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Abstract

The overallaim of this thesis isto demonstrate how food supply chain waste (FSCW)
could be used as a renewable feedstock for a produfticused biorefinery. The
volumes of FSCW produced as a result of common food processing operations have
been estimated using a newnethodology. The later is basedon sold manufactured
goods published every year by th&european Union (PRODCOM) and highlights the
geographical waste hot spots for common food processing operationshe use of
this methodology led to the selection of vaste orange peel (WOP) as a raw material
for the design of an integrated biorefinery A SWOT analysis was carried out to
analyse the opportunity for the design of a WOP valorisation process aimed at the
extraction of a maximum of thechemicalcomponents while avoiding theuseof acid,
additives or pretreatment. The successful development of a microwave biorefinery
process centred on the valorisation of WOWas designed basedn the integration

of microwave assistedD-limonene extractionand a low temperaturehydrothermal

extraction of pectin.

The work carried-out using microwave hydrothermal treatment proved that pectin
can be extracted between 100 and 150C under acidless conditions on a 100 mL
scale. A competitive molecular weight distribution was obtaind for pectin produced

at a temperature of 110 and 120°C using WOP from whiclD-limonene, flavonoids
and sugar had been previously extracted. ACPMAS13GNMR technique was
developed to determine the degree of esterification of pectinD-limonene was
extracted under microwave-assisted solventless conditions. The optimised
conditions studied led to a yield of 1.0% 0.18% food gradeD-limonene with a high
reproducibility on a 1 L scale (500 mbars). Finally, the process used also allowed for
the isolation and characterisation of flavonoids and monosaccharides. Following
ethanol extraction, a mixture of polymethoxy flavonoids tetraO-methyl scutellarein,
tangeritin, nobiletin and heptamethoxyflavipnee speridin and sugar monosaccharides
were obtained with yields of 5.87%, 0.24% and 18.35% respectively on a wet basis.
The later fraction was composed of 74.21% glucose and 25.35% fructose, as
determined by quantitative 13C NMR, showing the potential for this fraction as a

fermentation feedstock.
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1 Introduction

Today fossil fuel resources supply 86% of our energy and 9% of organic
chemicals? However, they are not renewed in a time interval relevant to our
resource utilisation: according to our actual consumption, the future petroleum
POl AGAOCET1T EO O1T1EEAIT U O1 .ByAR82 our énégy O1 AEAOUG O
demands are expected to increase by 50%Green chemistry is an area which is
attracting increasing interest as it provides unique opportunitiesfor innovation via

the use of clean and green technologies, product substitution arespecially the use

of renewable feedstocks such as dedicated crops or food supply chain-fmpducts

for the production of bio-derived chemicals, materials and fuel$.This chapter will
provide an introduction to the concepts of green chemistry and the ibrefinery, the

use of waste as a biorefinery feedstock and the role of clean technology such as
microwave technology followed by a discussion of the core concepts behind

microwave heating in the area of biomass processing.

1.1 Green chemistry and the biorefinery

1.1.1 The 12 green chemistry principles

GBreen chemistry is the design of chemical products and processes thatuce or
eliminate the use and generation of hazardous substana&ss The concept emerged
20 years ago with the introduction by Paul T. Anastas an@ldn C. Warner of the 12

principles of green chemistry (seelablel).
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Tablel: The 12 Green Chemistry Principless

1. Prevention

It is better to prevent waste than to
treat or clean up waste after it has
been created.

7. Use of Renewable Feedstocks

A raw material or feedstockshould
be renewable rather than depleting
whenever technically and
economically practicable

2. Atom Economy

Synthetic methods should be
designed to maximize the
incorporation of all materials used
in the process into the final
product.

8. Reduce Derivati ves

Unnecessary derivatisation (use of
blocking groups, protection/
deprotection, temporary
modification of physical/chemical
processes) should be minimized or
avoided if possible, because such
steps require additional reagents
and can generate waste.

3. Less Hazardous Chemical
Syntheses

Wherever practicable, synthetic
methods should be designed to usq
and generate substances that
possess little or no toxicity to
human health and the
environment.

9. Catalysis

Catalytic reagents (as selective as
possible) ae superior to
stoichiometric reagents.

4. Designing Safer Chemicals

Chemical products should be
designed to effect their desired
function while minimizing their

toxicity.

10. Design for Degradation

Chemical products should be
designed so that at the enadf their

function they break down into
innocuous degradation products and
do not persist in the environment.

5. Safer Solvents and Auxiliaries

The use of auxiliary substances

(e.g., solvents, separation agents,

etc.) should be made unnecessary|

wherever possible and innocuous
when used.

11. Real-time analysis for
Pollution Prevention

Analytical methodologies need to be
further developed to allow for reat
time, in-process monitoring and
control prior to the formation of

hazardous substances.

6. Design for Energy Efficiency

Energy requirements of chemical
processes should be recognized fo
their environmental and economic
impacts and should be minimized.

If possible, synthetic methods
should be conducted at ambient
temperature and pressure.

substance used in a chemical proceq

12. Inherently Saf er Chemistry for
Accident Prevention

Substances and the form of a

should be chosen to minimize the
potential for chemical accidents,
including releases, explosions, and
fires.
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Efficiency being the key, te subject coninues to develop strongly aroundthe

following principles in its pursuit of more sustainable processes.s

maximum conversion of reactants into a targeted product,
minimum waste production through improved reaction design,
1 the use and production of norhazardous raw materials and
products,
safer and more energy efficient processes and

the use of renewable feedstocks.

1.1.2 Green chemistry and Industry

According to these principles,in an ideal casea reaction would only produce the

targeted product. Waste and pollutants would be prevented, improving the reaction

yield and reducing losses, thus improving the overall economics of a process. Since

our society and industries are governed by increasing efficiency dnprofit, green

chemistry should theoretically fit every i AT OEAAOOOET ¢ AT I PATUBO ACAT 7

appealing to chemical producers.

Today,the principles of green chemistry arestill as meaningful a0 years ago given
the increasing interest this area of research attracts due to concerns over
sustainability.® The implementation of REACHegislation (Registration, Evaluation,
Authorization and restriction of Chemicals or directive EC 1907/2006), ROHS
legidation (Restriction of the Use of Certain Hazardous Substances in Blawal and
Electronic Equipment or directive 2003/108/EC) together with other initiatives
highlighting the hazardous character of some chemicals used in day-day
consumer products suchas the SIN listoare pushing hard for their replacement to
avoid harm to human and/or environmental health. However,the substitutes used
need to be genuinely safer across the whole life cychhilst also being as effective
as their unsafe alterego. Investing inresearch and developmentfocused on
identifying truly greener substitutions, thus eliminating rushed and weak
alternatives which often contain a greaternumber of formulation components to
compensatefor the lower performance of a gvenOCOA AT AO6 &1 Oi &1 AGET 1 8 4
applies to the substitution of fossitderived chamicals with more sustainable bie
derived chemicals When using renewable feedstocks such as biomass, we have to
use clean and efficient synthetic routes, minimising the amount of unwanted by

products and the use of scarce resources (i.e. scarce metalsVater available for
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industrial operations is increasingly seen as a scarce resource but its use as a green
solvent is increasingly envisaged de to its non toxicity (amongst other benefits) in
comparison to hydrocarbon-based solvents? Nevertheless, contaminated water is

difficult, energy consumingnd expensive to treat and reuse.

Biodegradabilty is an important AEAOAAOAOEOOEA &£ O OCOAATA
increasing the lifetime of a molecule to promote its reuse could be another
strategy, allowing for each molecule produced by nature to be used to its full

potential.13

Reusing and valorising resources available, including waste, is an area gaining in
momentum. One of them isdod supply chain waste(FSCW), whichis a fealstock
rich in functionalised molecules# Although it is biodegradable, it should be valorised
as a source ofenewable chemicals, materials and biduels, leading towards waste

minimisation and waste valorisation. Wasting resources should be avoided in any

optimised process.

The different strategieshighlighted in Figure 1 show how important it is to assess
the greenness of a process through every single step, including the upstream and
downstream stages of production, raw material employedits use, eneuse and

disposaland as a resultguaranteeing the true sustainability of a products

" Re-use
“Use

Product
delivery
Product
manufacturing

Raw
material

Z A A £ oA zmoA o~ o~ oA o

Figureld )11 OOOOAOGET tycld £ A POI ABAOGBO 1 E

One change can affect several of these steps ahé important to assess a process
through its full life cycle however time consuming and data deperaht this is. Life
cycle assessment can help assess the use of-processes versus chem@rocesses

for example.Many believe bioprocesses are preferabléo chemo-processes as they
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are superior in terms of environmental impact as they use nontoxic enzymesto
selectively catalyse a reaction andyield the targeted product. Nielsen et. al. have
highlighted how the production of enz/mes is energy and resourcentensive too,
showing enzymatic processes are not necessarily the greenest option for the
manufacturing of chemicals even though they represent a product selective

processts

1.1.3 Drivers for change

Current manufacturing practices are strained bya number of factors, most
significant is the increasing price of feedstocks such as o#f This results in
increasing costs ofenergy and petrochemicalsThere is also the increasing cost of

waste treatment and/ or disposal.

The increasing impact of égislation is also affecting almost all aspects of
manufacturing supply chains (e.g. what can be made, thesupply of raw material,
manufacturing, enduse and disposalstageg. It now affects the type of process,
process steps, emissions, end treatment of wasteeaningevery stage of the supply
chain of a chemical producthow has to be the least polluting possible (i.e. Integrated
Pollution Prevention and Control legislation, IPPCYy New regulations such as
REACHhave had & important impact on the industrial sectors like home and

personal care products, the pharmaceutical industry and the agricultural sector.

Resourceacquisition is a stage in the product life cycle where green chemistry can
have a major impact in the futue. The use of renewableresources, typically
biomass, instead of finite resources is now recognised as more environmentally
sound. Biomass is resource which can be renewed within a time intervalvhich can

compete with our resource consumption (as describd in Figure 2), biomass being a

OAET 11T GCEAAT [ AOGAOEAI AAOEOAA il 1 EOET Ch

32



; Chemical

Biomass

Industry
’ Chemical
Crude oil Industry
. Fuels,
Photosynthesis Fuels, Chemicals &
CO, capture CO, release Chemicals & Materials

Materials

CO, release

Figure 2: Compared production cycles of chemicals derived from biomass and .oil

The emergence of E.U. standards for bimased pioducts (Mandate M/429) will, in
the near future, embrace life cycle considerations and introduce specificatioréong
the entire supply chain for new and exising products. This should have the effect of

further lowering the use of fossilfuel resources infavour of renewable feedstocks

such as biomass including biowastes.

The public, and consequently the retail sectoy haveincreasingly been madeaware
of the issues associated with the use of someénsafe chemicals in consumer product
formulations (i.e. volatile chlorinated compounds used in dry cleaning, sulfonated
surfactants, polybrominated compounds in flame retardants Manufacturers have
been increasingly pressuredto produce bio-derived chemicals and reduce the
environmental impact of their production. This change in consumer behaviour led to
the marketing of a greater number ofgreen and renewable alternatives in many

sectors, especially in home and personal care products.

Furthermore, the European Commissin proposed further steps for the creation of
lead marketsin 2006 with the introduction of a new policy aimed at supportingthe

development of high econmic- and societatvalue markets Bio-based products are
the subject of one of the identified lead mar&ts and fall into this category for several

reasonsio

T O O O Aendwdble énd expendable resources,
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1 less dependency on limited and increasingly expensive fossil
resources,

1 the potential to reduce greenhouse gas emissions (carbon
neutral/low carbon impact),
the potential for sustainable industrial production,
increased ndustrial competitiveness through innovative eco
efficient products,

1 support to rural development,

9 pT OAT OEAI T U EI DOl BAWM Di DOl AOETT EAAI OEh¢

1 potential for transfer to other regions of the world including the
transfer of appropriate technologies discovered and proven in the
E.U.

All the above arguments are believedo catalyse the growth of the bieeconomy in

Europe in the future.

1.1.4 The bio-based economy

A recent study estimates that by 2025, over 150 of the $3 trillion global chemical

market will be derived from bio-derived sources® Yet in 2011, the technical

feasibility of substituting over 90% of the annual global plastic production(270

million tonnes) by bioplastics had already been highlightedz: On 2005, bio-based

products alreadyA A AT O1 OAA £ O xpb T &£ CITAAT OAT A0 AT A A
the chemical sector with the E.U. industry accounted for approximately 30% of this

O A1 D Esimates of the aehoc advisory group for biobased products have

EAAT OEEZEAA ODPI1UI AOO 0 ZAEAOAOGh AAOEOA DPEAOI AAR
AEAT EAAT O AT A AAOAOCAT OO0 AOve@Ethe markebi@@ Ei BT OOAT O
bio-AAOEOAA DOT AOAOO EAO AAAT PDPOAAEABAA O AA

Europe23

1.1.5 Product-focused biorefinery

It is crucial to ensure that the resource and the process techntngy used as well as

the products made are environmentally acceptable. The 20century saw the
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development of processes designed for the production of energy and organic

chemicals based on the oil refinery. The 2dcentury must see the development of

similar processes based onthe use of biomass This is especially relevant as

ii DOT OAT A1 60O

stage of the lifecycle, isrestricted (although moving towards renewable energy and

zero waste is impatant and not trivial), the use of renewable feedstocks could offer

an important margin for progress, especially for companies, such dast moving

consumer goods manufacturers, keen to dramatically improve the environmental

performance (and decrease the O, emissions) of their products.

A biorefinery is an analogue to the current petrerefinery, in the sense it produces

energy and chemicals. The major difference lies in the raw material it will use,

ranging from biomass to waste. The use of clean techiegly is another imperative

for the biorefinery, ensuring its output(s) are truly sustainable following LCA

analysis3

4EA ) %! "ET AT AOCU

4A0E t1¢ AAEET AO A

processing of biomass into a spectrum of bibdased products (food, feedgchemicals

AT ATi O

i AOAOEAI OQq

AT A

AET AT AOoguVarijplsET A£OAIT Of

biorefinery designs varying in size and output number will emerge commercially in

the future,s taking advantage of flexible technology, helping the concept of a

biorefinery to process locally available biomass to its fullestextent in an integrated

fuel-chemicalmaterial-power cycle This will help to improv e cost-efficiency, the

quality of life of the local population and lowering the environmental impact

governed by the three dimensions o$ustainability: environmental protection, social

progress and economic development (seé&igure 3). Flexibility is the key for a

successful biorefinery as maximum throughput will only be achieved if they are

adapted to the best technologyfor the feedstock availablein a given geographical

location.

protection

Social progress

Environmental

Economic

development

Figure 3: The three cornerstones of sustainability.
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The aim is to design an integrated process capable of generating a ceffiective
source of energy and chemical feedstocks using biomass as awr material. The
chosen biomass should bavailable in high quantitiesand of a low cost, norood
type. Further selection criteria will be highlighted in chapter 2. It should be
processed using green chemical technolog, ensuring products obtained are trly
green as well as sustainable. Technologies used should ideally be flexible enough to
accommodate the natural variation of biomass associated with season or variety
changezs The efficiency of the process needs to be maximal: ideally every eptit
has to have a use and a value/market. Practices based on industrial symbiosis
looking at re-using the waste produced by one process to feed anothene located
near-by, converting waste into useful by-products with a marketable value
represent an ideal scenario The aim would be to achieve a zero waste biorefinery
capable to compete economically withtraditional oil -based refineries. Such a model
has successfully been applied in Kalundbgy Denmark. Therea power station, a
plasterboard factory, a pharmaceutical plant, anenzyme producer, an oil refinery, a
waste company and Kalundborg Municipality exchange steam and water

resources?z’

1.1.6 Technologies used

Adding value to every output of the biorefinery can be achieved by combining
several technologies together, using a sequential approach to extract chemicals

before biomass is converted to energy.

The main green extraction processes used to extract valuable compounds from
biomass include: liquid and supercritical C@ ultrasonic or microwave assisted
extraction and accelerated extractior#8 Microwave-assisted extraction is a
commercial reality with Crodarom® using this technique to extract purer and more
degradation stable plant materials?® The extraction can be followed by biochemical
or thermochemical processes and internal recycling of energy and waste gaseous
effluents. This approach ideally constitutes an economically sound stamg point for

the design of a biorefinery Figure4).
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Figure4: Scheme describing an integrated biorefinery as a mixed feedsk source
of chemicals, energy, fuels and materials.

Biomass contains an array offunctionalised molecules,many of them having a
market value. Compounds such as natural dyes or colorants (i.e. carotenoids),
polyphenols, sterols, waxes, nonacosanol olavonoids (i.e. hesperidin), amino acids
and fatty acid derivatives can be extracted selectively using clean extraction
techniques prior to the treatment of biomass by biochemical and thermochemical
processes. Theseompounds haveknown uses in cosmeticsas nutraceuticak or

semiochemicalsts. 30

Biochemical and thermochemical processes complement each other well, tftegmer
being very selective but slow compared to théater. Biochemical processes require
low temperatures but pre-treatments are often required (e.g. ammonia fiber
expansion or AFEX, dilute acid hydrolysis) to ope®@D AET | r& €rGofue andEE A
yield intermediates requiring further downstream processingst. 32 Thermochemical
processes, which include gasification, pyrolysis and direct combustionTéble 2),
operate uswally above 500 °C and are much less selective, yielding oils, gas, chars

and ashs3
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Table2: Most common thermochemical and biochemical processes

Process name Tem??gture Conditions Product(s) Application
Fuel or
2 Low Syngas . chemlgal
@ Gasification 200 oxygen (mixture of  intermediate
o] level Hz, CO, CO to ethanol or
g_ CH) dimethyl ether
3 or isobutene
k= Bio-aill,
o
< char and .
S low Transportation
£ Pyrolysis 300-600 No oxygen fuel and
o molecular .
< . chemicals
~ weight
gases
Alcohol
4 (e.q.
7 ethanol), Transportation
o) , o Presence of .
S Fermentation 5< T°C <30 oxvaen organic fuel (e.g.
= Yo acids (e.g. ethanol)
8 succinic
£ acid)
3 . . Production of
2 Anaerobic 30-65 No oxygen Blogas natural gas
m . . -
digestion (CQ, CH) (>97% CH)

Biomass with a high acid, alkali metal and water content can be difficult to use
conventional thermal treatments For example the high water content can render
pyrolysis or gasification processes very difficult and the acidity of the feedstock na
hinder the useof the pyrolysis oil obtained. Microwave technology for tk pyrolysis
of straw was shown to improve the quality of bio-oils obtained at lower
temperatures (typically below 200 °C), yieldingbio-oils with properties comparable
to commercial fuel additiveswith the advantage that the microwavebio-oils have a

lower oxygen, allali, acid and sulphur conteng#

1.1.7 Waste as a renewable feedstock

Early research on renewable resources focused gadly on plants such as rapeseed,

corn or sugar caneHowever the controversial competition between food and non

food uses of biomass had an negative effect on crop prices as well astlom public
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perception on biofuels3s Other sources & biomass are now studied and waste is
increasingly considered as another renewable feedstock for the production of bio

derived chemicals, materials and fuels.

In times which increasingly value resource efficiency, waste has become a luxury.,

The Department of Environment, Food and Rural AffairdDEFRA)in the UK, has

estimated that businesses could save up to £23 billion by +esing resources more

efficiently.36 In the E.U., theLandfill directive or Council Directive 99/31/EC, will

drastically reduce the amount of landfill space available as the amount of
biodegradable waste sent to landfillwill have OT OAAAE ocub by 2H6p wwud O |
in members countries. As a resulthe landfill gate fee has increased from £4874 to

£90-£110 per tonne (including landfill tax) in the UK between 2009 and 202 37-39

Policy makers support alternatives to landfill (e.g. value recovery from waste),

especially in the context of achieving a zero waste economy and the vision of the

European Bioeconomy 203Qwithin the context of a resource crisis3® To illustrate

this argument, it has been estimated thaODo b A£Ax AO OAOT OOAAO fr AO
produce one Euro or Dollar of GDP than 30 years ago; however, overall resource use

EO OOEIl ETAOAAOEI C r8Y AO xA AiT1AGHA COI xE
Astraditional resources suchasoil and minerals become scarcetheir availability is

likely to be susceptible tohighly politicised negotiations and pricing.

Therefore, waste valorisation represents a promising research topic from botkan
environmental and economic point of view41 Current waste management practices

should be replaced by strategies allong the recovery of marketable products for

existing or new markets, thus offering added revenues fandustry . Valorising waste

also has the potential tdower A POT AAOO8 O AAOATT &A1 OPOET O Al
fuel resources, increase its efficiency and cosffectiveness and moving towards

OAT T OAA 111D 1 AT Ofmiehr Gttaeded hydlighted ihthe Elrdpe %8 5 8
2020 strategy document4244 There is a growing recognition that the twin problems

of waste maragement and resource depletion can be solved together through the
utilisation of waste as a resource. However, despite the clear benefits, the utilisation

of FSCWrepresents a challenges A regular and consistent supply chain is important

for the successful realisation of a biorefinenbased on FSCWBut high accumulative
volumes of waste are ofteronly generatedover a period of a couple of montk per

year, potentially affecting the yearround availability of chemicals and materials

produced from FSCW.
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Although the availability of someFSCWIs clearly an advantage regarding security of
supply, several limitations exist and need to be taken into account as part of the

logistics needed to valorise this resource=<SCW can be/can have:

1 a heterogeneousand variable composition (lipids, carbohydraes,
proteins),44
fluctuate in volumes available across the year
a high water contentand#t

a low calorific value4t

The later characteristics ofFSCWtan rapidly becomea disadvantage whentrying to
select a suitable technology for valorisation purposes, especially when dealing with
high moisture contents Microwavetechnology represents an ideal choicegiven its
good interaction with water-rich biomass feedstockgs. 46 Biomass can be used wet,
by-passingdrying operations. The ldter is critical given the high costs and energy
requirements of drying operations. Proving the suitability of FSCW as a valuéb
renewable material was one aim of this project. Hence, microwaves have been

selected as the core technology for this project.

1.2 Fundamentals of microwave technology

The microwave frequency and the magnetron were firstused for radar technology
during Second World War. After the end of the war, tis technology was used as a
source of heat to avoid limitations linked with the use of induction heating (i.e.
thermal diffusivity and surface temperature). Microwaves are essentially digh
frequency alternating wave produced by the combination of arelectrical field and a
magnetic field, resulting in an electromagnetic wavd-or microwaves, the frequency
of this wave must be between0.3 GHz and 300 GHz7 Above 3M GHz, it is the
domain of infra red and below 0.3 GHz, it is the domain of radio waves according to
the electromagnetic spectrum. The Intercontinental Telecommunications Union
limits the frequency of microwave apparatus to 915 and 2450 MHz for industrial,
scientific and medical use? The relationship between the energyE and the

frequency & of a microwave is given by the Planck equation and is highlighted

below, wherehis the Planck constantcOEA ODAAA 1T £ | Elengtid AT A

o Q —
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1.2.1 Heat production mechanisms under microwave conditions

Heat production within a given substanceusing microwavesis the result of this

O O A O O Ai¢lektAcirOperties. Upon polarisation of aielectric material following

the application of an electric currentOEA 1171 AAOI A3 O tribshoighT AT O AE-
itself with the oscillating microwave applied. The high specific frequency used

creates a rapid reversal of the electromagnetic wave which is diffi¢ito follow for

the permanent dipole. A delay in alignment is observed and energy is lost from the

molecule to the surroundings under the form of kinetic energy to rerient the

molecular dipole. This creates heat via friction at the molecular scale of tle

material 48 Heat generation is theefore the result of the energy released by the

molecule to re-orient its dipolar moment. This heat generating mechanisnis called

the dipolar polarisation mechanism and igllustrated in Figure 5 for water 4°

Electric field

Upon
Natural state: application of

microwaves:

Wave
travelling
direction

Magnetic
field

Oscillating
movement

Figure 5: lllustration of the effect of microwaves on a drop of water.

This mechanism can only be applied to polar polarisable substances. The capacity of
a substance to be polarised is charaatsed by its dielectric properties which are
O00i i AOEOGAA ET OEA ARNOGAOGEIT AAITx &£ O OEA A

alternating electrical field.4”



yT  OEA ANOAMHEIRIG AMATAOAMGE 6GrR OAODAAOEOAI U
permittivity of the vacuum (which is equal to a constant), the relative dielectric

constant and the relative dielectric lossThe relative dielectric constantr @lates to

AT OOAOE

A 1T AOAOEAI & @oreAlécBonAghetictedetdy(i©.be pOlarised)r 6 EO A OAAI
T O AARO ATA EO A £01 AOCET 1T (soaheChtke dRlBa®it EOOEOEOU 1
loss (or loss factor) R 80BAT AOAO O1 A [ AOGAOEAI 80 dAAPAAEI EOQU

electromagnetic energy into heats. 50, 51

They are specific for a material in a given state, microwave frequency and

temperatureso 4 EA OAR®E&T E®GAAI T AA OEA 171 00 OATCAT O OA

factor. It characterises the ability of a substance to absorb the electrical field and
convert the electromagnetic energy into heat for a given frequency and
temperature.52 The value of the loss tanga for a given material is proportional to
its ability to absorb microwaves#® Consequently as the dielectricloss decreases
with an increase in temperature, microwave bsorption decreases and penetration
depth increases:2 For glass, a microwave transparent materidi OAT | EO
0.0153 In the case of water, the dielectric loss of water decreases as temperature
increasess# increasing the penetration depth of microwaves whichis interesting
when operating at higher scale. Consequently, it is interesting to note that the value
of the loss tangent are inversely proportional to the values of the temperature.
Furthermore, the loss tangent is proportional to ion concentration, ion size,

microwave frequency and the viscosity of the reaction mediurs

Following energy adsorption, the conversion of electromagnetic energy into heat is
characterized by the dielectric power absorption P, with is expressed as a function

of therelative dielectric lossr 6 6 8

0 ¢"Q O
In the equation above, f and E correspond respectively to the applied frequency and
strength of the electric field applied to the substances heated. The latter is only

applicable to uniform electrical fields.

