?}f,n?is' % U NlVERSlTJ‘A www.uniud.it
8 5 DEGLI STUDI
e DI UDINE

hic sunt futura

Ph.D. course in:

Food and Human Health

Cycle XXXI

Technological Strategies for the
Sustainable Valorisation of Fruit
and Vegetable Waste

Ph.D. student: Stella Plazzotta Supervisor: Prof. Lara Manzocco

2019



SUMMIARY .ttt ettt ettt ettt st b e s bt sttt et et et e b e s a e e bt e a e ea e eas et et et bt et e enneneen 1

RIASSUNTO ...ttt ettt ettt etttk e bttt es e es e ea s e s et e eseeseestamsem s e s e beeaeebeeneeneense s esesaeeseeneanseneans 3
Chapter 1 Fruit and Vegetable WASTE ........ccoeveeirieiiieieieieietetetetet ettt ettt ettt saesese e sesesesesenas 5
1.1 Introduction and mMain defINITIONS ......cc.eeiuieiiiiiiiie ittt ettt 5
1.2 Main causes OF FVW ..ottt ettt ettt ettt e naeenee e ens 5
1.3 Main consequences Of FVW ......ooiiiiiiiiieeeee ettt sttt et esbe e s raesseesseenseenneens 6
1.4 FVW MANQ@EMENL....cccuiiiiiiiiiiieiieeiie ettt ettt ettt e tte ettt e sbte ettt e bae e bt e esbbeenbee e sbeenseeesaeenbeeensaesnsees 7
141 Prevention Of FVW ottt et s 7
142 Re-USE OF FVW Lttt et ettt e b et et et e meesaeenees 8
1.4.3  RECYCIC OF FVW oottt ettt st st e e e seeesaeesae s e e saenseensesnnenns 8
1.4.4  Energy recovery from FVW ..ottt et as 10
LAS  FWV IANAIING ..ottt ettt et et e s e s aeenaeeneeeneeene 11
1.5 D A A 1 103 5 1510 o TSRS 13
1.5.1  Sources and targets of f00d Waste ValOTiSAtION ..........c.ecvereieriieriierieeieiieseesreesre e ereeeeeseeeseeenees 15
1.5.2  Open questions related to food waste ValoriSation ............cc.eeverieeriieciriieeiiereese e 16
1.6 Aim and outline of this Ph.D. thesis........ccciioiiiiiiiiee e e 17
Chapter 2 A rational approach to fruit and vegetable waste valorisation.............ceceevueerereersereneeenens 19
2.1 WaSte ChATACLETIZATION .....eviitieiieiieiieierteet ettt ettt ettt b e bbbt bt et e e et sbeebesbeebeeneenean 19
2.2 OULPUL AETINITION ...ttt ettt ettt et et et eeteseee s st e see e et eneeeneeeneeeneeseeneean 19
23 o (oL T4 1S Fa o SRS 20
2.4 FEaSIDIITY STUAY ..eveevieiieieeiieeiteste ettt sttt ettt et e et e ete e be e beesseesbessaesseesseenseessesssenssensaenseensens 21
2.5 Validation of the proposed valorisation approachi...........c.eceeeieiierierieniieieeieeeeseee e 22
Chapter 3 Step 1 of the valorisation approach: Waste characterization.................c.cocooeveiininionneenns 23
3.1 Materials and MEthOGS ......c..oouiiiriiiieiee ettt 23
3.2 ReSUILS ANd QISCUSSION ...c..evitiitieiieiieterteet ettt sttt b ettt et et b ebe bt bt eneeneas 25
Chapter 4 Step 2 of the valorisation approach: Qutput definition.................co.cocoovvreiiniieinnieeen, 29
4.1 LAEIALUIE TEVIEW ...eeuteuietiteeteetietieniete ettt et eatest et et e sb e e bt es e eates s et e b e sbeebeebeesten e et entesbeebesbeeneeneenean 29
4.2 COMCIUSIONS ..ttt ettt e et et b e s bt bt s e st e s et et e sbeebeebeeatentens et e saeebeabeeneeneenean 30
Chapter 5 Step 3 of the valorisation approach: Process design...............c..coceovrireirireiniseinreeeeeens 32
5.1 Valorisation of lettuce waste into an ingredient for juice production by means of high-pressure
NOIMO@EINIZALION ......viiiiiieieeie ettt ettt et eteste e s teeste e aeesbeeseeessesseesseessaessaessesssasesessaenseesseassenssesssaseensens 33
S.T1 INEEOAUCLION ...ttt etttk b e bttt e st b e s bt bt e b e st et e st et e sbeebeeseeneenee 33
5.1.2  Materials and MEthOS .......c.eeiuiiiieie ettt 34
5.1.3  Results and diSCUSSION ......ccueeiuieiieiieiietiestiete et ete st ee st ettt e et e eseesse e te e teenseeneesseesneesseenseenseens 38
5.1.4  CONCIUSIONS ..cutiitiiiieitiet ettt ettt ettt et et e a e e et s bt s bt e s bt e bt e a et ebe e ebeesbe et e enbeeabesbtesbeenbee et enaeeneenan 50
5.2 Valorisation of soy okara into a functional homogenate by means of high pressure homogenization.
.......................................................................................................................................................... 51

52,1 INEEOUCTION . ...cutiiiiieiieeiieeiie ettt ettt e st et e e e iteseaeseeessee st easeenseeseesseenseenseensesnsesseesseeseenseensenns 51
5.2.2  Materials and MEthOAS ......co.eiriiiiiiiiiiie ettt 52
5.2.3  Results and diSCUSSION ......coueeruiiriiiieiiintientiet ettt sttt ettt ettt et e bt e e eetesieesbeesbeenaeeaeenne e 55



I T 0703 s Te] LT3 T ) s 1< J SRR 63

53 Valorisation of lettuce waste by means of ultrasound and high pressure homogenisation assisted
extraction of antioXidant POLYPRENOLS. ........ciiiiiiiiii et et 64
5301 INEEOUCTION ...ttt ettt et ettt e s e see e s bt e sbe e bt et e eaeeeaeeebe et e enteenteeneesaeas 64
5.3.2  Materials and MEthOAS .........cooiiriiiiiriiiiii et 65
5.3.3  Results and diSCUSSION. ......cc.eetiiiiieriirtirteriteit ettt ettt et ettt sttt st eas et e e enbe e 69
534 CONCIUSIONS ...ttt ettt ettt ettt et e a e et e b et et e es b e ebeesheesbe e bt emteeaeesseeebeanbeenteemnesnnesaeas 78
54 Valorisation of peach pomace by means of optimized microwave and ultrasound assisted extraction
Of DI0ACTIVE COMPOUNAS ...ttt ettt ettt st s e e s bt e bt et e et e ea e e e bt et e e bt embeestesaeesaeesbeeneeeneeenee 79
541 INETOAUCLION ...ttt ettt ettt et st b et b e ebt et et e s b e bt bt ebeest et enenae 79
5.4.2  Materials and MEhOAS .........cooiiriiiiiiiii ettt 81
543 RESUIES .ttt ettt bbbt ettt e a e bt e bt et et eneeaeas 86
544 DISCUSSION c.euitiiieitiettet ettt ettt ettt ettt e a e eb et e et e eateesbesseesheesbe e bt embeeaeeeaeeebe et e enteenneenaeeaeas 99
545 CONCIUSIONS ...ttt ettt sttt ettt b e st b e bt bt et et e b st eb e ebe e st esse e enbenee 102
5.5 Valorisation of lettuce waste into dried food ingredients rich in antioxidants and innovative materials
with high solvent 10ading CAPACILY .....ccueeuieiiiieiieie ettt ettt et 103
TR T B 2 (T L1167 5 () o TR PTRURPSS 103
5.5.2  Materials and MEthOAS ......cc.ooiiiiiiiiiiiie ettt 104
5.5.3  Results and diSCUSSION. ...c..ce.eeutiriiriirtiitiiteeitete ettt ettt ettt sttt et e e nbe e 108
5.5:4  CONCIUSIONS ..ttt ettt ettt ettt ettt et et e e s e e st e et e e bt eateemteseaeemeesneeseeseenseeneeeneenseanseans 117
5.6 Valorisation of lettuce waste into innovative bioaerogel-like materials via supercritical-CO»-drying.
........................................................................................................................................................ 118

5.6.1  INEFOAUCLION ...ttt ettt ettt b et ettt sb e sb e ebe et et et e b e 118
5.6.2  Materials and MEthOAS ......cc.eeiiiiriiiiiiicee e 119
5.6.3  Results and diSCUSSION. ......eeitieiieieeiieiie ittt ettt et ettt te s tesaeesaeesbee st eneeeneeeneeeneenseens 124
5.6.4  CONCIUSIONS ....eeiieiieetietiett ettt ettt et e st e bt et et et e e s e ese e s st e st enteemsessaesseesneanseenseenseenseeneenseenseans 135
5.7 COMNCIUSIONS ..ttt ettt et ettt b e bt e h st et e e s b e bt e bt eb e es e ententesae et e sbeebeeseeneensenaeenes 136
Chapter 6 Step 4 of the valorisation approach: Feasibility study ..............ccccccocovieeiiniieiiniieieniieenes 138
6.1 Feasibility of lettuce waste flour in functional bread production: technical validation and consumer
TESPIOTISE ..eneeennteeniteesuteeeuteeeateeeuteesabeesuteesabeesabeesabeeeab et e bt e eabe e e abeeeab et eabeeeab et e bt e e bt e e bt e e bt e e bt e e be e e baeebeeenbaeebee s 139
6.1.1  INErOAUCLION ...ttt ettt ettt e at et e e et sttt ebe et et e e et e 139
6.1.2  Materials and MEthOS ........ccueeiiieiieieie ettt 140
6.1.3  Results and diSCUSSION. .......eeiuieiieieeiieiie it ie sttt ettt et et et et eteseaesseesseesseeseeneeeneeenseeseenseens 144
6.1.4  CONCIUSIONS ...tttk ettt et et e b bbbt eat e st et et e sbe et e ene e st enee e eneeee 149
6.2 Impact of waste valorisation strategies on food supply chain sustainability .............ccceeveeereenenen. 150
LT B 15 (T 1117 510 ) o TSRS 150
6.2.2  Materials and MEthOS ........cc.eeiiieiieieie ettt 153
6.2.3  Results and diSCUSSION. ....c.eeitieiiriiriieiieritent ettt ettt ettt ettt sttt e bt e bt et estesateebeesbeenbeens 158
0.2.4  CONCIUSIONS ...ttt ettt ettt ettt st h e e bt e b e bt e st e et e sbaesbeesbee bt enaeentesaeesbeenbeenbeans 167
COMNCIUSIONS ...uvteeieiiete et ete et et e et et e et e e eeeeeseessee st enseanseensesse e s eanseenseenseensesnsesseesseenseenseenseenseensennaenseans 169
LSS £S5 (<3 1L RS 171
PUDLICALIONS ...ttt et ettt ee e bt bt e b e b e et eat e ea e e e bt e eb e e b e et enbeenaesaneseees 197

II



SUMMARY

Fruit and vegetable processing generates huge amounts of waste, which represents a wastage of
valuable biomass and is characterised by high management cost and environmental impact. For
these reasons, great attention has been dedicated in the last years to fruit and vegetable waste (FVW)
valorisation, by its exploitation to produce value-added derivatives. Although it is generally
assumed that FVW valorisation would deliver economic and environmental advantages, really few
data on cost and energetic requirements of valorisation processes as well as on consumer response
towards valorisation products are currently available.

Based on these considerations, the aim of the Ph.D. research project “Technological Strategies for
the Sustainable Valorisation of Fruit and Vegetable Waste” was to develop a rational approach to
FVW valorisation, useful to guarantee the production of value-added derivatives, but also to assess
their technical feasibility, consumer acceptance, economic and environmental impact.

The developed rational approach to FVW valorisation consists in four steps: waste characterisation,
output definition, process design and feasibility study. This approach was validated on waste
deriving from the production of fresh-cut lettuce (external leaves and cores), peach juice (pomace)
and soy milk (okara). In particular, the characterisation step highlighted that waste generated during
the processing of these vegetables ranges from 10 to 40%. Although the high water content (>76%),
these wastes are particularly rich in fibre (>26% on dry weight basis) and polyphenolic compounds
(>2.0 GAE/g of dry weight). Based on waste characteristics, different possible outputs were defined
and specific processes exploiting the application of either traditional or novel sustainable
technologies were designed: (i) convenient functional smoothies were produced from lettuce waste
and okara using high pressure homogenization; (ii) antioxidant extracts were produced from lettuce
waste and peach pomace using ultrasounds and microwaves; (iii) functional flour was obtained by
air-drying and grinding of lettuce waste; (iv) supercritical-CO»-drying of lettuce waste allowed
obtaining a porous material with high solvent loading capacity.

The obtained valorisation outputs were then evaluated for their sensory acceptability and consumer
response, in order to estimate their market potential. To this aim, the lettuce waste study-case, was
analysed by the application of consumer-based methodologies. Obtained results highlighted the
possibility to exploit nutritional and environmental claims to promote consumption of waste-
derived food. Finally, a multi-objective method was applied to estimate the economic and
environmental impact of the proposed valorisation strategies on an industrial scale.

The developed approach could be considered a flexible decision support tool to guide stakeholders’

aware choice and investment in the most sustainable valorisation strategies.






RIASSUNTO

Il processo produttivo di derivati di frutta e verdura genera enormi quantita di scarto, che comporta
la perdita di prodotti ad alto valore, elevati costi di gestione ed un notevole impatto ambientale. Per
queste ragioni, negli ultimi anni, molta attenzione ¢ stata dedicata alla valorizzazione degli scarti
vegetali attraverso la loro trasformazione in derivati ad alto valore aggiunto. Sebbene la
valorizzazione sia comunemente ritenuta vantaggiosa da un punto di vista economico ed
ambientale, in realta i dati disponibili su costi e richieste energetiche dei processi di valorizzazione,
e sulla reazione dei consumatori nei confronti dei prodotti di valorizzazione sono molto limitati.
Sulla base di queste considerazioni, lo scopo del progetto di Dottorato “Strategie Tecnologiche per
la Valorizzazione Sostenibile di Scarti Vegetali” ¢ stato quello di sviluppare un approccio razionale
alla valorizzazione degli scarti vegetali, in grado di garantire 1’ottenimento di prodotti ad alto valore
aggiunto, nonché la loro fattibilita tecnica, senza tralasciare la stima del livello di accettazione da
parte dei consumatori e dell’impatto economico ed ambientale.

L’approccio sviluppato nel corso del progetto consiste di 4 passaggi: caratterizzazione dello scarto,
definizione dei prodotti di valorizzazione, design del processo produttivo e studio di fattibilita.
Questo approccio ¢ stato validato sugli scarti derivanti dalla produzione di insalata di IV gamma
(foglie esterne e torsoli), succo di pesca (bucce e polpa residua) e latte di soia (okara). In particolare,
la fase di caratterizzazione ha evidenziato che lo scarto generato durante la trasformazione di questi
prodotti varia dal 10 al 40%. Nonostante I’elevato contenuto di acqua (>76%), questi scarti
presentano rilevanti quantita di fibre (>26% su base secca) e composti fenolici (>2.0 GAE/g su base
secca). Sulla base di queste caratteristiche sono stati identificati diversi possibili prodotti di
valorizzazione e i corrispondenti processi produttivi, basati sull’utilizzo di tecnologie sia
tradizionali che innovative e sostenibili: (i) dagli scarti di insalata e dall’okara, sfruttando
I’omogeneizzazione ad alta pressione, sono stati prodotti smoothies pronti all’uso; (ii) dagli scarti
di insalata e di pesca, utilizzando ultrasuoni e microonde, sono stati ottenuti estratti antiossidanti;
(iii) dagli scarti di insalata, disidratati e macinati, ¢ stata ricavata una farina funzionale; (iv)
I’applicazione dell’essiccamento supercritico ha infine consentito di convertire gli scarti di insalata
in un materiale poroso con elevata capacita assorbente.

