oil extraction was strongly influenced by fruit ripeness and fruit
maturity. Avocado fruit softens during ripening and this corresponds to changes to the cell
wall microstructure of the mesocarp, where the cell wall was observed to be more open
and diffuse leading to greater cellular disruption. This led to increased conductivity values

and resulted in a higher cold-pressed oil yields.

Also, more parenchyma cell disruption occurred during extraction of late maturity
avocado fruit which led to decreased electrical resistance values, increased electrical
conductivity values and resulted in a higher cold-pressed extraction efficiency. Cells are
easier to be disrupted during the oil extraction of late maturity fruit, this is due to the

difference in the binding strength of polysaccharides to cell wall.
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Chapter 6:
Effect of malaxing conditions and ultrasound
treatment on microstructural changes,
rheological characterization and cold-pressed oil

yield
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6.1 Introduction

Malaxing is an important step in oleaginous fruit oil extraction to help the oil droplets
aggregate together to form a larger continuous oil phase, which will help to improve the
oil yield in the subsequent centrifugation steps (Petrakis, 2006; Wong et al., 2012).
Malaxing is achieved in a number of different types of vessels using hot water jackets.
The fruit pulp inside the vessel is heated and slowly mixed with stainless steel blades
attached to a central rotating shaft (Clodoveo, 2012; Wong et al., 2012). In cold-pressed
avocado oil extraction, the avocado pulp is continuously stirred in a malaxer at a low
speed (15-25 rpm) for times between 60 to 120 minutes. The malaxer is set to a desired
temperature (between 45 to 50 °C) and the aim is to heat the pulp to this temperature to
achieve good oil yield without a significant reduction in oil quality, but there is often a

delay in heating the pulp to the required temperature (Woolf et al., 2009).

The use of ultrasound waves has been introduced as a novel technology in the food oil
industry to improve oil yield. Ultrasound treatment could lead to cellular disruption and
oil aggregation to help improve the oil extraction process (Clodoveo, 2012; Juliano et al.,
2017). Cellular disruption is due to the cavitation phenomena, the vapour bubbles that are
created by ultrasound waves collapse near the biological cells to produce shock waves
that can disrupt the cell walls and membranes (Luque Garcia & Luque de Castro, 2003;
Mercer & Armenta, 2011). Oil aggregation is based on the principle of displacing
suspended oil droplets exposed to an ultrasonic standing wave field. A primary radial
force that is created by ultrasound waves moves the oil droplets towards each other, where
the oil droplets then coalesce at these points to form larger oil droplets which are more
likely to be effectively separated in the decanter step, thus increasing oil yield (Juliano et

al., 2011; Vilkhu et al., 2011).
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However, it is not clear how microstructure, rheological properties and oil yield are
affected by malaxing conditions and ultrasound treatments during cold-pressed avocado
oil extraction. The objective of this study was to investigate the effect of malaxing time
and temperature and the potential application of ultrasound treatments using laboratory
cold-pressed oil extraction of ‘Hass’ avocado. Electrical impedance spectroscopy (EIS)
and rheological measurements, combined with light microscopy and -electrical
conductivity measurements were used to monitor the microstructural and rheological
properties changes in the flesh of avocados during various stages of the oil extraction

process.

6.2 Experimental design

6.2.1 Effect of malaxing temperature on microstructural changes and oil yield
during laboratory-based (1L malaxer) cold-pressed extraction

The main steps in the experiment looking at the effect of malaxing conditions on
microstructural changes and oil yield during laboratory-based cold-pressed extraction are

shown in Figure 6.1.

‘Hass’ avocado fruit (Persia americana Mill.) were harvested in October 2016, December
2016 and March 2017 from Plant and Food Research Ltd orchards in the Bay of Plenty,
New Zealand. The fruit were ripened to the target fruit firmness at 80 Fv following the
procedures described in Section 3.1.2. Postharvest assessments of avocado fruit,
including dry matter determination, firmness measurement, and total oil content
determination of fresh fruit were carried out on 20 avocado fruit following the methods

described in Sections 3.2.1, 3.2.3 and 3.5.
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Fruit harvested in
October 2016
(DM: 26.41%)

Fruit harvested in
December 2016
(DM: 29.64%)

Fruit harvested in
March 2017

(DM: 34.38%)

Ripen

Fruit at 80 Fv

Sampling points:
I ] 1. Intact flesh
Lab base cold-pressed 2. Pulp at 0 min malaxing
POSthaI’VEit oil extracti%n 3. Pulp after 60 min malaxing
assessments 4. Pulp after 120 min malaxing
(1L malaxer) 5. Cold-pressed oil
| |
Firmness Dry matter Total oil content _ ' _ _ :
measurement determination measurement Malaxing at 30 = 1 °C|{ [Malaxing at 40 +1°C| |Malaxingat50=+1°C
| | | | |
Electrical Electrical Light Cold-pressed oil Viscosity QOil quality
impedance conductivity microscopy yield measurement analysis
measurement measurement

Figure 6.1: Flow diagram for the experimental procedure to investigate the effect of malaxing temperature on microstructural changes and oil yield

during laboratory-based cold-pressed extraction. Electrical impedance measurement, electrical conductivity measurement, light microscopy

observation and viscosity measurement were carried out at each sampling point during the extraction process.

DM: Dry matter content (g dry flesh/100 g fresh flesh weight).
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Laboratory-based cold-pressed oil extraction of avocado fruit was carried out at three
different malaxing temperatures, 30 + 1, 40 = 1 and 50 £ 1 °C, following the procedures
described in Section 3.3.2. For the early-season fruit samples (fruit harvested in October
2016), EIS, electrical conductivity and light microscopy were used to examine avocado
flesh structure at defined steps (intact flesh before grinding, fruit pulp at 0 min malaxing,
fruit pulp after 60 min malaxing and fruit pulp after 120 min malaxing) during the
extraction process following the procedures described in Sections 3.6.2, 3.7.2 and 3.8.
The viscosity of fruit pulp samples was measured following the procedures described in
Section 3.9.1. Analysis of oils, including the free fatty acid content (FFA%) and the
peroxide value (PV) determination, were carried out following the procedures described

in Section 3.11.

Statistical analysis was carried out following the methods described in Section 3.12.
Postharvest assessments of avocado fruit and the laboratory-based avocado oil extraction
experiments were performed in triplicate. Electrical impedance, conductivity, viscosity
and cold-pressed oil yield measurements for avocado pulp were carried out in triplicate.

FFA% and PV determination for cold-pressed avocado oil were performed in triplicate.

6.2.2 Effect of malaxing temperature on rheological properties and oil yield during
malaxing in rheometer (50mL malaxer)

The objective of this experiment was to determine the effect of malaxing temperature on
the rheological properties and oil yield during malaxing in a concentric cylinder geometry

in a rheometer (Figure 6.2).
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Fruit harvested in
August 2017
(DM: 24.37%)

Ripen

Fruit at 80 Fv

Es%setshs?rrl\é?]ig Lab base cold-pressed oil
extraction
(malaxing in rheometer )
' l | |
Firmness Dry matter Total oil content . o . o . o
measurement determination measurement Malaxing at 30 + 1 °C| [Malaxing at 40 =1 °C| [Malaxing at 50 +1 °C

Viscosity measurement Viscoelastic properties Cold-pressed
(monitored every minute measurement oil yield

during malaxing) (after 30, 60 and 120
min of malaxing)

Figure 6.2: Flow diagram for the experimental design to investigate the effect of malaxing conditions on rheological properties and oil yield during
malaxing on rheometer.

DM: Dry matter content (g dry flesh/100 g fresh flesh weight).
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‘Hass’ avocado fruit were harvested from Plant and Food Research Ltd orchards in the
Bay of Plenty, New Zealand, in August 2017 and ripened to the target fruit firmness at 80
Fv following the procedures described in Section 3.1.2. Postharvest assessments of
avocado fruit, including dry matter determination, firmness measurement, and total oil
content determination of fresh fruit were carried out on 20 avocado fruit following the

methods described in Sections 3.2.1, 3.2.3 and 3.5.

The apparent viscosity and the viscoelastic properties of avocado pulp samples were
monitored during malaxing using a rheometer (with a concentric cylinder geometry) at
three different malaxing temperatures, 30 + 1, 40 = 1 and 50 = 1 °C, respectively then the
oil was recovered from fruit pulp sample by the laboratory-based centrifugation following

the procedures described in Section 3.9.2.

Statistical analysis was carried out following the methods described in Section 3.12.
Postharvest assessments of avocado fruit and the laboratory-based avocado oil extraction
experiments were performed in triplicate. The apparent viscosity, viscoelastic properties

and cold-pressed oil yield measurements for avocado pulp were carried out in triplicate.

6.2.3 Effect of ultrasound treatments on microstructural changes and oil yield
during laboratory-based cold-pressed extraction

The objective of this experiment was to determine the effect of ultrasound treatments on
microstructural changes and oil yield during laboratory-based cold-pressed extraction

(Figure 6.3).
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Fruit harvested in
January 2018
(DM:33.51%)

Ripen

Fruit at 80 Fv

Postharvest

Ultrasound treatments at 45 + 1 °C Lab base cold-pressed
assessment oil extraction
Omin [ [5min| |10 min 15 min 20 min| |25 min
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Firmness Dry matter Total oil f'g/'raéﬁxr'ﬂ ,% flz)/lral%xrlyr: |gn fl:)/lrael‘)%xm 31
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measurement | [
\ : T ) Ultrasound
Electrical Electrical Viscoelastic Cold-pressed treatments
impedance conductivity properties oil yield for 20 min
measurement | [measurement measurement
ViSCOEIa-StiC C0|d_pressed
properties oil yield
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Figure 6.3: Flow diagram for the experimental design to investigate the effect of ultrasound treatments on microstructural changes and oil yield

during laboratory-based cold-pressed extraction.

DM: Dry matter content (g dry flesh/100 g fresh flesh weight).
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‘Hass’ avocado fruit were harvested from Plant and Food Research Ltd orchards in the
Bay of Plenty, New Zealand, in January 2018 and ripened to the target fruit firmness at
80 Fv following the procedures as described in Section 3.1.2. Postharvest assessments of
avocado fruit, including dry matter determination and firmness measurement, and total
oil content measurement of fruit were carried out 20 avocado fruit following the methods

as described in Section 3.2.1, 3.2.3 and 3.5.

The ground avocado pulp samples were sonicated (without malaxing) at 20-25 kHz for
5, 10, 15, 20 and 25 min, respectively, then the oil was recovered from fruit pulp sample
by laboratory-based centrifugation following the methods as described in Section 3.4.1.
EIS and electrical conductivity were used to examine avocado flesh structure after
ultrasound treatment following the procedures as described in Section 3.6.2 and 3.7.2.
The viscoelastic properties of fruit pulp samples were measured after ultrasound

treatment following the procedures as described in Section 3.9.1.

For a second ultrasound trial, the ground avocado pulp samples were malaxed in the
laboratory-based 1 L malaxer at 45 + 1 °C for 20, 40 and 60 min, respectively prior to the
ultrasound treatment at 20—25 kHz for 20 min, then the oil was recovered from fruit pulp
sample by laboratory-based centrifugation. This method was following the procedures as
described in Section 3.4.2. The viscoelastic properties of fruit pulp samples were
measured before and after ultrasound treatment following the procedures as described in

Section 3.9.1.

Statistical analysis was carried out following the methods as described in Section 3.12.

Postharvest assessments of avocado fruit and the laboratory-based ultrasound trials were
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performed in triplicate. Electrical impedance, conductivity, viscoelastic properties and

cold-pressed oil yield measurements for avocado pulp were carried out in triplicate.