A different heat generating mechanism has been identified. It applies to ion
containing solutions only though. Upon oscillation of the charged ions of the solution
following their interaction with microwaves, the incurred displacement of the

charged ions generates an electric current. Hence heat is generated within the bulk

of the solution as an energy dissipation mechanism. This mechanism is called ion
42
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conduction and in an ion containing solution, its contribution is rre important

than the one of the dipolar polarisation mechanisms. 49. 55

1.2.1.1 Single and multimode microwaves

Multimode and single mog microwave equipment is available. The choice lies upon
design constraints. A single mode microwave relies on the production of a free
standing wave which is directed towards the sample using a waveguide. Care is
taken to design the microwave cavity to ppduce a standing wave (i.e. the incident
and the reflected wave resonate producing a standing wave). This makes the
position of the sample inside the microwave cavity crucial. In the case of a
multimode microwave, a mode deflector is used to produce refleed waves which
can either be constructive or destructive. This results in a less homogeneous field of
irradiation in the case of multimode microwaves. Hot and cold spots or high and low
field intensity spots can then occur, leading to temperature gradiests¢ However
this phenomenon can also be observed when using single mode microwaves.
Typically, single mode microwave reactors can only be applied to samples of a
volume below 50 mL4® This is becase at 2450 MHz, the wavelength of a single
mode (half a wavelength) is of ~ 6 cm, making scalgp of mono-mode microwaves

difficult. 57

1.2.1.2 Temperature control and super -heating

Conventional and microwave heating essentially differ by their temperature profile.
Fast heating of the bulk of the targeted material is one of the nmadvantages of
microwave technology4° This property is often used under closed vessel conditions,
to heat a solvent past its boiling points O3 OPAOEH ALH EAO AAAT ETT x1
the case of microwave heating: as the temperature increases, the value of the loss
tangent increases too, causing the apparent boiling point of a given solvent to
increase by up to 28 Cs5
Under such conditions efficient stirring is a necessity to ensure maximum
reproducibility. 4° This is to avoid the formation zones of heterogeneous field which
would result in the creation of temperature gradients within the sample causing
OET O ObIl OdoA AIOE §s AdiidBaflyOproviding temperature control is
precise and efficient. Microwaves instantly respond, allowing fast power changes to
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achieve constant temperature settings, which is an advantage compared to
convection heating for example. Narrow and optimum temperature ranges are

EATAAh AAOEI U AAAAOOEAI A xEAT OOEIT C I EAOI xAOA

AEEAAOO 1 AOA OO AalnhediigAdhdtions d¢ah 162 Avoi@ed, iwhich is not
the case when using conventional heating on a batch processHowever, the
geometry of the microwave cavity and the algorithm used to cdrol the operational
parameters used can cause a certain variability of the results when carryir@ut the

same experiments using different microwave equipments

1.2.1.3 Application of microwave technology at larger scale

Achieving precise temperature control is an impdant area of research when

considering microwave technology. The determination of the exact temperature

within the bulk of the sample is still discussed within the research community

especially as the existence of ane@ EA O AT O EAOT xwaifing toReEAAA OO EO
proven. With the combined use of an external and an internal probe (i.e. typically an

infra red and a fiber optic probe), a consensus has been reached within the research

community.58 Such a setup also provides accurate readings in the context of energy

consumption measurements, especially when the microwave absorbing propéss

of the sample change upon heatingdowever, this solution only provides bulk

temperature readings, hence short term localised hot spotswould not be detected.

When applied at a larger scale, the efficiency of the energy transfer is critical to
ensure the best engperformance, rendering temperature measurement secondary.
The measure of reflected energy then becomes essential, helping to determine how
much energyis actually absorbed by the systentHowever, other parameters such as
i EAOI xAOA DAT AOOAOET 1T AAPOE 10 OEA OAOEAOQEITT
properties are to be considered too. Often, microwave constructors will build
specific equipment opeating at a precise frequency to allow for a maximised energy
transfer for a given applications Some benefits are associated with the scalg of
microwave technology. It is known that tke penetration depth increases as the
dielectric loss decreases, which is interesting at larger scaleHowever, the
penetration depth of the microwaves decreases with the ability of the system to
absorb microwavesz¢ Typically, microwaves have a penetration depth of 1.4 cm in
water at 25°C and 5.7 cm at 98C (both at 2450 MHz), which needs to be taken into
consideration when moving from lab scale to pilot scale. Saireghhas shown the use
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of lower frequencies can circumvent low penetration depth beyond lab scale,
improving energy efficiency too. Given the influence the microwave frequency,
reactor size and geometry as well as the vessel material and size or the use of mono
or multi-mode microwave, optimisation is necessary for each change of scale, to
optimise process parameters and minimise energy consumption. Just like for
conventional heating, especially as magnetrons are usually designed for a 1000 kg
load 55 However, one carargue that at larger scale the capacity to absorb microwave
energy increases with mass for a given loss tangent, and the surfatoevolume ratio
decreases minimising energy losses to the surrounding environment. Both factors
will have for effect to increa® energy efficiency. This however needs to be balanced
by the conversion efficiency of electrical energy for example to heat using a

magnetron 6

1.2.2 Associated benefits of the use of microwav es on food supply chain
waste

The use of microwaves instead of conventional thermal heating has increasingly
been studied, especially in the last 20 yeafs.Advantages linked with the use of this
technology include high heating rates, volumetric and contactless heating as well as
a high control of the energy input® In chemistry, microwave heating is believed to
offer selective heating as well as rapid heating times. 60 The latter has been
recognised as a source of energy savings compared to conventional heating under
small scale, closedriessel conditions, under single mode conditions and when
normalised on the basis of moles of product generated.Above 100 mL, multimode
microwave reactors have been classified as more energy efficient at increasing

scales¢?

The use of microwave technology was chosen for the particular \aisation of food
supply chain waste for the reasons highlighted above. Additionally, this technology
has other advantages: it is adaptable for use in continuous processes and scalable
potentially allowing for the design of an integrated conversionprocess. The
technology hasknown uses in the food industry for sterilsing or drying purposes
under continuous conditionss3 In the food industry, the use of microwaves
represents an advantage as air is not heated during drying operations for example,

creating more selective heating conditions.
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More importantly, this technologyis not limited by the high water content present

in such feedstocks(up to 90%).64 This is quite the contrary, given the dielectric
properties of water (i.e. at25°# AT A p' (Uh RrR3 ATeAThis fedultsA OA
in a good interaction between microwaves and watebased systemgé which is
important for future industrial scale applications given the importance of WOP
drying costsé?” The criteria cited above slow that microwave technology ha the
potential to allow the valorisation of a preconsumer type of waste generated on a

million ton ne scale while using an integrated conversion process.

Regarding biomass processing for chemical and fuel production, therina
decomposition of biomass under anaerobic conditions or pyrolysis, has been studied
under microwave conditions, taking advantage of the high heating rates to increase
AET T AOOGB O A i duorCalprodedsitypicaly prdduces biohar, bio-oil and
gas (CO, KH CQ and CH).4 The purpose of this work is to apply microwaves to a
specific type of food supply chain waste. Citrus peels will be used a feedstock to
demonstrate the possible use of microwave technology for the extraction db-
limonene, polymethoxylated flavonoids, hesperidin, glucose, fructose and pectin
from non pre-treated peel. Less extreme conditions will be used compared to
microwave pyrolysis, which typically occurs between 200C and 380°C4¢ The work
presented in this thesis will use hydrothermal conditions relying on the dielectric
properties of as a microwave absorber to extract chemicals from wet biomass below

200 °C, deining the scope of this project.

The next chapter will focus on the characteristics and the availability of food supply
chain waste. The use of citrus peel waste as a resource and the opportunities offered
by this feedstock in the context of the design cd microwave waste biorefinery will

be highlighted in chapter 3.
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Chapter 2

The use of FSCW as a
feedstock forthe
production of chemicals
Avallability and location
In Europe.

L. A. Pfaltzgraff M. De bruyn E. C. CooperV. BudarinJ. H. ClarkGreen Chemistty
2013,15, 307-314.
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2 The use of FSCW as a feedstok for the production of
chemicals . Availability and location in Europe.

Our society currently faces the twin challenges of resource depletion and waste
accumulation leading to rapidly escalating raw material coststogether with
increasingly expensive andestrictive waste disposal legislation.The variety of food
processes used in the food and drink industry globally generates FSCW on a multi
tonne scale every year. This chapter will demonstrate the opportunity FSCW
represents as a chemical feedstock anddhlight the advantages of using FSCW as a
raw material for the production of chemicals, materials and fuels. A method
designed for the estimation of FSCW available in the E-2F from food processing
operations will also be developed upon and the main catusions reached will be

presented.

2.1 Use of food supply chain waste (FSCW) as a resource
2.1.1 Definition of the term food supply chain waste
&3#7 EAO AAAT DOAOGEI 601 U AAZET AA AO OOGEA 1 OCA

consumption that is discarded, lost or dgraded. This includes waste arising because
I £ DAOO AACOAAAOERItE esimatedd AGA GBOG Eill B CABHO uvnb 1 A

AT A DPOI AOAAA EO 1100 10 xAOOAA Adma OA AT A AEA
ci T AAT OAAlI Ah OEA 1 AOZAIXbilion&onres perAeaf ddidod OOCCA OO0 ¢
DOl AGAAA I O EOI AT AT 1 00i bOéptedentiig@ hugh AET CY 11 0

environmental, economic and social problem? Our food supply chain has recently

been recognised as being inefficient, producing large and accumulative quantities of

wasterr27 EOE OAOT OT A wyw T EITEIT [T AOOEA OITTAO T £
year in the E.U¢ x488% is generated by the manufacturing sector, 42% by the

household sector (other seodrs: 19%). In this case, food waste encompasses

domestic, waste produced by individuals in their home%:

The paragraph above highlights one of the first issues encountered when attempting
to work with such a type of resource:the definition of FSCW varies from one
organisation to another and hence the data reported on the volumes available

cannot be compared. In this thesis, FSCW will include all food wastes produced by
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the supply chain, excluding food packaging. It will concérate especially on non
avoidable FSCW and it will include food losses produced as a result of poor stock
management at a preconsumer stage. Agricultural residues and industrial
processing waste generated by the food processing industry are examples gpes
of waste selected for further study here. Itwould not include household waste,
which is very heterogeneous in compositionCriteria will be developed to select
suitable types of FSCW for valorisation using clean and green technologies (see
section 2.2). Valorisation is defined here as gaining revenue from a gwoduct
traditionally disposed of andor lost within the value chain or as one with aurrent

low value.

2.1.2 Drivers for the use of FSCW as an alternative carbon feedstock for

chemical production

The food supply chain encompasses a wide range of manufacturing processes. The
seasonal nature of food production means that large quantities of FSCW, all of which
are organic, can accumulate over short periods of time. The latter contain valuable
functionalised molecules such as flavonoids, amino acids, proteins, waxes, pigments,
lipids, sugars, fibres, biopolymers (cellulose, starch) or fatty acids as shown in
Figure 6. These will have uses in all sectors of the chemical industry, including
cosmetics, foods, pharmaceuticals, textiles as well as in fuglsAn exhaustive
publication by Galanakis et. al. lists a large number of examples of sources of FSCW
types for given demical compounds and associated recovery techniques.
Functional compounds generated by food processing operations have also been
reviewed by Schieber etal.’s When using FSCW as a feedstock for 1st generation
valorisation strategies, those chemical functionalities are lost or at dst,
underutilised. First generation strategies include electricity generation (i.e. through
anaerobic digestion), fuel generation (e.g. conversion of cellulosic biomass to bio
ethanol) or the production of animal feed. It has recently been reported thathe
conversion of biomass waste to bulk chemicals for example was nearly 7.5 and 3.5
times more profitable than its conversion to animal feed or transportation fuel
respectively, highlighting the marginal value of 1st generation FSCW valorisation

strategies.43. 76
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Figure 6: Components present in FSCW and their uses in commend-user products
showing how the useof FSCW as a renewable feedstock could have implications in
all main sectors of the chemical industry (originally in colour).

Maximising the chemical content extracted from FSCW is even more relevant in the

light of the amount of fertilisers, pesticides,energy and water consumed for the

production of food’” In the U.S.A., the United States Department of Agriculture

estimated that the American agricultural sector is responsible for the consumption

I £ ynp T &£ OEA Al 01 OOUB8O AOETEEITC xAOAO AT A 1
usable land. & OOOEAOI T OAh OAAAAA O OEA xAOOA 1T &£ OAC
consequencesof hatiC OT | AT ACA 1 AOCATh&IGsAdf eddddEsA O T £ x AOO
in the form of land, labour, energy needs to be considered as well. The latter have

been estimated on a global scale by the Food and Agriculture Organization of the

United Nations for wasted edible and noredible parts of foods® As one example of

the amount of resources lost in 2008, 377 tonnes of tomatoes were lost from the

food supply chain in the U.S.A., as estimated Byzby et. al8® The data they gathered

is highlighted in Figure 7.
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The loss of:

+8,971.476
hectares of land

*4.4 million - 8.9
million hours of
377 tonnes of labour
fresh tomatoes

lost *+~ 68191378185
litres of water

* costs of seed &
fertilizer, fuel,
machinery, storage
and disposal

Figure 7: Estimation of the resources lost following the loss of 377 metric tonnes of
fresh tomatoes (originally in colour).

Thegrowing demand for environmentally friendly chemicals and fuels together with

stricter U.K. and E.U. legislation are encouraging the development of more
sophisticated FSCW valorisation strategies, namely 2 generation FCSW

valorisation schemes.4 EA OAAT T A AOOEAI A fuminghuedly %OOT PAA
declares the sustainable use of natural resources as one of the objectives of the-E.U.

¢x60 AT OEOIT Tai MajorGAviers iBciude Bn&rebsingly tighter European

regulations and standards, associated with their compliance costsRecent

developments in legislation focusheavily on reducing volumes of waste produced.

On a European level, the Integrated Pollution Prevention and Control (IPPC)

legislation 96/61/EC and the Landfill directive 1999/31/EC respectively introduce

OEA 11 O6EI1T 1T /&£ ODPIi1166A00 PAUOG Al Asi Al AZEE] |
Additionally, the REA4 ( 1| ACEOI AGETI 1T xEil DOi OEAA OAEAI E
I DDT OOO1T EOU O DOl OEAA Ei 11 OAOGEOA sxndOAOOEDODHO

the level of the U.K., the Pollution Prevention and Control Act was implementé¢al

fulfil the requirements set by the IPPC and the landfill legislatio#t. The combination

of the use of new renewable feedstocks such as FSCW and clean technology will

represent another achievement for the creation of a bieconomy. The later is
DPAOEAAOI U Al ECTI AA xEOE 5andtia Clinfate CringeOnktl T 4 OAT
All are focused orreducing polluting emissions and thereforewaste. The Courtauld

commitment (now in its 3rd phase) represents an important development in the area

of waste reduction in the U.K. This voluntary commitment has brought together

more than 53 companies, all of which aim to reduce the environmental impact of the

food retail sector by mainly looking through minimising packaging, the objective
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A A E b e@wmufative reduction of 1.1 million tonnes of waste and 2.9 million tonnes
of CQAI EOQOCET 1 & AU ¢mpus8

The potentially valuable chemical content of FSCW, recent developments in E20@.

legislation together with the chemicalET AOOOOU8 O OEEAO O xAOAO EECE,
and improve cost-effectiveness, process efficiency ands green credentials make

the development of sustainable and innovative strategies for thealorisation of the

chemical componentspresent in FSCW an interesting research avenu®alorisation

of FSCW isespecially important since the sustainability of the food chain is being

NOAOOET T AA ET OEA T ECEO 1T &£ OEA AOAO ET AOAAOQEI
However, despite the clear benefits, the utilisation ofFSCW as a biorefinery

feedstock is largely unexploited and represents a challengeThese issues will be

highlighted in the next paragraph.

2.2 FSCW selection criteria - Food for thoughts

FSCW can be divided into two parts: preonsumer and postconsumer FSCWEigure
8 describes the four main poins of the FSC and the associated types of FSCW

produced.
\
+ Agricultural waste (e.g. wheat straw)
Food
production )
\
+ Food processing residues (e.g. tomato
Food pomace)
processing J
\/ ~
* Mixed domestic food waste production &
Food waste packaging (e.g. damaged food
distribution products)
/ J
\/ §
* Mixed domestic food waste production &
waste packaging (e.g. meal preparation
Food waste)
lconsumption| J

Figure 8: Simplified diagram of thefood supply chain highlighting the dstinction
between pre- and post consumer FSCWoriginally in colour) .
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Although postconsumer waste is often the most visible, especially on a daily basis

from our societyd O DAOOPAAOEOAR EO EO 110 111U AEAEA
also challengng to valorise given its heterogeneous compositiort Pre-consumer

waste is generated in a more concentrated manneespecially when considering the

ever increasing rate of global food productioft and processing:z More than 70 %

of the agricultural goods produced in the E.LR27 are used to be transformed into

feedstock variability compared to post-consumer FSCW. In terms of logistics, FSCW

such as agricultural residues or food processing residues shoultherefore be

preferred for economic valorisation

Pre-consumer waste, such as food processing residuagpresents a growing sector
of waste production. Inthe UK. for example, food manufacturers generate 4.1
million tonnes of food waste out of the 8.8 million tonnes of waste produced
annually along the food supply chain. As a matter of comparison, theteang sector
and retailers generate respectively 1.6 and 3.0 million tonnes of waste. The food
industry is omnipresent in our society: in 2010, thood and drink generated0953
billion insaless”) T AT I PAOEOI T h OEA AEAI EAAisale8AAOTI O A
to the E.U-27 economy (excluding pharmaceuticals)8  Second generation
valorisation of FSCW for the production of bialerived chemicals, materials and
fuels could boost the efficiency and competitiveness of two major sectors of the
European economy The food and chemical industry could form a symbiotic
relationship instead of competing against each other for the same resources, as
highlighted by the food versus fuel debates®

However, several issues are linked with the use of FSCW as a renewable feedstock
and their handling needs to be carefully consideredFSCW is mostly of organic
nature (although they contain a number of useful inorganiccompounds) and are
characterised by high associated chemical and biological oxygen demand (COD and
BODyc and a high water content9: Additionally, it is prone to rapid bacterial
contamination?s and accumulates very rapidly over a short harvesting seasopall of
which lead to disposal management problems. 92 and consequently increasing

disposal costss

These limitations dictate the logistics neededor the efficient production of novel

added-value materials, chemicals and fuels from FSCW. The use of sportable

continuous processing technology is needed to avoid rapid fermentation/bacterial

contamination without the need for stabilisation and pretreatment (which, to some
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extent, could be responsible for loss of functionality) This would also favour
decentralised valorisation processes where FSCW is produced, limiting the

transport of low value and low density material and reducing operating costs

The high water content often characterising FSC\Whould not be an obstacle to 2
generation valorisation strategies as technologies allowing osite conversion of
waste without resorting to a drying stage exist. Microwave technology has been
previously highlighted as a suitable type of technology (see chapter 1). Those
technologies should then becoupled with sophisticated extraction techniques
capable of selectively removingeasily degradedcompounds such as carotenoids or
flavonoids from the biopolymer matrix that constitutes the bulk of FSCW. Such a
combination of technologies is key to the successful tiegration of FSCW as a raw

material next to non food crops for example.

Regardless ofthe potential efficiency of the valorisation process used, it would be
rendered unproductive without careful selection of the type of FSCW used as a raw
material. In order to qualify as a feedstock for chemical production, availability is
key. Not only in terms of continuation of supply but also in terms of consistency.
High, concentrated volumes of FSCW areeded to fitthe large production capacity
necessary to achieveeconomy of scale, making the use of -situ valorisation
technology even more important, especially if transport costs can be avoided. Those
high volumes of FSCW should preferably occur around the globe (strengthening
security of supply at a regional sca) and display the least variable composition (i.e.
Oi i AOT DI i AAAh xEAAO OOOAxh OEAA EOOEON
of extractable chemicals and biopolymers is also important, as the combined
production of several marketable componentsrom a single feedstock is essential to

guarantee the costeffectiveness of the process.

Finally, processing operations in the food sector can be classified into two
categories: activities processing either animatlerived or plant-derived feedstocks.
Fish and meat processing produce waste associated with a high sanitary risk and
require strict handling and waste management legislation, making the valorisation
of such agreindustrial residues less feasible. On the other hand, plaerived FSCW
represents a bwer risk of bacterial andtransmissible spongform encephalopathie
contamination and should therefore be favoured for the design of "2 generation

FSCW valorisation strategies.
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2.3 Method for the evalu ation of FSCW volumes produced by the

food sector in Eur ope

As mentioned earlier, the availability ofhigh volumes of a given type oFSCW if
great importance the possibility of securinga consistent and regular suppy of a
given type of FSCW will dtermine whether industry will start considering this raw

material as a viable source of biaerived chemicals The drivers responsible for

mapping volumes of FSCW available in the E-RI are highlighted inFigure 9.

Use of FSCW
in industry

Figure 9: Drivers pushing for the estimation of available volumes of FSCW
prior to future use as a renewable feedstock in industry (originally in colour).

Data onthe exact amount of FSCW produced by the food supply chain is limited. As
an example, no detailed data is issued on an annual basis by the R¥because of
the commercial sensitivity of this information for the food industry. However
published data exiss, especially at a regional levek 81 91 9397 put discrepancies
occur due to variations in the definition of waste and byproducts used by the food
sector and/or the author of the study for example. This renders a comparison
exercise difficult across a gegraphical region. Published studies are the result of
separate initiatives that vary in the methodology used and sometimes in their
objectives (e.g. measuring and data gathering are two different endeavours). This
will affect the boundaries of the study caied-out.?8 Waste can be defined as
edible/inedible food in the retail part of the food supply chain whereas in the
processing sector this will come down to whether a given product can enter the

value chain or not®8 The definition chosen for waste, if stated at all, will also
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influence whether waste water, surpluses, ofspec material, packaging and/or by

products suitable for animal feed use will beaken into account for example.

As a result of these observations, methodology has been designed to estimatie
volumes of FSCW produced in the EAQ7 for defined food processing operations,
focusing especially on FSCW consistent with the selectioniteria developed above
The objective was to obtain a database allowing for the comparison of FSCW
volumes available by country with the aim of being able to identify hot spots, or
locations concentrating a high volume of a given type of FSCW. Ultimatedypriority

list could be obtained by country or for the whole of the E.LR7, helping to focus the
research effort on FSCW generated on an important scale. Such a method can be
seen as a selection tool for further cradlkeo-cradle assessment, using toolsush as
life cycle assessment or even techreconomic assessment. This will ensure FSCW
will be used in a truly sustainable manner, bringing our society one step closer to a

Zero waste economy.

2.3.1 Methodology used

The novel methodology developed consisted iestimating FSCW arising following
common food processing operations from statistical data. This allowed the
utilisation of a large amount of data collectedusing a similar method, increasing
comparability of the final study between countries. The data uskin the present
study was Prodcom data published by Eurostat. This data source reports sales
volumes of manufactured goods for the E.L27 every year. Preceding studies in this
area of research have used Eurostat data on volumes of waste produced for
manufactured goods including food. Inconsistencies in data collection for the
Eurostat database are a known issue: each countiyfree to choose its own method
to complete the requested survey, whiclrenders a comparison exercise difficult
across countries?® The original raw data could not be accessed for Prodcom data.
However care has been taken to vegifthe quality of the data through the associated

quality reports issued with Prodcom data.

The objective of this piece of work was to estimate the volumes of FSCW arising for a
known for types and food production processesby calculating the difference
between the material input and the material output of the process considered. It was
assumed the material output was equal to the sold manufactured product, the latter

being obtained from Prodcom datac ! O A OAOOI Oh -CBAGEI OO AT
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produced are notincluded and have not been accounted as waste per se in the

calculations presented here. On the other hand, no distinction is made between

edible and inedible production streams here and the data will include bproducts

AT A O COA AsdFrom #&n@Bidapoid of view, such types of waste streams are

avoidable and the priority should be their reduction rather their valorisation. In the

58+8h EO EAO AAAT AOOEI AGAA tnb 1T &£ EAOI A
implementation of aesthetic criteria for fruit and vegetables by retailers and by bad

weather forecastingss

001 AATiT AAOGA 1O 002/ AOAOGEITT #/ -1 01 AOOAEOA
marketing analysis, for example to foreast market demandi? Prodcom datais

obtained by the National Statistical Institutes (NSIs)who conduct a survey of

enterprises of 20 employees of moreSurvey completeness has been reported to

exceed 95%.It includes the volume of production sold during the targeted period

for both the domestic and external markets.

