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Abstract

In this thesis, a process design to obtain antioxidant-rich extracts from five tropical fruits
(i.e. Matisia cordata, Physalis peruviana, Solanum betaceum, Theobroma grandiflorum,
Renealmia alpinia) is presented. Simulation procedures based on experimental
characterization were used to evaluate the yield of different technologies for pretreatment,
extraction and concentration procedures using the Aspen Plus software. Both the
conventional and freeze drying technologies were evaluated as pretreatment methods
whereas conventional solvent and supercritical fluids were used for the extraction
procedure. The concentration stage was performed by using vacuum distillation or
ultrafiltration processes. Eight possible process configurations with mass integration were
evaluated with and without energetic integration in technical, economic and environmental
terms for each fruit. In this study, thermodynamic models were used in order to provide
convenient use of the operation conditions for all the technologies, this methodology permit
minimize the high costs and time that involve the experiments. The technical evaluations
presented in this work provide the feasibility of process configurations, which included the
evaluation of economic and environmental impacts. Nonetheless, several adjustments
must be done to implement this type of process at industrial scale, but this kind of analysis
serve as the basis draw recommendations for the efficient development processes. In this
work was also proposed several process configurations with both conventional and high-
end technologies for pretreatment, extraction and concentration stages. The major
disadvantage associate with the conventional technologies is the degradation of antioxidant
compounds by the possibility of oxidation of antioxidant compounds while the high-end
technologies retain the product quality. However, the major disadvantage of high-end
technologies is its relatively high cost. A common feature found in the process
configurations for all considered feedstock was the high influence of raw material costs in
total production cost. This work is a starting point to improve the tropical fruits productive
chain and integrate as possible new transformation alternatives. In order to compare the
simulation results, the polyphenolic compounds from each tropical fruit were extracted by
the different process configurations and the antioxidant activities of extracts were evaluated
with the purpose of compare the quality of the final product. Additionally, a process design
and an economic and environmental analysis for a biorefinery-based on an exotic fruit as
copoazu were performed. It was found that the uses of experimental data together with
simulation procedure are powerful tools for designing and analyzing the processes for
antioxidant rich-extracts. As final results it was demonstrated the feasibility of antioxidant
extraction for all fruits studied excepting the copoazu fruit. Additionally, it is important to
note that the R. alpinia peel contained relatively the highest amounts of polyphenolic
compounds with highest antioxidant activity. Finally, the antioxidant rich-extracts production
from tropical fruits could be considered as an opportunity to promote rural development with
the participation of small scale producers as feedstock suppliers.

Keywords: Process design; antioxidant; tropical fruits; polyphenolic compounds



Contenido IX

Resumen

En esta tesis se presenta un analisis del disefio del proceso para la obtencion de extractos
ricos en antioxidantes a partir de cinco frutas trépicales (Cordata matisia, Physalis
peruviana, Solanum betaceum, Theobroma grandiflorum, Renealmia alpinia). Se utilizaron
procedimientos de simulacion basado en la caracterizacién experimental para evaluar el
rendimiento de las diferentes tecnologias para las etapas de pretratamiento, extraccion y
concentracion utilizando el software Aspen Plus. Se utilizaron dos tecnologias para el
pretratamiento: secado convencional y secado por liofilizacién; para la extraccién se
evaluarén extraccién supercritica y con solventes, mientras que para la etapa de
concentracion se utilizé destilacion al vacio y procesos de separacion por membranas
“ultrafiltracion”. Teniendo en cuenta lo anterior, ocho posibles configuraciones de proceso
con integracion masica fueron evaluadas con y sin integraciéon energética en términos
técnicos, econdmicos y ambientales de cada fruta. Ademas, se utilizaron modelos
termodinamicos para determinar las condiciones de operacion para todas las tecnologias,
esto permiti6 minimizar los altos costos y el tiempo que implican los experimentos. Las
evaluaciones técnicas que se presentan, incluyen la evaluacion de los impactos
econdémicos y ambientales. No obstante, estudios posteriores son necesarios para poner
en practica este tipo de proceso a escala industrial, pero este tipo de analisis sirven como
base para el desarrollo de procesos eficientes. La principal desventaja asociada con las
tecnologias convencionales es la degradacion de los compuestos antioxidantes dado a la
oxidacion de compuestos antioxidantes, mientras que las tecnologias de gama alta
conservan la calidad del producto, sin embargo, su costo es relativamente alto. Una
caracteristica comun en las configuraciones de proceso fue la gran influencia de los costos
de las materias primas en el coste de produccién total. Este trabajo es un punto de partida
para mejorar la cadena productiva de frutas tropicales e integrar como posibles nuevas
alternativas de transformacion. Con el fin de comparar los resultados obtenidos por
simulacion, los compuestos polifendlicos de cada fruta tropical fueron extraidos por las
diferentes configuraciones de proceso y se evaluaron la actividad antioxidante de cada
extracto con el propdsito de comparar la calidad del producto final. Ademas, se disefio una
biorefineria a base de copoazu a la cual se le realizé un andlisis econémico y ambiental.
Se encontrd que el uso de los datos experimentales, junto con el procedimiento de
simulacién son herramientas poderosas para el disefio y analisis de los procesos de
extraccion de antioxidantes. Como resultado final se demostro la viabilidad de la extracciéon
de antioxidante para todas las frutas estudiadas con excepcién de la fruta copoazu.
Ademas, es importante tener en cuenta que la cascara de Alpinia R. contiene relativamente
cantidades mas altas de compuestos polifenélicos con mayor actividad antioxidante. Por
ultimo, la produccion de extractos ricos en antioxidantes a partir de frutas tropicales podria
ser considerada como una oportunidad para promover el desarrollo rural con la
participacién de los productores en pequefia escala, como proveedores de materia prima.

Palabras clave: Disefio de procesos; antioxidantes; frutas tropicales; compuestos
fendlicos.
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Introduction

Colombia is a tropical country with a high biodiversity. This biodiversity results from a variety
of ecosystems from the rich tropical rainforests. The Amazon is the main tropical rainforest
in the world, and many studies have reported that the products from Amazon are good for
humankind. Fruits have been for centuries the basis of traditional medicine throughout the
world and still continue to provide new remedies to humankind. Many studies have reported
that the consumption of fruits and vegetables can reduce the risk of chronic diseases such
as cancer, diabetes and cardiovascular diseases [1-4]. The bioactive compounds with
antioxidant capacity present in fruits may contribute to reduce these diseases [4].
Polyphenols like anthocyanin has demonstrated antioxidant capacities and the ability to
protect against human diseases such as liver and mitochondrial dysfunction, hypertension,
vision disorders, diarrhea and Alzheimer’s disease [5, 6]. Agricultural waste materials such
as fruits skins, hulls, seed, pulp and roots are also abundant sources of antioxidant
compounds and other phytochemicals. The full potential has yet to be developed and
exploited however, plant-derived phytochemical extracts are commercially available.

Due to the increasing demands to improve nutrition in the human diet, the development of
processes to obtain antioxidant-rich extracts with food applications from natural sources
have gained more attention. Since the structure of a given material is a key factor that
influences its extraction efficiency, the drying process of raw material is an alternative to
modify the structure that could enhance the yields in the extraction process [7, 8]. The
resistance antioxidant transfer is different depending of the dry technology. Garcia et al [9]
studied the mass transfer of antioxidant from grape stalk and the influence of drying
conditions. They found that the conventional drying showed significant reduction of
diffusivity compared to samples dried at freeze drying. This fact may be explained from the
influence of final porosity of samples that is greater in dried sample by freeze drying that
conventional drying. The low porosity leads to low antioxidant diffusivity and, as a
consequence, to high mass transfer resistance, making the antioxidant release difficult. The
decrease of mass transfer coefficient in the samples dried by conventional drying also can
be explained by a case-hardening phenomenon, which is the formation of a crust or shell
due to the faster drying rate when using hot air. This shell would also make the antioxidant
release from the inner part of the material to the liquid phase difficult.
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However, fruit drying decreases the polyphenolic content when the air-drying temperature
increases [10]. Furthermore, the extraction process involves color loss, formation of
brownish degradation products and insoluble compounds [7, 8]. Several extraction methods
have been proposed to obtain antioxidant-rich extracts such as solid — liquid extraction
using slightly acidified aqueous alcoholic solvents as methanol, ethanol or mixtures and
supercritical fluids extraction using carbon dioxide (CO2) as solvent at high pressures[11-
14]. The enhanced solvent extraction performed at supercritical conditions, is a technology
that combines the advantage of both the solvation and the transport properties of
supercritical fluids (SCF) and low pollution burdens [15, 16].

The combination of CO; and alcoholic solvent is a very effective improvement of the
process compared to the classical liquid — solid extraction methodology used to recover the
antioxidants contained in the fruits. Wu, et al. [17] evaluated the antioxidant and anti-
inflammatory effects of goldenberry extracts obtained by supercritical fluids extraction and
aqueous and ethanolic conventional extraction. The authors found that the extracts
obtained by supercritical technology have more potent antioxidant and anti-inflammatory
activities than extracts prepared from other conventional methods. Generally, when the
extraction temperature increases (above 60 °C) the yield of total polyphenols also
enhances. Additionally, a reduction in the antioxidant capacity is generally caused by the
thermal degradation of polyphenolic compounds [18].

Vacuum distillation is the most conventional concentration procedure used to concentrate
antioxidant extracts. Chumsri et al, [19] studied the optimum conditions for the
concentration of roselle extract at vacuum and atmospheric evaporation. The operating
conditions in vacuum distillation such as oxygen quantity, temperature and time are lower
than those utilized in atmospheric pressure distillation procedures thus generating
advantages in the final quality of the product. Therefore the conditions during vacuum
distillations are milder than those during distillation at atmospheric pressure. Tsibranska
[20], evaluated the concentration of ethanolic extracts from Sideritis ssp. L. by nandfiltration
where the cross-flow is a good choice for larger scale applications. Diaz-Reinoso [21],
studied the performance of a sequence of two ultrafiltration membranes for the
concentration of polyphenolic compounds with antioxidant activity from Castanea sativa
leaves. The author verified that the antioxidant properties of the concentrated streams are
not lost during membrane processing. Moreover, the loss and degradation of polyphenolic
compounds could be minimized when low temperatures are used in the concentration
process.

Currently, extract concentration processes such as lyophilization and vacuum distillation
require vacuum pressure hence high energy consumption is necessary. Lyophilization or
freeze drying technologies take long processing times to sublimate the solvent from extract
at vacuum pressures. The operation temperature required by vacuum distillation is higher
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than freeze drying to concentrate the extracts. Moreover, low molecular weight compounds
could be evaporated with solvent and some compounds with antioxidant activity can
undergo thermal degradation when vacuum distillation is applied [22, 23]. The membrane
technology is based on the principle of selective permeation of the solute molecules through
semi-permeable, polymeric or inorganic membranes. The driving force in most membrane
processes, such as a micro, ultra and nanofiltration and reverse osmosis is a mechanical
pressure that permits preferential passage of one or more selected constituents of the feed
stream. Certain advantages over other technologies such as low operation temperatures
and energy consumption, easy solvent recovery, preservation of product quality and cheap
operation process have contributed to an increase in membrane technology research and
development [22]. However, the main disadvantage is the high power consumption and the
difficult to clean the membrane and high investment. Therefore, the up scaling and control
pressure in large systems are the challenges to development this technology.

In this work, a process design to obtain antioxidant-rich extracts from five tropical fruits is
presented. Five tropical fruits were selected to be analyzed as feedstock to produce
antioxidant compounds. The chosen feedstock were Matisia cordata (zapote), Physalis
peruviana (goldeberry), Solanum betaceum (tamarillo), Theobroma grandiflorum (copoazu)
and Renealmia alpina (naiku). These fruits were selected due to their high content of
polyphenolic compounds and antioxidant activities. Additionally, the goldenberry and
copozu fruit appear in the —Estudio de mercado: Frutas Amazénicas en el Estado de
California - Estados Unidos as a promising fruits to export. The tamarillo and zapote were
chosen not only for their high content of total polyphyenolic compounds and antioxidant
activity but also by their national production. Moreover, the naiku fruit was included in this
list due to its potential as a feedstock to produce antioxidant compounds. In addition, the
fruits could be expanded in deforested areas in the Amazon region or could be cultivated
in areas near the rivers Cauca and Magdalena as an option of crops diversification as a
base for national policies. Moreover, naiku and copoazu have currently low planted areas
but they are subject to research to use as feedstock to produce antioxidant extracts since
these fruits are promising to grow in Colombia. Simulation procedures based on
experimental characterization were used to evaluate the yields of different technologies of
pretreatment, extraction and concentration using the Aspen Plus software. Eight possible
process configurations for each fruit with mass integration were evaluated with and without
energetic integration in technical, economic and environmental terms. In order to compare
the simulation results, the polyphenolic compounds from each fruit were extracted by the
different process configurations and the antioxidant activities of extracts were evaluated in
order to compare the quality of the final product.

In this study also were evaluated three different scenarios for a biorefinery based on
copoazu fruit. The three evaluated scenarios were as follows: i) without energy integration,
i) with energy integration and iii) with energy integration plus co-generation. The
comparison of the evaluated scenarios was performed using modern process-engineering
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tools. Each scenario was evaluated from a technical, economic and environmental point of
view. The chemical composition of copoazu fruit was experimentally determined. The
chemical composition of copoazu was also used as the starting point in the biorefinery
simulation.

In this thesis was well proposed, a systematic approach for the polyphenolic compounds
production from Matisia cordata Bonpl. pulp. The chemical composition of Matisia cordata
Bonpl. fruit was used as the starting point in the process simulation. First, the technology
options are evaluated on each stage using the Aspen Plus software. Then, a superstructure
is formulated based on technology options available. The selection of technologies is
conducted based on two different objective functions: maximize the production yield and
minimize the operating costs. Finally, fuzzy optimization is adapted to solve the problem
where the two objectives are to be satisfied.

This work aims to contribute the evaluation of different fruit from the Amazonian forest,
northern Caldas and Tolima for the production of antioxidant compounds. In order to
replace the use of synthetic additives for industry and get natural products that meet the
same functionality and also provide greater value to the product through biochemical
properties favorable to health, different process configurations are evaluated to obtain
antioxidant rich extracts.

1.1 Thesis Hypothesis

It is possible to obtain antioxidant rich-extracts with good technical, economical and
environmental feasibility from tropical fruits.

1.2 Thesis objectives

This thesis aims to design and analyze the technological process configurations for the
production of antioxidant rich-extracts, in order to identify the best alternatives from a
technical, economic and environmental view of point.

Thus, this thesis proposal approved by the Universidad Nacional de Colombia at Manizales
contained the follow objectives: (i) to analyze the agro-economic performances for the
selected tropical fruits, (i) to physicochemicallly characterize the raw materials, (iii) to
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design and simulate the technological process configurations and evaluate them
considering their economic and environmental impacts, (iv) to experimentally evaluate the
technological process configurations, (v) to compare these technological schemes based
on economic and environmental criteria, (vi) to analyze the possibility of a biorefinery based
on tropical fruits.

Moreover, in this work two additional objectives were included in this thesis: vii) to analyze
mass and heat integration possibilities for designed schemes. viii) to systematic approach
for the antioxidant rich-extracts production from a tropical fruit.






27

CHAPTER 1

1.Tropical Fruits as Raw Material for
extraction of Antioxidant Compounds

1.1 Overview

Colombia produces a wide range of fruits from tropical and Andean areas that are prized in
international markets. However, there are still many fruits which are not known even within
country despite their health benefits. Fruits have biologically active substances such as
vitamins and secondary metabolites (polyphenols, carotenoides, sterols, flavors, dyes,
essential oils, flavonoids, alkaloids, tannins, coumarins, lactones, terpenes, saponins
among others [24-26] which can protect the human body against cellular oxidation
reactions. Therefore, its use is very interesting mainly as natural additives in food, cosmetic
and pharmaceutical industry [27]. Additionally, it has been shown that the people who eat
daily fruits and vegetables have approximately half the risk of developing a wide variety of
cancer types. To consume of polyphenalic-rich fruits increase the antioxidant capacity of
the blood [3, 28, 29].

1.2 Antioxidant compounds

Plants produce different types of phytochemicals such as polyphenols, glucosynolates ands
carotenoides. Figure 1.1 shows the classification of phytochemicals with antioxidant
properties.
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Figure 1.1. Some different categories of phytochemicals with antioxidant properties present in
fruits.

The carotenoids are soluble pigments with antioxidant activity. More than 600 different
carotenoids have been identified in plants, microorganisms, and animals. These colorful
molecules are the sources of the yellow, orange, and red colors of many plants.
Carotenoids function as antioxidants protecting lipids against peroxidation by quenching
free radicals, particularly the singlet oxygen [30]. Citrus fruits and vegetables, including
carrots, sweet potatoes, winter squash, pumpkin, papaya, mango and cantaloupe, are rich
sources of carotenoids. For dietary carotenoids to be absorbed intestinally, they must be
released from the food matrix and incorporated into mixed micelles. Therefore, carotenoid
absorption requires the presence of fat in a meal. In the intestine and the liver, provitamin
A carotenoids may be cleaved to produce retinal, a form of vitamin A. The conversion of
provitamin A carotenoids to vitamin A is influenced by the vitamin A status of the individual
[31].

Polyphenolic are other important class of phytochemicals compounds. These compounds
are secondary metabolites in plants. These compounds are attracting a great deal of
attention due to increasing evidence suggesting that they may prevent chronic conditions
such as cancer, atherosclerosis and neurological diseases [2, 32-36]. The interest on these
compounds is related with their antioxidant activity and promotion of health benefits [4, 37].
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Several thousands of natural polyphenols have been identified in plants and plant foods.
Polyphenolic compounds are present in high concentrations in a variety of fruits, vegetables
and beverages such as tea and wine. Polyphenols are important to plant growth, to
contribute to organoleptic quality, colors and development and provide a defense
mechanism against infection and injury [38]. The chemical structure of phenols possesses
one or more aromatic rings, with one or more hydroxyl groups. The radical scavenging
activity consists of the ability to directly inactivate the reactive oxygen species (ROS) or
bind pro-oxidant metal ions by means of their —OH groups [39]. In the former case, the
polyphenol transfers one hydrogen to the peroxyl radical as follows:

ROO* + ArOH — ArO® + ROOH

The phenoxyl radical (ArO’) formed in this reaction is relatively stable and reacts slowly with
other substrates, thus interrupting the chain of oxidative reactions [39]. The main
polyphenols subclasses are polyhenolics acid (hydroxybenzoic and hidroxycinnamic acid),
coumarins, flavonoids (anthocyainins) and hydrolysables tannins.

1.2.1 Antioxidant compounds and human health

Various studies have established that a diet rich in fruit and vegetables has benefits to
human health such as reducing cardiovascular and coronary heart diseases [2-4], diabetes
[40], inflammatory processes [17, 41], neurodegenerative diseases [42, 43], cancer [43-49].
The constituents responsible for these protective effects are bioactive compounds such as
polyphenolic compounds, vitamins, carotenes and minerals. The polyphenolic compounds
are associated with antioxidant activity of plants that inhibit the oxidation reactions of free
radicals [50].

Epidemiologic studies consistently have demonstrated an inverse relation between
polyphenolic compounds consumption and risks for certain types of cancer. Several in vitro
and in vivo experiments have shown that polyphenols may interrupt various stages of the
cancer process [32, 51]. It appears that these phytochemicals possess antioxidant activity
as well as other anti-carcinogenic properties. Although negative effects of consumption of
polyphenolic compounds have not been reported, some polyphenols can be harmful when
consumed in large amounts. The best-known negative properties attributed to polyphenolic
compounds are the capacity to precipitate proteins, form complexes with polysaccharides,
affect lipid metabolism and interfere with the bioavailability of metal ions [52, 53]. Figure 1.2
depicting the main phytochemical of interest and their chemical structure.
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1.3 Tropical fruits as a potential source for antioxidant
compounds

The antioxidants are always present as very complex mixtures in plants and its activity is
attributed to a group of compounds rather than one compound.

The fruits have substances as antioxidants with physiological and biochemical functions
and benefits to human health. For instance, the “functional foods” are food rich in natural
substances with biochemical functions [54] The knowledge of the composition and
characterization, basically antioxidant capacity and total polyphenolic compounds is
important to generate agro-industrial use processes. However, the overall nutritional value
depends on the specific plant genotype and interactions of cultivation conditions [55]. Table
1.1 shows a review of polyphenolic compounds with antioxidant activity from tropical fruits.

Table 1.1 The polyphenolic compounds and antioxidant capacity content of tropical fruits

: Antioxidant
Polyphenolic capacity
Fruit compounds (mg GAE 4 Country  Reference
100 g fw) (umol Trolox g
sample FW)
Tamarillo pulp 78+2 23%0.1 [53]
Tamarillo peel 387+8 22+4 Ecuador [53]
Tamarillo seed 94+1 3.8£0.6 [53]
Naranijilla pulp 58.3+2.39 12.2 £ 0.85 Colombia [56]
Naranijilla peel 83.6 £ 0.64 21.1+0.23 [56]
. Costa [56]
Naranijilla pulp 48 +3 NR Rica
Naranjilla peel 91 +17 14.02 Ecuador [56]
Goldenberry fruit 40.45 £ 0.93 2.11 £ 0.09 Colombia [57]
Goldenberry fruit 39.15+5.43 1.93+0.30 Colombia [58]
Goldenberry peel 154+ 3 NR Peru [59]
Araza frozen pulp 64 +3 3.7£0.1 Brazil [25]
Araza fruit 129+ 9 41+0.2 Brazil [25]
Araza fruit 111+ 3.64 20.2+2.44 Colombia [26]
Araza seed 1624 + 44.9 440 £ 7.77 Colombia [26]
Cupuazu fruit 4.03+0.57 9.59 £ 0.25 Colombia [26]
Cupuazu peel 497 +£17.8 145 +0.09 Colombia [26]
Cupuazu peel 252 +28.7 65.3 £1.00 Colombia [26]
Algarrobo peel 1712+42.5 428+9.38 Colombia [26]
Coastal sapote peel 1488+20.1 377+8.06 Colombia [26]
Buriti 378.074£3.12 NR [60]
Gabiroba fruit 851.03 £ 40.79 8027.52 + 378.63 Brazil [61]
Acai 454 + 44.6 15.1+4.1 Brazil [62]
Acerola 1063 £ 53.1 96.6 + 6.1 Brazil [62]
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Camu camu 1320 + 102 167 £ 11 Peru [63]
Borojo fruit 41.8+1.54 6.29+0.86 Colombia [26]

GAE: Gallic Acid Equivalent

The world production of the major tropical fruits was estimated in over 82.2 million tonnes
in 2009 [64]. The increase of production is the 2.6% per year [65]. Latin America produced
the 32 % of the global tropical fruits after Asia and Pacific region (56%). About 90% of the
tropical fruits produced globally are consumed in producing countries themselves, passing
through formal and informal markets. 10% is traded internationally and only 5% as fresh
fruits and a similar proportion traded as processed products [64]. Mango is the dominant
tropical fruit variety produced worldwide, followed by pineapples, papaya and avocado.
These four varieties are referred to as "major tropical fruits". Other fruits grown in the world,
are referred to as "minor tropical fruits” [65].

The production of natural products has been promoted by the demand in the market by
sustained product rich in natural compounds. The United States was the largest importer
of fresh tropical fruits followed by EU, Japan and China. But, it is no possible to establish a
fruits price since this varies widely depending on quality and origin [64]. In Chapter 2,
different details of the fruits as raw material to extract antioxidant polyphenolic compounds
are described. These feedstock are currently used or can be potentially employed in
Colombia, as well as similar tropical countries.

1.4 Natural products Market

The antioxidant compounds belong to the group of natural products that includes the
“Dietary supplements”, “Foods and functional foods”, “Natural cosmetic” and
“Pharmaceutics products (botanical drugs)’. The natural product market has grown in the
last years due to the consumers are looking for natural products with health benefits that
are associated with the antioxidant presence. The consumers in the developed and
emerging economies are driving the trade of natural products. This trade has economic
benefits for the regions with more biodiversity in the world. However, the politics of the
certified sale of natural products are not completely development. Thus, it is necessary to
implement sustainable markets that offer local people an incentive to preserve biodiversity
rich areas like the Amazonian rainforest. Therefore, the suppliers of natural products must
focus in offer products that are competent in quality, price and sustainability.
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1.4.1 Market for Natural Products in Colombia

Colombia is a country with a high biodiversity due to its location in the tropical region. This
feature makes Colombia a potential producer of natural products. However, the market is
no dynamic with reference to the potential of natural resources. Despite this, the local
manufacturers represent the 80% of all market though the quality is not as good as
international brands have been positioned in the market. That is the reason that foreign
brands are positioned in the market. In 2003, more of 6 millions of dollars in natural products
were imported [66]. The market size is difficult to quantify due to the products diversity and
the high number of informal producer. According to studies by “Instituto Alex Von Humboldt”
approximately 23 million dollars in 2007 were commercialized in natural products [67].

The companies in the natural products industry are classified as small and mediums
enterprises (SMEs). However it is one of the fastest growing sectors. The market grew
about 50% annually from 2000 to 2005 [66]. According to “Instituto Espafiol de Comercio
Exterior” (ICEX) [66] in 2005 existed about 100 naturist laboratories devoted to the natural
products production. Table 1.2 shows the main companies and manufacturers Colombian
according to study did by ICEX in 2005 [66]. According to Zuluaga [32], the 80% of total
national production is for export.

Table 1.2 Main manufactures of Natural Products in Colombia

Empl
Company mployees Feature Contact
number
Alpronat LTDA 25 Manufacture Laboratory. |P thgfégzl)rf:;?fosr:
P BPM, 1SO 9001, Invima . bronat.
www.alpronat.com.co
Labfarve 99 P export@labfarve.com
Exporter www.labfarve.com
BPM, ISO 9001, Invima ) )
Laboratorios 42 Manufacture Laboratory Phone: (57-4) 3122128
Medick BPM, Invima info@labmedic.com
Laboratorio de Phone: (57-1) 2320505
Manufacturer and trader )
Productos 35 . Sergio@naturasol.net
ISO 9001, Invima
Naturasol www.naturasol.net
Phone: (57-4) 5618227
Ecoflora LTDA 11 Manufacture_r and trader Dmoreno@ecoflora.com
Invima
www.ecoflora.com
Laboratorios 12 Manufacturer and trader Phone: (57-1) 4472450
Phitother ISO 9001, Invima Phitother@yahoo.com
Naturcol LTDA 70 Manufacturer and trader Phone: (57-1) 4110232
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ISO 9000 version 2000,

dianayamile@yahoo.com

BPM, Invima www.naturcol.com
Laboratorios 33 Manufacturer and trader Phone: (57-4) 235 25 05
Naturfar Invima Naturfar@epm.net.co
Laboratorios Manufacturer and trader Phone: (57-1) 434 13 45
Natural Ereshl 100 BPM. Invima Fabiomlozano@hotmail.com
y ' Naturalfreshly@hotmail.com
Manufacturer and trader
Invima
. Ph 1 (57-1) 826 02
Laboratorios They manufacture the one: (5 . ) 826 02 88
100 Info@laboratoriospronabell.com
Pronabell Ledmar brand also -
www.laboratoriospronabell.com
products for large
supermarkets
Natural Plus Traders nazj?zln?;sfgéa 3rleiaGrigoscsom
Ltda. Invima b b )
www.naturalplus.com.co
Laboratorios 60 Manufacturer and dealer Phone: (57-4) 334 22 97
Funat Ltda BPM, Invima Funat@epm.net.co
Manufacturer and the
biggest manufacturer of
Laboratorios culsgt?)m—madeu roc;Jucts to Phone: (57-1) 246 80 60
38 P Lpl05000@inter.net.co

Prana Ltda

other companies in
Colombia
Invima, ISO 9000, BPM

www.laboratoriosprana.com

Source: Instituto Espafiol de Comercio Exterior [66]

Table 1.3 shows Colombian global Imports of natural products . Due to the diversity of
products and the absence of an exact tariff heading of this kind of products, the data
presented below are related to various tariff headings. The imports of Colombia from

different regions of the world are shown in Figure 1.3.

Table 1.3 Colombian global Imports of natural products in thousands of dollars

. 2010 2011 2012
Tar.lff Product label Share Share Share
headings Value o Value % Value %
Other Plants of a Kind Use for
121190 Perfumery, Pharmacy, 1717 1447 1901 1369 2521  16.40
Insecticidal Purpose (Fresh or
Dried)
Natural gums, resins, gum-
130190 resins and balsam, except 1500 12.64 2170 15.63 2279 14.82
arabic gum
130219 Vegetable saps and extracts 5019 42.29 6165 44.41 5993 38.98
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130231 Agar-agar 105 0.88 101 0.73 104 0.68
Mucilages and Thickeners
Derived from Locust Bean,

130232 Locust Bean Seeds or Guar 714 6.02 599 4.31 780 5.07
Seeds
Other Mucilages and Thickeners
130239 Derived from Vegetable 2814 23.71 2946 21.22 3698 24.05
Products
3301 Essential oils 12071  50.42 14748 5151 14401  48.36
TOTAL 23940 100 28630 100 29776 100

Source: Trade statistics for international business development- TRADE MAP [68]
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Figure 1.3 Imports of Colombia from different regions of the world

Source: Trade statistics for international business development- TRADE MAP [68]

Imports increased by 16.4% in 2011, while in 2012 increased by only 3.8%. This decrease
in the percentage of imports shows a slight recovery of the sector in the last year and the
development of local industry, which has experienced a significant growth in recent years.
As shown in Figure 1.3, the main imports come from Norththem America.

Table 1.4 Colombian global Exports of natural products in thousands of dollars

2010 2011 2012

Ul Product label Sh Sh Sh
headings Value are Value are Value are
% % %

121190 ~ OherPlantsofakindUsefor 5 00 9563 14577 0476 16390  95.85
Perfumery, Pharmacy,
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Insecticidal Purpose (Fresh or

Dried)
Natural gums, resins, gum-
130190 resins and balsam, except 62 0.44 37 0.25 29 0.17
arabic gum
130219 Vegetable saps and extracts 566 4.03 388 2.58 245 1.43
3301 Essential oils 267 1.90 365 2.42 435 2.54
TOTAL 14046 100 15067 100 17099 100

Source: Trade statistics for international business development- TRADE MAP [68]

Table 1.4, shows the global exports of natural products in Colombia. The main exports are
associated to plants (fresh or dried) with purpose of pharmacy, perfumery and insecticidal.
Additionally, the main destination is North America as shows in Figure 1.4.
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Figure 1.4 Exports of Colombia to different regions of the world

Source: Trade statistics for international business development- TRADE MAP [68]

As can be seen in the imports and exports calculation, the processing of the natural
products into higher value-added products such as essential oils and extracts are little
developed within Colombia. At the moment, Colombia have developed policies to boost
demand for green products and to position Colombia as a supplier of these kind of products,
under a scheme of sustainable development, fair and equitable sharing of benefits [69].

1.4.2 International Natural Products Market
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The last decade has seen strong growth in the natural products market. This is driven by
two factors: regulatory change and rising consumer demand. Despite natural antioxidant
being the preferred choice among customers, consumption of synthetic antioxidant is still
higher than naturally derived antioxidant.

The market of functional foods or “Superfood” is growing where the predictions of market
did by Leatherhead Food International in United State for 2015 are about US$ 8.61 billion.
It expects to grow up to 21% compared to 2009. The additives market earned revenues of
US$ 106 million in 2011 and estimates this to reach 197.8 million in 2018. The antioxidant
market in the US and Europe is dominated by global companies including BASF, ADM and
DSM. Moreover, the price of natural antioxidants is affected by the shortage of raw material.
These kinds of products are mixtures of different photochemical which are particularly
challenged by huge price hikes. Whereas the price of synthetic antioxidant are stabled [70].
The U.S. functional food market is estimated to be the largest in the world, representing
between 35 and 50% of global sales. Asia-Pacific is the next biggest market. Together, the
U.S. and Asia-Pacific are estimated to account for approximately three-quarters of the
current global market for functional foods.

The natural products in USA are dominated by stores owned by Whole Foods Market, GNC,
Vitamin World and Vitamin Shoppe. The net sales of these companies are improved with
significant growth in this size market. Figure 1.5 shows the net sales per year of main
companies of Natural products in USA [71-74].
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Figure 1.5. Net sales per year of main companies those sale natural products in USA

Source: [71-74].
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The market annual growing in 2012 referred to 2011 was up to 12.46%. The biggest chains-
-Whole Foods Market had $11.7 billion in sales, Vitamin World (owned by NBTY): $3 billion
in sales, GNC had $2.4 billion in sales and Vitamin Shoppe $0.95 billion in sales.

The European market includes hindered phenols and natural antioxidants, such as
ascorbates, tocopherols and herb extracts. These natural products are becoming
increasingly popular with consumers, but manufacturers are facing declining prices where
Asian competitors have entered the market. Only, the natural products from New Zealand
have exceeded US$ 823 million of sales. Moreover, Brazil is a country with a higher
biodiversity in Latin America. Natura Cosméticos S.A. a Brazilian company of cosmetic
natural products sold R$5.848.777 thousands of Brazilian reals in 2011 [75].

As the market has become more sophisticated, a new hierarchy of natural products with
antioxidant benefits has emerged, representing some untapped, as well as new
opportunities for underdeveloped countries like Colombia.

1.5 Technologies for the production of antioxidant rich-
extracts

Most of the commercial available technologies are based on the dehydration and grinding
of raw material followed by an extraction with a food-grade solvent under conditions to
extract the plant polyphenolic compounds into the solvent, and finally the removal the solids
from the extract to obtain a stock solution of extracted plant polyphenolic compounds [76].
However, there are diverse technology variations available for antioxidant polyphenol
compounds production. The uses of technologies are according to product qualities, market
specifications and requirements, and the specific technological level available where the
project is located.

The production of antioxidant polyphenolic compounds can be divided in three main stages
as follow: pretreatment, extraction and concentration. The feedstock pretreatment is
necessary because when the raw material is dried the tissue is more brittle allowing a rapid
cell wall breakdown during the miling and homogenization steps in the extraction
procedure. The broken cells could release more polyphenolic compounds into the solvents.
Additionally, the enzymatic degradation is minimized with the dried process, thus the loss
of antioxidant compounds are minimized too [77]. The basic requirements for the process
are: it must both achieve the required amount of drying in a reasonable time and obtain a
product of acceptable quality minimizing operative costs. Among the pretreatment
technologies are: Air drying [78, 79] and freeze drying or liophilization [80, 81]. The main
controlled variables in these pretreatment processes are: temperature, pressure, drying
time, among others. The use of liophilization as drying treatment has been reported to retain
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features that are closer to the characteristic appearance of the fresh plant [77]. However,
information on changes in total polyphenol and antioxidant capacity after drying is very
limited.

The second stage in production of antioxidant polyphenolic compounds is extraction. The
selection of the technology is one of the main technological challenges on polyphenols
production because high yields must be achieved with the minimum possible compound
degradation. Different technologies are development such as conventional solvent
extraction (CSE) [82-85], supercritical fluids (SFE) [14, 86-89] and microwave-assisted
extraction (MAE) [90-93]. The controlled variables to consider are temperature, pressure,
extraction time, solid-solvent ratio, among others. In an extraction is desirable to obtain the
highest yields possible and selectivity towards key product. The concentration technology
more used is vacuum distillation [19] and recently the ultrafiltration and nanofiltration
membranes have been implemented [20, 21]. A low oxygen quantity, temperature and time
residence generates a better quality of product. As described above, there are several
technologies for polyphenols production and these are summarized in Table 1.5
Commercial technologies the production of polyphenolic compounds. In this sense, the
election of appropriated technology is an important election before built the plant.
Consequently, the task of selecting a specific a technology for production will be determined
by operational and economical factors such as: i) main process variables (extraction time,
solvent, temperature); ii) changes in capital and operational costs or energy consumption.

Table 1.5 Commercial technologies the production of polyphenolic compounds

Technology Remarks Ref.

This treatment is sufficient to maintain the high retention
of polyphenolics due to the vegetable material is under
abiotic stress.

Air-drying Uses low temperature and atmospheric pressure.
Some loses of antioxidant activity could occur due to
oxygen presence.

[77, 78,
94, 95]

This treatment protects the thermolabile constituents due
to the very low temperature and oxygen-free
Pretreatmen nvironment.
etreatment Freeze © _0 ent - [80, 81,
. Retain features that are closer to the characteristic
drying 84, 94]
appearance of the fresh plant.
Uses low temperature and required high cost to reach

the vacuum pressure.

The process is carried out at low temperature minimizing

Vacuum the damaged or changed if exposed to high

drying The technique has high drying rate and oxygen-deficient

drying environment, can contribute to maintaining

temperatures. [96, 97]
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qualities, such as colour, shape, aroma and flavour and
nutritive values of the dried product.

Vacuum enhances the mass transfer because of an
increased pressure gradient between the inside and
outside of the sample to dry.

Conventiona
| solvent
extraction

High solubility of polyphenolic compounds in organic
solvents

The technique is carried out at reasonable temperatures
(20-90°C) and atmospheric pressure.

The low energy requirements.

The process requires high extraction time.

[82, 83,
85, 98]

Extraction

Supercritical
fluid
extraction

The CO2 as supercritical fluid is hon-toxic, non-
explosive, and easily removable from products.

The technique has high extraction rate that involve high
productivities

High yield in low extraction time.

The solubility could modifier with the pressure.

Uses low temperature and required high cost to reach
the operation pressure.

[17, 86-
88, 99,
100]

Vacuum
distillation

Concentration

The process requires high temperatures that cause
thermal degradation.

High energy consumption.

Shorter time of thermal exposure of the product.

The extracts become more volatile under vacuum and
therefore more evaporation takes place, resulting in
higher production rates.

Oxidation losses of the feed stock are reduced under
good vacuum conditions.

[29,
101]

Membranes

The process is carried out at room temperature.
Requires low energy consumption.

The procedure is selective at appropriate molecular
weight cut-off.

[21, 22,
29]

The polyphenolic compounds may undergo denaturalization when they are extracted from
their natural source. Since the structure of a material is a key factor influencing the
extraction efficiency, any means to modify the structure to enhance extraction is attractive.
For instance, the polyphenolic content in a fruit can decrease when the air-drying
temperature increases [10]. The extraction process involves color loss, formation of
brownish degradation products and insoluble compounds [7, 8]. Several extraction methods
have been proposed to obtain extracts rich in antioxidant polyphenolic compounds such as
solid — liquid extraction using slightly acidified aqueous alcoholic solvents as methanol,
ethanol or mixtures. Nevertheless, there is a decreasing demand for organic solvent
consumption to protect health and also a growing necessity for faster extraction methods.
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Enhanced solvent extraction, performed at supercritical conditions, combines the
advantage of both the solvation and the transport properties of supercritical fluids (SCF)
and low pollution burdens [15, 16]. Floris et al. [11] proposed to use CO; and methanol as
co-solvent to selectively extract polyphenols from lyophilized grape residues. The
combination of CO, and methanol is a very effective improvement of the process compared
to the classical liquid — solid extraction methodology used to recover the antioxidants
contained in grape fruits. Vatai et al. [102] optimized the operation conditions for the
extraction of supercritical compounds from grape marc and elder berries using organic
solvents and/or supercritical carbon dioxide. These authors found that the optimal process
parameters and the solvent to choose depend on both the target compound and the
extracting material. Generally, when the extraction temperature increases (above 60 °C)
also the yield of total polyphenols enhances. Additionally, a reduction in the antioxidant
capacity is generated by the thermal degradation of polyphenolic compounds [18].

The most conventional concentration procedure is evaporation at vacuum pressure.
Chumsri et al, [19] studied the optimum conditions for the concentration of roselle extract
at vacuum and atmospheric evaporation. In the vacuum evaporation the conditions such
as oxygen guantity, temperature and time are lower than atmospheric pressure evaporation
and this generates advantages in the final quality of the product. Tsibranska [20], evaluated
the concentration of ethanolic extracts from Sideritis ssp. L. by nanofiltration where was
found that the cross-flow is a good alternative for larger scale application. Diaz-Reinoso
[21], studied the performance of a sequence of two ultrafiltration membranes for the
concentration of polyphenolic compounds with antioxidant activity from Castanea sativa
leaves and verified that these properties of concentrated streams are not lost during
membrane processing. On the other hand, if the low temperatures are involved in the
concentration processes, the both loss and degradation of the polyphenolic compounds
could minimized.

The current processes used to concentrate the extracts (i.e. lyophilization, vacuum
distillation and evaporation) have some disadvantages such as the use of high
temperatures and high energy consumption. Lyophilization requires large amounts of
energy, since the sample needs to be maintained approximately at 20°C for at least 16 h
depending of the product. Energy is also required for the sublimation of the solvent used
during preparation of the extract. Moreover, the method often requires a previous stage of
concentration, maintaining the product at 70°C until part of the solvent is evaporated.
Vacuum distillation requires great amounts of energy to generate the vacuum, and can lead
to loss of compounds of low molecular weight, which can be removed together with the
solvent evaporated in the system. Evaporation maintains the extract under heating at 70°C,
until all the solvent is removed [22, 23]. This process, in addition to the high demand for
energy, can degrade the flavonoids and phenolic compounds in the extract, due to the
temperature used. The use of membrane concentration processes has been growing due
to certain advantages, such as: low temperatures, absence of phase transition and low
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energy consumption [22]. This procedure is based on the principle of selective permeation
of the solute molecules through semi-permeable, polymeric or inorganic membranes. The
driving force for mass transfer across the membrane in most membrane processes, such
as a microfiltration, ultrafiltration, nanofiltration and reverse osmosis is mechanical
pressure.