6.3 Results and discussion

6.3.1 Effect of malaxing temperature on cold-pressed avocado oil extraction

6.3.1.1 Laboratory cold-pressed oil yield and quality

For the laboratory-based cold-pressed oil extraction (carried out in both the 1L malaxer
and 50mL malaxer for 120 min malaxing), the cold-pressed oil yield was found to
increase significantly (p < 0.05) with increasing malaxing temperatures at 30, 40 and 50
°C (Table 6.1). The oil yield increased by 11-21% (g 0il/100 g flesh fresh weight) between
30 and 50 °C malaxing temperatures. The increase in oil yield from 30 to 40 °C showed
an 8 fold increase, while from 40 to 50 °C the absolute yield increase was only 2—4% (g
01l/100 g flesh fresh weight) depending on the total oil content. In addition, at each stage
of fruit maturity (early, mid and late season), the cold-pressed oil yield from 30 °C
malaxing was much lower than that obtained from malaxing at 40 and 50 °C (Table 6.1).
These results are in line with the findings of Di Giovacchino et al. (2002a) on olive oil
extraction trials, which reported an increase in cold-pressed oil extraction efficiency from
76.5 to 82.5% (extraction yield/total oil content) can be obtained by increasing the
malaxing temperature during extraction, although this was from 18 to 32 °C. The results
also showed the difficulty of extracting oil from avocado compared to olive. It should be
noted that 30 °C is above the maximum temperature considered ‘cold pressed’ in olive oil
(Codex Alimentarius, 2017; International Olive Council, 2006). Woolf et al. (2009)
suggested a temperature of 50 °C as the upper limit for avocado oil extraction. The
increased yield with higher malaxing temperature is hypothesised to be partly due to the

decreased viscosity of avocado pulp and consequently it makes it easier for the oil
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droplets to coalescence together to form larger droplets and in turn making it easier to
separate the liquid phases from the solid phases during the centrifugation step. This is

examined and discussed in more detail in Section 6.3.1.4.

Table 6.1: ‘Hass’ avocado laboratory-based cold-pressed extraction oil yield at 30, 40
and 50 °C during malaxing, total oil present in flesh (determined by ASE solvent
extraction) and fruit flesh dry matter (mean = SE, n = 3) for fruit harvested at different
maturity in the season; early-season (October 2016, August 2017), mid-season

(December 2016) and late-season (March 2017)

Fruit Dry matter Total oil content 'Cold-pressed‘ml yield
h " content {1/100 o fresh from different malaxing temperature
i‘i;vtzs (g dry flesh/100 (& flesh% res (g 0il/100 g flesh fresh weight)
g fresh flesh) 30°C 40 °C 50 °C
O;J;’é’fr 2641+023%8  1599+0.19%° 1.05+0.07%2 11.59+0.16%° 13.43 +0.29% ¢
Dezcoelng'ier 2064 +017%C  19.56+0.20% 1.56+0.07%* 15.56+053%¢ 18.02+0.18%
1‘240";7“1’ 3438+025%° 2427+021%" 232+0.16%° 19.90+0.68%¢ 23.59 + 0.76%"
‘;‘(‘)‘lg;‘ff 2437+020%4 1501+0.15%% 1.01+0.08%° 871+0.12%">  11.65+ 0.35%°

* Laboratory-based cold-pressed extractions were carried out on 1L malaxer for the fruit harvested in
October 2016, December 2016 and March 2017.

** Laboratory-based cold-pressed extractions were carried out in a concentric cylinder geometry in a
rheometer (50mL malaxer) for the fruit harvested in August 2017.

A-D Different upper case letters denote significantly different dry matter content values (p < 0.05).

»h Different lower case letters denote significantly different total oil content and oil yield values for

comparison between rows and columns (p < 0.05).

In terms of oil quality, the FFA% and PV were monitored for one harvest time in October
2016. The FFA% and PV did not vary significantly (p > 0.05) with malaxing temperature
(Figure 6.4). This suggests that increasing malaxing temperature from 30 to 50 °C did not
increase the rate of lipid hydrolysis and oxidation. However, these two basic oil quality
measurements are not enough to define the overall quality of the oil. They do however
provide an initial indication that the extraction process carried out did not lead to poor

quality oils. Further research could be carried out to determine the effect of malaxing

158



temperature on the minor components such as pigments and tocopherols, oxidative

stability, smoke point and sensory characteristics of the cold-pressed avocado oil.

0.5+ - 2.0

| B
I

% Free fatty acids (% w/w as oleic acid)
Peroxide value (meg/kg oil)

30°C 40 °C 50 °C
Malaxing temperature

Figure 6.4: Percentage of free fatty acids (FFA%) and peroxide value (PV) for oil
extracted from ‘Hass’ avocado fruit (harvested in October 2016) at 30, 40 and 50 °C
malaxing temperature during laboratory-based cold-pressed oil extraction (mean £ SE, n
=3).

A Same upper case letters denote no significant difference between free fatty acid content
(p>0.05).

? Same lower case letters denote no significant difference between peroxide values (p >

0.05).

6.3.1.2 Electrical impedance spectroscopy and electrical conductivity

Measurement of EIS of the fruit pulp was used in this study to investigate the effect of
malaxing temperatures on microstructural changes during cold-pressed oil extraction.
Electrical conductivity measurements were also used to estimate the degree of cellular

disruption, to support EIS results.
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In fruit and vegetable processing, heating treatments can produce alterations to plant
tissue microstructure due to thermal degradation of the middle lamella pectin and other
cell wall polysaccharides, which can lead to loss of turgor pressure and purging of
occluded air (Gonzalez & Barrett, 2010). For example in kiwifruit, thermal treatment at
100 °C for 5 min was found to lead to the breakdown of cell membranes (Llano, Haedo,
Gerschenson, & Rojas, 2003). Fuentes et al. (2014) found potato samples processed at
temperatures above 60 °C (heating for 30 min) resulted in ruptured cell walls and
membranes which changed the EIS and electrical conductivity of samples, while no
significant changes in tissue microstructure and cell wall degradation were found in

samples processed below 60 °C.

Significantly, there was no difference (p > 0.05) between the electrical resistances (at 50
Hz, 10 kHz and 1 MHz) measured at each stage of malaxing (0, 60 and 120 min) for
different malaxing temperatures (Figure 6.5). Figure 6.6 shows the electrical conductivity
of avocado fruit pulp tissue did not change significantly (p > 0.05) with an increasing
malaxing temperature from 30 to 50 °C, for 0, 60 and 120 min malaxing time. These
results are in agreement with the EIS results which suggest that over the temperature
range between 30 to 50 °C these malaxing temperatures did not influence the breakdown
of the cellular structure during cold-pressed avocado oil extraction. This provides
additional evidence that EIS is a useful tool to measure cell breakdown, but not the
agglomeration of oil vesicles during malaxing. Fuentes et al. (2014) reported that heat
treatment below 60 °C did not lead to thermal degradation or loss of turgor pressure in

the cells.
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Figure 6.5: Resistance (Q) of ‘Hass’ avocado pulp tissue at various stage during malaxing at three different temperatures (30, 40 and 50 °C), (a)

At 0 min malaxing (after grinding); (b) At 60 min malaxing; (c) At 120 min malaxing’ (mean + SE, n = 3).
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Figure 6.6: Electrical conductivity (uS/cm) of ‘Hass’ avocado pulp tissue at the various
stages during malaxing at three different temperatures (30, 40 and 50 °C) (mean * SE, n
=3).

abe Different letters denote significantly different conductivity values (p < 0.05).

The EIS and the electrical conductivity results also suggest the increase in cold-pressed
oil yield with increasing malaxing temperature (Table 6.1) was not due to increased

cellular disruption that released more oil droplets.

6.3.1.3 Light microscopy

The microstructural changes in avocado pulp tissue during malaxing at different
temperatures was also examined with light microscopy. In the stained images, the oil
droplets from the parenchyma cells have a grey colour and the cell walls of idioblasts
stained a blue colour. The light microscopy images of the avocado pulp at 0 min malaxing
(after grinding) is shown in Figure 6.7. The change in the microstructure of the pulp tissue

after 60 and 120 min of malaxing at different malaxing temperatures is shown in Figure
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Figure 6.7: Light microscopy images of the microstructure of ‘Hass’ avocado pulp tissue
at 0 min malaxing (after grinding).

O: Oil droplet from parenchyma cells; I: Idioblast cell.

After grinding, the free oil droplets from parenchyma cells were scattered in the picture
with an average diameter = 15 um (Figure 6.7). After 60 min malaxing at 30 °C (Figure
6.8a), the size of the oil droplets increased to = 25 um average diameter, but the oil
droplets remained at this size after 120 min of malaxing (Figure 6.8b). During malaxing
at 40 °C (Figure 6.8¢—6.8d) and 50 °C (Figure 6.8e—6.8f), the average diameter of oil
droplets all increased with increasing malaxing time after 60 min (40 °C: = 40 um, 50 °C:
= 70 pm) and 120 min (40 °C: = 65 pm; 50 °C: = 100 pm) of malaxing. These
observations are similar to previous studies by Di Giovacchino (1989) and Di
Giovacchino (1996) on olive oil extraction and the previous findings in commercial scale
cold-pressed avocado oil extraction (in Chapter 4) that the oil droplets aggregate more
easily into larger droplets by malaxing to form a continuous oil phase. The increase in
malaxing temperature reduces the viscosity of the pulp leading to increased frequency of

droplet collisions and more oil aggregation (Jirgensons & Straumanis, 2013).
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60 min malaxing 120 min malaxing

® vz

Figure 6.8: Light microscopy images of the microstructure of ‘Hass’ avocado pulp tissue

at three different temperatures (a) 30 °C, 60 min malaxing, (b) 30 °C, 120 min malaxing,
(c) 40 °C, 60 min malaxing, (d) 40 °C, 120 min malaxing, (¢) 50 °C, 60 min malaxing, (f)
50 °C, 120 min malaxing.

O: Oil droplet from parenchyma cells; I: Idioblast cell.
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It has been reported that the oil droplets for continuous-process separation (centrifugation,
or ‘decanting’) during olive oil extraction must have a diameter of more than 30 pum to
achieve a good oil yield (Di Giovacchino, 1989, 1996). At 30 °C, over 80% of oil droplets
still had a diameter less than 30 um after 120 min malaxing, making the oil difficult to
recover by centrifugation and resulting in a much lower cold-pressed oil yield than when

the pulp was malaxed at 40 °C and 50 °C (Table 6.1).

6.3.1.4 Apparent viscosity of the avocado pulp during laboratory-based (1L malaxer)
cold-pressed extraction

Rheological property measurements are relevant in the food industry as an analytical tool
for physical characterization of raw material prior to manufacturing, for intermediate
products during processing and for finished food products (Tabilo-Munizaga & Barbosa-

Canovas, 2005).

Viscosity is an important rheological property, which is used to characterize flow
behaviour of foods (Tabilo-Munizaga & Barbosa-Canovas, 2005). The effect of malaxing
time and temperature on the viscosity of the avocado pulp were investigated in this study.
In Figure 6.9, the apparent viscosity (at a constant shear rate of 40 s') of the avocado pulp
during laboratory-based (1L malaxer) cold-pressed extraction at 30, 40 and 50 °C is
presented. Samples were collected after 60 min and 120 min of malaxing. At 30 °C, there
was no significant difference (p > 0.05) in the apparent viscosity when the malaxing time
increased from 60 to 120 min. During malaxing at both 40 and 50 °C, the apparent
viscosity of the avocado pulp decreased significantly (p < 0.05) with increasing malaxing

time at each temperature and with increasing malaxing temperature at each malaxing time.
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Figure 6.9: Change of apparent viscosity at a shear rate of 40 s™ for ‘Hass’ avocado pulp
during laboratory-based cold-pressed oil extraction at 30, 40 and 50 °C (mean + SE, n =
3).

¢ Different letters denote significantly different apparent viscosity values (p < 0.05).

6.3.1.5 Apparent viscosity of the avocado pulp during malaxing in rheometer

The change in the apparent viscosity of the avocado pulp during malaxing in the
concentric cylinder geometry in the rheometer (50mL malaxer) at 30, 40 and 50 °C is
presented in Figure 6.10. The advantage of malaxing the avocado pulp in the rheometer
was that the viscosity of the pulp could be monitored every minute while it was being
malaxed, which may provide more information on what is happening during malaxing.
The malaxer in the commercial avocado oil production mixed the avocado pulp with a
stirrer speed of 20 rpm. To try to simulate this mixing in the Discovery HR-3 hybrid
rheometer using a SPC geometry cup, the rheometer was set to a constant shear rate of
0.33 s”!. During malaxing in the commercial malaxers, the shear rate experienced by the

pulp would have varied with time as the pulp changed in viscosity. At each malaxing
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temperature, the apparent viscosity of the avocado pulp decreased with increasing
malaxing time. At 30 °C, the apparent viscosity decreased rapidly in the first 30 min of
malaxing and decreased steadily for the next 60 min until it reached a constant apparent
viscosity at 90 min. At 50 °C, the apparent viscosity of avocado pulp decreased rapidly

between 0 to 90 min of malaxing, then it about remained constant from 90 min.