A common nomenclature is usedfor Prodcom, making the data comparable at a

European level(i.e. definition of the population, the type of statistical unit, the

definitions of the variables, the reporting on each typeproduction).100-102

Canfidential data is suppressed at national level but include@s appropriate at the

E.U:27 level to allow the calculations of totals for the whole of the European

Unionowz |/ A - AT AAO 30A0OAG60 POT AGAOET I x0OADPOAOAT
total for a given food produd, then the data does not need to be collected and the

production is reported as zerqtoo-102

Data checks are performed by the Eurostat office. They include value comparisons
across countries and over the years. Abnormal variations or questionable accuracy
are reported to the declarantcountry and further explanations and/or corrections
are required. This is done bycomparing mean value, the minimum/maximum value
and the median value for the total production for example. Additionally, the
coherence between monthly and annual dat is checked, and its coherence with
external sources (i.e. foreign trade data)eo-102 Since the methodology presented
herein is derived from statistical Prodcom data, the reliability of the methodology
depends on the reliability of the underlying statistics. Prodcom da was deemed a
reliable source of information which has the advantage of offering a mean of

comparison across all E.J27 countries.

Eurostat data were used in combination with product percentages obtained from

published process flow sheets of common foogrocessing operations. The input
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volume was estimated using the product percentage of the process considered
found in the literature103108 and the amount of product sld. Peerreviewed
publications were preferred when possible to lower the error margin on the results.
The input volume was then calculated by dividing the amount of product sold by the

product percentage. The concept used is highlighted Figure 10.

Material .
‘Egg’l‘; /~ Volumes of ™
EUROSTAT Material FSCW \

data) output [ generated for
(2012 =‘. standard food
EUSOSTAT \ production /
Published a5 processes in

product % the E.U.-27

Figure 10: Calculation method used to estimate relative volumes of FSCW
produced following food processing operations (origindy in colour).

The calculation used is further illustrated using frozen urconcentrated orange juice
production in Spain as an example irFigure 11. If 44,450 tonnes of frozen un
concentrated juice are sold annually in Italy, the material input can be calculated by
dividing this value by 49.95% which is the product percentage published for the
production of frozen un-concentrated juicelo3 The material input is therefore equal
to 88,989 tonnes. When subtracting the material input to this value, 44,539 tonnes
of FSCW are produced each year in Italy as a result of the production of frozen un

concentrated orange juice.

44,450
tonnes

VU | 44,539

| |
tonnes —1 tonnes

49.95%

Figure 11: Calculation method used to estimate relative volumes of FSCW
generated during the production of frozen urconcentrated orange juice in Italy
(originally in colour).
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The method allows the comparison of the FSCW data obtained over all the E20@.
countries. This is one of the advantages linked with the use of Eurostat data.
Furthermore, the database is very detailed, compiled systematically and updated
every year, strergthening the ensemble. However, data is missing for some food
processing operations, depending on the country considere&ome assumptions still
had to bemade for some food processesind need to befurther refined. This is for
example the case for some mserved foods where 8.32% waste percentage was
used for preserved mushrooms and preserved asparagus. It wasbtained by
averaging the wastepercentageobtained for potato and carrot peel waste, since no

data was available for those specific cases.

Furthermore, material outputs reported in volume units represent a difficulty in
converting to mass since finding precise density data for materials such as citrus
pomace can be a challenge. In these specific cases, a density of 1.04 kg/L has been
used for the onversion of the output material data from L to kgoe. 120 This value is
valid at 20 °C for 10 Brix according to the data reported in the literature.
Additionally, the database does not distinguish between different waste streams for

a given processing operation. Given the limitations highlighted above, using this
method should be used for relative comparisons onlyjot as estimations of absolute

values.

2.3.2 Main results obtained

The methodology presented above allowed the creation of a database listing the
amount of waste generated by country for each processed food type sold in the E.U.
27 for the year 2012. Furthermae, a classification by waste type (cereal, dairy, fruit,

vegetable, nut, oil crops, sugar production, bakery, candy and fermented drinks
derived wastes) renders the database searchable by waste type in addition to by

country and by processed food type.

The combination of the database with Google maps allows the identification of

OET OOPI 006 A O A CEOAT &3#7 OWUpkelAfor AT OT 60C
the production of frozen unconcentrated orange juice. The hotspots shown for both

Italy and Germany respectively account for 44,539 tonnes and 26,591 tonnes of

waste produced as a result of the orange processing. Such a functionality is

interesting when designing a biorefinery for example, as it allows governmental

organisations to make informed decisions regarding the geographical location of the
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valorisation technology used, minimising transport costs for example for a given

resource.
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Figure 12: FSCW hotspots identified as a result of the production of frozen un
concentrated orange juice (originally in colour).

The method implemented also allows the creation of FSCW lists by country, ordering
food processing operatims by increasing amount of associated FSCW produced. The
database is also useful to identify the food processing operations generating the
highest amount of FSCW within the E.A27. A table highlighting the ten food
products whose production is the least #icient is shown below as an example.
Further developments on the database should allow the identification of food
processing operations and associated FSCW produced according to the classification

by waste type mentioned on the previous page.
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Table3: The top 10 types of waste generating foods in the E-RJ7 for the year 2012

and associated most important volumes (excluding meat and fish products).

Waste
Type of FSCW Country quantity
(tonnes)
1. Refined white car;gr(r)r: beet sugan solid France 26,343,300
2. Molasses obtained from the extraction or
refining of sugar (excluding cane molasses) Germany 19,868,700
3. Raw cane and beet sugar in SO|I.d form, Poland 10,161,500
excluding flavouring & colouring
4, Grated, powderedplue-veined and other
non-processed cheese (excluding fresh France 7,589,570
cheese, whey cheese & curd)
5. Un-ripened or uncured cheese (including Germany 5,068,260
whey cheese & curd)
6. Refined palm oil _and its fra_c_tlons (excluding Netherlands 2,832,450
chemically modified)
7. Refined rape, colza or mustard oil and their
fractions (excluding chemically modified) Germany 2,782,180
8. Potato starch Germany 2,533,340
9. Concentrated tomato puree & paste Italy 2,267,480
10. Wheat & meslin flour Germany 1,959,840

In the context of this thesis, the FSCW database generated by the methodology used
allowed, for example, the quantification and the identification of the location of
orange peel waste within the E.U27. A list of the top 5 countries generating the
highest amount of FSCW associated to the production of concentrated orange juice
n.e.c. (not elsewhere classified) is given imable 4 to illustrate the results obtained

using the methodology reported herein.

Table4: Quantity of FSCW associated with the production of orange juice n.e.c. in the
E.U-27 for the year 2012.

C FSCW quantity associated with the
ountry ! >
production of orange jui ce n.e.c. (tonnes)

1. Spain 109,128

2. U.K. 14,433

3. Greece 7,006

4. Italy 4,669

5. Slovenia 1,369

This comparison exercise highlighted an interesting fact: orange juice production is
not simply limited to citrus producing countries. In the case ofhe U.K., which comes
in second position, this country produces 13.23% of the quantity produced by Spain

(14,433 versus 109,128 tonnes). This observation shows valorisation processes
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need to be carefully planned ahead in order to be able to take advantageall the
resources available in all location. This is essential, for the efficient design ofd 2

generation FSCW valorisation strategies.

The method presented herein allows the relative quantification of volumes of FSCW
produced by country for defined food processing operations. This method solely
relies on database consultation (as opposed to database consultation and interviews
for example) and offers a common methodology for all European countries. This
makes possible the identification of the most mblematic areas and the

development of appropriate global 2¢ generation FSCW valorisation strategies.

Another methodology was designed by the Food and Agriculture Organization of the

United Nations. Food balance sheets were designed for each type of fqgadhether

processed or not and including primary commoditie} and waste data was included

Howevertt AU ET Al OAA OEA Ai1 0106 1T &£ xAOOA O11 06 AO
which production is recorded and the household (i.e. during storaggrocessingand

OOAT OP1 OO™IO Hdtal pre8edts another disadvantage: the waste datis

AAOGAA 11 AOOOI POEIT O COEAAA AU OA@GPAOO 1 PETEI
susceptible to regional variatons of the definition of waste and a lack of

systematisationi11

2.4 Conclusion and future work

FSCW has been identified as an undetilised source of bio-derived chemicals.
Several factors are favouring the development of "2 generation valorisation
schemes exploiting the chemical content of FSCW. The loss of energy, water,
fertilisers, land and lebour devoted to the production of food for the FSCW produced
has been recognised. The environmental impact of waste production and its
associated green house gas emissions have been deemed unacceptable and several
pieces of legislation have recently beenTiOOT AOAAA Ol OAAGAA 1060
environmental footprint. As a result an emphasis has been placed on reducing waste
and finding re-use strategies for it if possible. FSCW is characterised by a high water
content and a variable composition. However, it haveen shown that through
careful selection of the type of FSCW used, several logistical issues can be

eliminated. The selection of plantderived FSCW occurring in high volumes as a
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result of food processing operations represents a source of tBwvoidable waste

streams which will offer security of supply.

A methodology has been designed based on sold manufactured volumes of food
products to evaluate the volumes of FSCW arising by country for common food
processing operations. The latter data is systematicgllcompiled and updated every
year by the E.U27 for all member countries. In the future, the use of such a source
of information will allow trends in FSCW generation by year to be obtained.
Hopefully the measurement, recording and publication of these émds will act as a
further spur for reductions in avoidable food waste and valorisation of unavoidable.
As a result, the methodology presented could be considered as a way to monitor
progress made in the area of FSCW. Ultimately, the FSCW inventory obtdirethe
first step towards better understanding the issues arising with the generation of
FSCW, further allowing the identification of FSCW hotspots which will represent an

opportunity in terms of chemical content and/or volume.

In terms of further work, the application of this methodology should be broadened
to the study to agricultural residues based on the same criteria used for FCSW
arising from processed food. This would provide a more complete database.
Beforehand, the variation of the data should & statistically analysed, multivariant

data analysis could be used.

In terms of bigger picture, the database generated could also be linked with data on
the properties and the chemical content of the different FSCW streams considered.
An online tool couldthen be developed allowing thematching of a type of waste
with the best type of technology availabldor efficient valorisation according to the
chemical content of the FSCW type considere@his concept is illustrated inFigure

13. Such an initiative would provide focus to an emerging research area.
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Geographical
location

Figure 13: Interconnection of the criteria used to select suitable FSCW types for 2
generation valorisation.

This present chapter focused on the area of FSCW valorisation as a whole. The
following chapter will be dedicated to the description of citrus processing, focusing
on orange fruits and existing processing operations. The latter are going to be
evaluated and the opportunity for an integrated microwave process for the
valorisation of waste orange peel (WOP) produced post juicing will be presented,

setting the scope of this thesis.
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3 The Orange Peel Extraction Company . Opportunity for the

valorisation of waste orange peel

The waste arising as a result of food processing operations is a good example of a
pre-consumer waste generated at an important scale, in Europe especially. The scale
and rate at which they are produced together with the fact they are putrescible
represent a problem for the industry concerneds The processing of fruit and
vegetables produces large amounts of wastegsom processing activities(washing,
peeling, blanching and sterilization processes® Classical waste management
strategies include incineration,landfilling or use ascattle feed but these do not take

advantage of the chemical content of these specific types of waste.

Following the presentation of the adwantages linked with the use of clean technology
(i.e. microwave technology) and by the presentation of the drivers motivating the
use of FSCW as a renewable feedstock, this chapter will focus on the valorisation of
citrus peel waste (CPW) and, more speaifally, on waste orange peel (WOP)
obtained from juicing operations. After highlighting the amounts of WOP available
following juice processing, this chapter will describe the chemicals present in WOP
and their respective use together with the commercial pcesses that are currently
used for their extraction. The assessment of the current situation will lead to the
presentation of an integrated waste biorefinery aimed at the sequential extraction of
three main components present in WOP, offering an improvegrocess over the

current process used.

3.1 Auvailability of citrus peel waste around the world

3.1.1 Amount of citrus waste produced by the top five producers of orange

juice

Citrus fruits areextensively cultivated around the world. Thegre considered as a
commality product similar tocoffee and tea in terms of international tratieey include
oranges, lemons, limes, grapefruits and tangeri@&sbally, 51.8 million metric tonnes

of orange fruits were produced for the2013-2014 harvesting season, 40% of which

was grown for the sole purpose of being processethto juice.ll2 The processing
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industry creates a large amount of waste byroduct in the form of peel, seeds, rag
(the membranes between the citrus segments) and pulp (juice sacs), representing
50-60% of the whole fruit being discarded after juicingi3 Assuming 50% of the
weight of a citrus fruit is discarded in the form of peel when processedi4 the
corresponding amounts of waste orange peel arising from the processing of orange
fruits have been estimated based on the latest report published by the United States
Department of Agriculture12 The data can be found imable5. The data reported in
the table show that of the top five orange processing nations, three are also the
largest orange fruit growing nations. It should be noted that the data does not take
ET O1 AAAT O1 O A Hgd frukslispddedmfpridd ® Ardcéssirig OrAruits
destined for human consumption but destroyed to regulate the selling price (which
is a regular practice in Spain for example). These fruits could also be used for
valorisation purposes. The numbers showhow citrus peel and more specifically
orange peel, which is a byproduct of the juicing industry, represent a high volume

waste stream occurring on both hemispheres of the globe.

Table5: Estimated amounts of WOP produced in mairitaus producing countries for
the 2012-2013 harvesting seasori!2

Amount of orange fruits Associated amounts of waste
Country produced for processing orange peel produced following
purposes (metric tonnes) processing (metric tonnes)
Brazil 10,935,000 5,467,500
US.A. 5,423,000 2,711,500
E.U-27 1,069,000 534,500
Mexico 1,350,000 675,000
China 600,000 300,000
TOTAL: 19,377,000 9,688,500

Through the course of this project, data waslso gathered directly from industrial
contacts Recent dataobtained in 2013 shows that a Scottish orange juice producer
(GetJuice@) generates up t014,400 kgof CPW per week and iprojecting to reach
86,400 kg of CPW per weekby March 2014.Such data is especially relevant as it
shows the importance of citrus processing activities incitrus fruits importing
countries (i.e. local fresh orange juice production in the WK. for examplg. Hence
making second generation valorisation strategies relevant to these countries too.
Additionally, a smaller country such as Cyprus with a more modest citrus fruit

production capacity also has the pantial to generate relatively significant
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guantities of CPW two juicers located in Cyprushave been reported toproduce
every year 8,000-11,000 metric tonnes (sent mainly to animal feed) and 4500
metric tonnes (3,500 metric tonnes for orange peeland the remaining 1,000 metric

tonnes forlemon and grapefruit peel)of CPWrespectively.

Furthermore, citrus fruits are grown around the globe, on either side of the equator and
even though the harvesting season is fixed in specific locations around thé'ttbbe,
harvest is spread amd the globe throughout the year, ensuring a constant supply of

CPW for valorisation purposes.

3.1.2 Process flow sheet for the production of orange juice

After the juice produced, WOP is the second largest output following juicing
operations. Figure 14 highlights the general process used for orange juice
production together with other outputs. Modifications to this process will occur
according to the geogaphical location of the process. Outputs considered as waste
are indicated in red andproducts entering the value chainare shown in orange.
Typically a processor carexpect to recover 4555% of the fruit as juice, 4555% as
peel and 0.20.5% as essentialoil (shown as D-limonene in Figure 14) from the

citrus fruit.'*® The amount of water used for washing is very important for this

process with a peel:water ratio is fixed to 1:193
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Figure 14: Juiceextraction process highlighting common byproducts and WOP
outputs.103, 117, 118

Orange fruits harvested go through a lengthy process for juice extraction. Following
fruit grading (including sizing), the fruits are washed andheir juice is extracted by
pressing. Peel oil is usually recovered as highlighted in the figure above Molasses
and hesperidin can be obtained too, but the inclusion of these steps is not ubiquitous
and will depend on the level capital available for investment, the required palack
period and the juicing equipment used. Therefore the process steps leading to the

production of molasses have been put into brackets?. 119

In most cases, following juicing, the juice is finished to remove excess pulp to match
required specification and then deoiled to avoid damaging its organoleptic
properties. This oil is not necessarily recoveredD-limonene containing oil can be
obtained postjuicing by either cold pressing or steam distillation. The two different
processes Yyield respectively a high purity/food grade and a technical grade &F
limonene. The latter compound can also be extracted ior to juice extraction by
pressing depending on the juicing technology employed$ Following the pressing of
the peel for the production of high purity/food grade D-limonene, molasses can also

be obtained. The latter is rich in sucrose and reducing sugars. Molasses finds
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applications as animal feed or as fermentation feedstocks for ethanol production for
example117, 118 The exhausted peel then obtained can be used for animal feed if

further dried.

The scale of operation for orange juice production will influence the recovery of
additional by-products. Only above 50,000 metric tonnes of fruit processed per
harvesting season, hast been estimated profitable to invest into peel drying
equipment for animal feed production. Below the 50,000 metric tonnes threshold
cited above, the peel has been reported to be disposed of or burnt in the fietd.In a
few cases, further extractions are carried out to produce flavonoids such as

hesperidin, however this is not automatic.

According the literature the juicing process would benefit from further

Ei DOIT OA cukénJCRyV] pibcessing is based upon processing technology that

is at least 70 years old. It is largely unprofitable, grossly ineffective, and adds ron

combusted fuel oil to the peel mass when fuel oifiused as a direct fire heat source.

The process is also a high user of energy affid] very problematic to operated2t

&OOOEAOI T OARh OO1 EA AEAI EAAl AAxAOAOEI C ACAT O
processing operations, use ofthe end product of dried peel is limited to one

product? a toxic cattle feed supplement2: Lime is often used for this purposeis

Moreover, the high carbohydrate content of WOP is highly fermentable?4 The
disposal of CPW usually represents problem at industrial scale In the USA,, citrus
processors are not allowed to landfill citrus waste and therefore havi® transform it
into pelletized animal feed, which isnot costeffective due to the costly drying
process needed to lower the moisture level ocEPW?!22 The added cost of storage and
transport needs to be considered too.Overall, waste tratment represents a
significant investment. Transformation of waste into valueadded products could
potentially allow companies to cut treatment costs, generatadditional profits and
improve their competitiveness. Moreover,2nd generation valorisation of FSCWis
becoming a necessity as part of the existing sustainable development and

environmental protection required by legislation and by the consumetz3

3.2 Orange peel waste composition and value

Orange peelis of particular interest given the variety of compounds it contains (see

Figure 15). It has been recognised as an interesting source of dietary fiber, natural
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antioxidants, food colorants and flavours?4 D-limonene and pectin both have
applications in the food and cosmetic industries amongst others; as a fragran¢e
compound and a thickeners respectively. The sequential extractions of those
compounds for valorisation purposes in the food and chemical sectors amongst
others, represents an interesting research avenue, from both academic and
economic anglesThe main components present in orange peel are summarised in
Figure 15 together with their associated weight percentage on a dry basis. WOP can
contain up to 80% water17. 119 In the following section, the current commercial

extraction process used will bedescribed.

- —
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/'« D-limonene 3.8% w/w

+ flavonoids 4.5%

= cellulose 37.08%
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|

9
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Figure 15: Main compoundsof interest present in orange peel and their occurrence
(Wt% dry basis).126. 127

The peel is mainly composed of pectin, hemicellulose and cellulose (30%). Lignin
typically represents less than 10% of the peel on a dry weight basi Glucose,
fructose, sucrose and xylose constitute the watesoluble fraction of the peeh17. 118
Of special interest isD-limonene, followed by pectin, the flavonoid hesperidin,
polymethoxylated flavonoids and sugars which can be used as a fermentation

feedstock to access more biderived platform molecules?29

3.2.1 D-limonene and orange oil

D-limonene can be obtained from whole fruits if the harvest is dedicated to oll

production or as a byproduct of juice productionii® By D-limonene, the material

referred to often corresponds in the literature to the peel oil, or essential olil

obtained by steam distillation. Figure 16 gives the detailed process flow sheet of the
71



extraction of this compound by steam distillation. This process will vary according

to the geographical location of the operations and the size of the juicing plant.

Orange fruit peel

H,0

10.85 K
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b -]

; =
! Waste water

Juice
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0.27%

Figure 16: Process flow sheet for the commercial production dd-limonene 103

Between50,000 and 7@M00 tomes of D-limonene are reported to be produced ye&Ply.

oil
0.03 kg
0.27%

10.85] Washing I &sugars
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*1 The price ofD-limonene is highly variable depending on supply and demand (i.e.

£1.91-6.61/kg for D-limonene in 2013)132 This chemical is currently facing a huge
demand.D-limonene finds uses a& starting compound for industriallyelevant fine
chemicals and flavour compoung@se .
cymeneand perillic acigl®* *** Another of its uses includes the production of adhesive
terpene resins via its polymerisation in toluene using AICIIt is alsoregarded as a

g.
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renewable and biodegradabkolvent although its biodegradabilty is similar to
comparable synthetic hydrocarboigith a Kauributanol value of 67D-limonene has
good solvating propertie§®™ *** Such properties explain its use in a large variety of

consumer products, in addition to its flavour and fragrance propéftties.

3.2.2 Pectin

Pectin is a complex carbohydrate mainly composed of chains of 4pdlygalacturonic
acid (polygalA) branched with sugar monomers. Its structure, chemical
functionalities, properties and uses will be further discussed in chapter 4. This
compound is mainy used for its gel forming properties when in water. It is
commonly used as a gel forming agent in jams;, bakery and sweet food products as
well as a stabilizer in dairy drinkst3 New applications for this natural compound
are continually being developed. The latest one concerns the development of an
extraction method producing pectic oligosaccharide prebiotics3” High methoxy
pectin retails for around £10/kg120 and the global producton for this
macromolecule has been reported be 35,000 tonnes yearst: 138 The major sources
of pectin used in industry include citrus peel (peel residue generated by the
extraction of juice and sometimes oil) and pple pomace (juice residue)Lime and
lemon peels are sometimegreferred although orange peel has a greater availability
and application range.13° Dry pectin can be obtainedn yields of up to 20-30% of the
dry weight of the citrus peeli25s Pectin is not generally a byproduct of the juice
production industry. It can be extracted from the peel residue follomg juice
extraction, providing the peel is pasteurised (9598 °C for ~ 10 minutes) and dried
rapidly following juice extraction to avoid the degradation of its inherent pectin
content by pectolytic enzymes present in the peel (i.enethylesteraseenzymes)i1s,
140 Figure 17 highlights the process commercially used for petin extraction.t Pectin
is extracted commercially by acid hydrolysis,generating quantities of acidic waste
water-*116 Pectin production mostly takes place in Europe, Israel and Brazik. 142.
143 The U.S.A. used to manufacture pectin but the acidic and sugar rich effluents
produced as a result of the acid hydrolysiprocess used were deemed to expensive
to treat following new regulations issued by the American Environment Protection
Agency (E.P.A) and all pectin manufacturing activities have since ceased in the
U.S.A44 The acid hydrolysis typically takes place gbH 1-3 and 50-90 °Cfor up to 12
hours.t A yield of 2530% is generally expected. 10 to 15% of pectin is usually
composed of neutral sugar$20
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Figure 17: Process flow sheet for the commercial production of pectir
via acid hydrolysis?

Several washing and purification stagesare needed to remove soluble sugars and
acids present in WOR4 They make pectin production awasteful and polluting
process, with several different waste streams having to bweated for one process
such asacidic waste water.As an example, during the concentration step, between
100 and 170 kg of water needto be removedper kilogram of pectin produced! This

is especially the caseif aluminium salts are used for the precipitation of pectin.
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Overall, the disadvantages associated with the traditional method of production of

pectin are:

the use of a highly perishable feedstock,

a high energy demandfor the peel drying stage and the acid
extraction of pectin),

the use of environmentally hazardous chemicals,

the production of acidic effluents and

the guestionable safety of a batch process on a multi litre scale in the

light of new developments on conihuous processing.

Microwave heating has been used previously in the extraction of pectin from citrus
peels essentially to obtainhigher quality pectin faster. It has also been shown that
microwave heating improves the overall pectin properties includingthe degree of
esterification, molecular weight, viscosity, gel strength and galacturonic aci@alA)
content.146-148 However, all of these methods still involve the ge of a strong mineral
acid. Herein, microwave assisted production of pectin fromWOP under acidfree

conditions represents an interesting research avenue.