1.6 Conclusions

Colombia as a tropical country has a potential to produce natural products with value-added
in both national and international markets Despite the availability of natural resource, the
sustainable use of biodiversity into the bio-sector is not enough developed. In this sense,
the development of high-end technologies, technified crops and cheapest process
development are necessary to generate competitive advantages for the production of
natural products with successful integration into the world economy. This means that the
main challenge is focused in improve productivity and quality of natural products that comes
with the technologies development environmentally and economically sustainable. In other
words, productivity could be improved to generate greater value-added products by
incorporating new technologies and modern knowledge to natural products processes.
Finally, the natural products industry in Colombia is based on a small local manufactures
using processes that are not standardized. Therefore the quality is not as good as those
produced by international brands that have been positioned in the market.
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CHAPTER 2
2.Materials, Methods and Methodology

2.1 Overview

This chapter describes the Potential of raw materials studied in this Thesis also the methods
used for assessing the different feedstock and processing routes to produce antioxidant
compounds. In this chapter the simulation procedure is shown. Last includes the
assumptions the thermodynamic models used and technical parameters. On the other hand
a description of the economic evaluation software is also shown. Last the environmental
evaluation packages are also explained. On the other hand a brief description on the
methods used in the experimental setup for the raw material characterization and the
extracts obtained by different process configurations evaluation at lab scale is shown. All
this together helps to understand how the use of evaluation packages and specific designed
software were used across this Thesis.

2.2 Raw materials

2.2.1 Matisia cordata fruit (zapote)

The Matisia cordata fruit, also known as Zapote, is originated from the tropical region (see
Figure 2.1). The pulp of the ripe fruit is edible, fibrous, of intense orange color, sweet flavor
and aromatic.

L.

Figure 2.1 Matisia cordata fruit (zapote)
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The pulp is used to manufacture jelly, juice and jam. The percentage of peel in fruit is about
31.7% (wt). The fresh and ripe zapote fruit were harvested from a plantation in Tolima
(center on the country, Colombia) during the mid-August 2012. The fruits were obtained
from a farmer in Mariquita town (05° 12" N, 75° 01" O) which altitude is 495 m above sea
level. The temperature in Mariquita ranges from an average low of 27° C to an average high
of 38° C. Rainfall is constant throughout the year (annual mean 1811 mm). The humidity is
relatively high, with measures that lie between 70 and 75%.

The main producers and traders of this fruit in Colombia are the departments of Sucre
(39%), Narifio (18%) and Antioquia (14%). The tree grows close to the basins of the rivers.
It has a height of 30-40 meters. The tree grows in a tropical weather and can even tolerate
drought time up to 3 months. The fruit is about 10 to 25 cm long and 8 to 12 cm wide and
has orange flesh. The texture of fruit is creamy and soft. Zapote production is basically
market for domestic consumption. There are no data of export or industrial processing of
this fruit. The annual production in Colombia of zapote is showed in Figure 2.2 [103].
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Figure 2.2 Annual production in Colombia of zapote.

The highest production was in 2008. Although the cultivated hectares have increased
(6.32%), the production for 2011 decreased 8.23%.
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2.2.2 Physalis peruviana fruit (goldenberry)

The goldenberry (P. preuviana) is an arboreal fruit cultivated in the tropical region. The
berry is enclosed in a papery husk or calyx, and is around 2 cm wide, 4-5 g in weight, with
a smooth, orange—yellow skin and juicy pulp containing numerous small yellowish seeds
(see Figure 2.3). During ripening the fruit color turns from green to orange due to chlorophyll
breakdown and carotenoid accumulation (mainly carotene), and progressive softening
occurs [31]. Goldenberry is one of the most promising of tropical fruit due to its rapid growth
and high yield [104]. A single plant may yield 300 fruit and carefully tended plants can
provide about 33 ton ha™. In addition to having a commercial future as an exotic fresh fruit,
the general chemical composition of goldenberry has many medicinal and edible uses. A
high antioxidant capacity has been demonstrated for goldenberry juice and the synergistic
effect of different antioxidants has been suggested. Also a high level of phenolic
compounds was reported for the fruit [32, 105, 106].

Figure 2.3 Physalis peruviana fruit (goldenberry)

Fresh and ripe goldenberry (Physalis peruviana) fruit harvested from a plantation in Caldas
west center on the country, Colombia during the mid-August 2012. The fruit were acquired
from a fruit and vegetable market center (Manizales town (05° 04™ N, 75° 31" O),
Colombia). The goldenberry is a wild plant. These crops in Colombia are developed at high
altitudes between 1800 and 2800 m with average temperatures between 13 °C and 15 °C.
To obtain optimum quality fruit is required a light intensity equivalent 1,500 to 2,000 hour
light / year and a relative humidity between 70 and 80%. The water supply must be constant
and the soil pH should be between 5.5 and 6.8.

The main producers and traders of this fruit in the country are the departments of Boyacéa
(59%), Antioquia (19%) and Cundinamarca (8.5%) [103]. The goldenberry is a fruit most
successful in international markets, which has motivated its production by many Colombian
farmers. The main countries where the fruit is exported are Netherlands, followed by
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Germany, France, Belgium and Spain with 6900 ton for 2011 [107]. The goldenberry annual
production in Colombia is showed in Figure 2.4 [106].
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Figure 2.4 Annual production in Colombia of goldenberry

In the last two years the production of this fruits has decreased a 44% in comparison with
the highest production in 2009.

2.2.3 Solanum betaceum fruit (tamarillo)

The tamarillo is a small tree in the flowering plant family Solanaceae. This is one of the
most popular fruit of the Andes of Peru, Bolivia, Chile, Ecuador and Colombia. It is called
tree tomato (tomate de arbol) and is still cultivated in gardens and small orchards for local
production. This fruit is also cultivated in New Zealand. The fruit (4 -10 cm long and 3 - 5cm
in diameter) is egg-shaped with purplish-red or yellow-orange glossy skin, yellowish-orange
firm flesh, and a jelly with seeds that can be orange or deep purple in the centre (see Figure
2.5). The fruits are eaten fresh, in juices, deserts and sauces. The fruit has high content of
pectin and therefore have good properties for preserves.
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Figure 2.5 Solanum betaceum fruit (tamarillo)

The peel is traditionally used in beverages as an anti-inflamatory. The fruit is acidic; it has
higher contents of vitamins and low calories. Some studies report the presence of
anthocyanins pigments and polyphenolic compounds [52, 53, 108]. Fresh tamarillo
(Solanum betaceum) fruit harvested from a plantation in Caldas west center on the country,
Colombia during the mid-August 2012. The fruit were acquired from a fruit and vegetable
market center (Manizales town (05° 04™ N, 75° 31" O), Colombia). The crops are
developed at high altitudes between 1700 and 2200 m with average temperatures between
14 °C and 18 ° C, humidity relative approximately of 80% with rainfall between 600 and
4000 millimeters. They grow naturally on soils with a pH of 5 to 8.5.

The main producers and traders of this fruit in the country are the departments of Antioquia
(45%), Cundinamarca (27%) and Narifio (5.2%) [106]. Caldas department cultivate the 1%
of tamarillo production in Colombia. The tamarillo is the most popular fruit in Colombia with
successful internal markets. The tamarillo annual production in Colombia is showed in
Figure 2.6 [106].
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Figure 2.6 Annual production in Colombia of tamarillo
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2.2.4 Theobroma grandiflorum fruit (copoazu)

The copoazu (Theobroma grandiflorum) is an arboreal fruit cultivated in the Amazonia
region, mainly in the eastern region of Brazilian Amazonia that belongs to the Sterculiaceae
family. This is an arboreal fruit considered to be a pre-Colombian crop plant which is still
found wild in the eastern subregion of Brazilian Amazonia. The fruit is 25 cm long by 12 cm
wide and weighs up to 1.5 kg. The hard peel with a thickness of 1-3 cm is approximately
55% of the total weight of the fruit while the pulp is only the 30% and the fruit containing
about 25-50 seeds surrounded by a mucilaginous pulp (see Figure 2.7). The pulp has an
average pH of 3.4 and 10.7 Brix and it is white, soft and has exotic bittersweet tasting and
traditionally is used to make desserts, fresh juice, ice cream, jam and tarts.

Figure 2.7 Theobroma grandiflorum fruit (copoazu)

In recent years, efforts have increased toward the commercial production of exotic pulp.
But the process involve a lot of residues that could be considered as second generation
feedstock to produce bioethanol made from lignocellulosic biomass, biomolecules with high
add value and this can increase the sustainability of the process without competing with
food production or the cultivation of farmland. Only in the Brazil north amazon the estimate
for the 1998 copoazu harvest was approximately 3800 tonnes of fruit [109]. Estimates made
by the Institute of Agricultural Development of Amazonas (IDAM) report an area of 9,240
tonnes cultivated in 4,218 hectares. In 1998, a production of 1006 tons of fresh pulp was
reported in approximately 6 millions of fruits. Copoazu producers, (who are mostly
indigenous of the region), do not perform agronomic practices to obtain a technician crops
with higher productivities. This is the reason due to there is no real estimate of copoazu
current production [109]. Fresh Theobroma grandiflorum (copoazu) fruit were supplied by
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a multiethnic indigenous community located in the Colombia Amazon region (04° 12" S,
69° 55" O) during the mid-August 2012. The copoazu grows in high primary forests, well-
drained and fertile soils. The crop requires mean annual temperatures of between 21° C
and 27° C with an annual relative humidity of between 77 and 88% and rainfall of between
1900 and 3000 mm. It is grown in small domestic gardens and nurseries in eastern
Amazonia in Brazil [110].

2.2.5 Renealmia alpinia fruit (naiku)

The naiku is native to the Amazon forest. It is a wild plant little studied and belongs to the
family Zingiberaceae. The plant is an herbaceous species 2-6 m tall. The plant propagation
occurs by rhizomes and seeds. The harvest time is about three years after the seed sowed
[111]. Renealmia alpinia is known as naiku, sictiain or pintura negra in the colombian
amazon region [112], mishquipanga or Ruhami in Peru [111], jazmin de monte in
Guatemala [113], cargamomo or x’quijit in Mexico [114] and chirica in Panama [114]. This
plant belongs to the typical species that grow in the lowland humid tropical forest in the
Amazon region. This plant is a member of the Ginger family and it is attractive for both its
flowers and fruit. The flowers are used as ornamentals and the fruit is rich in a dark purple
color which is used as colorant in clothing by native people (see Figure 2.8). Fernandez et.
al, [115] found proteolytic and coagulant activities in the leaves and roots respectively. Maia
et. al, [116] studied the essential oil chemical composition of leaves and fruits where thirty-
five constituents were identified in the leaf oil with the predominance of B-caryophyllene, 3-
pinene and spathulenol. Twenty-eight constituents were identified in the fruit oil where (-
phellandrene and [B-pinene were the predominant compounds [116]. Hualpa et. al, [111]
described a process to obtain anthocyanins from Renealmia alpinia peels using ethanol as
solvent at atmospheric pressure.

Figure 2.8 Renealmia alpinia fruit (naiku)

The production of fruits is not estimated due to this plant is a wild and its culture is carried
out in small production systems (chagras) by the natives of the region. Fresh R. alpinia fruit
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were supplied by a multiethnic indigenous community “Kilometro 7” located in the
Colombian Amazon region (04° 12" S, 69° 55™ O) during January 2012.

2.3 Reagents and Methods for the characterization of
Raw Materials

The chemical reagents used for this study were of analytical grade without further
purification. Anhydrous glucose and sodium hydroxide were purchased from Merck. Acetic
acid, sodium and potassium tartrate, sulfuric acid, and anhydrous ethanol were purchased
from Carlo Erba. Folin—Ciocalteu reagent (2.0 N), 1,1-diphenyl-2-picrylhydrazyl (DPPH), 6-
Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid 97% (Trolox®) and gallic acid
were purchased from Sigma-Aldrich. Calcium hydroxide was purchased from J.T. Baker.
Carbon dioxide (99.5% purity) was supplied by Oxigenos de Colombia S.A.

The physicochemical characterization was carried out for whole fruit with three replicates.
The methods were adopted to determine the moisture [117], lignin [118], holocellulose
[118], ash [118], reducing sugar [119], pH, titratable acidity (AOAC 22.060) [120] and
soluble solid (AOAC 22.024) [120].

2.3.1 Sample preparation

In order to determinate de physiochemical characterization each fruits were treated before
analysis. The fruits were washed immediately after acquisition. The tamarillo, zapote and
copoazu were peeling, pulping and homogenized. Goldenberry fruit was homogenized.
Finally the naiku was peeling and the peel was cutting and used as sample. The pulp of
each fruit were used to determinate the physiochemical characterization.

2.3.2 Moisture

The moisture content was measured as described in Ruiz et al., [117]. Briefly, the loss in
sample weight was measured after dried in a convection oven. The method required only
a small amount of homogeneous sample and can measure an effective range of 0.001% to
99.99% water. For the assay, the fresh sample should be homogenized. According to
procedure described by Ruiz et al., [117], the temperature of a convection oven should
maintained at 105°C. Approximately 3 to 10 g of homogenous sample is added to be dried
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in an aluminum weighing dish and disposed into oven by 4 h. The dish is removed with the
dried sample and cooled during 30 min in desiccators. The sample is weighted and the dish
is returned with sample to the oven to be dried for another hour, cooled, and reweighed. If
constant weight is achieved, the test is done. If weight is lower, it is necessary to continue
drying for 1-h periods and reweighing until the achievement of constant weight.

2.3.3 Extractives

These chemicals exist as monomers, dimers, and polymers. They derive their name as
chemicals that are removed by one of several extraction procedures. The extractives group
of cell wall chemicals mainly consisting of fats, fatty acids, fatty alcohols, phenols, terpenes,
steroids, resin acids, rosin, waxes, etc. For the assay, the sample of fruits were dried and
ground. Until analysis, the samples were stored at -30 °C. Approximately, 2-3 g of dried
sample is disposal in thimbles and weighed until this is constant. Then, place the thimbles
in Soxhlet extraction units. After this, the 200 mL of the toluene—ethanol mixture is disposal
in a 500 mL round bottom flask with several boiling chips to prevent bumping. Carry out the
extraction in an extraction chamber for 24 h, keeping the liquid boiling so that siphoning
from the extractor is no less than four times per h. After extraction with the toluene:ethanol
mixture, take the thimbles out of the extractors, drain the excess solvent, and wash the
samples with ethanol. Place them in the oven overnight at temperatures not exceeding
45°C for 24 h. When it is dried, remove them to a desiccator for one hour and weigh.

2.3.4 Ash

The ash content in the fruits was determined by total ignition of the samples at 575 °C for
4 h according to TAPPI standard T211 om-93 [118]. Approximately, 5 g of dry sample is
weighed and placed in a clean empty crucible and cover. The sample is disposed in a
muffle at 575 °C until constant weight is reached.

2.3.5 Holocellulose

The holocellulose present in the fruits was determined with the chlorination method
described by the ASTM Standard D1104 [118]. For the assay, the sample must be dry and
free extractives. Thus the procedure 2.2.2 is performed before. About 2.5 g of sample, add
80 mL of hot distilled water, 0.5 mL acetic acid, and 1 g of sodium chlorite in a 250 mL
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Erlenmeyer flask. An optional 25 mL Erlenmeyer flask is inverted in the neck of the reaction
flask. The mixture is heated on a water bath at 70°C. After 60 min, 0.5 mL of acetic acid
and 1 g of sodium chlorite are added. After each succeeding hour, fresh portions of 0.5 mL
acetic acid and 1 g sodium chlorite are added with shaking. The delignification process
degrades some of the polysaccharides, and the application of excess chloriting should be
avoided. Continued reaction will remove more lignin but hemicellulose will also be lost.
Addition of 0.5 mL acetic acid and 1 g of sodium chlorite is repeated until the fibers are
completely separated from lignin. It usually requires 6 h of chloriting, and the sample can
be left without further addition of acetic acid and sodium chlorite in the water bath overnight.
At the end of 24 h of reaction, the sample is cooled and the hollocellulose content is filtered
using a Buchner funnel equipment. The filtration process is carried out until de yellow color
turns into with color and the odor of chlorine dioxide is removed. The sample is washed
with acetone, vacuum-oven dry at 105°C for 24 h, place in a desiccator for an hour and
weigh. The holocellulose should not contain any lignin and the lignin content of
holocellulose should be determined and subtracted from the weight of the prepared
holocellulose.

2.3.6 Lignin

This procedure is a modified version of TAPPI T222 acid-insoluble lignin in wood and pulp
(TAPPI, T-222) [118]. Lignins are amorphous, highly complex, mainly aromatic, polymers
of phenyl-propane units. Lignins can be classified in several ways but they are usually
divided according to their structural elements. All plant lignins consist mainly of three basic
building blocks of guaiacyl, syringyl, and p —hydroxyphenyl moieties, although other
aromatic type units also exist in many different types of plants. For the assay the sample
should be extractive and moisture free. Accurately weigh out approximately 200 mg of
ground vacuum dried sample into a 100 mL centrifuge tube. The sample is disposal in a
100 mL centrifuge tube and is added 1 mL of 72% (w/w) H2SO4 for each 100 mg of sample.
Stir and disperse the mixture thoroughly with a glass rod twice, then incubate the tubes in
a water bath at 30°C for 60 min. Add 56 mL of distilled water. This results in a 4% solution
for the secondary hydrolysis. Autoclave at 121°C, 15 psi, for 60 min. Remove the samples
from the autoclave and filter off the lignin, with glass fiber filters (filters were rinsed into
crucibles, dried and tarred) in crucibles using suction, keeping the solution hot. Wash the
residue thoroughly with hot water and dry at 105°C overnight. Move to a desiccator, and let
it sit 1 h and weigh. Calculate lignin content from weights.
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2.3.7 Reducing sugars concentration using 3,5-dinitrosalicylic
acid (DNS)

DNS method was used for determining the total reducing sugar content in the fruits and
extracts. The reducing sugars were gquantified by the 3,5-Dinitrosalicylic acid (DNS) method
as described in [119]. About 0.5 mL of the sample is disposal in a test tube and 0.5 ml of
the DNS reagent is added. Tubes are placed in boiling water bath for 5 min, transferred to
ice to rapidly cool down. Then, 5 ml of distilled water is added. The mixture is mixed and
allowed to stand 15 min at room temperature. Then, absorbance is measured at a
wavelength of 540 nm, against a blank. A calibration curve is made from an anhydrous
glucose standard solution (0.4, 1, 2, 3, 4 g I-1) and the blank is prepared with distilled water.

2.3.8 Titratable acid assay (TA)

The titratable acid referred to as the total acid content in a food was determined by titration
of the acid in the food system with NaOH 0.1N. Since the color of the sample interferes with
the colorimetric titration with the phenolphthalein solution, the potentiometric titration was
performed until a pH 8.2 was reached which is the endpoint of the phenolphthalein solution
[121]. Due to the sample is a semi-solid (fruit) is necessary to macerate in blender at 100
rpm for 2 min. In some case (solid sample) is necessary to add a volume of distillate water.
To 100 mL of distilled water disposed in Erlenmeyer flask are added 10 ml of sample and
5 drops of 1% phenolphthalein indicator solution. The magnetic stir bar is introduce intro
Erlenmeyer flask and stir on magnetic stir plate. Carefully, is drained 0.1IN NaOH to
Erlenmeyer flask until the endpoint, a faint but definite pink color. The acidity is calculated
in terms of a standard acid in the sample using the equation 2.1.

V' N meq.wt. 100

TA(g/100mL)=~——"—=

(Eg. 2.1)

Where V' is volume (mL) of sodium hydroxide solution used for titration; N is normality of

meg.wt.

sodium hydroxide solution; is milliequivalent weight of the standard; V is sample

volume (mL).

2.3.9 Total polyphenolic compounds
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Singleton and Rossi (1965)[122] improved this assay by using the Folin-Ciocalteu version
of the phenol-oxidizing reagent rather than the less sensitive Folin-Denis reagent. Alkaline
solutions of cobalt salts, in presence of a trace of amino-acid (glycine or alanine), reduce
the phosphomolybdic-phosphotungstic acid phenol reagent to a blue colour, the intensity
of which is directly proportional to the amount of cobalt present, and hence, if potassium
has been precipitated as cobaltinitrite, to the amount of potassium in the original solution
The Folin-Ciocalteu assay is commonly used to determine the total phenolic content of
foods. This assay is not compound specific and detects all phenolic groups found in extracts
including those found in extractable proteins, such as tryptophan and other reducing
substances in the extract such as ascorbic acid.

To characterize the fruits, these were dried in a conventional oven at 333 K, milled the
antioxidant compounds were extracted with acidified ethanol at 60%, pH 1.0 during 8 hours.
Then, the mixture was filter and the solid fraction was subjected to other re-extraction. The
liquid fraction was recovered and mixture with the extract obtained in the first extraction.
This procedure was repeated 5 times to ensure the extraction of all antioxidant compounds.
The extracts were mixture and storage at -4°C until use. The total content of polyphenolic
compounds in extracts was determined by the Folin—Ciocalteu method, which was adapted
from [123]. 100 pl of properly diluted samples, calibration solutions or blank are pipetted
into separate test tubes. 1600 pl of distilled water and 100 ul of Folin Ciocalteu 1N reagent
are added to each tube. The mixture is mixed well and allowed to equilibrate at room
temperature. After 2 min, 200 pl of a 20% (w/v) sodium carbonate solution are added. The
mixture is swirled and allowed to stand 60 min at room temperature in the dark. A calibration
curve is made from a gallic acid standard solution (50, 70, 100, 150, 250, 350, 500 mg I-1)
and the blank is prepared with distilled water. Absorbance is measured at 765 nm in a
JENWAY 6405 UV-Vis spectrophotometer. The total content of polyphenolic compounds is
expressed as milligrams of Gallic Acid Equivalent (GAE) per dry weight of peel (mg GAE
g-ldw).

2.3.10 Antioxidant activity by the di(phenyl)-(2,4,6-
trinitrophenyl)iminoazanium (DPPH) method.

The antioxidant activity of extracts was measured in terms of hydrogen donating or radical
scavenging ability using the stable DPPH method, which was adapted from Bondet et al.,
[124]. 100 pl of proper concentration of the samples are added to 1.9 mL of DPPH (100
MM) solution. The mixture is mixed well and allowed to DPPH reacts with an antioxidant
compound that donates hydrogen. The DPPH is reduced and result a decrease in the
absorbance. The samples are incubated for 30 min in the dark at room temperature and



55

the decrease in absorbance at 515 nm is measured against ethanol using a UV — vis
spectrophotometer. The ethanol is used to blank. DPPH solution without sample is used as
a negative control sample. A calibration curve is made from Trolox® standard solution and
the scavenging activity percent is calculated using the Eqg. 2.2.The percentages of
remaining DPPH are plotted against the positive control sample to obtain the amount of
antioxidant requires to reduce the initial concentration of DPPH.

(ODnegative control — ODsample) (Eq22)

Scavenging activity (%) =

ODnegative control

The standard curve is linear between 100 and 1000 ppm Trolox®. Additional dilutions are
needed if the DPPH value measured is over the linear range of the standard curve. The
extracts reducing activities are estimated from the decrease in absorbance. The results are
expressed as EC50 values, defined as the amount of extract that decreased by 50% the
initial absorbance of the DPPH radical solution, at 515 nm.

2.4 Mathematical models of the technologies for the
production of antioxidant rich-extracts

2.4.1 Pretreatment technology

2.4.1.1Conventional air drying (CD)

The system consists on passing hot air through a tray where the sample is uniformly
distributed. The air velocity and temperature must be controlled. The tray or conventional
drying is governed by the properties, form and size of the product. Mathematical modeling
of the drying process is very difficult due to the different and changing states of the product
moisture during drying. Drying is a complex process involving simultaneous heat, mass and
momentum transfer phenomena. The models are based on the Fick’s equation of unsteady-
state diffusion assuming constant diffusivity and convection boundary condition (see Eq.
2.3-2.5) [125, 126].

X _ X
ot oz* (Eq. 2.3)
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Where X,D and z are the moisture content in dry base, effective diffusivity and coordinate
of material, respectively. The boundary conditions are:

Xl _y
OZ |0 (Eq. 2.4)
X(z,0)=X,
D2 = —h,(R,—P,)/pdp
0L |, (Eq. 2.5)
Where h., R, 6, R, andp dp’ are the mass transfer coefficients, vapor partial pressure

in the surface, thickness of the slab, vapor partial pressure in the environmental and product
density, respectively.

2.4.1.2Freeze drying (FD)

Freeze drying or lyophilization involves moisture removal by sublimation from the frozen
product and therefore minimum deterioration occurs to the structure and texture of the
product. The mass and heat transfer phenomena during freeze drying can be summarized
in terms of diffusion of vapor from the sublimation front and heat radiation and conduction
from the radiation slab [127]. The drying rate can be expresses as the flux of vapor from

the sublimation (N, ) (Eq. 2.6).

L |-dx
N = - 2.
: (2Mav3] dt (Fq.2.9)

in which L is the total thickness of the product, X is the thickness of the dry layer, Uis the

time, M 2js the molecular weight of water, and Vs is the volume of occupied solid per unit
of water mass (per kg of water).
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2.4.2 Extraction technologies

2.4.2.1Conventional solvent extraction (CSE)

This process involves the transfer of the solute from the interior of the solid particles to the
surface due to the concentration gradient that exists between the solid—liquid interphase
and the external surface of the solid. The models used for the extraction are frequently
derived from the Fick's second law of diffusion. Bucic-Kojic et al. [128], proposed the
representation of temperature dependent kinetic of polyphenolic compounds from grape
seed with the analytical solution (Eq. 2.7)

C, 1-f, 15D,Bf **t
Ci=—=1-—2—exp| ——; (Eq. 2.7)
Bl 1+f,(B-1) R*(1-f,)(1+ f,(B-1)

Where C, and C, are initial and final concentration of solid in solid particles(kgppc/kgdw) '
respectively. D,,R, t and fb are the effective diffusivity (mz/s), particles radius (m)
extraction time(S) and volumetric fraction of broken cells in the patrticles, respectively. The
parameter B is B :1+]/(KL) where K is the partition constant (kgdw/ma)and Lis the

solvent to solid ratio(m3/kgdw). The model was used to evaluate the temperature and

solvent concentration in the process.

2.4.2.2Supercritical fluid extraction (SFE)

The process consists on the extraction of solute from a fixed bed of dried sample with a
supercritical fluid with organic solvent (co-solvent). The use of co-solvents in the SFE
performed at supercritical conditions combining the advantage of both the solvation and the
transport properties of supercritical fluids (SCF) and low pollution burdens [15, 16]. The
solubility of polyphenolic compounds in CO2 was evaluated using the SRK-EoS model with
Van Wong-Sandler (WS) mixing rules as is described in Cerdn et al [99] to evaluate the
temperature and pressure in the process. The solubility of a solid in a gaseous phase is
given by Eq. 2.8:

subli gsubli S )

Y, = PZ 72 -exp V2 (P _ stubll)
P-4, R-T

(Eq. 2.8)
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P! represents the sublimation pressure, V;, the solid molar volume, ¢;"" the sublimation

fugacity coefficient and ¢_2 the fugacity coefficient in a supercritical phase (these

parameters are experimentally unobtainable). Nevertheless, to be able to calculate the
experimentally unobtainable parameters, the equation of state (SRK) was employed [129-
131]. Optimum conditions are chosen to the reach a higher solubility of the solute in
supercritical CO, and ethanol as co-solvent. Finally, the CO. is depressurized to
atmospheric pressure in a separate tank allowing its separation from the product and
solvent mixture. The resulting solution contains the extracted antioxidant compounds and
the CO2 is recycled to the process. The operation conditions were chosen based on the
solubility that depends of pressure, temperature and ratio CO, — co-solvent [99, 132] .

2.4.3 Concentration technologies

The antioxidant activity of fruits is related to phytochemicals such as flavonoids,
hydroxycinnamic acid, carotenes and coumarins. The potential of antioxidant compounds
as therapeutic agents in many diseases [2-4, 6, 37, 43, 133] has caused that the global
market of antioxidant is increasing rapidly. All these processes allow to carry out
concentration and separation without the use of heat; the equipments need small space,
are flexible and easy to scale-up; operating costs and energy consumption are low;
products and co-products are of high quality. All these factors are very important for by-
products valorization [16].

2.4.3.1Vacuum distillation (VD)

The obtained extracts can be concentrated using vacuum distillation [23]. The
concentration of natural extracts is traditionally carried out through application of high
temperatures for a long period of time, thus causing significant nutritional changes in this
product since such characteristics are conferred by unstable compounds. Vacuum
distillation allows the decrease in the boiling point temperature of liquids and prevents the
thermal degradation of polyphenolic compounds [134]. The low-pressure column operates
normally at a pressure of 0.6 atm that gives a reflux drum temperature for a water reference
of 326 K.

2.4.3.2Concentration using membranes (UF)
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The concentration of polyphenolic compounds using membranes has certain advantages
rendered by the low temperatures used in the process [135]. The solvent from extracts can
be recovered by ultrafiltration (UF). The methodology have applications in the
pharmaceutical and food industry to both concentrate and purify natural extracts [22]. The
molecular weight cut-off (MWCO) of the membrane used is 540 Dalton (due to it is lower
than mean molecular weight of polyphenolic compounds).

Current UF models are based on three basic models: (i) the gel polarization model [136,
137], which considers that permeate flux decline is caused by the hydraulic resistance of
the gel layer (ii) the osmotic pressure model [138, 139], when there is an increase in the
osmotic pressure of the retentate, the permeate flux is reduced and (iii) the resistance-in-
series model [140, 141] that take into account three main resistances that are responsible
for permeate flux decline: the fouling resistance, the solute adsorption resistance and the
concentration polarization resistance. In this work a model based on flux decline by
membrane fouling in crossflow ultrafiltration was used [142-144]. This model is based on
both the resistance in series and gel polarization model. It considers that ultrafiltration is a
dynamic process that changes from a non equilibrium condition to an equilibrium condition,
in which the cake layer thickness remains constant (see Eq. 2.9).

‘]p(t):

(Eg. 2.9)

2n? —t
1R, MRy C

g

(TMP —APC)(1+ 2r (TMP-AP.) C J%

In Eq. (1.7) J, is the permeate flux (m s™), TMP is the transmembrane pressure (Pa), u
is the dynamic viscosity of the permeate (kg m™ s™), C, is the feed concentration (kg m~3),

Cg is the gel layer concentration (kg m~3),R;is the initial membrane fouling resistance

(m™), I, is the specific resistance of the gel layer (kg m™ s™) and AP, is the critical
pressure above which membrane fouling occurs (Pa) (Eg. 2.10). A necessary condition for
cake formation is that the applied pressure must exceed a threshold value, (critical
pressure). When this condition is satisfied, the retained particles will stay on membrane
surface to form a cake layer.

3kT

3 Fc

47zap

AP, =

C

(Eqg. 2.10)

where Kk is Boltzmann constant, T the absolute temperature, a, the particle radius, and

NFC is the critical filtration number, which is a function of cake concentration and it take

values of 11 for uniform rigid spherical particles at cake concentration of 0.60 [142]. The
fouling resistance is a direct function of the thickness of the cake layer and the specific
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resistance of the cake. The specific resistance of the cake equation of this model
corresponds to Eq. 2.11. Where dp is a particle diameter and ¢ is a porosity of cake layer

(1)

dzg’

r. =180

> (Eq. 2.11)
p

The equivalent radius (or Stokes-Einstein radius) of molecules as a function of the
molecular weight was calculated by means of Eq. (2.12) [144]. All variables in Eq. (1.10)
are expressed in the international system of units (Sl) and it equation is valid in the range
of 200 — 40000 g per gmol.

a, :(o, 262(MW )*® -0, 3)10—10 (Eq. 2.12)

The Darcy’s law was applied to determine the initial membrane fouling resistance (m™)
using distillate water (Eq.2.13).

AP

J =2
P uR,

(Eq. 2.13)

2.5 Process simulation

The application of the methodology starts with the collection of information. The feedstock
for producing polyphenolic compounds were pre-defined according to potential of tropical
fruit in Colombia and discussed in section 2.1. The chemical composition of feedstock was
defined based on laboratory characterization according to methods described in section
2.2.

The production processes have common features that can be compared to determine which
of them has the best performance. Among the common features are the energy
consumption, yields and production costs. The energy consumption was an evaluation
criteria taking into account the energy required to produce a kilogram of polyphenolic
compounds. The energy demand was calculated from the mass and energy balances
generated by the simulator (Aspen Plus v. 7.3). Overall, taking into consideration
Colombian unigue socio-economic situation and the evaluation of the technical criteria it is
possible to obtain production costs that agree with the reality of the country [145-149]. It is
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important to highlight that the production costs are closely related to technology as well as
assumptions on cost of feedstock.

2.5.1 Simulation procedure

The processes to obtain antioxidants compounds were simulated using Aspen plus version
7.3 (Aspen Technologies Inc., USA). Each one of the proposed technological scenario was
simulated employing the approach describe above. The simulation of each scenario
flowsheets included all the processing steps for obtain antioxidant compounds from fresh
fruits. The objective of this procedure is generated the mass and energy balances from
which the requirements for raw material, consumables, service fluids and energy needs are
defined. Some specific thermodynamic properties are not found in the available literature
for certain compounds involved in the process. Them, this were estimated by using the
method proposed by Marrero y Gani [150]. Table 2.1 shows the B-carotene and gallic acid
physical properties.

Table 2.1 Gallic acid and B-carotene physical properties calculated according to Marrero and Gani

Physical property Gallic acid B-carotene

Normal melting point, Tm (K) 496.39 430.51

Normal boiling point, Tb (K) 637.93 759.72

Critical temperature, Tc (K) 897.55 905.40
Critical pressure, Pc (bar) 85.08 5.03

Critical volume, vc (cm3/mol) 370.45 2018.12

Standard Gibbs energy at 298 K, Gf (kJ/mol) -685.76 1046.32

Standard enthalpy of formation at 298K, Hf (kJ/mol) -830.29 264.86
Standard enthalpy of fusion, Hfus (kJ/mol) 38.77 67.90
Acentric factor, w 1.140 1.336

Source: [150]

Non-Random Two-Liquid (NRTL) thermodynamic model is chosen to calculate the activity
coefficients of the liquid phase while the Hayden-O’Conell equation of state is used for
description of the vapor phase. The process is simulated taking into account the following:
First, the pulp is dried using CD or FD technology and milled until a mean particle size of
858.45um. Then, the dried pulp is packed into an extractor unit to carry out an extraction
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process by CSE or SFE. The operation conditions are chosen to ensure that highest yield
in the process according to thermodynamic system of each process. For simulating SFE
procedure, the extraction time is 2 hours while the CSE process takes 6 hours performed.
To continue processes is taking into account the productivity in 24 hours of time. The extract
obtained is concentrated using membrane (UF) or vacuum distillation (VD) process until to
approximately 50% (wt) of polyphenolic compounds. Sensitivity analyses are carried out in
order to study the effect of the main operation variables on the composition of products and
energy costs. The estimation of energy consumption was conducted based on the
simulation data of thermal energy required by the heat exchangers, reboilers and related
units.

2.5.2 Economic assessment

The estimation of the energy consumption was performed based on the results of the mass
and energy balances generated by the simulation. For this, the thermal energy required in
the heat exchangers and re-boilers was taken into account, as well as the electric energy
needs of the pumps, compressors, mills and other equipments. The capital and operating
costs were calculated using the Aspen Process Economic Analyzer software (Aspen
Technologies, Inc., USA). This analysis was estimated in US dollars for a 10-year period at
an annual interest rate of 16.02% (typical for the Colombian economy), considering the
straight line depreciation method and a 33% income tax. Prices and economic data used
in this analysis correspond to Colombian conditions such as the costs of the raw materials,
income tax, labour salaries, among others, were incorporated in order to calculate the
production costs per kilogram of polyphenolic compound. Table 2.2 summarizes the
economic data used in the model.

Table 2.2 Price/cost of feedstock, utilities and products

Iltem Unit Value Ref

P. peruviana fresh whole fruit US$/kg 0.65 [151]
Solanum betaceum fhesh whole fruit US$/kg 0.5 [151]
Theobroma grandiflorum whole fresh fruit US$/kg 1.55 [151]
Renealmia alpinia whole fresh fruit US$/kg 2.55 [151]
Matisia cordata Bonpl. fresh whole fruit US$/kg 1.0 [151]
Antioxidant extract US$/kg 560 [152]

Ethanol US$/kg 1.07 [153]

Electricity US$/kw 3.044e-2 [149]

Mid P. Steam (30 bar) US$/ton 8.18 [154]

Low P. Steam (3 bar) US$/ton 1.57 [154]

Cooling water US$/m3 1.25 [149]

CO:2 US$/kg 1.55 [155]

Operator labor US$/h 2.14 [149]

Supervisor labor US$/h 4.29 [149]
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2.5.3 Environmental assessment

The environmental analysis was carried out using the Waste Reduction Algorithm (WAR
algorithm) designed by the Environmental Protection Agency of the United States (USEPA)
by WARGUI software. This algorithm is based on the determination of the Potential
Environmental Impact (PEI), which is a conceptual quantity representing the average
unrealized effect or impact that mass and energy emissions would have on the environment
[156]. The PEI are quantified in Human Toxicity Potential by Ingestion (HTPI), Human
Toxicity Potential by Exposure (HTPE), Aquatic Toxicity Potential (ATP), Terrestrial Toxicity
Potential (TTP), Global Warming Potential (GWP), Ozone Depletion Potential (ODP),
Photo-chemical Oxidation Potential (PCOP) and Acidification Potential (AP). Some PEI’s
of compounds such as lignin, cellulose and hemicelluloses are not in database of WARGUI
software, so it were taken from several material safety data sheet, articles, among others
[157, 158]. The WAR algorithm is a tool to compare process configurations.

2.6 Experimental procedure

The fruit were washed with tap water, peeled and was manually pulping. In the FD
procedure, the drying of the pulp was carried out in a Virtis Lab Lyophilizer model Genesis
25, USA. The condenser temperature was 193 K, the shelf temperature was set at 313 K
and the vacuum was 5 x10* bar for 24 hours. In the CD procedure the fresh raw material
is disposal in an aluminum tray with a maximum thickness of 5mm. The procedure is taking
into account the operating conditions described in Chapter 4.

The dried raw material is packed into an extractor unit. In the CS procedure the solvent is
added with a ratio (1:5 p:v) at the appropriated temperature according to operating condition
(see Chapter 4). This mixture is continuously stirred at 300 rpm for 6 hours approximately.
The SFE procedure agqueous ethanol as co-solvent (CS) is added with a ratio (1: 2,5 p:v)
in a supercritical equipment. The supercritical CO, (SC-CO,) is admitted into the system
keeping the relation between the solvent mass (S) and the solid mass (F) constant and
equal to 50:1. In addition, the critical temperature and pressure of the binary system
(ethanol + CO2) are higher than that of pure CO; [159]. The operation pressure also
influences the solubility of the compounds in CO2. To higher pressure greater solubility of
the polyphenolic compounds with antioxidant activity [99]. The operation conditions are
chosen according to Chapter 4 to ensure that a complete saturation of the supercritical
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phase is achieved in a period of time taking into account the best solubility. The
depressurization process was carried out at 20 °C and 1 bar in a separator column thus
allowing the separation of CO; from the product-co solvent mixture. The extract obtained
from the extraction procedure is concentrated using ultrafiltration membrane or rotary
evaporator.

Vacuum distillation (VD) and ultrafiltration (UF) were applied to concentrate biologically
valuable compounds of extracts. The VD was carried out by using a rotary evaporator R-
210/215 supplied by Buchi that consist on a heating bath, vacuum pump and vacuum
controller. The operating temperature is chosen in order to avoid the thermal degradation
of polyphenolic compounds. The UF procedure is performed using a tangential filtration
system on laboratory scale plant supplied by Millipore Co. The Biomax-PB 5KDa membrane
was used. The membrane properties are shown in Table 2.3. The equipment consists of a
feed acrylic reservoir with a capacity of 0.5 | that includes a retentate back pressure valve,
feed and diaphragm pump assembly. Permeate is collected separately and the retentate is

: - R :
recycled to the feed reservoir. The rejection ( )of UF membrane towards polyphenolic
compounds was calculated as shows the Eq. (2.14). The concentrate fraction is evaluated
in both antioxidant activity and polyphenolic compounds

C
i g ey
G/ (Eq. 2.14)

Where C is the concentration of polyphenolic compounds in the feed at the beginning of

process, Cp and C, the polyphenolic concentration of permeate and retentate at the end.
All experimental were performed with a volume redaction factor (VRF) of 4. The VRF was
defined as the ratio between the initial feed volume and the volume of the resulting
(concentrate or retentate) [160] according to the following equation:

Vi

Vi
VRF ="
V.

c

VD r

UF (Eq. 2.15)
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Where T, Ve and Vi are the volumes of feed, concentrate (vacuum distillation) and

retentate (ultrafiltration), respectively.

Table 2.3 Properties of membrane

Manufacture Millipore
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Material Polypropylene
2
Membrane surface area (¢M") 50
NMWCO (kDa) 5
Maximun intel pressure (bar) 55
Maximun operatuin temperature (K) 323
pH-range 2-14
Poro size ('um) 5
Maximun transmembrane pressure (bar) 2.8
Feed flowrate at 4 bar ( mL/ min 1010 100

2.7 Methodological proposal for the process design

The knowledge of raw materials permits to identify if this is a rich source of antioxidant
compounds and if it is available in the market. For this it was necessary to collect scientific
data concerning the amount of total polyphenolic compounds (TPC) and total antioxidant
activity (TAA) in raw material reported in the literature. Additionally, it was necessary to
collect information regarding to national production and cultivation area. All required
information was collected from primary and secondary sources in open and scientific
literature. This information was employed as the basis to select the raw materials
considered in this work. The obtained information about the content of TPC and TAA into
the raw materials was verified by experimental assessment of characterization of raw
material. The results obtained were compared with the literature available.