Malaxing temperature significantly affected the apparent viscosity of avocado pulp, the
higher malaxing temperature resulted in a lower (p < 0.05) apparent viscosity value with
a faster (p < 0.05) rate of apparent viscosity decrease. The apparent viscosity of avocado

pulp decreased from = 26.0 Pa-s to = 17.0 Pa-s, 14.5 Pa-s and 11.5 Pa-s after 120 min

malaxing at 30, 40 and 50 °C, respectively.
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Figure 6.10: Changes of the apparent viscosity (Pa‘s) of ‘Hass’ avocado pulp during
malaxing at 20 rpm for 120 min in a rheometer with concentric cylinder geometry at

different malaxing temperatures (mean, n = 3).
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In liquid or semi-liquid food samples, the increase in oil droplet size is related to a
decrease in oil droplet number if all other system variables are kept constant (Hill &
Carrington, 2006). Larger oil droplets result in a decrease in the number of droplet-droplet
interactions and therefore a decrease in resistance to flow (Hill & Carrington, 2006).
Hence, the reduction of the apparent viscosity of avocado pulp tissue with an increasing
malaxing time and temperature is likely to be due to the increased oil droplet aggregation.
Oil aggregation decreased the number of oil droplets in the pulp thus the number of
interactions between oil droplets decreased as well, leading to an overall decrease in
apparent viscosity. These results are similar to the findings of Tamborrino, Catalano, and
Leone (2014) and Tamborrino et al. (2017) on olive oil extraction, when the apparent
viscosity of the olive paste decreased when malaxing time increased during oil extraction.
Moreover, these results agree with the previous study from Pal (1996) on the rheological
behaviour of oil-in-water emulsions, which indicated the size of oil droplet had a dramatic
effect on viscosity of samples. The emulsions which contained larger oil droplets had

lower viscosities.

6.3.1.6 Viscoelastic properties of the avocado pulp during malaxing in rheometer

The viscoelastic properties including the elastic and viscous behaviours of the food
material can be used to evaluate materials with semi-solid characteristics. In food
materials, the storage modulus (G’) is a measure of the degree of elastic behaviour; the
loss modulus (G ) is an indicator of the degree of viscous behaviour (Miri, 2011; Tabilo-
Munizaga & Barbosa-Céanovas, 2005). The viscoelastic properties of food materials can
be determined from oscillatory testing, when the material is subjected to harmonically
varying (usually sinusoidal) small amplitude deformations in a simple shear field (Rao,

2010).
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Figure 6.11: Changes of the G’, G” (Pa) of ‘Hass’ avocado pulp over a range of frequencies from 0.01 to 10 Hz and at a constant strain of 0.5%

after malaxing in rheometer for (a) 30 min; (b) 60 min and (c) 120 min at 30, 40 and 50 °C (mean + SE, n = 3).
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The G’ and G” of avocado pulp collected after 30, 60 and 120 min of malaxing in
rheometer (50mL malaxer) at 30, 40 and 50 °C are shown in Figure 6.11. The frequency
dependency of the storage modulus, G, and the loss modulus, G~ were not different for
the avocado pulp samples regardless of the malaxing time and temperature. Both G and
G ” increased with frequency for all the avocado pulp samples. Also, Figure 6.11 indicates
the predominance of a solid-like behaviour for the avocado pulp as the G’ was greater
than G” (Lapasin & Pricl, 1995). Similar rheological behaviours (solid-like behaviour)
were also found in the other fruit and vegetable pulp samples including strawberry,
blueberry, tomato and potato puree (Ahmed & Ramaswamy, 2006; Bayod, Willers, &

Tornberg, 2008; Gao, Yu, Zhang, Xu, & Fu, 2011).

The G’ values (at 0.01, 0.5 and 10 Hz) of avocado pulp decreased (p < 0.05) with an
increasing malaxing time from 30 to 120 min (Figure 6.11) at each malaxing temperature
(30, 40 and 50 °C). Similarly, Martinez-Padilla et al. (2017) reported that the G’ of
avocado pulp was lower than the initial value after malaxing for 60 min at 45 °C. In
addition, the results showed that malaxing at the higher temperature resulted in the lower
(p <0.05) G’ values (at 0.01, 0.5 and 10 Hz) at each sampling point (30, 60 and 120 min)
during malaxing. The decreasing G’ values with increasing malaxing time and
temperature may be explained by the increase in the liquid-like behaviour of the avocado
pulp corresponding to oil droplets in the avocado pulp coalescing. The G’ value is a
measure of the storage of elastic energy through particle-particle interaction (Larson,
1999). A decrease in G’ reflects a decrease in particle-particle interaction, which may be
due to the increase in oil droplet size in the avocado pulp sample leading to a decrease in
the number of “contact” points between the oil droplets (Larson, 1999; Tadros, 2017).

These results agree with the findings from Pal (1996) who indicated the larger size of the
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droplets gave lower G’ values for both of the water-in-oil and oil-in-water emulsion.

These results also agree with the observations with light microscopy in Section 6.3.4.

6.3.2 Effect of ultrasound treatment on cold-pressed avocado oil extraction

6.3.2.1 Laboratory cold-pressed oil yield during ultrasound treatment

To determine the effect of ultrasound treatments on microstructural changes and oil yield
during laboratory-based cold-pressed extraction, avocado fruit were harvested from Plant
and Food Research Ltd orchards in the Bay of Plenty, New Zealand, in January 2018. The

average dry matter content of fruit flesh was 33.51 £ 0.12% (g dry flesh/100 g fresh flesh)

and the total oil content of fruit flesh was 24.08 £+ 0.30% (g 0il/100 g fresh flesh).

For samples not treated with ultrasound (0 min; control), the extraction yield of these
samples at 45 °C was 0.72 + 0.04% (g 0il/100 g fresh flesh). This low yield compared to
earlier results (Table 6.1) was due to the less malaxing time, even though the fruit were
all at the same firmness/ripeness. When the avocado oil was extracted by ultrasound
treatments for 5-25 min at 45 °C (then centrifugation) without malaxing, ultrasound
treatment at 2025 kHz significantly increased (p < 0.05) the oil extraction yield between
0 and 20 min of ultrasound treatment at 45 °C, which produced an oil yield 0f9.97 £ 0.17%
(g 01l/100 g fresh flesh) (Figure 6.12). The oil extraction yield did not increase further
when the samples were treated with 25 min ultrasound (Figure 6.12). These results agree
with a previous study by Juliano et al. (2013a) on laboratory scale trials looking at the
effect of ultrasound treatment on cold-pressed olive oil extraction. Juliano et al. (2013a)
found the ultrasound treatment for 10 min at 35 kHz significantly increased the olive oil
extraction yield from 1.0% to 5.4% (g 01l/100 g fresh flesh) without the malaxing step. In

comparison to the laboratory-based cold-pressed oil extraction for late season avocado
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with the similar total oil content at 24.27 + 0.21 (g of 0il/100 g of fresh flesh), the
ultrasound treatment at 20-25 kHz gave a significantly higher (p < 0.05) oil yield than
that from 120 min malaxing at 30 °C (2.32 + 0.16%, g 0il/100 g fresh flesh), but a
significant lower (p < 0.05) oil yield than that from 120 min malaxing at 40 °C (19.90

0.68%, g 0il/100 g fresh flesh) and 50 °C (23.59 £ 0.76%, g 0il/100 g fresh flesh).

12

10 H

Oil yield (%; g oil/g flesh FWt)
(o))
1

T T T T T T T T T
5 10 15 20 25

o -

Ultrasound treatment time (min)

Figure 6.12: ‘Hass’ avocado extraction oil yield after ultrasound treatment at 20-25 kHz

for 0 to 25 min at 45 °C, without a malaxing step (mean + SE, n = 3).

6.3.2.2 Change in electrical impedance and conductivity during ultrasound treatment

Ultrasound treatment has been introduced as a novel technology in fruit and vegetable
processing to disrupt the cell walls and membranes, by which vapour bubbles very rapidly
form, grow and undergo implosive collapse near the cells, known as ‘cavitation’ (Luque
Garcia & Luque de Castro, 2003; Mercer & Armenta, 2011). In the previous study, Fava,
Alzamora, and Castro (2006) found ultrasound treatment on blueberry flesh samples at
20 kHz for 5 min resulted in cell wall shrinkage and rupture. However, in other fruits such

as melon and pineapple, ultrasound treatments at 25 kHz for 10-30 min did not induce
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breakdown of the cells in fruit flesh tissue (Fernandes, Gallao, & Rodrigues, 2008, 2009).

There was no significant difference (p > 0.05) between the electrical resistances (at 50
Hz, 10 kHz and 1 MHz) of avocado pulp samples after ultrasound treatment at 20-25 kHz
for 0, 5, 10, 15, 20 and 25 min (Figure 6.13). The ultrasound treatments at 20-25 kHz for
0—-25 min did not significantly (p > 0.05) affect the electrical conductivity of avocado fruit
pulp tissue (Figure 6.14), which was in agreement with the EIS results. These results
indicated that the ultrasound treatments did not assist in cellular disruption in the ground
avocado pulp. Compared to the study by Fernandes et al. (2008) and Fernandes et al.
(2009), who found ultrasound treatment at 20-25 kHz on melons and pineapples resulted
in cellular disruptions in fruit tissue, this may be due to the different fruit tissue

microstructure and the composition and structure of the polysaccharides in the cell walls.
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Figure 6.13: Resistance () of ‘Hass’ avocado pulp before and after ultrasound treatment

at 20-25 kHz for 5 to 25 min without malaxing step (mean + SE, n = 3).
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Figure 6.14: Electrical conductivity (uS/cm) of ‘Hass’ avocado pulp tissue before and
after ultrasound treatment at 20-25 kHz for 5 to 25 min without malaxing step (mean +
SE, n=3).

# Same letters denotes no significant difference between conductivity values (p > 0.05).

6.3.2.3 Change in rheological properties during ultrasound treatment

Figure 6.15 shows the effects of ultrasound treatment (without malaxing) on the
viscoelastic properties of avocado pulp. The results showed decreasing G’ values (p <
0.05) at 0.01, 0.5 and 10 Hz with an increasing ultrasound treatment time from 5-20 min,
with no further change in G’ observed at 20 min ultrasound treatment. These results are
correlated with the oil extraction yields in Figure 6.12, in that the yields significantly
increased with ultrasound treatment for 5-20 min at 20-25 kHz, and did not increase
further with 25 min of ultrasound treatment. The decreased G’ values are related to the
oil globules coalescing in the avocado pulp. The ultrasonic waves alter the interaction
between oil globules through acoustic pressure; other studies have shown oil droplets

move towards each other to allow aggregation, forming larger oil droplets (Juliano et al.,
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2011; Vilkhu et al., 2011). Larger oil droplets resulted in a decrease in the number of
particle-particle interactions in avocado pulp, which gave lower G’ values and improved

the extraction oil yield.
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Figure 6.15: Changes of the G’, G” (Pa) of ‘Hass’ avocado pulp after ultrasound

treatment at 20-25 kHz for 5 to 25 min without malaxing step (mean + SE, n = 3).