3.2.3 Flavonoids

The main flavonoids available in citruspeel are hesperidin (main flavonoid in
orange peel, 2% dry weight}4°, narirutin, naringin and eriocitrin. Flavonoidsare the

major source of naturally occurring polyphenolsand henceof antioxidants present

in fruits and vegetables.Their polyphenolic skeleton allows them toAAO AO OOAAEA/
OAAOAT cAOOGO AOA O OEAEO EUAOIT CAT AT A Al AAO
ability.150. 151 Given these properties these compounds have known
pharmacologicals2 and food applicationstso. 151 Between 1.7 and 2.0% of flavonoids

are present inthe peel of orange and grapefruits4® To date, flavonoids are not

routinely recovered at a significant scale commercially. This is due to the absence of

an effective etraction protocol.153 The recovery of hesperidin and polymethoxy

flavonoids will be of most interest here.
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3.2.3.1 Hesperidin

Hesperidin belongs to the class of citrus derived glycosides. This compound is the
most alundant flavanone glycoside found in citrus peeks Between 3.6 and 4.5 kg
per tonne of orange peel can be obtained. This equates to a 6(885% extraction
yield.117.154 A process flow sheet is given ifrigure 18 for the extraction process used
for hesperidin according to referenced material. The extraction is carried out at
basic pH using calcium hydroxide followed by recrystallisation at pH 4-2.7 and 40
45 °C or 5560 °C and yields hesperidin with a purity of 7680%. To reach a purity
>95%, the recrystalsation is usually repeated. It should be noted that the moisture
of the peel can be reduced prior to hesperidin extraction. In this case, a dewatering
step is added between the grinding and the extraction steps, generating a great
proportion of wastewater effluentsi19. 155, 156 |t is known hesperidin needs to be
extracted prior to mineral acid extraction of pectiniss making the recovery of

hesperidin very difficult as a byproduct of pectin extraction.
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Figure 18: Process flow sheet for the commercial production diesperidin.119. 155

3.2.3.2 Polymethoxylated flavonoids

Polymethoxy flavonoids such as tangéin or sinensitin are found in citrus peelstso

At this point, polymethoxylated flavoroids are not commercially extracted at a large
scale from citrus fruits. This byproduct has only recently attracted interest from the
academic community due to amongst others, its antioxidant andnticancer
properties. Industrial scale extraction from citrus peels is as yet not established
However, the literature mentions their extraction from molasses by peel maceration
with lime with a 0.13% yield15” Molassesis the liquid phase resulting from pressing
orange peel. They are a result of peel pressing from animal feed from WOP.

However, molasses is not produced from WOP in all cases.
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3.3 Scope of this thesis

The valorisation of WOP is the centre of a significant body of literature. The
potential of this feedstack has long been recognised. Initial research established that
WOP could yield dietary fibersg® fueli2” and flavonoids (hesperidin, narirutin,
naringin, eritrocin) in addition to the traditional by -products (silage and as a
mosquito repellent). It can also be usedsaa fermentation substrate for singlecell

protein production. 94117

First generation biorefineries based on the use of WOP as a feedstock have also been
designed. The literature reports methane production from WOP by thermdplic
anaerobic digestioni13160 and the combined production of bieethanol and D-
limonene and methane by sulphuric acid hydrolysis at 150 °C, The latter has Inee

demonstrated as economically viable when methane is used to fuel the process.

161

In Florida, scientists have focused on the production of biethanol from WOP162
following D-limonene extraction (D-limonene is detrimental to the activity of the
enzymes used for theproduction of bio-ethanol). The only example of integrated
valorisation of WOP was demonstrated in Sweden by Pourbafraeit. al. for the
combined production of bio-ethanol, methane and limonene?? None of the designs

mentioned earlier report the recovery of pectin prior to fuel production though.

As a result, the design of a sustainable and integrated process for the production of
the highest number of marketable chemicals, materials and/or fuel with maximum
efficiency represents an interesting research area, especially if the technology used
is safe and transportable. This led to the idea of developing an integrated waste
biorefinery capable of producing chemicals from the million tonnes of WOP

generated every year globally. The design should have the following attributes:

avoid the use of a drying and préreatment stage
allow the use of wet biomass
1 avoid the use of acid and additives used the process especially for
pectin and hesperidin extraction
avoid or limit the use of solvent to food grade solvents only and

allow the valorisation of WOP inrsitu.

Microwave processing was chosen as the core technology of the biorefinery as it
allowed the use a wet feedstock, bpassing a costly and energyntensive drying
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stage. Additionally, prior work in the area of separateD-limonene and pectin
extraction using microwaves had been reported but it did not meet all the criteria
mentioned above. Futhermore, their sequential extraction under acidfree
conditions has not been reported, representing an opportunity for innovation (see
Figure 19). This area will be properly discussed in chapter 4. Given the higher selling
price of pectin compared to D-limonene together with the higher availability of
pectin in WOP, the project first focused on the extraction of pectin under acidee
microwave conditions. Especially as it appeared early on that the profitability of the
process would depend on the production of pectin and that continued investments

by major pectin manufacturers in their processing capabilitie $43. 163

Acid-less

Hydrothermal : DP_ ﬁﬁ:::[:nene
MW g
treatment « Flavonoids
<150° C 4 Sugars

Figure 19: lllustration of the concept of a waste biorefinery centred on the use of
WOP and microwave technology.

A brief SWOT analysis (Strengths, Weaknesses, Opportunities and Threats) has been
carried-out to specify the desirable features of a waste biorefinery focused on thed2

generation WOP valorisation. The analysis is given Figure 20.
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Figure 20: SWOT analysis for the design of a WOP microwave biorefinery.
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External factors

The analysis of the strengths and opportunities shows that the anticipated growth of
the biorefinery could lead to the application of the technology to other processed
citrus fruits (i.e. limes and lemons). The analysis shows the weaknesses of the
project can be minimised as some of the chemicals targeted already have a
commercial value. The opportunity therefore lies in combining juice an®-limonene
together with pectin production, which are traditionally two different business
sectors. Flavonoids and suay extraction using the same process would represent an
additional opportunity, providing all components can be separated using food grade
solvents. The main threat to the designed valorisation scheme is the uncertainty in
crop yields and quality, influenéng the amount of WOP produced and hence, the
potential revenue. This last factor renders the diversification of the feedstock used
even more important, minimising the influence on the biorefinery revenue of
specific crop yields. The threat of the welkstablished current processes forD-
limonene and pectin extraction can be minimised if one of them invests in the
biorefinery model, or if the stand alone biorefinery has a strong marketing and
advertising strategy towards the buyers and legislation (i.e. preen greener
credentials, lower waste treatment costs). Therefore, greenhouse gas analysis and

full life cycle assessment are as important as a techveonomic assessment of the
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biorefinery scheme designed to further validate the strategy imagined and veyifthe
sustainability of the valorisation scheme chosen from cradio-grave. Proving the
economical feasibility of a biorefinery process is as important as proving its

sustainability.

As a result of the SWOT analysis, the scope of this project was deteretn The
success of the development of a microwave biorefinery process centred on the

valorisation of WOP will depend on the:

1 successful pectin extraction using a low temperature (below 200C)
and acidfree hydrothermal treatment,

1 successful microwave assited D-limonene extractionunder solvent-
less conditions,

1 integration of both pectin and D-limonene extractionto design an
integrated microwave processotentially fit for continuous
processing and

1 extraction of flavonoids and sugars for additional revene.

The scope of this thesis was therefore to develop a low temperature microwave
process allowing for the recovery of a maximum number of compounds present in
WOP. This process should be appropriate for 4situ operation at a juicing plant.
Pectin production under acidfree conditions was the primary objective and the
development of suitable extraction conditions will be discussed in chapter 4.
Research on the extraction ofD-limonene will be discussed in chapter 5. The
additional production of compounds suh as hesperidin, polymethoxylated
flavonoids and sugar monosaccharide was investigated and will be discussed in
chapter 6. The entire process developed, namely the OPEC process, has been
highlighted in Figure 21.
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Figure 21: OPEC process usddr the valorisation of WOPusing acidfree, low
temperature microwave hydrothermal condition
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Chapter 4

Microwave hydrothermal

extraction of pectin from

waste orange peel under
acid-free conditions
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4 Microwave hydrothermal extraction of pectin from waste

orange peel under acid free conditions

4.1 Introduction to pectin

Pectin is a structural hetero polysaccharidgresent in nonwoody plant tissues and
contributesO1T  AAI 1 xAl1l AAEAOAT AA AT A OOOAT COE8 ) O
and structure of the plant tissue. Itbelongs to the primary cell wall structure. It is
involved in cellular adhesion and forms highly entangled networks further stabilized

by calciumand alkal-i AAET A A@®iT OO0 1 ET EO6

It is a component of protopectin whichis naturally present in the cell walli3® Figure

22 depicts the chemical structure of pectinss. 166 |t is mainly composed of chains of

D-galacturonic acid (galA) units linked together AU - p © 1 Q sidicl Hod

I AAEOET 1T Al 1 Uh OEA D-dgalEciuioric atidEpolpgalh) showcases

neutral sugars such as rhamnose, galactosarabinose fucose or xylosei4 The

structure of pectin is believed to be organised in four different subunits. Three

contain branched sugars grafted on the backbone of polygaldamnogalacturonan |

and Il (respectively RG | and RG lland xylogalacturonan(XGA) These are often

OAEAOOAA O AO OEA OE Adfthed iadkgoBd of pOiygalAisE DPAAOET 8
called HG or homogalacturonanAT A EO AT T 117171 U OAEAOOAA O Ac
reC E 111 These four different subunits form branched blocks orgarsied around the

main polygalA chain. A full characterisation of this macromolecule is yet to be

resolvedi3® The composition of the pectin extracted will depend on the type and

variety of biomass it originates from and the conditions of extraction The acid

hydrolysis extraction process based on the use of mineral acids will yield pectin

i AETT U ATibBi OAA T £ O1 AOOOAT OB NwerEOAAS AEAET O

standards, pectin has to contain over 65% gal#9. 152
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HO “oH

OH

Neutral sugars key:

L-Rhamnose L-Aceric acid
D-Glucuronic acid D-Dha -O-Acetyl
Kdo D-Apiose
Borate
D-Xylose

Figure 22: The different structural units of pectin and its components
This diagram was partly published inwww.plantphysiol.org and is copyrighted
by the American Society of Plant Biologistst is reproduced with permission
(originally in colour).

The ability for pectin to from a gel under controlled conditions is exploited in the
food, cosmetic and pharmaceutical sector®ectin isusedin the food industry as a
gelling and thickening agentzzs tO O AAEI EOU O1 & O0f A 1TAOx1 OE
water is used for jam manufacturing it acts as acloud stabilizer in fruit juices and
milk drinks and as a &t replacement agent in reduced fat product®s Other
applications include drug delivery systems in the parmaceutical industry or for
medical adhesives for examplez2 The gelforming properties of pectin are dueto
the presence of a carboxyl functional group on the-€ of galA.This carboxyl group
can exist as a free acid or a methyl esteA 50% DE represents the cutoff point
between high andow DE pectins Below 10%DE, it is called pectic acidés The DE is

a particularly important parameter. It is used inthe food industry to determine
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optimum gel forming conditions. Two types of gel forming mechanisms for pectin

are reported: one for high DE pectin (> 50 %) and one for low DE pectin (< 50 %).

High DE pectin is typically used in jam and low DE pectin baikegoods. They are
summarised in Table 6. Pectin gels at low pk2.5 3.8 with a high sugar concentration

(>55%)'°° There are as many pectin formulations as there are products on the

i AOEAO ET AI OAET ¢ DPAAOET EIT OEAEO ETCOAAEA
Apbpl EAAQGET T AAT AA OOOI-idnd additidr) amiigtion @@ OE A OE |
position), acetylation (O or/and Os position),170 demethoxylation to optimise its

performance for a wide range of applications3®

Table6: Characteristics of different gel forming mechanisms for pectin.

DE Type of Gel tvpe Gel formation Setting Setting
(%) pectin P mechanism speed pH
High . .
70-80 Hydrogen bonding & Rapid set 2.83.4

methoxyl Acid . .
hydrophobic interaction
60-65 content Slow set 2.83.2

Inter pectin chain C&*

Low e a A
: EI'l O OAOEA
<50 methoxyl Calcium . ¢ Slow set 2.86.5
two pairs of carboxyl
content

groups

Other characterisation benchmarks and quality parameters include:

the degree of amidation(for specific applications),152
the degree of acetylatior(for specific applications),152
molecular weight,

neutral sugar content and

=A =4 =4 4 =4

viscosity measurements.

4.2 Occurrence of pectin and traditional extraction of pectin

The yield,quality and gelation properties of pectin varies according tothe nature of
the biomass it is extracted from Pectin is commercially extracted from citrus peel
mainly lime and lemon peels aghe pectin they produce is known to be of high
quality.171 Dried apple pomaceis used too though as well as beet pulp? Table 7

compares the distribution of pectin in the different constituents of oranges and

grapefruits.
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Table7: Repartition of the dietary fiber content in parts of oranges and grapefruits
(9/100g of fresh material). 117

Orange Grapefruit
2 @ 2 2
3 S n 3 © g @ D
o} o ) ) o) o [ )
o £ 3 N o = 3 0
Q =] o S
s - = -
Pectin 3.7 40 4.8 3.0 | 48 4.0 4.9 4.0
Hemicel -
lulose 1.8 1.5 1.7 1.6 | 1.4 1.1 1.5 1.6
Cellulose | 54 35 35 68 | 26 23 18 7.0
Lignin 0.3 0.7 1.0 32 | 1.2 0.7 0.9 3.3
Total 9.6 9.7 11.0  14.6 | 10.0 8.1 9.1 15.9

Pectin is traditionally extracted using acid hydrolysis, generatibgtantiaguantities of
acidic waste watef" The industrial extraction process @ives treating the raw material
with hot dilutemineral acids for 3 to 12 hoursinsoluble peel particles are removed
from the mixture and the solubilised protopectin is concentrated to 35% by
vacuum evaporation. Rctin is recovered by precipitation using alcohol or
aluminium salts. It is then washed with acidic alcohol. To be sold as a powder, the
resulting purified pectin has to be pressed, therewith drying it further until a6-10%
moisture content is reached. It is therfinely ground. Pectin can be stadardised by
blending with sucrose? Dry pectin can be obtainedn up to yields of 2530% of the
dry weight of the citrus peel. Themany washing and purification stages make pdamn
production a wasteful and polluting process, with several different waste streams
all needing individual treatment. This is especiallytrue when aluminium salts are

used for the precipitation of pectini1?

Alternative methods to acid hydrolysis are currently being researched given the
disadvantages associated with théraditional process (see chapter 3). BEzymatic
extraction is one method being researchedThis methal has been developed to try
to extract pectin with a higher degree of polymerisationand a higher molecular
weight, employing enzymes to obtain more contritable hydrolysis conditions with

limited success!?2
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4.3 Precedents in acid -based microwave assisted extraction of

pectin

Microwave heating has also beernnvestigated to extract pectin from citrus peel
under acidic condtions. The use of this technology was primarily aimed at reducing
the long extraction times associated with pectin acid hydrolysislt has also been
shown that microwave heating improves pectin properties including the DE
molecular weight, viscosity, gel strength andjalA content.146-148 Several publications
exist in the area of microwave assisted acid hydrolysis. The most importantgaes of

work in this specific area are highlighted below.

Fishman et. al. has reported that microwaveassisted extraction yields pectin of a
higher quality.173 This author studied microwave heating under presste (in a closed
vessel) to extract pectin from the albedo of oranges. The pectin obtained had a
higher average molar mass, size and intrinsic viscosity compared to pectin extracted
using conventional heating methods. The DE and the galA content of the pect
obtained were higher too. 20.3% of pectin on a freskvet basis was extracted from
the albedo. The conditions used were: microwave heating at 630 W, 2450 MHz, pH 2,
using hydrochloridric acid as a solvent (albedo:solvent 1:25) and a 3 minutes
reaction time in a closed vesseks The same author applied extended this
(patented) method to the extraction of pectinfrom lime flavedo, albedo or pulp.
Molar mass, viscosity and the radius of gyration all decreased with time of heating.
Interestingly, in this piece of work, the authors concluded that heated dilute acid
environments were necessary to extract pectin and tit no pectin could be extracted
from albedo dispersed in water under microwave conditions alone’s Manabeet. al.
first reported the extraction of pectin from mandarin orange pulp using microwaves
in an open \esseli74 Kratchanova et. al. reports that extracting pectin using
microwaves results in obtaining pectin in a higher yield and quality DE, molecular
mass and gel strength}#¢. 175 This has been attributed to partial disintegration of
tissues, hydrolysis of the protopectin and the fast inactivation of the pectolytic
enzymes in the raw material#?) T + OAOAEAT T OA86 O x1 OEh [ EAOI x AOA
pre-treating method (5, 10 or 15 minutes at 0.45, 0.63 or 0.9 kW) and the pectin was
then extracted at 8882 °C with HCI (0.5 M) to lower the pH to 1.5. The same pH was
used under microwaveassisted conditions byBagherian et. al. They studied the
influence of the heating time and microwave power on the pectin yield and a
maximum Yyield of 26.3% petin was obtained at 900 W following a heating time of 6
minutes.176 At 500 W under the same pH conditions, a 18.23% yield of pectin was
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obtained by Guoet. ali77 Microwave assisted extraction of navel orange albedo at
150 °C for 15 minutes yielded 0.8% of pectin on the other hand ( 1.6% when
calculated based on the dry yield of peels Zhongdonget. al. uses the microwaves
as a heating method for the extraction of pectin at pH vith HCI (85 °C for 4
minutes, 2450 MHz, 1000 W). The author used scanning electron microscopy (SEM)
analysis, to demonstrate that microwaves disorganise the orange peel organisation
and loosens its structure as the microwaves cause cells to split due the
evaporation of the inherent water content of the peel’s A summary of the
observations reported in the literature on microwaveassisted extraction of pectin

under acidic conditions can be found inrable8.

Table8: Reported properties of pectin extracted under acidic microwave condins.

o £ S
Sy .8 : 8 b
Pectin origin o O 2 == = = S )
o & 8 SE o S w L
€ c = © o a
2 = = > < o
= = S
17.0 Kratchanova
Orange 80-82 450 20 g¢/100 67.1 72.9 et. al, 2004
g peel
Not Fishmanet.
Orange albedo measured 630 3 20.2 93 93 al.. 2000
. Dynamic 6.2 Fishmanet.
Lime albedo 140 mode 2.5 101 88 66 al.. 2006
Navel orange Dynamic ) ) Liu et. al,
albedo 150 mode 15 0.8 2006
18.13 Guoet. al,
Navel orange 80 500 21 10.23 72 82 2012
. Not 26.27 Bagherian
Grapefruit measured 900 10 0.8 68 2 et. al, 2011

Results reported in the literature show pectin can be extracted under acidic
conditions when using microwaves. Within the context of this work aimed at
designing an integrated biorefinery process for the valorisation of WOP, the aeid
free extraction of pedin using microwaves was investigated first as microwave

assisted extraction of D-limonene is already known. Additionally, the cost
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effectiveness of the future biorefinery scheme being developed was considered early
on and given the value of pectin comparkto D-limonene (£10/kg for high-methoxy
pectin4 versus £1.916.61/kg for D-limonene in 2013)132 it appeared early on
during the project that the profitability of the process would depend on the
production of pectin. Given the diadvantages linked with the use of acid hydrolysis
for the extraction of pectin, acidfree conditions were investigated with the aim of
producing pectin under low temperature hydrothermal conditions. Under such
conditions, no acid was used during the extramon or the work-up of pectin. Within
the scope of this project, pectin characterisation proved an interesting research
avenue. The results obtained using standard methods used in the food industry were
not satisfactory. A new application of nuclear magné resonance was hence
developed as a result. The following section focuses on the analysis of afriee

pectin, highlighting the different techniques used and associated results.

4.4 Characterisation of pectin

Several parameters can be evaluated to determenthe quality of the pectin
extracted. The main ones are summarised ifiable 9 according to their importance
Parameters such as the DE, galA amdolecular mass distribution relate to the fine
chemical structure of the pectin They are characteristic of its functionaliy, and
ultimately its applications. Finding analytical techniques available in house was
particularly important for this project. Most analytical methods applied for the
AOAT OAOCETT 1 &£ DPAAOGET 60 AEAI EAAI AT A £

for food scientists. The main ones are reported iffable9.
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Table9: Pectin quality parameters and associated analysis methods.

Priority
order

Quality

parameter

Indication

Determination method

galA
content

Molecular
mass
averages &
3 molecular
mass
distributio
n

Neutral
4 sugar
content

Intrinsic
viscosity

6 Ash content

The distribution & the
pattern of the esterified
carboxyl groups has a
profound effect on the
gelling mechanism & gel
properties.125

Provides an indication of
purity . A65% galA is
necessary br pectin to be

used as a food additive (as

E440) 152

Molecular weight data
allows the determination of
the functional behaviour of

the pectin
macromolecules” as well
asend-use performance
evaluation1ss
The relative proportion of
neutral sugars relates to
the selectivity of the
ABOOAAOQGET T i
bonds betweengal A

units.1294 EA OEET E

by the presence of
rhamnose residues within
the pectin chains will affect
the conformationi% and

consequently the
macromolecular properties
of the gel fomed herein for

example.

Relates to the pectin chain
length.

For pectin to be used as a
food additive (as E440) it
needs to containa
maximum of 1%
contaminant.152

Phenolphthalein double
titration ,164. 179
FT-IR180-182
13C NMR(solid and
liquid). 183, 184

Phenolphthalein double
titration ,179
Colorimetric method
based on the use of
carbazoless or m-
hydroxydiphenyl.18

Size exclusion

chromatography.148. 186,
187

Gas chromatography
mass spectrometry
analysis of

trimethylsilylmethyl
glycoside derivativego:
and high Performance

Anion Exchange

Chromatographyi92

Size exclusion
chromatography with
light scattering
detector 148
viscometeries and
dynamic oscillatory
testsi94

Ashing at 500600 °C195
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The following section will focus on themethods initially chosen to characterise
microwave extracted pectin undr acidfree conditions. Attenuated Total
Reflectance Infra Red (ATRR) has first been used to systematically characterise
pectin and determine the DE, followed by nuclear magnetic resonance (NMR).
Solution and solid state NMR were applied. Gel permeatiochromatography was
also used to analyse the molecular mass distribution of the obtained pectin samples

the results obtained by this technique will be developed in section$.5.1.1and4.5.4.

441 ATR-IR characterisation of pectin

ATRIR was used to rapidly identify signature peaks of acidfree microwave
extracted pectin under different conditions. ATRIR is ideal for routine
characterisation as virtually no sample preparation is required. However samples
need to be carefully dried to avoid peak interference due to the presence of water.
Otherwise an overlap with the bands associated with the carboxyl groups within the
1750-1600 cm? region of the IR spectra. Hence thorough drying of pectin is very
important. Commercial pectin samples derived from citrus fruits were used as a
reference. In the caseof pectin, transmission Fourier Transform Infra Red FT-IR)
spectroscopy has mainly beenusedto identify the signals associated withthe free
carboxyl, which can be identified at ~1620 cm, and the esterified carbonyl group at
~1740 cm-11%-198 The later data has been obtained using FIR where pectin
samples have been pressed with KBr. FIR is an useful technique to use for fmin
characterisation as it has been reported for the determination of the DEh€& DE can
be determinedfrom the ratio of the peak area of COOCkElover the sum of the areas
of zCOOCkKand -COOHs#. 182, 1% |t has later been found that these peaks partially
overlap. As a result, the quantitative data derived from such procedurbas been

found to not be reliable Figure 23).
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Figure 23: FT-IR spectra of P140, polygalacturonic acid angblygalacturonic acid
sodium salt maximisedwithin the range of B00-800 cm? (originally in colour) .

The esterified and nonesterified carboxylic functions are known to overlap: Kumar
et. al.reports both functional groups at 1749 crrt.1% This has been confirmed by
analysing the sodiated form of galAFigure 24 shows how the ATRIR analysis of
sodiated polygalA displays a peak at ~1625 cmwhich can be attributed to the
carboxylate function and not to the free acid. Slightly different ranges have been
reported too, wherethe peaks of theesterified and nonegerified carbonyls of galA
appear at 17601730 cmtand 1750 cmtrespectively164 181 This has been attributed

to the presence of water, pH and hence, ionic conditions whereby the pectin can be
acidified to eliminate the contribution of the carboxylate anion peak and display two
distinct peaks for the acid and the ester form of gal®: Another strategy has been

reported to circumvent this problem. A modified method based on the ratio of the

1010 cmtdhas been suggested to bpass the disadvantage of the latter methotb:
However it is very difficult to attribute a peak with 100% certainty in the fingerprint
region of the spectra (1200800 cmt).184 Thus, this method has not been applied
here. Another diagnosticpeak is the asymmetric stretching of -CH; (1440 cm?) 181,
196, 200 Additionally, absorption signalsA OA 1T A O A O G0l u (@5),J0CBIENA
the ring structure of poly galA chains can be observed~1010 cm! (1016 cm?
here).181 Peaks seen at 350300 cm?! and ~2900 cm?! are commonly attributed to
the ZOH and the €H stretch in ZCH respectively 197. 199, 201 Care should taken
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nonetheless when comparing spectra obtained by transmission IR and AJIR since
OA OAlI AOGEOA OEEAOCAEDI AADA PEPADOCEDUAARKNOAT AUO
when comparing bands in ATRR to transmission IR. A shift of up to 14.1 cmhas
been reported202 When comparing the data, a variability might be observed
between data reported in the literature and eperimental data reported herein. A
representative ATRIR spectrum of a sample obtained at 120C following a 10
minutes heating time has been included irFFigure 24 for comparison with a non
standardised commercial pectin sample (NS Kelco). The match between the two
samples is ideal: all peaks relative to the carboxyl function of galA are present,
demonstrating pectin is extracted. Furthermore, the two smples are nearly
identical, including the fingerprint region, confirming that the extracted compound
is pectin. ATRIR was therefore used routinely to characterise pectin alongside other

techniques for this project.