I prodotti di valorizzazione cosi ottenuti sono stati analizzati in termini di accettabilita sensoriale e
attitudine dei consumatori, al fine di evidenziarne le potenzialita di mercato. A questo scopo, ¢ stato
preso in considerazione il caso studio degli scarti di insalata, applicando metodi consumer-based. 1
risultati ottenuti hanno dimostrato la possibilita di sfruttare claims nutrizionali e ambientali per
promuovere il consumo di alimenti derivati da scarti vegetali. Infine, ¢ stato applicato un metodo
multi-objective per stimare I’impatto economico ed ambientale delle strategie di valorizzazione

proposte, se applicate su scala industriale.



L’approccio sviluppato in questo progetto pud essere considerato un flessibile strumento di
supporto alle decisioni, in grado di guidare gli stakeholders verso una scelta consapevole circa gli

investimenti nelle strategie di valorizzazione piu sostenibili.



Chapter 1

Fruit and vegetable waste

1.1 Introduction and main definitions

Around 89 million tons of food are wasted annually in the European Union (Stenmarck, Jensen,
Quested, & Moates, 2016) and this value is expected to further increase by 40% in the next years.
Moreover, the World and Agriculture Organization calculated that one-third of the edible parts of
food intended for human consumption gets lost or wasted (FAO, 2011). The term “food loss”
identifies the decrease in edible food mass throughout the part of the supply chain that specifically
leads from raw material to food for human consumption. Food losses, thus, take place at production,
post-harvest and processing stages in the food supply chain. Food losses occurring at the end of the
food supply chain (retail and final consumption) are rather called “food waste”, which relates to
retailers’ and consumers’ behaviour (Manzocco, Alongi, Sillani, & Nicoli, 2016; Parfitt, Barthel,
& Macnaughton, 2010). Moreover, the term “food by-products” has been increasingly used in the
literature relevant to food waste. This term notifies that biomass and waste can be properly treated
and converted into valuable marketable products (Galanakis, 2012).

In the fruit and vegetable sector definitions are more controversial. A widely-used term is “fruit and
vegetable waste” (FVW). The latter has been defined as the inedible parts of vegetables that are
discarded during collection, handling, transportation and processing (Chang, Tsai, & Wu, 2006).
According to this definition, thus FVW refers to “unavoidable waste”, i.e. waste arising from fruit
and vegetable processing that is not and never has been edible (e.g. peels, stones, cores). However,
wider definitions have been proposed in the relevant literature. In this regard, Panda, Mishra,
Kayitesi and Ray (2016) and Galanakis (2012) indicate FVW as all discards generated from fruit
and vegetables along the entire food supply chain, from farm to fork, including thus both pre- and
post-consumer stages. This definition is not specifically referred to inedible fruit and vegetable
fractions, but includes also “avoidable” FVW, i.e. fruit and vegetables that have been, at some point,
edible but are wasted due to different causes (Papargyropoulou, Lozano, Steinberger, Wright, &
Ujang, 2014). In this thesis, the term FVW will be used to generally indicate material from fruit

and vegetable processing plants and production sites, which is required or intended to be discarded.

1.2 Main causes of FVW

According to FAO estimation (FAO, 2011) pre-consumer phases are particularly critical in terms
of FVW generation. To this regard, Segré and Falasconi (2011) reported that, in Italy, up to 87% of

fruit, vegetable and cereals are discarded before reaching consumer. Causes may be different. In



developing countries, wastes are mainly generated in agricultural production, post-harvest and
distribution stages, due to seasonality that leads to unsaleable gluts and to the absence of proper
conservation strategies for perishable crops. By contrast, wastes in industrialized countries are
mostly due to post-harvest evaluation of crops based on quality standards requested by retailers and
to programmed overproduction, that leads to “food surplus” (i.e. food produced beyond nutritional

needs) that eventually becomes waste (FAO, 2011; Segre & Falasconi, 2011).

1.3 Main consequences of FVW

As other food waste materials, FVW must be properly managed to guarantee sustainable
development of society. According to the Brundtland Commission, “sustainability is the
development that meets the needs of the present without compromising the ability of future
generations to meet their own needs” (Brundtland, 1987). Even if this definition poses the accent
on the fact that sustainable development should not compromise resources for future generations,
it gives no indications about what should be done and what should be avoided for achieving this
goal. Such indications can be found in the “Corporate Social Responsibility” (CSR) definition,
according to which, organizational sustainability must include not only economic performances
(profit) but also environmental and social impact: only by balancing these three components, long-
term sustainability can be achieved (Elkington, 1994). If specifically referred to food supply chain,
sustainability can be achieved by a proper product stewardship, “minimizing the health, safety,
environmental, and social impacts of a product and its packaging throughout all lifecycle stages,
while also maximizing economic benefits”. The manufacturer, or producer, has the greatest ability
to minimize adverse impacts of a food product, but other stakeholders, such as suppliers, retailers,
and consumers, also play a role (Product Stewardship Institute, 2011). Based on these definitions,
it is evident that FVW represents a critical hurdle to sustainability, since negatively affecting
economic, environmental and social development. The economic impact of FVW is related to its
disposal cost but also to the purchasing cost of a good that becomes unsaleable or inedible, leading
to a useless deployment of resources and to a direct reduction in economic income of both farmers
and consumers. The main environmental threat related to FVW disposal is the methane production
during its decomposition in landfills, highly contributing to greenhouse effect. FVW disposal also
results in biogenic cycle alteration and groundwater pollution. Another environmental impact
related to FVW is linked to the footprint of food during its lifecycle before becoming a waste,
including use of land and resources (water, energy) during harvesting, processing, distribution and
retail. FVW has also social and ethical implications, related to an inadequate and uneven
distribution of resources in a world increasingly affected by food insecurity and poverty

(Papargyropoulou et al., 2014).



1.4 FVW management

Due to the environmental, economic and social issues related to FVW, in the last years, great
attention has been focused on the development of policies and methods for its prevention and
management (Laufenberg, Kunz, & Nystroem, 2003). In general, waste prevention refers to
measures taken before a substance, material or product has become waste (2008/98/EC); waste
management “is the collection, transport, recovery and disposal of waste, including the supervision
of such operations” (2006/12/EC) and the waste management system consists of “the whole set of
activities related to handling, disposing or recycling waste materials”. Strategies to tackle FVW
have been ordered according to their priority in the so called “waste hierarchy”: prevention of waste
generation, re-use, recycling, energy recovery and disposal (2008/98/EC; Demirbas, 2011). Table

1 reports the main strategies for FVW prevention and management, that are following presented.

1.4.1 Prevention of FVW

Decrease overproduction is one of the main targets of FVW prevention strategies. Agricultural
production has necessarily to be higher than sales forecast, in order to face eventual harvest losses
due to natural phenomena (Segré & Falasconi, 2011). Agronomists suggest an overproduction of
30% to guarantee food security. Despite this indication, the current food overproduction has been
quantified around 50, up to 90% in some developed countries (Papargyropoulou et al., 2014). Thus,
a decrease in overproduction could be applied to reduce fruit and vegetable surplus and thus FVW,
while guaranteeing food security against unpredictable weather patterns affecting crops.

In addition, it has been estimated that huge amounts of small-sized or misshaped fruit and
vegetables are wasted because not fulfilling quality standards set by retailers and consumers (Mena,
Adenso-Diaz, & Yurt, 2011). Different strategies have been proposed and implemented to tackle
waste of these “substandard” fruit and vegetables. The latter have been traditionally downgraded to
the production of alternative fruit and vegetable derivatives (e.g. juices, vinegar) (Grewal, Tewari,
& Kalra, 1988). Moreover, interesting initiatives to tackle wastage of substandard products are
being carried out by the campaigns “Inglorious Fruit and Vegetables” and the line “No Name®
Naturally Imperfect™”, launched in 2015 by the French retailer Intermarché and the Canadian one
Loblaw, respectively (Intermarche, 2015; Loblaws, 2015). Such campaigns address the FVW issue
by selling substandard fruit and vegetables, while reducing costs for consumers and increasing

consumer awareness of the FVW issue (Table 1).



1.4.2 Re-use of FVW

Re-use, or more precisely “preparing for re-use”, means “checking, cleaning or repairing recovery
operations, by which products or components of products that have become waste are prepared so
that they can be re-used without any other pre-processing” (2008/98/EC). When talking about FVW
re-use, the difference between food waste and food surplus becomes crucial. As anticipated, food
surplus can be defined as food produced beyond nutritional needs. By contrast, food waste refers to
substances that can no longer be used for human consumption since they have been never edible
(unavoidable food waste) or have been allowed to pass their best (avoidable food waste)
(Papargyropoulou et al., 2014). In the case of food waste, re-use is more often referred to the
management of food surplus for feeding hungry people. Such management is carried out by the so
defined “food rescue programs”, which collect perishable food, including fruit and vegetable
surplus, and donate it to people affected by food poverty (Schneider, 2013). Since in this case food
items are used for their original scope, they must meet safety and quality criteria that are no more

satisfied when food has become waste.

1.4.3 Recycle of FVW

According to the above reported discussion, both prevention and re-use cannot be properly defined
FVW management strategies, since they are applied at product and food surplus level, respectively
and, thus, before waste generation.

Once waste is generated and it is not possible applying prevention and re-use options, “recovery”
should be applied. According to the definition given by the Waste Framework Directive
(2008/98/EC), recovery refers to “any operation whose result is waste serving a useful purpose by
replacing other materials, which would otherwise have been used to fulfil a specific function in the
plant or in the wider economy”. In this case, waste becomes thus a valuable secondary raw material,
giving the basis of a circular economy system in which waste can be converted into resources and
materials, returned back to the economy and used again. In particular, recycling and energy
recovery strategies can be applied to FVW (Pfaltzgraff, De Bruyn, Cooper, Budarin, & Clark,
2013).

Recycling means “any recovery operation by which waste materials are reprocessed into products,
materials or substances whether for the original or other purposes” (2008/98/EC). Current FVW
recycling strategies are mainly based on its use for animal feeding and fertilizer production. As
other food waste materials, the high fibre content of FVW can be exploited to formulate animal
feeds with increased nutritional value (San Martin, Ramos, & Zufia, 2016). However, this re-use
strategy is limited by some drawbacks. In particular, low protein content and high presence of

indigestible compounds are not always suitable for animal feed (Clemente, Pardo, Madejon,



Madejon, & Bernal, 2015). Moreover, composition of vegetable products varies according to
season, forcing manufacturers to often change feed formulations (San Martin et al., 2016).
Aerobic composting is an ancient eco-friendly method to convert organic waste into fertilizer
(Chang et al., 2006). This practice is based on the ability of organic waste to increase properties of
polluted soil by immobilizing trace metals and metalloids, preventing their transfer to groundwater
and living organisms, and promoting the establishment of plants (Clemente et al., 2015). However,
this recycling strategy is often difficult to put into practice due to the high biological instability of
FVW, responsible for pathogen growth risk and off-odours generation (Ajila, Brar, Verma, &
Prasada Rao, 2012). In addition, it is well established that anaerobic digestion (§ 1.4.4) is a more
attractive strategy to produce fertilizers from FVW, due to the fact that, beside fertilizing digestate,
energy is also recovered (Sharma, Testa, Lastella, Cornacchia, & Comparato, 2000).

FVW has been also largely studied for its conversion into derivatives for human consumption.
Recycle strategies applied to this aim can be divided into strategies in which the whole waste mass
is recycled (processing into flour, conversion into water) and strategies in which specific
compounds are extracted.

Processing into flour of FVW has been exploited with different purposes. The fibrous structure and
the high contact surface of FVW flour has been used to adsorb pollutants such as dyes and heavy
metals from water and ground (Annadurai, Juang, & Lee, 2002). To this regard, adsorption is due
to both physical entrapment into the porous structure of the vegetable and to specific interaction
with the functional groups of cellulose, hemicellulose and lignin (Azouaou et al., 2008). FVW flour
has also been used as an ingredient for the formulation of food products rich in functional
compounds such as polyphenols and fibres (Ferreira et al., 2015).

Water can also be considered a possible output of FVW recycle. To this regard, patented or patent-
pending systems able to convert organic material into water are already applied in companies,
supermarkets and restaurants (Waste to Water Pdy Ltd, 2017). They are based on the hyper-
acceleration of aerobic decomposition through the activity of naturally-occurring microorganisms
with enhanced degradation capabilities under tightly controlled environmental conditions (Table
1). Obtained water could be of great interest within the fruit and vegetable derivative production
processes, which are particularly water-intensive (Manzocco, Ignat, Anese, et al., 2015). Both
processing into flour and conversion into water offer the advantage that no residual waste must be
disposed of.

The extraction of specific functional compounds from FVW has been largely studied (Table 1).
Bioactive compounds (e.g. carotenoids, polyphenols, anthocyanins) (Ayala-Zavala, Rosas-
Dominguez, Vega-Vega, & Gonzalez-Aguilar, 2010; Choi, Cho, Moon, & Bae, 2015) as well as
essential oils (Bustamante et al., 2016; Gornas, Soliven, & Seglina, 2015), fibres (Elain et al., 2016;
Nawirska & Kwasniewska, 2005; Piccinno, Hischier, Seeger, & Som, 2015; Zini & Scandola, 2011)
and natural dyes (Bechtold, Mussak, Mahmud-Ali, Ganglberger, & Geissler, 2006) are the main



targets of this recycle strategy. Structuring agents, mainly referring to colloidal polymers with
interesting gelling or viscosant properties, can also be selectively extracted from FVW (McCann,
Fabre, & Day, 2011; Roversi, Radaelli, & Piazza, 2015). Although the added-value of these FVW
extracts, after the extraction process, relatively high amounts of residual waste must be still

disposed of.

1.4.4 Energy recovery from FVW

Energy recovery, also called waste-to-energy, is performed in order to recover the energy contained
in the waste material (Kothari, Tyagi, & Pathak, 2010). In this regard, food waste can be exploited
for biorefinery, as renewable biomass source for the production of bioenergy/biofuels, with the final
aim of substituting fossil fuels and reducing the depletion of other natural sources (Cherubini &
Ulgiati, 2010). Energy can be recovered from waste by the application of several strategies,
including thermochemical conversions, such as carbonisation, pyrolysis and gasification or
biochemical strategies, such as anaerobic digestion and fermentation. In the case of FVW, only
some of these strategies can be applied (Table 1). In fact, thermochemical conversion strategies are
not suitable for waste with high moisture, which is responsible for a really low calorific value (Lin
et al., 2011). On the contrary, biochemical conversion strategies are quite efficacious. Anaerobic
digestion (AD) has been widely used for organic waste disposal. AD is a method to decompose
organic matter using anaerobic microorganisms under oxygen-free conditions. After the treatment,
the end-product is represented by biogas (60% methane, 40% carbon dioxide) and digestate (or AD
effluent) (Sheets, Yang, Ge, Wang, & Li, 2015). Biogas can be used for different purposes,
including production of heat, electricity and compressed natural gas, while the AD digestate, rich
in nitrogen, can be used as a fertilizer (Yang, Ge, Wan, Yu, & Li, 2014). However, AD of FVW
presents some issues. In fact, FVW is generally characterized by a low potential for biogas
production, due to low total solid and high volatile fraction that is rapidly hydrolysed during
digestion, leading to acidification and inhibition of digestion process. As a consequence, co-
digestion of FVW with other organic wastes is increasingly studied and applied (Jiang, Heaven, &
Banks, 2012). As a result, companies usually confer their organic waste to centralized biogas
production plants (Kothari et al., 2010), dealing with relatively high collection and transport costs
(Dereli, Yangin-Gomec, Ozabali, & Ozturk, 2012; Stiirmer, Schmid, & Eder, 2011). Moreover, the
improper application of AD digestate can lead to serious environmental problems such as over-

fertilization and soil pathogen contamination (Nkoa, 2014).
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Other energy-recovery strategies have been studied as alternatives to AD. In particular, microbial
fuel cells have been recently applied to FVW. This strategy refers to biologically catalysed
electrochemical systems in which the chemical energy of an organic substrate is converted into
electrical energy through redox reactions (Pant, Van Bogaert, Diels, & Vanbroekhoven, 2010).
However, this strategy is limited to carbohydrate-rich wastes (Elmekawy, Diels, De Wever, & Pant,

2013).