6.3.2.4 Laboratory cold-pressed oil yield during malaxing with ultrasound treatment

Figure 6.16 shows the effect of ultrasound treatments on oil extraction yield with and
without ultrasound treatment applied to the malaxed avocado pulp samples. The results
show that increasing malaxing time with no ultrasound treatment increased the cold-
pressed oil yield due to the aggregation of oil droplets to form a continuous oil phase,
which made it easier to recover the oil by the centrifugation step. After 20 and 40 min of
malaxing, the addition of 20 min ultrasound treatment at 20-25 kHz on avocado pulp
samples significantly increased (p < 0.05) the oil extraction yield by 6.83 + 0.63% and
2.07 £ 0.17%, respectively. However, the ultrasound treatment did not significantly

change (p > 0.05) the oil extraction yield after the avocado pulp had been malaxed for 60
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min when compared to samples which had not been treated with ultrasound. Also, 20 min
malaxing followed by 20 min ultrasound treatment of avocado pulp samples gave a
significantly lower (p < 0.05) oil extraction yield than that of 40 min malaxing only
samples. There was no significant difference (p > 0.05) between the oil extraction yield
from 40 min malaxing samples followed by 20 min ultrasound treatment and 60 min

malaxing only samples.

Il Vialaxing only
22 1 Bl Valaxing + 20 min ultrasound treatment

20 de €
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Oil yield (%; g oil/g flesh FWt)
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Figure 6.16: ‘Hass’ avocado extraction oil yield effect without and with (20-25 kHz)

ultrasound treatment (20 min) at various malaxing times for 20, 40 and 60 min (mean *
SE, n =3).
¢ Different letters denote significantly different oil yield values (p < 0.05).

The results in Figure 6.12 and 6.16 for oil yield show that ultrasound treatment at 20-25
kHz for 20 min alone cannot achieve the desired oil yields but could help to reduce the
malaxing time if it can be applied at the same time as malaxing. Further research could
be carried out to determine the effect of ultrasound treatment on cold-pressed oil yield

when it is applied simultaneously with malaxing.
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6.3.2.5 Change in rheological properties during malaxing with ultrasound treatment

The impact of ultrasound treatment on viscoelastic properties of avocado pulp when the
malaxed fruit pulp samples were treated is shown in Figure 6.17. Firstly, the G’ values (at
0.01, 0.5 and 1 Hz) of avocado pulp decreased (p < 0.05) with an increasing malaxing

time from 20, 40 to 60 min, which are similar to the findings in Figure 6.11.

After the avocado pulp was malaxed for 20 and 40 min at 45 °C, the addition of 20 min
ultrasound treatment to the samples significantly decreased (p < 0.05) the G’ values (at
0.01, 0.5 and 1 Hz) for avocado pulp, which indicated that the oil droplets aggregated in
the pulp. When the pulp was malaxed for 60 min and then subjected to ultrasound
treatment, the G’ values (at 0.01, 0.5 and 1 Hz) for avocado pulp did not change
significantly (p > 0.05) after the ultrasound treatment. These results agree with the cold-
pressed oil yield results in Figure 6.16. After 20 and 40 min of malaxing, the addition of
20 min ultrasound treatment at 20-25 kHz on avocado pulp samples helped the oil

droplets to aggregate, hence lowering the G’ values.
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Figure 6.17: Changes of the G’, G (Pa) of ‘Hass’ avocado pulp after malaxing for a) 20

min; b) 40 min and ¢) 60 min at 45 °C, with and without 20 min ultrasound treatment at

20-25 kHz (mean + SE, n = 3).
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6.4 Conclusions

It can be concluded that the malaxing conditions, including time and temperature, are key
variables in the oil aggregation process during the cold-pressed avocado oil extraction.
Increasing the malaxing time assisted with oil aggregation and higher malaxing
temperatures also led to oil droplets aggregating more easily, which resulted in a higher
cold-pressed oil yield. The information about the oil aggregation in the avocado pulp can
be obtained by measuring the rheological properties of fruit pulp tissues. Raising the
malaxing time and temperature decreased the viscosity and reduced the solid-like
behaviour of the avocado pulp. This is because of the increased malaxing time and
increased temperature, which promotes aggregation of oil droplets thus decreasing the

number of interactions between oil droplets.

Ultrasound treatment at 20-25 kHz resulted in a reduction in the solid-like behaviour of
the avocado pulp and therefore this had a positive effect on avocado oil extraction yield
if the samples had been pre-malaxed or not. However, the higher malaxing temperature
and ultrasound treatments at 20-25 kHz did not appear to assist in cellular disruption

during cold-pressed avocado oil extraction.

The FFA% and PV of the cold-pressed avocado oil did not increase significantly with

malaxing temperature between 30 to 50 °C.

179



Chapter 7:
Cellular changes in ‘JS’ olive mesocarp during

commercial cold-pressed oil extraction
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7.1 Introduction

Since the process for commercial cold-pressed extraction of avocado oil has been
developed based on that for virgin olive oil extraction, the cellular changes in ‘J5’ olive
mesocarp were studied in this project to compare with the results obtained on ‘Hass’
avocado cold-pressed oil extraction. In addition, we have used techniques that have not
generally been used to study olive oil extraction, and this provides an additional

comparison of both the techniques and the systems.

In olive flesh, oil droplets are stored in the oil-bearing parenchyma cells in the mesocarp
(Marsilio, Lanza, & Angelis, 1996; Rapoport et al., 2016). During virgin olive oil
extraction, olive fruit are firstly washed then ground (including the stone) to disrupt the
parenchyma cells and release the oil droplets (Petrakis, 2006; Wong et al., 2012). After
grinding, a malaxing process is applied to coalesce the oil droplets then centrifugation is
used to separate the oil phase from the pomace and wastewater, which is what the process

for cold-pressed avocado oil extraction is based on (Petrakis, 2006; Wong et al., 2012).

One main difference between the cold-pressed oil extraction of olive and avocado are the
malaxing temperature and time. The virgin olive oil extraction must be carried out at no
higher than 27 °C and the malaxing time is normally less than 90 min, thus the
composition or organoleptic characteristics of the oil are not changed (Codex
Alimentarius, 2017; European Commission, 2002; International Olive Council, 2006;
Petrakis, 2006; Wong et al., 2012). The low temperature recommended also helps to
reduce lipase activity in olive fruit (Wong et al., 2012). Furthermore, the destoning step
is generally not applied in the virgin olive oil extraction due to the smaller size of fruit

stone and the higher flesh: stone ratio (ranging from 5:1 to 12:1 depending on the cultivar)
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in olive fruit (Petrakis, 2006; Therios, 2009). Also, the olive fruit stone was originally left
in to aid with the grinding step which can increase the cold-pressed oil yield by up to 1.5%

compared to processing with de-stoned olive fruit (Petrakis, 2006).

The use of electrical and rheological properties in the analysis of cell structure changes
in olive mesocarp during oil extraction has not been investigated. The objective of this
study was to use light microscopy, electrical impedance spectroscopy (EIS), electrical
conductivity and rheological measurements for determining whether different physical
assessment methods could be combined to monitor key steps in olive oil extraction and
guide improvements for extraction efficiency. This chapter will present results from
samples collected from a commercial factory trial to investigate the cellular changes in
‘J5’ olive mesocarp during cold-pressed oil extraction, and from a laboratory trial looking
at the effect of olive pulp storage time on EIS, conductivity and rheological measurements.
The results in this chapter have been published in Yang, Hallett, Oh, Woolf, and Wong

(2019).

7.2 Experimental design

7.2.1 Effect of sample storage time on electrical impedance, conductivity and
rheology measurements from laboratory-based experiments

Laboratory-based experiments were carried out to determine if the electrical impedance,
conductivity and rheological properties of olive pulp samples changed within the 4 h
required to transport samples back to from Olivado Ltd NZ’s Kerikeri plant to the

laboratory at the Mt. Albert Research Centre of Plant and Food Research Ltd, Auckland.

The main steps in the experiment looking at the effect of sample storage time on electrical
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impedance, conductivity and rheological measurements for cold-pressed olive oil

extraction are shown in Figure 7.1.

Fruit harvested in
May 2017

Washing & leaf

removal
Grinding Sampling point 1:
Pulp after grinding
Malaxing Sampling point 2-5:
at 20 rpm, 26 + 1 °C Pulp afte.r 15, 30,45 & 60 min
of malaxing
Stored at 4 + 1 °C Measured
for 4 h immediately
(after incubation)
Electrical impedance Electrical conductivity Rheological
measurement measurement measurement

Figure 7.1: Flow diagram for the experimental procedure to investigate the effect of
sample storage time on electrical impedance, conductivity and rheological measurements
for virgin olive oil extraction. Electrical impedance measurement, electrical conductivity

measurement and rheological measurement were carried out at each sampling point

during the extraction process.
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‘J5’ olive fruit (Olea europaea L, = 10 kg) were harvested in May 2017, held at 15 £2 °C
and were extracted within 12 h of harvesting. Effect of sample storage time (i.e. during
transport to Auckland) on electrical impedance, conductivity and rheological
measurements were studied following the methods described in Sections 3.6.3, 3.7.3 and
3.9.4. Statistical analysis was carried out following the methods as described in Section
3.12. The laboratory-based olive oil extraction experiments were performed in triplicate.
Electrical impedance, conductivity and rheological properties measurements were carried

out in triplicate.

7.2.2 Cellular changes in ‘J5’ olive mesocarp during commercial cold-pressed oil
extraction
The main steps in the experiment looking at cellular changes during commercial based

cold-pressed oil extraction for ‘J5’ olive are shown in Figure 7.2.

‘J5’ olive fruit (= 650 kg) were harvested and processed at Olivado Ltd, Kerikeri, New
Zealand in May 2017 following the procedures described in Sections 3.1.3 and 3.3.3.
Postharvest assessments of olive fruit, including dry matter determination, firmness
measurement, and total oil content determination of fresh fruit were carried out following
the methods described in Sections 3.2.2, 3.2.4 and 3.5. Firmness measurement of fresh

fruit were performed on 50 olive fruit.
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2017

Fruit harvested in May

Sampling point 1:
Intact flesh

Postharvest
assessments

Firmness measurement

Dry matter
determination

Total oil content
determination

Washing & leaf
removal

Grinding

| Pre-malaxing

Malaxing
at20rpm, 26 +1 °C

Decanter & disc
centrifugation

Electrical impedance
measurement

Sampling point 2:
Pulp after grinding

Sampling points 3-7:
Pulp after 0, 15, 30, 45
& 60 min of malaxing

Sampling points 8-9:
Pomace & Wastewatey

Commercial cold-pressed

oil yield

Electrical
conductivity
measurement

Rheological
measurements

Light microscopy

Cold-pressed oil
yield

Figure 7.2: Flow diagram for the experimental procedure to investigate cellular changes during commercial cold-pressed oil extraction for ‘J5’ olive fruit.

Electrical impedance measurements, electrical conductivity measurements, light microscopy observations, cold-pressed oil yield determination and rheological

measurements were carried out at each sampling point during the extraction process.

Sampling point 2 was the pulp sample existing the grinder; the pre-malaxer took 30 min to fill and then the pulp was transferred to the main malaxer, Sampling

point 3 was when the main malaxer was full (0 min malaxing); Sampling point 4-7 were 15, 30, 45 and 60 min after the malaxer was full.




EIS, electrical conductivity, light microscopy and rheological measurements were used
to examine olive flesh structure at defined steps during the extraction process (grinding,
malaxing and decanting) following the procedures described in Sections 3.6.1, 3.7.1, 3.8
and 3.9.3. The cold-pressed oil yield at each stage of malaxing in the commercial trial

was determined following the method described in Section 3.3.4.

Statistical analysis was carried out following the methods as described in Section 3.12. A
single commercial-based olive oil extraction trial and firmness measurement were
performed. Dry matter determination and total oil content determination for olive pulp
were carried out in triplicate. Electrical impedance measurement for intact olive fruit was
carried out on ten replicates. Electrical impedance, conductivity, rheological properties

and cold-pressed oil yield measurements for olive pulp were carried out in triplicate.