-OH -CH- -C-OH & -C-0-C-
3363 cm?! 2929 cmt! 1016 cmt
-COOCH; &-COOH -CH; |
1738 cm’! > 1443 cm't
.—COO’ S
1609cm?

—Pectin standard —P120-10

3600 3100 2600 2100 1600 1100 600

Wavenumber (cm-1)

Figure 24: ATR-IR spectra of pectin sample P1200 and commercial pectin NS
Kelco (originally in colour).

4.4.2 Determination of the degree of esterification of pectin by double

titration

ATRIR was used to establish pectin could be extracted under microwave adige
conditions. However another method had to be used to determine the DE. The DE
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and galA content values obtained for microwave extracted pectin under acidee
can be determinedvia titrimetry using a method reported in the American Foods
Chemical CodexThis mehod is considered a benchmark for the determination of
pectin related DE and galA values and its use is standard practice in industry The
protocol used was listed in the Food Chemicals Codex and further optimisety
Professor Pete AWilliams, Director of the Centre for Water Soluble Polymers at

Glyndwr University.

The reproducibility of the protocol was first assessed and the method wassted on
acommercial pectin sampleCU 301 (galA 84 %, DE 65 %) he best results obtained
are summarised inTable 10. A goodreproducibility and an error of 7% on the galA
content were achieved at first, reaching a galA of 78.03% and 79.94% for two
titrations carried -out in parallel. However upon repetition of the experimental
protocol, the error on the galA content did not decrease below 20% Even if
considering an absolute value for thegalA and the DE is not realistic, the value
should still be comprised within ax 10% range It should be noted that although a

,,,,,

OAOEOAUET C AOOI O bA afed iryibd € FeprodubedthedrésultA AEE A O A A

Table10: Summary of the results obtained for a commercial pectin sample using the
Food Chemicals Codex method.

CU 301 (galA CU 301 (galA Average
84% , DE 65%) 84%, DE 65%)
Experimental
galA content 390.22 399.93 395.07
(mg)
Experimental
galA content
after acid 78.03 79.94 78.98
treatment (%)
Error on galA 711 4.84 5.97
content (%) ' ' '
Experimental 59.70 62.14 60.92

DE (%)

Several different alterations to the reported method were trialled toeliminate any

possible source of error and obtain more consistent values between titration

experiments. They are listed below:

1 The double titration was done over two days: the back titréon
was done on the 2d day instead of 15 minutes after the 4
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titration to see whether the duration of the saponification had an
influence on the result obtained.

1 The two titrations were done one after the other using a timer to
make sure that the disstution/stirring times were rigorously the
same for each sample (upon timing).

1 Samples were degassed under nitrogen for up to 1h to remove
any CQthat might interfere with the result obtained.

1 The influence of pectin dissolution times were studied to see
whether solubility of pectin and the formation of aggregates
might be responsible for the poor results obtained.

1 The pectin was never left more than 10 minutes in the 2.7M HCI
solution.

1 Care was taken to use only very recently boiled water to avoid

adding unnecessary C@into the pectin solution.

The protocol modifications listed above have not been found to improve the
reproducibility and an alternative method was investigated The use of mclear

magnetic resonance was investigated next.

4.4.3 Pectin characterisation and determination of the degree of

esterification by solution nuclear magnetic resonance (NMR)

4.4.3.1 Characterisation by solution nuclear magnetic resonance

Nuclearmagnetic resonance spectroscopy (NMR) is a recognised technique used for
the characterisation of chemical compounds, including polymers. This technique is
based on the identification of each norequivalent nucleus according to the
behaviour of its electronic environment in a variable magnetic field. A signal is
observed if the spin d a nuclei with an uneven number of protons is excited by the
application of an electromagnetic radiation of an adequate frequency corresponding
to the difference in energy between the relaxed and the excited spin state (the
Larmor frequency). The relaxaton of the spin causes the emission of a signal which
is detected and converted to a chemical shift, generating an NMR spectra after
Fourier transform. Figure 25 highlights the concepts used for this technique. It has
previously been used for the identification of pectin derived from appleys. 203

pumpkin,184 papayatss 193and citrus fruits19s.
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Figure 25: Effect of the application of a magnetic field on the spin of an uneven
numbered nucleus (originallyin colour).

At first, tH NMR was explored. This technigue is quantitative and provided suitable
signals for pectin identification. However, due to the different conformers of sugar
monosaccharides present in the side chains, multiple overlapping signalewd be
detected, rendering spectra interpretation difficult, even in the anomeric protons
zone. Given the numbers of protons expected in the sugar region (8% ppm) for
rhamnose, xylose, galactose, arabinose and furanose (12 for rhamnose iOCfor
example), a good resolution was difficult to obtain in the region showcasing
anomeric protons (5.5 4.4 ppm) and other protons on the sugar residues4- 3.4
ppm) at 400 MHz. The use of a 500 MHz spectrometer or a 700 MHz spectrometer
combined with the use of long accumulation times and an increase in temperature
from 298 K to 318 K and 348 K to see whether the dissolution of pectin could be
improved by raising the temperature, did not improve the resolving power. Instead,
13C NMR at 700 MHz was favoured as an alternativetid NMR since peak broadness
is minimal with this nucleus compared to proton NMR, increasing peak resolution.
13C NMR also has the advantage pbtentially allowing the determination of the DE
of pectin, providing that the peaks for thegGQOOCH and the zZOGOOH groups are well

separated under quantitative acquisition conditions.

700 MHz 13C NMR spectroscopyroved to be usefulto unequivocally confim the

presence of pectic polysaccharideslhe technique was trialled on an experimental
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sample generated at 140C under microwave acidfree conditions and a commercial
pectin sample. Hereafter, the 13C NMRspectra of commercial orange pectinand
P140-10 are respectively denoted asSA (Figure 26) and P140-10 (Figure 27).
Following 13C NMR, issues were encountered regarding sample drying. spite of
the extensive drying at 30°C in a vacuum oven, two clear ethanol peaks are being
present for -CH- at 58.05 ppm and-CH at 17.40 ppm. Asa consequence, theCH
peak of ethanol is overlapping with the mos characteristic rhamnose peak as it
appears at lower frequency This issue will be resolved at a later stage with the use

of a freezedrier to remove all traces of solvent in pectin.

—174.45
—171.27
17.40

-CH, - -CHjs ethanol
ethanol at at 17.40 ppm
58.05 Dﬂm\ \
-0-CH: at
C=0 peak of 53.48 ;pm
-COOCH; at
C=0 peak of 171.27 ppm C=0 peak of ‘
-COOH at -COOCH; at 171.27 ppm I
174.45 ppm Y “
Ol
\ | -- | |’\ |
: Mwh h 'M o8 M
| " uiw !
WP L W%W

\Wk"f Wr WWWMWMWW”J ity
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Figure 26: 13C NMR of commercial citrus pectin in 8D (700 MHz) (originally in
colour).
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Figure 27: 13C NMR of sample P14Q0 in D,O (700 MHz) (originally in colour).

By comparing the two spectra inFigure 26 and Figure 27, one can confirm pectin is
being extracted at 140 °C under acidfree conditions. Several observations
strengthen this conclusion. The first one relates to the presence of signals typically
associated with the carboxyl function: P14010 shows two clear peaks at 175.59 and
171.26 ppm. These refer respectively to the free acid carbonyl group and the methyl
ester carbonyl. In the SA sample these two peaks show up at 174.45 and 171.27
ppm. This uneuivocally establishes the presence of the same methyl ester
functionality in both P140-10 and SA (171.268 171.27 ppm). Local variations in
the pectin are brought forward to explainfor the shift at higher frequencyof the acid
functionality in P140-10, & 175.59 ppm, versus the one in SA, at 1745 ppm. Our
values are in agreement with those reported by Kostalovat. al. on pumpkin
pectin.ié4 Indeed, they report the free acidcarbonyl at 175.5 ppm and the methyl
esterified one at 171.4ppm. Westerlundet. al.states that the methyl ester carbogl
typically appears around 172.5 ppm and the free acid carbonyl in the 17B77 ppm
range1s3 Tamaki et. al.lists the methyl ester at 173 ppm and the free acid carbonyl
at 177ppm2o1 Similarly for lacomini et.al.,two low file signals at 174.81 andl70.68
ppm have been attribued to the methyl ester and the free acid form of the

carbony!|.204
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Secondly, the signal traditionally attributed to thezO-CHs group belonging to the
ester function was located at 53.49ppm by 135 DEPZFC NMR (se Figure 28). This
compares very well to the shifts reported in the literature for this functionality:
Kostalovaet. al. (53.7 ppm), Tamakiet. al. (55.7 ppm), lacominiet. al. at 52.86 ppm
and Liet. al. at 51.84 ppmz205 In commercial pectin, the presence of a methyl ester is

clearly visible at 53.48 ppm.
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Figure 28: DEPT13513C NMRof sampleP140-10 in D.O (700 MHz) (originally in
colour).

Thirdly, further analysis of the spectra confirm the presence of the sugar side chains.
For mono- and polysaccharide analysis, the anomeric region around 9010 ppm is
particularly informative. P140-10 shows distinct peaks in this region at 108.13,
108.04,107.71, 104.98, 101.02, 100.73 and 100.14 ppm (séagure 27). The peaks
at 108.13, 108.04, 104.98 and 101.02 are the most pronourdenes. The DEPT 35
spectrum classifies all of them as CH/CHbut given their chemical shift, they can
only be G4 groups (see Figure 28). Commercial pectin shows distinct anomeric
carbons at 10497 ppm and ~100.88 ppm. The main difference thus lies in the
existence of the 1@ ppm peaks, which have been reported to belong to+Araf
residuesis4 The dominant peak at 101.03 ppm is very close to the one at 100.9 ppm
as reported by Kostalovaet. al. £ O [ AOEUI -GdpA Qdit© BHEEsAde |

AOGOET O AOOOEAOOAA A pAAEGagQnitsowhghis verpi O1  OEA
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close to the 100.11 ppm observed in P14Q0. This confirms again the dominant

presence of esterified residues of galA.

Additionally , the DEPT 135 spectrum allows us to start attributing the peaks seen in
the 60-50 ppm region carbons. They are believed to be the neanomeric carbons of
the neutral sugar side chains of pectin P14Q0. The DEPT spectrunclassifies them
unequivocally as Chlcarbons. In the GCH region, a greater number of peaks can be

detected for P14010 than for the commercial pectin sample used.

P140-10 has been acquired quantitatively hereafterallowing for an estimation of
the DE. A gquantitative sequencevas applied with a 10 secondsrelaxation time.
When comparing the integrations of the carbonyl signals atd 175.59 (area of 0.14)
and 171.26(area of 1), a DE of ~86% can bdetermined. Interestingly, Catoire et al.
states that the C1 of esterified galA @n be distinguished from itsfree acid form.
Based on theirrespective peakintegrations of the G of unesterified (100.11 ppm
areaof 0.28] AT A A CEahpOuniE E181/03 ppm area of 0.84,19 a similarly
high DE of 78% can be calculated according the reported work depending onthe
integration limits used. However, the high signato-noise ratio does not allow the
determination of an absolute value for the DEIn commercial pectin, &en though
this spectrum is not run quantitatively, one can clearly see that it has a lower degee

of methyl esters compared tdP?140-10.

It has been observed that pectitnas a rather low solubility in H.O (below 50 mg per
NMR sample) The formation of viscous solutions of pectin have been previsouly
reported.206 Some peak broadening can e observed due to the viscous, gdike
behaviour of the solubilised pectin in RO.In addition, sSnce the measurements have
been done in a quantitative mode, applying a 10 seconds relaxation time instead of a
standard 2.5 seconds, a partial precipitationof the sample during the NMR
experiment could be observed given the lengthy analysis time requiredVhen
taking into account the high signatto-noise ratio observed when carryingout such
NMR experiments, these phenomena could all be responsible for theffdiult
determination of the DE with high accuracy. Neverthelesshé results obtained by
FT-IR, and 13C NMR all confirm pectin can be extracted under aciiee microwave

conditions.

Several methods have been developed over the years for the characterisat of
pectin. Earlier tests were based on the ability of hexuronic acids, such as galA , to

form chromophores which are detectable by UWIS a quantifiable techniques#
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Figure 29 describes the intermediary species obtained by decarboxylation of -D
galacturonic acid and dehydration to a furan with sulphuric acid??. 208 The

mechanism of the decarboxylation is not knowa®

-CO2

D-galacturonic acid furan-2-carbaldehyde

Figure 29: Reaction pathway of Bgalacturonic acid to furans under acidic pH
(originally in colour).

Carbazole,m-hydroxydiphenyl, 2-thiobarbituric are dyes which are known to form
chromophores with the acidhydrolysed products of galA. However, they are nen
specific as the total carbohydrate content reacts with the dye (i.e. neutral sugars
and cellulose), falsifying the resultsis4 210 Given the potentially high neutral sugar
content present in pectin under micronave acidfree conditions (see sectiord.5.3),
these methods have not been trialled. The double titration of the carboxyl groups
before and after sponification of the ester groups of galA has not been conclusive
either. Other methods involve the combined detection and quantification of galA
together with the neutral sugar content determination by Gas Chromatography
Mass Spectrometry (G@1S) and High Performance Anion Exchange
Chromatography (HPAEC). However both methods rely on the hydrolysis of pectin

o1 CAIl ! AT A OAAAEAOEAA 111T7Ti1iA0OOG8 O0AAOQEIT AA]
guantitatively when using HbSQ and TFA given the difference in behaviour of gar
iTT7T OAAAEAOEAAO AT A DPIilTUCAI! O1 ARO OOAE AT 1T AEC

the difference in bond strength between the galA chains and the neutral sugar
chains in acid medium. This can lead to underestimated percentages of
monosaccharides and lav recovery percentages of galA as the latter is degraded to
by-products such as lactoneg? 210, 211 Additionally, the sample preparation is
laborious, prone to human error and time consuming which make these methods
difficult to employ systematically for optimisation work. 186 This is particularly true
in the case of GO®AS analysis of pectin monosaccharides where incomplete
functionalisation can occur during monomer functionalisatiorgl® This was an
important obstacle as together with the double titration, those methods allow both
the determination of the DE and the galA content.
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4.4.3.2 Solid state carbon nuclear magnetic resonance analysis

Solid state NMR differs from solution NMR given the anisotropic nature of solids: the
absence of molecular tumbling in solids causes peak broadening, resulting in the
loss of the structural information obtained with solution NMR. Magic angle spinning
is then used to counteract peak broadening by rotating the sample at an angle of
54.74° to the magnetic field applied. Cross polarisation enhancement can
additionally be applied to detect the nuclei whose properties render Hem less
detectable. Cross polarisation magic angle spinning (CPMAS) NMR experiments are
frequently used to transfer magnetisation from protons to carbons rather than using
direct polarisation of the 13C nucleus2 213 The signal intensity observed with solid
state NMR is known to be directly dependent upon the chemical environmenthe
number and proximity of protons linked to a carbon atom will influence the
intensity of its peak. In addition to the proton environment, molecular dynamics and

in this case, the rotation of the methyl group will influence peak intensity14

Given solubility issues encountered with pectin in water, quantitative solutiort3C
NMR was not possible for the determination of the DE given the high sigral-noise
observed then. As a result, solid stateeC NMR was triall@ for the determination of

the DE of pectin.

Precedents exists on the use 6BC CPMAS for the determination of the DE®s. 215216
Synytsyaet. al.attempted to distinguish between the contribution of thezGOOCH
and -OCOCH; peaks. However, strong evidence is still required to obtain full
resolution of the spectra. A later paper has been published using the same method
as Synytsy et. al. The main issue with the later papers is that the estimation of the
DE is based on the integration ratio of theGOQCH; over the one corresponding to
the ring carbons G-G. This does not distinguish between the &G of polygalA and
the G-G of other sugars, leading to an underestimation of the DE. Furthermore, few
of these authors make mention of contact time and if or how this impacts the

determination of the DE.

Here it was assumed the DEould be calculated using the integrated intensitige of

the carboxylate (O¢ 0 and methoxy (O¢ 0 signals as highlighted below,

where R can correspond tqH,zNar or ZOCH groups.
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This method presents the advantage of only considering peakshich can only be
derived from the presence of polygalA. Hence, the presence of rhamnose for
example, would not affect the calculated DE. The chemical shift range used for this
experiment were of 165180 ppm and 5057 ppm which respectively corresponded

to the zC(O)OR group and the OCHs group.

A sample of polygalA was analysed first. ThHeC CPMAS spectrum of apurchased
galAis shown in Figure 30. The carboxylic acid signal£173 ppm) is well resolved
from the signals corresponding to the anomeric, C1 carbon~{00 ppm) and the
other ring carbons (~65-85). On the other hand, theobserved peak integrals
(0.72:1:4.1) reveal a significant underrepresentation of the carboxylate carbons due
to the absenceof directly attached hydrogens, significating a correction factor will

be needed.

(ol

COH

T
200 180 160 140 120 100 80 60 40 20 0 ppm

Figure 30: 13C CPMAS spectrum of polygalacturonic acid

In addition to aspurchased polygalA, a spectrum of polygalA after re-dilution in
water and subsequentfreeze-drying was acquired replicating the conditions under
which pectin sampleswere all produced. The two spectra are shown ifrigure 31 for
comparison. The spectrum of the freezelried sample exhibits significantly sharper
resonances. The carboxylic acid carbon signal is 48@z broad (FWHM) for the as

purchased sample and nly 280 Hz after lyophilisation.
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Figure 31: 13C CPMAS spectrum of polygalA
as-purchased (above), and aftefreeze-drying (below).

As a result of the observations made following the analysis of the polygalA sample,
five commercial samples of pectin of known DE were analysed to assess the validity
of the chosen technique for the determination of the DE of pectiTheir spectraare
very similar in appearance to the agpurchasedpolygalA, except for the presence of
an additional resonance at-54 ppm arising from the -OCHs of the carboxylic acid
groups which are esterified. The spectra of the commercial samples with varying
degrees of esterification are shown inFigure 32. The chemical shifts displayed
match the ones previously reported No signal at ~ 2025 ppm showcase the

absence of acetyl group#s
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Figure 32: 13C CPMAS spectrum of commercial pectin samples
highlighting the carboxylate @~172 ppm) and methoxy @~53 ppm) carbon signals
(originally in colour).

However, as with thegalA, we would expecthe carboxylate carbon intensityto be
under-represented due to the absene of directly linked hydrogen atomsJeading to
an over-estimation of the DE Cross polarisation is known for underestimting the
13C nuclei in carbonyl groups given their low ability to couple with a protoni” The
mixing time was used to study the influence ofH-13C coupling on the DE values
obtained for commercial pectin. Plots of the measured DEs for the commercial
samples versus the DE values provided by the supplidisplay this trend (seeFigure
33 and Figure 34). The bestfit curves to the data yielced slopes of 1.33+0.09 and
1.13+0.07 for the 1 and 2 ms contact times, respectively. These values were
subsequently usedo correct the behavioural differences of the carbonyl andOCH
environments of G. The DE values obtained were corrected such 890
00 QA correlation factor (R value) of 0.9595 and 0.8125 was obtained fothe
1 and 2 ms contact times, respectivelyHence, NMR values obtained for the DE at 1
ms agreedwith the values obtained with a conventional method used in the food
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industry (i.e. phenolphthalein double titration). The correction factor is used to
render the analysis quantitative. This accounts for the absence of protons on the
carbonyl group, and fa the rotation of the zCH group of the ester which interferes

with the average dipoledipole interaction and the cross polarisation process.
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Figure 33: Comparison of the3C CPMAS determined DE for five commercial
standards using a 1msH-13C mixing time (originally in colour).
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Figure 34: Comparison of the3C CPMAS determined DE for five commercial
standards using a 2 msH-13C mixing time (originally in colour).
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The method was applied to a range of pectin experimental samples all obtained
using an acidfree hydrothermal microwave process. All NMR spectra were acquired
using both a 1 ms and a 2 ms contact time. The DE of these samples were then
determined and corrected using polygalA or the commercial samples, generating
two different data sets. The difference in the measured DE between the 1ms and
2ms mixing time experiments for each corrector factor used were plotted ifrigure

35. The red unfilled bars show the difference in DE between 1 ms and 2 ms for the
data sets corrected using the polygalA. The blue filled bars using the scaling factors

obtained with the commercial samples.

w T T J T T T T T T T T T T T T T T T T T T T T T T T T T
[ PaolyGal
HEEl Commercial
m- 4
£
g
=
g 0
=10

FEHIHIHHE T ]
Figure 35: Difference in the measured DE between 1ms and 2ms mixing time
(red for polygalA and blue for commercial samples) (originally in colour).

Figure 35 shows how the data set corrected using commercial pectin samples is less
prone to a systematic error. In the earlier data set, the difference in DE can reach an
absolute value of 1Avhereas it decreases to 10 for the later data set. The graph also
displays a more random distribution, yielding both positive and negative DE
differences. Consequently, the correction factor obtained via the spectra acquisition
of five commercial pectin yelds less biased DE values than the correction factor
obtained via the spectra acquisition of polygalA. As a result, the correction factors

using commercial pectin samples will be used.

Regarding the choice of contact time used here onwards, a 1 ms contéme will be

used since the linear regression fit gives a correlation factor of 0.9595 which was

deemed more acceptable than the correlation factor of 0.8152 obtained for 2 ms
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contact time, rendering the results more precise and more reliable. Regarding
previous work reported, the correlation factor obtained here is higher than the one
reported by Sinitsya et. al (0.901).206 Besides, the absence of odd points with a
contact time of 1 ms further justifies this decision. The results of the afipation of

this method to experimental samples will bediscussed in sectiont.5.6.

4.5 Hydrothermal microwave extraction of pectin

One of the aims of this project was to improve the extraction of pectin based on
previous work reported on microwave-assisted extraction of pectin from CPW. As
seen previously, the use of acid produces polluting effluents requiring treatment
prior to disposal. This could be avoided by simply using water under microwave
hydrothermal conditions. This strategy would benefit from the use elevated
temperatures (> 100 °C) under closed vessel conditions. Water is known to
dissociate as the temperature increasedetween 273 K and 623 Kié Figure 36
shows the chemical equation of the dissociation of water. The dissociation constant

Kw and pKyare given for a dilute solution of water (< 16+ M).

2 HoO =— H30*" + OH-
Kw =[H3O*] [OH']

pKw = - log1o(Kw)

Figure 36: Water dissociation and associated dissociation constants.

The variation of the pK, according to the temperatures highlighted inFigure 37. As
the pKy decreases, the equilibrium of the equation shifts to the right and the number
of the ions increases, lowering the value of the neutral pH as the temperature
increases. The increasing concentration of 3@+ and OHions at higher temperatures
under closedvessel conditions could be exploited when extracting pectin under

microwave acidfree conditions (i.e. neutral pH conditions).
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Figure 37: variation of pKy as a function of temper#ure at a pressure of 0.1 MPa
(originally in colour). 219

Low temperature hydrothermal microwave treatment of WOP (waste orange peel)
under acid-free conditions was investigated as an alternative to conventional acid
mediated pectin extraction methods.No acid (or any other additive) was added for

the extraction or the work-up of pectin.