1.4.5 FVW landfilling

In the past, FVW was mixed into municipal waste streams and sent to landfills or incinerators
(without energy recovery) for final disposal (Nawirska & Kwasniewska, 2005). However, this is
not a good option for FVW, due to its high water content which is, in turn, responsible for
microbiological instability, formation of off-odours and leachate (Lin et al., 2011). Beside these
disposal issues, landfilling of FVW poses wider sustainability issues, that cover economic,

environmental and social aspects (§ 1.3).
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Table 1. Main strategies of FVW prevention and management according to food waste hierarchy options.

Food waste hierarchy Strategy Output Waste origin References

option

Reduction Reduction of overproduction Reduction of cultivated crops Fruit and vegetable surplus Papargyropoulou et al. (2014)
Market of substandard items Low cost fruit and vegetables Substandard fruit and vegetables Intermarche (2015); Loblaws (2015)
Alternative processing of substandard ~ Fruit and vegetable derivatives Substandard apple and grapes Grewal et al. (1988)
items

Re-use Food rescue programs Fruit and vegetables distributed to hungry people Fruit and vegetable surplus Schneider (2013)

Recycle Dehydration, trimming, pelleting Fibre-enriched animal feed Mixed fruit and vegetables San Martin et al. (2016)

Composting

Processing into flour

Conversion into water

Extraction of specific compounds

Fertilizers

Green and low-cost adsorbents for pollutants in
wastewaters

Flour rich in antioxidants, phenols, minerals and fibre

Water for industrial facilities
Bioactive extracts
Flavonoids and bio-sugars
Antioxidants and antimicrobials
Oils
Essential oils
Oils for food, biodiesel, pharmaceutical and
cosmetic sectors
Fibres
Reinforced biopolymers
Bioplastics
Cellulose nanofibers
Dietary fibre
Natural dyes

Structuring agents

Mixed fruit and vegetables
Orange, citrus, banana, olive, apricot
Tropical fruit, orange

Mixed fruit and vegetables

Onions

Fresh-cut fruit

Citrus fruit

Watermelon, melon, red currant, pomegranate,
grape, apple

Banana

Mixed fruit and vegetables

Carrot

Apple, cherry, chokeberry, black currant, pear,
carrot

Raspberries, black carrots, currants, onions

Apple, carrot

Chang et al. (2006) ; Clemente et al.
(2015)

Annadurai et al. (2002); Azouaou et al.

(2008)

de Oliveira et al. (2009); Ferreira et al.
(2015)

Waste to Water Pty Ltd (2017)

Choi et al. (2015)

Ayala-Zavala et al. (2010)

Bustamante et al. (2016)

Gornas et al. (2015)

Zini & Scandola (2011)

Elain et al. (2016)

Piccinno et al. (2015)

Nawirska & Kwasniewska (2005)
Bechtold et al. (2006)

McCann et al. (2011); Roversi et al.
(2015)

Energy recovery

Anaerobic digestion

Bio-electrochemical systems

Biogas
Fertilizers
Electrical energy

Mixed fruit and vegetables

Carbohydrate-rich vegetables

Sheets et al. (2015)

Elmekawy et al. (2013)
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1.5 FVW valorisation

The aim of the present paragraph is to define FVW valorisation, trying to find its position within
the options presented in the waste hierarchy. In fact, although being increasingly used in the recent
literature, there is not an official definition of food waste valorisation. Nevertheless, literature quite
fully agrees in defining valorisation strategies as interventions applied in order to produce
commercial products from food supply chain waste (Galanakis, 2012; Luque & Clark, 2013;
Ravindran & Jaiswal, 2016). Valorisation has thus a strong economic implication. By contrast,
although the European Waste Framework Directive (2008/98/EC) advises the Member States to
consider also the social and economic impacts of food waste, the waste hierarchy primarily focuses
on delivering the best environmental option, which has been the basis of criticism from a number
of economists (Rasmussen et al., 2005).

To better define the borders of FVW valorisation, a first step is distinguishing between interventions
that can be applied at product (not-waste), food surplus and food waste level. As already anticipated,
prevention and re-use are not properly applied to FVW since they avoid waste generation by
changing production practices and management of products and food surplus. By contrast, when
FVW has been already generated, it should be managed through recycling and energy recovery
strategies. The latter can be further prioritized according to the developed added-value. In this
regard, when FVW is used as a feedstock to produce energy and fuels (e.g. through anaerobic
digestion), animal feeding and fertilizers (e.g. composting), its interesting functional molecules are
lost or, at best, underutilised (Pfaltzgraff et al., 2013). The latter are instead maximally exploited
when FVW serves as a source of bioactive compounds, functional ingredients and biocompatible
materials to be exploited for human consumption. For example, it has been recently proven that the
conversion of food waste to bulk chemicals is about 3.5 and 7.5 times more profitable than its
conversion to animal feed or transportation fuel respectively, suggesting a marginal economic value
of these first-generation valorisation strategies (Papargyropoulou et al., 2014). Thus, valorisation
strategies can be defined as those strategies aiming at the maximal exploitation of food waste
potentialities, through its recycling into value-added derivatives for human consumption. Based on
these considerations, the framework of food waste valorisation in the light of the food waste

hierarchy is proposed in Figure 1.
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Figure 1. Food waste valorisation framework.

In the field of FVW valorisation, the term “by-product” has been increasingly used instead of waste
to indicate discards possibly exploitable for the production of value-added derivatives (Galanakis,
2012). However, it must be underlined that the legal definition of by-product, given by the European
Commission (2008/98/EC), often does not apply to FVW exploited for valorisation. According to
this definition, in fact, a by-product never becomes a waste since, even if it is not the primary
product of a process, it already has a certain use, and thus a market, and its characteristics and
specifications meet specific technical, legal, safety, environmental and quality requirements. Since
most literature studies aim at valorising substances that are currently a waste and do not meet by-
product criteria, the “end-of-waste status” should be most properly considered. The end-of-waste
status applies when a waste ceases to be a waste and obtains a status of product or secondary raw
material. The reclassification of a substance by the application of the end-of-waste status does not
require to meet all the by-product criteria. In particular, to apply this status, the producer should be
aware of the specific purpose of the considered substance (intended use) and of its potential for
consumer acceptance, that would guarantee a market demand for such waste-derived product. The
latter should also meet specific requirements, including technically feasibility, legal, safety, quality
and environmental criteria. The end-of-waste status does not require that the substance is produced
as integral part of the production processes, opening the possibility, for example, to mix waste
streams deriving from different processes. Differently form by-products, in addition, a substance
can be assigned with the end-of-waste status also upon the application of industrial practices other
than those commonly applied, including, for example, innovative technologies. Table 2 summarises
criteria that should be met by a substance to be classified as a by-product or to be assigned with the

end-of-waste status.
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Table 2. Criteria that should be met by a substance to be classified as a by-product or to be assigned

with the end-of-waste status.

Criteria By-product End-of waste status
Certain use A

Direct use/Use after normal industrial process v

Production as integral part of the production process %

Specific purpose v v
Fulfilment of technical, legal, safety, quality requirements v v

Market demand v v

No adverse impact on sustainability v v

It must be underlined that an incorrect classification of a substance deriving from a production
process can cause unnecessary environmental damage or cost for business. In fact, the possibility
of classifying a substance as a by-product or of applying the end-of-waste status, will lead to the
development of marketable products instead of waste biomass.

The specific by-product and end-of-waste criteria indicated in the Waste Framework Directive offer
a useful guideline to analyse FVW characteristics and understanding its potentialities for

valorisation.

1.5.1 Sources and targets of food waste valorisation

The availability of substrates presenting a homogeneous composition and a segregated localisation
is crucial for implementing FVW valorisation. The absence of these features would require
additional collection and separation processes, increasing costs and time needed between FVW
collection and valorisation processing. Time aspect is of critical importance, since FVW is
extremely perishable (Galanakis, 2012). Currently, the collection of homogeneous wastes,
concentrated in rather few locations, is possible only in the initial steps of the food supply chain
(harvesting, post-harvest and industrial processing) while, in most cases, food waste generated
during distribution, retail and consumer phases is a mixture of heterogeneous and not-segregated
materials (Ravindran & Jaiswal, 2016). For these reasons, FVW intended for valorisation is

commonly collected in the industrial processing steps.
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1.5.2 Open questions related to food waste valorisation

It is generally assumed that FVW valorisation would contribute to sustainable development by
delivering environmental, economic and social advantages. FVW valorisation is expected to
produce new products from non-fossil sources and contribute to the reduction of greenhouse gas
emissions by diverting waste from landfills. Moreover, the production of innovative waste
derivatives could bring economic and social advantages, creating marketable value-added products
and work positions (Galanakis, 2012).

Nevertheless, most of the valorisation strategies applied to FVW are based on the pioneering
exploitation of waste to produce outputs whose impact on the food supply chain sustainability is
unknown. In particular, innovative processes based on novel technologies (e.g. ultrasounds, high-
pressure processing, pulsed electric field) are often applied to valorise FVW. Despite the
encouraging results obtained in the last years on a laboratory scale application of these technologies,
evidences of their industrial scalability and impact on the sustainability of the whole production
system are very limited. Also, in most cases, there is no evidence of the fact that the products
obtained by valorisation possess all the characteristics required for reclassification into new
marketable products (e.g. market demand, technical feasibility) (Table 2). Finally, it should be
underlined that each one of the recovery strategies shown in Figure 1 may contribute to the increase
of food supply chain sustainability. For example, although adding the lowest value to FVW, biogas
produced by energy recovery strategies represents an important fossil fuel alternative. In this regard,
as clearly stated in the “Rethinking the Waste Hierarchy” report of the Environmental Assessment
Institute (Rasmussen et al., 2005), the relevant question in relation to food waste management is
not whether to choose re-use, recycling, energy recovery or disposal in landfills, but how much
waste should be re-used, recycled, digested or landfilled, respectively. Data about the best

proportion of waste to be managed with each strategy are thus required.
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1.6 Aim and outline of this Ph.D. thesis

The aim of this Ph.D. thesis was to develop a rational approach to FVW valorisation, able to
guarantee the production of value-added derivatives from FVW, but also to assess their technical
feasibility and market potential as well as their scalability and impact on the food supply chain
sustainability from an environmental and economic point of view.

To this aim, the Ph.D. project was articulated as described in the Thesis outline reported Table 3.
The first part of the project was dedicated to the development of a rational approach to FVW
valorisation (Chapter 2). The latter was then validated on different vegetable discards (wastes from
fresh-cut lettuce, peach juice and soy-milk production), whose management currently represent a
critical issue for companies. In particular, after waste characterisation in terms of amount and
composition (Chapter 3), outputs that could be obtained from the valorisation of the considered
waste materials were identified. In this regard, the selected wastes were turned into fresh
homogenates, bioactive extracts and dried derivatives (flour, biodegradable materials) (Chapter 4).
This was carried out by the application of specific processes based either on traditional (air-drying,
freeze-drying, grinding, solid-liquid extraction) and innovative techniques (supercritical-CO»-
drying, high pressure homogenisation, ultrasounds, microwaves). In this regard, the design of
valorisation processes is reported in Chapter 5. Finally, feasibility studies were carried out, aiming
at identifying the intended use of obtained valorisation outputs and testing their technical feasibility
(Chapter 6). To this aim, the lettuce waste study-case, which provided four different valorisation
outputs (fresh homogenate, antioxidant extract, functional flour and biodegradable material) was
considered. The possibility of lettuce waste valorisation outputs to have a market demand and the
overall impact of proposed valorisation strategies on sustainability were tested using consumer-

based methodology and a multi-objective study, respectively.
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Table 3. Ph.D. Thesis outline.
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Chapter 2

A rational approach to fruit and vegetable waste valorisation

FVW waste can be considered a cheap source of valuable ingredients. To maximally exploit these
potentialities, proper FVW management strategies should be developed, allowing not only the
production of value-added derivatives, but also the assessment of their technical feasibility,
consumer acceptance, scalability on industrial level and impact on system sustainability. To reach
this goal, a rational approach to the development of FVW valorisation strategies should be applied.
Such approach consists in a 4 step-procedure, including waste characterization, output definition,

process design and feasibility study.

2.1 Waste characterization

The first step for developing a rational valorisation strategy involves an accurate characterization
of the waste material, in terms of amount and composition. Amount data are often already available
to companies, based on the flow of sources into the company, and during waste transport and
disposal.

Secondarily, processing steps mainly involved in waste generation should be identified. It is likely
that in these steps, in fact, waste materials presenting a homogeneous composition could be
available. This would favour and simplify the implementation of a valorisation strategy, since
avoiding or shortening collection and separation processes. Wastes should be then accurately
characterized not only in terms of actual homogeneity and composition but also in terms of long-
term variability and perishability. This would allow the identification of waste features possibly
exploitable in a valorisation strategy (e.g. high fibre or polyphenol content), but also critical ones.
For example, a high compositional variability would hinder the standardisation of a valorisation

strategy and a high perishability would pose the need for a quick transformation of the waste.

2.2 Output definition

Based on the key properties identified in waste characterisation step, possible final products of
waste valorisation can be hypothesized. Beside traditional valorisation outputs (e.g. fertilisers,
animal feeding, biogas), in this step, Research and Development expertise should be exploited to
hypothesize innovative solutions, leading to the maximal exploitation of waste characteristics. In
this regard, it should be underlined that the same waste could offer a wide range of valorisation
possibilities. During output definition, thus all the possible valorisation outputs should be identified,

with the final aim to reduce to zero the waste. This can be attained by applying a multiple-step
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methodology. For example, after extracting bioactive molecules from a vegetable waste, the
extraction residue could be further exploited to produce fibre-rich flour, composted or serve as
water source for company facilities. Output definition step should result in a clear definition of the
possible amounts and compositional features of the waste derivatives, as well as in their
classification in terms of possible use (ingredients, products, adjuvants, additives, materials)
purpose (increase food functionality, material biodegradability or bio-compatibility) and sector (e.g.

food, engineering, bio-medical, packaging).