7.3 Results and discussion

7.3.1 Effect of sample storage time on electrical impedance, conductivity and
rheological measurements

Similarly to the factory extraction trials for cold-pressed avocado oil, the olive pulp
samples collected at Olivado Ltd NZ’s Kerikeri plant were rapidly cooled at the factory
with ice and stored in a chilly bin with ice to keep the samples at 4 £ 1 °C. Olive fruit
pulp samples were required to be held for 4 h for transport before electrical impedance,
conductivity and rheological measurements were carried out at the Mt. Albert Research
Centre of Plant and Food Research Ltd, Auckland. An experiment was carried out to
investigate if the electrical impedance, conductivity and rheological properties of olive

pulp samples changed after the 4 h storage at 4 + 1 °C.
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‘J5° olive fruit was ground and malaxed using the laboratory-based cold-pressed
extraction process and samples were collected at 0 (after grinding), 15, 30, 45 and 60 min
during malaxing. Samples were divided into two groups: one group of samples were
measured for electrical impedance, conductivity and rheological properties immediately
after collection, another group of samples were stored at 4 + 1 °C for 4 h then the electrical

impedance, conductivity and rheological properties were measured.

Figure 7.3 shows in comparison of olive pulp samples before and after 4 h storage at 4 +
1 °C, there were no significant changes (p < 0.05) on the electrical resistance in the low
frequency (50 Hz), medium frequency (10 kHz) and high frequency domains (1 MHz)
for olive pulp tissue collected at various stages during malaxing. Moreover, the electrical
conductivity and the viscoelastic properties (G’and G at 0.1, 1 and 10 Hz) of the olive
pulp tissue were not significantly affected (p <0.05) by the 4 h storage at 4 = 1 °C (Figures
7.4 & 7.5). Therefore, storing and transporting the olive pulp samples for 4 hat4 + 1 °C
from Olivado Ltd NZ’s Kerikeri plant to the Mt. Albert Research Centre of Plant and
Food Research Ltd, Auckland did not significantly influence the electrical impedance,

conductivity and rheological properties results in this project.
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Figure 7.2: Comparison of resistance of ‘J5° olive pulp tissue at 50 Hz, 10 kHz and 1

MHz before and after 4 h storage at 4 + 1 °C (mean + SE, n = 3).
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Figure 7.3: Comparison of electrical conductivity of ‘J5” olive pulp tissue before and
after 4 h storage at 4 + 1 °C (mean + SE, n = 3).
# Same letters denote no significant difference between conductivity values (p > 0.05).
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Figure 7.4: Comparison of viscoelastic properties (G’, G”) of ‘J5” olive pulp tissue at 0.1

Hz, 1 Hz and 10 Hz before and after 4 h storage at 4 + 1 °C (mean * SE, n = 3).

7.3.2 Cellular changes in ‘J5’ olive mesocarp during commercial cold-pressed oil
extraction

7.3.2.1 Olive fruit for commercial oil extraction trial

Unlike avocado fruit which does not ripen (soften) while attached to the tree, olive fruit
ripens during fruit development but their natural ripening does not continue once the fruit
has been harvested (Kailis & Harris, 2007; Schafter et al., 2013). The dry matter and total
oil content in olive fruit flesh are highly correlated, and largely increase during the
ripening period of fruit. Furthermore, an inverse relationship has been found between
total oil content and fruit firmness that the softer fruit give a higher total oil content

(Beltréan et al., 2004; Requejo-Jackman et al., 2010; Salvador et al., 2001).
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For virgin olive oil extraction, the optimal fruit harvesting time is when oil content is high
in the fruit (Petrakis, 2006). According to the previous study of Requejo-Jackman et al.
(2010) on New Zealand ‘Frantoio’ olives, which is the cultivar similar to New Zealand
‘J5’ cultivar used in the current research, the firmness of the fruit at 500-700 g/mm is
most suitable for oil extraction. The olive fruit selected for oil production in May 2017
were found to have an average firmness of 638.5 + 15.1 g/mm, which is in the target
firmness range. The average dry matter content (determined for pulp obtained from the
malaxer during extraction) of the fruit flesh extracted in the commercial trial in May 2017

was 39.59 + 0.18% (g of dry flesh/100 g of fresh flesh).

7.3.2.2 Total oil content and commercial olive oil yield

The total oil content (determined by ASE for pulp obtained from the malaxer during
extraction) of the olive fruit flesh extracted in the commercial trial in May 2017 was 17.1
+ 0.4% (g of 011/100 g of fresh flesh), and the commercial oil yield obtained was 14.1%
(g of 01l/100 g of fresh flesh) (Table 7.1). Similarly to the factorial trial for cold-pressed
avocado oil extraction (Sections 4.3.2 and 5.3.1), it was found that all the oil present was
not able to be extracted from the fruit via the commercial extraction process for virgin
olive oil extraction. The causes of this inefficiency will be further discussed in the

microscopy study below.

For determining the cold-pressed oil yield at each stage of malaxing in the commercial
trial (Table 7.1), olive pulp samples were collected at the factory at 15, 30, 45 and 60 min
malaxing and centrifuged by using a laboratory centrifuge to mimic the commercial
centrifugation system as the commercial system cannot be applied in the middle of

malaxing process due to technical and economic reasons. The cold-pressed oil yield
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increased with an increasing malaxing time from 15 to 60 min, which corresponded to
the previous studies from Amirante, Cini, Montel, and Pasqualone (2001) and Di
Giovacchino et al. (2002a) on olive oil extraction as well as the findings in Section 4.3.2
for cold-pressed avocado oil extraction. In comparison to the factory trial of cold-pressed
‘Hass’ avocado oil extraction, olive pulp gave higher oil extraction efficiencies (extraction
yield/total oil content) in that 73.0% and 84.9% of the oil was recovered after 30 and 60
min of malaxing, respectively. For avocado with the similar total oil content at 15.4 £ 0.3
(g of 0il/100 g of fresh flesh), the oil extraction efficiencies were only 5.2% and 37.0%
after 30 and 60 min of malaxing, respectively, in the factory malaxers (Section 4.3.2.1).
The different oil extraction efficiencies may be due to the different structure and texture
of fruit, which results in a faster oil droplets aggregation in olive fruit pulp than that of

avocado fruit pulp during malaxing.

Table 7.1: Total available oil and extraction yield from commercial cold-pressed ‘J5°
olive extraction and from samples collected during the extraction process (mean + SE, n

=3).

Malaxing time (min)

0 15 30 45 60

Total oil content measured by ASE

152+ 0.4¢
(g of 0il/100 g of fresh flesh)
Extraction yield at different
malaxing times (g of 0il/100 g of - 98+02* 11.1+0.2° 122+£0.4%  129+0.4°
fresh flesh)
Commercial cold-pressed oil yield 126

(g of 0il/100 g of fresh flesh)

*d Different letters denote significantly different oil yield values across rows and columns (p < 0.05).

7.3.2.3 Change in electrical impedance during commercial olive oil extraction
The degree of cell integrity in the olive flesh during the extraction process was

investigated using EIS. In the plot of EIS (Figure 7.6), a significant difference (p < 0.05)
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in electrical resistance at 50 Hz was found between the intact olive flesh (7373.6 + 283.3
Q) and ground flesh pulp samples (361.2 + 1.1 Q) after grinding. The loss of cellular
structure due to the grinding step led to a reduction in resistance at low frequency (Hayden
etal., 1969). The electrical impedance results did not change significantly (p > 0.05) after
grinding up to 60 min malaxing, indicating that grinding is the key step involved in cell

wall and membrane breakdown.
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Figure 7.5: Resistance (€2) determined by electrical impedance spectroscopy of ‘J5’ olive
flesh (mean = SE, n = 10) and pulp (mean + SE, n = 3) before grinding and at various

times during the oil extraction process.
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Figure 7.6: Nyquist plot of ‘J5’ olive flesh and pulp during cold-pressed oil extraction at

various stages of the oil extraction process (mean + SE, n = 3).

The loss of cellular structure due to the grinding step is further confirmed in the Nyquist
plot of olive flesh and pulp during cold-pressed oil extraction at various stages of the oil
extraction process (Figure 7.7). The Nyquist plot for the ‘intact flesh’ olive sample
showed a typical characteristic arc corresponding to an intact cellular structure. However,
such an arc was not seen for the Nyquist plot associated with olive pulp samples collected
after grinding during malaxing, indicating the cell walls and membranes had been

disrupted.

7.3.2.4 Change in electrical conductivity during commercial olive oil extraction

Measurement of the electrical conductivity of plant tissue was used to estimate the degree
of the cell wall and membrane intactness during processing (Figure 7.8). During fruit
processing, any damage to cell walls and membranes leads to diffusion of ions out of the

cell into the extracellular fluid, resulting in an increase in solution electrical conductivity
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(Palta et al., 1977). In this study, the electrical conductivity of ‘0 min malaxing’ olive
paste sample was found to be significantly higher (p < 0.05) than that of the ‘intact flesh’
sample (Figure 7.8), suggesting a loss of cell integrity in the olive mesocarp after grinding.
However, no significant difference (p > 0.05) was found between the electrical
conductivity of olive paste collected at 0 and 60 min malaxing, indicating the cellular
structure in the olive paste was not further ruptured during malaxing, as found in avocados.

The conductivity measurement confirms the results with EIS.
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Figure 7.7: Electrical conductivity (uS/cm) of ‘J5” olive flesh during cold-pressed oil
extraction at various stages of oil extraction process (mean + SE, n = 3).

&b Different letters denote significantly different conductivity values (p < 0.05).
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7.3.2.5 Changes in olive cellular microstructure during commercial oil extraction
monitored with light microscopy

In the intact olive fruit, well-structured parenchyma cells with a diameter of
approximately 80 um were found in the mesocarp (Figure 7.9a); this is slightly larger
than that from the avocado flesh (= 50 um diameter). The oil droplets were trapped inside
the cell walls and membranes (Figure 7.9b), as has been reported in previous studies

(Marsilio et al., 1996; Rapoport et al., 2016). No idioblast cells were found in the olive

flesh.
@~ D)) P ,
\ - o ’ ;
,Z«; - =
< ::_": | Palo £ \X
\\ / ; (s =4
12 y
- k- ), 3
) \ : ~/ oS 3 =
| 50um { ) . / ( )= g so’fum

Figure 7.8: Microstructure of intact ‘J5° olive flesh under light microscopy. (a) Image
from samples embedded in LR white resin, cell walls stain blue by toluidine blue staining
in the LR White embedded tissue. (b) Image from samples embedded in Spurr’s resin, oil
from parenchyma cells shows a grey colouration by osmium tetroxide fixation/staining
of the Spurr’s embedded material.

P: Parenchyma cells; O: Oil droplet(s).

A series of cellular changes in olive tissue were found throughout the extraction process.
After grinding, most of the parenchyma cells were ruptured and oil droplets were released
(Figures 7.10a & 7.10b), which was in agreement with the EIS and electrical conductivity
results (Figures 7.6, 7.7 & 7.8). The changes in olive pulp during malaxing indicated that
this step promotes aggregation of the oil droplets (Figures 7.10b, 7.10d & 7.10f). Before
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malaxing starts (0 min malaxing), the free oil droplets were scattered in the image with
an average diameter of = 10 um (Figure 7.10b); however, the average diameter of oil
droplets increased to = 60 um after 30 min malaxing (Figure 7.10d) and = 110 um after
60 min malaxing (Figure 7.10f). These results confirm the findings of Di Giovacchino
(1989) and Di Giovacchino (1996) on the study of virgin olive oil extraction, as well as
the previous study in Chapter 4 on the study of cold-pressed avocado oil extraction, that
the oil droplets aggregate into larger oil droplets with an increasing malaxing time.
Therefore, the function of the malaxing step during olive oil extraction process was not
to disrupt the parenchyma cells in the mesocarp, but to promote the aggregation of oil
droplets to form a liquid oil phase for easier recovery of the oil in the next centrifugation

step.
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Figure 7.9: Microstructure of ‘J5’ olive paste (a) at 0 min malaxing, embedded in LR

White resin, (b) at 0 min malaxing, embedded in Spurr’s resin, (¢) after 30 min malaxing,
embedded in LR White resin, (d) after 30 min malaxing, embedded in Spurr’s resin, (e)
after 60 min malaxing, embedded in LR White resin, (f) after 60 min malaxing, embedded
in Spurr’s resin.