Five tropical fruits were selected to be analyzed as feedstock to produce antioxidant
compounds. The chosen feedstock were Matisia cordata (zapote), Physalis peruviana
(goldeberry), Solanum betaceum (tamarillo), Theobroma grandiflorum (copoazu) and
Renealmia alpina (naiku). These fruits were selected due to their high content of
polyphenolic compounds and antioxidant activities. Additionally, the goldenberry and
copozu fruit appear in the “Estudio de mercado: Frutas Amazénicas en el Estado de
California - Estados Unidos” [161] as a promising fruits to export. The tamarillo and zapote
were chosen not only for their high content of TPC and TAA but also by their national
production [107]. Moreover, the naiku fruit was included in this list due to its potential as a
feedstock to produce antioxidant compounds. In addition, the fruits could be expanded in
deforested areas in the Amazon region or could be cultivated in areas near the rivers Cauca
and Magdalena as an option of crops diversification as a base for national policies [162].
Moreover, naiku and copoazu have currently low planted areas but they are subject to
research to use as feedstock to produce antioxidant extracts since these fruits are
promising to grow in Colombia.
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In order to achieve the objective of this thesis, it was required to classify the technologies:
i). Conventional technology and ii). High- end technology. The technology to use in each
stage of overall process is base on the generation of scenarios to evaluate. Six technologies
were evaluated:

Conventional technology
e Conventional air drying
e Conventional solvent extraction (liquid-solid extraction at atmospheric pressure)
e Vacuum distillation

High-end technology
e Freeze drying
e Supercritical fluid extraction
o Ultrafiltration

Each technology was evaluated using the thermodynamic phenomena to determine the
best operation condition in order to minimize the lost of polyphenolic compounds due to
thermal degradation. The technologies were simulated using Aspen Plus software in order
to compare and analyze each process configuration based on operational criteria such as:
yield, productivity, production cost and energy integration. In this way were generated 16
scenarios for each raw material that take into account the different technologies in the
process configurations and the energetic integration. Table 2.4 shows the scenarios
generated. The thermodynamic system of each technology provides the best operating
conditions found to use in the process simulation.

Table 2.4 Process configurations to produce antioxidant compounds

Scenarios Process configurations

FD-SFE-UF (without energy integration)
FD-SFE-UF (with energy integration)
FD-SFE-VD (without energy integration)
FD-SFE-VD (with energy integration)
FD-CSE-UF (without energy integration)
FD-CSE-UF (with energy integration)
FD-CSE-VD (without energy integration)
FD-CSE-VD (with energy integration)
CD-SFE-UF (without energy integration)
CD-SFE-UF (with energy integration)
CD-SFE-VD (without energy integration)
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12 CD-SFE-VD (with energy integration)
13 CD-CSE-UF (without energy integration)
14 CD-CSE-UF (with energy integration)
15 CD-CSE-VD (without energy integration)
16 CD-CSE-VD (with energy integration)

The synthesis of technological schemes by mean of a strategy based on knowledge allows
generating systematically alternatives which consider the specific characteristics of each
process. Thus, it is possible to design technological configurations of high performance
considering mainly techno-economic criteria. Here, the traditional hierarchical
decomposition methodology based on the onion diagram for process design is applied
[163]. This sequential procedure allows designing and comparing different alternatives for
the same objective. The simulation procedures were performed using Aspen Plus (Aspen
Technology, Inc., USA) and the capital and operating costs were calculated using the
software Aspen Economic Analyzer. This software estimates the capital costs of process
units as well as the operating costs, among other valuable data, utilizing the design
information provided by Aspen Plus and the data introduced by the user for specific
conditions such as project location among others. Also, analyses are based on the strategy
designed by Cardona et al [145, 146, 149, 164, 165] for process assessment. The
environmental assessment was performed using WAR algorithm developed by the
Environmental Protection Agency (EPA).

In order to evaluate the results obtained in the process simulations an experimental
assessment was performed to same operation conditions. The experimental assessments
were carried out in order to compare and analyze each process configuration based on
yield of total polyphenolic compounds and antioxidant activity. Additionally, in this objective
was evaluated different operation condition to verify the system thermodynamics and
operation condition found. In this way, is possible determinate the most promising fruits and
process configuration to obtain antioxidant compounds.



68 Design and Evaluation of Processes to Obtain Antioxidant-Rich Extracts from
tropical fruits cultivated in Amazon, Caldas and Northern Tolima Regions

PrgCess design

Experimental
assesment Technical,
|::> Economical and
. environmental
»  Modelling and Simulation .
evaluation

Technologies and thermodynamically
knowledge

Raw material knowledge

Figure 2.9 Methodological strategy to process designs for the production of antioxidant rich-extract
from tropical fruits

Figure 2.9 shows the methodology for evaluation of tropical fruits as feedstock to produce
antioxidant rich extracts. This strategy allows to evaluate different alternatives to produce
antioxidant rich extracts from tropical fruits with a good design in terms of performance from
the techno-economic and environmental point of view. Therefore, this reduces the number
of experiments which involve high cost and time required. Also, the implementation of
thermodynamic into the system and models could be interesting when coupling with further
design. At this point it is very important to take into account this strategy that includes
important aspects of the sustainability pillars (environment, society and economy). From
this point this strategy was used as the global methodology for evaluation of feedstock
involved in this study.

2.8 Conclusions

This chapter describes a methodological procedure in order to design and assess
technological schemes for the production of antioxidant compounds from tropical fruits. This
methodology is based on heuristic rules that take into account the knowledge of raw
materials, the thermodynamic of system, the simulation procedure and the experimental
assessment. Also it is applied to evaluated different levels of technology. According with
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this, technical, economical and environmental assessments were applied. Finally, this
procedure gives the direction to perform and assess the design of processes to obtain
antioxidant compound.
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CHAPTER 3
3.Characterization of tropical fruits

3.1 Overview

This chapter presents a physicochemical characterization of the fruits studied in this work
as potential tropical feedstock to produce rich antioxidant extracts. In addition, the
characterization provides potentials information that can be used to produce added value
products in Colombia. There are included the peel, seed and pulp of fruits such as zapote,
goldenberry, tamarillo, copoazu and naiku All characterizations were compared with
previously works reported in the literature.

3.2 Matisia cordata (zapote) fruit

Table 3.1 shows the chemical composition of the main components in Matisia cordata fruit.
The percentage of pulp in fruit is about 45.32 % (wt) whereas the peel and seed are 31.7
and 22.9 % (wt), respectively. In comparison with zapote fruit from south of Colombia
(Cauca 2° 26" 39" N 76° 37' 17" O) [166] the moisture content is very similar that found in
this work (81.36 and 87.44 % (wt), respectively).

The polyphenolic contents in the fruit reported in the available literature for M. cordata are
23.9 + 0.09 mg GAE 100 g* fw [26] and 102.9 + 5 mg GAE 100g™* fw [27]. These values
are lesser than found in this work (358.12 + 1.16 mg GAE 100 g* fw). However, the
polyphenolic compounds value found in this work is higher that tamarillo fruit (78 £ 2 mg
GAE 100 g fw) reported by [53]. On the other hand, the antioxidant capacity in the pulp of
zapote was 8.9 = 0.26 umol TE g* fw measured by the DPPH method. The literature
reported an antioxidant capacity of zapote of 8.56 + 0.07 umol TE g fw measured by the
ABTS method [26]. In addition, the antioxidant activity could be attributed at polyphenolic
compounds and carotenes present in the fruit (i.e. phytoene and 3-carotene). However, iit
is important to said that the concentration of polyphenolic compounds and antioxidant
capacity depends on variety of fruit, climate and harvest season as was explained by Wang
et al. [167-169].
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Table 3.1 Physicochemical composition of M. cordata fruit

Feature Peel (wt %) Seed (wt %) Feature Pulp (wt %)
Percent in the fruit 31.7% 22.9% 45.32%
Moisture 73.14 £0.14 59.44+0.1 Brix 159+0.9
Lignin 7.61+0.03 6.45+0.8 pH 7.5+0.16
Holocellulose 9.29+0.12 20.48+0.2 Moisture 81.36 + 0.1
Ash 0.67+0.08 0.95+0.39 Sugars 8.53+0.53
Extractives components 1.4 £ 0.02 29+0.51 Fiber 1.2+0.04
Ash 0.51 £ 0.09

Polyphenolic compounds (mg GAE 100 g-1 fw) 358.12+1.16
Antioxidant capacity (umol TE g-1 fw) 8.9+0.26
Phytoene (ug g-1 fw) 171.084 + 1.62
B-carotene (ug g-1 fw) 41.47 £0.81
GAE: Expressed in Gallic Acid Equivalents; TE: Trolox Equivalents; fw: fresh weight

Zapote fruit is used for traditional comsuption in fresh. Therefore, the production of high
added value compounds from zapote is limited to industrialization of fruit. Nevertheless, the
results obtained in the characterization show the potential of this fruit.

The physicochemical composition has a slight differences in comparison to a study reported
by Alegria et al. [166], which demonstrated the differences between two cultivation places:
Colombia and Ecuador. The Brix grade reported were 9 and 10, respectively, whereas in
this work was found 15.9. The difference in the Brix value could be explained by the climate
and harvest of zapote. The high percentage of reducing sugars (8.53 % wt) explains the
nutritional importance of this fruit. The sugars are necessary for the central nervous system,
the brain and the muscle to function property.

The high content of ash (i.e., 0.95 % wt) present in the seed indicates the presence of both
macro and micro elements which has important applications in animal feed manufacture.
Furthermore, the lipids content (extractive components) present in the seed is low (i.e., 2.9
% wit), in comparison with the lipid content of other fruit seeds (i.e., lipids in the copoazu
seeds 12.7 % dw [170]). This shown that the seed could be mainly used as lignocellulosic
material and animal feed manufacture. Similar results were obtained with the fruit peel. The
total dietary fiber present in the pulp (i.e., 1.2 % wt) has a relevant nutritional value when
the pulp is used as potential feed to careful the food security in the communities where the
fruit is cultivated. The characterization of the chemical composition and total polyphenolic
compounds of Matisia cordata fruit presented could contribute to further development of
natural health products and the native fruit industry.
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3.3 Physalis peruviana (goldenberry) fruit

Table 3.2 shows the chemical composition of the main components in Physalis peruviana
fruit. The approximate composition of P. peruviana fruit which showed a polyphenolic
content in the pulp of 154 + 3 mg GAE 100 g* fw. This value is consistent with the value
reported by Repo de Carrasco [59] (135 + 2.41 mg GAE 100 g* fw) for the P. peruviana
from Peru. In comparison with the araza fruit [25] (129 + 9 mg GAE 100 g fw, respectively),
the P. peruviana fruit has higher contents of polyphenolic compounds. Moreover, since the
P. peruviana has a higher production and a more technologically developed package [171,
172] than the Araza fruit, the P. peruviana can be used as potential feedstock for the
production of antioxidant compounds.

Table 3.2 Physicochemical composition of P. peruviana fruit

Pulp + seed (wt

Feature Peel (wt %) Calyx (wt %) Feature

%)
Moisture 35.70 £ 3.65 6.31+0.42 Brix 14.09+£0.1
Lignin 9.39+1.23 16.40£2.81 Moisture 81.49 £ 6.08
Holocellulose 24.74 £ 2.39 50.45 + 6.61 Acid 1.13+£0.01
Ash 0.75+£0.02 1.93+0.0 Sugars 4.02 £ 0.05
Extractives 11.22 +1.52 12.69 + 1.86 Lipids 2.5+0.52
components
Ash 0.3+£0.00
Polyphenolic compounds (mg GAE 100 g fw) 135+2.41
Antioxidant capacity (umol TE g fw) 2.96 +0.18
Lutein (ug g* fw) 1.48 £0.02
Lycopene (ug g* fw) 2.18 £ 0.07
a-carotene (ug g* fw) 2.67 £ 0.06

GAE: Expressed in gallic acid equivalents; TE: Trolox equivalent; fw: fresh weight.

The industrially used of P. peruviana has not been widely developed in Colombia. This
means that the Colombian production is mainly exported to European countries [171, 172].
In this sense, the P. peruviana fruit has chances in the food-industries to produce juices
and nectars and its residues can be used for the production of high value-added products
such as antioxidants. In this way, food security is not affected, industries can increase its
economic margins and the environmental impact could be reduced.

The high content of holocellulose (i.e., 50.45 % wt) present in the fruit calyxes could be
used as lignocellulosic material to produce reducing sugars hence different products could
be obtained via fermentation by microorganisms [148, 149]. Additionally, the low lignin
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content (approximately 16%) of the fruit calyx represents a technical and economical
advantage in the recovery of the total cellulose [173].

The results of lipid content in the P. peruviana fruit is in accordance with a study reported
by Ramadan et al. [174] who found that the fruit containing 2% of oil. According to Ramadan
[174], the major fatty acid presents in the fruit is the linoleic acid followed by oleic acid. It is
well known that dietary lipids rich in linoleic acid prevent cardiovascular disorders such as
coronary heart disease, atherosclerosis and hypertension [175-178]. On the other hand,
this fruit is used industrially for juices and nectars manufacture. So, its residues can be
used for the production of antioxidant extracts as high added value compounds. Thus, the
food security is not affected and the industries can increase its economic margins.

3.4 Solanum betaceum (tamarillo) fruit

Table 3.3 shows the chemical composition of the main components in Solanum betaceum
fruit. In comparison with tamarillo fruit from Ecuador (red variety) [53], the value of
polyphenolic compounds is very similar that found in this work (183 + 1.36, 187 + 3.5 mg
GAE 100 g fw, respectively). Vasco et al, [52], found in the pulp of tamarillo from Ecuador
(81 £ 29 mg GAE 100 g* fw) a value very is similar to yellow variety of tamarillo (78 + 2 mg
GAE 100 g* fw) [53]. This means that the concentration of polyphenolic compounds
depends on variety, climate and harvest season as is explained by Wang et al. [167-169].

Table 3.3 Physicochemical composition of S. betaceum fruit

Feature Peel (wt %) Feature Pulp + seed (wt %)
Percent in the fruit 16.34% 83.66%

Moisture 64.91 +4.31 Brix 11.13+0.06
Lignin 292+041 Moisture 84.05+1.08
Holocellulose 9.24+1.04 Acid 1.27 £ 0.06
Ash 2.83+0.19 Sugars 491 +0.25
Extractives components 13.97+£0.44 Lipids 7.39 £ 0.56
Ash 3.72+0.00

Antioxidant polyphenolic compounds (mg GAE 100 g fw) 183 +1.36
Antioxidant capacity (umol TE g fw) 5.61+0.54
Lutein (ug g* fw) 14.54 + 0.06
Lycopene (ug g* fw) 10.76 + 0.05

B-carotene (ug g* fw) 14 £ 0.08

GAE: Expressed in gallic acid equivalents; TE: Trolox equivalent; fw: fresh weight.

The tamarillo fruit has a little bit higher contents of polyphenolic compounds than
goldenberry fruit (135 + 2.41 mg GAE 100 g fw, respectively) [59]. This fact can shows
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the advantages compared with the goldenberry fruit. Moreover, since the S. betaceum fruit
has a higher national production [179] the tamarillo can be used to produce antioxidant rich-
extracts. Furthermore, due to the fact that this fruit is industrially used to produce juices and
nectars, its residues can be used for the production of high value-added products such as
antioxidants. In this way, food security is not affected, industries can increase its economic
margins and the environmental impact could be reduced.

The antioxidant capacity in the pulp reported by Vasco et al., [53] is 3 £ 0.4 umol TE g* fw.
This value is lesser than found in this work (5.61 + 0.54 umol TE 100 g fw). The differences
culture places affect the antioxidant activity and quantity of total polyphenolic compounds
[167]. The antioxidant activity is attribuited at polyphenolic compounds and carotenes
present in the fruit (i.e. lutein, lycopene and (3-carotene).

The results of physicochemical composition were similar to a study reported by Vasco et
al. [53] which demonstrated the differences between two varieties: red and yellow and two
cultivation places: Ecuador and Spain. For example all the varieties were reported a Brix
grade from 11 to 12 whereas that our result is 11.13 + 0.06. Similar results were obtained
with our report of sugar content (4.91 + 0.25 %) that was a little bit higher that reported by
Vasco et al. (4.5 and 4.7 from Ecuador and Spain tamarillo, respectively). These results
explain nutritional importance that has the carbohydrates. These are mainly in the form of
glucose and fructose in the fruits. The sugars are necessary for the central nervous system,
the brain, the muscle to function property. Furthermore, lipids were significantly higher in
the pulp (7.39 = 0.56 %) that reported by Vasco et al. [53] (0.6 = 0.1 %). These differences
can be explained by our research included the seeds and pulp in the analysis. Thus, taking
into account the oil seed that according Belén et al., [180] is 17.10 % wt of fresh seed, the
lipid value is mainly represented by oil seed. The tamarillo peels have a high content of
holocellulose and lignin (i.e., 9.24 and 2.92 % wt) that could be used as lignocellulosic
material to produce reducing sugars by fermentative way. The hemicelluloses should be
broken down into fermentable sugars in order to be converted into ethanol or other valuable
products (e.g. xylans, xylitol, hydrogen and enzymes), following the growing biorefinery
concept [148, 149]. In addition, their residues (mainly lignin) can be used as fuel to generate
heat and power.

3.5 Theobroma grandiflorum (copoazu) fruit

Table 3.4 shows the approximate composition of Copoazu fruit which showed a moisture
content in the peel, seed and pulp of 61.15, 65.20 and 85 % wt respectively. The copoazu
pulp had a 120 + 1.02 mg GAE 100 g* fw of polyphenolic compounds. This value is
consistent with the value reported by Oliveira [181] (91.85 mg GAE 100 g* fw). Other



75

authors Contreras-Calderon et al, [182] reported 40.3 mg GAE 100 g fw which is lower
than the value found in this work. The value of antioxidant activity was 9.6 + 0.84 umol TE
g! fw obtained by DPPH whereas the literature reports an antioxidant capacity of copoazu
of 9.59 umol TE g* fw measured by ABTS method (2,2'-azino-bis(3-ethylbenzothiazoline-
6-sulphonic acid)) [26]. The copoazu fruit contain compounds with antioxidant
functionalities such as carotenoids (i.e. auroxanthin, phytofluene and p-carotene) and the
polyphenolic compounds (i.e. gallic acid), so the individual measure of its antioxidant
capacity is a complex and difficult task. On the other hand, the essential oil content in the
pulp was 0.44 % wt and according to Quijano et al, [183] the major constituents in the
copoazu essential oil are ethyl butanoate, ethyl hexanoate and linalool.

Table 3.4 Physicochemical composition of T. grandiflorum fruit

Feature Peel (wt %) Seed (Wt %) Feature Pulp (wt %)
Percent in the fruit 54.35 % 18.48 % 27.17 %

Moisture 61.15+1.50 65.28 + 0.88 Brix 9.80 + 0.82
Lignin 10.34 £ 0.34 1.74 +£0.02 Moisture 85.14 + 0.39
Holocellulose 18 + 0.28 2.14+0.01 Acid 1.49+0.01
Ash 2.36 £ 0.08 0.94+0.0 Sugars 2.29+0.01
Extractives components 8.79+£0.45 - Fiber 1.64 £0.23
Lipids N.D. 34.23+0.35 Ash 0.48 £ 0.00
Essential oil 0.44 + 0.02

Polyphenolic compounds (mg GAE 100 g fw) 120 £ 1.02

Antioxidant capacity (umol TE g fw) 9.6 +£0.84

Auroxanthin (ug g fw) 474 £0.11
Phytofluene (ug g fw) 6.45 + 0.03
B-carotene (ug g* fw) 4.65 + 0.06

GAE: Expressed in gallic acid equivalents; TE: Trolox equivalent; fw: fresh weight

The peel corresponds to 54.35 % wt of the whole copoazu fruit and has a content of
holocellulose and lignin of 18 % and 10.34 % wt respectively. Therefore, the peel could be
used as lignocellulosic material to produce reducing sugars and the residues (mainly lignin)
could be used as fuel to generate heat and power. The hemicelluloses should be broken
down into fermentable sugars in order to be converted into ethanol or other valuable
products (e.g. xylans, xylitol, hydrogen and enzymes) thus following the growing biorefinery
concept [148, 149].

The lipid content in the seed is very high (34.23 %wt) and it is traditionally used to prepare
a chocolate-like product called "cupulate" for its aromatic content [184]. According to
Oliveira et al, [185] the major fatty acids present in the copoazu seeds are oleic (43 % wt)
and palmitic acids.
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3.6 Renealmia alpinia (naiku) fruit

Table 3.5 shows the chemical composition of the main components in R. alpinia fruit. In
comparison with other fruits such as tamarillo pulp from Ecuador (red variety) [53], naranjilla
peel from Colombia [26], goldenberry fruit from Peru [59], araza fruit [25], copoazu seed
[26] and blackberry fruit [186] (620 + 14, 83.6 + 0.64, 154 + 3, 129 £ 9, 497 + 17.8 and
580 + 20, mg GAE 100 g* fw, respectively), the R. alpinia peel has higher contents of
polyphenolic compounds (4844 + 13.5 mg GAE 1009 fw).This feature shows the important
advantages of R. alpinia fruit to be used as potential feedstock for the production of
polyphenolic compounds. Moreover, due to the non-edible nature of this fruit, food security
is not affected. Thus, the polyphenolic compounds extracted from R. alpinia could be used
as nutraceutic additives in food industry.

Table 3.5 Physicochemical composition of R. alpinia fruit

Pulp + seed (wt

Feature Peel (wt %) Feature %)
Percent in the fruit 68.70 % 31.20 %
Moisture 84.08 £ 1.25 Brix 4.03+0.15
Lignin 3.98 £ 0.56 Moisture 49.73 + 3.64
Holocellulose 15.98 + 3.12 Acid 0.65+0.14
Ash 1.25+04 Sugars 0.713+0.22
Extractives components 5.91+0.51 Lipids 882+21
Polyphenolic compounds (mg GAE 100 g-1 fw) 4844 + 13.5 Ash 0.98 £ 0.00
Antioxidant capacity (umol TE g-1 fw) 120.17 £ 0.13
Delphinidin (ug g-1 fw) 3.24 £ 0.02

GAE: Expressed in gallic acid equivalents; TE: Trolox equivalent; fw: fresh weight.

The antioxidant capacity measured by the DPPH method of the naiku peel presents a value
very high 120.17 umol TE g* fw. This value is highest than the antioxidant capacity in
naranjilla, copoazu, banana passion fruit and tamarillo peel with 21.1, 65.3, 36.7 and 22
umol TE g fw respectively, reported by other author [26].

The high content of holocellulose (i.e., 15.98 % wt) present in the fruit peel could be used
as lignocellulosic material to produce reducing sugars. Consequently, different products
such as ethanol, poly-3-hydroxybutyrate (PHB) and 2,3-butanediol among others, could be
obtained via fermentation of reducing sugars by microorganisms. Additionally, the low
lignin content ( approximately 25% of the total holocellulose) of the fruit peel represents a
technical and economical advantage in the recovery of the total cellulose [173]. Finally, the
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pulp and seed could be used as feedstock to extract oil that is traditionally used for
pharmaceutical purposes [114].

3.7 Discussions

Table 3.6 shows the summary of polyphenolic compounds and antioxidant activity.

Table 3.6 Polyphenolic compounds and antioxidant activity of the fruits studied

Total Total

. _ . Antioxidant
polyphenolic Antioxidant polyphenolic activit
Fruit compounds activity compounds (umol TEy 1
(mg GAE 100 g' (umol TEg'fw) (mg GAE 100 g+ H dw) 9
fw) dw)
M. cordata (zapote) 358.12 £1.16 8.9+0.26 1921.24+1.16 47.75+0.26
P. peruviana
(goldenberry) 135+241 2:96+0.18 729.34+2.41 1599 +0.18
S. betaceum
(tamarillo) 183+1.36 561+054 1147.34+1.36  35.17 + 0.54
T. grandiflorum
(copoazu) 120 +1.02 9.6+0.84 807.54 +1.02 64.60 + 0.84
R. alpinia (naiku) 4844 + 13.5 120.17 £0.13 30427.14 +13.5 754.84+0.13

GAE: Expressed in gallic acid equivalents; TE: Trolox equivalent; fw: fresh weight; dw: dry weigth.

The total polyphenolic content varied from 120 + 1.02 to 4844 + 13.5 mg GAE 100 g* of
fresh weight. Among the five tropical fruits studied, low values were found in T. grandiflorum
(120 + 1.02 mg GAE 100 g?) and P. peruviana (135 + 2.41 mg GAE 100 g*) whereas the
R. alpinia (4844 + 13.5 mg GAE 100 g?) contained relatively high amounts of polyphenolics.
Moderate values were also found in M. cordata (358 + 1.16 mg GAE 100 g*!) and S.
betaceum (183 + 1.36 mg GAE 100 g%). Since the obtained data on the total polyphenolic
values of these fruits are scarce in the available literature, the polyphenolics concentration
was lower than that found by other authors [26, 27, 52, 53, 59, 181, 182]. Among 5 fruits
studied, only the R. alpinia present higher polyphenolic content than the other fruits. This is
explained by the fact that the R. alpina was evaluated from the peel whereas the other fruits
were evaluated from pulp. This result is according to Guo [187] that described that the peel
and seed fractions of fruits have higher phenolic contents than the pulp fractions. Therefore,
the peel and seed fractions of fruits may potentially contain more antioxidants quantitatively
or qualitatively than the pulp fractions.

The antioxidant activity values in this work were similar to the values reported in the
literature (i.e. 9.6, 8.9, 5.61 and 1.96 umol TE g* fw for T. grandiflorum, M. cordata, S.
betaceum and P. peruviana respectively). In addition, R.alpinia peels showed high
antioxidant (120.17) content indicating that this fruit is good source of antioxidant. This
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result suggests that the anthocyanins (i.e. delphinidin) may be the most important
contributors to the antioxidant activity in the R. alpinia peel. Several studies reported the
relationships between polyphenolic content and antioxidant activity [60, 167, 188] while
other not found relationship [189, 190]. In this study, the findings do not show relationship
between antioxidant activity and total polyphenolic compounds for T. grandiflorum pulp that
showed the lowest total polyphenolic content whereas its antioxidant activity is big high that
M. cordata. This fact is explained by there is a wide degree of variation between different
phenolic compounds in their effectiveness as antioxidant. Flavonoids generally have more
hydroxyl groups if compared to ferulic acids. In addition, other compounds such as
carotenoids can be present in extracts and contribute to the antioxidant potential in
samples. Therefore, the antioxidant activities in the analyzed fruits cannot be attributed
solely to their polyphenolics contents, but also to the actions of different antioxidant
compounds present in the fruits and in possible synergic and antagonist effects still
unknown. It is important to say that different factors such as differences in cultivars, growing
environments, seasons, process and storage can affect the quantity of anthocyanin in the
fruits. These factors are known to affect polyphenol content and profiles of plant foods [191,
192]. For this reason, all the fruits were cultivated in the season of highest production.

3.8 Conclusions

This work shows the chemical composition of tropical fruits that may deliver greater health
benefits through the supply of natural antioxidants, mainly the fruits such as R. alpinia, T.
grandiflorum, M. cordata, S. betaceum and P. peruviana for their high antioxidant potential.
Polyphenolics contents showed relationship with antioxidant activity expect to T.
grandinflorum pulp due to the possible presence of other antioxidant compounds that could
contribute highest antioxidant capacity. The determination methods of polyphenolic
compounds and antioxidant activity are recommended as useful tools for the evaluation of
the total antioxidant capacity in fruits due to the findings are similar to reported in the
literature available.
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CHAPTER 4

4.Prediction the operating conditions to
obtain antioxidant compounds from fruits
using mathematical models

4.1 Overview

In this chapter, the operation conditions of each step (pretreatment, extraction and
concentration) of the processes to obtain antioxidant compounds were predicted. Gallic
acid and B-carotene were chosen as antioxidant compounds to perform the modeling due
to the gallic acid is representative as polyphenolic compound and (-carotene is present in
the most of the fruits of this study.

4.2 Pretreatment technologies

It was determine that the moisture content of untreated fruits ranges from 81% to 85.14%
approximately and it is presented in the Chapter 3. The drying temperature of both
technologies conventional (CD) and freeze (FD) was evaluated taking into account the fix
thicknesses of drying layers of 5 mm. This thickness was chosen to achieve a large exposed
surface area for a given volume of the product. Kapseu et al [193] reported that the highest
drying rate was observed in kernel paste for 4 mm thickness compared with 8 mm
thickness.

4.2.1 Conventional air drying (CD)

Figure 4.1 shows the drying curves for three temperatures (313, 333, 353 K) at air velocities
of 0.5, 1.0 and 1.5 m s for all the fruits when conventional drying is used. The drying
behavior was affected by the temperature. When the drying temperature increases the
drying rate is decreased. All the fruits showed the same behavior, the drying time was
longest at 313 K and at air velocity of 0.5 m s, while the shortest drying time occurred at
353 K and at air velocity of 1.5 m s, Similar results were obtained experimentally for other
kind of foods reported by other authors [10, 194-197]. The highest drying rate obtained at
353 K is caused by the effective diffusivity improved when both temperature and air velocity
were increased.
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Figure 4.1 Drying rate of fruits by conventional air drying at three different temperatures and air velocities



82

The highest drying times were required for the naiku fruit followed by the tamarillo fruit,
while the shortest drying time was required for the goldenberry fruit. These results are
explained by the fact that the fiber content into the fruits increases the internal resistance
of the moisture movement through the fruit to the atmosphere. Additionally, the peel of naiku
is constituted of cellular tissues, and therefore, may be regarded as peculiar porous
systems [10, 195, 197]. This causes that the drying time of the fruits is longer than the other
fruits. However, the drying rate can be improved by using high air velocities because of the
improvement of the effective diffusivity and the decrease of the mass transfer resistance.
On the other hand, several authors [194, 197] report that high temperatures and low air
velocities cause a degradation of the total polyphenolic compounds. This is probably due
to the high convective forces acting in the air—solid interface, retarding the heat diffusion
into the solid fruits and the internal resistance to the heat diffusion is, therefore an important
parameter to be considered when quality is important during heat treatment in the drying
process of fruits. Furthermore, the antioxidant activity is stronger related with the
polyphenolic content since this act as scavengers of the free radicals produced during
oxidation reactions [198].

Larrauri et al. [78], report that the polyphenolic compounds undergo thermal degradation
above 353 K. Therefore, in order to protect the polyphenolic compounds and the antioxidant
capacity of the fruits, high air velocity (1.5 m s) at 333 K was chosen. Moreover, lower
processing times were reached at higher drying temperatures but possibly affecting the
final quality of the product and increasing energy costs[188].

4.2.2 Freeze drying (FD)

To calculate the freeze-drying time the following assumptions were taken into account:
condenser temperature at -20 °C and total pressure at 400 mbar. To improve the extraction
of the polyphenolic compounds was assumed a low freezing rate due to it contributes to
break the cellular structure and releases the compounds of interest during the extraction.
Fig. 4.2 shows the moisture as a function of the time for all the fruits (goldeberry, tamarillo,
copoazu, naiku and zapote) at 313 K, 333 K and 353 K. It is evident from the diagrams that
the drying process slows down as the temperature decreases. The difference between the
drying time behaviors of the goldenberry and the zapote fruits is no significant at the equal
temperatures. Same results are obtained to compare the time drying of the naiku and the
tamarillo fruits while the copoazu showed the lowest drying time. These results are
explained by the fact that high initial moisture content into the fruits decreases the drying
rate due to the vacuum provides benefits of faster mass transfer and minimizing the
oxidation of the product. Moreover due to the absence of air while drying, oxidation is
prevented and can result in products with high nutritional quality.

The drying rate occurs in two stages as Figure 4.2 shows. In the first stage (primary drying
stage) the sublimation of the free water was carried out. The drying rates of the fruits are
strongly linked to the free water present into them. Although, the zapote and the
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goldenberry fruits contain a large amount of free water, it presented lower drying rates. This
fact can be explained by the mass transfer resistance increase by the cohesive forces
acting in the pulp making it more compact. Therefore the area of the mass exchange is
decreased. The secondary stage of the drying rates is characterized by the removal of
bound water.
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Figure 4.2 Drying rates of fruits by freeze drying at three different temperatures

Freeze drying time at 333 K increased approximately 4 hours compared to the process at
333 K. The operation costs are not increased representatively. Also, at lower temperatures
less degradation of the polyphenolic compounds was presented. Therefore the temperature
at 313 K was selected as process operating condition for FD.

Different transport mechanisms play an important role in each of the processes according
to the beginning of each process: given liquid diffusion concentration differences of the
gradients, vapor diffusion gradients given steam pressure effects condensing on the
surface spread and distribution of liquid given to the differences in system pressure, mainly
caused by external pressure. Importantly, in the drying process, the speed differs primarily
by the product structure, water and sugar content.

4.3 Extraction technologies

The antioxidant compounds have biological properties that make them interesting to extract
and optimizing their extraction condition from a natural source. The organic solvents such
as methanol, ethanol, acetonitrile, acetone, water, ethyl ether and dichloromethane are
frequently used to extract antioxidant compounds. These solvents have the feature of his
nature due to have similar solubility parameter to the antioxidant compound.
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To select the appropriated solvent to be used in the conventional solvent extraction and the
co-solvent in supercritical fluid extraction, a Computer-Aided Molecular Design (CAMD) of
the solvent was used. The CAMD approach is a technique that can lead to make better
decision about the solvent to use according to physical properties and fluid behavior from
molecular thermodynamics [199, 200]. To search the potential solvents was employed the
ProCAMD software [201] (supplied by Auburn University, USA) that selects solvents for
specific target properties that are showed in Table 4.1. The main features to consider are
that the desired solvent should have a low melting point (T < 273) in order to obtain a liquid
solvent to the operating conditions. Also, it should have a low boiling point in order to
separate the solvent easier from the antioxidant compounds. That is, the solvent must not
form an azeotropo and have a density lower than that of the water in order to have free
convection flow in the extraction process. The solvent should have a low risk of explosion,
so the flash point temperature should be as high as possible. Additionally, the solvent
should have a high selectivity with the antioxidant compounds and low selectivity with both
sugars and fatty acids. Furthermore, the transport properties such as viscosity and surface
tension were considered due to these affects settling time and power consumption. The low
viscosity is preferred for easy handling, faster diffusivity transport and absorption rate. The
low surface tension allows a better movement of the solvent through the porous medium of
the matrix [199, 200].

Table 4.1 Problem formulation for solvent design to extract antioxidant compounds

Target property Target Value
Viscosity (cp) @ 298K l<p<2
Boiling temperature (K) 320 < Th <340

Total solubility parameter (MPa)2 11<d<25

Melting point (K) <275

Density (g/cm?) <1
Surface tension (dy/cm) <15

Selectivity More than 5

Specifying the above constraints to the ProCAMD, a list of feasible solvents was obtained
(See Table 4.2). Due to the concentration-independent, the selectivity is the primary
criterion to be considered for selecting the suitable solvent

Table 4.2 Selected solvent by ProCAMD

O: 25 MPal’2
Tb:330.01 K
Tm: 164.57 K
Selectivity: 8,4
5: 15.49 MPal2
n-Hexane Tb:347.22 K
Tm: 156.89 K

Ethanol
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Selectivity: 7.54
5: 19.16 MPa'?
Tbh:305.37 K
Tm: 171.62 K
Selectivity: 4,28
5: 15.88 MPal?2
Tbh:313.44 K
Tm: 147.2 K
Selectivity: 5.93
5: 15.62 MPa'?
Th:338.82 K
Tm: 161.66 K
Selectivity: 7.79

O: Solubility parameter

Acetone

Methyl isopropyl ether

Ethyl propyl ether

The solvents selected by ProCAMD provided thermodynamically a good selectivity to the
antioxidant compounds. However, the ethanol significantly enhanced the flavonoids
extraction [21] and may be a better choice considering that it is non-toxic and can be used
in nutraceutical or cosmetic applications.

The extraction processes conditions (Conventional Solvent Extraction — CSE and
Supercritical Fluid Extraction — SFE) were determined taking into account the mathematical
models presented in Chapter 2. The gallic acid and B-carotene were chosen as antioxidant
compounds to perform the modeling.

4.3.1 Conventional Solvent Extraction (CSE)

The traditionally process is Conventional Solvent Extraction at atmospheric pressure, but
to obtain high yields, several factors such as solvent, temperature and solvent to material
ratio should be considered. The mathematical model describing the responses as a function
of the variations in the ethanol concentration and solvent/solid ratio was established. The
antioxidant polyphenolic compounds extraction process in CSE is affected by key factors
such as solvent concentration and temperature. The effect of these variables in the process
is shown in Figure 4.3. The extraction yield of the antioxidant polyphenolic compounds
improved when the ethanol concentration and the temperature increased. In fact, the best
results of the total polyphenolics were achieved at 60% of ethanol concentration. The
extraction temperature was selected at 333 K, considering the ethanol boiling point (351.25
K) and the possible degradation of the polyphenolic compounds. In addition, the increase
in the extraction yields is negligible when the ethanol concentration is higher than 60%.
This phenomenon could be explain by the fact that the polyphenolic compounds are often
more soluble in organic solvents that are less polar than water [202, 203].
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Figure 4.3 Yields of polyphenolic compounds from fruits by solvent extraction at different
temperatures and ethanol concentration

The extraction yields were almost 2 times lower when a 20% ethanol concentration at 298
K was used compared to 60% ethanol concentration at 333 K. These results are in
agreement with Buci¢-Koji¢, et al [128] who demonstrated that the yields increased when
the temperature increases. Finally, Spigno, et al [84] also demonstrated that the
polyphenolic content increases for the water content in ethanol from 10% to 30% and
remained constant for water content from 30% to 60%, while phenols concentration of
extracts decreased for water content above 50%.

4.3.2 Supercritical Fluid Extraction (SFE)

One of the advantages in SFE procedure is that the carbon dioxide (CO-) solvating power
can be manipulated by changing pressure and temperature to obtain high extraction yields.
In SFE the solubility is the main parameter to evaluate because it is directly affected by the
pressure. Additionally, there is a decreasing demand for organic solvent consumption to
protect health and a growing necessity for faster extraction methods. CO. is the most
commonly used gas in supercritical fluids. However, the polyphenolic compounds solubility
in supercritical CO; is low due to the polar nature of these compounds [22, 23]. For this
reason, the addition of co-solvents is necessary to improve the extraction yields. In this
sense, a mix of organic solvents and CO; can have a positive impact on both the stability
and the diffusivity of the antioxidant compounds [13]. Enhanced solvent extraction,
performed at supercritical conditions, combines the advantage of both solvation and
transport properties of the supercritical fluids (SCF) and low pollution burdens [15, 16]. Both
solvating power of the CO; and solubility of the polar compounds in CO. increase by
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increasing the co-solvent concentration from 5 to 30%, due to the augmented phenol-
alcohol interactions that facilitate the extraction of the solute [22-24]. Floris et al. [11],
proposed to selectively extract polyphenols and anthocyanins from lyophilized grape
residues using CO, and methanol as co-solvent. According to Vatai et al. [102] the
combination of CO., and methanol rendered a very effective improvement of the
anthocyanins extraction process compared to the classical liquid extraction methodology
used to recover the antioxidants contained in fruits.

Salubility
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Figure 4.4 Solubility of mixture of antioxidant compounds in CO2 with 4% of ethanol for the SFE
process

Figure 4.4 shows the solubility of mixture of antioxidant compounds (i.e., B-carotene and
gallic acid) in CO; at different conditions of pressure and temperature values. The solubility
of antioxidant compounds in CO; improved when both pressure, temperature and density
of CO; increases. Additionally, the surface tension decreases allows greater contact
between the molecules of solvent and solute. Furthermore, the high pressures cause
breakdown of the plant cell that releases the antioxidant compounds, thereby favoring the
extraction yields.

At high temperature the density of CO, decreases while the solute vapor pressure increases
[204]. This affects the yields due to the density causes reduction of the solvating power and
the solubility is favoring by the vapor pressure. In this way, high pressures with low
temperature are required to obtain high extraction yields. For these reasons, and in order
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to avoid the antioxidants thermal degradation by the temperature, 318 K was chosen. The
solubility of the antioxidant compounds in CO. improved when both pressure and
temperature increase. But the maximum value at 318 K was obtained at 300 bar. This
condition was chosen in order to minimize energy consumption throughout the process and
obtain high yields.

4.4 Concentration technologies

The operating condition for concentration using vacuum distillation (VD) was chosen
according to sensitivity analyses carried out in the software Aspen Plus v. 7.3 to ensure the
final concentration of the products. To determine the transmembrane pressure for
concentration using crossflow ultrafiltration (UF), the model presented in the Chapter 2 was
used.

4.4.1 Crossflow ultrafiltration (UF)

The antioxidant polyphenolic compounds have been traditionally concentrated by multi-
stage vacuum evaporation, resulting on degradation of certain natural antioxidant
components, loss of natural color in the final product. The research to use the membranes
as an alternative to concentrate the antioxidant rich extracts has increased in the last years
[21, 22, 29, 141]. This fact could be explained due to the use of membranes allow carrying
out the concentration and the separation without the use of heat, the equipments need
small space and this technology is flexible and easy to scale-up. Additionally, the operation
costs and energy consumption are low and the products and co-products are obtained with
final high quality.