2.3 Process design

In this step, production processes required to obtain the identified outputs are designed. In this
regard, Galanakis (2012) developed the 5-Stages Universal Recovery Process, potentially
applicable to every kind of food waste. According to this universal approach, food waste recovery
could be accomplished in five distinct stages: macroscopic pre-treatment (adjustment of the water,
solids and lipid content, activation or deactivation of enzymes, reduction of the microbial load,
increase in the permeability of the matrix); macro- and micro-molecules separation (separation of
antioxidants, acids, or ions from biopolymers); extraction (solubilisation of free molecules and
dissociation of bound ones); purification (clarification of the target compounds from co-extracted
impurities) and product formation (encapsulation or drying to obtain a stable product). This
recovery process has the advantage of being potentially applicable to all kinds of food waste
materials, since it can be tailored by omitting some stages. In the simplest case, only pre-treatment
operations such as selection, cleaning, washing, mincing, partial dehydration can be applied. For
example, this applies to traditional valorisation strategies such as animal feeding and composting,
but also to innovative valorisation strategies exploiting waste as fresh ingredient. By contrast, when
a deeper modification of FVW is required for its valorisation, all steps of the recovery process
should be applied and can be accomplished with different conventional or emerging technologies,
both of which present specific advantages and pitfalls. Equipment and know-how for the application
of traditional technologies are already available and thus they are easy to use and characterized by
low or null investment costs. Such technologies include, for example, air-drying and traditional
solvent-assisted extraction. However, they are often energy intensive and can damage the treated
matrix producing overheating, structural and functionality modifications. In addition, they usually
require huge amounts of solvents, which represent an economic and environmental burden for
companies. Novel technologies, such as microwaves, ultrasounds, high pressure homogenisation
and supercritical drying represent a suitable alternative, since generally reducing thermal effect,
matrix damaging and solvent amount while maintaining or increasing process yields. By contrast,
since their industrial application is still limited, high investment costs for equipment and dedicated

expertise are required for process scaling-up on an industrial level.
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2.4 Feasibility study

The final step for the development and implementation of a rational food waste valorisation strategy
is the assessment of its feasibility. Based on the criteria indicated in the Waste Framework Directive
for the reclassification of FVW into by-products or the application of the “end-of-waste status”
(Table 2), the main conditions that should be evaluated to assess the feasibility of a valorisation
strategy include:

(1)  Specific purpose definition: the final application of valorisation output must be defined.

(i1))  Technical validation of the intended use: the valorisation output must be tested for the
fulfilment of specific requirements, including its suitably for the proposed final application.

(iii) Evaluation of market demand: the possibility of valorisation output to have a market must be
evaluated, by assessing consumer acceptance and response.

(iv) Estimation of the impact of FVW valorisation on food supply chain sustainability: the
economic and environmental impact of FVW valorisation must be understood, with reference
to industrial scale. This can be achieved by estimating:

- the economic impact of developed strategy: most of food waste valorisation strategies
would require high investment cost for scaling up and validation on industrial scale;

- the environmental impact of developed strategy: the implementation of FVW management
strategy reduces the amount of waste to be landfilled but is carried out by processes that
require energy and resources. Thus, the counterbalancing contribution of these two aspects
on the environmental impact should be evaluated,

- the best proportion of FVW to be managed with each strategy: given a specific waste,
different strategies can be applied for its valorisation. In this regard, the relevant question
is not which the best valorisation option is, but how much waste should be managed in the
different ways (Rasmussen et al., 2005). Thus, the best compromise among economic and
environmental outcomes of a complex system integrating different valorisation strategies,
should be identified.

Feasibility assessment necessarily requires data deriving from the previous steps of the rational

approach. In fact, it requires data relevant to waste amount available for valorisation, added-value

of the possible final output, and process parameters and yields. Reversely, data collected from the
feasibility analysis would not only allow to make aware choices about the implementation of FVW
valorisation but would also provide valuable information, potentially applicable to the valorisation
of other food waste materials. In this regard, really few and partial information is currently available
on different crucial aspects of FVW valorisation, including:

- minimum amount and homogeneity of FVW required for a possible industrial valorisation;

- possible marketing strategies to steer consumer preference towards valorisation outputs;
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- scaling-up data, allowing the identification of processing conditions in which valorisation
process is profitable from an economic and environmental point of view.
In this way, the proposed approach gets cyclical, since the last step both receives data from the

previous steps and provides valuable feedback information (Figure 2).
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Figure 2. Food waste valorisation approach.

2.5 Validation of the proposed valorisation approach

The proposed approach was validated on FVW materials representing a critical issue for companies.
In particular, based on company inputs, the following waste materials were selected:

- external leaves generated from fresh-cut processing of Iceberg lettuce heads;

- fruit pomace generated from peach juice production;

- okara generated from soy milk and tofu production.
According to the first step of the developed approach, the selected waste materials were
characterised in terms of amount and composition (Chapter 3); the second step was the
identification of possible valorisation outputs (Chapter 4); following, the design of proper processes
was carried out (third step, Chapter 5); finally, the fourth and last step was the feasibility assessment
of the proposed valorisation strategies (Chapter 6).
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Chapter 3

Step 1 of the valorisation approach: Waste characterization

As indicated in Chapter 2, the first step of the developed rational approach at FVW valorisation is
the accurate characterization of the considered food waste material. In this chapter, lettuce waste,
peach pomace and okara were characterised in terms of amount and composition. In addition, the

current management of such wastes is described, underlining the involved costs for companies.

3.1 Materials and methods

Waste materials
Lettuce waste, peach pomace and okara were provided from companies engaged in the production
of fresh-cut lettuce, peach juice and soy milk (Ortoromi s. c¢. a., Borgoricco, Padova, Italy;
Indulleida s. a., Alguaire, Lleida, Spain; Unigra s.r.l., Conselice, Ravenna, Italy).
Cores, bruised and spoiled parts were removed from lettuce waste and the selected waste (external
leaves) was washed with flowing water (18 = 1 °C) and sanitized 20 min in a chlorinated bath
containing 200 mg/L of NaClO with a 100 g/L leaves/water ratio. Leaves were then rinsed with
flowing water and centrifuged in a manual kitchen centrifuge (mod. ACX01, Moulinex, France) for
1 min (Manzocco, Ignat, Bartolomeoli, Maifreni, & Nicoli, 2015).
Ground peach pomace was provided either frozen (-18 °C) or dried (140 °C) and was equilibrated
at room temperature before use.
Okara was sampled in the company after the soymilk production upon milling and further heating
at 80 °C of soybeans. Okara was provided frozen (-18 °C) and equilibrated at room temperature

before use.

Quantification
In the case of fresh-cut lettuce, amount data were obtained by analysing lettuce waste generation in
a large Italian company. To this aim, a two-step methodology was developed: (i) identification of
unit operations in which waste was generated and (ii) waste quantification. Total wasted lettuce
(W) was calculated as the sum of wastes generated during preliminary cleaning (W¢), three washing
stages (Wwi, Wwz2, Wws) and optical selection (Wos) (eq. 1) (Figure 3). However, direct waste
weighting was possible only for wastes generated during washing stages and from the optical
selector but not for the preliminary cleaning stage, in which external leaves and core were
eliminated. In fact, Iceberg lettuce wastes were mixed with those of other vegetables as different
raw materials were usually processed in the same day. To quantify waste produced during each

production step, an indirect calculation was thus used. In particular, total lettuce waste (W) was
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also computed as the difference between the amount of total lettuce accepted after the quality check

(L) and the sold one (Ls) (eq. 2).
W = WC + WWl + WWZ + Ww3 + WWOS (eq 1)
W=1L-Ls (eq. 2)

Wcwas thus calculated by solving the system of eq. 1 and eq. 2.

In the case of okara and peach pomace, waste amount data were obtained based on literature and
official databases (Argun & Dao, 2017; Mateos-Aparicio, Redondo-Cuenca, Villanueva-Sudrez,
Zapata-Revilla, & Tenorio-Sanz, 2010; USDA, 2018).

Composition analysis

Moisture and total dietary fibre content
Moisture content was calculated according to AOAC methods (AOAC, 1997). In the case of lettuce
waste and okara total dietary fibre (TDF) was calculated using a total dietary fibre assay kit (TDF-
100A, Sigma-Aldrich, St. Louis, Missouri, USA) (AOAC, 1997). In the case of peach pomace,
compositional data were obtained from previous studies conducted on this material (Grigelmo-

Miguel, Gorinstein, & Martin-Belloso, 1999).

Total polyphenolic content

An amount of 10 g of lettuce waste, peach pomace and okara trimmed with a sharp knife were
extracted by reflux with boiling water for 60 min applying a dilution of 1:4 (w/v). Extracts were
cooled to room temperature, vacuum filtered thorough Whatman no. 1 filter paper (Maidstone, UK),
freeze-dried at -50 °C and stored in a desiccator containing P,Os at room temperature until use.
Total polyphenolic content (TPC) was determined using Folin-Ciocalteau reagent (Singleton &
Rossi, 1985). The reaction mixture contained 100 pL of waste extract solubilised in water (1:10
w/v), 500 pL of the Folin-Ciocalteau reagent, 4 mL of water and 2 mL of a sodium carbonate
aqueous solution (0.15 g/mL). After 2 h reaction at ambient temperature, mixture absorbance was
read at 750 nm using UV-Vis spectrophotometer (Shimadzu UV-2501PC, UV-Vis recording
spectrophotometer, Shimadzu Corporation, Kyoto, Japan). A calibration curve was made with
standard solutions of gallic acid in the range 0.1-1000 mg/L (R>=0.99). Results were expressed as
mg of gallic acid equivalents per g of dry weight.
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Current use and cost evaluation
A company survey was performed in order to identify strategies most commonly applied for the
management of lettuce, peach and soy wastes. In addition, the mean disposal cost, due to waste

transport and disposal, was estimated.

3.2 Results and discussion

For implementing a valorisation strategy, the availability of substrates presenting a homogeneous
composition and a segregated localization is crucial. For these reasons, FVW intended for
valorisation is commonly collected in the industrial processing steps. The attention was thus
focused on industrial discards obtained during processing of fresh-cut lettuce, peach juice and soy
milk. In this regard, lettuce waste consisted of outer leaves and cores, while peach pomace and
okara appeared as homogeneous matrices. This is due to the specific waste generation process,
which is described in Figure 3. In the case of lettuce, after manual removal of external leaves and
cores, the latter are simply collected and disposed of. By contrast, peach mincing and soy bean

grinding account for the higher homogeneity of peach pomace and okara, respectively.

Quantification

Lettuce is the most important fresh-cut vegetable, representing 50% of the entire fresh-cut market
in Europe and US (Cook, 2015; Rabobank International, 2010), up to 70% in Italy (Casati & Baldi,
2012).

Raw material for the production of fresh-cut lettuce can be divided in two main categories: whole-
head lettuce (e.g. Iceberg lettuce), representing, in Italy, 60% of the total fresh-cut lettuce market
and baby lettuce (e.g. rocket lettuce), that accounts for the remaining 40% (Casati & Baldi, 2012).
While in baby lettuce processing the whole leaf is harvested and processed, in the case of whole-
head lettuce, the percentage of usable product is significantly lower due to preliminary removal of
external leaves and core (Martinez-Sanchez et al., 2012) (Figure 3). The typical flow sheet of fresh-
cut Iceberg lettuce production is reported in Figure 3. The quantification method described in § 3.1
was applied to the production of fresh-cut Iceberg lettuce in a large Italian company during 3
production months, in which approximately 800 kg of Iceberg lettuce were daily processed. Data
indicate that up to 41% of lettuce was wasted during a typical fresh-cut Iceberg lettuce process,
with removal of external leaves and core stage accounting for nearly the total waste production.
Waste production in the following unit operations of washing and optical selection resulted, in fact,
negligible. As already reported by Llorach, Tomas-Barberan and Ferreres (2004), external leaves
and core differently contributed to total waste, with the former representing more than 78% (w/w)
of the overall waste. Based on these results and in order to reduce sample variability, only external

leaves were taken into considerations in the present PhD Thesis (§ 2.5).
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More than 15 million metric tons of peaches are annually processed into juices worldwide

(FAOSTAT, 2010). Peach juice industry produces a huge amount of waste, mainly represented by

skin, seeds and some pieces of fruit. As described in Figure 3, upon filtration and centrifugation of

minced peach pulp, peach juice is separated from the remaining solid residue, commonly called

peach pomace. Depending on the ripeness of the peaches, approximately a 10-15% peach pomace

is discarded during processing (Argun & Dao, 2017).

Okara is a Japanese term defining the waste obtained after milling and extraction of the aqueous

fraction of soybeans (Redondo-Cuenca, Villanueva-Sudrez, & Mateos-Aparicio, 2008). Looking at

the soymilk production process (Figure 3), okara is generated upon filtration of ground and soaked

soybeans. Due to soybean soaking in water, every kilogram of processed soybeans intended for the

production of soy milk and tofu generates about 1.1-1.2 kg of wet okara, leading to about 4 million

tons of waste generated every year (O’Toole, 1999; Radocaj et al., 2013).
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Composition analysis
Composition analysis of lettuce waste, peach pomace and okara was carried out in order to identify
exploitable characteristics and support the choice of proper valorisation options (Laufenberg et al.,
2003). In this characterisation phase, attention was focused on the determination of water content
of waste materials and on the concentration of fibres and polyphenols, as typical healthy compounds

found in vegetable products (Table 4).

Table 4. Main characteristics of waste generated from fresh-cut lettuce, peach juice and soymilk

production.
Amount Composition
(g/100 g of raw Humidity Fibre Polyphenols
Product Waste processed (g/100 g fresh (g/100 g fresh (mg GAE/100 g dry
vegetable) waste weight) waste weight) waste weight)
Fresh-cut External
Iceberg ) 274+2.3 94.5 £ 0.6 1.5+0.1 144 £ 11
eaves
lettuce
Peachjuice L cah 10.5+0.6 84.5+0.3 5006 229+ 10
pomace
Soymilkand oy 115+7 76.2+0.4 125+0.1 192 + 4
soy curd

Although the intrinsic variability due to vegetable variety and cultural practices, obtained
compositional data resulted in the ranges reported in the literature relevant to lettuce waste (Llorach,
Martinez-Sanchez, Tomas-Barberan, Gil, & Ferreres, 2008; USDA, 2018), peach pomace (Adil,
Cetin, Yener, & Bayindirli, 2007; Maurya, Pandey, Dipti, Paras, & Rai, 2017; Pagan, Ibarz, Llorca,
Pagan, & Barbosa-Canovas, 2001; Redondo, Arias, Oria, & Venturini, 2017; Wadhwa, 2015) and
okara (Alaiz et al., 2010; Vong & Liu, 2016). As expected, water was found to represent more than
94, 84 and 76% of Iceberg lettuce waste, peach pomace and okara fresh weight. In the remaining
weight fraction, a significant amount was represented by fibres (Table 4). An interesting polyphenol
concentration was also found in all waste materials. Based on these characteristics, lettuce waste,

peach pomace and okara can be considered valuable sources of nutrients and functional ingredients.

Current use and cost evaluation
Based on information collected from the companies furnishing lettuce waste, peach pomace and
okara, these wastes are currently mainly exploited to produce biogas in centralized plants through
anaerobic digestion (Figure 3). Although this strategy produces energy and fertilizing digestate, it
is not able to properly valorise the interesting composition of these vegetable wastes (Table 4). In
addition, it also implies high costs for its implementation. In fact, in a typical Italian company that

delivers FVW at a centralized biogas plant located within a 20-km distance, management of 1 ton
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of waste is associated to an average cost of 0.80 € and 60 € for transport and disposal, respectively.
Based on the amount of waste generated by Iceberg lettuce fresh-cut processing, peach juice
extraction and soy milk production (Table 4), it can be estimated a medium waste management cost
of'about 22.00, 6.00 and 67.00 € per ton of processed raw material. This cost is expected to increase
with the distance between production site and disposal centre. In addition, it must be underlined
that such waste management often represents a net cost for companies, due to the risible or null

return in terms of biogas or digestate to be used as fertilizer upon anaerobic digestion of waste.
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Chapter 4
Step 2 of the valorisation approach: Output definition

As discussed in Chapter 3, the management of waste deriving from fresh-cut lettuce, peach juice
and soymilk production represents not only a cost for companies but, based on their rich
composition, also a loss of valuable biomass (Table 4). The second step of the proposed FVW
valorisation approach (Chapter 2), is the definition of waste valorisation outputs able to exploit this
rich composition. In this Chapter, some of the most recent studies aiming at valorising lettuce waste,
peach pomace and okara to produce value-added derivatives are reviewed. This information was

used to define possible valorisation outputs.