D: Parenchyma cells debris; O: Oil droplet(s).
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In comparison to the microstructure of ‘Hass’ avocado pulp (with the same total oil
content) during factory based cold-pressed oil extraction (Figure 7.11), much larger oil
droplets (= 110 um average diameter) were found in the olive fruit pulp after 60 min
malaxing than in the avocado fruit pulp (= 40 um average diameter) although a lower
malaxing temperature was applied. It was concluded that the oil droplets aggregate faster
during virgin olive oil extraction, which agrees with the cold-pressed oil yield results in
Section 7.3.2.2 that the olive pulp gave higher oil extraction efficiencies after 30 and 60

min of malaxing.

Figure 7.10: Microstructure of ‘J5’ olive pulp after 60 min malaxing at 26 °C (a) and

‘Hass’ avocado pulp after 60 min malaxing at 45 °C (b) under light microscopy. Images
were from samples embedded in Spurr’s resin.

O: Oil droplet(s).

Similarly to the factory trials for cold-pressed avocado oil extraction, some unbroken
parenchyma cells were found in the olive pomace sample collected from the decanter
(Figures 7.12a & 7.12b). Figure 7.12b shows that the unbroken parenchyma cells contain
oil droplets still trapped in the cytoplasm of the cells. This indicates that not all the cells
in the olive mesocarp were disrupted by the grinding process and that these are not broken

down during the malaxing step, thus resulting in oil loss and less oil recovery. Also, some
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free oil droplets were found in both the pomace and wastewater exiting the decanter

(Figures 7.12¢ & 7.12d), which suggested that not all of the oil was recovered from the

olive paste during the decanting step.

f’fj V*“’h

Figure 7.11: Microstructure of pomace and wastewater under light microscopy, (a)
pomace, embedded in LR White resin, (b) pomace, embedded in Spurr’s resin, (c)
wastewater, embedded in LR White resin, (d) wastewater, embedded in Spurr’s resin.

P: Parenchyma cells; O: Oil droplet(s).

7.3.2.5 Change in rheological properties during commercial olive oil extraction

The changes in the elastic modulus, G, and the viscous modulus, G of the olive pulp
during malaxing in the factory extraction trials is presented in Figure 7.13. The frequency
dependency of G’ and G” were not affected by malaxing time. For all the olive pulp
samples, both G’ and G ” increased with frequency (Figure 7.13). The plots of G’ and G”
were all straight lines with a slopes of 0.12—0.13 on a log scale, G’ was greater than G”

but by less than one log, indicating that the olive pulp had a solid-like behaviour (Lapasin
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& Pricl, 1995). Similar rheological behaviours (solid-like behaviour) have been found in
other fruit and vegetable paste samples including avocado paste, tomato paste and potato

puree (Ahmed & Ramaswamy, 2006; Bayod et al., 2008; Martinez-Padilla et al., 2017).

The G’ and G ” values of olive pulp decreased with increasing malaxing time from 15 to
60 min indicating an decrease in the solid-like behaviour of the olive pulp (Figure 7.13).
A decrease in G’ value may be explained by a decrease in particle-particle interaction in
the olive pulp due to the oil droplets aggregation in the pulp by malaxing (Larson, 1999;
Petrakis, 2006; Tadros, 2017; Tamborrino et al., 2017). These results agree with the
findings of Martinez-Padilla et al. (2017) on the research of avocado paste during
malaxing, the elastic modulus decreased after the malaxing treatment was applied for 1 h
at 45 °C due to the increased availability of the liquid fraction as a result of oil aggregation
in the avocado paste sample after malaxing. These results also agree with the observations
of light microscopy in Section 7.3.2.5 that the oil droplets in olive paste aggregated into

larger droplets during malaxing.
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Figure 7.12: Rheological properties (G’, G”) of ‘J5 olive pulp during factory based

malaxing (mean *+ SE, n = 3).
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The variation of the elastic and viscous modulus of malaxed olive paste with average oil
droplet size at 1 Hz, 20 °C are shown in Figure 7.14. Various average oil droplet sizes in
olive paste were obtained during malaxing at 26 °C from 15 min to 60 min. Both of the
G’ and G” values show an exponential decrease (R? 0.99 for both G’ and G”) with
increasing average oil droplet size (D) in the malaxed olive paste (Equations 1 and 2).
The following models (Equations 1 and 2) are proposed after correlating the measured G’
and G ” value to oil droplet size (D) during malaxing of the olive paste sample.

G’ =782.66 ¢0:003D) (1)

G =158.67 000D 2
Therefore, the measurement of the viscoelastic properties of the olive paste can be applied
in the oil industry to monitor the changes in the degree of oil aggregation during malaxing

to assist with improved extraction efficiency and extraction yields.
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Figure 7.13: Viscoelastic properties of ‘J5° olive paste during commercial oil extraction
evaluated at a constant frequency (1 Hz) as a function of average oil droplet size (D) in

malaxed olive paste samples (mean + SE, n = 3).
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The viscoelastic properties (G, G”) of ‘Hass’ avocado pulp was also determined during
factory based cold-pressed oil extraction in October 2016. The total oil content of the
avocado fruit selected for oil production was 15.4 + 0.1 (g of 0il/100 g of fresh flesh),
which was not significantly different (p > 0.05) to the total oil content in the olive fruit
(15.4£0.1, gof 0il/100 g of fresh flesh) selected for oil production in the current research.
After 30 and 60 min malaxing, the G’ and G ” values of avocado pulp were significantly
higher (p < 0.05) than that of olive pulp, indicating a less solid-like behaviour for the
olive pulp sample (Figure 7.14; Appendix IV). Since the water content of the olive pulp
(60.4 = 0.2%) was lower (p < 0.05) than that of avocado pulp (74.3 £ 0.2%), the lower
solid-like behaviour of the olive pulp is likely to be explained by the higher level of oil
aggregation in the pulp, which corresponded to the observations from light microscopy

in Section 7.3.2.5.
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Figure 7.14: Comparison of viscoelastic properties (G, G”) of ‘J5’ olive pulp tissue and

‘Hass’ avocado pulp tissue during malaxing (mean + SE, n = 3) in commercial extraction.
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7.4 Conclusions

Based on the results, it can be concluded that during the ‘J5’ olive oil extraction process,
the parenchyma cells in olive mesocarp were ruptured only at the grinding step. The
malaxing step promoted aggregation of the oil droplets, which helped to improve the oil
recovery. Similarly to the previous study for avocado oil extraction, the measures of
electrical impedance, conductivity and rheological properties of the olive pulp tissue
showed a correlation with microscopic cellular structure. The changes in olive pulp
microstructure can be detected using the relatively fast and simple EIS technique. Also,
rheological properties of the olive pulp can give an indication of the extent of oil droplet
aggregation during malaxing. In comparison to the cold-pressed oil extraction of ‘Hass’
avocado, olive oil is much easier to recover from ‘J5’ olive during cold-pressed extraction
(e.g. lower temperatures and shorter times) as the olive paste is less solid-like allowing

the oil droplets to aggregate more easily.
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Chapter 8:

Overall discussion
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8.1 Factors affecting ‘Hass’ avocado cold-pressed oil yield and quality

Optimizing cold-pressed oil extraction yields from avocado flesh is important for the
high-value avocado oil industry. The overall objective of this research project was to
understand cellular changes during cold-pressed ‘Hass’ avocado oil extraction with
respect to improving oil yield. In this study, postharvest factors including fruit maturity
and fruit ripeness (Chapter 5), and the processing conditions including malaxing time
(Chapter 4), malaxing temperature and ultrasound treatments (Chapter 6) were found to
be important factors that affect either the cellular structure in avocado flesh or oil
aggregation in the malaxed pulp before and during cold-pressed avocado oil extraction

and thus affected the cold-pressed oil yield.

Horticultural maturity, or the time of year within the harvest season, has been found to
have an impact on the oil yield for cold-pressed avocado oil manufacturers by Woolf et
al. (2009), however the reasons for the differences in the in oil yield between early and
late season is still unclear. One of the key objectives for this project was to understand
the microstructural changes during fruit maturation before extraction, and how the fruit
maturity influenced the cellular structure changes in avocado flesh during malaxing. In
this project, the total oil content of the ‘Hass’ avocado in 2016/17 season was found to
increase from = 13.5% (g 0il/100 g fresh flesh) in September, early-season, to = 23.5% (g
0il/100 g fresh flesh) in April, end of the season (Chapter 5). It was observed in late-
season avocado fruit, more parenchyma cells in the avocado mesocarp were ruptured
during grinding, which resulted in a higher cold-pressed oil extraction yield. When the
cellular structure of the avocado pulp was investigated with a chemical fractionation
technique, a larger amount of water- and CDTA-soluble polysaccharide fractions were

found in cell walls extracted from early-season ‘Hass’ avocado fruit, which indicates a
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stronger binding strength of polysaccharides to the cellulose compared to late-season fruit.
The stronger cell wall structure of early-season fruit is the likely reason for the cells being
more difficult to rupture during grinding. These results help to explain the question raised
by the previous study by Woolf et al. (2009). This research did not dig very deep into cell
wall structure, hence some future research could be carried out to treat the fruit cell walls
by using dilute alkali (0.05 M Na,COs, 1 M KOH and 4 M KOH) successively following
the extraction by chelating agents (CDTA), to obtain more information about the cellular
structure changes that take place during avocado fruit maturation. Pectin with galactan
and arabinan side chains are usually extracted by alkaline solvents and are thought to be
very tightly bound to cellulose via hydrogen bonds (Redgwell, Melton, & Brasch, 1988;

Renard, Voragen, Thibault, & Pilnik, 1991).

During avocado fruit ripening, a loosening of the polymer networks of the parenchyma
cell wall gradually occurs due to the action of the cell wall-degrading enzymes in the
avocado flesh (Brummell, 2006b; Jeong et al., 2002). A more open and diffuse cell wall
structure was found in a softer and riper fruit, which resulted in more parenchyma cell
disruption by grinding (Chapter 5). A higher conductivity and a lower electrical resistance
value, which indicated a higher degree of cellular disruption, was found in the pulp of
softer and riper avocados at different stages of malaxing (0, 60 and 120 min). Hence more
oil was released and recovered from the pulp after malaxing of softer and riper avocado
fruit, and the cold-pressed oil yield increased with increased fruit ripening. In terms of
the recovered oils’ quality, the free fatty acids levels (FFA%) and peroxide values (PV)
in the cold-pressed avocado oil significantly increased (p < 0.05) with fruit ripeness from
0.24 to 0.37% (as oleic acid) and 1.18 to 2.23 (meq/kg oil), respectively. The increases in

FFA% and PV were likely due to the lipid hydrolysis reactions and oxidation of oil after
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oil is released from the cells. For optimizing the cold-pressed oil extraction yields, firstly,
avocado fruit needs to be fully ripened before processing for oil production since the oil
in riper avocado fruit is more easily released by grinding. In terms of oil quality, the cold-
pressed avocado oil extracted from over ripe fruit at 105 Fv had FFA% at 0.37% (as oleic
acid) and PV at 2.23 meq/kg oil. This result showed that the oil could still be considered
as ‘extra virgin’ quality according to the Proposed International Quality Standards for
Avocado Oil as the FFA% was less than 0.5% and the PV was less than 4.0 meq/kg oil
(Woolfet al., 2009). However, except for FFA% and PV, the oil was also required to meet
the other recommended quality measures, such as total vitamin E content, stability, smoke
point and sensory characteristics, to be considered as ‘extra virgin’ oil (Woolfet al., 2009).
Therefore, more detailed oil quality analysis and sensory tests are required for the oil
extracted from the over ripe avocado fruit (with different rot levels) before they are used
for oil production. The fruit firmness prior to cold-pressed avocado oil extraction is a
critical factor in oil extraction and a balance is required to maximise yield while

maintaining oil quality.