451 Small scale screening experiments

Screening conditions were first investigated.The effectof the peel to water ratio,
temperature and extraction time on the yield of pectin extracted were studied to
determine optimised conditions at small scale on the CEM Discovermicrowave
equipment by M.Sc.student XinNeh Beh (2002011 Green Chemistry MSc cohort)
This approach is similar to the one reprted by Bagherianet. al. The effect of the
operational paramaters used on pectin will be studied by GPC analysis. For the next
section, pectin experimental samples will be named according to the following code:
PAAABB where AAA stands for the microwave extraction temperature used (itC)

and BB for the duration of the microwave extraction (in minutes)

The first parameter investigated was the influence of the peel to water ratio

(peel:water ratio) on the pectin yield.Experiments were carried out for 10 minutes
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extraction time at 180 °C. Ethanol was used as a precipitation solvent since it is
renewable and its use is allowed by internatinal food standardst3® Results can be
seenin Figure 38. It was found thatthe highest yidd obtained (8.37%) required a
1:10 peelwater ratio.
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Figure 38: Effect of peel:water ratio on the yield of pectin (% dry mass) éacted at
180 °C for a heating time of 10 minutes (originally in colour)

The extraction efficiency of pectin was also investigatedvithin a 120-200 °C
temperature range (Figure 39). The temperature range tested was deliberately
taken above 100°C to benefit from the increased acidity of water under pressure
above 100°C. The highest pectin yield was obtained at 140 °€@r a heating time of

10 minutes. Under these conditions, a maximum yield of 20.4% pectin was obtained.
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Figure 39: Effect of heating temperature on theyield of pectin extracted (% dry
mass)for a heating time of 10 minutes using a 1:10 water:peel ratio (originally in
colour).
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The effect of theextraction time on the pectin yield was then studied(Figure 40).
This experiment was performed at the optimal extraction temperature of 140 °CGas
determined earlier. 1t was found that the pectin yield increased with extraction time.
After one minute of heating a pectin yield of ~11% was obtainedlncreasing the
time of heating to 20 minutes doubled the amount of pectin extractedt 140 °C. A
different trend was observedwhen varying the length of the extraction time at
higher temperatures (e.g. 160 and 180 °{ Indeed, increasing the extraction tne
from 5 to 10 minutes results in a decrease of the pectin yield ta7 and 11%
respectively. These results confirm the observations repor by Yeohet. al.
whereby pectin degrades during the extraction process when using high
temperature, causing the yitd of pectin to decreaseLower heating temperatures
are therefore favourable in order to obtain higher yields of pectin while avoiding
decomposition during extraction. It is also important to note that the pectin yield
obtained in this study is higher than the one obtained undermicrowave assisted
acidic extraction: 5% of pectin were obtained under acidic conditions (1:16
peel:water) versus 7.4% for 10 minutes at 120 °@° In comparison to classic acid
hydrolysis, the conditions reported are interesting as traditional pectin extraction
generally occurs over several hours. Whereas here, a 10 minutes extraction time

only was necessary.
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Figure 40: Effect of heating times (1, 5 and 10 minutes) at 140, 160 and 180 °C on
the yield of pectin extracted (% dry mass¥or a 1:10 water:peel ratio(originally in
colour).
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The visual aspect of the pectin samples obtained also variggeatly according to the
microwave extraction temperature used. Pectin samples obtained at different
temperatures showed different physical properties, especially in terms of colour
(Figure 41). Pectins obtained at 20 and 140 °C were greywhite. Those obtained at
160, 180 and 200 °C were grey, light brown and dark brown respectively. The
brown colouration appearing above 140 °Gndicates a degradationprocesspossibly
occurring either via pyrrolysis of the OPW or degradation of the pectin extracted by
depolymerisation catalysed by the presence of ¥+ and OH ions produced during
the dissociation of water in addition to the acids already present in theeel (kg of

dry peel has been reported to contain 90 g of organic acids}.
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Figure 41: Effect of heating temperature on the visual aspect of pectin samples
P120-10, P14010, P160G10 and P18010 (originally in colour) .

The combined action of heat and acidipH conditions on carbohydrates can lead to

the formation of furan derivatives via the dehydration of the sugar monomers

POAOGAT O ET DPAAOET 8 4EAEO OOAOANOGAT O AT T AAT «
[presentinthe peA1 ¥ B OT AOAAO A A O E:zws AlternativélyQtheforodrd | D1 AGA O
AT 11T O00AOGETT 1T4&# OEA OAIiDPIAO AT OI A gAA AOGA
temperature of the sugars extracted and present in the pectin sample following

drying. As an example, D-glucose has a boiling point of 146°C. Sugar
monosaccharides could realistically be extracted from WOP alongside pectin under

the conditions tested. Both sugars can undergo a conversion to a Zghediol

compound which can be dehydrated and form-#hydromethyl furfural, which is light
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brown (seeFigure 42).221 Given the fact that norcoloured additives arepreferred in
the food industry, microwave heating temperatures up to 140 °C seem to be more
favourable to pectin extracton. Regarding gel forming properties, upon addition of

water, pectin extracted at 120 and 140 °C showasel getlike properties.
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Figure 42: Formation mechanism of Shydroxymethyl furfural from glucose
(originally in colour). 222
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45.1.1 Gel permeation chromatography ana lysis of pectin

Gel permeation chromatography (GPC), or size exclusion chromatography (SEC), is a

AEOT | AOT COAPEEA 1 AOET A AAOGAA 11 OOEA OAOAT (
heterogeneous, polymeric solute at different rates through a gel matrix,

PDOAAT I ET AT O1 U 1 Tes TOi& AethddAlG2& 1t necassit@ré Hy dkady dis

and/or derivatisation of pectin monomers like for GEMS or ion exchange
chromatography. An illustration of the principle of this analysis method can be

found in Figure 43.

Column
Sample —— %l gﬂ@
Solvent [njector  |—> )("\’z’ Detectors ) [iaff
supply/mobile — n .1/% processing
phase \j{;‘ & l
Steric exclusion
principle
» Multi-angle light scattering (MALS) + Refractive Index (RI) detector:
Laser light Transmitted light Laser beam
- Solvent flow
1 3 5
2 ( 4 I 6
G 7 Column eluate

8 Scattered light

Figure 43: Description of the experimental setup used for GPC analysis of pectin
(originally in colour).

GPC was used in conjunction with a light scattering dettor and a refractive index
detector to determine the number and weight average molecular weight (Mw, Mn)
together with the polydispersity index (PI). This technique is used extensively to
check the quality and functional properties of polysaccharides usedn food
formulation. 187.223]t is based on the use of the differential index of refractiodn/dc .
It expresses the variation of the refractive index with the variation of the
concentration and is expressed in mL/g. Thevalue used for pectinwas of 0.146
mL/g, as previously reported in the literature148 It is constant for a given polymer in
a given solvent. It should be noted that ifhe true value of dn/dc was lower, then the
calculated molecular weights would behigher. GPC analysis allows the complete

description of the molar mass distribution. The distribution can be characterised by
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using the number or the weight average molecular mass as well as by the
polydispersity index Pl. These parameters can be calculated using the equations
below, where N is the number of molecules having a moleculawveight M; with ;
corresponding to the elution increment for the number average molecular weight

M, and the weight average molecular weight W
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Microwave extracted pectin under acidree corditions and commercial citrus
derived pectin were compared using this method. It has also been proved to be
useful to evaluate the quality of pectin when screening for optimised microwave

parameters.

It was found that pectin extracted at 120 °C for 10 minies (sample P12010)
approached the characteristics determined under the same GPC conditions as
commercial pectin. Indeed, the Mw and Mn values obtained for P12AD are only
slightly lower (see Table 11). Interestingly, the polydispersity index was found to be
markedly lower for P120-10 compared to commercial pectin (2.8 versus 3.4).
However the highest pectin yield was achieved at 140 °C when heati’tyOP in
water for 10 minutes (20.4% for sample P140G10). This is more than double

compared to the yield of pectin obtained under the same conditions at 120.°C
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Table11: Yield, molar weight averages andP| of pectin samples produed under
microwave acid-free conditions.

Temperature Time Yield Mw Mn Pl
Sample # (°C) (min) (%) (Da) (Da)  (Mw/Mn)
P120-10 120 10 7.4 113,000 41,000 2.8
P140-1 140 1 11.2 103,000 26,000 4
P140-5 140 5 17.1 86,500 26,400 3.3
P140-10 140 10 20.4 80,400 20,700 3.9
P160-5 160 5 17.2 56,200 7,440 7.6
P160-10 160 10 111 31,000 5,470 5.7
P180-5 180 5 11 22,700 6,830 3.3
P180-10 180 10 8.4 8860 4,830 1.8
Commercial N/A N/A - 119,000 34,700 3.4

pectin P9135

The molecular properties measured show howlow temperature hydrothermal
microwave heating under acidfree conditions allows the production of pectin with
similar properties to commercial pectin. Compared to sample P9135,he Mw of
sample P12010 only differs by 5% and has a narrower molecular weigh
distribution even though the number of molecules detected is higher than for P9135
with a Mn value of 41,000 Da compared to 34,700 for commercial pect{seeTable
11).

Although the Mw of P12010 is lower than for P9135, the Mnwhich corresponds to
the chain length)194 of P120-10 is higher and the polydispersity of this sample is
lower compared to P9135,resulting on a narrower molecular weight distribution
for pectin sample P12010. This could be eplained by the processing method used
for the collected data. 8ice Mw is based onMi2 of the biopolymers detected after
elution, an increase in high orlow molecular weight fractions will cause the Mw
average calculated to increase, explaining why ¢hMnof commercial pectin is lower
even though the Mw is higher compared to sample P1200. Additionally, if the
pectin extracted is highly branched, e inclusion of neutral sugars such as
rhamnose within the galA backbone of pectin is likely going to increasehe
molecular weight of the pectin chain and will influence values obtained for Mn and
Mw as well as their hydrodynamic radius which will influence the separation by

size-exclusion chromatography. This principle is illustrated inFigure 44.
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Figure 44: Influence of the level of branching on the hydrodynamic radius
(originally in colour).

When studying the influence ofthe heating temperature between 120 and 160°C
and the variation of the microwave heating time between 1, @and 10 minutes,
results in the rapid decrease of molecular properties such as Mw, Mand a rapid
increase of the polydispersity. When studying the influence of the heating
temperature for a given extraction time of 10 minutes, the Mw and Mn, drop
significantly above 120°C. When using an extraction time of 10 minutes, the Mw
drops from 113,000 to 31,000 Da from 120 to 166GC. Mn valies drop from 41,000

to 5470 Da over the same temperature range. Under the same conditioribe
polydispersity increasesfrom 2.8 to 5.7. When studying the influence ofthe reaction
time at 140 °G at one, five and ten minutes microwave heating. A simildarends is
observed for the Mw and the Mn values. From one to 10 minutes, Mn decreases from
103,000 to 80,400. A decrease from 26,000 to 20,700 Da is observed for Mn values.
Interestingly, the polydispersity slightly decreases. However the values do not

compete with commercial pectin

Results already published on the influence of microwave assisted pectin extraction
confirm these observations. A decrease in molecular mass and DE was reported with
increasing extraction temperaturei’s Fishman et. al. reports a decrease in Mw,
radius of gyration and viscosity of orange peel derived pectin over a reaction time of

2 to 6 minutes (630 W, 1:25 peel:water ratio) under acidic microwave conditions.

148, 224

When considering all theparameters (yield, molecular weight data, polydispersity,
DE, galA content and physical aspec} 120 °Cis considered asthe best extraction
temperature for the microwave-assisted extraction of pectin in vater under acid

free conditions (1:10 peel:water ratio and 10 minutes microwave extraction time).
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Results have shown this temperature yields pectin which is comparable in quality to
commercial pectin. According to GPC analysis, P120 compares better with
commercial pectin, but the conditions used yield alower quantity of pectin
compared to P14010. Even though20.4% pectin was extracted at 140 °C and 7.4%
at 120 °G conditions yielding pectin with a higher molecular weight are likely to be

preferred, at least for some applications.

A note of caution shoull be observed as it was later discovered that the solvent

removal method used for pectin dryingat small scalex A OT 6 O A A&HKMBEOAS8 4 E/
pectin yields are to be treated with caution: following the problems observed with

pectin drying (see sectiord.5.3), there is a strong possibility that the pectin sample

produced contained a least 20% of ethanol. However, thshould be a systematic

error and should notaffect how the yields of pectin vary relative to each other, since

they were all dried using the same method. Hence the conclusions reached on the

best conditions for microwaveassisted pectin extraction under aciefree conditions

are still valid. The process flow sheet for this step can be foundkigure 45.
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L52 kWh Microwave
treatment
H,0 120 °C, 10 min.
0.6L 800 W/L
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Ethanol
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24L
Energy
Hot filtration Etll_;_uml
1.2 L
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1.2 L

. Residual
Water ——> Freeze-dryin —
g solvent

| Pectin 7.4% |

Figure 45: Detailed process flow sheet of stefd
(pectin extraction under microwave acidfree conditions) for sample P12010.

A mass balance wagarried-out for the pectin extraction step(see Table 12). A
difference of 27 g was observed between the amount of material coming in and the

amount of material coming out.This difference is due to OPR2 being rehydrated
during step 3.
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Table12: Mass balance for step 3
(pectin extraction under microwave acidfree conditions) for sample P12010.

Mass balance based on wet mass for step 3
IN ouT
Material Mass () Material Mass ()
Pectin 0.88
OPR2 12 OPR3
37.84
(wet)

H20 600 H-0 600
Ethanol 950 Ethanol 950
Acetone 1900 Acetone 1900
TOTAL 3462 TOTAL 3489

Gel formation properties of pectin produced at 120°C under acidfree conditions

will be studied next.

4.5.1.2 Gelformation properties of pectin extracted under acid less conditions

~ A 2 A = z

Pectin is especially valuable as a gelling age®.AAOET 80 | AET ADPDPI EAAQEI
gel forming abilities, especially in the food industry Hence, demonstrating the gel

forming properties of pectin extracted under acidfree conditions was an important

milestone for the validation of the overall proess .Pectin forms a gel in water as a

OAGOI O 1T &£/ OEA OAT I AETAQGEIT 1 &£ EUAOI PET AEA
functionalities and hydrogen bond formation between carboxylatefunctionalities

and secondary alcohol functionalitie®1®. 140. 225 Junction zones are formed and

water is trapped in the Qrocketsdformed (Figure 46). Finding the right balance for

the combination of water, pectin, sgar and acid is important.Sucroseis needed to

lower the attraction of pectin for water and increasepectin chain interaction.226.125

However, gelation is only possible if pectin dissolves in water. Pectin solubility
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Figure 46: Graphical representation of @D view of the junction zones (continuous
lines) formed in a pectin gel(adapted).225. 226
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There are several gelation mechanisms for pectinAll are affected by the DE of

pectin (see Table 13). The DE is one of tre analytical parameter that allows the
prediction of the gelling behaviour The gelation processresults of two types of
interactions: for low methoxy pectins, gelation results from ionic interactions via
Ca-+ ions connecting two carboxyl groups. In highmethoxy pectins, hydrogen bonds
and hydrophobic interactions are responsible for the gl forming properties.140

Gelation is influenced by the following factorssoluble solids percentage (SS%)pH,

molecular size,DE, arrangementsof side chainsT O O O && énerde an@idedsity h

of the pectin macromoleculet4o
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Table 13: Reportedgel forming conditions for high & low DE pectir#24, 225, 228, 229

Gelling High DE gelling Low DE gelling
parameters mechanism mechanism
Pectin DE (%) >50% <50%
pH <3.8 2-6
SS (%) 55-85% 10-70%

Gelling T° increases as the
DE% decreases, and

Gelling T° increases increases with the
Notes with the DE%, the concentration of C&*.
SS% and the M. The degree of blockiness is
important.

Does not require sucrose.

It has previously been established tlat the microwave extracted pectin herein
studied falls into the high DE category 50%High DE gel conditions were therefore
investigated to determine whether pectin produced at 120 T under acidfree
conditions could form a gel. Initial testscarried-out by an industrial collaborator at
the Fraunhoffer institute showed that weak gels were formed when comparing

samples P0004 and P0O005 against commercial pectin.
The standard method used to form a gel has been reported as followesd:230

1 A 1% pectin & 5070% sucrose solution is prepared.
The mixture is heated to boiling point.
A pre-determined quantity of water is evaporated to reach the
desired SS%.

1 The pH is then adjusted andhe gel is left to set at or blow room

temperature.

A high DE for pectin renders the gel formation delicate. The high number of
esterified carbonyl groups lower the opportunity for junction zones to form
between the nonesterified carboxyl groups, leaving the formation of the 3D
network down to hydrophobic interactions. For example, pectin with a DE of >70%,
the creation of water pocketswill be rendered more difficult compared to pectin
with a DE of 60%.Figure 47 illustrates this concept. HM pectin gel formation is
believed to occur via an alignment of molecular helices which are associated to each

other through hydrogen bonds forming between nogdissociated carboxyl and
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secondary alcohol groups and hydrophobic interactions between methoxy

groups 229

COOCH, <|300H cl:oo<:H3cioc3cH3 t|300H (iooc;H3 TOOCHg,CIiOOCHa(iOOCHs (iOOCH3

HM pectin 80%

COOCH; COOH COOCH, COOCH, (I:OOH lcoou {IBOOCH3CIJOOCH3 CIOOCH3 (I:OOH

HM pectin 60%

Figure 47: lllustration of the impact of the degree of esterification on the formation
I £ O-bA @AB gdétsork Formation is much harderfor a DEof 80% for
exampleasOEA Al O AOBDITTAEIA®OOx EKOADT OA AEAAZEAOI O j1 O

Several solutions have been reported in the literatureregarding gel forming
conditions for highly esterified pectin (< 75%). The addition of an excess of ‘Hons
to lower pH has been suggesteth order to depress pectin ionisations? (see Figure
48) and improve pectin-pectin interactions. As a result, inter cha interactions are
favoured by the absence ohegative charges of the carboxylate groupat low pH,

lowering repulsion forces between pectin chaings. 19

-COO" + HzO*

-COOH + H20

Figure 48: Influence of pH on the dissociation@guilibrium of free carboxyl acid
functionalities.

Several methods wereinvestigated in order to find the appropriate gelling
conditions for microwave extracted pectinunder acid-free conditions. Two methods
were first tested on commercial pectin (HerbstraFth & Fox, CU201 and CU 301)
with varying degrees of esterification. The strength of the gel formed was assessed
gualitatively for all of the methods tested: the pectin/sucrosesolution (or jelly
mixture) was left to set in a beaker and would successfullpass the test if the gel
would remain stuck at the bottom of the beaker when turned upside down. Any gels

that were free flowing when the beaker was tilted and turned upside dowmwere
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considered a fail The USASAG test was first trialled as an example & standard
method to be applied to high methoxy pectirfor rheology measurementsz3o, 231232
Very weak gels were obtained with the USSAG method. It led to the use of a
method previously reported by MacDougall et. al. The later author reported a
protocol for high DE pectin requiring the presence of Gain small concentrations
jom t, | /& sdlutiop)=33 TheAaddition of Ca to HM pectin has been
reported to facilitate hydrophobic interaction by favouring inter-chain interaction
between partly dissociatedzCOOH groupg3+ 235 The addition of calcium ionshas
been reported to play anactive role in the gelation mechanism observ for block
wise distributed pectins but generally only applies to low methoxy pecting4 Block-
wise distributed pectins are generally extracted from citrus fruits. It should also be
noted that Ca+ ions are also believed to be responsible for the binding effect of high
DE pectin in the cell walkss. 237 The protocol did not require the need for heating,
nor the use of acid to lower the pH of the jelly mixtureAgain, onyy weak gels were

formed.

Given the precise pH values reported for pectin gel forming conditions, pH control
appearedto be an important factor. Decimal point variatiors of the pH have been
reported to affect the gelation and strength of the pectin gel fmed.224 225, 229 The
two previous methods used to test gel forming conditions did not allow precise
control of the pH.Lofgren et. al. reported the use of a citrate buffer to define with
greater precision the conditions use@34 This protocol was therefore used to also
study a broader set of conditions. In additiorto the use of citrate buffer of pH 2, 3
and 4, the addition of Ca& ions and different sucrose content (60% and 70%since
65% is standard)3® have been tested on a 25 mL scale. Each combination of
pH/sucrose contentwas tested with and without the addition of Ca+ ions as it has
been reported to enhance the gelation process via maximisation of the hydrophobic
interactions of high DE pectin chaing3® The peacentage of pectin used was kept
constant at 0.75% as reported in the literature, since 0.51% pectin is a normal
threshold in food formulations containing pectin. All the tests carried out have been

summarised together with associated observations iffable 14.
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Table 14: Summary of the observations made following the Lofgren protocol tiest
pectin gel formation conditions.

Pectin Sucrose Addition of Gel
) () + ormation 7
Geltest # (%) %) pH Ce ; - R
1.2 ml 0.15%
PGT15 0.75 60 3 caCh No
PGT16 0.75 60 3 - Yes
1.2 ml 0.15% Yes
PGT17 0.75 70 3 caCh
PGT18 0.75 70 3 - Yes
PGT25 0.75 70 3 - Yes
PGT23
0,
(repeat of 0.75 70 3 12 C”:;gf % Yes
PGT17)
PGT24
(repeat of 0.75 70 3 - Yes
PGT18)
1.2 ml 0.15%
PGT19 0.75 60 2 caCh No
PGT20 0.75 60 2 - Yes
1.2 ml 0.15%
PGT21 0.75 70 2 CaCh No
PGT22 0.75 70 2 - No
0.81 ml 0.2%
PGT27 0.75 60 4 CaCh Yes
PGT28 0.75 60 4 - No
0.81 ml 0.2% Yes
PGT29 0.75 70 4 caCh
PGT30 0.75 70 4 - No

One set of conditions was found to allow successful gel formatiomhe best
conditions were the one applied for PGT18: pH 3 and 70% sucrose. The jelly mixture
thickened very rapidly forming a gel as soon as the sucrose was added to the
pectin/buffer mixture. Upon calcium addition,PGT17 formed a strongel too, but at
a lower speedthan the one observed for PGT18. Thisdicatesthat the addition of
Ca+ slowed down gel formationat pH 3 The end resulican beseen inFigure 49. The

results obtained weresuccessfullyrepeatedwith gel tests PGT23 and PGT24
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Figure 49: Endresult of gel test PGT17 (right) & PGT18 (left) with pectin P0020
using the Lofgren protocol (originally in colour).

Jelly mixtures obtained at pH 3 but with a 60% sucrose performed less well
compared to PGT17 and PGT18, forming only slightly thickepectin solutions

indicating a high sucrose content is necessary form gels with high DEpectins.

The same trends can be observed for jelly mixtures prepared at pH 2. Of the four
tests done at pH 2, the one done with 70% sucrose amdth no added calcium ions
(PGT22), thickened the fastest and poured more slowly than PGT2lwhich
contained Ca- ions (Figure 50). However the gels formed were not as strong as the
ones formed at pH 3 with the same content of sucrose. Thisight be due to pre
gelling, a phenomena leading to weaker gels, which is sometimes observed for high
DE pectin at a lower pH3? When lowering the sucrose content to 60% at pH 2, a
weak gel was formed (PGT20)confirming the observations obtained at pH 3The
addition of calcium ions under the same conditions led to &eak geltoo, confirming

the weakening effect Ca has onagelformation, as for pH 3

Figure 50: Erd-result of gel test PGT21 (above) & PGT22 with pectin P0023 using
the Lofgren protocol(originally in colour) .
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The best gel forming coditions seemed to be pH 3 and 70% sucros@&¢ addition of
Ca+ ions). This correlates well with the pKa value of galactronic acid, which is
3.51:238 at pH 3, galA will mostly be present as udissociated, which is desirable
here as it will favour the formation of hydrophobic interactions. Above a pH of 3.51,
the ZCOOH group of the galA will mostly be present in its dissociated form, formigg
COOanion which will have for effect to repel pectin chains between themselves. The
best gel forming conditions weresuccessfully tested on commercial pectin (H&
CU201) as PGT25. The pectin gelled sapidly after the addition of sucrose that a
portion of the jelly mixture could not be transferred in the beaker following heating
(Figure51).

Figure51: Endresult of gel test PGT25 with pectin CU201 using the Lofgren
protocol (originally in colour).

The influence of pH was further investigated (to determine how high the pH could
be increased until no strong gel was formedrurther tests were done at pH 4. None
of the conditions tested at pH 4, allowed the formation of a strong gel after 24 hours
at 20 °C, as seen ifigure 52. A slightly stronger gel was formed when using 70%
sucrose with the addition of Ca ions. This is unusual compared to the results
obtained for gel tests PGT17 & PGT2he addition of calcium weakened the gel
compared to PGT18 and PGT22. However after several minutes, the gel would start
running down the walls of the beaker. The unsuccessful attempt to gel pectin at pH 4
can be explained by the pKa of 3.51 of galA. The results obtained at pH 4 are in
accordancewith gelling conditions for high DEreported in the literature, confirming

we obtain highly esterified pectin when using a microwave assisted process under

acid-free conditions. However the incidence of the DE variation has not been taken
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into consideration here as data on the DE of the experimental pectin sample used

xAOT 60 AOAEI AAT A AO OEA OEI A 1T &£ OEA AGPAOEI,
gelling process of ntrowave extracted pectin as described in this repordoes not

seem to be affected byhe addition of calcium ions regardless of the pH of the buffer

solution used Thisis indicative of a low degree of blockiness as only pectin

containing blocks of esterified positions are sensitive to calcium ior®° The higher

the degree of blockiness, the faster the gel will set (and the higher setting

temperature), providing important complementary information.234 A high degree of

blockiness for high DE pectin will provide enhanced protein stabilisation power in

acidic dairy based beverages for examphao

Figure52: Endresult of gel test PG27, PGT28, PGT29 and PGT30 with pectin
P0023 using the Lofgren protocol (originally in colour).

In conclusion, the best gel conditions were found to be pH, 70% sucrose and no
Ca-+ ions. These conditions have been successfully tested on microwave extracted
pectin without additional acid and commercial pectin of high DE. Those conditions
fit with the ones reported by Voragenet. al. and are indicative of a high DE pectin is
extracted under our microwave conditions. Whether the presence of citrate in the
buffer used to dissolve pectin has had an impact on gel formation is difficuiy say.
This could be due to itrate polyatomic anions GHsO(COOgo Mstrengthening the gel

formed via hydrogen bond formation.
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45.2 Interaction of microwaves with orange peel waste - study of the
reflected power

As part of the preliminary screening experiments done on the microwave assisted
extraction of pectin under acidfree conditions, the absorption of microwave power
by fresh orange peel was tested. This was important in order to determine the
guantity of energy transferred to the sample. It could be determined by calculating
the difference between the emitted and the reflected power observed when
irradiating a sample. Such an experiment was done with a Sairem Miniflow 200SS
microwave equipment which allows the measurement of reflected power (see
Figure 53). This equipment is capable of producing a very low controlled power
output (0 to 200 W with 1 W powerincrements) together with the use of a precisely
defined frequency range. This is possible due to the use of a sedithte microwave

generator as opposed to a magnetron. The equipment uses a fiber optic probe to
measure the temperature.