4.1 Literature review

Table 5 reports recent studies about the valorisation of lettuce waste, peach pomace and okara.

Lettuce waste
Really few studies are available on lettuce waste valorisation options other than its use for anaerobic
co-digestion (Lin et al., 2011). Nevertheless, different studies conducted on FVW other than lettuce
and on edible lettuce (not waste) highlight several alternative outputs that can be obtained from
lettuce waste. In particular, lettuce has been used as an ingredient for the formulation of mixed fruit
and vegetable fresh juices (Pop, Muste, Muresan, & Jula, 2014). Alternatively, lettuce has been
exploited for the extraction of bitter and gelling compounds, as well as polyphenols for the
production of functional ingredients (Llorach et al., 2004; Mai & Glomb, 2013; Roversi, Ferrante,
& Piazza, 2016). Finally, lettuce waste drying has been implemented to produce functional flour or

natural adsorbents (Ferreira et al., 2015; Pavlovi¢ et al., 2015).

Peach pomace
Based on its composition, peach waste offers different possibilities for valorisation. Most of
literature studies relevant to peach pomace valorisation deal with the extraction of bioactive
compounds from this waste material, including carotenoids, polyphenols and structuring agents
(Adil et al., 2007; Pagan et al., 2001; Vargas, Jablonski, Flores, & Rios, 2017) (Table 5). Peach
pomace has been also integrally used as fresh ingredient in the production of extruded snacks with
enhanced fibre content (Sarkar & Choudhury, 2014). However, as reported for other FVW, the main
issue related to fresh peach waste management is its high humidity content, making it quickly prone
to microbial spoilage (Ajila et al., 2012). For this reason, peach waste drying has been extensively

applied to produce fibre concentrates and flour, which have been exploited in the formulation of
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different goods with increased nutritional value (Grigelmo-Miguel, Carreras-Boladeras, & Martin-

Belloso, 2001; Grigelmo-Miguel et al., 1999; Yangilar, 2016) (Table 5).

Okara

Besides being commonly used to produce traditional food in East Countries with huge soy
consumption, okara has been exploited as fat replacer and fibre supplement in different bakery
products, including snacks, cookies and breakfast cereals (Osho, 2003; Palermo, Fiore, & Fogliano,
2012; Park, Choi, & Kim, 2015; Radocaj et al., 2013; Santos, Dedani, & Rossi, 2004). Moreover,
fibres, gelling agents, antioxidant molecules, proteins, and lipids extracted from okara have been
tested on the laboratory scale as ingredients of foods, cosmetic and pharmaceutical products (Fung,
Yuen, & Liong, 2010; Li, Lu, Nan, & Liu, 2012; Ma, Liu, Kwok, & Kwok, 1996; Mateos-Aparicio,
Mateos-Peinado, Jiménez-Escrig, & Rupérez, 2010; Quitain, Oro, Katoh, & Moriyoshi, 2006).
Finally, dried okara flour has been exploited for the production of functional foods, enriched in
fibres and proteins (Grizotto, Andrade, Miyagusku, & Yamada, 2012; Grizotto, Rufi, Yamada, &
Vicente, 2010; Katayama, Wilson, & Quality, 2008; Ostermann-Porcel, Rinaldoni, Rodriguez-
Furlan, & Campderroés, 2016) (Table 5).

4.2 Conclusions

Although the huge number of strategies proposed in the literature for valorisation of lettuce waste,
peach pomace and okara, they can be classified in three main categories, based on the obtained
outputs:

- fresh food ingredient;

- antioxidant extract;

- dried material or flour.
All these outputs present advantages and pitfalls, which should be carefully evaluated. The direct
use of waste materials in food formulation seems the easiest way to valorise their rich composition.
However, the high humidity content would require a quick transformation of vegetable waste,
limiting this application to local foods and processing plants. Alternately, waste should be stored in
refrigerated or freezing conditions, which would imply huge storage volumes, energy consumption
and logistical costs. The extraction of bioactive and functional ingredients would lead to high value-
added derivatives. However, upon extraction, a huge amount of waste should be still disposed-off.
Finally, drying would allow to turn waste into microbiologically stable derivatives, presenting a
lower storage volume but would also require high energy consumption, due to the high water
amount that must be removed from vegetable matrix (Table 4).
Starting from these available data, it was decided to turn selected waste materials into juices,
antioxidant extracts, and dried materials/flour. To this aim, proper production processes were

designed (Chapter 5).
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Table 5. Valorisation outputs obtained in recent literature studies from lettuce waste, peach pomace,

and okara.

Valorisation output Function Proposed use References
Lettuce waste
Fresh ingredient Juice Blended juices Pop et al. (2014)

Functional extract

Sesquiterpene
lactones

Cell wall materials
(pectins)
Polyphenols

Dried material or flour

Vegetable flour

Dried material

Bitter compounds
Structuring and gelling agent
Antioxidant

Nutritional value

improvement
Green adsorbents for dyes

Bitter foods and
beverages
Functional foods

Functional foods
Cookies and cereal

bars
Wastewater treatment

Mai & Glomb (2013)
Roversi et al. (2016)

Llorach et al. (2004)

Ferreira et al. (2015)

Pavlovi¢ et al. (2015)

Peach pomace

Fresh ingredient

Functional extract
Carotenoids
Polyphenols

Cell wall materials
(pectins)
Fibre

Dried material or flour

Fibre-content increase

Antioxidant
Antioxidant

Structuring and gelling agent

Fat replacement

Extruded foods

Functional foods
Functional foods

Functional foods

Muffins, ice cream

Sarkar & Choudhury (2014)

Vargas et al. (2017)
Adil et al. (2007)
Pagan et al. (2001)

Grigelmo-Miguel et al.
(2001); Yangilar (2016)

Vegetable flour Nutritional value Fibre-enriched foods Grigelmo-Miguel et al. (1999)
improvement
Okara
Fresh ingredient Fat replacement Coconut-based snack Radocaj et al. (2013)

Functional extract
Fibre
Cell wall materials
(pectin)
Carbohydrates
Proteins
Lipids

Dried material or flour

Vegetable flour

Nutritional value
improvement

Structure and nutritional
value improvement
Structuring and gelling agent

Antioxidant

Ingredient

Ingredient

Meat protein replacement

Nutritional value
improvement

Gluten replacement

Cookies

Cassava-based product
(Gari)

Extruded wheat
breakfast cereals

Cosmetic and food
formulations
Functional foods

Functional foods

Functional foods

Cosmetic and food
formulations

Frankfurter type
sausage
Soy-based snack food

Moulded biscuit

Cookies

Park et al. (2015)
Osho (2003)

Santos et al. (2004)

Fung et al. (2010)
Lietal. (2012)
Mateos-Aparicio, Mateos-

Peinado, et al. (2010)
Ma et al. (1996)

Quitain et al. (2006)

Grizotto et al. (2012)
Katayama & Wilson (2008)

Grizotto et al. (2010)

Ostermann-Porcel et al.
(2016)
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Chapter 5

Step 3 of the valorisation approach: Process design

Given the definition of the main outputs of the waste valorisation strategies (Chapter 4), relevant
production process should be designed. In this regard, it must be underlined that FVW valorisation
cannot be contemplated without the hand-in-hand development of sustainable processes. In fact, as
previously discussed (Table 2), the reclassification of FVW into an useable raw-material or product
needs the fulfilment of environmental requirements and must not be related to adverse impacts on
sustainability. In this regard, based on the definition reported by Chemat, Rombaut, Meullemiestre,
et al. (2017), Green Food Processing “is based on the discovery and design of technical processes
which allow a reduction of energy and water consumption as well as recycle of waste while
guaranteeing safety and quality of the final product”. A central objective in valorisation process
design, thus, is the development of technical solutions that are economically competitive to
traditional processes but also allow optimal use of raw materials, energy and solvents (Chemat,
Fabiano-Tixier, Abert, Allaf, & Vorobiev, 2015). This can be attained by both the improvement
and optimization of existing processes and their innovation. In this regard, great attention has been
lately dedicated to the development of green processes based on the application of innovative
techniques. Pressure-based technologies such as high pressure homogenization and high-pressure
carbon dioxide have been proposed for fresh juice production and could thus be exploitable to
produce novel functional beverages containing vegetable waste (Koutchma, Popovi¢, Ros-Polski,
& Popielarz, 2016). Innovative extraction technologies, such as ultrasounds and microwaves could
be applied to vegetable waste for the extraction of bioactive compounds at mild temperature
conditions, to maximally preserve ingredient properties (Chemat et al., 2015). Similarly, innovative
drying technologies such as supercritical fluid drying could offer the possibility of drying vegetable
wastes at low temperature, while maintaining tissue structure (Brown, Fryer, Norton, Bakalis, &
Bridson, 2008).

Based on these considerations, the present chapter presents the design of processes aiming at
obtaining the outputs identified in Chapter 4. In particular, § 5.1 and 5.2 present the valorisation of
lettuce waste and okara as fresh ingredients for the production of innovative fresh homogenates, by
exploiting high pressure homogenisation; § 5.3 and 5.4 show the application of innovative
extraction techniques based on ultrasounds and microwaves on lettuce waste and peach pomace;
finally, § 5.5 and 5.6 report the application of either traditional and innovative drying technologies

for the production of flour and dried materials from lettuce waste.
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5.1 Valorisation of lettuce waste into an ingredient for juice
production by means of high-pressure homogenization

The objective of this work was to evaluate if high pressure homogenisation (HPH), combined with
blanching, could be used to turn lettuce waste into a value-added ingredient, possibly exploitable
in the formulation of blended juices, smoothies and comminuted food. Hereto, the work was divided
in three parts. In the first one, lettuce waste was ground, pre-homogenized at 40 MPa and
subsequently submitted to HPH treatments at 80 (1 pass) and 150 MPa (1 and 10 passes). In the
second part, lettuce waste was submitted to the same grinding, pre-homogenization and
homogenization treatments after blanching. Finally, in the last part of the work, blanched lettuce
juice was stored up to 15 days in refrigerated conditions. In order to understand the effect of the
different processing operations on sample characteristics, lettuce waste samples were analysed for
colour, microscopic structure, phase separation, viscosity, phenolic content, polyphenoloxidase and
pectin methylesterase activity, and microbial load (total bacterial count, yeasts, lactic acid bacteria)

both immediately after the treatments and during refrigerated storage.

5.1.1 Introduction

Increasing consumer demand for low-caloric foods with fresh-like characteristics and high
nutritional quality has encouraged the research of alternative vegetable products. In this context,
ready to drink juices, smoothies and enriched beverages are experiencing an increasing market
demand due to their fresh-likelihood, health benefits, convenience and clean-label (Yi et al., 2018).
Among these products, blends of freshly extracted fruit and vegetable juices offer the possibility to
develop new products, which present innovative flavours and improved nutritional quality, due to
the high concentration of bioactive compounds and low caloric content (De Carvalho, Maia, De
Figueiredo, De Brito, & Rordrigues, 2007). Vegetables used to produce commercial blended juices
include tomato, carrot but also leaf-vegetables such as spinach, celery, kale and parsley (Hao, Zhou,
Koutchma, Wu, & Warriner, 2016).

Being the stability of fresh blended juices limited by microbial, enzymatic and physical alterations,
different technologies have been investigated to guarantee an adequate shelf-life. In particular, the
application of high hydrostatic pressure allows juice stabilization from a microbial and enzymatic
point of view (Deliza, Rosenthal, Abadio, Silva, & Castillo, 2005). However, this technology
cannot provide an adequate physical stability of the juices, which undergo rapid phase separation
during storage (Laboissiére et al., 2007). Although the addition of hydrocolloids (e.g. pectin,
carboxymethyl cellulose, and sodium alginate) have been repeatedly suggested to control juice
sedimentation (Ibrahim et al., 2011), this strategy hardly fits with consumer expectations for clean
label products, leading to the need for alternative solutions. In this regard, high pressure

homogenisation (HPH) has been demonstrated to represent a valid alternative to cloudiness
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preservatives, due to its ability of modifying the structure-forming properties of plant fibre
suspensions in the juice. During HPH, a fluid is forced to pass through a narrow gap, leading to
rapid acceleration followed by sudden pressure drop. In this way, the fluid undergoes simultaneous
energetic phenomena including elongational stresses, cavitation and turbulent flow. This leads to
reduction of suspended particle size, lowering sedimentation rate, but also to a modification in the
fibre physicochemical properties such as water holding, swelling and structuring capacity (Van
Buggenhout et al., 2015). HPH have been shown to be particularly effective in physical stabilization
of different beverages, including tomato and banana juices (Calligaris, Foschia, Bartolomeoli,
Maifreni, & Manzocco, 2012; Colle, Van Buggenhout, Van Loey, & Hendrickx, 2010). Pressures
between 50 and 150 MPa are generally applied for juice HPH treatment and the juice can also be
recirculated in the homogeniser to increase treatment intensity without necessarily increase
treatment pressure (Karacam, Sahin, & Oztop, 2015; Yi et al., 2018).

Although the recognised efficacy of HPH in reducing particle size of vegetable suspensions, tissue
disruption is often responsible for a rapid juice colour depletion, due to the activity of oxidative
enzymes on phenols and natural-occurring pigments (Liu, Liu, Liu, et al., 2009). The inactivation
of these enzymes by the application of blanching prior to HPH can allow obtaining a colour-stable
product. In this case, the vegetable is submitted to a “heat-shock” treatment, during which a heat
treatment is rapidly followed by a quick cooling of the product. Plant tissue enzymes are thus
inactivated, leading to a reduced colour change upon further process and storage (Devece et al.,
1999).

Lettuce waste has been shown to present a high content in dietary fibres and polyphenols (Table 4)
and can be supplied continuously and in large quantity by the fresh-cut industry. For these reasons,

lettuce waste could be considered an interesting raw material for producing healthy blended juice.

5.1.2 Materials and methods

Lettuce waste preparation

Lettuce waste was then prepared as described in § 3.1.

Blanching
Lettuce waste was immersed in water (100 g/L lettuce/water ratio) at 90 °C for 30 s and then
immediately placed 1 min into an ice bath (100 g/L lettuce/water ratio). After that, lettuce waste

was accurately dried using absorbing paper and stored at 20 °C for 10 min before treatment.

Grinding
Lettuce waste was ground using a domestic grinder (MC3001, Moulinex, Milan, Italy) at ambient

temperature for 5 min.
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High pressure homogenisation (HPH)
A continuous lab-scale high-pressure homogeniser (Panda Plus 2000, GEA Niro Soavi, Parma,
Italy) supplied with two Re+type tungsten carbide homogenisation valves with a flow rate of 10
L/h was used. A scheme of the used plant is shown in Figure 12B. Ground lettuce waste (150 g)
was pre-homogenised at 40 MPa to reduce valve obstruction risk. High pressure homogenisation
treatments were then conducted at 80 and 150 MPa. Moreover, at 150 MPa, 10 subsequent cycles
were performed. The different combinations of treatments performed on lettuce waste and the

identification of sample names are reported in Table 6.