During cold-pressed avocado oil extraction, the malaxing time and temperature can also
significantly affect the cold-pressed oil yield (Chapter 4 and 6). Increased malaxing time
allowed for more time for the oil droplets to come in contact with each other and aggregate
to form larger droplets which were easier to separate from the pulp and water by
centrifugation (Chapter 4). Oil droplets for continuous-process centrifugation during oil
extraction must have a diameter of more than 30 um to achieve a good oil yield (Di
Giovacchino, 1989, 1996). The increased temperature of malaxing reduces the viscosity
of the pulp and oil and increases the mobility of oil droplets so they collide and coalesce

to form larger droplets, and the larger droplets are easier to recover by centrifugation
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(Chapter 6). Malaxing at 50 °C for 120 min resulted in the more oil droplets coalescing
and an increased oil yield result. After 120 min of malaxing, the average diameter of oil
droplets increased from = 25 pm to = 100 um with increasing temperature from 30 to 50
°C. The avocado pulp became more liquid-like (decreased G’ values) with the increasing
malaxing time and temperature corresponding to oil droplets coalescing in the avocado
pulp. The increased malaxing time and temperature did not assist in cellular disruption
during cold-pressed avocado oil extraction. The FFA% and PV in the cold-pressed
avocado oil were not significantly influenced (p > 0.05) by the increased malaxing
temperature from 30 to 50 °C. These two basic oil quality measurements are not enough
to define the overall quality of the oil, but provide an indication that the extraction process
carried out did not lead to a reduction in oil quality. Further research could be carried out
to determine the effect of malaxing temperature on the minor components such as
pigments and tocopherols, oxidative stability, smoke point and sensory characteristics of

the cold-pressed avocado oil.

In this project, laboratory-based ultrasound treatment at 20-25 kHz, 45 + 1 °C was shown
to have a positive impact on oil aggregation in both non-malaxed and malaxed avocado
pulp samples to improve the cold-pressed oil yield (Chapter 6). A higher degree of oil
aggregation in the pulp was due to the ultrasonic waves altering the interaction between
oil droplets through acoustic pressure and moving the oil droplets towards each other to
improve aggregation and form larger oil droplets (Juliano et al., 2011; Vilkhu et al., 2011).
The ultrasound treatment at 20—25 kHz may not be applied to replace the malaxing step
in cold-pressed avocado oil extraction, as the ultrasound treatment used was not found to
give a higher oil extraction yield than that from malaxing only at 45 + 1 °C for the same

length of time. However, the results from Chapter 6 provided an indication that ultrasound
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treatment at 20-25 kHz may assist in shortening the malaxing time if it is applied
simultaneously with malaxing. Further research is recommended to investigate the effect
of ultrasound treatment on cold-pressed oil yield when it is applied simultaneously with
malaxing at 45 + 1 °C. Oil composition analysis, oil quality analysis and sensory tests are

also required for the avocado oil extracted by ultrasound treatment.

After 30 and 60 min of commercial based malaxing, ‘Hass’ avocado pulp gave a
significantly lower (p < 0.05) oil extraction efficiency (extracted oil/total oil content) in
comparison to ‘J5’ olive fruit pulp with the similar total oil content (Chapter 4 and 7).
Also, smaller oil droplets and higher G’ values were found in avocado pulp than that
found in the olive pulp after 30 and 60 min of malaxing. Therefore, the oil was more
difficult to be recovered from avocado during the extraction process as the avocado pulp
was more solid-like, which resulted in less coalescence of oil globules in the pulp, with

less chances for collisions between oil droplets.

In terms of the cells present in the fruit mesocarp, idioblast cells (= 2%) were found in
avocado mesocarp but were not observed in olive flesh. The idioblast cells appeared to
remain unruptured and intact during the extraction process, and were removed into the
waste streams after centrifugation. This may be because the idioblast cell wall contains a
specialized suberin layer rather than the single cellulosic wall of parenchyma cells, which
makes the cell wall stronger and more resistant to grinding and enzymatic disruption
(Platt-Aloia et al., 1983; Platt-Aloia et al., 1980). In previous studies, the oil in idioblast
cells were extracted by chemical solvents and determined by thin layer chromatography
and high performance liquid chromatography (Platt-Aloia et al., 1992; Domergue et al.,

2000). Idioblast cells were isolated from soft, ripe avocado fruit by homogenization
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and/or enzyme treatment to disrupt parenchyma cells, following by filtration through a
200-um nylon mesh and 48-pm mesh to remove the TAG (released from parenchyma
cells) and parenchyma cell debris (Platt-Aloia et al., 1992; Domergue et al., 2000). The
oil in idioblast cells were obtained by chloroform: methanol 2:1 (v/v) extraction, and
found to contain alkaloids and sesquiterpene hydroperoxides which inhibit the in vitro
vegetative growth of the avocado fungal pathogen Colletotrichum gloeosporioides (Platt-
Aloia et al., 1992; Domergue et al., 2000). Future idioblast oil research could involve
evaluation of the contents of the idioblast cell for any functional ingredients or as

antimicrobial agents.

8.2 Techniques for monitoring microstructural changes and oil
aggregation

Rapid techniques for monitoring the extent of cellular disruption and oil aggregation will
assist processors to maximize extraction yields and reduce processing times, to achieve
greater throughputs with reduced costs. The light microscopy technique was used in this
project to examine the microstructure changes in fruit mesocarp and pulp during the cold-
pressed oil extraction of ‘Hass” avocado and ‘J5’ olive fruit. Other techniques, including
electrical impedance spectroscopy (EIS), electrical conductivity and rheological
measurements were also applied in this study to obtain information about cellular
disruption and oil aggregation in fruit pulp. For each extraction trial carried out in this
project, the results from the various techniques showed a strong correlation to each other.
For example, a reduction in electrical impedance was concurrent with an increase in
conductivity of fruit tissue which occurred when cellular disruption was observed by light
microscopy. These findings provided strong evidence of the usefulness of these

techniques for monitoring and understanding cell disruption in cold-pressed oil extraction
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systems.

For the light microscopy method, the microstructure of the fruit cell walls and the oil
droplets at each step during the extraction process can be clearly observed. However, the
most noticeable disadvantages of the light microscopy method is that it is expensive and
time-consuming; the embedding and sectioning process for each batch of fruit flesh/pulp
samples took 20-25 days to complete. Also, it is more difficult to obtain quantitative data
from light microscopy images compared to other techniques used in this project.
Nevertheless, microscopy images provided important information from the visual
observation and appearance of the different cells and their cell wall structures in the fruit
flesh/pulp, pomace and wastewater. The appearance of cells and their cell wall structures
(i.e. cell wall swelling and cell wall intactness) could not be found using the other
techniques employed in this project. The light microscopy method is a valuable tool for

those who are carrying out research in this area.

EIS and electrical conductivity measurements were found to be useful tools to estimate
the degree of cell intactness in avocado and olive fruit mesocarp during the cold-pressed
oil extraction process. For example in Chapter 5, the results from EIS and electrical
conductivity measurements showed a strong correlation with the light microscopy and
cold-pressed oil yield results; results showed more cellular disruption occurred in the
softer and late maturity avocado fruit. The EIS technique applies an electrical current to
a fruit tissue sample and any cell wall and membrane disruption allows a low-frequency
current to flow through the entire cross-section of the cell, this then results in a reduction
in electrical resistance measured and semicircular arcs of the Nyquist plots of the samples

disappear (Ando et al., 2014; Ohnishi et al., 2004). When a cell wall and membrane is
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damaged during processing, the ions in cells diffuse through into the extracellular liquid
which results in an increase in electrical conductivity of the fruit tissue sample (Pesis et
al., 2003). Both of the EIS and electrical conductivity techniques are simple to use. In
addition, the EIS technique only takes 10 seconds to measure the resistance and reactance
values of electrical impedance at 500 mV over the frequency range from 50 Hz and 1
MHz by simply placing the two Ag/AgCl electrodes into the fruit flesh sample. The
electrical conductivity measurement is relatively slow compared to the EIS technique,
which requires the samples to be incubated in mannitol solution for 80 min before

measuring the conductivity, but is much less work than microscopy.

The results in Chapter 6 and 7 show the viscosity and viscoelastic properties of fruit pulp
are strongly correlated with the light microscopy and cold-pressed oil yield results. When
oil droplets were observed to aggregate in fruit pulp, a decreased viscosity and G’ value
were detected by rheological properties measurements, and a higher cold-pressed oil yield
was obtained. These findings indicated the measurement of the rheological properties of
fruit pulp can provide information about the oil aggregation in the avocado and olive pulp
during malaxing. The number of oil droplets in fruit pulp decreased when oil droplets
aggregate into larger drops to form a continuous oil phase, which resulted in a decrease
in the number of ‘particle-particle’ interactions between oil droplets and therefore a
decrease in resistance to flow (viscosity) and solid-like behaviour (G’) of the pulp sample.
It is reasonably fast to determine the viscosity or solid-like behaviour of fruit pulp sample

by using a rheometer, which only takes 10—15 min.

During commercial cold-pressed oil extraction, the changes in the degree of cellular

disruption and oil aggregation in fruit tissue are only monitored based on the experience
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of the operation staff in the oil factory, by observing the surface of the tissue in the malaxer.
The changes occurring in fruit tissue during the oil extraction process can be described,
such as ‘fruit pulp colour change from green to yellowish brown’ and ‘a very thin layer
of oil phase is observed on top of the pulp in malaxer’, but individuals may interpret these
descriptions differently. However, there are some difficulties with this method since
trained and experienced staff are required, training takes time, and the assessment is
relatively subjective. It is also not easy to make the assessment quantitative. Therefore,
rapid and quantitative techniques for monitoring cellular disruption and oil aggregation
during avocado and olive oil extraction process could be important for the industry to

assist in optimizing cold-pressed oil extraction yields and reduce processing time.

The EIS technique could be used commercially in the oil industry. It may not be necessary
to measure the EIS over the whole frequency range from 50 Hz to 1 MHz in the oil factory,
as the electrical resistance at 50 Hz was found to be enough to give a simple indication of
the degree of cellular disruption in fruit tissue. An example of a potential solution is the
Torrymeter, a small hand held impedance meter (Distell, Scotland, UK) designed for
measuring the electrical resistance of skin and muscle flesh of fish at 50-60 Hz to
determine the freshness of fish (Distell, 2019). However, a Torrymeter tested during this
project did not give reproducible results for avocado pulp samples in the preliminary
experiment. This may have been due to the different shape and/or type of electrodes, the
different distance between electrodes, or a different generator voltage between Torrymeter
and Hewlett-Packard Precision LCR Meter used in this research. A similar instrument as
a Torrymeter could be designed with Ag/AgCl electrodes (2 mm diameter x 4 mm length,
10 mm apart) and a generator voltage of 500 mV to measure the cellular structure of fruit

tissue at 50 Hz during commercial cold-pressed oil extraction.
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The impedance will give a measure of cellular disruption but the key to obtaining an
optimum oil yield during processing is to ensure all the oil has aggregated to larger
droplets during malaxing. A rheological technique can be used commercially in oil
industry to rapidly measure the degree of oil aggregation in fruit pulp tissue by simply
comparing the viscosities of fruit pulp at a constant shear rate (e.g. 40 s™') or monitoring
solid-like behaviour at a certain frequency using an oscillation technique (e.g. 0.5 Hz).
Although rheometers can measure both the viscosity and the solid-like behaviour of fruit
pulp tissue under various conditions and parameters, they can cost from US$40,000 for
an entry-level system to upwards of US$200,000 for a full-featured and fully configurable
research-level system (Labcompare, 2019). A viscometer is a simple instrument can only
be used to measure the viscosity of sample at a limited range of shear rates and
temperatures. However, viscometers are much cheaper than rheometers, which range
from a few hundred dollars up to US $20,000 (Labcompare, 2019). Viscometers may be
more suitable and economic for the commercial oil industry and simple versions should

be explored.

As the majority of the research presented in this thesis is focused on ‘Hass’ avocados,
then the application of the recommended impedance or rheology values as control
measures to aim for could be different for different cultivars or fruit grown in different
regions or climates. The avocado fruit cultivar, growing region and climate may have
significant impacts on cell wall composition and oil composition in the fruit flesh, hence
this research may need to be expanded to other cultivars e.g ‘Fuerte’ or fruit from other

regions.
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8.3 Improvements of cold-pressed avocado oil extraction process for the

factory

The inefficient disruption of parenchyma cells in ‘Hass’ avocado mesocarp during
grinding and the inability of the oil droplets to aggregate in avocado pulp during malaxing,
leaving small oil droplets in the paste were found to be the two main reasons that lead to

the loss of oil during cold-pressed ‘Hass’ avocado oil extraction.