The permeate flux data predicted for six different Trans-Membrane Pressures (TMP) (using
the model reported by [142, 143]) are shown in Figure 4.5. For long time scales the model
predicts lower permeate flux. However, for short-time scales the model predicts higher
permeate flux except for a TMP of 0.2 bar. The model also predicts lower permeate flux
decline for a TMP of 0.2 bar. For the rest of TMP considered the shape of the curve for
permeate flux decline predicted by the model is very similar. A period of 60 min is needed
to reach a stable cross-flux velocity. However, the model predicts a linear increase in
permeate flux with TMP. This means that, according to this model, the UF process is
controlled by pressure. Similar results were obtained by Wang et al., [143] which verified
the fouling dynamics systems by flux decline in crossflow microfiltration and ultrafiltration.
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Figure 4.5 time-dependent fluxes under six different transmembrane pressures of ultrafiltration
technology

The changes in the membrane resistance and the characteristics of the cake layer, may
affect the rate of fouling (the time to reach steady state). But because of the dynamic
behavior of the cake layer, any further decline of the flux after achieving steady state is
unlikely to happen [143]. The permeate flux in ultrafiltration before reaching steady state is
pressure dependent and to apply higher pressure always produces a higher flux. However,
Fig. 4.5 shows that for long operation time operation similar flux value were achieved. This
fact demonstrates that the steady-state flux is not affected by the applied pressure.
According to this, the transmembrane pressure at 2.4 bar was chosen to carry out the
simulations and experimental procedures. The time-dependent flux and the time required
to reach steady stable are critical to design and operate the crossflow ultrafiltration.

4.4.2 Vacuum distillation (VD)

Batch vacuum distillation works at mild temperatures and offers flexibility to operate with
different extracts in the same industrial plant. According to Oisiovici (2001) the main
advantages of batch processes are the flexibility and versatility and also the possibility of
operating with small volumes, thus allowing performing raw material tests before large-
scale processing. It is know that the quality of the distillate can be controlled through
manipulation of the reflux ratio, because higher reflux ratios cause the distillate to be
enriched in the lightest products. However, the product is obtained by bottoms, so the
temperature is the more important parameter due to the thermosensitive nature of the
product causes degradation when high reflux ratios are used. For this reason a temperature
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of 318 K was used to avoid the degradation of the compounds. The operation pressure for
concentration using vacuum distillation (VD) was chosen according to the sensitivity
analyses carried out in the software Aspen Plus v. 7.3 to ensure the final concentration of
the products. Table 4.3 shows the operating condition chosen for the simulation and

experimental procedure.

Table 4.3 Operating conditions data for the simulation of antioxidant compounds production from

tropical fruits

Technology Parameter Value
Conventional air drying Temper_ature ) 333
Air velocity (m s-1) 15
Pretreatment
Freeze drvin Vacuum pressure (mbar) 400
ying Plate temperature (K) 313
Solvent conventional Ethanol concentration (%) 60
. extraction Temperature (K) 333
Extraction
Supercritical fluid extraction Pressure (bar) 300
P Temperature (K) 318
Vacuum distillation Temperature (K) 318
Concentration Transmembrane pressure
2.4
Membranes (bar)
Temperature (K) 298

4.5 Conclusions

The antioxidant compounds are heat liable and prolonged heat treatment causes a damage
of the polyphenolic compounds. In this study, the mathematical models provide convenient
use of operation conditions for all the technologies that minimize the high costs and time
that involve the experiments. The thermodynamic is a powerful tool that takes into account
the efficiency of the processes when these are simulated.
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CHAPTER 5

5.Techno-Economic and Environmental
Assessment for the Antioxidant Compounds
Production

5.1 Overview

In this chapter, different path processing to obtain antioxidant compounds from Matisia
cordata (zapote), Physalis peruviana (goldenberry), Solanum betaceum (tamarillo),
Theobroma grandiflorum (copoazu) and Renealmia alpinia (naiku) fruits were simulated.
First, it was analyzed the production of antioxidant compounds from technical and economic
points of view. This discussion was extended to analysis the environmental assessment.
The process simulation using aspen plus V 7.1 was employed to model different production
process; Aspen Economic Analyzer was used to estimated production costs and profit
margin. The Potential Environmental Impact (PEI) was calculated to perform the
environmental assessment using the EPA’'s WAR tool. The results revealed how the
process pathway affects the economic margin of antioxidant compounds production
process. In the processing of all feedstock, the highest yields were obtained for a FD-SFE-
UF process configuration due to this involve advantages such as the low production cost,
a high cost, a high sale price to production cost ratio and high overall yields.

5.2 Processes description

The processes simulation was evaluated from a technical, economic and environmental
point of view. The chemical composition showed in the Chapter 3 of the fruits was used as
the starting point in the simulation of the antioxidant production. The antioxidant compounds
production comprises three stages: pretreatment, extraction and concentration. The
operation condition of each process was determined according mathematical models and
these are presented in Table 4.3. Figure 5.1, Figure 5.2, Figure 5.3, Figure 5.4, Figure 5.5,
Figure 5.6, Figure 5.7 and Figure 5.8 shows the antioxidant production by different process
configurations.
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Figure 5.1 Simplified flowsheet of the process to obtain antioxidant rich-extracts (Scenario 1-2)

1: Freezer; 2,6,10: Pumps; 3: Freeze dryer; 4: Grinder; 5: Mix tank; 7: Heat exchanger, 8:
Supercritical extraction tank; 9: Separation tank; 11: Membrane
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Figure 5.2 Simplified flowsheet of the process to obtain antioxidant rich-extracts (Scenario 3-4)

1: Freezer; 2,6: Pumps; 3: Freeze dryer; 4: Grinder; 5: Mix tank; 7: Heat exchanger, 8:
Supercritical extraction tank; 9: Separation tank; 10: Distillation column
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Figure 5.3 Simplified flowsheet of the process to obtain antioxidant rich-extracts (Scenario 5-6)

1. Freezer; 2, 7: Pumps; 3: Freeze dryer; 4. Grinder; 5: Heat exchanger; 6: Mix tank; 8: Membrane
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Figure 5.4 Simplified flowsheet of the process to obtain antioxidant rich-extracts (Scenario 7-8)

1: Freezer; 2: Pumps; 3: Freeze dryer; 4: Grinder; 5: Heat exchanger; 6: Mix tank; 7: Distillation
column
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Figure 5.5 Simplified flowsheet of the process to obtain antioxidant rich-extracts (Scenario 9-10)

1,7: Heat exchanger; 2: Conventional dryer; 3: Grinder; 4: Mix tank; 5: Supercritical extraction tank;
6, 9: Pumps; 8: Separation tank; 10: Membrane
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Figure 5.6 Simplified flowsheet of the process to obtain antioxidant rich-extracts (Scenario 11-12)

1,7: Heat exchanger; 2: Conventional dryer; 3: Grinder; 4: Mix tank; 5: Supercritical extraction tank;
6: Pumps; 8: Separation tank; 9: Distillation column
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Figure 5.7 Simplified flowsheet of the process to obtain antioxidant rich-extracts (Scenario 13-14)

1,5: Heat exchanger; 2: Conventional dryer; 3: Grinder; 4: Mix tank; 6: pump; 7: Membrane
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Figure 5.8 Simplified flowsheet of the process to obtain antioxidant rich-extracts (Scenario 15-16)

Air

1,5: Heat exchanger; 2: Conventional dryer; 3: Grinder; 4: Mix tank; 6: Distillation column

5.2.1 Pretreatment process
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The pretreatment involve two stages: First the feedstock is dried using one of two
technologies (Conventional air drying or Freeze drying). After drying the material is
subjected to a stage of size reduction in which the mean particle diameter to be reached is
858.45um. The dry process helps to break down the cells, so the antioxidant compounds
can be easily extracted. Moreover, this step is necessary to enhance the interfacial area
important to increase the mass transfer rate in the extraction process and a constant drying
temperature to reduce moisture in the solid matrix.

Conventional air drying

The conventional drying is a convective type. In other words, air is used both to supply the
heat for evaporation and to carry away the evaporated moisture from the product. The
process consist on disposed the feedstock in a drying chamber where it is contacted with
air at 333 K and 5% moisture (at 1.5 m s velocity) until the material decreases its moisture
at 8%. The humid air exiting the drying chamber is released to the atmosphere. A heater
was used to supply hot air into the drying chamber.

Freeze drying

The freeze drying process consists of three different stages: First, the fresh material to be
dried is homogenized and is frozen at 233 K. Second, the pressure is reduced at 400 mbar
and the material is heated at 313 K. The ice is sublimed and the water vapor is condensed.
Finally, the condenser is heated to melt and remove the collected ice. The main process
parameters are shelf temperature, chamber pressure and time. However the parameter
more important is the product temperature which can no directly controlled only by shelf
temperature.

5.2.2 Extraction process

The dried material is continuously fed into an extraction process, where a rich antioxidant
extract is obtained. The CSE process was conducted in 8 hours while the SFE procedure
lasted only 2.5 hours.

Conventional solvent extraction

The simulation process to obtain the antioxidant extracts by CSE was developed at 333 K
and atmospheric pressure using ethanol — water (60 % vol) as solvent (1:5 solid to liquid
ratio) for 8 hours in a stirred tank to 300 rpm. To obtain a similar amount of feedstock
processing in CSE and SFE processes, three stirred tanks arranged in parallel were used
in CSE procedure. The extract was filtered and the solid fraction was recycled to extraction
unit. The liquid fraction was continuously fed into a concentration process where the solvent
is recovered.
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Supercritical fluid extraction

In the simulation of SFE stage, the CO2 must be adjusted to the extraction conditions (i.e.,
300 bar and 315 K). The dry material was disposed in a closed extractor of fixed bed packed
with the ethanol (60%) as co-solvent (1:2.5 solid to liquid ratio) where the contact between
the CO2 and solid matrix occur to extract the antioxidant compounds. The CO2 is
depressurized to atmospheric pressure in a separation tank thus allowing its separation
from the product-solvent mixture. Then, the product-solvent mixture is filtered and the solid
material is therefore removed and recycled to extraction unit. The resulting liquid stream
contains the extracted antioxidant compounds that it is fed into the next stage
(concentration process).

5.2.3 Concentration process

The mixture resulting of extraction process was filtered in order to separate the solid from
extract. The solids are recycled to the extraction step until exhausting the concentration of
polyphenolic compounds into the matrix. The liquid fraction obtained in extraction process
was continuously fed into a concentration process where the solvent is recovered using
vacuum distillation (VD) or crossflow ultrafiltration (UF) and the solvent recovered at the
end of the process is recycled to extraction unit. The solvent input to extraction stage was
the sum of the recovered solvent stream and a fresh solvent stream.

Vacuum distillation

The extract rich in antioxidant resulting in the extraction process containing ethanol that is
recovered in a separation step consisting of a distillation column. The extract is
concentrated up to 40%. The rigorous calculation of the operation conditions in the
distillation columns was developed using the RadFrac module based on the inside out
equilibrium method that utilizes MESH equations (Mass balance, Equilibrium, Summation
of compaosition, and Heat balance). Sensitivity analyses were carried out in order to study
the effect of the main operation variables (reflux ratio, feed temperature, number of stages,
etc.) on the composition of products and corresponding energy costs.

Crossflow ultrafiltration

In the Aspen Plus software a separation model based on membranes not exist in the
simulator. To simulate the crossflow ultrafiltration process with Aspen Plus a sequential
modular approach was implemented and an Excel sub-routine was built and integrated into
simulator. The extract obtained from the extraction process was concentrated using a
crossflow ultrafiltration membrane to room temperature and with a transmembrane
pressure at 2.4 bar. The resulting retentate was recycled into to crossflow ultrafiltration and
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the permeate stream was fed to a nanofiltration membrane with cut-off of 450 Da. The
pressure in the permeate side (ultrafiltration and nanofiltration) was approximately
atmospheric. Operation pressure was maintained at 8 bar until rich a final concentration of
40%. The resulting permeate from this nanofiltration was recycle to extraction process and
the retentate is the antioxidant-rich product. The additional nanofiltration operation was
necessary to reach a final concentration of extracts.

5.3 Results

5.3.1 Matisia cordata (zapote) fruit

For all process configurations is possible produce antioxidant compounds (>40%) with a
low traces of solvent (ethanol). The simulation results for all process configurations of main
streams are shown in Table 5.1. The higher extraction of antioxidant compounds was
obtained using FD-SFE-UF processes (1019.81 g h). The lower antioxidant compounds
production was obtained when the CD-CSE-VD processes were performed (535.96 g hl).
Some traces of glucose were extracted when CSE process was carried out but only appear
in the final product when VD was conducted. This fact could be explain because when
concentration by membrane takes place, the final product is obtained in the retentate, while
the sugar content is obtained in the permeate stream by a smaller molecular size than
antioxidant compounds.
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Table 5.1 Total flow rates and compositions of some streams of antioxidant production from M. cordata fruit by different process configurations

Fresh Solvent  Solvent Product (g h't)
pulp used in used in FD- FD- CD- CD- FD- FD- CD- CD-
CSE SFE CSE-UF CSE-VD CSE-UF CSE-VD SFE-UF SFE-VD SFE-UF SFE-VD
Mass Flow
(kg h1) 150 675 337.5 935.54 813.60 857.33 535.96 1019.81 838.77 866.29 596.40
Mass fraction (wt %)
Water 83.05 35.07 35.07 35.89 49.74 36.00 52.14 35.90 59.89 35.88 59.83
Glucose 8.71 10.08 7.67
Fiber 4.08
Pectin 3.27
Antioxidant 0.37 4017 4018 4001 4020  40.16  40.10 4020  40.16
compound
Ethanol 64.93 64.93 23.93 24.00 23.94 23.92
Ash 0.52
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In the SFE procedure the glucose is not extracted, so can be said that using this technology
is possible to obtain antioxidant extracts free sugars. This represents a lower cost in the
purification of extracts. As expected, aqueous antioxidant extracts with a concentration of
40% were obtained.

Table 5.2 Simulation yields to produce antioxidant compounds from M. cordata (zapote) fruit by
different process configurations

Scenarios P.roces.s Yield (%)
configurations
1-2 FD-SFE-UF 74.10
5-6 FD-CSE-UF 67.99
9-10 CD-SFE-UF 63.00
13-14 CD-CSE-UF 62.05
34 FD-SFE-VD 60.85
7-8 FD-CSE-VD 59.14
11-12 CD-SFE-VD 43.33
15-16 CD-CSE-VD 38.97

Table 5.2 shows the yields respect to an initial content of antioxidant compounds in the
Matisia cordata pulp by different process pathway. The differences for conventional air
drying and freeze drying showed a trend in lowering of antioxidant compounds when CD
was used. This fact is explained by the possibility of oxidation or degradation of thermolabile
compounds. The yields improve in approximately 1.28 times when freeze drying technology
was used. The highest content of antioxidant compounds when FD technology was used
could be associated with the release of bound antioxidant compounds from breakdown of
cellular constituents during thermal treatment and the absence of air that protects them
from reactions with oxygen.

The yield of antioxidant extract obtained in a stirred tank using CSE technology was similar
to obtain in SFE. However, the CSE process was conducted in 6 hours while the SFE
procedure lasted only 2 hours. For this reason, three stirred tank were disposal in parallel.
In this way both technologies CSE and SFE processed the same amount of feedstock per
unit time. When the SFE process was used, the yields were improved in 1.06 fold compared
to CSE. The similar yields obtained in SFE and CSE procedure could be explained due to
same quantity of raw material were processed for a same time period. However, the yield
of SFE procedure is higher than CSE technology due to the high pressure used in SFE
improves the solubility of antioxidant compounds and hence the extractions yields are
enhanced.

Respect to concentration processes, when UF process was used, an approximately 1.33
fold increase in the yield was observed compared to VD procedure. The vacuum distillation
method may result in antioxidant loss caused by the instability of bioactive compounds, due
to the application of a high temperature for a long period of time. This results show that the
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stage that more affect the final yields is the concentration step. Nevertheless, if only one
stirred tank is used to extract antioxidant compounds by CSE technology, this procedure is
—the least recommended in productivity terms. Finally, when the FD-SFE-UF procedures
were used, a 1.9 fold increase in the yield was observed compared to the CD-CSE-VD
procedure.

In order to include the analysis of the energy consumption for all process pathways to
produce antioxidant compounds, energetic integrations were carried out. The results are
presented in Table 5.3 Energy requirements were calculated for the entire process in each
configuration. The highest requirements of both heating and cooling were required by the
configurations that included the vacuum distillation technology. This could be explained
because this technology needs cooling water to condense the product obtained by column
top and steam to evaporate the solvent. With respect to extraction technologies, the heating
requirements in the configurations that included the same pretreatment and concentration
technologies was approximately 1.36 times highest when the CSE was incorporated in
comparison with the SFE step. This fact is explained due to in the CSE technology an
operation temperature (e.g. 333 K) higher than SFE step (e.g. 318 K) was employed. In
addition, the use of three stirred tanks arranged in parallel instead of one, increased the
energetic costs. On the other hand, the pretreatment technology that demands less cooling
requirements is the CD technology for a same configuration in the stages of both extraction
and concentration.

Table 5.3 Comparison of energy requirements for all process configurations to produce antioxidant
compounds from M. cordata fruit before and after heat integration.

Heating

. Cooling requirements  Electricity
requirement

Process configurations

1 1 KWh kg
MJ kg™ product MJ kg™ product product
Sc 1 FD-SFE-UF 318.00 513.80 512
Sc 2 FD-SFE-UF (integration) 148.97 344.77
Sc 3 FD-SFE-VD 961.40 1139.52 536
Sc 4 FD-SFE-VD (integration) 552.95 731.07
Sc 5 FD-CSE-UF 418.28 529.30 707
Sc 6 FD-CSE-UF (integration) 264.75 375.83 '
Sc 7 FD-CSE-VD 1356.93 1382.74 6.41
Sc 8 FD-CSE-VD (integration) 957.96 984.51 '
Sc 9 CD-SFE-UF 284.81 26.58 6.91
Sc 10 CD-SFE-UF (integration) 200.24 19.66
Sc 11 CD-SFE-VD 836.82 798.09
Sc 12 CD-SFE-VD 804.83 776.66 8.13

(integration)
Sc 13 CD-CSE-UF 441.53 - 6.38




10 Design and Evaluation of Processes to Obtain Antioxidant-Rich Extracts from
4 tropical fruits cultivated in Amazon, Caldas and Northern Tolima Regions

Sc 14 CD-CSE-UF

. . 441.53 -
(integration)
Sc 15 CD-CSE-VD 1565.03 1268.37
Sc 16 CD-CSE-VD 1565.03 1268.37 9.44

(integration)

However, from energy consumption point of view the scenario 15 has higher-energy
consumption than the scenario 1. The first process needs an electricity consumption of 9.44
kWh per kg of product and the scenario 1 requires 5.12 kWh per kg of product. The results
presented above can be explained due to high solvent rate required for scenario 15. This
massive flow circulating through the process increases the loads of separation units raising
consequently the energy consumption of the distillation and evaporation stages.

The use of Aspen Energy Analyzer allows performing a Total Site Analysis (TSA) that
allows identifying which parts of process can be thermally integrated in order to cover heat
and cooling demands based on Pinch technology [205, 206]. Figure 5.9 revealed how the
energetic integration generates a reduction in the energy requirements for process
configurations. The FD-SFE-UF configuration has the greatest energy savings whereas
that in the CD-CSE-UF and CD-CSE-VD configurations were not possible perform an
energy integration. The utility requirements of processes were calculated based on above
integrated system (see Table 5.4) these values were added to the electricity consumption
rates.
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Figure 5.9 Save energy with energy integration for all process pathways to produce antioxidant
compounds from M. cordata fruit before and after heat integration
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The results of economic evaluation of antioxidant production based on Matisia cordata are
summarized in annex A (Table Al.1). The highest production cost was obtained for
scenario 15 - CD-CSE-VD (437.01 USD kg-1 of product) due to that this configuration has
the largest losses of antioxidant compounds by thermal degradation that involves the use
of VD and CD technologies. While the scenario 2 (e.g. FD-SFE-UF with energy integration)
is the most profitable due to its production cost is the lowest of all configurations studied.
Additionally this configuration is one with the highest operation cost (e.g. 379.48 USD kg™*
of product) that it is related to use of high-end technologies involved in the process but it
has high yield compared with other technology configurations.

As shows Table 5.4 the ratio sale price to total production cost is influenced by energy
integration that affects directly the total utility costs (see Table Al1.1). A significant increase
in the sale price to total production cost ratio is observed when energy integration was
performed. The results of scenario 14 and 16 are not shown because the energy integration
was not possible performed. The influence of capital cost on the total production cost is not
significant because the capital costs are distributed over all stages in the process.

Table 5.4 Total production cost and sale price to production cost ratio for all scenarios to obtain
antioxidant extracts from M. cordata fruit

Total production cost USD Sale pricef/total

kg™ product production cost
Sc 1 FD-SFE-UF 176.52 3.172
Sc 2 FD-SFE-UF (integration) 175.17 3.197
Sc 3 FD-SFE-VD 380.00 1.474
Sc 4 FD-SFE-VD (integration) 379.48 1.476
Sc 5 FD-CSE-UF 227.36 2.463
Sc 6 FD-CSE-UF (integration) 215.10 2.603
Sc 7 FD-CSE-VD 340.73 1.644
Sc 8 FD-CSE-VD (integration) 305.73 1.832
Sc 9 CD-SFE-UF 209.39 2.674
Sc 10 CD-SFE-UF (integration) 207.71 2.696
Sc 11 CD-SFE-VD 313.83 1.784
Sc 12 CD-SFE-VD (integration) 313.33 1.787
Sc 13 CD-CSE-UF 197.27 2.839
Sc 15 CD-CSE-VD 437.01 1.281

The economic margins for all scenarios are shown in Figure 5.10. For all the studied
scenarios, the economic margins were positive. This result could be explained by the fact
that the sale prices of the product are lower than their production costs. As expected, the
highest economic margins are obtained in scenarios when energetic integration was done.
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However it is a notable decrease in the economic margin in the scenario 15 CD- CSE- VD
compared to other configurations.
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Figure 5.10 Economic margin (%) per scenario for the different process configurations to produce
antioxidant compounds from M. cordata fruit

The economic margin of production of antioxidant compounds for scenarios 1, 5, 9 and 13
are higher than scenarios 3, 7, 11 and 15. This fact is explained by the use of vacuum
distillation as concentration technology in the process configurations. In this way, is possible
to say that when the VD process is used the lower economic margins are obtained. On the
other hand, when the scenario 8 (e.g. FD-CSE-VD with energy integration) is carried out,
the economic margin improves 1.6 times compared to scenario 7 (e.g. FD-CSE-VD). The
profit in scenario 3 is approximately 2.3 times less and 1.5 times more than scenario 1 and
scenario 15, respectively. This fact explains how the process pathway affects the economic
margin of antioxidant compounds production process.

The process configurations for the production of antioxidant rich-extracts were finally
analyzed according to their potential environmental impact. As can show Fig. 5.11, the
scenarios that include VD procedure into its process configurations have higher the PEI
generated within systems per mass of product than the scenarios that include UF
technology. In fact, Figure 5.11 shows how the UF technology into the process
configurations, obtains an overall reduction on PEI. This means that under this condition
the system mitigates obtaining the higher reductions on atmospheric categories (PCOP and
AP) that are influenced by the gases formed during the incomplete combustion (i.e. NOx,
SOx, and CO) (see Annex 2). The concentration of antioxidant rich-extract by VD procedure
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has high energy consumption, which must be provided using external energy sources. In
this sense the fossil fuel employed to provide energy to this process increase emissions
and impacts on atmospheric categories
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Figure 5.11 PEI generated within the system per mass of product - (M. cordata fruit)

The scenarios with energy integration showed less PEI value than scenarios without it. This
is explained since lower requirements of energy consumption were necessary for the
process configurations with energy integration. Finally, the scenario 2 showed less PEI
value in comparison with the others scenarios.

5.3.2 Physalis peruviana (goldenberry) fruit

The different configurations to produce antioxidant compounds were simulated according
to processes previously described in the process description section (see section 5.1).
Table 5.5 shows the simulation yields to produce antioxidant compounds from P. peruviana
fruit by different process configurations. When the FD-SFE-UF process configuration was
used, a 1.7 fold increase in the overall yield was observed compared to the CD-CSE-VD
approach with flow rates of 1.30 kg h* and 0.74 kg h* of antioxidant extract, respectively.
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The total flow rates and compositions of some streams of antioxidant production from P.
peruviana fruit by different process configurations are shown in Table 5.6.

Table 5.5 Simulation yields to produce antioxidant compounds from P. peruviana fruit by different
process configurations

Scenarios P'roces's Yield (%)
configurations
1-2 FD-SFE-UF 86.69
9-10 CD-SFE-UF 81.40
5-6 FD-CSE-UF 79.43
13-14 CD-CSE-UF 77.14
3-4 FD-SFE-VD 74.23
11-12 CD-SFE-VD 65.13
7-8 FD-CSE-VD 56.53
15-16 CD-CSE-VD 49.63

The FD pretreatment showed higher yields (i.e. 1.1 fold) when compared to the CD
technology (See Table 5.6). The overall yields are approximately 1.31 times higher when
the SFE procedure is used in the extraction technology than the CSE procedure. Finally,
the overall yields when UF concentration increased about 1.34 times in comparison with
the VD technology.

The major disadvantage associate with CD is that the long drying times needed causes
degradation by the possibility of oxidation of antioxidant compounds while the FD retain the
product quality. However, the major disadvantage of freeze-drying is its relatively high cost.
Similar yields were achieve in CSE and SFE technologies due to three stirred tanks were
disposal in parallel in order to obtain equal amount of feedstock per unit time. This is
explained due to obtain similar yields in CSE and SFE processes is necessary 6 and 2
hours of procedure time, respectively. Moreover, the solubility of antioxidant compounds by
high operation pressure in SFE improves the yields in comparison to CSE. The vacuum
distillation method may result in antioxidant loss caused by the instability of bioactive
compounds, due to the application of a high temperature for a long period of time.



109

Table 5.6 Total flow rates and compositions of some streams of antioxidant production from P. peruviana fruit by different process configurations

Fresh Solvept Solvept Product (kg h'?)
oulp used in usedin FD-CSE- FD-CSE- CD- CD-CSE- FD- FD- CD- CD-
CSE SFE UF VD  CSE-UF VD SFE-UF SFE-VD SFE-UF SFE-VD
M(alfg hF 'l?W 450 2025 1012 1.19 0.84 115 074 130 110 1.22 0.97
Mass Fraction (wt %)
Water 81.02 35.07 35.07 2397 5616 2397 5523 2398  59.70  23.95  59.89
Glucose 3.99 3.45 4.56
Fiber 2.98
Pectin 7.95
Oleic acid 2.49
Antioxidant ) , 5 40.07 4039  40.07 4021 4004 4030 4014  40.11
compound
Citric acid 1.13
Ethanol 64.93 64.93 35.96 35.96 35.97 35.92

Ash 0.30
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Table 5.7 Comparison of energy requirements for all process pathways to produce antioxidant
compounds from P. peruviana fruit before and after heat integration

Heating

. Cooling requirements  Electricity
requirement

Process pathway

4 4 Kwh kg
MJ kg™ product MJ kg™ product product
Sc 1 FD-SFE-UF 731.55 955.93 12.07
Sc 2 FD-SFE-UF (integration) 527.85 752.23 '
Sc 3 FD-SFE-VD 2216.22 2413.55 1221
Sc 4 FD-SFE-VD (integration) 1330.55 1528.53 '
Sc 5 FD-CSE-UF 945.70 1008.45 16.72
Sc 6 FD-CSE-UF (integration) 759.14 821.88 '
Sc 7 FD-CSE-VD 4064.88 3987.62 18.66
Sc 8 FD-CSE-VD (integration) 2933.84 2856.58 '
Sc 9 CD-SFE-UF 695.03 30.38 13.28
Sc 10 CD-SFE-UF (integration) 484.59 30.38 '
Sc 11 CD-SFE-VD 1585.95 1553.39
Sc 12 CD-SFE-VD 14.94
(integration) 1557.09 1524.54
Sc 13 CD-CSE-UF 622.59
Sc 14 CD-CSE-UF 14.23
(integration) 622.59
Sc 15 CD-CSE-VD 3568.10 3130.00
Sc 16 CD-CSE-VD 20.53
(integration) 3568.10 3130.00

Table 5.7 shows the energy requirements per kilogram of product of antioxidant extract with
and without energetic integration. The energetic integration was based on Pinch technology
using Aspen Energy Analyzer. The highest energetic requirements of both heating and
cooling were for the process configurations FD-CSE-VD (Sc. 7) following by CD-CSE-VD
(Sc. 15), FD-SFE-VD (Sc. 3), and CD-SFE-VD (Sc. 11). This fact is explained by these
included the vacuum distillation technology in the concentration step. Additionally, in these
configurations were obtained the lowest yields. With respect to cooling requirements similar
behavior that heating requirements with concentration stage was observed. However the
CD-CSE-UF (Sc. 13) configuration not needs cooling requirements. The lowest cooling
requirements were for the process configurations of Sc 13, Sc. 9, Sc. 5 and Sc. 1. This
means that the technologies to demand lower cooling requirements was conventional
drying, conventional solvent extraction and ultrafiltration. The heating and cooling
requirements for scenario 1 (FD-SFE.UF) were approximately 1.1 and 31.5 times
respectively higher that scenario 9 (CD-SFE-UF). This fact is explained due to high needs
of frozen in the FD as pretreatment technology. However, from energy consumption point
of view the scenario 5 has higher energy consumption than the scenario 1. The scenario 5
needs an electricity consumption of 16.72 kWh per kg of product and the scenario 1
requires 12.07 kWh per kg of product. Similar results were obtained when VD technology
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was incorporated. As expect the high solvent rate and higher electricity consumption were
required by the process configurations that included the CSE and same technology for
concentration process. This massive flow circulating through the process increases the
loads of separation units raising consequently the energy consumption of the distillation
and evaporation stages.
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Figure 5.12 Save energy with energy integration for all process pathways to produce antioxidant
compounds from P. peruviana fruit before and after heat integration

Figure 5.12 revealed how the energetic integration generates a reduction in the energy
requirements for process configurations. The CD-SFE-VD configuration has the lowest
energy saved whereas that in the CD-CSE-UF and the CD-CSE-VD configurations were
not possible perform an energy integration. The utility requirements of processes were
calculated based on above integrated system (see Table 5.7), these values were added to
the electricity consumption rates.

The results of economic evaluation of antioxidant production based on Physalis peruviana
data are summarized in annex A (Table A1.2). High antioxidant compounds production cost
in all cases is due the high raw material cost that represent between 44.25% (Sc. 7 FD-
CSE-VD) and 86.80% (Sc. 13 CD-CSE-UF) of the total production cost in the lower and
higher cases, respectively. In addition, the utilities costs for overall scenarios represent
between 0.65% (Sc. 13 CD-CSE-UF) and 45.07% (Sc. 7 FD-CSE-VD) of the total
production cost in the lower and higher cases, respectively. This fact could be explained by
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the high energy consumption of the pretreatment (FD technology) and concentration (VD)
steps. The scenario 2 (FD-SFE-UF with energetic integration) is the scenario with lowest
production cost (283.13 USD kg* of product) while the scenario 7 (FD-CSE-VD) the total
production cost is approximately 2.77 times (788.79 USD k-1 of product) more than
scenario 2. As shows Table 5.8 the scenarios 7 (e.g. FD-CSE-VD), sc. 16 (e.g. CD-CSE-
VD with energetic integration) sc. 15 (e.g. CD-CSE-VD) and sc. 18 (e.g. FD-CSE-VD with
energetic integration) are unprofitable due to the ratios sale price to total production cost,
are less than one hence the sale prices is lower than total production cost. This fact could
be explained by the total production cost in these scenarios are mainly affected by raw
material cost and additionally the lowest overall yields are obtained (see Table 5.5).This
means that the production cost of antioxidant compounds is higher that sale price. On the
other hand the total production cost for each scenario is lower when the energetic
integration was performed. This fact could be explained due to the total utility costs are
minimized and affect directly the total production cost (see Table Al.2). The results of
scenario 14 and 16 are not shown because the energy integration was not possible
performed.

Table 5.8 Total production cost and sale price to production cost ratio for all scenarios to obtain
antioxidant compounds from P. peruviana fruit

Total production cost USD Sale price/total

kg-1 product production cost

Sc 1 FD-SFE-UF 285.19 1.96

Sc 2 FD-SFE-UF (integration) 283.13 1.98
Sc 3 FD-SFE-VD 324.25 1.73

Sc 4 FD-SFE-VD (integration) 323.03 1.73
Sc 5 FD-CSE-UF 394.05 1.42

Sc 6 FD-CSE-UF (integration) 375.58 1.49
Sc 7 FD-CSE-VD 788.79 0.71

Sc 8 FD-CSE-VD (integration) 688.50 0.81
Sc 9 CD-SFE-UF 306.79 1.83

Sc 10 CD-SFE-UF (integration) 306.79 1.83
Sc 11 CD-SFE-VD 402.27 1.39

Sc 12 CD-SFE-VD (integration) 401.64 1.39
Sc 13 CD-CSE-UF 292.45 1.91

Sc 15 CD-CSE-VD 720.12 0.78

The economic margins for all scenarios are shown in Figure 5.13. As discussed above, the
scenarios 7, 8, 15 and 16 generated a negative economic margin while the scenarios 1, 2,
13 and 14 generated the highest economic margin. The total production cost of scenarios
1 and 2 configurations are mainly influence by the raw material cost following by capital
cost due to the use of high-end technology. As expected, for the same process
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configurations the highest economic margins are obtained in scenarios when energetic
integration was done.
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Figure 5.13 Economic margin (%) per scenario for the different process configurations to produce
antioxidant compounds from P. peruviana fruit

In the process when same pretreatment and extraction technologies were used but VD was
incorporated into the process configuration, the economic margin of antioxidant compounds
production was lower that when UF technology was included. This fact is explained by the
high energy requirements needs in VD stage that increases the total production cost. In this
way, is possible to say that when the VD process is used the lower economic margins are
obtained. On the other hand, when the scenario 8 (e.g. FD-CSE-VD with energy integration)
is carried out, the economic margin improves 1.6 times compared to scenario 7 (e.g. FD-
CSE-VD). The economic margin in scenario 11 (e.g. CD-CSE-VD) is approximately 1.6
times less and 1.7 times more than scenario 9 (e.g. CD-SDE-UF) and scenario 13 (e.g. CD-
CSE-UF), respectively. This fact explains how the process pathway affects the economic
margin of antioxidant compounds production process.
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Figure 5.14 PEI generated within the system per mass of product - (P. peruviana fruit)

The environmental analysis was developed for the sixteen scenarios established for
economical analysis using EPA’s WAR. The obtained results were compared in Figure
5.14, revealing that all scenarios are generating emissions during their processing with high
mitigation potential the process configurations that included the UF technology. Likewise,
the Annex 2, it can be seen how the scenario 7 has a PEI higher in all categories than the
others scenarios. This situation is explained due to high emissions load by high energy
consumption in Scenario 7. Accordingly, it shows how an inefficient use of energy and
inappropriate waste management has an economical and environmental impact on process
sustainability. Last results revealed that the best options from an environmental point of
view are scenarios 1 and 2.

5.3.3 Solanum betaceum (tamarillo) fruit

Table 5.9 shows the mass and energy balances generated during the simulation procedure.
The global mass yields respects to initial content of antioxidant compounds in Solanum
betaceum are shown in Table 5.10.
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Table 5.9 Total flow rates and compositions of some streams of antioxidant production from S. betaceum fruit by different process configurations

Solvent  Solvent Product (kg h™?)
Fresh . .
pulp usedin usedin FD- FD- CD- CD- FD- FD- CD- CD-
CSE SFE  CSE-UF CSE-VD CSE-UF CSE-VD SFE-UF SFE-VD SFE-UF SFE-VD
Mass Flow
(kg h) 4875 219375 10968.7 17.98 12.59 17.21 9.82 20.14 16.50 18.63 13.95
Mass fraction (wt %)
Water 81.68 35.07 35.07 24.00 56.77 23.91 55.54 23.99 59.76 23.98 59.72
Glucose 4.75 2.88 3.85 0.00
Fiber 0.91
Oleic acid 7.23
Protein 0.38
Antioxidant
compounds  0.19 40.01 40.35 40.22 40.61 40.02 40.24 40.06 40.28
Citric acid 1.24
Ethanol 64.93 64.93 36.00 35.87 35.99 35.96
Air
Ash 3.61




116

Table 5.10 Simulation yields to produce antioxidant compounds from S. betaceum fruit by different
process configurations

Process configurations Yield (%)
Sc.1-2 FD-SFE-UF 86.94
Sc.3-4 FD-SFE-VD 71.59
Sc.5-6 FD-CSE-UF 77.57
Sc.7-8 FD-CSE-VD 54.79
Sc.9-10 CD-SFE-UF 80.52

Sc.11-12 CD-SFE-VD 60.62
Sc.13-14 CD-CSE-UF 74.66
Sc.15-16 CD-CSE-VD 43.01

Simulations of the studied scenarios were used to generate their respective mass and
energy balance sheets, which are the basic input for the techno-economic analysis. Table
5.9 shows production capacities and the main flow rates and compositions of some streams
of antioxidant production from S. betaceum fruit by different process configurations. To
compare the best case scenario 1 (FD-SFE-UF) the yield was 2.02 times higher when is
comparing with the worst case - scenario 15 (CD-CSE-VD).

When freeze drying technology was used the yield increased in about 1.2 fold when
compared to conventional drying technology. This is because approximately 3.7% the
amount of antioxidant compounds were lost in FD technology while the 7.4 % were lost in
CD stage. The high reduction of antioxidant compounds is explained by the exposure to
air and high temperature. However, when SFE was performed the amount of total extracted
antioxidant was similar to the values obtained with simulated CSE. When SFE was used, a
1.01 fold increase in the extraction yield was observed compared to CSE technology. This
fact is explained by the configuration of three stirred tanks disposal in parallel in CSE
technology that permit to process the same quantity of raw material per time unit.
Nevertheless, when SFE was used higher yield was achieved than when CSE was
performed. This fact is explained by the solvating power of solvent which is improved by
changing pressure and temperature. Finally, the concentration stage has more influence in
the process to obtain antioxidant compounds, when the VD technology is included the
overall yields decreased about 0.24 times in comparison with UF. The vacuum distillation
method may result in antioxidant loss caused by the instability of bioactive compounds, due
to the application of a high temperature for a long period of time.

Table 5.11 Comparison of energy requirements for all process pathways to produce antioxidant
compounds from S. betaceum fruit before and after heat integration

Heating

Process pathway requirement

Cooling requirements  Electricity
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1 1 KWh kg
MJ kg™ product MJ kg™ product product
Sc 1 FD-SFE-UF 514.99 709.98 6.50
Sc 2 FD-SFE-UF (integration) 344.75 539.66 '
Sc 3 FD-SFE-VD 1376.81 1557.59 8.84
Sc 4 FD-SFE-VD (integration) 726.57 907.89 '
Sc 5 FD-CSE-UF 664.29 766.00 9.24
Sc 6 FD-CSE-UF (integration) 495.73 597.52 '
Sc 7 FD-CSE-VD 2423.72 2439.28 10.40
Sc 8 FD-CSE-VD (integration) 1599.47 1615.02 '
Sc 9 CD-SFE-UF 495.44 23.59 795
Sc 10 CD-SFE-UF (integration) 320.48 23.59 '
Sc 11 CD-SFE-VD 919.87 889.87
Sc 12 CD-SFE-VD 8.72
(integration) 895.05 864.93
Sc 13 CD-CSE-UF 447.43
Sc 14 CD-CSE-UF 7.98
(integration) 447.43
Sc 15 CD-CSE-VD 2213.58 1868.43
Sc 16 CD-CSE-VD 12.94
(integration) 2213.58 1868.43

Table 5.11 shows the energy requirements per kilogram of product of antioxidant extract
with and without energetic integration. The energetic integration was based on Pinch
technology using Aspen Energy Analyzer. The highest energetic requirements of both
heating and cooling were for the process configurations that included the vacuum distillation
as technology for concentration is due to energy required to condenser the solvent obtained
by column top and the heating energy required to evaporate the solvent. On the other hand,
the energy required in the SFE technology is mainly attributed at the energy needs to
achieve the conditions to recover CO- that represent a need of including more equipment
and therefore higher consumption rate. Nevertheless, the energy consumption of the CSE
procedure is higher than the SFE technology due to the massive solvent flow circulating
through the process that increases the cost. The CD-CSE-UF (Sc. 13) configuration not
needs cooling requirements for this reason is not possible to perform the energetic
integration. High cooling requirements were obtained for the process configurations that
included the FD technology due to need of freezing of feedstock in the FD as pretreatment
technology. This means that the technologies to demand lower cooling requirements was
conventional drying, conventional solvent extraction and ultrafiltration. From electricity
consumption point of view, the scenarios that included the UF process as concentration
technology have the highest energy consumption. The scenario 5 (FD-CSE-UF) needed an
electricity consumption of 9.24 kwWh per kg of product and the scenario 1 (FD-SFE-UF)
required 6.50 kWh per kg of product. As expect the high solvent rate by configuration that
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included the CSE with the same technology of concentration process required higher
electricity consumption due to the high solvent flow circulating through the process.