Table 6. Treatments performed on lettuce waste and obtained samples.

Pre-treatment Treatment
Sample . L Pressure Pressure
Blanching Grinding (MPa) Passes (MPa) Passes
Not-
blanched Control no no / / / /
Ground no yes / / / /
Pre-
homogenised no yes 40 ! / !
HPH 80 no yes 40 1 80 1
HPH 150 no yes 40 1 150 1
HPH 150x10 no yes 40 1 150 10
Blanched Control yes no / / / /
Ground yes yes / / / /
Pre-
homogenised yes yes 40 ! / !
HPH 80 yes yes 40 1 80 1
HPH 150 yes yes 40 1 150 1
HPH 150x10 yes yes 40 1 150 10

Analytical determinations

Colour
Colour was determined using a tristimulus colorimeter (Chromameter-2 Reflectance, Minolta,
Osaka, Japan) equipped with a CR-300 measuring head. The instrument was standardized against

a white tile. Colour was expressed in L*, a* and b* CIELAB scale parameters.

Image acquisition
Images were acquired using an image acquisition cabinet (Immagini & Computer, Bareggio, Italy)
equipped with a digital camera (EOS 550D, Canon, Milan, Italy) placed on an adjustable stand,
positioned 45 cm above a black cardboard base where samples were placed. Light was provided by
4 23 W frosted photographic floodlights, in a position allowing minimum shadow and glare. Images

were saved in jpeg format resulting in 3456 x 2304 pixels.
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Optical microscopy
Samples were observed at room temperature using a Leica DM 2000 optical microscope (Leica
Microsystems, Heerbrugg, Switzerland). The images were taken at 200x magnification using a
Leica EC3 digital camera and elaborated with the Leica Suite Las EZ software (Leica

Microsystems, Heerbrugg, Switzerland).

Phase separation
Samples were poured in 50 mL-graduated cylinders for 24 h at 4 °C. Phase separation was visually

assessed and expressed as % (mL of separated phase per 100 mL of sample).

Viscosity
Rheological analyses were performed using a RS6000 Rheometer (Thermo Scientific RheoStress,
Haake, Germany), equipped with a Peltier system for temperature control. Measures were
performed using a bob-cup geometry at 20 °C. Flow curves were recorded increasing shear rate

from 0.1 to 100 s

Supernatant preparation
Samples were poured in 1.5 mL Eppendorf tubes and centrifuged (Hittich MIKRO 20, Centrifuge,
Tuttlingen, Germany) at 13,000 rpm for 15 min.

Polyphenoloxidase activity
The polyphenoloxidase (PPO) activity was assayed spectrophotometrically (Shimadzu UV-
2501PC, UV-Vis recording spectrophotometer, Shimadzu Corporation, Kyoto, Japan) at 25 °C
according to the methodology of Kahn (1985). The reaction was started by the addition of 200 puL
of supernatant to 1.8 mL of 0.1 mol/L potassium phosphate buffer pH 7 and 1.5x10 mol/L L-Dopa
(Carlo Erba, Milan, Italy). The absorbance at 420 nm was monitored each 10 s for 10 min. The
changes in absorbance per min were calculated by linear regression, applying the pseudo zero order
kinetic model. The eventual final stationary phase was excluded from regression data. The slope of
the very first linear part of the reaction curve was used to determine PPO activity (kppo). PPO
activity was expressed as the % activity as compared to that of the Ground sample not submitted to

HPH treatments (Table 6). The latter presented a PPO activity of 0.0453 £ 0.0040 AAbs/min.

Pectin methylesterase activity
Pectin methylesterase (PME) activity was measured using the method described by Martin-Diana
et al. (2005) with some modifications. Briefly, the initial pH of 10 g of sample (3.1 £ 0.3) was
adjusted at 7.5 using NaOH 1 M (Carlo Erba, Milan, Italy). After that, 0.2 mL of NaOH 0.05 M
were added, and the time required by each sample to reach again a pH value of 7.5 was identified.

To this aim, sample pH was continuously monitored using a pHmeter (pH-Meter BASIC 20, Crison,
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Barcelona, Spain) equipped with a measuring head for liquids (52 02, Crison, Barcelona, Spain).
The changes in pH per min were calculated by linear regression, applying the pseudo zero order
kinetic model. The eventual final stationary phase was excluded from regression data. The slope of
the very first linear part of the reaction curve was used to determine PME activity (kpme). PME
activity was expressed as the % activity as compared to that of the Ground sample not submitted to

HPH treatments (Table 6). The latter presented a PME activity of -0.0372 + 0.0002 ApH/min.

Total polyphenolic content
Total polyphenolic content (TPC) was determined using Folin-Ciocalteau reagent as described in §
3.1 (Singleton & Rossi, 1985). The reaction mixture contained 50 pL of supernatant, 2 mL distilled
water and 250 pL of the Folin-Ciocalteau reagent.

Microbial analyses
For microbiological analyses, 25 g of Control sample was diluted with 100 mL Maximum Recovery
Diluent (Oxoid, Basingstoke, UK) and homogenised for 1 min in a Stomacher (PBI International,
Milan, Italy). By contrast, Ground, Pre-homogenized, HPH 80, HPH 150 and HPH 150x10 samples
(Table 6) were directly used. Serial dilutions of each suspension were made in Maximum Recovery
Diluent (Oxoid) and analysed for microbial counts. Appropriate aliquots (0.1 or 1 g) were spread
on agar plates. Plate Count Agar (Oxoid) and Man Ragosa Sharpe (MRS) were used for
enumeration of total bacterial count and lactic acid bacteria respectively, and plates were incubated
for 48 h at 30 °C. Oxytracycline-Glucose- Yeast Extract (OGY) agar (Oxoid), was used for

enumeration of yeasts, and plates were incubated for 72 h at 28 °C.

Sample storage
Aliquots of 50 mL of sample were introduced in sterile falcon tubes and stored for up to 15 days at
4 °C in a refrigerated cell. At increasing time during storage, samples were removed from the

refrigerator, equilibrated at 22 °C and submitted to the analyses.

Data analysis
Analyses were carried out at least three times in two replicated experiments. Analysis of variance
(p<0.05) and linear regression analysis were performed using R (The R foundation for statistical
computing, v.3.1.1). Bartlett’s test was used to check the homogeneity of variance, one-way
ANOVA was carried out and Tukey test was used to determine statistically significant differences

among means (p<0.05).
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5.1.3 Results and discussion

Effect of high pressure homogenisation without blanching pre-treatment
In the first part of the study, the effect of HPH treatments on lettuce waste was investigated. Hereto,
lettuce waste was subjected to grinding, equilibrated at room temperature, and pre-homogenised at
40 MPa, to avoid valve blockage. The obtained lettuce dispersion was then homogenised at 80 and
150 MPa, the latter treatment being applied for 1 or 10 cycles. Grinding and pre-homogenisation
increased sample temperature by 2 and 5 °C, respectively. By contrast, further HPH application
resulted in a progressive temperature increase, so that samples reached 38, 65 and 85 °C after
treatments at 80, 150 and 150 MPa applied for 10 passes, respectively. Ground lettuce waste showed
a non-homogenous appearance due to the presence of particle aggregates with different size. The
visual homogeneity of samples progressively increased with the HPH treatment intensity, as also
confirmed by microscopic images (Table 7). Tissue cellular organization was well-evident in both
Control and Ground samples. The 40 MPa-pre-homogenised sample (Pre-homogenised) still
presented several intact cells, although the broken cell material was the most abundant. No intact
cells were observed in samples submitted to higher intensity treatments (HPH 80, HPH 150, HPH
150x10), in which the broken cell material appeared uniformly distributed. HPH treatment is well-
known to promote vegetable tissue disruption, due to the highly energetic phenomena taking place
during the pass through the homogenising valve, including shear and elongational stress, cavitation
and turbulence. In this regard, similar disruptive effects have been reported upon HPH treatment of
tomato and algae (Bot et al., 2017; Samarasinghe, Fernando, Lacey, & Faulkner, 2012). Grinding
promoted a visible change in lettuce colour, as confirmed by the sensible decrease in luminosity
(L*) and yellow point (b*), and the concomitant increase of red point (a*) (Table 7). These results
suggest a significant loss of the original lettuce green colour, in favour of a brownish one. The
application of 40 MPa pre-homogenisation and HPH treatments up to 150 MPa, inverted this
tendency, leading to a bright green colour, as suggested by the increase in L* and the decrease of
a*. By contrast, upon 10 passes at 150 MPa, samples tended again to become more brownish (Table
7). Such results can be attributed to the effect of different phenomena taking place simultaneously.
The significant browning induced by grinding can be attributed to the decompartmentalization of
oxidative enzymes and their phenolic substrates upon tissue disruption, leading to polymerized
brown derivatives (Espin, Jolivet, & Wichers, 1998). Although tissue disruption was further
promoted by HPH, as well-evidenced by microscopic images (Table 7), a greener colour was
obtained upon HPH treatments up to 150 MPa. This result can be attributed to the higher surface
area developed by small particles produced by HPH, leading to an increased light scattering and
thus in sample luminosity (L*) (Ahmed, Shivhare, & Raghavan, 2000). In addition, HPH has been
reported to effectively release chlorophyll from intracellular spaces (Carullo et al., 2018), possibly

accounting for the greener colour (lower a* value) of samples subjected to one HPH pass up to 150
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MPa as compared to Ground sample. The further loss of green upon 10 passes at 150 MPa can be
possibly attributed to the pronounced thermal effect of this treatment, promoting the degradation of
both chlorophyll and polyphenols (Espin et al., 1998; Koca, Karadeniz, & Burdurlu, 2007). To
further study the role of oxidative phenomena upon HPH treatment of lettuce waste, total phenolic
content (TPC) and polyphenoloxidase (PPO) activity were evaluated (Figure 4). Despite the
inherent vegetable variability and the application of different extraction parameters and
quantification methods, the TPC value of the Ground sample (about 14 mg GAE/100 g of lettuce
waste) resulted in the range reported in the literature for green-leaf lettuce. In this regard, a TPC of
18.2 mg and 14 mg/100 g fresh weight were obtained by Llorach et al. (2008) and (2004),
respectively. A TPC value similar to that observed in the Ground sample was also found upon the
40 MPa-pre-homogenisation treatment of lettuce waste. By contrast, a further increase in HPH
intensity up to 150 MPa led to a progressive reduction in the TPC, while the application of 10 passes
at 150 MPa did not promote a further phenol loss (Figure 4A). This can be attributed to both the
thermal effect of HPH treatment, leading to phenol degradation and the activation of PPO (Figure
4B). It can be inferred that, upon cell disruption induced by HPH (Table 7), PPO, which has been
reported to be highly active in Iceberg lettuce, was no longer separated from its phenolic substrates,
which were thus easily oxidised (Mai & Glomb, 2013). A 60, 90 and 40% PPO activity increase
was actually observed in Pre-homogenised, HPH 80 and HPH 150 samples, respectively. The HPH-
induced PPO activation can be due to multiple effects of the treatment. Firstly, lettuce cell
disruption has been reported to promote the release of proteases, responsible for the activation of
latent PPO which, differently from the free soluble one, is bounded to the cellular membrane
(Cantos, Espin, & Tomas-Barberan, 2001). In addition, HPH processing is well-known to affect
PPO conformation and activity. In this regard, a progressive PPO activation was also observed in
Chinese pear and mushroom submitted to high pressure microfluidisation at pressures in the range
from 80 to 200 MPa (Liu, Liu, Liu, et al., 2009; Liu, Liu, Xie, et al., 2009). Figure 4B also shows
that only the application of 10 passes at 150 MPa led to an almost complete PPO inactivation,
possibly explaining the lack in further TPC reduction (Figure 4A). However, in this case, the intense
PPO inactivation should be mainly attributed to the fact that multiple HPH passes made temperature
sample exceed that of PPO inactivation (70 °C) by about 15 °C (Terefe, Delon, Buckow, &
Versteeg, 2015).
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Table 7. Visual appearance, microscopic image, and colour of not-blanched and blanched lettuce

waste submitted to grinding, pre-homogenisation and HPH treatments at increasing pressure and

number of passes.

. Colour
Sample Appearance Microscopy T v o
Not- Control 714+132 -169+12¢ 31.6+14°
blanched ’ ’ ’ ' ’ ’
100pm’ [,
Ground 39.8+0.78 -3.5+£03% 17.0+1.08
Pre- 436+037 4301 207+1.0°
homogenised
HPH 80 48.6+0.1°¢ -62+0.1¢  26.1+0.2
HPH 150 49.7+0.1°¢ -63+£0.1¢ 254+0314
HPH 150x10 46.6+£0.19 -3.8+0.1%® 214+02°
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Table 7. (continues).

. Colour
Sample Appearance Microscopy T+ v o
Blanched Control 69.0+3.92 -155+0.7f 30.7+09°?
Ground 45102 -135+049 21.6+0.8¢
Pre-— 46.7+0.1¢ -143+0.1¢ 283+0.1°
homogenised
HPH 80 468 +0.19 -146+0.1¢ 269+0.1°¢
HPH 150 46.0+0.19% -144+0.1° 26.0+04¢
HPH 150x10 51.6+04% -67+02¢ 223+02¢

a¢: In the same column, means indicated by different letters are significantly different (p<0.05)
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Figure 4. Total phenolic content (TPC) (A) and polyphenoloxidase activity (Activity PPO) (B) of
not-blanched and blanched lettuce waste submitted to grinding, pre-homogenisation and HPH
treatments at increasing pressure and number of passes; *%: Means indicated by different letters are

significantly different (p<0.05)

To evaluate the physical stability of samples, phase separation after 24 h of refrigerated storage was
assessed (Figure 5A). Interestingly, the Ground sample showed no phase separation, while the latter
increased with the applied pressure. These results can be possibly due to the effect of HPH on
network-forming ability of vegetable fibres. It is likely that in Ground sample, lettuce fibres tended
to intertwine and form a network trapping the free liquid which would otherwise separate from the
product. By disrupting the vegetable components (Table 7), HPH reduced the length of lettuce
fibres to a point where they were no longer able to form an effective network. In this regard, Colle
et al. (2010) highlighted a significant change in water holding capacity of tomato fibres submitted
to HPH up to 130 MPa. Although the sample obtained by the 150 MPa treatment for 10 passes

42



showed the highest tissue disruption (Table 7), it presented a lower phase separation as compared
to the 150 MPa single-pass treatment. In addition to the effect of fibre length, an effect of applied
treatments on pectolytic enzymes can be accounted for the observed separation data. In fact, as a
consequence of the activity of these enzymes, cross-linking between carboxyl groups in pectin
molecules are favoured, leading to structure changes in vegetable derivatives. In particular, the
activity of pectin methylesterase (PME) has been reported to destroy the cloudy stability in citrus
fruit juices (Welti-Chanes, Ochoa-Velasco, & Guerrero-Beltran, 2009) and to favour crispness loss
in Iceberg lettuce (Martin-Diana et al., 2005). HPH treatments up to 150 MPa actually reduced
PME activity by about 20% (Figure 5B). The application of 10 passes at 150 MPa led to a further
inactivation, leading to a residual PME activity around 50%. It is thus likely that only the most
intense treatment promoted a sufficient PME inactivation to reduce separation phenomena. This
agrees with results obtained by Welti-Chanes et al. (2009) in orange juice, in which the application
of 5 passes at pressures up to 250 MPa was shown to enhance PME inactivation.