Fully ripened avocado fruit (80 Fv) are recommended to be used for cold-pressed oil
extraction in commercial factories to maximise oil yield while maintaining oil quality. In
Olivado Ltd NZ’s, Kerikeri plant, avocado fruit for oil production are ripened naturally
without ethylene treatment. This has many disadvantages which may lead to the presence
of unevenly ripened fruit and the requirements for regular sorting to separate ripe and
unripe fruit and remove fruit with unacceptable levels of rots. It is suggested to design
and build fruit ripening rooms at the factory to use ethylene treatment as a means of
accelerating and synchronizing avocado fruit ripening (Hofman et al., 2002). Also,
instruments for measuring fruit firmness, such as a Firmometer, are recommended to be
used together with the traditional hand rating method which is currently used in the
factory, to achieve a more accurate fruit firmness measurements (White et al., 2005).
Ensuring staff are well trained in rapid assessment of ripeness and detecting rotten fruit

is recommended.

Late maturity avocado fruit (fruit flesh dry matter content > 30%, g dry flesh/100 g fresh
flesh) is more suitable to be used in oil production due to its higher total oil content in the
fruit mesocarp and the loose polymer networks of the parenchyma cell which are easier

to rupture. However, the fruit quality and maturity are sometimes difficult to control by
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the oil manufacturers as the fruit for oil production is generally the “reject grade” fruit
from commercial packhouses, which have not met export or local-market quality
standards (Woolf et al., 2009). Therefore, an improved grinding system may also be
required during the oil extraction from early maturity ‘Hass’ avocado. An attrition mill
(Alfa Laval, Lund, Sweden) with rotational speed of 1,400 rpm is currently used in
Olivado Ltd NZ’s, Kerikeri plant for grinding of avocado and olive fruit. A hammer mill
(Siemens, Munich, Germany) with aperture size of 4 mm and rotational speed of 2,855
rpm was used in the laboratory-based oil extraction in this project. The hammer mill may
achieve more cellular disruption in avocado flesh than the attrition mill, as the EIS
electrical resistance value at 50 Hz for the ground flesh from the hammer mill was
significantly lower (p < 0.05) than that obtained from the attrition mill (Chapter 5 and 6;
fruit are at a same firmness level of 80 Fv). A similar result was found by Amirante, Dugo,
and Gomez (2002) and Caponio, Gomes, Summo, and Pasqualone (2003) on cold-pressed
olive oil extraction, that the hammer mill resulted in a smaller stone fragment size than
the attrition mill, which may have indicated a higher grinding efficiency. However, the
hammer mill increased the olives temperature by 6 °C during grinding, whereas the olives
temperature was raised by 4 °C when the fruit were ground by the attrition mill. The more
substantial increase in olive pulp temperature given by the hammer mill had a major
impact on the quality and shelf life of the resulting olive oil (Caponio & Catalano, 2001;
Caponio et al., 2003). In cold-pressed avocado oil extraction, the oil quality and shelf life
is likely to be not affected by the hammer mill due to the lower internal lipase level in
avocado fruit which allows a higher processing temperature limit (50 °C) than that of
virgin olive oil extraction (27 °C) (Wong et al., 2012). The laboratory-based cold-pressed
oil extraction using a hammer mill and ripe avocado fruit at 80 Fv gave good quality

avocado oils (Chapter 5 and 6). Therefore, a hammer mill grinder or a double grinding

216



system using an attrition mill following a hammer mill is recommended for commercial

cold-pressed avocado oil extraction.

A malaxing process with 120 min to allow oil aggregation and at least 45 °C temperature
is recommended, as it was found the longer malaxing time and higher malaxing
temperature can decrease the viscosity of the avocado pulp and improve oil droplet
aggregation, thus increasing cold-pressed oil yield. A more efficient heating system is also
recommended to be used in cold-pressed avocado oil production. Warm water at 45-50 °C
can be added during malaxing to help reduce pulp viscosity, hence allowing malaxing at
higher shear rates and subsequently it makes it easier for the oil droplets to aggregate to
form larger droplets (Petrakis, 2006; Wong et al., 2012). However, this process can
increase the amounts of wastewater due to increased water utilization (Petrakis, 2006).
Also, the addition of water may lead to emulsion problems in the extraction process
(Wong et al., 2012). The relationship among the required malaxing time, the amount of
additional water, and the cold-pressed oil yield are required to be investigated in future

study.

Ultrasonication at 20—25 kHz also has the potential to be applied in the factory to improve
the cold-pressed avocado oil yield by assisting in oil aggregation in the fruit pulp tissue.
During malaxing, the avocado pulp is continuously stirred by the stainless steel blades
which make it difficult to place an extra ultrasound probe in the centre of the malaxer. A
specially designed malaxer with an ultrasound probe in the central axis could be used to
apply ultrasound treatment in commercial oil factories. However, the ultrasound
treatment for cold-pressed avocado oil extraction was only carried out in a small-scale

(50 mL) laboratory experiment in current research, the results may still not be enough to
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determine the benefits of ultrasound technique in the commercial factories. A pilot plant
experiment is recommended before the ultrasound technique is applied in commercial
cold-pressed oil extraction. In addition, ultrasonic noise may cause headache, dizziness,
tinnitus, balance disturbances and nausea for workers exposed to ultrasounds of low
frequencies at 1040 kHz (Smagowska & Pawlaczyk-tuszczynska, 2013). Therefore,

soundproofing systems would be needed around the malaxers to reduce noise.

During commercial cold-pressed oil extraction on early-season avocado fruit, around 3%
(g of 01l/100 g of fresh flesh) of oil was lost in both the solid and liquid waste streams
(Chapter 4 and 6). This is because some oil droplets were trapped in the unbroken
parenchyma cells and left in the pomace after decanting centrifugation. Also, a small
number of free oil droplets did not aggregate into large enough droplets during malaxing,
which cannot be recovered by centrifugation. A commercial chemical extraction system
could be applied on the wastewater and the ground pomace to recover the oil from the

waste streams by using hexane.
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Chapter 9:
Overall conclusions and recommendations for

future work
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9.1 Overall conclusions

Based on the results of this project, it can be concluded that during both of the cold-
pressed ‘Hass’ avocado and ‘J5’° olive oil extraction, oil was only recovered from the
parenchyma cells in the flesh. The idioblast cells in the avocado flesh remained intact
during the whole oil extraction process, and were removed into the waste streams.
Adequate grinding of the fruit flesh played an important role to release the oil as it

disrupted the cellular structure in the flesh.

‘Hass’ avocado fruit ripeness and fruit maturity can heavily affect the cold-pressed oil
extraction. More parenchyma cell disruption occurred during extraction of softer and late
maturity avocado fruit, which resulted in a higher cold-pressed extraction yield.
Microstructural changes in the parenchyma cell walls during fruit ripening and maturation
contribute to softer cell walls which are easily broken. The quality of the cold-pressed

avocado oil decreased with fruit ripeness.

The malaxing step is a critical factor in oil extraction. Increasing the malaxing time and
temperature promotes coalescence of oil droplets thus decreasing the number of
interactions between oil droplets, which decreased the viscosity and reduced the solid-
like behaviour of the avocado pulp and eventually resulted in a higher cold-pressed oil
yield. The free fatty acids levels (FFA%) and peroxide values (PV) in the cold-pressed

avocado oil did not increase significantly with malaxing temperature between 30 to 50 °C.

Ultrasound treatment at 20-25 kHz, when applied on both of the pre-malaxed and non-
pre-malaxed avocado pulp, assisted oil aggregation in the pulp. Ultrasound treatment

reduced the solid-like behaviour of the avocado pulp and increased the cold-pressed oil
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yield.

In comparison to ‘Hass’ avocado, ‘J5’ olive pulp is less solid-like allowing the oil droplets

to coalesce more easily in the fruit pulp during malaxing.

9.2 Recommendations for future work

Based on the findings of the present study and literature, suggestions for future work are
as follows:

e Determine the amount of pectin with galactan and arabinan side chains in the cell
wall of ‘Hass’ avocado fruit at various maturation stage, by using 0.05 M NazCOg,
1 M KOH and 4 M KOH successively to treat the cell walls following the
extraction by CDTA. This future research will provide more fundamental
knowledge of cellular changes in avocado cell walls during maturation which has
not been published before. This could also lead to providing recommendations for
the application of commercial exogenous enzymes in the extraction process to
assist disruption of cell walls in early maturity fruit.

e Investigate the effect of avocado fruit ripeness, malaxing temperature and
ultrasound treatment on fatty acid composition, total vitamin E content, stability,
smoke point and sensory characteristics during cold-pressed oil extraction of
‘Hass’ avocado. As the research presented in this thesis did not investigate the
chemical, quality and sensory changes in the resulting avocado oil dependent on
maturity, ripeness or processing conditions, these aspects will be important to
further help commercial oil factories to maximise oil yield while maintaining oil
quality and will determine if any of these processes are detrimental to avocado oil

composition and quality.
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Study on the effect of laboratory-based ultrasound treatment at 20-25 kHz on
cold-pressed avocado oil yield when it is applied simultaneously with malaxing
at 45 £ 1 °C, by malaxing the avocado pulp in a specially designed 1 L ultrasonic
bath or using a specially designed laboratory-based malaxer with placing the
ultrasound probe into the rotation axis in the malaxer. The application of
ultrasound will need to be evaluated at different conditions and at a pilot scale
process as all results presented in this thesis are with a laboratory ultrasound probe.
Results obtained may vary considerably, hence these will need to be carried out
before recommendations are made for the application of ultrasound in a
commercial cold-pressed oil extraction plant.

Determine the influence of a double grinding system (using a attrition mill
following a hammer mill for grinding) on cold-pressed avocado oil yield, fatty
acid composition, total vitamin E content, stability, smoke point and sensory
characteristics of the resulting avocado oil during cold-pressed oil extraction of
‘Hass’ avocado. This future research could explore a more efficient grinding
systems which would lead to greater disruption of the avocado fruit cell walls
ultimately releasing more oil during malaxing for application in commercial oil
factories and increase the cold-pressed extraction oil yield. As grinding can
generate considerable heat, its impact on oil composition and quality will be

important.
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Appendix I: Preliminary experiment investigating the effect of measurement
temperature on electrical resistance of ‘Hass’ avocado pulp

(a) Resistance () of ‘Hass’ avocado pulp as a function of frequency at different
temperature from 5 °C to 35 °C; (b) Resistance (£2) of ‘Hass’ avocado pulp evaluated at

a constant frequency (50 Hz, 7500 Hz and 1 MHz) as a function of temperature in ground

avocado pulp samples (mean + SE, n=3).
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Appendix II: Preliminary experiment investigating the effect of shaking time on
electrical conductivity of ‘Hass’ avocado pulp and “J5’ olive pulp

Electrical conductivity (uS/cm) of (a) ‘Hass’ avocado pulp and (b) ‘J5 olive pulp after
shaking at 150 rpm, 30 °C in an orbital shaker from 20 to 120 min (mean + SE, n =3).

*d Different letters denote significantly different conductivity values (p < 0.05).
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Appendix III: Firmness of ‘Hass’ avocado fruit for commercial cold-pressed
extraction over the 2016-2017 commercial harvest and oil processing season in New
Zealand (mean + SE, n = 30).

# Same letters denote no significant difference between fruit firmness (p > 0.05).

Harvest date Firmness (Fv)
September 2016 8l.1+1.5%
October 2016 80.6+1.6%
December 2016 80.9+0.9?
January 2017 795+1.6%
March 2017 79.8+1.4%
April 2017 80.7+1.9°?
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Appendix I'V: Preliminary experiment investigating the viscoelastic properties of ‘Hass’ avocado pulp during commercial cold-pressed oil

extraction
Changes of the G’, G” (Pa) of ‘Hass’ avocado pulp from fruit at four different stage of maturity (harvested between December to April 2016/17

season) during commercial malaxing from 30 to 120 min at 45 °C (a) Fruit harvested in December 2016; (b) Fruit harvested in January 2017; (c)

Fruit harvested in March 2017; (d) Fruit harvested in April 2017 (mean = SE, n = 3).
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