Figure 5.15 shows the save energy in each scenario with the energetic integration. As
expect in the FD-SFE-VD process configuration was observed the highest saved energy
by integration with 47% and 42% of heating and cooling requirements, respectively. On the
other hand, in two scenarios were not possible performed the integration (e.g. CD-CSE-UF
and CD-CSE-VD). For this reason, the bottle neck of this project was the energy integration
opportunities that permit decrease the energy requirements.
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Figure 5.15 Save energy with energy integration for all process pathways to produce antioxidant
compounds from S. betaceum fruit before and after heat integration

The process configurations not only affect the yields and the energetic requirements but
also affect the total production cost. Table 5.12 shows the total production per kilogram of
product and the ratio sale price to total production cost.

Table 5.12 Total production cost and sale price to production cost ratio for all scenarios to obtain
antioxidant extract from S. betaceum fruit

Total production cost USD Sale price/total
kg™ product production cost
Sc 1 FD-SFE-UF 153.64 3.64
Sc 2 FD-SFE-UF (integration) 151.94 3.69
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Sc 3 FD-SFE-VD 180.91 3.10

Sc 4 FD-SFE-VD (integration) 180.13 3.11
Sc 5 FD-CSE-UF 217.26 2.58

Sc 6 FD-CSE-UF (integration) 205.11 2.73
Sc 7 FD-CSE-VD 438.86 1.28

Sc 8 FD-CSE-VD (integration) 372.24 1.50
Sc 9 CD-SFE-UF 166.83 3.36

Sc 10 CD-SFE-UF (integration) 166.83 3.36
Sc 11 CD-SFE-VD 234.69 2.39

Sc 12 CD-SFE-VD (integration) 234.14 2.39
Sc 13 CD-CSE-UF 163.37 3.43

Sc 15 CD-CSE-VD 452.82 1.24

As shows Table 5.12 the all scenarios showed a ratio greater than one. This means that
the production of antioxidant compounds from tamarillo by all process configurations
studied in this work are profitable. The total production cost in scenario 16 (CD-CSE-VD) is
approximately 3 fold greater than scenario 2 (FD-SFE-UF). On the other hand, Table 5.12
shows that the relationship of sales on product cost is much lower for the scenarios that
include the vacuum distillation as concentration technology. This fact is explained by the
high total cost production of this technology and this technology involves lower yield losses
caused by thermal degradation of the antioxidant compounds.

The total production costs are mainly affected by raw material costs and utility costs (see
Table Al1.3). However, the total utility costs decreases when energetic integration was
performed which affected directly the total production cost (see Table A1.3). The results of
scenario 14 and 16 are not shown because the energy integration was not possible
performed.
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Figure 5.16 Economic margin (%) per scenario for the different process configurations to produce
antioxidant compounds from S. betaceum fruit
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A criteria to calculate the feasibility of the entire processes, is the total production cost of
product direct related with the sales of them. Thus Figure 5.16 shows the profit margin is
included as the relation of sales and total production cost. The scenario 1 (FD-SFE-UF) to
produce antioxidant compounds is the most promising scenario with a economic margin of
72.56% due to this involve advantages discussed previously such as the low production
cost, a high cost and sale price to production cost ratio and high overall yields. All the
studied scenarios show a economic margin positive. This result could be explained by the
fact that the sale prices of the product are lower than their production costs. The energetic
integration generated high economic margins due to decrease the utility costs of the
processes. The scenario 15 (CD-CSE-VD) shows the lowest economic margin. This fact
explains how the process pathway affects the economic margin of antioxidant compounds
production process. An important aspect is the production of antioxidant compounds which
is a very important product with multiple applications in food and pharmaceutical industry.
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Figure 5.17 PEI generated within the system per mass of product — (S. betaceum fruit)

Another important aspect to consider in the design of sustainable process is the potential
environmental impact. As mentioned before, the energy influence is reflected in the
generation of greenhouse gases, which holds interests in the potential environmental
impact. As it was expected, the scenarios that do not count with energy integration are
those which require higher consumption. The last can be reflected in the integration
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patterns with high energy level coupling with cogeneration schemes. Furthermore, the
potential environmental impact is affected by both energy levels and by the disposal of
process waste streams. Figure 5.17 shows that the scenarios with energetic integration
decreases the PEI generated by the system. On the other hand, it is evident that the use of
technologies that require high energy consumption increase significantly the PEI generated
by the systems.

5.3.4 Theobroma grandiflorum (copoazu) fruit

In general terms the antioxidant compounds production has been described as a process
composed of three main stages named: pretreatment (raw material conditioning), extraction
and concentration. A comparison of antioxidant extracts production from T. grandiflorum
among different process configurations were performed by simulation. From the mass and
energy balances during the simulation procedure Table 5.13 with the global mass vyields
respect to initial content of antioxidant compounds in T. grandiflorum was generated. The
simulation results for all scenarios of main streams are shown in Table 5.14.

Table 5.13 Simulation yields to produce antioxidant compounds from T. grandiflorum fruit by
different process configurations

Process configurations Yield (%)
Sc.1-2 FD-SFE-UF 78.82
Sc.3-4 FD-SFE-VD 69.76
Sc.5-6 FD-CSE-UF 71.38
Sc.7-8 FD-CSE-VD 69.15
Sc.9-10 CD-SFE-UF 76.22

Sc.11-12 CD-SFE-VD 69.17
Sc. 13- 14 CD-CSE-UF 70.40
Sc.15- 16 CD-CSE-VD 59.02

Simulations are based on Colombian copoazu conditions, reported by Escobar et. al, [207]
and Gutiérrez et. al [208] with an average installed processing capacity of 81.45 kg per hour
of fresh copoazu pulp that correspond at 30% of total Colombian production of fresh pulp
(total Colombian production of whole copoazu fruit is approximately 7240 tonnes per year)
This capacity was considered in order to not compete with food security. Based on the
possibility of extract antioxidant compounds from copoazu different process configurations
were performed.



Table 5.14 Total flow rates and compositions of some streams of antioxidant production from T. grandiflorum fruit by different process

configurations

Solvent  Solvent Product (g h?)
Fresh . .
pulp used in used in FD- FD- CD- CD- FD- FD- CD- CD-
CSE SFE CSE-UF CSE-VD CSE-UF CSE-VD SFE-UF SFE-VD SFE-UF SFE-VD
M(izshf'lo)"" 8145  366.523 1833 8176  79.21  80.60  67.61  90.64  79.88  87.60  79.19
Mass fraction (wt %)
Water 89.81 35.07 35.07 23.93 58.73 23.92 58.18 23.99 59.82 23.98 59.81
Glucose 2.42 1.10 1.65
Pectin 1.73
Oleic acid 3.38
Protein 0.46
Antioxidant ——, , 4017 4017 4019 4017 4001  40.18  40.04  40.19
compound
Citric acid 1.58
Ethanol 64.93 64.93 35.90 35.89 35.99 35.98
Ash 0.51




The results from simulation shows how an important amount of antioxidant compounds are
lost during process especially in scenarios 15 and 16 (CD-CSE-VD). This fact is due to kind
of technologies used in this configuration. The major disadvantage is associated with CD
technology that causes degradation by the possibility of oxidation of antioxidant
compounds. The configurations that included FD retain the product quality. However, the
major disadvantage of freeze-drying is its relatively high cost. In order to obtain similar
amount of feedstock per unit time, three stirred tanks in CSE technology were disposal in
parallel. In this way, similar yields were achieved in CSE and SFE technologies. This
configuration was performed due to the CSE process requires 6 hours to achieve similar
yields that SFE (this technology only needs 2 hours to perform the process).

The highest overall yields were achieved by scenario 1 (FD-SFE-UF) (78.82 %). This
configuration increase approximately in 1.13 fold in comparison with scenario 3 — FD-SFE-
VD (69.76 %). This fact is due to the vacuum distillation as concentration technology
decrease the overall yields. When the scenario 7 (FD-CSE-UF) was carried out the overall
yield are approximately 0.12 times less that the scenario 1 (FD-SFE-VD). Finally, when the
scenario 1 (FD-SFE-UF) is compared with scenario 9 (CD-SFE-UF), the scenario 9 is 0.03
times less that scenario 1. These results show that the concentration stage has more
influence in the process to obtain antioxidant compounds. On the other hand some amounts
of glucose were extracted when CSE and VD technologies were performed. This fact could
be explained due to the SFE technology is selective to antioxidant compounds by the
operation pressure. In addition when concentration by membrane takes place, the final
product is obtained in the retentate, while the sugar content is obtained in the permeate
stream by a smaller molecular size than antioxidant compounds.

In order to compare the energy requirements of each process configuration Table 5.15
shows the energy requirements per kilogram of product with and without energetic
integration. The energetic integration was based on Pinch technology using Aspen Energy
Analyzer.

Table 5.15 Comparison of energy requirements for all process pathways to produce antioxidant
compounds from T. grandiflorum fruit before and after heat integration

Heating

. Cooling requirements  Electricity
requirement

Process configurations

4 4 Kwh kg
MJ kg™ product MJ kg™ product product
Sc 1 FD-SFE-UF 966.27 1225.68 976
Sc 2 FD-SFE-UF (integration) 732.10 992.02
Sc 3 FD-SFE-VD 2063.18 2297.90 12.37
Sc 4 FD-SFE-VD (integration) 943.69 1178.29
Sc 5 FD-CSE-UF 1198.24 1324.37 12.65
Sc 6 FD-CSE-UF (integration) 973.27 1100.09
Sc 7 FD-CSE-VD 3018.18 3003.98 10.29
Sc 8 FD-CSE-VD (integration) 1912.70 1898.49

Sc 9 CD-SFE-UF 0.03 26.92 9.6
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Sc 10 CD-SFE-UF (integration) 0.03 26.92

Sc 11 CD-SFE-VD 1034.47 1002.62

Sc 12 CD-SFE-VD 1010.91 979.06 9.6
(integration)

Sc 13 CD-CSE-UF 539.02 0.00

Sc 1.4 CD-QSE-UF 539.02 0.00 10.61
(integration)

Sc 15 CD-CSE-VD 2304.67 1977.41

Sc 16 CD-CSE-VD 2304.67 1977 41 11.69

(integration)

The highest energetic requirements of both heating and cooling were for the process
configurations that included the vacuum distillation as technology for concentration is due
to energy required to condenser the solvent obtained by column top and the heating energy
required to evaporate the solvent. On the other hand, the energy required in the SFE
technology is mainly attributed at the energy needs to achieve the conditions to recover
CO;that represent a need of including more equipment and therefore higher consumption
rate. Nevertheless, the energy consumption of CSE is higher than SFE due to the massive
solvent flow circulating through the process that increases the cost. The CD-CSE-UF (Sc.
13) configuration not needs cooling requirements for this reason is not possible to perform
the energetic integration. High cooling requirements were obtained for the process
configurations that included the FD technology due to need of freezing of feedstock in the
FD as pretreatment technology. This means that the technologies to demand lower cooling
requirements was conventional drying, conventional solvent extraction and ultrafiltration.
From electricity consumption point of view, the scenarios that included the UF process as
concentration technology have the highest energy consumption. The scenario 5 (FD-CSE-
UF) needed an electricity consumption of 8.25 kWh per kg of product and the scenario 1
(FD-SFE-UF) required 6.50 kWh per kg of product. As expect the high solvent rate by
configurations that included the CSE with the same technology of concentration process
required higher electricity consumption due to the high solvent flow circulating through the
process.

Figure 5.18 shows the save energy in each scenario with the energetic integration. As
expect in the FD-SFE-VD process configuration was observed the highest saved energy
by integration with 54% and 49% of heating and cooling requirements, respectively. On the
other hand, in two scenarios were not possible performed the integration (e.g. CD-CSE-UF
and CD-CSE-VD). For this reason, the bottle neck of this project was the energy integration
opportunities that permit decrease the energy requirements.
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Figure 5.18 Save energy with energy integration for all process pathways to produce antioxidant
compounds from T. grandiflorum fruit before and after heat integration

Although simulations by different process configurations were carried out for antioxidant
extract production from copoazu, the most relevant results was obtained from the economic
assessments. Table 5.16 shows the total production per kilogram of product and the ratio
sale price to total production cost.

Table 5.16 Total production cost and sale price to production cost ratio for all scenarios to obtain
antioxidant extract from T. grandiflorum fruit

Total production cost USD Sale price/total

kg-1 product production cost
Sc 1 FD-SFE-UF 721.98 1.04
Sc 2 FD-SFE-UF (integration) 712.71 1.05
Sc 3 FD-SFE-VD 877.69 0.85
Sc 4 FD-SFE-VD (integration) 864.86 0.87
Sc 5 FD-CSE-UF 864.81 0.87
Sc 6 FD-CSE-UF (integration) 852.01 0.88
Sc 7 FD-CSE-VD 1019.95 0.74
Sc 8 FD-CSE-VD (integration) 948.18 0.79
Sc 9 CD-SFE-UF 750.51 1.00
Sc 10 CD-SFE-UF (integration) 750.51 1.00
Sc 11 CD-SFE-VD 842.44 0.89
Sc 12 CD-SFE-VD (integration) 841.72 0.89
Sc 13 CD-CSE-UF 792.80 0.95

Sc 15 CD-CSE-VD 792.80 0.95
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As can see in Figure 5.19 only two scenarios are profitable (scenario 1 and 2 FD-SFE-UF).
This means that the production of antioxidant compounds from copoazu by all process
configurations studied in this work are mainly affected by the price of raw material and the
utilities cost (see Table Al1.4). This fact is explained due to the low initial quantity of
antioxidant compounds into the copoazu pulp and the high cost of the exotic fruit. On the
other hand, the total production of copoazu in Colombia is lower in comparison with other
fruits. This is because at the moment an agronomic package is not development
completely. However, the only profitable process configuration to development in rural
areas was the scenario 1. Although the energetic integration was performed the antioxidant
extract production was no profitable.
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Figure 5.19 Economic margin (%) per scenario for the different process configurations to produce
antioxidant compounds from T. grandiflorum fruit

Figure 5.19 shows the economic margin as a criterion to calculate the feasibility of the entire
processes is included as the relation of sales and total production cost. The scenario 1 (FD-
SFE-UF) to produce antioxidant compounds is the unique promising scenario with a
economic margin of 3.74% due to this involve advantages discussed previously such as
the low production cost, a high cost and sale price to production cost ratio and high overall
yields. All the studied scenarios show an economic margin negative. This result could be
explained by the fact that the sale prices of the product are higher than their production
costs. Due to the antioxidant extracts production is a very important product with multiple
applications in food and pharmaceutical industry, the production from copoazu pulp can be
promising under the biorefinery concept. In this way can be reached the economic feasibility
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to produce antioxidant extract because some streams are coupled in the same facility or
different processes could share the material flows between each other.
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Figure 5.20 PEI generated within the system per mass of product — (T. grandiflorum fruit)

Figure 5.20 shows the environmental evaluation that it was carrying out taking into account
the overall PEI. As can be seen in spite of mentioned configurations were not economically
viable, the best options from an environmental point of view were the scenarios that
included the UF technology due to it showed high mitigation potential. Additionally, the
scenarios with energetic integration had a PEI lower in all categories that the scenarios
without energetic integration. This fact is explained by the lower energy requirements
needed when energetic integration was performed.

5.3.5 Renealmia alpinia (naiku) fruit

Simulations of all scenarios were used to generate their respective mass and energy
balances sheets, which are the basic input for the technical, economical and environmental
analysis.



Table 5.17 shows the flow rate of product and Table 5.18 its respective yields respect to
initial content of antioxidant compounds in R. alpinia fruit.



Table 5.17 Total flow rates and compositions of some streams of antioxidant production from R. alpinia fruit by different process configurations

Product (kg h1)

Fresh  Solvent used Solvent used FD- FD- CD- CD- FD- FD- CD- CD-
pulp in CSE in SFE CSE- CSE- CSE- CSE- SFE- SFE- SFE- SFE-
UF VD UF VD UF VD UF VD
Mass Flow (k
h) (kg 93.75 421.88 210.94 6.80 5.30 5.99 4.67 6.92 5.75 6.07 5.19
Mass fraction (wt %)
Water 0.72 0.35 0.35 0.30 0.55 0.27 0.55 0.30 0.56 0.32 0.55
Cellulose 0.14
Lignin 0.03
Oleic acid 0.05 0.01 0.01
Antioxidant 0.04 0.45 0.44 0.45 0.44 0.45 0.44 0.44 0.45
compounds
Ethanol 0.65 0.65 0.25 0.28 0.25 0.24
Air

Ash 0.01




The result shows that the differences in the overall yields between when pretreatment
technologies (e.g. CD and FD processes) are due to the lost of antioxidant compounds by
thermal degradation. This leads to a decrease in the overall yields of 0.11 times when CD
is carried out. The overall yield of the best case (scenario 1 - FD-SFE-UF) was 1.5 times
higher when is comparing with the worst case (scenario 15 - CD-CSE-VD). The simulations
are based on Colombian naiku conditions with a hypothetical production of 2500 tonnes per
year of fresh naiku fruit. This value was arbitrarily considered due to the production capacity
of naiku was not found in the literature available about the total national production. Based
on the possibility of extract antioxidant compounds from naiku different process
configurations were performed.

Table 5.18 Simulation yields to produce antioxidant compounds from R. alpinia fruit by different
process configurations

Process pathway Yield (%)
Sc.1-2 FD-SFE-UF 78.84
Sc.3-4 FD-SFE-VD 65.35
Sc.5-6 FD-CSE-UF 77.53
Sc.7-8 FD-CSE-VD 60.20
Sc.9-10 CD-SFE-UF 68.67

Sc.11-12 CD-SFE-VD 59.12
Sc.13-14 CD-CSE-UF 68.78
Sc.15-16 CD-CSE-VD 52.63

The yields obtained by the CD and FD thecnologies showed a trend in lowering of
antioxidant compounds when CD was used. This fact is explained by the possibility of
oxidation or degradation of thermo-sensible compounds. The highest content of antioxidant
compounds when FD technology was used could be associated with the release of bound
antioxidant compounds from breakdown of cellular constituents during thermal treatment
and the absence of air that protects them from reactions with oxygen.

In order to include the analysis of the energy consumption for all process configurations to
produce antioxidant compounds, energetic integrations were carried out. The results are
present in Table 5.19 Energy requirements were calculated for the entire process in each
configuration. The highest requirements of both heating and cooling were required by the
configurations that included the vacuum distillation technology. This could be explained
because this technology needs cooling water to condense the product obtained by column
top and steam to evaporate the solvent. With respect to extraction technologies, the heating
requirements in the configurations that included the same pretreatment and concentration
technologies was approximately 1.5 times highest when the CSE was incorporated in
comparison with the SFE step. This fact is explained due to in the CSE technology an
operating temperature (e.g. 333 K) higher than SFE step (e.g. 318 K) was employed. In
addition, the use of three stirred tanks arranged in parallel instead of one, increased the
energetic costs. On the other hand, the pretreatment technology that demands less cooling
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requirements is the CD technology for a same configuration in the stages of extraction and
concentration.

Table 5.19 Comparison of energy requirements for all process pathways to produce antioxidant
compounds from R. alpina fruit before and after heat integration

Heating

. Cooling requirements  Electricity
requirement

Process configurations

) ) KWh kg™
MJ kg™ product MJ kg™ product product

Sc 1 FD-SFE-UF 28.58 37.34 0.54
Sc 2 FD-SFE-UF (integration) 20.62 29.38 '

Sc 3 FD-SFE-VD 88.61 96.50 0.69
Sc 4 FD-SFE-VD (integration) 53.20 61.11 '

Sc 5 FD-CSE-UF 34.39 36.68 061
Sc 6 FD-CSE-UF (integration) 27.61 29.89 '

Sc 7 FD-CSE-VD 134.00 131.45 0.62
Sc 8 FD-CSE-VD (integration) 96.72 94.17

Sc 9 CD-SFE-UF 28.97 1.27 0.55
Sc 10 CD-SFE-UF (integration) 20.20 1.27

Sc 11 CD-SFE-VD 61.97 60.70

Sc 1.2 CD-SFE-VD 60.84 59.57 0.58

(integration)
Sc 13 CD-CSE-UF 24.98 0.00
Sc 1.4 CD-C_SE-UF 24.98 0.00 0.57
(integration)
Sc 15 CD-CSE-VD 117.70 103.25
Sc 16 CD-CSE-VD 117.70 103.95 0.72

(integration)

The scenario 15 (CD-CSE-VD) has higher electricity consumption (0.72 KWh kg? of
product.) of scenario 1 (FD-SFE-UF) (0.53 KWh kg? of product). The results above
presented can be explained due to high solvent rate required and the low overall yield in
the scenario 15. This massive flow circulating through the process increases the loads of
separation units raising consequently the energy consumption of the distillation and
evaporation stages. Figure 5.21 revealed how the energetic integration generates a
reduction in the energy requirements for process configurations. The FD-SFE-VD
configuration has the greatest energy savings whereas that in the CD-CSE-UF and the CD-
CSE-VD configurations were not possible perform an energy integration.
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Figure 5.21 Save energy with energy integration for all process pathways to produce antioxidant
compounds from R. alpinia fruit before and after heat integration

The results of economic evaluation of antioxidant production based on R. alpina are
summarized in Annex A (Table Al1.5). The highest production cost was obtained for
scenario 16 (e.g. CD-CSE-VD) (63.62 USD kg™ of product) due to that this configuration
has the largest losses of antioxidant compounds by thermal degradation that involves the
use of VD and CD technologies. While the scenario 2 (e.g. FD-SFE-UF with energy
integration) is the most profitable due to its production cost was the lowest of all
configurations studied (e.g. 38.33 USD kg of product). This is explained by this scenario
involved high-end technology that generated high overall yields. As shows Table 5.20 the
ratio sale price to total production cost is influenced by energy integration that affects
directly the total utility costs (see Table A1.5). A significant increase in the sale price to total
production cost ratio is observed when energy integration was performed. The results of
scenario 14 and 16 are not shown because the energy integration was not possible
performed. The influence of capital cost on the total production cost is not significant
because the capital costs are distributed over all stages in the process.

Table 5.20 Total production cost and sale price to production cost ratio for all scenarios to obtain
antioxidant extracts from R. alpinia fruit

Total production cost USD Sale price/total

kg™ product production cost
Sc 1 FD-SFE-UF 38.33 14.61
Sc 2 FD-SFE-UF (integration) 37.95 14.75
Sc 3 FD-SFE-VD 49.30 11.36
Sc 4 FD-SFE-VD (integration) 48.98 11.43
Sc 5 FD-CSE-UF 41.71 13.43

Sc 6 FD-CSE-UF (integration) 41.13 13.61
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Sc 7 FD-CSE-VD 61.12 9.16

Sc 8 FD-CSE-VD (integration) 59.34 9.44
Sc 9 CD-SFE-UF 43.62 12.84

Sc 10 CD-SFE-UF (integration) 43.11 12.99
Sc 11 CD-SFE-VD 51.87 10.80

Sc 12 CD-SFE-VD (integration) 50.64 11.06
Sc 13 CD-CSE-UF 42.88 13.06

Sc 15 CD-CSE-VD 63.62 8.80

The economic margins for all scenarios are shown in Figure 5.22. For all the studied
scenarios, the economic margins were positive. This result could be explained by the fact
that the sale prices of the product are lower than their production costs. Additionally, the
high amount of antioxidant in the raw material permits to obtain an economic margin higher
that with the other fruits. As expected, the highest economic margins are obtained in
scenarios when energetic integration was done. However it is a notable decrease in the
economic margin in the scenario 15 CD- CSE- VD compared to other configurations.
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Figure 5.22 Economic margin (%) per scenario for the different process configurations to produce
antioxidant compounds from R. alpinia fruit

In the configurations when same pretreatment and extraction technologies were used but
VD was incorporated into the process, the economic margin of antioxidant compounds
production was lower that when UF technology was included. This fact is explained by the
high energy requirements needs in VD stage that increases the total production cost. In this
way, is possible to say that when the VD process is used the lower economic margins are
obtained. Finally, Figure 5.22 explains how the process configurations affect the economic
margin of antioxidant compounds production process.
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Figure 5.23 PEI generated within the system per mass of product — (R. alpinia fruit)

The environmental evaluation is based on the criteria of the impacts showed in Annex 2.
The results of the environmental impact per kilogram of products are expressed in Figure
5.23. The results show that the friendliest configurations are which includes the UF
technology. This result is justified in the higher energy consumption of the VD procedure
than the UF technology. On the other hand, the recycle of CO; in the SFE technology,
decreased the environmental impacts and the use of fresh CO: into the process.

5.4 Discussion

For the all feedstock the process configurations to produce antioxidant rich-extracts are
mainly affected by vacuum distillation as concentration technology. The process
configuration with the highest profit was the FD-SFE-UF for all fruits. This means that the
high end technologies permit obtain antioxidant rich-extract with lower lost of antioxidant
compounds. The use of freeze drying technology have a protect effect of antioxidant
compounds into the pretreatment stage, however this technology is more expensive in
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comparison with the conventional drying. For this reason, the low operation temperature in
the conventional drying permit decrease the lost of antioxidant compounds. The naiku was
the most promissory fruit with a economic margin of 93.2 % following by tamarillo (72.9%),
zapote (68.7%), goldenberry (49.4%) and copoazu (3.9%) when the FD-SFE-UF with
integration was used. This fact is due to the scenario 2 involve advantages such as the low
production cost, a high cost and sale price to production cost ratio and high overall yields.
The CD-CSE-UF (Sc. 13) configuration for all feedstock not needs cooling requirements for
this reason is not possible to perform the energetic integration. High cooling requirements
were obtained for the process configurations that included the FD technology due to need
of freezing of feedstock in the FD as pretreatment technology. This means that the
technologies to demand lower cooling requirements was conventional drying, conventional
solvent extraction and ultrafiltration.

5.5 Conclusions

As an overview of the process configurations, it is important to note that several
configurations can be proposed and assessed for the production of antioxidant rich extracts
from tropical fruits. The technical evaluations presented in this work provide the feasibility
of process configurations, which included the evaluation of economic and environmental
impacts. Nonetheless, several adjustments must be done to implement this type of process
at industrial scale, but this kind of analysis serve as the basis draw recommendations for
the efficient development processes. In this work was also proposed several process
configurations with both conventional and high-end technologies for pretreatment,
extraction and concentration stages. The major disadvantage associate with the
conventional technologies is the degradation of antioxidant compounds by the possibility of
oxidation of antioxidant compounds while the high-end technologies retain the product
guality. However, the major disadvantage of high-end technologies is its relatively high cost.
Similar yields were achieved in CSE and SFE technologies for equal amount of feedstock
per unit time. However the CSE and SFE processes required 6 and 2 hours respectively of
procedure time. For this reason in this work was evaluated a configuration for CSE of three
stirred tanks disposal in parallel. In this way, the productivity of CSE and SFE was similar.
A common feature found in the process configurations for all considered feedstock was the
high influence of raw material costs in total production cost. This work is a starting point to
improve the tropical fruits productive chain and integrate as possible new transformation
alternatives.
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CHAPTER 6

6.Experimental Evaluation of antioxidant
compounds extractions from tropical fruits

6.1 Overview

In this chapter, the results of the experimental evaluation to obtain antioxidant compounds
by different process configurations to obtain antioxidant compounds from Matisia cordata
(zapote), Physalis peruviana (goldenberry), Solanum betaceum (tamarillo), Theobroma
grandiflorum (copoazu) and Renealmia alpinia (naiku) fruits is presented. First, the
influence of pretreatment parameters such as temperature and particle size in the extraction
stage was analyzed. Second, the influence of operation pressure in SFE technology was
evaluated to obtain antioxidant compounds from Renealmia alpinia fruit. Then, the
discussion was extended to production of antioxidant compounds from different process
configurations. Finally, the yields obtained in all scenarios for each fruit were compared with
the results obtained in the simulation procedure. The results revealed that the largest yield
of total polyphenolic compounds (TPC) and total antioxidant activity (TAA) were obtained
when the FD-SFE-UF configuration was carried out for all fruits, while the smallest yields
of TPC and TAA were obtained when the CD-CSE-VD procedure was performed. The
preservation of both antioxidant activity and polyphenolic compounds in the concentration
processes are important due to the antioxidant activity is the responsible to inhibits free
radicals and reactions promoted by oxygen that cause degenerative diseases. In this
sense, the TAA is a variable that help in the take a decisions at the moment to choose the
technology to use.

6.2 Influence of pretreatment in the extraction of
polyphenolic compounds and its antioxidant activity

Each fruit were classified according to color and size and were immediately sent to the
laboratory without drying and/or milling. Then, the fruits were washed with tap water with
the aim of removing organic matter (shells and spines). For R. alpina the pericarp was
manually peeled and for other four fruits (zapote, goldenberry, tamarillo and copoazu) the
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pulp was manually separated of the whole fruit and homogenized. The polyphenolic content

and antioxidant activity was measured according to methods explained in the Chapter 2.

TAA (umol Trolox mL-* extract) TAA (umol Trolox mL-! extract)

TAA (umol Trolox mL-1 extract)

12 1

=
o

o]

[N
o

CD @ 313K CD @ 333K CD @ 353K FD

o B N W B~ 0O O N © ©

Fresh
OTPC (Treated (a)) OTPC (Treated (b)) OTAA (Treated (a)) @TAA (Treated (b))
a.) Matisia cordata (zapote)
1
Fresh CD @ 313K CD @ 333K CD @ 353K FD

OTPC (Treated (a)) OTPC (Treated (b)) BTAA (Treated (a)) BTAA (Treated (b))

b.) Physalis peruviana (goldenberry)

Fresh

CD @ 313K CD @ 333K CD @ 353K FD

OTPC (Treated (a)) OTPC (Treated (b)) OTAA (Treated (a)) BTAA (Treated (b))

c.) Solanum betaceum (tamarillo)

r 400

- 350

- 300

- 250

- 200

- 150

- 100

- 50

r 160

- 140

- 120

- 100

- 80

- 60

- 40

- 20

- 250

- 200

- 150

- 100

- 50

TPC (mg GAE 100 gt fw)

TPC (mg GAE 100 g fw)

TPC (mg GAE 100 g-1 fw)



13

Design and Evaluation of Processes to Obtain Antioxidant-Rich Extracts from

tropical fruits cultivated in Amazon, Caldas and Northern Tolima Regions

25 ~

[ N
a1 o
1 1

TAA (umol Trolox mL-* extract)
=
o

o

TAA (umol Trolox mL- extract)

[62]
1

r 140

- 120

- 100

- 80

- 60

- 40

r 20

I, T
T
Fresh I CD @ 313K I CD @ 333K I CD @ 353K I FD
OTPC (Treated (a)) OTPC (Treated (b)) OTAA (Treated (a)) BTAA (Treated (b))
d.) Theobroma grandiflorum (copoazu)

40 -
35
30 - =1 = 4
25 {  EF =
20
15
10 4

5 .

0 T T T T

Fresh CD @ 313K CD @ 333K CD @ 353K FD

OTPC (Treated (a)) OTPC (Treated (b)) OTAA (Treated (a)) BTAA (Treated (b))

e.) Renealmia alpinia (Naiku)
Figure 6.1 Influence of pretreatment to obtain antioxidant compounds

r 4500

- 4000

- 3500

- 3000

- 2500

- 2000

- 1500

- 1000

- 500

TPC (mg GAE 100 gt fw)

TPC (mg GAE 100 gt fw)

TPC: Total Polyphenolic Content; TAA: Total antioxidant activity; GAE: Gallic Acid Equivalent; fw: fresh weigh

The influence of temperature in the content of polyphenolic compounds and antioxidant
activity was evaluated by conventional air drying at three different temperatures (e.g. 313,
333, and 353 K) and it was compared with freeze drying technology at 313 K and 400 mbar.
Then, each dry fruit was divided in two equal parts. One was called “Treated (a)” and it was
milled until a mean particle size of 858.45 uym. Other portion of dry fruit was named “Treated
(b)” and it was milled until a mean particle size of 414.91um. Finally, extracts of each fruit
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were obtained and the polyphenolic content and antioxidant activity was evaluated. Figure
6.1 shows the results obtained. The global yields were obtained considering the total
extracted mass divided by raw material mass in fresh weight.

The amounts of TPC and the TAA in fruits samples by different pretreatments are shown
in Figure 6.1. For all fruits the TPC is lower in the fresh fruits. The present study showed
that polyphenolic compound in the fruits increases in zapote, goldenberry, tamarillo,
copoazu and naiku by 74, 55.2, 51.2, 29.4 and 11.77%, respectively after conventional
drying at 333K and 414.91 um. Nevertheless, the extraction efficient of TPC decreases
when the particle size was 858.45 um in approximately 1.7 fold for all fruits. This fact is due
to the cell structure is more broken in the particle size at 414.91 um, which results in greater
surface area and hence more compounds are extracted. The extraction yields were
improved due to both the diffusion coefficient and concentration gradient were increased
by reducing the particle size. Smaller particle size reduces the diffusion distance of the
solute within the solid and increases the concentration gradient, which increase the
extraction rate [209]. In other words, the mass transfer between solute and solvent is
enhanced due to the surface area larger with small mean particle size. Consequently, the
antioxidant activity increased due to the higher extraction efficient of TPC were obtained
when the particle size decrease. Since the path of solute to reach the surface is shorter,
the extraction time is reduced [209]. In addition, the increase in polyphenolic content could
be explained, at least partially, by the formation of Maillard reaction products (MRPs) with
phenolic type structure during thermal process [188] that could be affect the measure of
TPC.

The results found in this work shows that the temperatures higher than 353 K are regarded
as unfavorable. This fact is due to the possibility of inducing oxidative condensation or
degradation of thermolabile compounds [210, 211]. At 353 K the TPC in zapote,
goldenberry, tamarillo, copoazu and naiku was 1.36, 1.33, 1.3, 1.27 and 1.1 respectively,
times less that the CD at 313 K. On the other hand, the total antioxidant activity was reduced
in all fruits at 353 K due to the temperature. In other words, at high temperatures destruction
of polyphenolics will take place resulting in a reduction of TAA. This showed that under the
conditions of treatment Treated (b), where the TPC of samples was the least, the greatest
loss of antioxidant capacity occurred.

Freeze drying results shown that this technology preserved higher levels of total
polyphenolics as compared with conventional drying in zapote, goldenberry, tamarillo,
copoazu and naiku. The TPC increased in 94.88 %, 74.7 %, 69.4 %, 44.9 % and 45.5 % in
zapote, goldenberry, tamarillo, copoazu and naiku fruits, respectively when FD technology
was used in coparison with the fresh fruit. Freeze drying may lead to a higher extraction
efficiency of total polyphenolics due to freezing could lead to the development of ice crystal
within the tissue matrix. Ice crystals could result in a greater rupturing of cell structure, which
may lead to better solvent access and extraction [81, 84, 197, 211]. This fact may be
explained from the influence of final porosity of samples that is greater in dried sample by
freeze drying that conventional drying. The low porosity leads to low antioxidant diffusivity
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and, as a consequence, to high mass transfer resistance, making the antioxidant release
difficult. The decrease of mass transfer coefficient in the samples dried by conventional
drying also can be explained by a case-hardening phenomenon, which is the formation of
a crust or shell due to the faster drying rate when using hot air. This shell would also make
the antioxidant release from the inner part of the material to the liquid phase difficult

Initial TAA determined for fresh sample of zapote, goldenberry, tamarillo, copoazu and
naiku were 4.97, 4.11, 4.91, 14.60 and 23.88 pmol Trolox mL* extract. During conventional
drying process, these value reached 6.92, 4.93, 7.63, 19.02 and 30.18 pumol Trolox mL™*
extract at 333 K air and 419.91 um. This fact is due to during the drying process some
antioxidant compounds are released. Under treated (b) and freeze drying where strong
retention of TPC took place, the strongest antioxidant capacity was also observed. Garau
et al [212], reported that long drying times associated to low process temperature may
promote a decrease in antioxidant activity; but this was not evidenced in this study. The
profile of TAA at different temperatures shows that the TAA decreases when the
temperature increases. This fact could be related to generation and accumulation of
different antioxidant compounds having a varying degree of antioxidant activity developing
synergistic effects with themselves or with other constituents of the fruits extract [197].

The copoazu fruit had the greatest loss of the polyphenolic compounds followed by
naiku, tamarillo, goldenberry and zapote fruit. This fact can be explained by the
structure and compounds present into the fruits that can be protect the polyphenolic
compounds. In addition, this behavior could be attributed to Maillard reactions that
produced naturally compounds in the fruits with high sugar content which have
antioxidant activity and contribute to the antioxidant properties of fruit. This means
that the composition of the plant tissue and its structure affect the efficiency of
antioxidant extraction. Other thing is the use of different technologies and operation
conditions that too affect the efficiency of extraction. It is important to highlight that
the freeze drying technology reduce the lost of antioxidant compounds due to
thermal degradations [198]. The mass transfer of antioxidant is influence by the
pretreatment technology. The diffusivity of antioxidant compounds is influence by
the final porosity of samples that is greater in dried sample by freeze drying that
conventional drying. The low porosity leads to low antioxidant diffusivity and, as a
consequence, to high mass transfer resistance, making the antioxidant release
difficult [9].
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6.3 Influence of operation pressure in SFE technology to
obtain antioxidant compounds from Renealmia
alpinia fruit

In order to evaluate the influence of pressure in SFE technology to obtain antioxidant
compounds, Renealmia alpinia fruit was chosen as example due to its high content of
antioxidant compounds. To achieve this, three operation pressures were evaluated in SFE
procedure and compared with CSE technology. In R. alpinia the 68.76 + 0.32 % of the initial
mass weight corresponded to peel. The moisture of the peel (84.08 wt%) was withdrawn
by drying. The moisture after drying was 11.2 (wt%) and the mean particle diameter was
414.91 ym. CSE was performed at 33 K and atmospheric pressure. The global yield of
polyphenolic compounds was 3344.15 + 122 mg GAE 100 g* fw. Acidified ethanol was
used as solvent in order to enhance the solubilization and decrease the chemical
degradation of the polyphenolic compounds. The solubilizing capacity and the penetration
and diffusion of the solvent into the solid matrix improved with time (the total exposure time
was 6 hours thus increasing the extraction efficiency).
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Figure 6.2 Antioxidant polyphenolic compounds extracted from R. alpinia peel by different
procedures

TPC: Total Polyphenolic Content; TAA: Total antioxidant activity; GAE: Gallic Acid Equivalent; TE: Trolox®
Equivalent; fw: fresh weigh

In the SFE the particles true density was 209.45 kg m=. The process was performed at
313.15 K and three different pressures were evaluated (i.e., 200, 250 and 300 bar). The
extracts were collected after 2 hours of operating time using ethanol to trap the polyphenolic
extract. Figure 6.2 shows the global yields of polyphenolic compounds in fresh weight at
313.15 K. Since the distance among molecules decrease at high pressure, the interactions
solute — solvent are stronger and the global yields improved. The polyphenolic extracts
were dark red at 300 bar indicating the possible presence of anthocyanin compounds. The
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largest yield of polyphenolic compounds was obtained at 300 bar (3344.15 + 16.0 mg GAE
100 g* fw) while the smallest was obtained at 200 bar (309.13 + 1.4 mg GAE 100 g* fw).
The extraction at 300 bar increased in approximately 11 fold the amount of polyphenolic
compounds when compared to the 200 bar extraction procedure.

The initial raw material (naiku peel) presented relatively high antioxidant capacity of about
120.17 £ 0.13umol TE g* FW (Table 3.4) which is higher than the mean DPPH value (58.6
pumol TE g* FW) determined for blackberry fruit cultivars in tropical highland [213]. The
antioxidant activity value of extract in CSE process was 27.83 + 0.03 ymol TE mL* while
with the SFE process at 300 bar the antioxidant capacity value was improved 1,23 fold. The
antioxidant capacity in the extracts improves whit higher pressures due to the fact a larger
amount of polyphenolic compounds was extracted at high pressures.

The vyield obtained by the CSE process is lower than that observed for the SFE method at
300 bar indicating greater interactions between solute — solvent when a supercritical fluids
process was used. Moreover, the required time to extract the polyphenolic compounds
using SFE is shorter than that required for the CSE process (2 and 6 hours, respectively).
This means that in 6 h of continuous process, the SFE process may be performed 3 times.
These advantages shown by the SFE method generate greater productivities and lesser
levels of compound degradation due to the fact that the extract is exposed to the solvent
for shorter periods of time compared to the CSE procedure. Finally, if both the SFE and
CSE processes were continuously carried on for 24 h, the total production of polyphenolic
compounds with the SFE approach would be 3.2 fold the amount of total polyphenolic
compounds obtained with the CSE process (42334.68 and 13376.6 mg GAE 100 g fw,
respectively).

6.4 Experimental evaluation to obtain antioxidant
compounds

6.4.1 Matisia cordata (zapote) fruit

The experimental procedure is performed in the same operating conditions as the
simulation. Approximately 100 g of fresh M. cordata (zapote) pulp was homogenized. Two
different ways of pretreatment, extraction and concentration have been tested according to
description and operating conditions described in Chapter 4. After drying, samples
(approximately 10 g) were ground and milled until a mean patrticle size of 414.19 pym was
obtained. Acidified ethanol as solvent was added to the dried and ground material at the
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designated process conditions of each technology. In order to evaluate the concentration
technologies, the extracts were concentrated by membrane or vacuum distillation. In the
membrane technology, the resulting extracts were concentrated to a third part of the initial
volume. The retentate stream was recycled to the feed tank of the membrane process and
the permeate stream was collected separately. On the other hand, in the vacuum distillation
technology, the extract was concentrated in a rotary-vapor until a desired volume is
reached. In order to ensure the operation conditions, the temperature and pressure were
controlled and monitored in the overall process. Finally, the concentrated extracts were
analyzed to determine the total polyphenolic compounds and antioxidant capacity. All
procedures were performed in triplicate. Figure 6.3 shows the results of all process
configurations experimentally evaluated.