Finally, samples were analysed for total bacterial (TBC), yeast and lactic acid bacteria (LAB) counts
(Table 8). LAB resulted always lower than detection limit (1.7 CFU/g), while TBC and yeasts
progressively decreased with the HPH intensity. Only the 150 MPa treatments were able to attain
lettuce juices presenting microbial loads below limits usually indicated for vegetable and fruit juice
quality (3.7-4.7 Log CFU/g for TBC) (Simforian, Nonga, & Ndabikunze, 2015). Such result should
be attributed not only to HPH effect, but also to the intense heating promoted by the treatment
(Comuzzo et al., 2017).
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Table 8. Total bacterial count (TBC), yeast and lactic acid bacteria (LAB) load of not-blanched and
blanched lettuce waste submitted to grinding, pre-homogenisation and HPH treatments at

increasing pressure and number of passes.

Sample TBC Yeasts LAB
(Log CFU/g) (Log CFU/g) (Log CFU/g)
Not-blanched Ground 571+£031°2 548 +£0.14? <D.L.
Pre-homogenised 557+0.212 544+0462 <D.L.
HPH 80 431+£039%® 4.13+£055"% <D.L.
HPH 150 1.85+£0.22°¢ <D.L. <D.L.
HPH 150x10 3.20+0.10 b <D.L. <D.L.
Blanched Ground 3.23+0.54 % <D.L. <D.L.
Pre-homogenised 3.16+£0.44 b <D.L. <D.L.
HPH 80 2.00+£0.79¢ <D.L. <D.L.
HPH 150 3.20+£0.38% <D.L. <D.L.
HPH 150x10 2.00 +£0.37 " <D.L. <D.L.

D.L. = detection limit = 1.7 Log CFU/g; *°: Means indicated by different letters are significantly different
(p<0.05)

Effect of high pressure homogenisation with blanching pre-treatment
The application of HPH treatments to lettuce waste resulted in juices showing a critical instability
of physical and microbiological parameters. In the light of these findings, in the second part of the
study, the possibility to improve the stability of HPH treated lettuce waste by the application of a
blanching pre-treatment was evaluated. The visual appearance and the microscopic structure of
obtained samples is reported in Table 7. As compared to not-blanched samples, Ground blanched
ones presented a lighter colour and an apparently more homogeneous structure. Microscopic images
revealed that a good cellular disruption was obtained also by the application of grinding and that
HPH treatments further increased the homogeneity of the sample, which showed uniformly
distributed cellular content (Table 7). Blanching treatment actually promotes cell turgidity loss and
cell wall degradation, leading to a more deformable and softer texture, which is expected to favour
grinding and homogenisation (Xu, Yu, & Li, 2015). As compared to not-blanched samples, pre-
homogenised and homogenised blanched ones presented significantly lower a* data. As expected,
blanching hindered browning phenomena, allowing to better maintain the original lettuce green
colour. This can be attributed to the effect of blanching on oxidative enzymes, responsible for
polyphenol oxidation and chlorophyll degradation (Devece et al., 1999). To this regard, Figure 4B
shows that blanched samples presented PPO activity always lower than 14%. Similar to not-
blanched samples (Table 7), also the blanched ones obtained by the application of single-pass HPH
treatments presented a greener colour (lower a* value) than the blanched Ground sample, possibly

due to HPH-induced chlorophyll extraction (Carullo et al., 2018). Reversely, as already pointed out,
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the application of 10 passes at 150 MPa led to colour bleaching, probably due to the intense thermal
effect of this treatment, possibly leading to severe thermal degradation of both polyphenols and
chlorophyll (Manzocco, Mastrocola, Nicoli, & Marangoni, 2001; Weemaes, Ooms, Van Loey, &
Hendrickx, 1999). Beside colour, blanching-induced PPO inactivation also affected the phenolic
content of HPH treated lettuce waste. As shown in Figure 4A, TPC of blanched samples as a
function of HPH treatment intensity followed an opposite pattern as compared to not-blanched ones,
resulting in progressively higher TPC values. However, given the treatment, TPC of blanched
samples resulted always lower than that of not-blanched ones. This apparently contrasting result
can be explained considering the counterbalancing effect of HPH and blanching on phenol content.
HPH-induced tissue disruption (Table 7) promoted the extraction from blanched lettuce cells of
phenolic compounds that, in the absence of an intense oxidative PPO activity, were largely
maintained. In this regard, HPH has been extensively used as cell-breakage technology favouring
extraction of different target molecules from vegetable tissues (Zhu et al., 2016). However,
vegetable blanching is known to cause significant depletion in phenolic content, due to both applied
temperature and leaching effect in the water used for the treatment (Eyarkai Nambi, Gupta, Kumar,
& Sharma, 2016).

Blanched samples resulted physically stable after 24 h refrigerated storage, showing no visible
phase separation (Figure 5A). Such result can be partially attributed to the effect of blanching on
pectolytic enzymes. As shown in Figure 5B, in fact, blanched samples presented a PME activity
always lower than 40% and progressively decreasing with the increase of HPH intensity. Blanching
at temperatures higher than 80 °C has been actually reported to inactivate PME in different
vegetables (Ni, Lin, & Barrett, 2005). Nevertheless, microscopic images evidenced a considerable
HPH effect on blanched lettuce structure (Table 7), that was evaluated by means of rheological
measurements (Figure 6). Sample viscosity decreased with the increase in HPH treatment intensity.
Similar results were also reported for apple and banana juices and can be possibly attributed to the
HPH-induced reduction of fibre dimension, favouring fibre-fibre interaction rather than fibre-water
ones (Colle et al., 2010). Finally, the microbial quality of blanched samples was determined (Table
8). LAB and yeasts resulted always lower than detection limit. The TBC of Ground sample resulted
lower than 3.5 Log CFU/g and progressively decreased with the HPH intensity. These values
resulted not only lower than those of not-blanched samples, but also below limits usually indicated
for vegetable and fruit juice quality (3.7-4.7 Log CFU/g for TBC). Blanching, in fact, can reduce
the microbial load of vegetable surface, due to the applied temperature and microorganism leaching

into treatment water (Xiao et al., 2017).
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Figure 7. Red-point (a*) of blanched lettuce waste submitted to grinding, pre-homogenisation and

HPH treatments at increasing pressure and number of passes, during 15-day refrigerated storage.
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Based on the obtained results, HPH treatments associated to a blanching pre-treatment would allow
obtaining a lettuce juice presenting good physical stability and acceptable microbial load,
potentially exploitable for the formulation of blended juices, smoothies and comminuted foods.
These samples were thus selected for a storage test that was conducted in refrigerated conditions
up to 15 days. During this period, no significant changes in L* and b* parameters of the samples
were observed (data not shown). However, in the Ground sample and in the samples subjected to a
single HPH pass a progressive increase in a* was observed, indicating sample browning (Figure 7).
This effect should be probably attributed to the progressive degradation of chlorophyll during
storage (Perucka, Olszéwka, & Chilczuk, 2014) and to the formation of chemically oxidised
polyphenols upon contact of samples with oxygen (Le Bourvellec, Le Quéré, Sanoner, Drilleau, &
Guyot, 2004) rather than to PPO activity. The latter was actually very low in the just prepared
samples (Figure 4B) and remained below 8% (data not shown) during the entire storage test,
indicating that applied treatments were able to irreversibly inactivate this enzyme. At the end of
storage, the a* value of samples subjected to one HPH pass resulted lower than that of Ground
sample. This higher greenness was already observed immediately after the treatment (Table 7) and
possibly attributed to the ability of HPH to release intracellular compounds, such as chlorophyll.
Only the sample obtained by 10 passes at 150 MPa showed no changes in a* during storage. As
already pointed out, this sample showed, immediately after the treatment, an a* value significantly
higher than that of other blanched samples (Table 7). Thus, it is likely that the high temperature
reached on multiple HPH passes promoted intense degradation of polyphenols and pigments during
the treatment. This, in turn, led to negligible changes in juice colour on further storage, probably
due to a low concentration of degradable pigments remaining in the sample.

No phase separation neither viscosity changes were observed during the 15 day-storage (data not
shown) in agreement with PME irreversible inactivation by applied treatments. In fact, PME
showed no changes in activity during storage time (data now shown). Figure 8 shows the evolution
of microbial load during time. Yeasts resulted always lower than detection limit (1.7 UFC/g).
Except for HPH 150x10 sample, in which LAB growth resulted inhibited, TBC and LAB
progressively increased in all samples (Figure 8A and B), exceeding values commonly indicated
for fruit and vegetable juice quality (3.7-4.7 Log CFU/g for TBC) after only 3 days. As widely
reported in the literature, HPH presents a reduced antimicrobial efficacy and is thus usually
combined with other treatments able to attain a microbiologically stable product. The latter include
thermal treatments, acidification of the product or high hydrostatic pressure processing (Georget,

Miller, Callanan, Heinz, & Mathys, 2014; Patrignani, Tabanelli, Siroli, Gardini, & Lanciotti, 2013).

48



(A)

10 1
8
Y
=
@)
en
Q
|
5 4
E —e&— Ground
—&— Pre-homogenised
2 —a—HPH 150
| —o— HPH 150x10
0 T T 1
B)
8 -

LAB (Log CFU/g)

Time (d)

Figure 8. Total bacterial count (TBC) and lactic acid bacteria (LAB) load of blanched lettuce waste
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5.1.4 Conclusions

Results obtained in this study suggest that high pressure homogenisation might be an interesting
technology to fully exploit lettuce waste and obtain innovative healthy ingredients to be further
used in food production. The combination of this technology with a blanching pre-treatment
resulted in a homogeneous lettuce juice, presenting a partially maintained phenol content, a bright
green colour, and high physical stability during storage. Although promoting an irreversible
inactivation of alterative enzymes, the proposed treatment was not adequate for guaranteeing juice
microbial stability. HPH of blanched lettuce should be thus associated to a further stabilization step
(e.g. acidification or high hydrostatic pressure), reasonably applied at the level of the final
formulation, being a blended juice, a smoothie or a comminuted food. Although the case here
presented was relevant to lettuce waste, obtained results could be easily extended to other
vegetables discards, largely broaden their applicability and impact. This effort is worth making
considering that HPH is being increasingly introduced as processing operation in different industrial
contexts, showing good feasibility and cost effectiveness. For these reasons, the efficacy of HPH in
turning waste into functional homogenates was further tested taking in consideration the okara

study-case (§ 5.2).
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5.2 Valorisation of soy okara into a functional homogenate by
means of high pressure homogenization

The aim of this study was to investigate the impact of HPH treatments, carried out at increasing
intensity, on soy okara. To this purpose, okara dispersions (10% w/w) were submitted to 1 pass at
50, 100 and 150 MPa and to 5 passes at 150 MPa. Homogenised samples were then analysed for
physical properties, including stability, particle size, microstructure, viscosity, and solubility. To
study the effects of HPH on soy okara biopolymers, samples were characterised in terms of fibre
and protein content. Protein conformational and dimensional changes were also evaluated by
assessing -SH groups and absorbance at 280 nm as well as performing gel permeation HPLC.
Results were discussed to provide a structural interpretation of the physical effects of HPH on soy

okara and infer indications about their possible exploitation as functional homogenates.

5.2.1 Introduction

Okara generated from soy milk production has been extensively exploited for the extraction of
functional compounds or producing functional flour (Table 5). However, these strategies present
some issues. In particular, upon extraction a significant amount of remaining waste should be still
disposed of, along with extraction solvents. Similarly, okara drying involves huge costs due to the
high water content of this waste material (Table 4). Moreover, important alterations in flavour,
aroma and colour can occur during thermal treatment (Li et al., 2013). The possibility to directly
exploit fresh okara, by turning it into a functional ingredient or semi-finished product could
represent a valuable alternative strategy for okara valorisation. In particular, as also described in §
5.1, the use of HPH on different vegetable matrices has been widely reported to promote cell
disruption, bioactive extraction and modification of biopolymer physical properties (Augusto,
Ibarz, & Cristianini, 2013; Bot et al., 2017).

Based on these considerations, HPH treatment of okara dispersions might have different advantages
comprising: (i) extraction of proteinaceous and fibrous materials as a consequence of cell disruption
and (i) increase of functionality resulting from biopolymer structure modification and development
of novel inter particle interactions and networking. Preece, Hooshyar, Krijgsman, Fryer, and
Zuidam (2017a) recently studied the effect of HPH on soybean processing materials. It was
observed an improvement of the extraction yield of proteins from soy okara dispersions after
homogenisation at 100 MPa for 1 pass. Beside these data, to our knowledge no information is

available on the effect of HPH on okara biopolymer structure and interactions.
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5.2.2 Materials and methods

Preparation of okara dispersion
Soy okara was prepared as described in § 3.1. Okara was dispersed in deionized water at 10% (w/w)
concentration under magnetic stirring for 1 min at room temperature (20 °C). Then, okara dispersion
was mixed with high-speed blender (Polytron, PT 3000, Cinematica, Littau, Swiss) at 8000 rpm for
1 min. The resulted dispersion was processed with HPH. The untreated sample was used as control

(untreated).

High pressure homogenization (HPH)
Dispersion containing 10% (w/w) okara were treated by the high-pressure homogenizer represented
in Figure 12B and described in § 5.1.2. The first valve was the actual homogenization stage and
was set at increasing pressure up to 150 MPa. The second valve was set at the constant value of 5
MPa. Aliquots of 150 mL of okara dispersion were subjected to single-pass at pressure 50, 100 and
150 MPa and also 5 passes at 150 MPa (750 MPa). The sample temperature was measured
immediately after HPH treatment by a copper constantan thermocouple probe (Ellab, Hillerad,
Denmark) immersed in the fluid, connected to a portable data logger (mod. 502A1, Tersid, Milan,

Italy). After treatments, all the samples were cooled at room temperature (20 °C).
Analytical determinations

Chemical composition

Moisture, fat, protein and ash content of okara were analysed by the reference AOAC method
(AOAC, 1997). Total polyphenolic content (TPC) was determined using Folin-Ciocalteau reagent
as described in § 3.1. The reaction mixture contained 50 puL of supernatant, 2 mL distilled water
and 250 pL of the Folin-Ciocalteau reagent. Soluble (SDF) and insoluble dietary fibre (IDF) of
fresh okara and HPH treated okara dispersions were also analysed according to AOAC method
(AOAC, 1997) using a total dietary fibre assay kit (TDF-100A, Sigma-Aldrich, St. Louis, Missouri,
USA). The SDF/TDF and IDF/TDF ratio was reported as g/100 g fibre.

Physical stability
To monitor physical stability of okara dispersion treated by HPH, samples were transferred into 20

mL glass tube and images were then acquired as described in § 5.1.2.

pH measurement
The pH of samples was recorded at 20 °C by using a Basic 20 pH meter (Crison Instruments, S.A.,

Barcelona, Spain) equipped with a combination of glass electrodes and a temperature probe.
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Particle size distribution
The particle size distribution of okara dispersions was measured by using the dynamic light
scattering instrument Zetasizer Nano ZS (Malvern, Milan, Italy). Samples were diluted 1:10 (v/v)
in deionized water prior to the analysis to avoid multiple scattering effects. The angle of observation
was 173°. Solution refractive index and viscosity were set at 1.333 and 0.88 cP, respectively,
corresponding to the values of pure water at 25 °C. Particle mean diameter and polydispersity index

(PDI) corresponding to intensity distribution was then measured.

Optical and polarized light microscopy
One droplet of each sample was placed on a glass slide, covered, and observed at room temperature

as described in § 5.1.2.