Temperature optic fibre
(2 m long) at the rear

Coaxial impedance
tuner (OPTION)

/ Pyrex continuous
~ N flow reactor
: TIOUCI} screen /a » / Sliding short
digital front panel | circuit
L !“\.
%
§ i\ -
\ | . USB port for N o~ 3
-~ data record p i b

“~ »

~I

Power ON/OFF View port for Raman

spectroscopy. thermal Quick release
camera ete. clamps

Figure 53: Description of the Sairem MiniFlow 200SS microwave equipment used
for the measurement of reflected power (reproduced with the permission of
Sairent” SAS) (originally in colour).

This equipment has the particular property of being able taneasure the reflected
energy for a given experiment via a CalexPyroUSB 151 infrared sensor, allowing

for the estimation of the energy efficiency of a hydrothermal process for example.
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The system displays a waveguide can be used to adjust the resonafreguency of a
monomode cavity, allowing the generation of a constructive wave, lowering the

quantity of reflected energy for a given material being microwaved.

The reflected power was measured on a water sample and orange peel containing
water sample. A 100 W, 10 mL of distilled water in a closed vessel were
microwaved at 115 °C and 130 °C. In both cases, a reflected power of 15 W was
measured. Upon addition of 1 g OPW to the water, the reflected power decreased to
from 15 W to 5 W at 115 °C. At 130C,the reflected power decreased from 15 W to

7 W. Under the experimental conditions used, the results show how upon addition of
orange peel, the system absorbed microwave power better than water. This
suggests that for a typical hydrothermal extraction of ange peel, 95% of the
microwave energy is effectively absorbed at 118C. At 130°C, it decreases to 93%.
This observations implies that microwave energy will be used more efficiently
within the lower end of the 1007150 °C range. This is an important paeit to consider
especially when considering scalingip the process.

4EA 1 AOGAO OAOOI 6O AOA OAOEEZEAA Au OEA
published for water and orange peel.Within the food industry, the dielectric
properties of orange peel have been studied. The later together with reported

electrical and physical properties of orange peel are summarised ifhable 15.241

Table 15: Electrical, physical and dielectric prop#ies of orange peel and water
corresponding to thetemperature expressed in Kelvinadapted from Birlaet. al)241.

Thermal Specific Relative Relative
conductivity heat G dielectric ~  dielectric
(W/m.K) (J/Kg.K) constant R 0 loss factor R C

Ogig?e 0.40 3300  -0.16T+82.53 3.94T+58.2

Tap water 0.56 4180 -0.48T+84.74 0.33T+11.1

When knowing that R @ roportional to the quantity of radio frequency absorbed
by the material, the data in the table abovellustrates how well WOPwill interact
with microwaves compared to water, strengthening the results obtained when

measuring the reflected power.

The next section wil present results produced on a larger scale, using a larger

microwave setup with two independent temperature measuring systems for better
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control of the extraction parameters. The results obtained will be compared to

several commercial pectin samples andcid hydrolysis extracted pectin.

4.5.3 Big scale hydrothermal microwave extraction of pectin

Working towards a larger scale was an intrinsic goal of the project from day one.
The optimised conditions highlighted in section4.5.1.1were used as a stepping
stone to further test the process using a higher throughput. This meant trialling the
acid-free extraction conditions at a lower MMPD, lowering it from 800 W/L to 35
WI/L given the increased cavity size of the equipment. The aim of this work was to
determine whether hydrothermal microwave-based extraction of pectin under acid
free conditions could be scaled up from a milltre scale at 800 W/L) to a decilitre
scale at 35 W/L. Additionally, pectin sampleswere generated for a company

interested in setting-up a pilot plant sized waste biorefinery(partly in India).

4.5.3.1 Industrial application evaluation

Two pectin samples(duplicate of the same conditions) were therefore generated at
a power density of 35 W/L as a proof of principle for scaleip based on the
preliminary work. 100 g of pectin were successfully generated at 120 °C (peel:water
ratio of 1:10) using again wet defroged virgin WOP. The temperature holding time
was modified from 10 to 20 minutes since the shorter settingg AOT 6 O BT OOEAIT A 11
microwave equipment used at larger scaleA flow diagram of the process can be

seen inFigure 54.
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7g processed OP in 70 Acetone solvent

ml water/vessel exchange x2
6 vessels in total
v EtOH hot
Closed vessel MW filtration
treatment
‘L Dryin
Liquid solid filtration ‘ 1 # ‘
Pectin precipitation Pectin
using EtOH 10.8% (dry basis)

Figure 54: Flow diagram of the process used for microwavextracted pectin under
acid-free conditions.

453.2 GPCresults

The samples sent were evaluated byefj formation tests. Independent gel tests on
the samples were carried-out by the Fraunhofer institute revealed that they
performed poorly against commercial pectin. The main conclusions reached were

the following:

1 the pectin was not sufficiently dried andan important fraction of
ethanol was still present, hindering solubilisation and therefore
gel formation properties of pectin,

1 insolubles were present in the microwave extracted pectin
(percentage not given),

1 interms of colour, the sampls sent were of a darker beige than
commercial pectin and this had an impact on the colour and the
clarity of pectin in solution,

1 the gel strength of commercial pectin was superior (2.7 N)
compared to microwave extracted pectin (0.15 N) and

1 the viscoelasticity of comnercial pectin was superior compared

to microwave extracted pectin (L0.3 versus3.6).

Samples P0002 and P0003 were both analysed using GPC to study the variability of
the molecular weight distribution between two identical samples. Bch value
reported is the average of a duplicate analysis. When comparing the number and
weight average molar mass (Mn and Mw respectively) and polydispersity (Mw/Mn)
between commercial pectin and microwave extracteghectin (see Table 16), higher
Mw and Mn values are obtained for both PO002 and P0003 compared to P9135.
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Polydispersity is slightly lower for PO002 (2.28 \ersus 2.83) but decreases to 1.90
for PO003, which is good.Higher Mw and Mn values are obtained for P0003
compared to P0002 but polydispersity of PO003 is lower. Reproducibility between
samples P0002 and P0003 is good too although thidoes not correlate with the

elution profile of PO003, indicating a much wider nelecular weight dispersion (see

Figure 55) for this later sample.

Table16: Comparison of MwMn andP1 (Mw/Mn) of microwave extracted pectin
under acid-free conditions using virgin WOP (P002 & P0003) against commercial

pectin.
Mn (Da) Mw (Da) Pl (Mw/Mn)
P9135 3.15x104 8.93x104 2.83
P0002 4.94x104 1.10x 105 2.28
P0O003 9.00x 104 1.68x 105 1.90

-4 ¢+ Control pectin sample
1.2x10 - Pectin sample PO003
Experimental pectin sample

8.0x10°—

4.0x10°5— //

00 1 1 1 | 1 1 1 J 1 | 1 ‘ 1 1 1
6.0 8.0 10.0 12.0 14.0
Volume (ml)

AUX1

Figure 55: GPC/RI elution profiles of pectin samples P0002 (green), PO003 (black)
and P9135 Aldrich citrus derived pectin (blue)(originally in colour) .

The analysis of the elution profile inFigure 55 shows that a smooth elution profile is
obtained for PO002 This observation shows that PO0O02 as a markedlgarrower
molecular mass distribution. Thisis not the case for commercial pectinfor which
the molecular weight distribution is much broader. GPC elution profiles of P0O002
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and P0003 are different PO003 displays an intermediate molecular weight
distribution . This is attributed to the fact that these concern the analysis of natural
polymers. However, the molecular weight distribution of the experimental samples
is still narrower than for the standard used (P9135), which has no real pronounced

maxima.

No experimental data or protocol was provided by the Fraunhofer Institute

regarding the tests done. @ information on the grade of pectin usedas a control

sample could be obtained. Still, several hypotheses could be made as to why the

DAAOET AQOOAAOAA AO ouv 77, xAOT1 80 TRl | PAOET C

following suggestions wil be used for further process optimisation.
1 Drying had to be improved:

Washed pectin was dried under vacuum using a rota evaporator followed by further
drying under high vacuum. Irrespective of the drying method used, pectin tended to
form clumps. It was found that these clumps contained still significant amounts of
ethanol inside them. This can be explained based on the amphiphilic nature of

pectin.
1 The influence of pretreatment:

Using pretreated WOP (PWOP) instead of wet defrosted virgin WOP could yield
pectin with fewer impurities. The initial idea implied using wet defrosted virgin
WOP which was first used for the extraction oD-limonene. Additionally, flavonoids
could then be extracted from the peel using an acetone soxhlet extraction, stripping
the peel from low molecular weight components. This could limit the numbeof
components extracted alongside pectin and limit the beige colouration observed so
far. The peel subjected to both extraction could then be used for microwave assisted
pectin extraction. This three step process would allow the recovery of additional

product streams.
1 The influence of microwave maximum power density (MMPD):

The difference in MMPD between the CEM MARS (35 W/L) and the CEM Discovery
(800 WIL) could explain difference between the chain length and the neutral sugar
content of pectin produced m the CEM MARS and the CEM Discovery. This can be
seen by comparing solution NMR spectrum of pectin samples produced under the
same conditions on both CEM microwaves. This is especially important as the chain
length and the neutral sugar content have an #dct on the dissolution and gel

forming properties of pectin22s The MMPD was calculated on the basis of the
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volume of the microwave chamber and the maximum power produced by the
magnetron (1800 W for the MARS and 300 W for the Discovery equipment). It was
assumed that the MMPD emitted in dynamic mode taned the same ratio between

the two different microwave equipments.
1 The influence of microwave temperature holding time:

Additionally, the difference in microwave holding time might also have an influence
on the quality of pectin. A 20 minute holding tine at 120°C could cause degradation

of the pectin chain compared to 10 minutes.

4.5.3.3 Biorefinery process improvements

Changes to the solvent removal stage wed®ne first. Drying was improved by using
a freezedrier to remove residual water and solvent afte the precipitation of pectin.
This change alone allowed to obtain pectin that was completely white with no trace
of brown impurities as seen inFigure 56. According to the manufacturer, freeze
drying yields samples with a moisture content below 1%. This is especially
important when ATR-IR characterisation of the pectinsamples is used. Additionally,
the use of a freezdarier instead of a heat induced dying method is a plus when

drying pectin, as it is a heat labile type of materiako

Figure 56: Difference in sample colouration between pectin dried in a rota
evaporator (above) and usng a freezedrier (below) (originally in colour) .

Following the change of drying technique, further modifications were made to the
pectin extraction process. The use of preated WOP was trialled next with the aim
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of producing a cleaner form of pectinRegarding the use of prdreated orange peel,
a first trial was done usingD-limonene and flavonoid extracted wet defrosted virgin
WOP (referred from now on as prereated WOP or PWOP)The extraction of D-
limonene followed by the extraction of flavonoidswill be further discussed in
chapters 5 and 6Figure 57 describes thewhole process usedThe evaluation of the

quality of the pectin produced usingthe modified process was done using GPC

analysis.
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Figure 57: Flow diagram of theOPE(rocess used for microwaveextracted pectin
under acid-free conditions
using D-limonene and flavonoid extracted WORyr PWOP.

Two duplicate samples of pectin have been produced under the same microwave
conditions using PWOP: P0004 and POOOSATRIR was used to quickly assess
whether pectin was actually isolated judging the presence of signature peaks at
1760-1730, 1750 and 1440 cnt corresponding respectively to the esterified
carbonyl, the nonesterified carbonyl and the methyl group on the esterified
carbonyl of galA (Figure 58).164, 181 The IR spectra confirm pecti has been extracted
at 35 W/L and 120°C.
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Figure 58: ATRIR spectra of pectin samples P0004, PO005 and commercial pectin
P9135 (SigmaAldrich) (originally in colour) .

Both sampleshave also been subjected to the same GPC analysis (same method and
equipment) and the results are reported inTable 17. Each value reported is the

average of a duplicate analysis.

Table 17: Influence of peel pretreatment on Mw, Mn and Pl of microwave extracted
pectin under acid-free conditions against commercial pectin.

Biomass Mn Mw PI
used (Da) (Da) (Mw/Mn)
P9135 - 3.15x 104 8.93x 104 2.83
P0002 WOP 4.94x 104 1.10x 105 2.28
P0O003 WOP 9.00x 104 1.68x 10% 1.90

P0O004 PWOP 1.43x105 2.29x 105 1.62

PO005 PWOP 1.31x105> 2.23x 10° 1.71

When focusing on the uniformity and the narrower distribution of molar mass,
samples P0004 and P0O05 are clearly of better quality than P0O002 and P0003. The
latter samples have a higher weight and number molecular weight than all the other

samples (commercal pectin included) and a lower polydispersity both of which are
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highly desirable for pectin. Additionally, the reproducibility between P0004 and
P0005 is enhanced compared to the P0002 and PO003 when using PWOP compared
to WOP for both the M, M, and M./ M, values. The molecular weight distribution

diagram in Figure 59 confirms this observation.

P9135
1.0x107 = . PODD4

« POO0S

« PO003

« PO0O2

1.0x10°

1.0x10°

Molar Mass (g/mol)

1.0x10°—

1.0x10° . :
4.0

Volume (mL)

Figure 59: Molecular mass distribution of MWextracted pectin
under acid-free conditions against commercial citrusderived pectin using virgin
WOP (P0002 & P0003) and PWOP (P0004 & POOQ®yiginally in colour).

The effect of MMPD was studied nexBased on obsrvations made on the work of a
visiting student (Sebatian Keefl3, Autumn term 2012), dferences in the sugar
region of the3C NMR spectra could be observed between samples generated at 35
and 800 WI/L. The spectra obtained when using quantitative solutiori3C NMR in
D.0O,showed a clear differece the neutral sugar regionFigure 60 displays two 13C
NMR spectracorresponding to pectin extracted from PWOP at 800 W/L(sample
P0018, A.) and35 W/L (sample P0004 B.) Notable differences between the two
spectra can be observed irthe neutral sugar chainsregion (110-65 ppm).84 When
comparing the ratio between the peak observed for the C1 of the galA unit (99.89
ppm) and the anomeric carbons of neutral sugars (16307 ppm), an indication of

the neutral sugar content can be obtain relatively to the galA content
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Figure 60: 13C NMR spectra of samples P0018@0 W/L) and P0004 (35 WI/L)
obtained in D;O (500 MHz).

According to the spectra inFigure 60, a higher proportion of neutral sugar content is
observable in sample P0018Given that gel formation properties of pectin also
depend onthe steric fit of the pectin chains around the neutrbsugar side chaingzs.
222 MMPDwill have an influence on the properties of the pectin extractedA higher
proportion of neutral sugars could definitely be responsible for the observed
enhanced dissolution of P0018 in RO, improving the resolution of the spectra
obtained. Three extraction parameters could explain the lower content of neutral
sugars in PO®@4: the lower MMPD of the microwave equipment used, the
temperature holding time (10 versus 20 minutes) and/or the difference in

microwave extraction temperature used (120°C versus 140°C).

A variation of MMPD from 35 W/L to 800 W/L could allow the extraction of pectin
chains containing a lower proportion of reutral sugar monomers, only extracting the
OO0i 11T OE6 OAAOGEIT 1T &/ OEA DPAAOEIT Fighre 22F |
Bonds between the galA units and the netdl sugar units are known to be less acid
resistant than bonds between two galAunits.12s 18 If the variation of MMPD can
affect the proportion of neutral sugars embedded in the pectin extracted, this would
represent an opportunity to fine-tune the fine chemical structure of the extracted

pectin, affecting the gel formation properties of pectinand its characteristicsin food
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product formulations. In the case of pectin, water solubility of natural
polysaccharides tends to increase with the degree of chain irregularity or branching
and the increasein molecular weight.94 221 One way of checking the variation of
neutral sugars would be to characterise and qudify the amount of neutral sugars
by GGMS (Gas ChromatographyMass Spectrometry or by HPAEGPAD (High

Performance Anion ExchangeChromatography-Pulsed Amperometric Detection).192,

243
454 Optimisation of pectin extraction at big scale

4.5.4.1Influence of extraction temperature, pre -treatment and MMPD on the
molecular weight d istribution of pectin

GPC results obtained on pectin extracted at various temperatures at 800 W/L have
shown pectin extraction at 120 °C yielded a product which competes with
commercial pectin The influence of MMPD could potentially be responsible for the
higher proportion of neutral sugar chains present in pectin extracted at 35 WIL,
explaining its lower solubility. As a result, GPC and monosacclue analysis (MSA)
were used to assess the pectin obtainedt 800 W/L and 35 WI/L to verify this
hypothesis. The GPC results obtained are summarised ifable 18. With the
exception of samples P0018 each set of conditiortsalled was duplicated and the

average molecular weight distribution data is reported.

The effect of several operational parameters has been studiedongside MMDP. In
order to complete the study, the effect of the variation of themicrowave
temperature and the effect ofpre-treatment were studied next alongside the MMPD
The variation of the Mw, Mn and PI according to those parameters can be seen in
Table 18. Two samples of commercial pectin obtained from two different pectin
manufacturers were used to highlight the spread of the molecular weight

distribution from one manufacturer to another.

Microwave extraction temperature was the first factor to be studiedon samples
generated at 120°C and 140°C with a MMPD of 800 W/L. Samples corresponding to
these conditions are P0018, P0020 and P0028Iw and Mn values for P0018 at 140
°C arethe lower ones observed for the samigs analysed, showing how a 20C
increase in the extraction temperature negatively impacts the molecular mass
distribution . P0018 has the highest polydispersity of all samples analysed, reaching
a value of 3.69, whichs overthree timesthe polydispersity of the commercial pectin

sample CU201. The best microwave extraction temperature to be selected therefore
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is 120 °C as highlighted before This is in agreement with the literature: a weight
average molecular weight omprised between 1@ and 1% Da has previously been

reported.221

When excluding the polydispersity of sample P0018, the highest polydispersity
reached by pectin samples analysed were of 2.54 and 3.33 for samples P0021 and
P0022 respectively. These were obtained following conventional pectin extraction at
pH 1.5at 81 °Cwith HCI, using WORP0021) and PWOP(P0022). In comparison to
acid hydrolysis, microwawe extraction yields pectin with a lower Pl. Furthermore
Mn values br both P0020 and P0021 ardower than commercial pectin samples
obtained under similar conditions. Thus, the results suggest that the pectin obtained
under acid-free microwave conditions 5 superior to pectin extracted using acid

hydrolysis.
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Table 18: Summary of the GPC results obtained for pectin samples obtained under
different microwave conditions.

° —_
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Commercial

pectin CU201 N/A N/A NA NA 232,250 198,840 1.17

Sigma Aldrich

commercial N/A  N/A N/A N/A 125,600 100,100 1.26
pectin

Acid-free

microwave

extraction

P0002 WOP 35 120 14.03 110,000 494,000 2.28
P0003 WOP 35 120 6.31 168,000 90,000 1.90
Average N/A NA NA 1017 139,000 292,000 2.09
Standard N/A NA NA 545 41012 285671 0.27
deviation ' ' ' '
PO004 PWOP 35 120 32.22 229300 142500 1.62
P0O005 PWOP 35 120 . 223100 130,800 1.71
Average N/A NA NA NA 226200 136650 1.66
Standard NA NA NA NA 4384 8273 006
deviation

P0018 PWOP 800 140 192 55945 80,610 3.69
P0020 PWOP 800 120 7.46 225200 95645 235
P0023 PWOP 800 120 593 223,650 113,050 1.98
Average N/A NA NA 670 224425 104,348 2.17
Standard N/A NA NA 1.08 1,09 12,307 0.27
deviation

Acid hydrolysis

P0021 WOP N/A 81 2.12 299,650 118,200 2.54
P0039 WOP N/A 81 6.59 394,000 365,450 1.14
P0040 WOP N/A 81 437 430,450 378,600 1.14
Average N/A N/A NA 436 374,700 287,417 161
Standard NA NA NA 223 67502 146,693 0.81
deviation

P0022 PWOP N/A 81 6.4 127,900 38,465 3.33
P0026 PWOP N/A 81 7.18 420,300 383,350 1.10
P0O038 PWOP N/A 81 2.8 395450 337,550 1.17
Average N/A N/A N/A 546 314550 253,122 1.87
Standard

deviation N/A N/A NA 234 162,120 187,303 1.27
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The influence of the pretreatment of orange peelon a big scalewas investigated
next. At 35 W/L, the comparison between samples P0002 & P0003, obtained with
WOP, and samples P0004 &PO0005 obtained with PWOP shows how the
reproducibility of the GPC results is enhancedhen using as a raw materiaPWOP.
The standard deviation on the average of Mw, Mn and PI decreases drastically when
extracting pectin from PWOP. As an example, the s@ard deviation of Mn
decreases from 285,671 to 8,273 Da when using PWQRhether this is entirely due

to the pre-treatment step is difficult to fully establish even though the pectin
samples have been produced in the same microwave equipment, at the same
temperature and using the same raw material. The poor reproducibility between
samples P0002 & P0003Joes notallow to draw conclusions on the effect ofNVOP
pre-treatment on the specific values of Mw and Mn. However it should be
highlighted that pectin sanples obtained from PWOP at 120C (excluding P0018)
display a lower polydispersity, whether extracted at 35 or 800 W/L. Overall, the pre
treatment step consisting of extractingD-limonene and flavonoids from theWOP
prior to pectin extraction does notseemto be detrimental to the properties of the
pectin. Asthe use ofPWOP allows the separ&bn of a greater number of compounds
compared to WOP, valorising this raw material to its full potential, this conclusion
represents an important milestone for this project aiming at designing a resource

focused microwave biorefinery.

The influence of the MMPD on the molecular weight was studied next at 12C.
When comparing thesample setsP0004 & P0005 (35 W/L) againstP0020 & P0021
(800 WIL), the averageMw is slightly higher for samples obtained at 35 W/L. The
same applies forthe average Mn value, although a greater variation of the values
obtained for Mn between the two sets of samplegs observed Additionally, a lower

polydispersity is obtained for at 35 WI/L.

GPC analysis was also used to compare pectin samplaistained at 120 °C and 35
WI/L with two different commercial pectin samples.The average Mw value is
situated within the same range as the Mw value obtained for sampl€U201
(226,200versus 232,250). Thecorresponding Mn values for these same samples are
much lower though (136,650 versus 198,840), indicating the obtention of shorter
but more branched chains Regarding the PI, low values have been attained: the
average Pl at 120°C is of 1.66This is an enouraging results becausehe typical
polydispersity of the standards analysed is of ~ 1.2 and the Pl of natural
polysaccharidesis usually comprised between 1.582.0194 At 800 W/L and under the

same temperature conditions, the averag®in valueis lower, reaching 104,348 with
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an average Pbf 2.17. Consequently, the results imply that the pectin obtagd at 35
WI/L possesa more uniform molecular weight distribution compared to pectin
obtained at 800 W/L. The combined use of lowMMPD microwave extraction
conditions at 120 °C with the use of PWORanyield a greater number of pectin

chains of a uniform mdecular weight distribution .

This is advantageous ashe CEM MARS microwave equipment has many advantages
over the CEM Discovery: their vessels are three times larger, making the production
of a couple of grams of pectin easier and less time consuminghéts both an IR and a
fiber optic probe to measure the heating temperature, making the control of
experimental conditions more precise, as recommended in the literaturs.
Additionally, when using the dynamic power mode, the power input of the CEM
Discovery is much less controllable below50 W. This conclusion will later be
verified against the results obtainedby monosaccharide analysisFurthermore, the
galA content analysis shouldbe usefulto check whether lower molecular weight
values are due to a loss of neutral sugar chains from the hairy regions within the

pectin chain for example.

Pecin yields recovered are generally low for our experiments: comparatively,

Bagherianet. al. have reported pectin yields reaching 26.2p O1 A AsGsistéo- 7

AAEA EUAOTTUOEOGOG OUDPA AiITAEOCETIT O AO% wnm 7 K
Further improvements of the yields could be achieved by using extraction

temperature of 130 °C.

4.5.4.2 Temperature optimisation of pectin extraction on a big scale

After studying the influence of the MMPD and the effect of using ptesated peel, a
thorough investigation of yields of pectin extracted according to the microwave
holding temperature was deemed necessary. Having established that 35 WI/L
represented the best MMPD, tests at 100, 110, 120 and 130 °C were carried out to
extract pectin from PWOPTTriplicates were carried-out for each temperature except
at 100 °C and the average molecular weight distribution data idiscussed here(see
Table19).
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Table 19: Influence of the microwave temperature on the molecular weight
distribution of pectin
generated from PWOP at 35 W/L under acidiree conditions.