The polyphenolic content of fresh pulp were 184 mg GAE 100 g* fw, while in the CD-CSE
and CD-SFE the yield improved 1.58 and 1.64 fold respectively, in comparison with the
fresh pulp. The polyphenolic extracts were yellow color indicating the possible presence of
carotenoids. The total extraction of polyphenolic compounds for both CD-SFE and FD-SFE
process is 1.03 and 1.01 fold the amount of total polyphenolic compounds obtained with
the CSE procedure. In the SFE procedure the global yields were improved due to the
distance among molecules and pressure are inversely proportional, at higher pressures the
interactions solute — solvent are stronger. In addition, when UF procedure was carried out
the yields was approximately 1.4 folds increased in comparison with VD technology. The
antioxidant activity of extracts was evaluated by DPPH method and it showed similar
behavior that the total polyphenolic content. The highest antioxidant activity was reached
when FD, SFE and UF procedure were performed. The results obtained in this work are
according to some authors [197, 214, 215] that reported that dry processes caused no
change or enhanced the antioxidant potential of fruit.
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Figure 6.3 Total polyphenolic content and antioxidant activity of extracts from M. cordata fruit
obtained experimentally by different process configuration
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TPC: Total Polyphenolic Content; TAA: Total antioxidant activity; GAE: Gallic Acid Equivalent; TE: Trolox®
Equivalent; fw: fresh weigh

Considering the technologies used for the extraction of polyphenolic compounds, the SFE
method generates greater productivities and lesser levels of compounds degradation than
CSE procedure. The permeate stream is a samples with the smaller yields of polyphenolic
compounds and the antioxidant activity decreased in about 6 fold in comparison that
retentate stream. This means that the most of polyphenolic compounds are concentrated
in the retentate. The largest yield of TPC and TAA was obtained when FD-SFE-UF were
carried out (265.90 mg GAE 100 g* fw, 16.67 umol TE mL* extract) while the smallest was
obtained when CD — CSE- VD was performed (137.45 mg GAE 100 g* fw and 5.68 pmol
TE mL? extract). The antioxidant capacity in FD-SFE-UF improved 1.93 times in
comparison with CD-CSE-VD.

In experimental procedure, the sugar content was measured in extracts but it was not
present in any of the extracts evaluated. In the present study was possible to concentrate
bioactive compounds with antioxidant activity from M. cordata fruit. The content of
polyphenolic compounds was 27% more effective when the membrane was used to
concentrate the extracts. The ethanol evaporation could be the cause of 42% loss of
polyphenolic compounds. This is explained by the distillate fraction does not have any
concentration of polyphenolic compounds. According with Svitelska et al, [216] the
temperature plays an important role for concentration of polyphenolic compounds. The data
obtained for the VD concentration process are worse than those obtained by other authors
[28, 29] who evaluated the industrial concentration processes of orange juice. Additionally,
the color changed in the extracts which show the degradation of polyphenolic compounds
and hence decreases the antioxidant capacity, whereas that the UF technology has only
about 21% loss of polyphenolic compounds. A similar result of rejection values had been
reported in the literature whit a recovered of polyphenolic compounds of 45.6 % and 65.9
% [217]. The scavenging potential of concentrated extracts by ultrafiltration had better
antioxidant activity in comparison to the extract obtained by vacuum distillation. The
antioxidant activity is increased approximately 2.03 fold when it is used UF technology
instead of VD technology. The total antioxidant activity in the concentrate extracts was
preserved using UF technology that VD procedure. Galaverna et al, [29], found similar
behaviors to concentrate orange juice. The preservation of both antioxidant activity and
polyphenolic compounds in the concentration processes are important. But preserver the
antioxidant activity is essential because it is the responsible to inhibits free radicals and
reactions promoted by oxygen that cause degenerative diseases [2, 4, 6]. In this sense, the
TAA is a variable that help in the take a decisions at the moment to choose the technology
to use.

The ultrafiltration technology is very efficient and protects the antioxidant activity of the
extracts in the final product. Recently, an integrated membrane process based upon UF-
NF (ultrafiltration and nanofiltration) was successfully applied to the concentration of
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polyphenolic compounds from Geraniumro bertianum and Salvia officinalis extracts with
high preservation of antioxidant activity [217]. On the other hand, it is worth emphasizing
that the ultrafiltration technology not only concentrated polyphenolic compounds, but also
removes impurities such as proteins and colloids (large molecules) from extraction [135].
So, this technology helps to purify the extracts.

6.4.2 Physalis peruviana (goldenberry) fruit

The experimental procedure is performed in the same operating conditions as the
simulation. Approximately 100 g of fresh P. peruviana fruit are washed with tap water and
homogenized. Different technologies were evaluated in the pretreatment (conventional
drying and freeze drying), extraction (conventional solvent extraction and supercritical fluid
extraction) and concentration (vacuum distillation and ultrafiltration) have been tested
according to description in Chapter 2 and operation condition of chapter 4. After drying the
samples (approximately 10 g) are ground and milled until a mean particle size of 414.91um.
The dried and ground material is placed in contact with acidify ethanol as solvent at
conditions of the process. All experiments in concentration using membrane were
performed according to the batch concentration configuration in which the permeate stream
is collected separately and the retentate stream is recycled to the feed tank. Both,
temperature and pressure were controlled and monitored in all process to ensure the
operation conditions. The extracts obtained after extraction and concentration were
analyzed to determine the total polyphenolic compounds and antioxidant capacity. The
procedure was performed in triplicate.
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Figure 6.4 Total polyphenolic content and antioxidant activity of extracts from P. peruviana fruit
obtained experimentally by different process configuration

TPC: Total Polyphenolic Content; TAA: Total antioxidant activity; GAE: Gallic Acid Equivalent; TE: Trolox®
Equivalent; fw: fresh weigh

The total drying time for CD and FD was 17 hours. The global yield of polyphenolic
compounds in each stage of processes is showed in Figure 6.4. The polyphenolic extracts
presented a yellow color indicating the possible presence of carotenoids. The largest yield
of polyphenolic compounds was obtained when FD — SFE -UF were carried out (110.99 +
1.76 mg GAE 100 g* fw) while the smallest was obtained when CD-CSE-VD were
performed (71,38 + 1.92 mg GAE 100 g* fw). The antioxidant capacity improved FD were
used in all process. The FD and SFE technologies had significant positive effects on the
antioxidant activity and extraction yields. The total antioxidant activity improved when FD
was used in about 1.12 fold in comparison with CD technology while that the TAA improve
1.46 times when SFE was used. On the other hand, when the VD technology was
performed the amount of TAA remained almost constant while in the UF technology the
TAA in the final extract was improved about 68%. This fact is due to the thermal degradation
of antioxidant compounds could be occurred into the VD process [216]. This means that
the membrane technology is more effective that VD technology. Galaverna et al, [29], found
similar behaviors to concentrate orange juice. The preservation of both antioxidant activity
and polyphenolic compounds in the concentration processes are important. But preserver
the antioxidant activity is essential because it is the responsible to inhibits free radicals and
reactions promoted by oxygen that cause degenerative diseases [2, 4, 6]. In this sense, the
TAA is a variable that help in the take a decisions at the moment to choose the technology
to use.
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6.4.3 Solanum betaceum (tamarillo) fruit

The experimental procedure is performed in the same operating conditions as the
simulation. Approximately 100 g of fresh S. betaceum pulp was homogenized and dried
using two different technologies: conventional drying and freeze drying. Then the dried pulp
was carried out to different extraction process: conventional solvent extraction and
supercritical fluid extraction, to evaluate the yields of polyphenolic compounds and Total
antioxidant activity. The extracts resulting of extraction procedure were concentrated using
vacuum distillation or ultrafiltration technology. The operation conditions were according to
description in Chapter 2 and Chapter 4.
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Figure 6.5 Total polyphenolic content and antioxidant activity of extracts from S. betaceum pulp
obtained experimentally by different process configurations

TPC: Total Polyphenolic Content; TAA: Total antioxidant activity; GAE: Gallic Acid Equivalent; TE: Trolox®
Equivalent; fw: fresh weigh

The total polyphenolic content (TPC) and total antioxidant activity (TAA) in the extracts by
different process configurations are shown in Figure 6.5. In the present study was possible
to concentrate bioactive compounds with high antioxidant activity from S. betaceum in all
process configurations. The process configurations with highest TPC and TAA was the FD-
SFE-UF with a 163.20 + 5.37 mg GAE 100 g* fw and 11.88 + 1.75 4 TE mL™* of extract.
Castro Vargas et al. [218] report an antioxidant activity of extract of tamarillo obtained by
SFE at 40 °C and 300 MPa of 4.03 + 0.87 mmol of lipid hydroperoxides (LHP) per kilogram
of fruit. When the FD-SFE-UF process configuration was used, a 2.12 fold increase in the
extraction yield of TPC was observed compared to the CD-CSE-VD procedure. The TPC
and the TAA increases 1.1 and 1.2 times respectively, when FD was used in comparison
with CD. The same behavior was observed in the concentration technologies. The TPC and
TAA were 1.1 and 1.2 times respectively higher when the SFE technology was used in
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comparison with the CSE technology. The greatest differences were observed in the
concentration technology. The TPC and TAA increase in about 1.4 and 1.7 respectively
when the UF procedure was performed in comparison with the VD technology. This fact
can be explained by the long exposure time to temperature (313 K). The ethanol
evaporation could be the cause of 40% loss of polyphenolic compounds. This is explained
by the distillate fraction does not have any concentration of polyphenolic compounds.
According with Svitelska et al, [216] the temperature plays an important role for
concentration of polyphenolic compounds. The total antioxidant activity in the concentrate
extracts was preserved by 61% in the UF technologies. The VD technology cause large
losses of total antioxidant activity (85%) in comparison with the extract obtained in the
extraction technology. The results are according with Galaverna et al., [29] and Arena et
al., [28] who evaluated the industrial concentration processes of orange juice. Additionally,
the color changed in the extracts which show the degradation of polyphenolic compounds
and hence decreases the antioxidant capacity.

The rejection of polyphenolic compounds was approximately 58.21% for ultrafiltration. This
similar result of rejection values had been reported in the literature whit a recovered of
polyphenolic compounds of 45.6 % and 65.9 % [217]. The polyphenolic compounds passed
to permeate due to cut-off of the membrane (5 kDa). So, the membrane acts mainly like
retainer of large molecules. Therefore it is recommended further processing using smaller
membrane cut-off (nanofiltration) for reach higher concentration. However, the UF
processes are important before nanofiltration procedure due to the extract must be clarified
and thus can have a more efficient nanofiltration process.

6.4.4 Theobroma grandiflorum (copoazu) fruit

Approximately 100 g of fresh T. grandiflorum pulp was homogenized and dried using two
different technologies: conventional drying and freeze drying. Then the dried pulp was
carried out to different extraction process: conventional solvent extraction and supercritical
fluid extraction, to evaluate the yields of polyphenolic compounds and Total antioxidant
activity. The extracts resulting of extraction procedure were concentrated using vacuum
distillation or ultrafiltration technology. The operation conditions were according to
description in Chapter 2 and Chapter 4.
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Figure 6.6 Total polyphenolic content and antioxidant activity of extracts from T. grandinflorum pulp
obtained experimentally by different process configurations

TPC: Total Polyphenolic Content; TAA: Total antioxidant activity; GAE: Gallic Acid Equivalent; TE: Trolox®
Equivalent; fw: fresh weigh

Figure 6.6 shows the total polyphenolic content (TPC) and total antioxidant activity (TAA)
in the extracts obtained from T. grandinflorum pulp by different process configurations. The
results demonstrated that is obtain concentrate extracts in antioxidant compounds with high
antioxidant activity. The process configurations with highest TPC and TAA was the FD-
SFE-UF with a 91.21 + 1.32 mg GAE 100 g* fw and 39.99 + 3.28 u TE mL™* of extract.
When the FD-SFE-UF process configuration was used, 1.3 and 2.87 fold increase in the
extraction yield of TPC and TAA respectively were observed compared to the CD-CSE-VD
procedure. The TPC and the TAA increases 1.1 and 1.3 times respectively, when FD was
used in comparison with CD. But the highest difference (1.41 time higher) in TAA value was
found when was varied the pretreatment technology and CSE-VD was used. The same
behavior was observed in the concentration technologies. The TPC and TAA were 1.1 and
1.2 times respectively higher when the SFE technology was used in comparison with the
CSE technology. The greatest differences were observed in the concentration technology.
The TPC and TAA increase in about 1.2 and 1.4 respectively when the UF procedure was
performed in comparison with the VD technology. This fact can be explained by the long
exposure time to temperature (313 K). The ethanol evaporation could be the cause of 23%
loss of polyphenolic compounds while in the UF technology the 85.4% of polyphenolic
compounds present in the extract were recovered. This is explained by the temperature
plays an important role for concentration of polyphenolic compounds due to this could
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causes thermal degradation [216]. The rejection of polyphenolic compounds was
approximately 69.781% for ultrafiltration. This value is higher that rejection values reported
in the literature for recovered polyphenolic compounds (e.g. between 45.6 % and 65.9 %)
[217].

6.4.5 Renealmia alpinia (naiku) fruit

For the experimental evaluation of extraction of polyphenolic compounds, the R. alpinia fruit
were washed with tap water and the pericarp was manually peeled and dried using different
technologies. Then, the extraction was performed to evaluate the TPC and TAA and its
influence to use different technologies. Finally, extracts obtained were concentrated by
vacuum distillation or ultrafiltration technology. The operation conditions were according to
description in chapter 2 and chapter 4. The procedure was performed in triplicate. Figure
6.7 shows the total polyphenolic content (TPC) and total antioxidant activity (TAA) in the
extracts obtained from Renealmia alpinia peel by different process configurations.

Considering the technologies used for the extraction of polyphenolic compounds, the SFE
method generate greater productivities and lesser levels of compounds degradation than
CSE procedure. The permeate stream is a samples with the smaller yields of polyphenolic
compounds and the antioxidant activity decreased in about 4.3 fold in comparison that
retentate stream. This means that the most of polyphenolic compounds are concentrated
in the retentate.
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Figure 6.7 Total polyphenolic content and antioxidant activity of extracts from R. alpinia fruit
obtained experimentally by different process configurations

TPC: Total Polyphenolic Content; TAA: Total antioxidant activity; GAE: Gallic Acid Equivalent; TE: Trolox®
Equivalent; fw: fresh weigh

The largest yield of TPC and TAA was obtained when FD-SFE-UF were carried out
(2874.61 + 53.21 mg GAE 100 g* fw) while the smallest was obtained when CD — CSE-
VD was performed (1825.53 + 24.07 mg GAE 100 g fw). The TPC and TAA in FD-SFE-
UF were improved 1.57 and 1.84 times in comparison with CD-CSE-VD.

In the present study was possible to concentrate bioactive compounds with antioxidant
activity from Renealmia alpinia peel. The content of polyphenolic compounds was 21%
more effective when the membrane was used to concentrate the extracts. The ethanol
evaporation could be the cause of 41% loss of polyphenolic compounds. This is explained
by the distillate fraction does not have any concentration of polyphenolic compounds and
the use of temperature could causes thermal degradation of polyphenolic compounds.
Additionally, the UF technology only the 21 % of polyphenolic compounds are lost in the
process. The rejection of TAA in the UF process was about 68.61. A similar result of
rejection values had been reported in the literature whit a recovered of polyphenolic
compounds of 45.6 % and 65.9 % [217]. The TAAI of concentrated extracts by ultrafiltration
had better antioxidant activity in comparison to the extract obtained by vacuum distillation.
The antioxidant activity is increased approximately 1.3 fold when it is used UF technology
instead of VD technology. The total antioxidant activity in the concentrate extracts was
preserved using UF technology that VD procedure except to compare the values in the FD-
SFE-VD (41.85 + 2.86 umol TE mL*) and CD-CSE-UF (44.56 + 1.98 pmol TE mL™) where
the TAA was higher in the first configuration. For this reason the choose of adequate
process configuration to obtain extracts with high antioxidant activity is important due to the
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preservation of TAA is essential due to it is the responsible to inhibits free radicals and
reactions promoted by oxygen that cause degenerative diseases [2, 4, 6]. In this sense, the
TAA is a variable that help in the take a decisions at the moment to choose the technology
to use.

6.5 Discussion

The technologies used in each stage of process affect considerable the efficiency of
antioxidant rich-extract and its total antioxidant activity. In all cases, the highest yields were
obtained when the FD-SFE-UF process configuration was used. Considering the
technologies used in the processes to obtain antioxidant compounds, the FD, the SFE and
the UF methods generate greater productivities and lesser levels of degradation of
compounds than the CD, the CSE and VD procedures. This fact is explained by the use of
operation condition at low temperature and lesser time of exposure of matrix with the
solvent that help to reduce the degradation of compounds by temperature or chemical
reactions. Since the obtained data on the total polyphenolic values of these fruits are limited
in the available literature, the polyphenolics concentration was lower than that found by
other authors [26, 27, 52, 53, 59, 181, 182].

The naiku was the fruit with the highest yields of TPC and TAA, following by the copoazu,
tamarillo, zapote and goldenberry. This show that the Amazonian fruits are promissory to
obtain antioxidant compounds. The high TPC and TAA for R. alpina peel could be explained
due to in this fruit the peel was evaluated whereas the other fruits were evaluated from pulp.
This result is according to Guo [187] that described that the peel and seed fractions of fruits
have higher phenolic contents than the pulp fractions. Despite the value of TPC in the
copoazu fruit is lower than other fruits, the TAA is very high. This fact could be explained
due to the TAA is attributed not only for the polyphenolic compounds but rather another
compound such as carotenoids that are present into the fruits (see Chapter 3). Additionally,
there is a wide degree of variation between different phenolic compounds in their
effectiveness as antioxidant. Flavonoids generally have more hydroxyl groups if compared
to ferulic acids. In addition, other compounds such as carotenoids can be present in extracts
and contribute to the antioxidant potential in samples

6.6 Experimental vs Simulation results

In order to compare the results obtained in both the experimental and simulation
procedures, the yields of polyphenolic compounds by different process configurations are
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shown in Table 6.1. The process configurations had significant effect on the extraction yield.
The extraction of polyphenolic compounds was highly influenced by the employed
configuration. However, when the SFE technology was performed in both the simulated
and experimental conditions for all fruits, the amount of total extracted polyphenols was
similar to the values obtained with simulated the CSE procedure. Nevertheless, one of the
main differences between these two approaches is that the SFE technology reaches similar
concentrations of total extracted polyphenolic compounds in approximately 3 times less the
time required for the CSE technology.

Table 6.1 Comparison of total polyphenolic compounds extracted from fruits studied by
experimental and simulation procedures

Process TPC (mg GAE 100 g dw) TAA (umol TE gtdw)

Scenario

configurations Simulation Experimental Experimental
Matisia cordata pulp
Sc.1-2 FD-SFE-UF 1025.48 998.55 33.34
Sc.3-4 FD-SFE-VD 842.14 820.55 23.28
Sc.5-6 FD-CSE-UF 940.94 916.95 27.62
Sc.7-8 FD-CSE-VD 818.48 768.23 19.26
Sc.9-10 CD-SFE-UF 871.85 848.75 28.68
Sc. 11 -12 CD-SFE-VD 599.69 546.67 19.60
Sc.13-14 CD-CSE-UF 858.70 846.98 21.26
Sc.15-16 CD-CSE-VD 539.38 516.17 11.36
Physalis peruviana pulp
Sc.1-2 FD-SFE-UF 436.53 419.62 23.76
Sc.3-4 FD-SFE-VD 373.79 358.96 16.58
Sc.5-6 FD-CSE-UF 399.96 383.05 19.68
Sc.7-8 FD-CSE-VD 284.65 269.94 13.72
Sc.9-10 CD-SFE-UF 409.86 393.41 20.44
Sc. 11 -12 CD-SFE-VD 327.95 313.09 13.96
Sc.13-14 CD-CSE-UF 388.38 372.24 15.14
Sc.15-16 CD-CSE-VD 249.90 234.96 8.08
Solanum betaceum pulp
Sc.1-2 FD-SFE-UF 725.63 716.24 32.00
Sc.3-4 FD-SFE-VD 597.52 576.28 18.30
Sc.5-6 FD-CSE-UF 647.42 637.24 26.52
Sc.7-8 FD-CSE-VD 457.30 447.08 15.96
Sc.9-10 CD-SFE-UF 672.04 650.63 29.28
Sc.11-12 CD-SFE-VD 505.93 485.57 16.64
Sc.13-14 CD-CSE-UF 623.11 607.92 22.28
Sc.15-16 CD-CSE-VD 358.95 338.02 11.32
Theobroma grandiflorum pulp
Sc.1-2 FD-SFE-UF 455.61 429.66 80.00
Sc.3-4 FD-SFE-VD 403.23 387.83 62.38
Sc.5-6 FD-CSE-UF 412.60 397.39 66.30
Sc.7-8 FD-CSE-VD 399.70 383.45 52.32
Sc.9-10 CD-SFE-UF 440.59 422.17 73.22
Sc. 11 -12 CD-SFE-VD 399.84 381.99 50.72
Sc. 13- 14 CD-CSE-UF 406.90 392.54 55.70
Sc.15-16 CD-CSE-VD 341.10 328.85 37.01
Renealmia alpinia peel
Sc.1-2 FD-SFE-UF 14476.50 12639.62 128.00




15 Design and Evaluation of Processes to Obtain Antioxidant-Rich Extracts from

4 tropical fruits cultivated in Amazon, Caldas and Northern Tolima Regions

Sc.3-4 FD-SFE-VD 11999.20 11336.00 99.80

Sc.5-6 FD-CSE-UF 14236.73 10936.53 106.08

Sc.7-8 FD-CSE-VD 11054.28 8918.71 83.70

Sc.9-10 CD-SFE-UF 12608.75 10743.68 117.14
Sc.11-12 CD-SFE-VD 10855.67 9614.76 81.16
Sc.13-14 CD-CSE-UF 12628.49 9296.06 89.12
Sc.15-16 CD-CSE-VD 9664.48 8026.83 69.64

GAE: Expressed in gallic acid equivalents; TE: Trolox equivalent; dw: dry weigth.

In the simulation procedure the yields of TPC for extracts obtained from zapote,
goldenberry, tamarillo and copoazu pulps are up to 8% higher than experimental results,
while for extracts from naiku peel the results are up to 20% approximately. This fact could
be explained due to the simulations are limited by the thermodynamic equilibrium of system.
Thus, the obtained results in the simulations represent the highest yields achieved. The
experimental yields not only are limited by the thermodynamic equilibrium, but also for the
procedural mistakes by operator and equipment. However, the mathematical models
proposed and the operation conditions selected demonstrate that they can represent
properly the real behaviors of the procedure to obtain antioxidant rich extracts from tropical
fruits.

6.7 Conclusions

The procedures showed the feasibility to obtain antioxidant rich-extracts through different
process configurations with high quality from tropical fruits. The R. alpinia fruit showed
higher potential to produce antioxidant rich-extracts due to its high content of polyphenolic
compounds. In addition, the process that included high-end technology showed the highest
recovery on antioxidant extracts with the lowest loss of antioxidant activity. Finally, the
overall yields are in agreement with the simulation results that are shown the Chapter 5.
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CHAPTER 7

7.Design and analysis of a biorefinery based
on Theobroma grandiflorum (copoazu) fruit

7.1 Overview

In this chapter, a process design and an economic and environmental analysis for a
biorefinery-based on an exatic fruit as copoazu was performed. The whole copoazu fruit
was used as feedstock for a multiproduct biorefinery. Three scenarios with mass integration
were evaluated at different levels of energy integration. The first scenario was without
energy integration whereas the second scenario considered energy integration and finally
in the third scenario energetic integration plus co-generation were analyzed. The total
economic margin in the best configuration (scenario 3) was 13.21%. The energetic
integration plus the co-generation to produce the steam requirements by the process
minimize the potential environmental impact. Simulations included the composition of
copoazu fruit, which was determined experimentally. Finally, a biorefinery-based on
copoazu could be considered as an opportunity to promote rural development with the
participation of small scale producers as feedstock suppliers.

7.2 Biorefinery from copoazu

A biorefinery integrates biomass conversion processes to produce fuels, electrical power
and chemicals from biomass and, as such, is analogous to a petroleum refinery [219]. By
producing multiple products, a biorefinery can take advantage of the differences in the
biomass constituents and intermediates and maximize the value derived from the biomass
feedstock according to the market situation and biomass availability [220]. It is only through
this strategy that the process could result economically viable as well as environmentally
sustainable.

Pretreatment of lignocellulosic material is one of the most expensive and least
technologically mature steps in the process of converting biomass to fermentable sugars.
In the process of converting biomass into fermentable sugars by acid pretreatment, two
main streams are generated, namely the liquid (rich in sugars) and the solid (rich in lignin)
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fractions. The lignin present in the solid fraction must then be precipitated, dehydrated and
consecutively burned to produce energy [221]. The liquid fraction is used by fermenting
microorganisms to produce value-added products (e.g., biopolymers, ethanol, etc.) and the
resulting liquid residue is called stillage. One alternative use of this liquid residue is to
thermically concentrate the stillage for biogas production which can be a sustainable
solution for the removal of organic matter from effluents. Moreover, the new effluent
resulting from the biogas production can be utilized as fertilizer on agricultural soils [222].

The aim of this study was to evaluate three different scenarios for a biorefinery based on
copoazu fruit. The three evaluated scenarios were as follows: i) without energy integration,
i) with energy integration and iii) with energy integration plus co-generation. The
comparison of the evaluated scenarios was performed using modern process-engineering
tools. Each scenario was evaluated from a technical, economic and environmental point of
view. The chemical composition of copoazu fruit was determined experimentally. The
chemical composition of copoazu was also used as the starting point in the biorefinery
simulation..

7.3 Scenarios description

According to reports presented in Escobar et. al, [207] and Gutiérrez et. al [208], the
Colombian production of copoazu fruit is approximately 7240 tonnes per Yyear.
Nevertheless, in order to not compete with food security in this study only 10% of the annual
production of copoazu was considered. In the biorefinery-based on copoazu fruit three
scenarios with mass integration were considered. The mass integration consists on the
integral use of the whole fruit. This means that the biorefinery includes the use of first (pulp
and seed) and second (peels and the residues generated in the process) generation
feedstocks as new raw materials. Additionally, a fraction of the ethanol produced in the
biorefinery is used to extract antioxidant polyphenolic compounds and the remaining
ethanol is sold. The scenarios were based on distributions and technologies for the same
amount of whole copoazu fruit as feedstock [223]. The first scenario described the base
case, where the generation of eight products such as: pasteurized pulp, antioxidant extract,
biofertilizer, biogas, oil seed, essential oil, ethanol and polyhidroxybutirate (PHB) was
carried out without energy integration. The scenarios 3 and 2 evaluated the impact of
energy integration with and without co-generation, respectively. The energy integration was
based on the composite curves which relates hot and cold streams in the processes [224].
In scenario 3, the co-generation generated mid and low pressure steams that were able to
supply the heat requirements in all processes.
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7.4 Process descriptions

The description of the processes to obtain the eight products in the copoazu biorefinery is
described as follows. The copoazu pulp was divided into three equal fractions. The first
fraction was used to produce pasteurized pulp while the second and third fractions were
used to obtain antioxidant extracts and essential oils, respectively.

Pasteurized pulp: Pasteurization is a traditional process for food conservation that uses
heat (temperatures below 373 K) for destroying heat sensitive microorganisms and
inactivating certain enzymes, increasing shelf-life while minimizing the effects of heat on
nutritive value and sensory characteristics of the product [225]. First, the whole copoazu
fruit was pulped. Then, sugar was added to the pulp and homogenized. The pasteurization
was carried out at 368 K for few seconds [225].

Antioxidant rich extract: Antioxidants were obtained using supercritical fluids extraction
(SFE). First, the pulp was dried using a hot air oven at 303 K and milled until a mean particle
size of 858.45um was obtained. Then, the dried pulp was packed into an extractor unit and
aqueous ethanol (85%) as co-solvent (CS) was added with a ratio of 1: 2.5 w:v. The
supercritical CO2 (SC-CO,) was admitted into the system keeping the relation between the
solvent mass (S) and the solid mass (F) constant and equal to 50:1. In addition, the critical
temperature and pressure of the binary system (ethanol + CO) were higher than that of
pure CO;[159]. The operating pressure also influences the solubility of the compounds in
CO2 hence the higher the pressure, the greater the solubilities of the polyphenolic
compounds with antioxidant activity [99]. The operating conditions were chosen to ensure
that a complete saturation of the supercritical phase is achieved in a reasonable period of
time. The process was carried out at 318.15 K (a reasonable value to preserve thermolabile
compounds) and 300 bar. The depressurization process was carried out at 293 K and 1 bar
in a separator column thus allowing the separation of CO2 from the product-co solvent
mixture. The recovered CO2 was recycled to the process and mixed with fresh CO,. The
extract obtained from the depressurization process was concentrated using an ultrafiltration
membrane (to separate the protein present in the extract). The resulting protein-rich
retentate was discarded and the permeate stream was fed to a nanofiltration membrane to
obtain an antioxidant rich fraction. The resulting permeate from this nanofiltration was
discarded and the retentate is the antioxidant-rich product. The rigorous calculation of the
supercritical process was developed using the model described by Sovova et. al [132].

Essential oil: Essential oil extraction from copoazu pulp was carried out using a steam
distillation. The pulp was packed in the extraction column to form a packed bed and the low
pressure steam flowed in a countercurrent manner through it. The feedstock was never
immersed in water inside the column. The essential oil present in the pulp was carried by
the low pressure steam and then condensed hence obtaining two separated phases (i.e.,
essential oil and water). The volatile compounds (essential oil) were collected into the
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receiving flask [226, 227]. In order to evaluate the conventional extraction, the diffusion
theory model for solid-liquid extraction was performed [102, 228].

Oil seed: The copoazu seeds were dried to the desired moisture content (12%) and
cracked. The goal of cracking the seeds was to break them into suitable pieces to remove
the outer shell and to increase the surface area. The beans were passed through a steam
heating process approximately at 345 K. Hexane was used as solvent for the extraction of
oilseeds and selectively dissolve the miscible components (oil) from other substances. The
extractor unit provides the physical means for the contact between the solvent and solids
and the spent hexane was recovered and recycled with a minimum loss. The remaining
solvent content in the oil was removed from the micelles by evaporation [88].

Ethanol: The process of ethanol production was developed using both the seed waste
resulting from the oil seed extraction process and the copoazu peel as feedstock. The
process is described in four stages as described in [145-147, 165] as follows: i) size
reduction and pretreatment, ii) enzymatic saccharification, iii) fermentation and iv)
separation. The first part of the process involved a size reduction stage in which the
expected final particle diameter was 1 mm. After milling and sieving, the raw material was
hydrolyzed with hot water at 403 K for 1 h. The hemicellulose was converted to pentoses
(xylose). One liquid fraction (hydrolysate) and one solid fraction were obtained from the
pretreatment stage. The solid fraction was sent to an enzymatic saccharification stage by
enzymatic hydrolysis using cellulases at 323 K for 36 h and the cellulose was then
converted to hexoses (glucose). Finally, both treated streams resulting from the solid and
liquid fractions were mixed to obtain the fermentable broth. The fermentable streams
coming from the previous stages were converted into ethanol by the recombinant bacterium
Zymomonas mobilis at 306 K and atmospheric pressure. The produced ethanol was
recovered from the fermentation broth by continuous distillation and a further rectification.
The kinetic models used for calculations of the hydrolysis steps were reported by
Esteghlalian et al. [229] and the fermentation stage for fuel ethanol production was
calculated using the kinetic model reported by Leksawasdi et al. [230].

Poly-3-hydroxybutyrate (PHB): PHB production was carried out using the resulting waste
from both the essential oil and the antioxidant compounds processes. The carbon source
was obtained by the hydrolysis step previously mentioned in the ethanol process. Since the
feedstocks used in this stage are the residues originated in other processes, it represents
a mass integration and an integral use of the copoazu fruit. The PHB production process
consists of three main steps such as: i) the culture broth with an appropriate glucose
concentration undergoes the fermentation step with Cupriavidus necator as previously
reported [231, 232]. The kinetic model used for the calculation of PHB production was
reported by [233]. ii) a digestion (cell lysis) was carried out with chemical agents assisted
by temperature. Once the biopolymer was extracted, the iii) residual biomass was then
separated by centrifugation and shipped as a solid residue for co-generation systems. The
resulting solution after centrifugation was washed in order to remove impurities.
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Co-generation system: The effluents generated in all processes are sent to a co-generation
system as a thermodynamically efficient way of energy use to completely cover the energy
requirements of the biorefinery [234]. The residual biomass from the ethanol and PHB
producing processes were collected and sent to a gasification step to produce mechanical
and thermal energy. Gasification was carried out between 875 — 1275 K to produce a
mixture of gaseous products (i.e., CO, CO2, H20, H2, CH4) known as syngas added to
small amounts of charcoal and ash [235, 236]. The hot gases were sent to a gas turbine
to produce power with an acceptable electrical efficiency, low emissions and high reliability
[237]. The heat recovery steam generator is a high efficiency steam boiler that uses hot
gases from a gas turbine or a reciprocating engine to generate steam in a thermodynamic
Rankine Cycle. This system was able to generate steam at different pressure levels
according to chemical process requirements [238].

7.5 Simulation procedure

Each one of the proposed technological scenarios was simulated using the different
approaches as described in the previous section. The flowsheets simulation of each
scenario included all the processing steps for conversion of feedstock into the selected
products. The main goal of this procedure was to generate the mass and energy balances
from which the requirements for raw materials, consumables, service fluids and energy
needs were defined. The main simulation tool was the Aspen plus package version 7.3
(Aspen Technologies Inc., USA) although a special package for the mathematical
calculations such as Matlab was also employed. Sensitivity analyses were carried out in
order to study the effect of the main operating variables on the composition of products and
energy costs. The estimation of energy consumption was conducted based on the
simulation data of thermal energy required by the heat exchangers, reboilers and related
units. The economic analysis was performed by the Aspen Process Economic Analyzer
(Aspen Technology, Inc., USA) package. Prices and economic data used in this analysis
correspond to Colombian conditions. Table 7.1 summarizes the economic data used in the
model. For this study due to a mixture of polyphenolic compounds and final high
concentration in the antioxidant product, its price was arbitrary selected to 13.5 USD/g. The
environmental analysis was carried out using the Waste Reduction Algorithm (WAR
algorithm) designed by the Environmental Protection Agency of the United States (USEPA)
[156].

Table 7.1 Price/cost of feedstock, utilities and products

Iltem Value Ref

Feedstock Copoazu whole pulp (US$ kgt) 1.55 [151]

Products Pasteurized pulp (US$ kgt) 30 [239]
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Antioxidant extract a (US$ kg?) 13500 [240]

Biofertilizer (US$ kg?) 0.5 [241]

Biogas (US$ kg?) 0.032 [242]

PHB (US$ kg) 3.12 [231]

Ethanol (US$ kg?) 1.07 [153]

Oil seed (US$ kg?) 7.0 [243]

Essential oil (US$ kg) 15300 [244]

Sugar (US$ kg 0.42 [245]

CO2 (US$ kgt 1.55 [155]

Utilities Electricity (US$ kw?) 3.04 x10-2 [149]
Mid P. Steam (30 bar) (US$ tonne?) 8.18 [154]

Low P. Steam (3 bar) (US$ tonnet) 1.57 [154]

Cooling water (US$ m-) 1.25 [149]

Operator labor (US$ h'1) 2.14 [149]

Labor cost Supervisor labor (US$ h?) 4.29 [149]

& Sigma aldrich price for Pelargonidin chloride is 195.50 USD mg. For this study due to a mixture of
polyphenolic compounds and final high concentration of antioxidant extract, the price was arbitrary selected to
13.5 USD g (due to the high quality reached in the extract (98 wt%))

7.6 Results and discussion

In the present study the situation and conditions in Colombia for a biorefinery- based on
copoazu fruit was analyzed, particularly, for setting up the three different scenarios with
their respective technical-economic calculations. Moreover, one of the main advantages of
a biorefinery-based on copoazu fruit is the use of first and second generation feedstocks to
obtain bioenergy (biofertilize and biogas), biomolecules (antioxidant extract), natural
chemicals (essential oil, oil seed, ethanol), biomaterials (PHB), food products (pasteurized
pulp) and bioenergy (referred as co-generation).
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Figure 7.1 Simplified flowsheet for a copoazu-based biorefinery

Figure 7.1 shows the simplified flowsheet for a copoazu-based biorefinery in the Colombian
context. Processing each of the products was carried out sequentially so that the product
guality is not affected by the previous process. Moreover, an integral use of the whole
copoazu fruit is accomplished and the environmental impact of the whole process is
reduced since the most important generated effluents are converted into value-added
products. The mass fractions and yield per tonne of the whole copoazu fruit obtained for
each product are shown in Figure 7.2. The mass fractions and yields are the same in all
three scenarios since a mass integration was performed in all of them and the mass balance
is expressed in terms of fresh weight (fw).



16 Design and Evaluation of Processes to Obtain Antioxidant-Rich Extracts from

2 tropical fruits cultivated in Amazon, Caldas and Northern Tolima Regions

| BIOREFINERY
| COPOAZU FRUIT

{ SEED (18.48% of whole fruit) { PULP (27.17% of whole fruit) { PEEL (54.35% of whole frut)
 Oil seed I , Ethanol
! Yield: 82.87 kg Essential of ! Yield: 167.11 |
H ssential ol ) '
| Moisture 34.43% | Yield: 1.75 g ;\Fjﬁjff'ﬁgﬁpw 3 @::l‘gx'ffg;ex”aa  Moisture 30.48%
ol 57.48% b= " ¢ S i : | Ethanol 69.52%
: Protein 7.77%  Moisture TR | Moisture 38.63% | Water 1.94% T—
' Hexane 0.32% EO" ______________ 8 462/“ Glucose 54 56% Antioxidant A
s A i Fiber 0.94% | compounds 98.06% Ethanol
A »  Antioxidant §
8 i compounds 0.06% e U —
5 i Lipids 0.83% Residues
{E. Oil 0.0012%
| Protein 4.51% Y
. v . 0,
, Biofertilizer Residues s — 078 % Residuss Biogas
i Yield: 203.45 kg ! Yield: 80.34 m®
| Moisture 72.14% ,PHB  Moisture 3.22%
‘ Protein 18.45% ; Yield: 18.73 kg { Methane 48.15%
1CO, 2.84% ! Moisture 2% iCO; 48.60%
i Ash 5.74% PHB 98% | Others 0,02%
[Others  _._.083% e = 3
Residues
v

rrrrrrrrrrrrrrrrrrrrr » COGENERATION =«

Figure 7.2 Overview of the copoazu fruit biorefinery.
The yields are given by tonne of whole copoazu fruit

The extraction yield referred to as the initial quantity present in the fruit for both the essential
oil and the antioxidant compounds were 27 % and 22 %, respectively. These yields
correspond to one third of the pulp since the material was initially divided in three equal
fractions as explained in the materials and methods section. Moreover, due to the
thermolabile nature of the essential oils and antioxidant compounds, the overall yields of
the process could be negatively affected in the drying, extraction (using steam distillation)
and concentration steps. Nevertheless, the high technologies used in the antioxidant
compounds and essential oils extraction process (e.g., supercritical fluids, freeze drying)
could partially avoid this denaturing phenomenon due to the use of low operating
temperatures (i.e., 313K).

The inclusion of PHB as a biorefinery product is a promising strategy due to a sustainable
production and an increasing selling price of this biopolymer in the market. Moreover, since
the residues originated in the essential oil and antioxidant extraction processes are used
as feedstock in the PHB production (18.73 kg of PHB per tonne of copoazu fruit), the
potential environmental impact is also decreased.

The low lignin content present (approximately 9.41%) in the fruit peel represents a technical
and economic advantage for the recovery of the cellulose [173] and its further
transformation into different products such as ethanol. The overall yield of ethanol
production was 167.11 | of ethanol per tonne of whole copoazu fruit where 45.96 % of the
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produced ethanol was used as co-solvent in the extraction of antioxidant compounds. This
means that 90.30 | of ethanol per tonne of copoazu fruit could be sold as product.

The seed oil resulting from the copoazu fruit is traditionally used in the pharmaceutical,
cosmetic and food industry [114]. Moreover, 82.87 kg of seed oil is generated per tonne of
copoazu fruit with high purity (0.32% of solvent content) as shown in Figure 7.2. The
lignocelullosic residues generated in both the ethanol production and the seed oil extraction
process were used to obtain biofertilizer and biogas with yields of 203.45 kg and 80.34 m?
per tonne of whole fruit, respectively. This feature represents an economic advantage in
the biorefinery and a decrease in the environmental impact.