Viscosity
Viscosity determination was performed using a bob-cup geometry at 20 °C, as described in § 5.1.2.
In particular, the flow behaviour of samples was measured by recording apparent viscosity against

1

shear rate from 0.1 to 200 s™'. The relationship between apparent viscosity and shear rate was

described by Ostwald-de-Waele model (eq. 3):
Napp = K- ]-/n—l (eq. 3)

where N,pp 18 the apparent viscosity (Pa-s); v, the shear rate (s™); K, the consistency index (Pa- s")

and n, the flow behaviour index (dimensionless). Model fitting was performed using the software

Haake Rheowin v.4.60.0001 (Thermo Fisher Scientific).

Protein extraction yield
The 10% (w/w) okara dispersions were centrifuged at 12,000 g for 10 min at 4 °C (Beckman, Avanti
TM J-25, Palo Alto, CA, USA). The protein content of the supernatant was determined by Kjeldahl
method (AOAC, 1997). Protein extraction yield (g/100 g) was calculated as reported in eq. 4:

protein in the supernatant

Protein extraction yield = X100 (eq.4)

okara protein

Absorbance at 280 nm
Okara dispersions were centrifuged at 12,000 g for 10 min at 4 °C (Beckman, Avanti TM J-25, Palo
Alto, CA, USA). The supernatant was collected and diluted to 1:200 in order to be sufficient for
UV absorbance measurement. UV absorbance was measured at 280 nm using UV-2501 PC UV-
VIS (Shimadzu, Kyoto, Japan) spectrophotometer connected to a CPS-240A thermoelectrically

temperature-controlled cell holder (Shimadzu).
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Determination of sulthydryl content

The concentration of free sulthydryl groups (SH) of the okara dispersion was determined using
Ellman’s reagent (5',5-dithiobis (2-nitrobenzoic acid), DTNB) (Sigma-Aldrich. Milan, Italy).
Changes in free sulthydryl groups were measured based on the method of Beveridge, Toma &
Nakai (1974). Briefly, a Tris-Glycine-EDTA (TGE) buffer was prepared by dissolving Tris (10.4
g), glycine (6.9 g) and EDTA (1.2 g) (Sigma-Aldrich. Milan, Italy) in 1 L of distilled water with
adjusting pH to 8.0. A working SDS-TGE solution was freshly prepared by mixing 45 ml of TGE
with 5 ml SDS stock solution (25% w/v). The solution was degassed in an ultrasonic bath for 30
min, and flushed with nitrogen during stirring for 15 min. 100 mg okara dispersion was mixed in 3
ml TGE-SDS buffer and vortexed every 10 min for 30 min. 0.06 Ellman’s reagent (4 mg ml”' DTNB
in dimethylformamide) was added and the mixture was held for 15 min. This was followed by
centrifugation at 12,000 g for 10 min at 4 °C (Beckman, Avanti TM J-25, Palo Alto, CA, USA).
The absorbance of supernatant was measured at 412 nm by a UV-VIS spectrophotometer (UV-
2501 PC, Shimadzu Kyoto, Japan). Concentration of free sulthydryl groups (uM g') was calculated
from eq. 5:

73.53. 4412 .D
c

SH = (eq. 5)

where A4 is the absorbance at 412 nm; C is protein concentration (mg mL™!); D is the dilution

105

T3e10% 1.36.10* and is the molar absorptivity (Ellman, 1959).

factor; and 73.53 is derived from =

HPLC-gel permeation analysis
Okara dispersions were analysed using a HPLC system Varian ProStar (model 230, Varian
Associates Ltd., Walnut Creek, CA, USA) equipped with a UV/VIS detector. Two columns were
used: BioSep-SEC-S 3000, 30 cm length, 7.80 mm internal diameter and BioSep-SEC-S 2000, 30
cm length, 7.80 mm internal diameter, 5 um granulometry, 125 A porosity with separation range
among 5 and 670 kDa. Samples were filtered on 0.2 um porosity filters (Econofilters, Agilent
Technologies, Cenusco sul Naviglio, Italy). Injection volume was 20 pL and the mobile phase,
delivered at a flow rate of 0.6 mL min™', was 1 M potassium phosphate buffer pH 7.0 in isocratic
conditions. The detection wavelength was 220 nm. Catalase (250 kDa), Glucose oxidase (160 kDa),
lipoxidase (108 kDa), lysozyme (14.3 kDa) and insulin (5.8 kDa) (Sigma, St. Louis, MO, USA)
were used as calibration standards. A linear relation (R?>=0.98) was found between retention time
and molecular weight of standard proteins. Peaks integration was performed by CHROM-CARD

for Windows software (1.19 version).

Data analysis
Analyses were carried out at least three times in two replicated experiments. Analysis of variance

(p<0.05) and linear regression analysis were performed using R (The R foundation for statistical
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computing, v.3.1.1). Bartlett’s test was used to check the homogeneity of variance, one-way
ANOVA was carried out and Tukey test was used to determine statistically significant differences

among means (p<0.05).

5.2.3 Results and discussion

Table 9 shows the chemical composition of okara obtained from the waste stream of soy milk
processing. As expected, okara presented a high moisture content and was particularly rich in
insoluble fibre, proteins and lipids. Interestingly, it also contained significant amounts of
polyphenols. These data are in the range of proximal composition analysis reported in literature by

different authors (Guimaraes et al., 2018; Vong & Liu, 2016).

Table 9. Chemical composition of soy okara.

Parameter Amount
Moisture (g/100 g) 76.22 +0.40
Protein (g/100 g) 6.53 £0.01
Lipid (g/100 g) 1.57 £0.06
Total dietary fibre (g/100 g) 12.50 £ 0.05
Insoluble fibre (g/100 g) 12.19 £ 0.04
Soluble fibre (g/100 g) 0.31 £0.01
Total phenolic content (mg GAE/g dry matter) 1.92 £0.04
Ash (g/100 g) 0.59 +0.05

A 10% (w/w) okara aqueous dispersion was submitted to HPH by applying pressures up to 150
MPa and number of passes up to 5. The temperature of the treated samples increased with the
treatment intensity up to 63 °C (Table 10). As well known, these temperature changes are
attributable to the mechanical stresses suffered by the sample during the passage through the
homogenization valve (Hayes & Kelly, 2003).

Table 10. Temperature of 10% (w/w) untreated okara aqueous suspension and samples submitted

to HPH treatments at 50, 100, 150 MPa pressures and 150 MPa with 5 passes.

HPH Treatment Number of passes Temperature (°C)
Untreated - 21.3+1.134

50 MPa 1 28.65+191°¢

100 MPa 1 36.90 £2.69°

150 MPa 1 4295+1.20°

150 MPa 5 62.80+0.85%

ab.¢.d: In the same column, means indicated by different letters are significantly different (p<0.05)
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The visual observation of the samples revealed that the physical stability of HPH treated dispersions
was higher than that of the untreated one (Figure 9). In particular, no evident separation of treated
dispersions was noticed after 1 day of storage, with the only exception of the samples treated at 50

MPa, which showed a beginning of phase separation.

wm O am ES

Figure 9. Phase separation of 10% (w/w) untreated okara aqueous dispersion and samples submitted
to HPH treatments at 50, 100, 150 MPa pressures and 150 MPa with 5 passes during 1day storage
at 4 °C.

These results can be attributed to HPH-induced modifications of the structure of okara constituents.
To study these modifications, particle size distribution of treated samples was determined (Figure

10).
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Figure 10. Particle size distribution of 10% (w/w) okara aqueous dispersion submitted to HPH
treatments at 50, 100, 150 MPa pressures and 150 MPa with 5 passes.

Untreated okara dispersions were not analysed, since quickly undergoing phase separation. Okara
dispersions treated at 50 MPa showed a trimodal distribution, indicating that about 70% of the
particles had mean diameter of around 200 nm, 25% showed mean diameter around 750 nm and,

finally, the diameter of the rest 3% of the particles was approximately 5000 nm (Table 11).

Table 11. Mean particle size diameter and peak area (%) of 10% (w/w) okara aqueous suspension

submitted to HPH treatments at 50, 100, 150 MPa pressures and 150 MPa with 5 passes.

50 MPa 216.4+458°¢ 7659+2372 5370.0+422%2 715+13¢ 257+03 28+1.6°
100 MPa 354.8+19.72 n.d. 4057.0+789.12 88.8+1.8" n.d. 112+1.7¢%
150 MPa 3443 +6.6% n.d. 4875.0+311.1% 955+047? n.d. 45+03°
150 MPa-5 passes ~ 241.2+£12.0% n.d. 5180.5+282.1¢ 98.8+0.2° n.d. 1.3£0.1°

n.d. not detected

a.b,¢.d: Tn the same column, means indicated by different letters are significantly different (p<0.05)
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The application of increasing pressure led to a progressive particle downsizing with the
disappearance of the intermediate peak, a reduction of the largest particles and a concomitant
increase (more than 90%) of particles with 350 nm mean diameter. These results agree with
literature data relevant to the effect of HPH on the particle size of different vegetable derivatives,
including tomato juice, soy protein isolate, and hazelnut milk (Augusto, Ibarz, & Cristianini, 2012;
Gul, Turker, Mortas, Atalar, & Yazici, 2017; Song, Zhou, Fu, Chen, & Wu, 2013). The decrease in
particle size can be attributed to the intense stresses delivered by HPH (elongational stresses, sudden
pressure drops, rapid fluid acceleration, shear stress, turbulence and cavitation), able to disrupt soy
components. The disruptive ability of HPH can be well noted observing the microscopy images

reported in Figure 11.

HPH treatment Optical microscopy Polarised light microscopy

Untreated

200 pm

50 MPa

100 MPa

150 MPa

150 MPa-5 passes

Figure 11. Optical and polarised light microscopy of 10% (w/w) untreated okara aqueous dispersion

and samples submitted to HPH treatments at 50, 100, 150 MPa pressures and 150 MPa for 5 passes.
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Untreated okara dispersion showed a dense microstructure with colloidal material dispersed
throughout the aqueous environment. This material is mainly formed by partially denatured
proteinaceous materials. Soy okara is actually produced by heating soybeans at 80 °C, which is a
temperature higher than that required for thermal denaturation of the main soy storage protein 3-
conglycinin (74-77 °C) (Kinsella, 1979; Wang, Qin, Sun, & Zhao, 2014). Untreated okara also
showed clearly visible aggregates of fragmented fibrous cell material. As reported by Preece et al.
(2015), okara is composed of intact cotyledon cells, walls of disrupted cells and other protein-
polysaccharide agglomerated materials. The latter partially retain the original crystalline structures,
as also observed by polarized light microscopy images, in agreement with literature data (Liu,
Chien, & Kuo, 2013).

As can be seen in Figure 11, HPH treatment at 50 MPa induced the breakage of these large
aggregates into smaller ones resulting in a more homogeneous dispersion of particles. The further
increase of homogenization pressure caused a progressive reduction in dimension and number of
insoluble particles.

To study the macroscopic effect of these microstructural changes, flow curves of okara dispersions
were determined. Data were elaborated with the Ostwald-de-Waele model (R*>0.94) and the
estimated parameters reported in Table 12. Except for the sample obtained upon 50 MPa, all
samples exhibited a shear thinning flow behaviour (n<1) and the application of more intense

treatments increased both consistency index (K) and apparent viscosity (1] 100).

Table 12. Flow behavior index (n), apparent viscosity at 100 s (1100), consistency index (K) of
10% (w/w) okara aqueous dispersion submitted to HPH treatments at 50, 100, 150 MPa pressures
and 150 MPa with 5 passes.

HPH treatment n 1 100 (Pas) K (Pas")

50 MPa 1.054+£0.031* 0.001 £0.00°¢ 0.001 +£0.000 ©
100 MPa 0.512+£0.022° 0.010 £0.001 ® 0.111 £0.020 ®
150 MPa 0.494 +0.001 ® 0.012 +£0.000 ® 0.140 £ 0.003 ®
150 MPa-5 passes 0.309+0.025° 0.029 +£0.00? 0.803 £0.104 #

n.d. not detected

a5 ¢: In the same column, means indicated by different letters are significantly different (p<0.05)
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Samples treated at 150 MPa for 5 passes revealed an apparent viscosity about 3 times higher than
that of the sample treated at 100 MPa. This result can be due to different phenomena. From one
side, the system viscosity can rise as a consequence of the increased crowding associated to the
progressively higher number of small particles; from the other side HPH-induced cell breakage is
expected to promote extraction of okara components, leading to a higher content of soluble
materials in the dispersions (Preece et al., 2017). To better understand the nature of the extracted
material, samples were analysed for total (TDF), insoluble (IDF) and soluble (SDF) dietary fibre
(Table 13). TDF content decreased with the increase of HPH intensity. A concomitant increase in
the ratio between soluble and total dietary fibre was also observed. The redistribution of fibres in
favour of the soluble fraction has been reported for different vegetable matrices submitted to
homogenization or micronisation treatments. To this regard, Huang, Chen, and Wang (2010)
reported a 30-50% increase in soluble/insoluble dietary fibre ratio in taro, potato and yam peels
submitted to ball milling. Similar results were also reported by Chau et al. (2007) and Hu, Zhang,
Adhikari, and Liu (2015) upon the application of microfluidification at 80 MPa and high pressure
homogenization at 100 MPa of carrot pomace and wheat bran, respectively. The observed changes
in fibre content and distribution between soluble and insoluble fraction (Table 13) can be attributed
to the progressive rupture of the fibrous material and the solubilization of soybean soluble
polysaccharides. This structure breakage was also associated to the release of organic acids,

accounting for the pH decrease, and polyphenols held in cotyledon cells (Table 13).

Table 13. pH, total dietary fiber (TDF), insoluble dietary fiber (IDF) and soluble dietary fiber (SDF)
/TDF ratio and total phenolic compounds (TDC) of 10% (w/w) untreated okara aqueous dispersion

and samples submitted to HPH treatments at 50, 100, 150 MPa pressures and 150 MPa with 5

passes.

TDF IDF/TDF SDF/TDF TPC
HPH treatment pH

(g/100 g dm) (g/100 g fibre) (g/100 g fibre) (mg GAE/ g dm)
Untreated 829+0.06? 52.57+0.182 97.51+£0.0612  2.49+0.06° 2.58+0.03¢
50 MPa 8.22+0.02° 5149+2452 96.37+£0.30 % 3.63£0.30 ™ 5.08+0.06°
100 MPa 8.11+0.042 45.82+1.06% 94.77£0.99 ® 523+£0.99° 5.11+0.05°
150 MPa 7.90£0.05° 4756 +3.14% 9493 +0.42° 5.07+£0.42° 531+0.05°

150 MPa — 5 passes 7.67 +£0.02 © 41.82+252° 89.28+0.322 10.72+0.322 8.08+0.352
dm, dry matter

a.b,¢.d: Tn the same row, means indicated by different letters are significantly different (p<0.05)
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Moreover, protein extraction yields dramatically increased from 11 (g/100 g protein) to about 90
(g/100 g protein) with the increase of pressure and number of passes (Table 14). It is likely that
proteins, not extracted during the soy milk process, were entrapped in the soybean cells or engaged
in protein-fibre complexes. Proteins were thus analysed for conformational changes by determining
the absorbance at 280 nm and free sulthydryl group content (Table 14). The increase in HPH
pressure significantly increased absorbance at 280 nm and free SH groups of proteins in okara
dispersions. This increase is consistent with the change in protein content and conformation,
resulting in an increased exposure of aromatic and SH groups of amino acids on the protein surface
and rupture of S-S bonds within protein molecules. However, the application of the most intense
treatment was associated to a decrease in both indexes. This is generally 