Pectin Temperature Yield Pl
sample (°C) (%) Mw (Da) Mn (Ba) (Mw/Mn )
Commercial
pectin - - 232,250 198,840 1.17
Cu201
Sigma
Aldrich - - 125,600 100,100 1.26
commercial
pectin
Acid-free
microwave
extraction
P0028 100 0.98 289,650 139,050 2.09
P0029 100 1.5 317,350 212,400 1.50
Average N/A 1.24 303,500 175,725 1.80
STDEV N/A 0.37 19,587 51,866 0.42
P0O031 110 5.89 267,750 159,900 1.62
P0032 110 6.1 249,550 135,700 1.85
P0034 110 5.87 238,450 152,400 1.57
Average N/A 5.95 251,917 149,333 1.68
STDEV N/A 0.13 14,793 12,388 0.15
P0004 120 32.22 229,300 142,500 1.62
P0O005 120 - 223,100 130,800 1.71
P0024 120 21.69 284,950 109,100 2.61
P0033 120 11.11 265,650 97,720 2.72
Average N/A 21.67 250,750 120,030 2.16
STDEV N/A 10.55 29,531 20,315 0.58
P0035 130 18.41 205,450 48,030 4.28
P0036 130 15.24 172,600 35,725 4.83
P0O037 130 14.25 140,150 35,480 3.95
Average N/A 15.97 172,733 39,745 4.35
STDEV N/A 2.17 32,650.20 7,176 0.44

The variation of the yield of pectin obtained according to the extraction temperature
follows similar trends at 35 W/L and 800 WI/L. In section4.5.1, the yield ofpectin
was seen to drop above 140C. At 35 WIL the yield decreases from 21.67% at 120
°C to 15.97% at 13C°C. Although the yield obtained at 130C is the second highest
of the serie, the Pl of pectin is very high under such conditions, rendering such
conditions unsuitable for the obtention of pectin with a narrow molecular weight

distribution.
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When comparing samples produced at 118C and 120°C,the same reasoning can be
applied in the light of the results obtained: a significantly higher yield of pectin is
obtained at 120°C however the Pl of 2.16 is still too high compared to commercial
pectin. When considering the need to obtain pectin with aigld important enough to
compete with commercial process alongside quality parameters, pectin obtained at
110 °C displays the best molecular weight distribution. It has a Mw and a Mn of
250,750 and 120,030 respectively. The Pl is the lowest obtained for @hextraction
temperatures tested (1.68). These samples also present the lowest standard
deviation on the Mw, Mn and PI values determined. Hence, 12C should be the

preferred temperature used for further work in this area.

455 Monosaccharide analysis of pect in

A method to analyse and quantify the neutral and acid sugars of pectin is<-BEMS
on depolymerised pectin. Six pectin samples have been analysed using this
technique (seeTable 20). Specific attention was given to the analysis ahamnose,
arabinose, galactose and galacturonic acidince they are the main components
constituting pectin side chains(see Figure 61).125 The results reprted have not

been repeatedand should be consideed as preliminary work only.

Table 20: Pectin samples analysed by monosaccharide analysis.

Pectin sample Extraction conditions
Commercial pectin CU201 N/A
Non-standardised (NS)
) : N/A

commercial pectin (Kelco)
P0004 120 °C, 35 W/L, WOP, 110 (peel:water)
P0021 81°C,pH 1, PWOP1:10 (dry peel:water)
P0022 81°C,pH 1, PWOP1:10 (dry peel:water)
P0020 120 °C, 800 W/LPWOP, 110 (peel:water)
P0023 120 °C, 800 W/LPWOP, 110 (peel:water)
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Figure 61: Structure of the sugamonomers considered for monosaccharide analysis
(originally in colour).

The results obtained for the MSA analysis are summarised ifiable 21. Two

commercial pectin samples of knowngalA content have been subjected to MSA to

assess the reliability of the methodFor sample CU201, e reported galA content of

the commeraal sample is of 88%. The analysis carried out determined galA

content of 92.89% whichis slightly above theusual + 3% error. For the NSKelco

sample, agalA content of 85.98%was obtained The manufacturer reports agalA

content of 82.6 %, which is wihin the £5% error range, validating the results

obtained for the MSA.
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Table21: Summary of the pectin characteristics and associated results obtained by

MSA.
Neutral sugar content
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H&F pectin

N/A N/A 9289| 090 546 0.75 7.11 | 100
Cu 201

NS Kelco pectin N/A N/A 8598| 517 7.88 0.97 14.02| 100

Acid-free microwave

extraction
PO004 PWOP 35 75.20(13.12 1050 1.18 24.80| 100
P0020 PWOP 800 9.44 |15.71 944 096 26.11| 35.55
P0023 PWOP 800 79.18|12.06 7.73 1.03 20.82| 100
Acid hydrolysis
P0021 WOP N/A 65.75| 9.61 23.68 0.96 24.25| 100
P0022 PWOP N/A 78.07| 445 16.12 1.36 21.93| 100

Regarding the NS contentN SKelco pectin should contain a much lower amount of
neutral sugars since it is not standardised with sucrose, unlike standardised pectin
such as the H& CU201. Standardised pectin samples can contain up to 50% sucrose
(typically 25-30%).120 Samples could be rgun following hydrolysis in an acidified

methanol solution, which should remove the sugar fillers.

Regarding the analysis of experimental sampleshitial results indicate that the
reproducibility of the galA content between samples generated under the same
conditions seems poor éee results for sample$0020 & P0023) All samplesdisplay

a similar neutral sugarcontent comprised between 24.80% and 26.1%. Compared
to commercial samples the later value are higher than the neutral sugar content of
7.11 % and 14.02 %obtained for CU201 and NS Kelco respectively. More precisely
when considering samples CU201 and P000&e later has a neutral sugar content
almost 3.5 times higher than CU201However, the MSA data also shows pectin is
predominantly composed ofgalA. Whenexcluding the value obtained for P0020, the

galA contentof microwave extracted pectin samples i€onsistently measuredabove
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65%. Regarding the influence of MMPD on the galA and the neutral sugar content, a
5.25 % difference is observed between thegalA @ntent of samples P0004 and
P0023. This difference seems too low to explain any difference in properties
between the two samples obtained respectively at 35 W/L and 800 W/L. However, if
the samples are rerun to account for a greater number of monosacchates (i.e. D
apiose), a potential decrease of thgalA content could then explain a difference in
properties and MSA could be used texplain the difference in properties between
pectin extracted at 35 or 800 W/L.

The galA content measured seems to be sligly higher for the pectin extracted at
800 W/L (P0023) compared to pectin extracted at 35 W/L (P0004). Additionally,
the galA content measured for the two microwave extracted pectin samples (P0004
& P0023) is above the legal requirement (65%)However no onclusion can be

reached on the MMPD according to MSA data as further samples need to be run.

A comparison exercise between theyalA and the neutral sugar content obtained
herein and data available in the literature has been done (sé@eable 22). The highest
galA content has been achieved for sample P0023, reaching 79.18% which is within
the range of the resultsreported in Table22, showinga lower MMPDis preferable to

achieve a higheigalA content.

Table22: Reported results in the literatureon MSA of citrus peel residues.

Biomass Extraction conditions galA Neutral
Reference
extracted (roughly) (%) sugar (%)
Orange MW pre-treated, HCI
73.2 - 175
peel extracted (120min)
Orange MW heating under pressure
) _ 96 4.2 148
albedo (2.5 min), HCI extraction
Citrus peel _
Water extraction 80.1 19.9 245
walls
Orange _
Water extraction 4.52 33.91 189
peel
Lemon peel Water extraction 1.68 53.07 189

In conclusion, the galA contents obtained for P0O004 and P0023 are encouraging,
even though they are slightly lower than the ones found in the literatw for acid

mediated pectin extractions using microwaves as a method of pretreatment
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45.6 DE determination using 13C CPMAS

Using CPMASSC NMR, the DE of pectin produced under aefdee microwave
conditions at 35 W/L was determined. The results are given imable 23. When
considering the samples obtained by microwave extraction, virtually no variation of
the DE can be observed when increasing the microwave holding tempguare from
100 to 130 °C. A DE of 68, 66, 69 and 69% has respectively been obtained at 100,
110, 120 and 130°C. When looking at the DE values obtained for pectin extracted by
acid hydrolysis, little change can be observed with the values previously repad

for microwave extraction. Whether WOP or PWOP is used, a DE of 68% and 71%
respectively has been determined. The data does not appear to be inconsistent: a
measure of the accuracy of the method has carrieaut, and an error of+ 10% was
determined, which was deemed reasonable, especially when compared to
traditional methods used (i.e. phenolphthalein titration). Given the results obtained,

the method designed using the integral raticO¢ 6 /°O¢ 0 , this method proves

to be fairly robust.
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Table23: DE of pectin extracted under acidree microwave conditions
(35 WIL) and by acid hydrolysis determined by CPMASC NMR.

Biomass Temperature DE Error
used (°C) (%) (%)
Acid-free
microwave
extraction
P0028 PWOP 100 74 11
P0029 PWOP 100 62 10
Average 68
P0031 PWOP 110 78 12
P0032 PWOP 110 61 9
P0O032r PWOP 110 62 10
P0O034 PWOP 110 63 10
Average 66
P0O004 PWOP 120 64 10
P0O005 PWOP 120 75 12
P0024 PWOP 120 70 11
P0O033 PWOP 120 67 10
Average 69
P0O035 PWOP 130 74 11
P0036 PWOP 130 69 11
P0O037 PWOP 130 63 10
Average 69
Acid
hydrolysis
P0021 WOP 81 70 11
P0O039 WOP 81 70 11
P0O040 WOP 81 63 10
Average 68
P0022 PWOP 81 68 11
P0026 PWOP 81 73 11
Average 71

The DE of pectin extracted using acid hydrolysis on both WOP and PWOP has also
been carriedout. Very similar DE have been reached. In the case acid hydrolysis
extraction of pectin on WOP an average DE of 68 has been obtained. In the case of
PWOP, an avemge DE of 71 has been determined. Given the accuracy of the
calibration curve previously reported in section4.4.3.2 it was concluded that the
results can be useds a good indication of the DE of pectin extracted under acfcee

conditions.
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4.6 Conclusion & further work

In this chapter, the possibility to extract pectin under acidess conditions using

microwaves has been proven below 150C. This has been demonstrated on a 10 mL

and a 100 mL scale, showing the process is scalable. Pectin has been successfully
characterised by ATRIR, solution and solid stateisC NMR Gel forming properties of

PAAOET EAOA AAAT AATT TradODAORAARAD GHAT EIAGBHEIEC O
design of a waste biorefinery based on the use of WOP.

The results obtained show that microwave-assisted extraction of pectin in water

only is possible offering competitive molecular weight distribution as analysed by

GPC wha compared against commercial standards.

The utilisation of a clean and safe technology for the production of pectin, avoiding
acidic waste water effluents is of particular interestEspecially as@nvironmentally
friendly processing without any use ofchemicals [acidsin this case]can positively
influence the consumem when faced with the decision to buy a product over
another246 The method reported here would allow for the elimination of acidic
wastewater treatment, rendering it safer and potentially less harmful to the

environment. No dewateing agent such as lime is used either.

Based on observations made using GPC analysis, microwave holding temperatures
of 110 or 120°C are ideal depending on the required yield and quality of pectin for a
given type of application. These have been determad following use of a 35 WI/L
MMPD on peel previously used fob-limonene and flavonoid extraction.The added
advantage of this method is the combined production dD-limonene and flavonoids

as separate product streams prior to pectin extraction. This pretreatment do not
seem to affect the properties and the quality of the pectin extracted, filling in the
conditions pre-determined in chapter 3 according to the SWOT analysis. The later
two product streams and associated production steps will be discussed separately in

chapter 5 and 6 respectively.

Hence, he conditions reported herein for pectin extraction can be very valuable for
the production of high methoxy pectin and, based on results obtaed following the
development of a new technique for the determination of the DE. Following previous
results reported in the literature, a CPMASCGNMR technique was developd. This
technique allowed a fairly accurate determination of the DE when compateto

commercial samples of known DELn the light of the literature review reported in
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this chapter on previous methods used in food science to quantify pectin quality, it is
believed CPMASSCGNMR offers a reliable and reasonably quick alternative which
offers good accuracy and limiting human error compared to previous methods
highlighted.

Several improvements and process modifications should be done to complete the
work reported in this chapter. Thinking chronologically, when considering the
production stage first, the workup of pectin could be improved by testing the
properties of pectin obtained when using ethanol only for precipitation and
washing. So far acetone has been used for washing following precipitation. But in

I OAAO A1 O bAA ddvéddnoodpoliuct) lethadoRandviter are the

only solvents this material can come into contact with.

Further work can be done on the geforming properties of pectin. It should be noted
that the results of the gel tests have only been assessed qudiitaly. Rheology
measurements should be done to quantitatively assess gel strength via the

determination of visco-elastic properties for example. @I strength can be assessed

OOET ¢ A OA@OOOA AT Al UOAOh Al 1T xET ¢ DEA AAOAOIE
OEA 1100 i1TAOI OO0 '"366 AU Oi Al 1 2 AddifohalyDOAA T OAE] |
the gelling point of the pectin produced under acieree conditions, should be

checked especially a® OEA CAI1 AGET 1T OAiI PAOAOOOA 1T £#/ PAAOGET O
botanical source, manufacturing conditions, molecular and materials properties but

Al 01T 11 OEAEO CAlI DPOADAOAOQERAThiDsBdwAok OOA AT A Al

many parameters need to be considered to know exact gel forming conditionsrfa

given type of pectin.

Regarding the characterisation of the DE and the galA acid content of pectin, the
results obtained by CPMAS 138IMR need to be confirmed using another technique
based on a different principle. An example could be the quantificatiof the amount

of CQ produced during for different pectin samples of varying DE by

thermogravimetric analysis coupled by IR (TGAR).

Regarding the application of pectin in food formulation, performance studies of
pectin produced under acidfree conditions should be carriedout in collaboration

with industry.
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5 Microwave -assisted extraction of D-limonene

Citrus peel is known for secreting a substance, commonly known as citrus peel
essential oil. The main use of essential oils in the European Union is as flavour
enhancers in foods, in perfumes and inpharmaceutical applications. Steam
distillation is used on a commercial scale for its extractiops 249 The main
component of orange oil isD-limonene (83-97% by weight), a noroxygenated
monoterpene made from the combination of two isoprene unitg:® The present
chapter aims to describethe work done on microwaveassisted extraction of D-
limonene as part of an integrated microwave biorefinery. Two types of extraction

have been trialled:

1 Open vessel microwaveassisted extraction ofD-limonene
1 Solventless open vessel microwavassisted extraction of D-

limonene.

The extraction of D-limonene is the first step in the OPEC process described in this
thesis. Yields ofD-limonene will be compared between the different experimental
set-ups mentioned atlove. The extraction oD-limonene using microwave technology
will be studied with the aim of reaching a high purity extract under solveress
conditions. The D-limonene yield obtained for optimised solventless open vessel
microwave-assisted extraction urder vacuum will be compared againsD-limonene
extracted using conventional steam distillation and the composition of theD-

limonene containing extract will also be highlighted.

5.1 Open vessel microwave -assisted extraction of D-limonene

D-limonene (CioHis) is naturally present in over 300 essential oils, and especially in
citrus fruit peels, in which it is the main component. It has been used for over 50
years as a flavour and fragrance component and is now increasingly applied as a
solvent in industry given its good degreasing properties. The degreasing agents are
used for cleaning electrical circuits for exampleD-limonene is usually obtained as a

by-product of citrus juice production in Brazil and Floridazs:

Conventional solvent extraction was studied first to establish a baseline for future

experiments. This piece of work was designed as a proof of concept. The aim was to
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obtain a significant volume ofD-limonene at lab scale: 100mL of D-limonene of a

given purity was to be sent for analysis to an industrial collaborator-igure 62 A, B

and C show the setup used forD-limonene extraction at a three litre scales well as

the extract obtained. More specifically, hexane was used to extradtlimonene at a

three litre scade. Hexane was selected as an extraction solvent to both guarantee a
maximum solubility of D-limonene, a cyclic terpene, and an easy recovery due to its

low boiling point. Interestingly, D-limonene has previously been reported as an
alternative to hexane br rice bran oil extraction, demonstrating D-l ET1 T T AT A8 O
excellent oil solubility properties.252 Cause for concern exists over the use of hexane

for several reasons and a suitable alternative is actively being resehed in

academiazs3

Figure62: A) Three litre round-bottom flask containing macerated orange peel in
hexane; B)CEM MARS imrowave equipment used (op@ vessel configuration); C)
obtained D-limonene containing extract(originally in colour) .

Following the conditions described, dal.52% yield of D-limonene was determined on
a wet basiswas obtained when working at this scaleSteam distillation of the
resulting orange oil allowed for the recovery ofD-limonene (Figure 63). A13C NMR

spectrum confirmed its identity (see experimental chapter).
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Figure 63: Steam distillation setup used forD-limonene purification
(originally in colour).

Following purification of the D-limonene obtained by hexane extraction, the
formation of an orange precipitate was observed during the steam distillationJsing
ElectroSpay lonisation (ES) mass spectrometry it was found to consist of 4
different polymethoxyflavones, these being tangeritin, nobiletin, tetra-O-
methylscutellarein and heptamethoxyflavone(see Figure 64) which precipitated in
water as D-limonene was removed by steam distillation tH NMR was used to
identify functional groups indicative of the nature of the extract obtainedSincethe
detectedpolymethoxy flavonoids (PMFs)are present in a mixture *H NMR spectrum
could not be decisively interpreted but does showseveral very strong aromatic
methoxy signal at ~3.97ppm (see Figure 65). Further analysis of this spectrum will
be provided in chapter 6 which will specifically focus on the isolation and
characterisation of orange peel related flavonoids. ramatic methoxy groups are

characteristic of all the above mentionedpolymethoxyflavones.PMFsare a subclass

of flavonoids. CitrusAAOE OAA &1 AOT 1T EAORh OAOPAAEAI T U PIlTU
have been of particular interest because many of these flavonoids exhibit a broad
speA 00O I £ AET |2+ CHoWeder, fewh Aepdit EXBU 8ro their

pharmaceutical activities, especiallyin vivo. This ismainly due to their high trading
price: as an example,o h v h ¢ h-heptapetioogyflavahe reached a value of
$300/mg 255
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Figure 64: ESI spectrum of the precipitate formed in the aqueous phase of the
orange oil extracted using hexane following purification by steam distillation.
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Figure 65: 1H NMR of the acetone soluble, water insoluble orange oil precipitate
obtained following D-limonene purification by steam distillation (originally in
colour).

The high value of the flavonoids detected motivated the modification of the overall
OPEC process to recover them using a dedicated step. Based on the difference in
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volatility between D-limonene (176 °C) and PMFs (~550°C), it was thought D-
limonene could ke recovered using a microwavebased steam distillation step. The
D-limonene extracted peel (OPR1) could then be used for the extraction of
flavonoids in a separate step using a soxhlet extraction, as previously mentioned in
chapter 4. As well as allowing dr the recovery of the said flavonoids, this step
OOOOEPDPAAG OEA PAAI 1T & 11x 1171AAOI AO
work-up of pectin extracted thereafter. The recovery, separation and
characterisation of the extracted flavonoids will be disassed in further depth in the

next chapter.

Further work was done in an attempt to phase out the use of hexane for the
extraction of D-limonene. Hexane is known ag neurotoxin and is classified as a
hazardous air pollutant acording to the Environmental Protection Agency (EPA}ss.
257 Preliminary work and optimisation of the aforementioned microwaveassisted
extraction technique for D-limonene will be developed in the following paragraphs.

The results will be compared againsD-limonene extracted by steam distillation.

5.2 Open vessel solvent-less microwave -assisted extraction of D-

limonene

5.2.1 Preliminary work

Hexane based extraction ofD-limonene in the microwave yielded 1.52% ofD-
limonene. Given the risks associated with hexane, the research effort shifted to
solvent-less extraction technique. With the latter in mind, trials were first done
microwave steam dstillation. This technique is known for its application on the
extraction of essential oils: results on lavender, rosemary, lemon oils have been
reported amongst otherszss-260 Microwave steam distillation is known to be faster
due to a more efficient heating process, fast temperatureoatrol and reduced
thermal gradients via a fast interaction of the water with the microwaves given its
high dielectric constants4 Up to three fold reductions in extraction time have been
reported for the extraction of lemon essential oil using microwave assisted steam

distillation (MASD) compared to steam distillatiorgss

MASD was tested b¥ai Shute(visiting student for the Octobd&tovember 2012 perigd

with defrosted WOP on the Milestone ROTOSYNTH microwave. All oil yields are

quoted on a wet basis. Two experimentaparameters were evaluated. First the
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peel:water ratio (1:1, 1:0.5 and 1:0) and secondly, the duration of the microwave
treatment (1200 W for 6 minutes followed by 800 W for 10, 15, 20, 25 or 30

minutes). The influence of the peel:water ratio was studiefirst.

Figure 66 illustrates the obtained results. The data shows how the yield obil
collected is inversely proportional to the amount of water usd. The maximum yield
of oil is reached with a peel:water ratio of 1:0.5 (over the range tested). Under these

conditions, 0.41% of oil was obtained using a microwave power of 100 W.
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Figure 66: Oil yield collected by MASD as arfation of the peel:water used at 100 W
(originally in colour).

The influence of the time of extraction for MASD was also investigated for a

peel:water ratio of 1:1 (

Figure 67) and 1:0.5 Figure 68). By varying the extraction times, it was clear the
extraction yield reached a plateau after 25 minuws. In both cases, the oil yield
increased with the time of extraction until it reached 25 minutes. Extraction times
over 25 minutes led to pyrolysis as by then all the free water had been removed thus
heating predominantly the biomass components. Aftei25 minutes, a smell of
burning and a brown colouration appeared on the peel present in the vessel. The
maximum yields obtained are very similar in both cases: 0.94% and 0.96% were
achieved with a peel:water ratio of 1:1 and 1:0.5 respectively. The latteesults
represent a two folds improvement over the 0.41% yield obtained previously at 100
W. The results show that the peel:water ratio has a minimal influence on the yield of
oil obtained. Consequently, MASD of WOP alone was trialled, without any additson
of water. The experiment proved to be successful: a 1.08% oil yield was attained
under solvent-less conditions. Although the use of water was already a good
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alternative to hexane in terms of reducing the toxicity, flammability, VOC emissions

and handling hazards associated with this hydrocarbon solvent (especially at an

industrial scale), the use of water as a solvent presents different challenges. The

recovery of this solvent is difficult due to its high heat capacity and boiling point.

This hastheeffd O 1T £ OAT AAOET ¢ OEA OOA T &£ xAOAO AO A
ET OAT20I6 0986 i8was even reported that in Florida, many citrugprocessing
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Figure 67: Oil yield collected by MASD as a function of thextraction time used for a
peel:water ratio of 1:1 (originally in colour).
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Figure 68: Oil yield collected by MASD as a function of the extraction time used for a
peel:water ratio of 1:0.5 (originally in colour).
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5.2.2 Solvent-less extraction of D-limonene under microwave conditions at
100 mbars

Based on the observatios and good results obtained, for the MASD extraction of
citrus oil under solvent-less conditions, the use of this technique under vacuum was
thought of as a way to further increase the yield oD-limonene collected. Such a
technique has been previously usd by Budarin et. al.to fractionate the volatiles
produced during microwave activation of wheat straws4 Here, the main objective
was to further lower the boiling points of compounds traditionaly found in essential
oils (200-300 °Cpys3 and trap a maximum of organic compounds extracted in the
round-bottom flask, avoiding their loss in the pump traps. The experimental setp

is highlighted in Figure 69 A, B and C).

Figure 69: Pictures of theD-limonene extraction setup
A) pump; B) extract condenser system; C) microwave equipment (Milestone
RotoSYNTH) (originally in colour).

For a first experiment, 2569.11g of WOP were used and a vacuum of 100 mbars on
average was applied during the microwaveassisted extraction. The WOP had a
moisture content of 18.23%. The energy consumption was measured using a power
meter for each run: on average 0.91 kWh were consumdyy the whole system. This
includes the microwave unit, the chiller and the vacuum pump. The maximum
temperature reached at 1200 W was of 58 °C and 61 °C when lowering the
microwave power to 800 W (see power ramp used for the extraction in the

experimental section). The whole process for this step is described irigure 70.
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Figure 70: Detailed process flow sheet of step 1D0-limonene extraction DL002 at
100 mbars) (originally in colour).

D-limonene was quantified using G&ID, employing ethyl benzene as an internal
standard (1S). The concentration range used was of 0.08.20 molar. The details of

the analysis can be foundn Table 24.

Table24: GCFID data for the calculation of théd-limonene concentration extracted
with a response factor of k #.8377 (sample DL002) at 100 mbars.

Boiling Retention Peak Concentration
point (°C) time (min.) area (mol/L)
Ethyl benzene
(1S) 136 4.34 3859.8 0.094
CHsCHCHs
D-limonene
176 8.23 2985.8 0.08
CioHs1s

The conditions trialled allowed the recovery of 2.96 g oD-limonene per litre of
liquid phase. Since 1528.23 g of liquid phase has been collected, 4.52 gDef
limonene has been extracted. The wet yield therefore amounts to 0.18% (0.22% on a
dry basis). On a wet basis, 70.98% of the original weight of the WOP was collected

under the form of water. The latter will also contain volatile components other than
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