The economic analysis of the biorefinery-based on copoazu fruit was centered in the
influence of energy integration. In this way, one of the main priorities in the economic
evaluation was the determination of the energy requirements according to the description
of the different proposed scenarios. Figure 7.3 shows the total costs for both the heat and
energy requirements per tonne of fruit for the three levels of integration. The first scenario
showed the higher energy consumption in comparison with scenario 2 and 3. This means
that the total production costs and the environmental impact of the biorefinery decreased
when energy integration was performed. The total energy costs are represented by the
requirements of heating, cooling and electricity.
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Figure 7.3 Energy cost of stream requirement per tonne of fruit based on heat integration levels

Energy integration was performed taking into consideration the optimum pinch point that
permits the integrations between different process streams. In the second scenario, full
energy integration without co-generation was performed. The total energy save was 69 %
for heating fluids in comparison with scenario 1 whereas in scenario 3, the energy save for
heating fluids compared to scenario 1 was 96 %. Additionally, the energy requirements in
the third scenario were supplied by the low and mid pressure steams generated in the co-
generation process. Furthermore, the electricity generated in the co-generation process
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could be used in the nearby rural areas hence increasing the economic viability of the
project. This demonstrates that a biorefinery-based on copoazu fruit is economically
sustainable when scenario 3 is considered.

The total cost distributions of the biorefinery-based on copoazu are shown in Figure 7.4.
The highest cost corresponds to feedstock with 42% of the total cost followed by the
administrative (G and A cost) and the total utility costs with 25% and 26%, respectively.

1

G and A Cost ﬁ

Plant Overhead

Operating Charges
Maintenance Cost O Scenario 3
Operating Labor Cost B Scenario 2
OScenario 1

Total Utilities Cost —_'

_|

Total Raw Materials Cost —'

Total Project Capital Cost E
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Figure 7.4 Total Project costs distribution of a biorefinery-based on copoazu fruit

The economic margins for all scenarios are shown in Figure 7.5. For all the studied
scenarios, the economic margin of PHB, biogas and ethanol were negative. This result
could be explained by the fact that the sale prices of these products are lower than their
production costs. Nevertheless, the positive economic margins were obtained for the other
products (i.e., essential and seed oils, pasteurized pulp, antioxidant extracts and
biofertilizer) that can completely subsidize the products with negative economic margins.
On the other hand, the production costs for both PHB and ethanol were higher when
compared to other traditional processes [146, 148]. This could be explained by the
dependence of the product pricer mainly on the feedstock market prices [154].
Nevertheless, the production costs of PHB and ethanol were minimized when the streams
utilities were integrated.
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Figure 7.5 Economic margin per scenario and obtained products for a biorefinery-based on
copoazu fruit

The results of the potential environmental impact per kilogram of products are presented in
Figure 7.6. The results showed that the third scenario was the most environmentally friendly
due to the fact that energy integration coupled with a co-generation strategy leads to a
decrease in the requirements for external fuel. For all the evaluated scenarios, the impacts
that contribute the most to the PEI were the photochemical oxidation potential (due to the
gases emissions) and the aquatic toxicity potential (due to the lixiviate emissions). The

environmental impact can be decrease by 590 fold using the scenario 3 instead the
scenario 1.
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Figure 7.6 Potential environmental impact for the different scenarios.
Human toxicity by ingestion (HTPI), human toxicity by dermal exposition or inhalation (HTPE), terrestrial
toxicity potential (TTP), aquatic toxicity potential (ATP), global warming (GWP), ozone depletion potential
(ODP), photochemical oxidation potential (PCOP), and acidification potential (AP).

7.7 Conclusions

In this study was demonstrates that economic and environmental objectives can be
improved following an integrated processing sequence to obtain multiple products from
copoazu fruit Although PHB and ethanol contribute with a negative economic margin, the
other generated products subsidize their production and make positive the total economic
margin of the biorefinery. In addition, an energy integration and co-generation strategy
minimizes the PEI hence making this biorefinery environmentally friendly and economically
sustainable. The copoazu fruit could be considered as an opportunity to promote rural
development with the participation of small scale producers as feedstock suppliers.
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CHAPTER 8

8.Process synthesis for the production of
antioxidant compounds from Matisia
cordata (zapote) pulp

8.1 Overview

In the present paper, a systematic approach for process synthesis of polyphenolic
compounds production from Mastisia cordata Bonpl. pulp (zapote) is presented. Simulation
procedures based on experimental characterization were used to evaluate the conversion
of process configuration of raw material pretreatment, extraction and concentration using
Aspen Plus software. Process alternatives in pretreatment (conventional drying and freeze
drying), extraction (conventional solvent extraction and supercritical fluid extraction) and
concentration (vacuum distillation and ultrafiltration with nanofiltration) were considered in
this study. Productivity analysis and energy requirements for each process configuration
were also determined. Process synthesis based on maximum production of polyphenolic
compounds from Matisia cordata Bonpl. pulp and minimum operating costs of entire
processes were performed. Based on result shown, both objective functions are contracting
each other, fuzzy optimization was adapted to solve them simultaneously.

8.2 Problem statement

A systematic procedure to obtain polyphenolic compounds using different pretreatment,
extraction and concentration technologies with a recommendable process configuration to
obtain high yields and low operating costs is not found in the literature. Additionally, the
processes to obtain antioxidant compounds involve both high costs and losses of
compounds with high added-value. This fact is directly related to the used technology and
affects the production cost. Therefore, to assess the economic margin by mean of viable
conversion process configurations and low operating costs are required, specifically to
determine the method of enhancing the overall economic sustainability. In this way, a
systematic methodology for designing an economically sustainable process by mixed
integer programming with multiple objectives can be an interested option to evaluate the
overall process profitability. This allows the reduction in the computational times, operating
cost and number of experiments.
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The fuzzy theory was first recognized by Bellman et al [246] and was extended to integer
programming problems by other authors [247], [248] [249] [250]. [251], who showed the
linear and non-linear programming problems with fuzzy constraint applications and
multiples objective functions. This author included for first time a satisfaction degree for the
objective functions to solve optimization problems. Some authors [252-254] report the
generalization the max—min problems in a fuzzy environmental to create fuzzy linear
programming problems, while Ebrahimnejad [254] shown the sensitivity analyses in fuzzy
linear programming.

Fuzzy multi-objective models generally assume that preferences of objective functions,
degree of satisfaction, or membership functions related to objective functions, constraints,
or parameters are estimated in advance or demined using experience. Wang et al, [255]
showed the application of fuzzy multi-objective linear programming models in a comparative
study of the applicability through cost-effective analysis for mold manufacturing. Recently,
Tay et al [256] and Shabbir et al [257] adapted a fuzzy optimization to synthesize a
sustainable integrated biorefinery where the economic performance was maximized and
the environmental impact was minimized.

In this paper, a systematic approach for the synthesis of polyphenolic compounds
production from Matisia cordata Bonpl. pulp is proposed. The chemical composition of
Matisia cordata Bonpl. fruit was determined experimentally and it was also used as the
starting point in the process simulation. First, the technology options are evaluated on each
stage using the Aspen Plus software. Then, a superstructure is formulated based on
technology options available. The selection of technologies is conducted based on two
different objective functions: maximize the production yield and minimize the operating
costs. Finally, fuzzy optimization is adapted to solve the problem where the two objectives
are to be satisfied.

The problem statement of polyphenolic compounds production processes may be stated
as follows: given the feedstock (M. cordata Bonpl. fresh pulp) that represents the source

with a flow rate K that can be distributed into different pulp pretreatment technologies J
to produce pretreated pulp (dry pulp) Kat the flow rate of Fy with a polyphenolic
compounds loss Y . Then, the flow rate Fy is treated by different technologies/pathways
| to obtain the diluted extracts flow rate F with a mass recovery Yim . Finally, the flow rate
Fo is distributed into different separation technologies Mto obtain the product FP. The

Y
product yields ™ via technologies/pathways N are also specified. The solvent flow rates
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used in the extraction processes (CO; and ethanol, which depend on the selected

Rec
technologies) are recycled to the process and it is denoted as Fan

The energy requirement per feedstock unit (Fi ,Fk and I:m) through the existing
Ehot Ehot Ehm Ecold
pretreatment, extraction and concentration stages are denotedas i , «w [, m ¥
[ cold Ecold EE|90 EEIec EEIec . ' o _
LW moo W =  for heating, cooling and electricity requirements,
respectively. The total energy consumption rates in the existing pretreatment, extraction

. . hot cold Elec . .
and concentration stages are given asE" | E and E for heating, cooling and
electricity requirements, respectively. The energy consumption of the control system of the
process was not included in the energy requirements.

In addition, the costs feedstock (Matisia cordata Bonpl. fresh pulp) G , heating c™ , cooling

Ccold L. CEIec C . . i i
, electricity and product P are also specified to determine the economical profit
EP of the polyphenolic compounds production process. The aim of this work is to synthesize
a process to obtain polyphenolic compounds from Matisia cordata Bonpl., fresh pulp with a
maximum production yield and a minimum operating cost via fuzzy optimization approach.

8.3 Optimization methodology

The optimization methodology showed in this paper is focused on the conceptual synthesis
and design of a polyphenolic compounds production process. This allows the technical
ability to integrate the different processing pathways. Figure 8.1 shows the methodology
used to optimize the process to obtain polyphenolic compounds. First, the potential process
configurations for the polyphenolic compounds production yield according to the number of
technologies in each stage (e.g. pretreatment, extraction and concentration) were
identified. A superstructure of a process with different alternative technologies in each stage
is showed in Figure 8.2. In this work, two technologies were evaluated in each stage of
process. Second, the superstructure mathematical model that includes the mass and
energy balances of all the possible scenarios was proposed. Then, two individual
optimization functions were considered to find the process configurations namely the
maximum production yield of the polyphenolic compounds and the minimum operating cost

of the process. Finally, a satisfaction degree (ﬂ) is introduced to the optimization model to
counteract conflicting objectives [256, 258]. Each objective function with pre-defined fuzzy
goals has a linear membership function bounded by upper and lower limits. This type of
optimization is based on the use of max—min aggregation as in [247, 251]. In other words,
this model assumes specific fuzzy goals for both function objectives with values between
the upper and the lower limits satisfying them. Since these function objectives are inversely
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proportional to each other, the optimization objective is maximize the A so meet the
objectives of this work. The A is a continuous variable that ranges between 0 and 1.

Technology options

Pretreatment Concentration

A 4
A

- Tray drying - Conventional solvent - Vacuum distillation
- Frezze drying - Supercritical fluid - Supercritical fluid
v

v

Simulation processes using
Aspen Plus software

Operation costs | | Yield

Formulation of the
Superestructure

|

Mathematical model
(Eg. 1to 15)

Maximize productivity | | Minimize costs

!

> Fuzzy optimization

Figure 8.1 Methodology used to optimize the process to obtain polyphenolic compounds

Tech I=1 Tech n=1
Feedstock Tech |=2 Tech n=2 Product
Tech I=z Tech n=z
Pre-treatment Extraction Concentration

Figure 8.2 Superstructure of a process with different alternative technologies

j : pretreatment technology; |: extraction technology; n: concentration technology; z :
number of potential technology
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8.4 Optimization model

The polyphenolic compounds production yield from Matisia cordata Bonpl fresh pulp is
carried out in three main steps: pretreatment, extraction and concentration. Figure 8.3

shows a superstructure for this process. The fresh pulp | is fed to the technology/pathway

J o produce the dry pulp K and it is further converted to the extract Mvia the

technology/pathway |, The extracts are concentrated to obtain the product P via the
technology/pathway N

Fresh Ethanol Recycle of recovered solvent

Y

Solvent
Ethanol 80% 4

Fresh water

Tech: 1

- ! I
} Conventional | | Solvent extraction ‘ | Vacuum distillation : F,
Fi i drying ! : b Fmo | - - 1 7P | polyphenolic
I | I ] p
Fresh pulp > i > ] ! N
! ‘ ] 1 compounds
| Fk (- |
| I
I | Z 1

Tech: n

1
I
|
1
I
I
[}
I
I
1
I
L
|
]
I
|
CO, !
I
|
I
|
I
I
Co; |
|
I
I
|
Solid waste

Feedstock Pre-treatment Extraction Concentration Product

Figure 8.3 Superstructural representation of the process to obtain polyphenolic compounds

). pretreatment technology; . extraction technology; N: concentration technology

In this work, solvent mass integration and both overall material and energy balances are
considered. The mathematical model for the optimization is developed based on a previous
report [259] where an integrated biorefinery is presented to obtain a wide range of value

added products via multiple technologies. The splitting of the feedstock ! with the flow rate

F into the pretreatment technology J' with the flow rate of F is modeling by Eqg. (8.1).

F :Zj:Fj

(Eq. 8.1)

The dry pulp K with a flow rate of Ry from the pretreatment technology J atthe yield Yk
is:

Fo=2FY, vk
) (Eq. 8.2)
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Splitting the pretreatment pulp K into the extraction technology | with a flow rate of I:k':

Fo=> Fq vk
[ (Eq. 8.3)

The extracts obtaining Mat the flow rate Fo from the extraction process I at the

conversion Yim is modeled in Eq. (8.4). The Eq. (8.5) models the extracts splitting ™M into

the concentration technology N with a flow rate Fm“. Finally, the Eq. (8.6) shows the
concentrated extracts production P at the flow rate P from the concentration technology

at the yield Yoo .

Fm = sz: Fkl Yklm vm

(Eq. 8.4)
F,= Zan vm
n (Eq. 8.5)
I:p = zz anYmnp vp
— = (Eqg. 8.6)

Eq (8.7) models the solvent recovery and recycling used in the extraction process.

Ffresh — Ffeed _ Frecycle

solv solv solv (Eq 87)
The total energy cost consumed in the existing stages processes can be determined via

Eq. (8.8) to (8.11). The energy requirement for heating, cooling and electricity are functions
of the inlet flow rate to the technology and these are defined in Table 8.1.

Energy COStj — Chot Ei?ot +Cco|d EiJC'OId +CEIec EinEIec

(Eq. 8.8)
Energy COStl — Chot ElZOt + Ccold E|f|0|d + CEIec EkEIIec (Eq 8 9)
Energy Cost, = C"™'E}%' + C®ER" + CH*“E (Eq. 8.10)
Total energy Cost = Energy Cost; + Energy Cost, + Energy Cost, (Eq. 8.11)

The splitting constraint for fresh pulp !, intermediates streams K and M to the potential

technology/pathway Jhn in each process step is modeled by Eg. 8.12 to Eq. 8.14. The

energy costs are affected by the flows due to increase the matter flow, increases the internal
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energy of the system thus the equipments required more energy. Moreover, this model is
not limited by the matter flow in the lower and the upper limits.

LRM <R <L R™ éljﬂ (Eq. 8.12)
Z
LRI SR <1 R gl' - (Eq. 8.13)
Z
L F < Fy <1, P, ;Ir‘zl (Eq. 8.14)
Where Ii, l and ly are the binary integer that represent the absence (=0) or the

presence (=1 of the technology/pathway J’I’n, and Z is the maximum number of
potential technology to be restricted. The minimum flow rate is zero and the maximum flow

rate for F is considered to be the 30% of the Matisia cordata Bonpl., fruit production (ton

per year) in Colombia. The maximum flow rate for both R™ and P depends on the

selected technology and yield for the mathematical model. The Eq. (8.15) determines the

Etoh Cost . CO, Cost
and

operating costs (OC) per unit time, where are both ethanol and

CO

2 flow costs in the extraction.

OC =Total Energy Cost + Etoh Cost +CO, Cost (Eq. 815)

The individual optimization functions are modeled in order to maximize the Eg. (8.6) and
minimize the Eqg. (8.15). The optimization problem is a mixed linear integer programming
(MILP) hence the total number of parameter values to be specified. The model was
implemented and solved using LINGO, version 13. In this paper, the fuzzy multi-objective
optimization approach is further extended to synthesize a process to obtain polyphenolic

compounds from Matisia cordata Bonpl., fresh pulp with a maximum production Fp and a
minimum OC . Since these objectives are conflictiving the model is further extended using
fuzzy theory. In the optimization model, the A is introduced to address multiple objective
functions [256, 258]. The variable A takes values between 0 and 1, if Fp approaches the

upper limit, the A wil approaches 1. Moreover, if Fp approaches the lower limit, Awill
approaches 0. On the other hand, the OC has the inverse behavior that Fp. In this way, the
satisfaction degree for the fuzzy goals is maximized depending on the predefined upper
and lower limits and the optimization model.
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U J—
OCU OCL )
OC~-0C (Eq. 8.16)
L
F-F 51
FU _ FL -
p M (Eq. 8.17)
0<4<1 (Eqg. 8.18)

Where the ocC” and oc* are the upper and lower limits of the predefined oC , respectively
L U
while R and Fy are the upper and lower limits of FP, respectively. The interdependence

variable 4 is a continuous variable ranged between 0 and 1. A commercial optimization
software LINGO, version 13.0, is used to optimize the proposed model

Table 8.1 Process data for pretreatment, extraction and concentration

Tec. Hot (tons of LP steam/hour) Cold (m®of cooling water/hour) Electricity (kWh) Yield
Pretreatment

CD
o Ej" =4.08x10"'F, E™ =0 EE* = 0.0305F, 0.52
j=1

FD hot __ —4 —7 cold __ * -3 Elec __

E;” =2.52x107F +3.14x10 E;" =237*F +5.10x10 E; =0.0365F, 0.98
(j=2)
Extraction
CSE hot —6 cold Elec
o Eq" =1.6x107F Eq" =0 Eq* =0.2172F, 0.6
SFE
- Et =8.59x107*F, —3.27x107  E®Y =9.8F —1.19x10%  Ef* =1.634F, —0.2013 o075
=2
Concentration

VD
o Er =2.02x10*F, ECN =4.17F, —1.19x102 EF* = 0.0014F, 0.6
n=1

UF
- EM —=1.04x10°F, E®Y =0 EEe — 0.6292F, 0.9
n=2

CD: Conventional Drying; FD: freeze drying; CSE: Conventional Solvent Extraction; SFE: Supercritical Fluid
Extraction; VD: Vacuum Distillation; UF-NF: Ultrafiltration and Nanofiltration

8.5 Study case

In this study case, an industrial plant with a processing capacity of 200 tons per year of
fresh pulp of Matisia cordata fruit and 8000 h of operation per year to produce concentrated
extracts of polyphenolic compounds is considered. The physicochemical composition of
pulp is necessary as input data to calculate the mass and energy balances. For this reason,
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the characterization of whole fruit was carried out. The energy requirements estimation was
conducted based on the simulation data of the thermal energy required by heat exchangers,
reboilers and related units. The heating and cooling requirements represent the energy
necessary to heat and cool the streams, respectively. The electricity requirements are
represented by the energy supply for pumps and compressors used in the processes.
Several technologies for the pretreatment (conventional drying and freeze drying),
extraction (conventional solvent and supercritical fluid) and concentration (vacuum
distillation and ultrafiltration and nanofiltration membranes) stages were considered in this
study. Table 8.1 shows the main process data of the pretreatment, extraction and
concentration stages. It is important to highlight that each alternative process contributes
to different economic performance. The mathematical optimization model corresponds to
MILP that involves eight potential process configurations to obtain a single product
(polyphenolic-rich extract). In addition, the problem formulation includes 99 continuous
variables, 6 integer variables and 118 constrains.

8.6 Results

The process to obtain polyphenolic compounds from Matisia cordata Bonpl., fresh pulp with
maximum production yield was solved using the optimization objective of Eq. (8.6) to
maximize in the model. The results are present in Table 8.2.

Table 8.2 Results of optimized scenarios of biorefinery based on copoazu fruit

Fuzzy target Scenario
yard 1 2 3
A - - 0.36
rp (kg/annum) 1389 370.40 737.02
oc (US$/ annum) 31931.18 6306.94 13536.37
Energy costj (US$/annum) 6274.42 6274.42 8.96
Energy cost | (US$/annum) 25150.41 13.64 13258.74
Energy cost n (US$/annum) 29.69 7.92 15.75
Ethanol recycle cost (US$/annum) 2.33 10.96 1.23
CO2 recycle cost (US$/annum) 474.33 0 251.68
Economical Profit (US$/annum) 475866.6 43067.27 200816.9
Process configuration FD-SFE-UFNF FD-CSE-UFNF CD-SFE-UFNF

] : pretreatment technology; I : extraction technology; N concentration technology; OC: Operating costs;
CD: Conventional Drying; FD: freeze drying; CSE: Conventional Solvent Extraction; SFE: Suprcritical Fluid
Extraction; UF-NF: Ultrafiltration and Nanofiltration
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Scenario 1:

The maximum product quantity obtained and the total operating cost in the scenario 1 were
1389 kg per year of polyphenolic compounds per year and 31931 US$ per year,
respectively from 586.5 ton per year of Matisia cordata Bonpl. fresh pulp. The preliminary
process configuration design of the polyphenolic compounds production from Matisia
cordata Bonpl., is shown in Figure 8.4. Based on this result, the process configuration with
the highest production yield of polyphenolic compounds are described as follows: freeze
drying (FD), supercritical fluids (SFE) and the membranes (UF_NF) as pretreatment,
extraction and concentration technology, respectively.

CO; recovery

Fresh CO, 74,8—@ @

CO;

Water Superecritical
T CO, Concentrated extract
Polyphenolic compounds

® TN
g =9
Feedstock
@ A / Co-solvent
@ @ @ @ Extract Polyphenolic
compounds /
L  Solid waste @)
Fresh co-solvent

Co-solvent recovery

Figure 8.4 Simplified flowsheet of extraction process to obtain the highest yield of polyphenolic
compounds — Scenario 1.
1: Freezer; 2,6,10: Pumps; 3: Freeze dryer; 4: Grinder; 5: Mix tank; 7: Heat exchanger, 8:
Supercritical extraction tank; 9: Separation tank; 11: Membrane

The operating costs were 78.9% influenced by the supercritical technology, followed by the
freeze drying with 19.5% of the total operating cost. This can be explained by the fact that
the energy requirements of the pumps in the process were very high.

Scenario 2:

In the scenario 2, an optimal process configuration with the minimum OC was obtained to
solve the model Eqg. (1) — (15) and minimizing Eqg. (8.15). Based on the optimal results, the
minimum operating cost was estimated to be US$ 6306.94 per year and the corresponding
production of polyphenol compounds was 370.40 kg per year. The process configuration
design for this case is shown in Figure 8.5. The minimal operating cost was obtained
through the process configuration governed by FD, CSE and UF_NF technologies. The
results are summarized in Table 8.2. Based on this design, the operating costs were lower
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than the first scenario described above. This fact can be explained due to the Co, stream
is not necessary and the use of pumps, heating and cooling requirements are lesser than
scenario 1. Based on Table 8.2, the ethanol recycle costs are higher scenario 1 than in
scenario 2. This fact can be explained due to the solvent flow in CSE is higher than in SFE

despite of that in the SFE technology the Co, was used as solvent and the ethanol as co-
solvent. The results show that the decision of the production process configurations of the
polyphenolic compounds is mostly influenced by the selected extraction technology.

Fresh solvent

1

Solvent recovery

Water
T Concentrated extract
Polyphenolic compounds
} } — ii ' Extract P
Feedstock Q @ @ compounds P
@ @ @ 7 Solvent
Solid waste @

Figure 8.5 Simplified flowsheet of extraction process to obtain the highest yield of polyphenolic
compounds — Scenario 2.
1. Freezer; 2, 7: Pumps; 3: Freeze dryer; 4: Grinder; 5: Heat exchanger; 6: Mix tank; 8: Membrane

Scenario 3:

On the other hand, both scenarios 1 and 2 have evidently shown the conflicting behavior of
the polyphenolic compounds production and operating costs in relation to each other. When

the OC was minimized, a low polyphenolic production was obtained (scenario 2).
Meanwhile, as shown in scenario 1, when P was maximized, a high OC was achieved.
In order to address the two optimization objectives simultaneously, fuzzy optimization is

adapted in the scenario 3. To maximize the satisfaction degree of A, the Eq. (8.17) and
(18) were reformulated taking into account the results of scenarios 1 and 2 summarized in
Table 8.2.

F,—370.40
P 5
1389 —370.40 (Eq. 8.19)

31931.18-0C S
31931.18-6306.94 (Eq. 8.20)
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The results obtained from maximizing A (scenario 3) show a production of 737.02 kg

polyphenolic compounds per year with an OC of US$ 13536 per year. Figure 8.6 shows
the process configuration design for the scenario 3. The pretreatment technology was FD,
the same for both scenarios 1 and 2. Despite of the high costs associated to this technology,
the low temperatures and lack of air during the operating allows the conservation of the
polyphenolic compounds during the process. On the other hand, the fuzzy optimization
(scenario 3) shows that the CD was the most appropriated technology in the pretreatment

to obtain the highest production of the polyphenolic compounds with the minimum oC,
This can be explained by the fact that the operating cost of the CD was lower in comparison
to the FD technology. Additionally the polyphenolic compound losses were few compared
to the losses in the other stages.

CO, recovery

> CO,

Fresh CO,

Humid air Supercritical
Co;, Concentrated extract
@ Polyphenolic compounds

[ fenolic com;
—_— —
Feedstock o A@@L*’E
Co-solvent
@ @\E \\W—Q—» / '0 solven
compounds /

Solid waste ®

Co-solvent recovery
Fresh co-solvent

Figure 8.6 Simplified flowsheet of extraction process to obtain the highest yield of polyphenolic
compounds and minimum operating costs — Scenario 3
1,7: Heat exchanger; 2: Conventional dryer; 3: Grinder; 4: Mix tank; 5: Supercritical extraction tank;

6, 9: Pumps; 8: Separation tank; 10: Membrane

Since the operating costs mainly depend on the selected extraction technology this variable
has to be considered to choose the most adequate process configuration to obtain
polyphenolic compounds. Finally, the SFE was selected in the scenario 3, as the best
technology to obtain polyphenolic compounds despite of its high operating cost. This fact
can be explained due to the SFE technology has a high yield compared to the CSE
technology.

As shown in Table 8.2, the polyphenolic compounds production process for scenarios 2
and 3 generated a lower economic profit than scenario 1. Despite of the scenario 3 chose
the optimal process configuration, the production margin of the polyphenolic compounds is
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lower than scenario 1. The profit margin in scenario 3 was approximately 2.4 times lesser
and 4.7 times higher than scenario 1 and scenario 2, respectively. This can be explained
by the fact that in the scenario 3, the obtained product was 1.9 times lesser in comparison
with scenario 1 and improved 2 times compared with scenario 2. Moreover, this shows that
high-end technology helps to increase the economic viability of the process. In other words,

to minimize the OC leads to sacrifice the process efficiency for obtaining polyphenolic
compounds. Since polyphenolic compounds are high value-added products, technologies
that generate high productivities and less compound degradation, are required. Finally, the
high-end technology offers high productivity which can supply the operating costs.

This optimization model selected three of eight possible process configurations to obtain
polyphenolic compounds. The fuzzy optimization approach reduces the calculations
required to find optimal process configuration that satisfies two objective functions. Also,
this model shows the application of fuzzy optimization that can be extended to much more
complex problems. As the complexity increases this methodology becomes more effective.
In other words, the mathematical model proposed can be used in the same way to increase
the number of possible technologies to use in each stage.

8.7 Conclusions

In this chapter, a systematic approach to obtain polyphenolic compounds by different
pathways was presented. A linear programming was developed to minimize a total energy
requirement and maximize the polyphenolic compounds production. A fuzzy optimization
was adapted to determine network configuration with trade-off of both maximum production
and minimum operating costs. The results show that an optimum pathway depends on the
products recovery. These compounds are high value-added products and need
technologies that generate high productivities and less degradation levels. The optimal
pathway to obtain high production and low operating costs were: conventional drying,
supercritical extraction and membranes (ultrafiltration and nanofiltration) to concentrate the
extracts. The optimization model presented can be adapted to other study cases for more
detailed analysis.
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CHAPTER 9

9.Design and analysis of the antioxidant
compounds extraction from Andes Berry
fruits (Rubus glaucus Benth) using an
enhanced-fluidity liquid extraction

9.1 Overview

Andes Berry fruits are dark purple to almost black colored due to its high content of
antioxidants, which makes this fruits a good source of anthocyanins. In this Chapeter, an
alternative for antioxidant extraction from Andes Berry fruits (Rubus glaucus Benth) was
evaluated. The supercritical extraction units were simulated using a commercial simulator
software for real process conditions. Antioxidants from Andes Berry fruits were extracted
using both traditional solvent process with ethanol as solvent and a pilot scale supercritical
fluid extraction plant with the addition of ethanol as modifier. Using the supercritical fluid
extraction process the yields were improved in 59.3% compared to the traditional process.
The results obtained with both experimental and simulation assessments showed that
supercritical extraction using ethanol as co-solvent is the most appropriate technology to
extract anthocyanin from Andes Berry fruits. Moreover, it was concluded that simulation
techniques are powerful tools that allow minimizing time, costs and experimentation in the
design of processes such as the extraction of antioxidants.

9.2 Introduction

Colombia is a tropical country with a high biodiversity. This biodiversity results from a variety
of ecosystems from the rich tropical rainforests. In 2008, 93094 tones of Andes Berry fruits
were produced in 10743 hectares cultivated [260]. The Andes Berry fruits are used to
produce beverages, juice, pulps and jams. Polyphenols like anthocyanin has demonstrated
antioxidant capacities and the ability to protect against human diseases such as liver and
mitochondrial dysfunction, hypertension, vision disorders, diarrhea and Alzheimer's
disease [5, 6]. Andes Berry fruits contain approximately 35 mg g* fruit (dry weight) of
anthocyanin that has been used to substitute synthetic pigments for their attractive color
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and physiological functionality. The anthocyanins present in Andes Berry fruits are the
mono- or di- acylated form of cyanidin. However, they may undergo denaturalization when
they are extracted from their natural source. The extraction process involves a loss of color,
the formation of brownish degradation products and insoluble compounds [7, 8].

Several extraction methods have been proposed to obtain extracts rich in anthocyanin such
as solid — liquid extraction, using slightly acidified aqueous alcoholic solvents as methanol,
ethanol or mixtures. The addition of acid is recommended to prevent the degradation of the
non-acylated compounds [83, 102]. Nevertheless, there is a decreasing demand for organic
solvent consumption to protect health and a growing necessity for faster extraction
methods. Additionally, the large amount of solvent used in traditional extraction techniques
not only increases operating costs, they are time consuming, have low selectivity but also
causes additional environmental problems, moreover, in the isolation of antioxidant
compounds a non-oxydizing extraction media and mild extraction conditions are required.
The compressed fluids as extracting agents provide higher selectivities, shorter extraction
times and do not use toxic organic solvents [261]. Enhanced solvent extraction, performed
at supercritical conditions, combines the advantage of both the solvation and transport
properties of supercritical fluids (SCF) and low pollution burdens [15, 16].

In this work, enhanced solvent extraction with supercritical CO- of Andes Berry fruits were
performed in order to obtain anthocyanin — rich extracts. The experimental results were
compared with a simulation process using a thermodynamic model to calculate the solubility
of anthocyanin in a supercritical (CO, + ethanol) mixture. The Soave-Redlich-Kwong
equation of state (SRK —E0S) was used to solve the thermodynamical model. The results
obtained from both the experimental and simulation procedures were compared with
respect to yields and compositions.

9.3 Experimental

9.3.1 Raw material and sample preparation

The Andes Berry fruits (Rubus glaucus Benth) used in this study were obtained from a
plantation in the department of Caldas, Colombia. The fruits were washed immediately after
acquisition. Then, the fruits were dried and ground. Until analysis, the samples were freeze-
dried and stored at -30 °C.
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9.3.2 Equipment and procedure

The supercritical fluid equipment consists of a pump system that can deliver a current of
either modified or continuous supercritical fluid (SCF). The cylinder capacity is 122 ml and
the maximum pressure 350 bar. The temperature can range from 292.15 to 375.15 K, and
the SCF flow rate between 0.5 and 5 ml/min. The flow rate of the used SCF was 3 ml/min,
the employed temperature and pressure were 305 K and 140 bar, respectively. The
operation conditions were chosen to ensure that a complete saturation of the supercritical
phase is achieved in a reasonable time (approximately 65 min). The used ethanol and
CO2contents were 20% and 80% respectively. Ethanol was used as a co-solvent to trap
the anthocyanin extract and the resulting mixture was quantified by UV — spectrometry.
This procedure was performed in triplicate.

9.3.3 Anthocyanin determination

Anthocyanin pigments undergo reversible structural transformations with a change in pH
manifested by strikingly different absorbance spectra. The colored oxonium form
predominates at pH 1.0 and the colorless hemiketal form at pH 4.5. The pH-differential
method is based on this reaction, and permits accurate and rapid measurement of the total
anthocyanins, even in the presence of polymerized degraded pigments and other
interfering compounds. The ethanol-anthocyanin fraction was mixed with two buffer
solutions at different pH values. The first solution is a potassium chloride buffer, pH 1.0,
and the second solution a sodium acetate buffer, pH 4.5. Then, absorbance was measured
from each solution at a wavelength range of 400 — 700nm, against a blank cell filled with
distilled water [262]. A JENWAY 6405 UV-Vis spectrophotometer was used to determine
the amount of cyanidin-3-glucoside in the extract. The anthocyanin concentration was
determined following equations (9.1) and (9.2):

A= (A/lvis—max —4; 700)pH1 — (Apvis—max — A2 700)pH4.5 (Eq.9.1)

Asvis—max YEpresents the highest value of absorbance obtained for measurements from the
pH 1 and pH 4.5 solutions. A4, 54, represents the absorbance of each solution at 700 nm.

Anthocyanin (@) =

L/ ~ molar extinction coefficientxLength of Cell

Axmolecular weight xdilution factor=1000 (Eq 9 2)
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9.4 Thermodynamic model

Thermodynamic studies are important for the evaluation of the solubility of the antioxidant
compounds and for the proper selection of the operating conditions that will allow a better
supercritical fluid extraction (SFE) with or without co-solvent. Table 9.1 shows the
normalized fractions of the main components of Andes berry fruits. The estimation of the
thermodynamical properties of pure compounds (i.e., cyanidine-3-glucoside) was obtained
using the group-contribution method developed by Marrero and Gani [150] at three different
levels. The primary level uses contributions from simple groups, while the secondary and
tertiary levels involve polyfunctional and structural groups that provide more information
about molecular fragments whose description through first-order groups is not possible.
This afore mentioned method allows the estimation of the normal boiling point (Th), critical
temperature (Tc), critical pressure (Pc) and critical volume (Vc). The acentric factor was
calculated using the Clapeyron equation [263]. Table 9.2 shows the Cyanidin - 3 — glucoside
physical properties.

Table 9.1 Physicochemical characteristics of Andes Berry fruits

Property Fresh fruit Country Reference
Moisture (g/100 g of sample) 94.1
pH 3.80
°Brix 9.8 Colombia [264]
Antioxidant activity (mmol Trolox/kg fruit) 1.08 £ 0.02
Monomeric anthocyanins (mg/kg fresh fruit) 62.81 +0.89
Monomeric anthocyanins (mg/kg fresh fruit) 180 Colombia [265]
Monomeric anthoc?/ririwt;ns (mg/100 g fresh 14.7 + 0.89 Colombia [266]
Monomeric anthocyanins (mg/100 g dry 380 Costa Rica [267]

fruit)*

* Moisture content (%FW) 83.5 £ 0.5

Table 9.2 Cyanidin - 3 — glucoside physical properties calculated according to Marrero and Gani

Physical property Value
Normal melting point, Tm (K) 547.99
Normal boiling point, Tb (K) 796.93
Critical temperature, Tc (K) 1037.81
Critical pressure, Pc (bar) 43.18
Critical volume, vc (cm3/mol) 1027.03
Standard Gibbs energy at 298 K, Gf (kJ/mol) -1094.73
Standard enthalpy of formation at 298K, Hf (kJ/mol) -1580.54

Standard enthalpy of vaporization at 298 K, Hv (kJ/mol) 352.17
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Standard enthalpy of fusion, Hfus (kJ/mol) 71.61
Acentric factor, w 1.3107
[150]

The solubility of cyanidin - 3 — glucoside in CO; was evaluated using the SRK-EoS model
with Van Wong-Sandler (WS) mixing rules. To calculate the phase equilibrium based on
the equality of the chemical potential for each component in each phase at fixed
temperature and pressure, the fugacity method was employed [268-271]. To model the
solid solubility in a SCF, the compressed gas model of Praunitz was used. A solid-gas
formulation equilibrium in which the solid phase fugacity is equal to the fugacity in the vapor
phase was made. Since the amount of gas present in the solid phase is negligible, this solid
fraction is then considered to be pure [269, 271]. The solubility of a solid in a gaseous phase
is given by equation 9.3:

Psubli . Asubli Vs “ubli
Y, =ﬁ.exp|:ﬁ,(|3_ P2 bl ):|
2 (Eq.9.3)

subli subli

L A . L
2 represents the sublimation pressure, "2 the solid molar volume, "2 the sublimation

fugacity coefficient and ¢, the fugacity coefficient in a supercritical phase (these
parameters are experimentally unobtainable). Nevertheless, to be able to calculate the
experimentally unobtainable parameters, the equation of state (SRK) was employed [129-
131]. In order to avoid the antioxidants thermal degradation a fix temperature of 305 K for
the SFE process was selected. Fig. 9.1 shows the solubility of cyanidin — 3- glycoside at
305 K at different pressure values and at two different ethanol concentrations (i.e. 0% and
20%). In order to minimize energy consumption throughout the process and to select the
best operation conditions, the solubility criterion was used.
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Figure 9.1 Anthocyanin solubility at different pressures: (o) without co-solvent, (o) with 20%
ethanol

9.5 Process description

Although there is a wide variety of methods for the extraction of antioxidant compounds, it
is important to take into account that antioxidant compounds, in most cases, present
thermal degradation at temperatures generally above 80 °C [15-18].Temperature plays an
important role in the quality of the product and supercritical fluid extraction (SFE) allows
temperatures below the antioxidant degradation point [272, 273].

The first stage of raw material pretreatment in SFE processes of antioxidant compounds
consists on a patrticle size reduction. This step is necessary to enhance the interfacial area
important to increase the mass transfer rate in the extraction process and a constant drying
temperature to reduce moisture in the solid matrix. In the second stage, the CO, must be
adjusted to the extraction conditions (i.e., 140 bar and 305 K). The third stage consists on
a fixed bed extractor packed with the solid material and ethanol (20%) where the contact
between the supercritical fluid and the antioxidant compounds occur. Finally, in the last
stage, CO; is depressurized to atmospheric pressure thus allowing its separation from the
product-solvent mixture. Then, the product-solvent mixture is filtered and the solid material
is therefore removed. The resulting solution contains the extracted anthocyanin compound
(see Figure 9.2).
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Figure 9.2 Flowsheet for antioxidant compound extraction from Andes Berry fruits

1. Crusher; 2.Dryer |; 3.Pump; 4.Heat exchanger |; 5. Extractor; 6.Depressurizer vessel; 7.Heat
exchanger Il.

9.6 Simulation procedure

The simulation of the supercritical extraction process to obtain antioxidant compounds from
Andes Berry fruits was performed using the Aspen Plus software (Aspen Technologies Inc.,
USA). The design of the distillation columns for the purification of phenolic compounds
required the definition of the preliminary specifications using the DSTWU short-cut method
included in Aspen Plus. This method uses the Winn-Underwood-Gilliland procedure
providing an initial estimate of the minimum number of theoretical stages, the minimum
reflux ratio, the localization of the feed stage, and the products split. The RadFrac module
(based on the MESH equations) was used to perform the rigorous calculation of the
distillation columns. In order to study the effect of the main operation variables (e.g., reflux
ratio, feed temperature, number of stages, etc.) and to reach the desired purity of the
phenolic compounds, a sequential design procedure including a sensitivity analysis was
performed. The estimation of energy consumption was conducted based on the simulation
data from the thermal energy and work required by the heat exchangers, dryers, flash
vessels, pumps and related process units.

9.7 Results

According to Figure 9.1 the anthocyanin solubilization into CO, is an important parameter
influencing the extraction yield. In fact, comparing the curve of solubility with and without
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co-solvent shows the influence of co-solvent in the extraction of anthocyanins. The yield of
extraction can increase considerably when in the process is taking into account the co-
solvent. The use of co-solvent decreases the needing of high pressure systems, in order to
obtain same yields for a system without co-solvent.

9.7.1 Experimental results

When the already established supercritical extraction procedure was performed without co-
solvent (ethanol), only traces of the product were extracted but not recovered (data not
shown).This phenomenon is probably caused by the low solubility that anthocyanin has in
CO: due to its non-polar nature. In order to improve the solubility of anthocyanin in COx,
ethanol was used as a co-solvent. Ethanol is a polar solvent, it is not toxic and its use is
allowed in the food industry. Moreover, ethanol is easily removed from the extracted
solution by evaporation. The anthocyanin yield of the supercritical process with co-solvent
was significantly higher than the one obtained in supercritical process without co-solvent.

Table 9.3 Results of the experimental procedure to obtain antioxidant compounds from Andes

Berry fruit
Supercritical Traditional Traditional
process process process
reported [264]

Andes Berry fruits (g) Fresh weight 56.61 + 0.00 56.61 £ 0.00 200
Ethanol (mL) 30+ 0.00 50 + 0.00 600
pH sample at 297.75K 4.42 +0.06 3.59 £ 0.02 3.80
Residence time (min) 65+ 3.54 1445 + 7.07 24 h
Temperature (K) 305.25+0.14 291.98 +4.89 303

Pressure (bar) 141 +1.41 0.78 £ 0.00 Atmospheric

Extracted Anthocyanin (mg kg fresh fruit) 85.4 + 0.06 53.6 £ 0.12 62.81+0.89

From each kilogram fresh weight of Andes Berry fruits, 85.4 + 0.06 mg of anthocyanin was
obtained in a 65 minutes supercritical process. The extraction time was sufficient to obtain
anthocyanin-rich fractions (Table 9.3). The pressurization to ~141 bar allows create empty
spaces within the raw material that could favor a faster solvent adsorption/absorption.
Besides, the time was enough for the CO; provided the diffuse out of the raw material bed,
and for the solvent mixture to soak the whole raw material bed. Thus, an increase in the
anthocyanin solubility was observed with the incorporation of a co-solvent in the extraction
procedure. Osorio et al. [264], extracted monomeric anthocyanins from Andes berry fruits
using ethanol as solvent and the reported yields were 62.81 mg kg™ fresh fruit during 24 h



18 Design and Evaluation of Processes to Obtain Antioxidant-Rich Extracts from

8 tropical fruits cultivated in Amazon, Caldas and Northern Tolima Regions

of process. Thus, the use of a supercritical alternative with co-solvent increases the yield
with respect to a traditional solvent extraction process.

In order to compare the yields of the SFE process with co-solvent and the traditional
process, the latter was experimentally performed. The concentration of anthocyanin
obtained in experimental conditions for both supercritical and solvent processes are shown
in Table 9.3. From each kilogram fresh weight of Andes Berry fruits, 53.6 = 0.12 mg of
anthocyanin was obtained in 24 hours. Using the SFE process the yields were improved in
59.3% compared to the traditional process. In addition, the required time for the obtainment
of anthocyanin using a SFE process is shorter (65 min) than that required using a traditional
procedure (1445 min) (see Table 9.3). These advantages generate greater productivities
and lesser compound degradation levels due to the shorter time the extract is in contact
with the solvent. Besides the increase of anthocyanin extraction yields, the supercritical
procedure allowed a significant reduction in the process time that has considerable
energetic and economical benefits. Amongst the solvent mixtures that resulted in
anthocyanin-rich fractions obtained from both supercritical with co-solvent and traditional
solvent extraction processes, there were considerable differences in anthocyanin
extraction, which varied between 85.4 + 0.06 and 53.6 + 0.12 mg kg fresh fruit. The better
anthocyanin extraction was possibly because the diffusion was improved due to the use of
high pressure in the supercritical process. The diverse quantity of anthocyanin extracted
was probably caused different transport rates of solutes which were affected by pressure,
from the matrix to the bulk of the extraction fluid, and consequently different extraction
yields.

9.7.2 Simulation results

The simulations results shown in Table 9.4 were carried out at 140 bar and 305 K. The
results in terms of anthocyanin concentration extracted for Andean berry fruits from Costa
Rica and different places of Colombia and total energy consumption, are shown in Table
10.5. The mean anthocyanin concentration of Colombian Andes berry fruits was used to
obtain average value of the fruits which were characterized by other authors.

The results were compared with the Andes berry used in experimental section. The low
guantities of anthocyanin present in the extracts could be explained by the fact that Andes
Berry fruits contain low levels of this compound in comparison with total weight of fruits.
The concentration of anthocyanin in the Andes berry fruits had been evaluated by others
authors (see Table 9.5) [264-267]. Different factors such as differences in cultivars, growing
environments, seasons, process and storage can affected the quantity of anthocyanin in
the fruits. These factors are known to affect polyphenol content and profiles of plant foods
[191, 192].
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Table 9.4 Process conditions for supercritical fluid extraction of anthocyanin compounds from
Andes Berry fruits

Feature Description
Feed flow rate: 7.5 kg/h
Feedstock Temperature: 289 K
Pressure: 1 bar
Temperature: 288 K
Pressure: 80 bar
Solvent feed
CO: feed flow rate: 1.97 kg/h
Ethanol feed flow rate: 0.49 kg/h
Temperature: 289 K
Dryer
Pressure: 1 bar
Pump Outlet pressure: 140 bar
Outlet temperature: 305K
Heat Exchanger |
Pressure: 140 bar
Temperature: 305K
Pressure: 140 bar
Extractor - - -
Residence time: 65 min
Volume: 0.00012 m3
Depressurizer Temperature: 305K
vessel Pressure: 1 bar
Heat Exchanger I Outlet temperature: 288 K
Pressure: 1 bar

Total energy consumption for SFE can be explained by the fact that in the SFE process,
the separation of the solvent from the anthocyanin compound requires high energy
consumption. The estimation of energy consumption which was conducted based on the
simulation data of thermal energy required by the heat exchangers, reboilers, and related
units. Sensitivity analysis was carried out in order to study the effect of the total pressure
on the composition of product and energy costs. Pretreatment of CO, step required around
34% of total energy consumption of the process. On the other hand, separation and
purification step requires most of the process energy (42%) while pretreatment requires the
lower quantity of energy. This suggests that the used pretreatment technologies are
feasible for its use in commercial plants. The residence time is a very important variable in
the whole process since it is directly proportional to the volume of the equipment. This
consideration may be important in terms of the total costs of the process.

The amounts of anthocyanin obtained by the simulation procedures from mean anthocyanin
content of Colombian Andes berry fruits showed similar results when compared with the
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experimental process, 89.72 and 85.4 mg/kg FW respectively. Thus, the simulation model
was able to reproduce the anthocyanin extraction. The amounts of anthocyanin obtained
depend of initial amount in the fruits. The extraction yield obtained with the simulation
procedure was 69% with respect to the initial anthocyanin concentration present in the
Colombian Andes Berry fruits.

Table 9.5 Simulation results of supercritical fluid extraction with co-solvent of anthocyanin
compounds from Andes Berry fruits

. Extracted Energy
Initial . . .
. . Anthocyanin Anthocyanin consumption
concentration of Units Ref. B i i
. extracted mg ht mg kg Fresh kW kg Fresh
anthocyanin . .
fruit fruit
62.81 + 0.89 ma/kg. [264] 384.00 51.20 28.37
fresh fruit
14.7 £ 0.89 mg/100 g [266] 881.99 117.60 26.98
fresh fruit
180 ma/kg. [265] 1052.62 140.35 25.40
fresh fruit
380 mg/100 g [267] 3876.25 516.83 23.20
dry fruit
Mean
mg/kg Colombian
129.9 fresh fruit Andean 672.88 89.72 27.98
berry fruits

Table 9.6 Anthocyanin content at different pressures from Andes berry fruits using supercritical
fluid with 20% ethanol — simulation results

Pressure (bar) Anthocyanin Content mg kg (fw)
100 41.07
120 46.93
140 51.20
160 58.76
180 63.29

The results of the simulations at different pressure for the anthocyanin extraction using
supercritical fluids with co-solvent are shown in Table 9.6. The anthocyanin yield obtained
increases when the pressure is higher. Highest total energy consumption was obtained
when the total pressure was increased.

9.8 Conclusions
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In the present study, an increase in the solubility of cyanidin- 3- glycoside in supercritical
CO. with ethanol as a modifier was observed. The results obtained with the simulation
procedure are very similar to those obtained using the experimental process indicating that
the simulation model is fitted to reality. In general, the SRK-E0S equation was able to
correlate the solubility of anthocyanin in supercritical CO2 with the experimental data.

Using ethanol as an organic co-solvent improves the yields of anthocyanin supercritical
extraction since anthocyanins are normally not soluble in super critical CO2. Nevertheless,
using an organic co-solvent requires an additional separation and purification step of the
obtained anthocyanins. In light of the continuous search for natural food additives, the
possibility of extracting antioxidants from fruits as raw materials becomes a promising
industrial strategy. The analysis of the supercritical extraction process using ethanol and
CO;, can achieve better yields than the traditional extraction process performed at
atmospherical pressure. Andes Berry fruits have a high potential for the production of
anthocyanin compounds and they are promising raw materials since they currently do not
generate additional added value products at the industrial scale. The supercritical process
using solvents as ethanol and CO; is a clean process due to the nature of the solvents.
However, the extraction time is a key factor to be taken into account, as well as the
availability of raw materials which should be evaluated when developing a large-scale
industry process..






CHAPTER 10
10. Conclusions and recomendations

10.1 Conclusions

In recent years it has been suggested that fruits and vegetables could be used as an ideal
source of antioxidants. It was briefly showed the potentiality of Colombia to produce natural
products due to its location in tropical region. The efficiency in the extraction of antioxidant
polyphenolic compounds from biomass depends upon the technology used in each step of
process. Moreover, the low concentration of these compounds in the raw material makes
necessary to use technologies that require high energy demand increasing the production
costs. It was shown that there exist a number of pretreatment, extraction and concentration
options. Optimization processes are necessary for reaching high yields with minimum
energy demand decreasing the production costs. Although natural antioxidant production
has been greatly improved by new technologies, there are still challenges that need further
investigations. These challenges include maintaining an antioxidant activity stable during
the process and developing more efficient energy technologies with high yield. This work
contributes to improving the current processes for obtaining antioxidants, focusing on the
search for new raw materials and more efficient technologies that increase yields and
product quality.

Colombia as a tropical country has the potential to produce multiple tropical fruits that can
be used as feedstock to produce antioxidant rich extracts. However, the natural products
industry in this country is based on a small local manufactures using processes that are not
standardized therefore the quality is not as good as international brands that have been
positioned in the market. In this thesis, five tropical fruits were selected according to national
production and high content of polyphenolic compounds and antioxidant activity.
Additionally, the goldenberry and copoazu are chosen because these are promising fruits
to export. The antioxidant activity values of the fruits studied (i.e. 9.6, 8.9, 5.61, 1.96 and
120.17 umol TE g™* fw for T. grandiflorum, M. cordata, S. betaceum, P. peruviana and R.
alpinia respectively) shown that this fruits are promising as source of antioxidant.

This allows obtaining raw materials as promissory feedstock to be used as the base of
Colombian natural products industry. Additionally, use of these feedstock to produce
antioxidant rich extracts is an interesting option to cultivate in deforested areas in the
Amazon region or could be cultivated in areas near the rivers Cauca and Magdalena as an
option of crops diversification as a base of national policies
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In this sense, this thesis has shown how these tropical fruits as feedstock to produce
antioxidant rich-extracts can be used to open a national market for high value-added
products. Besides, this work has shown how under biorefinery configuration is possible to
obtain high production rates of other important added value products. Thus, this allows
creating high profitability processes where individual processes are supported, provided
with feedstock and also economically subsidized. This increase on economic sustainability
has an effect on the overall competitively of natural products industries based on these
kinds feedstock.

In this work was also proposed several process configurations with both conventional and
high-end technologies for pretreatment, extraction and concentration stages. The major
disadvantage associate with the conventional technologies is the degradation of antioxidant
compounds by the possibility of oxidation of antioxidant compounds while the high-end
technologies retain the product quality. However, the major disadvantage of high-end
technologies is its relatively high cost. Similar yields were achieved in CSE and SFE
technologies for equal amount of feedstock per unit time. However the CSE and SFE
processes required 6 and 2 hours respectively of procedure time. For this reason in this
work was evaluated a configuration for CSE of three stirred tanks disposal in parallel. In
this way, the productivity of CSE and SFE was similar. A common feature found in the
process configurations for all considered feedstock was the high influence of raw material
costs in total production cost.

In this work was also confirmed how the heat integration into the process is important for
the sustainability of process. In this sense, the use of these methodologies has allowed
obtaining reductions on external consumption rates of fossil fuel required for utilities. Thus,
reductions of external requirements have firstly, economic effects (lower production costs),
but also it has an environmental benefit trough the reductions on Potential Environmental
Impact PEI. On the other hand, in the design of biorefinery from copoazu fruit, the co-
generation system was studied to provide the heat and power requirements of this
biorefinery.

In this work was found for all feedstock that the economic margins for the process
configuration FD-SFE-UF, CD-CSE-UF generated the highest economic margin. The total
production cost of the scenarios FD-SFE-UF were mainly influence by the raw material cost
following by capital cost due to the use of high-end technology. Whereas the CD-CSE-UF
configuration not needs cooling requirements so, the operation costs were reduced. This
means that economic margin was mainly affected by the yields of antioxidant extract and
the operation conditions. As expected, for the same process configurations the highest
economic margins were obtained in scenarios when energetic integration was done.
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Two promising feedstock were considered in this thesis (i.e. naiku and zapote) although
their results regarding to produce antioxidant rich extracts in Colombia are promising, there
are still uncertainties related to marketing and commercial values. In this sense, it is
necessary to provide alternatives for a sustainable industrial use which provide the stable
market for complete development of this product. Furthermore, in the production of
antioxidant rich-extracts from copoazu fruits as feedstock at 40% wt, the value of economic
margin was negative for all scenarios, except to the scenario that included the high-end
technologies in all stages into the process. However, under the biorefinery concept where
the extract was obtained at 99% of purity and the price of product is high due to its purity,
the results shows the techno-economic and environmental feasibility. Despite that, the
feedstock of this process is expensive, the antioxidant compounds can be recovered as a
product with high economic margin. Nevertheless, although both PHB and ethanol
contribute with a negative profit margin, the other generated products subsidize their
production and make positive the total economic margin of the biorefinery. In addition, an
energy integration and co-generation strategy minimizes the PEI hence making a
biorefinery-based on copoazu environmentally friendly and economically sustainable. The
copoazu fruit could be considered as an opportunity to promote rural development with the
participation of small scale producers as feedstock suppliers.

Parallel to this thesis, a fuzzy optimization to determine network configuration with trade-
off of both maximum production and minimum operation costs was adapted. For thi was
developed a linear programming to minimize the total energy requirement and maximize
the polyphenolic compounds. The results show that an optimum pathway depends on the
recovery of the product. There compounds have high added value and need technologies
that generate high productivities and less degradation levels. The optimal pathway to obtain
high production and low operation costs were: conventional drying, supercritical extraction
and membranes (ultrafiltration) to concentrate the extracts. The optimization model
presented can be adapted to other study cases for more detailed analysis.

The results obtained in this thesis demonstrated the potential of tropical fruits fruit in terms
of productivity and high quantity of antioxidant compounds. In addition, thess fruit can be
found in different regions such as Amazon, Tolima, Caldas region which in the future
suggests a possible large-scale production. At this stage the simulation becomes a useful
tool for the design and optimization of processes. In light of the continuous search for
natural food additives, the possibility of extracting antioxidants from fruits as feedstock
becomes a promising industrial strategy. After the characterization of tropical fruits were
demonstrated that these fruit are promising raw materials for the production of antioxidant
rich extracts and generate additional value-added products at industrial scale. It is important
to mention that the results of the present study are applicable to other fruits. However, it is
important to highlight that the use of one of the two best process configurations (i.e. FD-
SFE-UF and CD-CSE-UF) depends on the technology and budget available by the investor.
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The results of this thesis show the possibility to use a large amount of fruits that are
discarded for not complying with quality standards or lost in the harvest, to produce different
products based on the concept of small-scale biorefineries. In this sense, this strategy
generates greater value-added to these fruits and hence greater economic profit to farmers.

Finally, the production of antioxidant rich-extracts involves the generation of large amount
of solid residues that could be considered as second generation feedstock to produce high
value-added products. Thus, this strategy can increase the sustainability of the process
without competing with food production or the cultivation of farmland.

10.2 Recommendations

The antioxidant extracts production in Colombia should be included into the value added
chains based on estimations of fruits production and expansion to generate new job
opportunities. In long-term the production of natural products should be complemented with
naiku fruit in order to meet expansion targets in a sustainable way.

Industries based on biorefinery should start to be considered in more extensively in
Colombia for agro-industry. In this sense, the industries that manufacture juices, nectars,
jam from fruits should implement process where use its residues as raw material to produce
value add products such as antioxidant extracts, essential oils, seed oil between others.

The crops diversification in Colombia should continue with policies aimed to strength the
fruticola sector. In this sense, it must be considered from an agronomic point of view
incorporate strategies to develop crops that can be transformed to high value products
without affect the food security. In this sense, Amazon fruits are good options for crops
diversification in regions with similar climate conditions such as the rivers shore of Cauca
and Magdalena. In this way this strategy could provide additional market alternatives to
fruits producers.

It is also important to develop individual prospective analysis for the stages of process no
considered in this work, in order to perform a careful analysis to obtain a final product with
better quality. In this sense, the design of product is important to consider for offer the
market a product with high quality. Additionally, the options to obtain raw material such as
cell culture vegetables should be consider in future works.

All these challenges are aimed to reduce foreign importations of natural products and
promote the rural development trough the plantation of these crops in Colombia. In this
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sense, the analysis performed for this thesis could be extended to other feedstock in order
increase their profitability and the number of products obtained.
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A. Annex 1. Economic Evaluation for each fruit using
different process configurations

Table Al.1. Antioxidant compounds production cost from Matisia cordata fruit

Sc 1 FD-SFE-UF Sc 2 FD-SFE-UF Sc 3 FD-SFE-VD SC 4 FD-SFE-VD
(integration) (integration)
Annualized UDS per kg Share of UDS per kg Share of UDS per kg Share of UDS per kg Share of
cost product total cost (%) product total cost (%) product total cost (%) product total cost (%)
Capital 7.82 4.43 7.82 4.46 10.06 2.65 10.06 2.65
depreciation
Total Raw 147.13 83.35 147.13 83.99 178.88 47.07 178.88 47.14
Materials Cost
Total Utilities 4.26 241 201 1.66 1.98 0.52 1.46 0.39
Cost
Operating Labor 1.76 1.00 1.76 1.01 153 0.40 153 0.40
Cost
Maintenance 1.15 0.65 1.15 0.66 0.95 0.25 0.95 0.25
Cost
Operating 0.44 0.25 0.44 0.25 0.38 0.10 0.38 0.10
Charges
Plant Overhead 1.46 0.83 1.46 0.83 1.24 0.33 1.24 0.33
General and 12.50 7.08 12.50 7.13 184.97 48.68 184.97 48.74
Administration
TOta(':z?‘eCt 176.52 100.00 175.17 100.00 380.00 100.00 379.48 100.00
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Continuation Table Al.1. Antioxidant compounds production cost from Matisia cordata fruit

Sc 5 FD-CSE-UF

Sc 6 FD-CSE-UF
(integration)

Sc 7 FD-CSE-VD

Sc 8 FD-CSE-VD
(integration)

. UDS per kg | Share of total UDS per Share of total | UDS per kg Share of UDS per kg Share of
Annualized cost roduct cost (%) kg cost (%) roduct total cost roduct total cost
P product P (%) P (%)
Capital 5.43 2.39 5.43 253 6.91 2.03 6.91 2.26
depreciation
Total Raw 160.43 70.56 160.43 74.58 184.47 54.14 184.47 60.34
Materials Cost
Total Utilities Cost 42.93 18.88 30.67 14.26 122.16 35.85 87.15 28.51
Opera(t:'ggtLabor 0.96 0.42 0.96 0.45 1.11 0.32 111 0.36
Maintenance Cost 0.30 0.13 0.30 0.14 0.35 0.10 0.35 0.11
Operating Charges 0.24 0.11 0.24 0.11 0.28 0.08 0.28 0.09
Plant Overhead 0.63 0.28 0.63 0.29 0.73 0.21 0.73 0.24
General and 16.44 7.23 16.44 7.64 24.73 7.26 24.73 8.09
Administration
Total Project Cost 227.36 100.00 215.10 100.00 340.73 100.00 305.73 100.00
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Continuation Table Al.1. Antioxidant compounds production cost from Matisia cordata fruit

Sc 9 CD-SFE-UF

Sc 10 CD-SFE-UF
(integration)

Sc 11 CD-SFE-VD

Sc 12 CD-SFE-VD
(integration)

UDS per Share of UDS per Share of UDS per Share of UDS per Share of
Annualized cost kg total cost kg total cost kg total cost kg total cost
product (%) product (%) product (%) product (%)
Capital 9.60 4.58 9.60 4.62 14.69 4.68 14.69 4.69
depreciation
Total Raw 173.20 82.72 173.20 83.39 25158 80.16 251.58 80.29
Materials Cost
TOta'C(L)J;'t"“eS 7.08 3.38 5.40 2.60 19.16 6.11 18.66 5.96
Operating Labor 1.48 0.71 1.48 0.71 2.15 0.69 2.15 0.69
Cost
Maintenance 1.11 0.53 1.11 0.53 1.65 0.52 1.65 0.53
Cost
Operating 0.37 0.18 0.37 0.18 0.54 0.17 0.54 0.17
Charges
Plant Overhead 1.30 0.62 1.30 0.62 1.90 0.61 1.90 0.61
General and 15.26 7.29 15.26 7.34 22.16 7.06 22.16 7.07
Administration
TOta'CE‘:’?JGCt 209.39 100.00 207.71 100.00 313.83 100.00 313.33 100.00
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Continuation Table Al.1. Antioxidant compounds production cost from Matisia cordata fruit

Sc 13 CD-CSE-UF

Sc 14 CD-CSE-UF
(integration)

Sc 15 CD-CSE-VD

Sc 16 CD-CSE-VD
(integration)

UDS per Share of UDS per Share of UDS per Share of Share of
: UDS per kg
Annualized cost kg total cost kg total cost kg total cost roduct total cost
product (%) product (%) product (%) P (%)
Capital 4.90 2.48 4.90 2.48 10.00 2.29 10.00 2.29
depreciation
Total Raw 175.06 88.74 175.06 88.74 280.03 64.08 280.03 64.08
Materials Cost
TOta(':l;;'t“t'es 0.85 0.43 0.85 0.43 111.65 25.55 111.65 25.55
Operating Labor 1.05 0.53 1.05 0.53 1.68 0.38 1.68 0.38
Cost
Maintenance 0.25 0.13 0.25 0.13 0.51 0.12 0.51 0.12
Cost
Operating 0.26 0.13 0.26 0.13 0.42 0.10 0.42 0.10
Charges
Plant Overhead 0.65 0.33 0.65 0.33 1.09 0.25 1.09 0.25
General and 14.25 7.22 14.25 7.22 31.63 7.24 31.63 7.24
Administration
TOta(':E;)’ea 197.27 100.00 197.27 100.00 437.01 100.00 437.01 100.00
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Table Al.2. Antioxidant compounds production cost from Physalis peruviana fruit

Sc 1 FD-SFE-UF Sc 2 FD-SFE-UF Sc 3 FD-SFE-VD SC 4 FD-SFE-VD
(integration) (integration)
. UDS per Share of UDS per Share of UDS per Share of UDS per Share of
Annualized
cost kg total cost kg total cost kg total cost kg total cost
product (%) product (%) product (%) product (%)
Capital 18.44 6.47 18.44 6.51 22.94 7.07 22.94 7.10
depreciation
Total Raw 22559 79.10 22559 79.68 265.12 81.76 265.12 82.07
Materials Cost
Total Utllities 10.05 3.52 7.98 2.82 4.52 1.39 3.31 1.02
Cost
Operating 4.16 1.46 4.16 1.47 3.49 1.08 3.49 1.08
Labor Cost
Maintenance 2.72 0.95 2.72 0.96 2.16 0.67 2.16 0.67
Cost
Operating 1.04 0.36 1.04 0.37 0.87 0.27 0.87 0.27
Charges
Plant 3.44 1.21 3.44 1.22 2.83 0.87 2.83 0.87
Overhead
General and 19.76 6.93 19.76 6.98 22.32 6.88 22.32 6.91
Administration
TOta'C(F;:t)JeCt 285.19 100.00 283.13 100.00 324.25 100.00 323.03 100.00
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Continuation Table Al.2. Antioxidant compounds production cost from Physalis peruviana fruit

Sc 5 FD-CSE-UF

Sc 6 FD-CSE-UF
(integration)

Sc 7 FD-CSE-VD

Sc 8 FD-CSE-VD
(integration)

. UDS per kg | Share of total UDS per Share of total | UDS per kg Share of UDS per kg Share of
Annualized cost roduct cost (%) kg cost (%) roduct total cost roduct total cost
P product P (%) P (%)
Capital 12.84 3.26 12.84 3.42 20.12 2.55 20.12 2.92
depreciation
Total Raw 246.49 62.55 246.49 65.63 349.06 44.25 349.06 50.70
Materials Cost
Total Utilities Cost | 101.45 2574 82.98 22.09 355,51 4507 255.22 37.07
Opera(t:'ggtLabor 2.27 0.58 2.27 0.60 3.22 0.41 3.22 0.47
Maintenance Cost 0.70 0.18 0.70 0.19 1.02 0.13 1.02 0.15
Operating Charges 0.57 0.14 0.57 0.15 0.80 0.10 0.80 0.12
Plant Overhead 1.49 0.38 1.49 0.40 212 0.27 212 0.31
General and 28.24 717 28.24 7.52 56.94 7.22 56.94 8.27
Administration
Total Project Cost |  394.05 100.00 375.58 100.00 788.79 100.00 688.50 100.00
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Continuation Table Al.2. Antioxidant compounds production cost from Physalis peruviana fruit

Sc 9 CD-SFE-UF

Sc 10 CD-SFE-UF
(integration)

Sc 11 CD-SFE-VD

Sc 12 CD-SFE-VD
(integration)

UDS per Share of UDS per Share of UDS per Share of UDS per Share of
Annualized cost kg total cost kg total cost kg total cost kg total cost
product (%) product (%) product (%) product (%)
Capital 20.52 6.69 20.52 6.69 27.01 6.72 27.01 6.73
depreciation
Total Raw 240.81 78.50 240.81 78.50 300.75 74.76 300.75 74.88
Materials Cost
TOta(':g;'t"“es 15.14 4.93 15.14 4.93 35.23 8.76 34.61 8.62
Operating Labor 3.17 1.03 3.17 1.03 3.96 0.98 3.96 0.99
Cost
Maintenance 2.37 0.77 2.37 0.77 3.03 0.75 3.03 0.75
Cost
Operating 0.79 0.26 0.79 0.26 0.99 0.25 0.99 0.25
Charges
Plant Overhead 2.77 0.90 2.77 0.90 3.49 0.87 3.49 0.87
General and 21.20 6.91 21.20 6.91 27.80 6.91 27.80 6.92
Administration
TOta'C(F;:t)JeCt 306.79 100.00 306.79 100.00 402.27 100.00 401.64 100.00
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Continuation Table Al.2. Antioxidant compounds production cost from Physalis peruviana fruit

Sc 13 CD-CSE-UF

Sc 14 CD-CSE-UF
(integration)

Sc 15 CD-CSE-VD

Sc 16 CD-CSE-VD
(integration)

UDS per Share of UDS per Share of UDS per Share of Share of
: UDS per kg
Annualized cost kg total cost kg total cost kg total cost roduct total cost
product (%) product (%) product (%) P (%)
Capital 10.93 3.74 10.93 3.74 21.75 3.02 21.75 3.02
depreciation
Total Raw 253.85 86.80 253.85 86.80 395.86 54.97 395.86 54.97
Materials Cost
TOta(':l;;'t“t'es 1.89 0.65 1.89 0.65 24274 33.71 242.74 33.71
Operating Labor 2.34 0.80 2.34 0.80 3.65 0.51 3.65 0.51
Cost
Maintenance 0.56 0.19 0.56 0.19 1.10 0.15 1.10 0.15
Cost
Operating 0.58 0.20 0.58 0.20 0.91 0.13 0.91 0.13
Charges
Plant Overhead 1.45 0.50 1.45 0.50 237 0.33 2.37 0.33
General and 20.85 713 20.85 713 51.73 7.18 51.73 7.18
Administration
TOta(':E;)’ea 292 45 100.00 202 45 100.00 720.12 100.00 720.12 100.00
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Table Al.3. Antioxidant compounds production cost from Solanum betaceum fruit

Sc 1 FD-SFE-UF Sc 2 FD-SFE-UF Sc 3 FD-SFE-VD SC 4 FD-SFE-VD
(integration) (integration)
. UDS per Share of UDS per Share of UDS per Share of UDS per Share of
Annualized
cost kg total cost kg total cost kg total cost kg total cost
product (%) product (%) product (%) product (%)
Capital 9.94 6.47 9.94 6.54 12.84 7.10 12.84 7.13
depreciation
Total Raw 121.07 78.80 121.07 79.69 147 85 81.73 147 85 82.08
Materials Cost
Total Utllities 5.86 3.82 4.16 2.74 253 1.40 1.76 0.98
Cost
Operating 2.24 1.46 2.24 1.47 1.95 1.08 1.95 1.09
Labor Cost
Maintenance 1.47 0.96 1.47 0.97 1.21 0.67 1.21 0.67
Cost
Operating 0.56 0.36 0.56 0.37 0.49 0.27 0.49 0.27
Charges
Plant 1.85 1.21 1.85 1.22 158 0.87 1.58 0.88
Overhead
General and 10.64 6.93 10.64 7.01 12.45 6.88 12.45 6.91
Administration
TOta'C(F;:t)JeCt 153.64 100.00 151.94 100.00 180.91 100.00 180.13 100.00
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Continuation Table Al1.3. Antioxidant compounds production cost from Solanum betaceum fruit

Sc 5 FD-CSE-UF

Sc 6 FD-CSE-UF
(integration)

Sc 7 FD-CSE-VD

Sc 8 FD-CSE-VD
(integration)

. UDS per kg | Share of total UDS per Share of total | UDS per kg Share of UDS per kg Share of
Annualized cost roduct cost (%) kg cost (%) roduct total cost roduct total cost
P ° product ° P (%) P (%)
Capital 7.10 3.27 7.10 3.46 11.21 2.56 11.21 3.01
depreciation
Total Raw 135.73 62.47 135.73 66.17 193.81 44.16 193.81 52.07
Materials Cost
Total Utilities Cost 56.08 25.81 43.94 21.42 198.16 4515 13155 35.34
Operagggt"abor 1.26 0.58 1.26 0.61 1.79 0.41 1.79 0.48
Maintenance Cost 0.39 0.18 0.39 0.19 0.57 0.13 0.57 0.15
Operating Charges 0.31 0.14 0.31 0.15 0.45 0.10 0.45 0.12
Plant Overhead 0.82 0.38 0.82 0.40 118 0.27 118 0.32
General and 15.57 717 15.57 7.59 31.68 7.22 31.68 8.51
Administration
Total Project Cost | 217.26 100.00 20511 100.00 438.86 100.00 372.24 100.00
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Continuation Table Al1.3. Antioxidant compounds production cost from Solanum betaceum fruit

Sc 9 CD-SFE-UF

Sc 10 CD-SFE-UF
(integration)

Sc 11 CD-SFE-VD

Sc 12 CD-SFE-VD
(integration)

UDS per Share of UDS per Share of UDS per Share of UDS per Share of
Annualized cost kg total cost kg total cost kg total cost kg total cost
product (%) product (%) product (%) product (%)
Capital 11.20 6.71 11.20 6.71 16.47 7.02 16.47 7.04
depreciation
Total Raw 130.87 78.45 130.87 78.45 174.80 74.48 174.80 74.66
Materials Cost
TOta(':g;'t"“es 8.26 4.95 8.26 4.95 20.56 8.76 20.01 8.55
Operating Labor 1.73 1.04 1.73 1.04 2.31 0.98 2.31 0.99
Cost
Maintenance 1.29 0.78 1.29 0.78 1.77 0.75 1.77 0.75
Cost
Operating 0.43 0.26 0.43 0.26 0.58 0.25 0.58 0.25
Charges
Plant Overhead 151 0.91 151 0.91 2.04 0.87 2.04 0.87
General and 11.53 6.91 11.53 6.91 16.16 6.89 16.16 6.90
Administration
TOta(':E;?JeCt 166.83 100.00 166.83 100.00 234.69 100.00 234.14 100.00
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Continuation Table Al1.3. Antioxidant compounds production cost from Solanum betaceum fruit

Sc 13 CD-CSE-UF

Sc 14 CD-CSE-UF
(integration)

Sc 15 CD-CSE-VD

Sc 16 CD-CSE-VD
(integration)

UDS per Share of UDS per Share of UDS per Share of Share of
. UDS per kg
Annualized cost kg total cost kg total cost kg total cost roduct total cost
product (%) product (%) product (%) P (%)
Capital 6.13 3.75 6.13 3.75 13.71 3.03 13.71 3.03
depreciation
Total Raw 141.77 86.78 141.77 86.78 24852 54.88 24852 54.88
Materials Cost
TOta'Cl;;'t“t'es 1.06 0.65 1.06 0.65 152.99 33.79 152.99 33.79
Operating Labor 1.31 0.80 1.31 0.80 2.30 0.51 2.30 0.51
Cost
Maintenance 0.31 0.19 0.31 0.19 0.69 0.15 0.69 0.15
Cost
Operating 0.33 0.20 0.33 0.20 0.57 0.13 0.57 0.13
Charges
Plant Overhead 0.81 0.50 0.81 0.50 1.50 033 1.50 0.33
General and 11.65 7.13 11.65 7.13 32.53 7.18 32.53 7.18
Administration
TOta'C('j;?’eCt 163.37 100.00 163.37 100.00 452.82 100.00 452.82 100.00
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Table Al.4. Antioxidant compounds production cost from Theobroma grandiflorum fruit

Sc 1 FD-SFE-UF

Sc 2 FD-SFE-UF
(integration)

Sc 3 FD-SFE-VD

Sc 4 FD-SFE-VD
(integration)

: UDS per Share of UDS per Share of UDS per Share of UDS per Share of
Annualized
cost kg total cost kg total cost kg total cost kg total cost
product (%) product (%) product (%) product (%)
Capital 12.52 1.73 12.52 1.74 16.44 1.87 16.44 1.90
depreciation
Total Raw 641.41 88.84 641.41 89.02 727.77 82.92 727.77 84.15
Materials Cost
TOta(':(L)J;'t"“es 7.51 1.04 6.09 0.85 27.22 3.10 14.39 1.66
Operating 3.10 0.43 3.10 0.43 22.89 2.61 22.89 2.65
Labor Cost
Maintenance 1.71 0.24 1.71 0.24 1.61 0.18 1.61 0.19
Cost
Operating 0.77 0.11 0.77 0.11 5.72 0.65 5.72 0.66
Charges
Plant
2.40 0.33 2.40 0.33 12.25 1.40 12.25 1.42
Overhead
General and 5255 7.28 5255 7.29 63.80 7.27 63.80 7.38
Administration
TOta'C(F;:t’JeCt 721.98 100.00 72056 100.00 877.69 100.00 864.86 100.00




21 Design and Evaluation of Processes to Obtain Antioxidant-Rich Extracts
6 from tropical fruits cultivated in Amazon, Caldas and Northern Tolima
Regions

Continuation Table Al.4. Antioxidant compounds production cost from Theobroma grandiflorum fruit

Sc 5 FD-CSE-UF

Sc 6 FD-CSE-UF
(integration)

Sc 7 FD-CSE-VD

Sc 8 FD-CSE-VD
(integration)

. UDS per kg | Share of total UDS per Share of total | UDS per kg Share of UDS per kg Share of
Annualized cost roduct cost (%) kg cost (%) roduct total cost roduct total cost
P ° product ° P (%) P (%)
Capital 9.71 1.12 9.71 1.14 11.09 1.09 11.09 1.17
depreciation
Total Raw 711.19 82.24 711.19 83.47 734.11 71.98 734.11 77.42
Materials Cost
Total Utilities Cost 76.75 8.88 63.96 751 196.06 19.22 124.29 13.11
Operagggt"abor 1.72 0.20 1.72 0.20 1.77 0.17 1.77 0.19
Maintenance Cost 053 0.06 053 0.06 0.56 0.06 0.56 0.06
Operating Charges 0.43 0.05 0.43 0.05 0.44 0.04 0.44 0.05
Plant Overhead 113 013 113 013 117 011 117 012
General and 63.34 7.32 63.34 7.43 74.73 7.33 74.73 7.88
Administration
Total Project Cost | 864.81 100.00 852.01 100.00 1019.95 100.00 94818 100.00
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Continuation Table Al.4. Antioxidant compounds production cost from Theobroma grandiflorum fruit

Sc 9 CD-SFE-UF

Sc 10 CD-SFE-UF
(integration)

Sc 11 CD-SFE-VD

Sc 12 CD-SFE-VD
(integration)

UDS per Share of UDS per Share of UDS per Share of UDS per Share of
Annualized cost kg total cost kg total cost kg total cost kg total cost
product (%) product (%) product (%) product (%)
Capital 14.83 1.08 14.83 1.08 17.29 2.05 17.28 2.05
depreciation
Total Raw 663.67 88.43 663.67 88.43 734.14 87.14 733.96 87.20
Materials Cost
TOta(':g;'t"“es 10.94 1.46 10.94 1.46 22.55 2.68 22.03 2.62
Operating Labor 2.29 0.31 2.29 0.31 2,53 0.30 253 0.30
Cost
Maintenance 1.71 0.23 1.71 0.23 1.94 0.23 1.94 0.23
Cost
Operating 0.57 0.08 0.57 0.08 0.63 0.08 0.63 0.08
Charges
Plant Overhead 2.00 0.27 2.00 0.27 2.24 0.27 2.24 0.27
General and 54.50 7.26 54.50 7.26 61.12 7.26 61.11 7.26
Administration
TOta(':E;?JeCt 750.51 100.00 750.51 100.00 842.44 100.00 841.72 100.00
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Continuation Table Al.4. Antioxidant compounds production cost from Theobroma grandiflorum fruit

Sc 13 CD-CSE-UF

Sc 14 CD-CSE-UF
(integration)

Sc 15 CD-CSE-VD

Sc 16 CD-CSE-VD
(integration)

UDS per Share of UDS per Share of UDS per Share of Share of
. UDS per kg
Annualized cost kg total cost kg total cost kg total cost roduct total cost
product (%) product (%) product (%) P (%)
Capital 8.14 1.03 8.14 1.03 12.39 1.13 12.39 1.13
depreciation
Total Raw 721.45 91.00 721.45 91.00 860.07 78.50 860.07 78.50
Materials Cost
TOta'Cl;;'t“t'es 1.41 0.18 1.41 0.18 138.30 12.62 138.30 12.62
Operating Labor 1.74 0.22 1.74 0.22 2.08 0.19 2.08 0.19
Cost
Maintenance 0.41 0.05 0.41 0.05 0.63 0.06 0.63 0.06
Cost
Operating 0.44 0.05 0.44 0.05 0.52 0.05 0.52 0.05
Charges
Plant Overhead 1.08 0.14 1.08 0.14 1.35 012 1.35 0.12
General and 58.12 7.33 58.12 7.33 80.24 7.32 80.24 7.32
Administration
TOta'C('j;?’eCt 792.80 100.00 792.80 100.00 1095.58 100.00 1095.58 100.00
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Table AL1.5. Antioxidant compounds production cost from Renealmia alpinia fruit

Sc 1 FD-SFE-UF Sc 2 FD-SFE-UF Sc 3 FD-SFE-VD Sc 4 FD-SFE-VD
(integration) (integration)
: UDS per Share of UDS per Share of UDS per Share of UDS per Share of
Annualized
cost kg total cost kg total cost kg total cost kg total cost
product (%) product (%) product (%) product (%)
Capital 1.97 0.75 1.99 1.07 2.16 1.07 2.18 1.97
depreciation
Total Raw 88.41 33.88 89.27 40.76 82.67 40.76 83.21 88.41
Materials Cost
Total Utllities 1.03 0.02 0.06 151 3.07 1.19 2.44 1.03
Cost
Operating 0.51 0.20 0.52 1.27 258 1.27 2.60 0.51
Labor Cost
Maintenance 0.29 0.11 0.29 0.11 0.22 0.11 0.23 0.29
Cost
Operating 0.13 0.05 0.13 0.32 0.64 0.32 0.65 0.13
Charges
Plant 0.40 0.15 0.41 0.69 1.40 0.69 1.41 0.40
Overhead
General and 7.26 2.78 7.33 3.57 7.25 3.57 7.29 7.26
Administration
TOta'C(F;:t’JeCt 100.00 37.95 100.00 49.30 100.00 48.98 100.00 100.00
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Continuation Table A1.5. Antioxidant compounds production cost from Renealmia alpinia fruit

Sc 5 FD-CSE-UF

Sc 6 FD-CSE-UF
(integration)

Sc 7 FD-CSE-VD

Sc 8 FD-CSE-VD
(integration)

. UDS per kg | Share of total UDS per Share of total | UDS per kg Share of UDS per kg Share of
Annualized cost roduct cost (%) kg cost (%) roduct total cost roduct total cost
P ° product ° P (%) P (%)
Capital 0.31 0.75 0.31 0.76 0.44 0.72 0.44 0.31
depreciation
Total Raw 34.46 82.62 34.46 83.77 44.23 72.36 4423 34.46
Materials Cost
Total Utilities Cost 3.69 8.85 3.12 758 11.72 19.17 9.94 3.69
Operagggt"abor 0.08 0.20 0.08 0.20 0.11 0.17 0.11 0.08
Maintenance Cost 0.03 0.06 0.03 0.06 0.03 0.06 0.03 0.03
Operating Charges 0.02 0.05 0.02 0.05 0.03 0.04 0.03 0.02
Plant Overhead 0.05 013 0.05 013 0.07 011 0.07 0.05
General and 3.07 7.35 3.07 7.45 4.49 7.35 4.49 3.07
Administration
Total Project Cost 4171 100.00 4113 100.00 61.12 100.00 59.34 4171




221

Continuation Table A1.5. Antioxidant compounds production cost from Renealmia alpinia fruit

Sc 9 CD-SFE-UF

Sc 10 CD-SFE-UF
(integration)

Sc 11 CD-SFE-VD

Sc 12 CD-SFE-VD
(integration)

UDS per Share of UDS per Share of UDS per Share of UDS per Share of
Annualized cost kg total cost kg total cost kg total cost kg total cost
product (%) product (%) product (%) product (%)
Capital 0.86 1.96 0.86 1.08 1.10 213 1.10 2.18
depreciation
Total Raw 38.59 88.46 38.59 89.51 45.18 87.11 45.18 89.23
Materials Cost
Total Utllities 0.63 1.45 0.12 0.28 1.38 2.65 0.14 0.28
Cost
Operating Labor 0.13 0.30 0.13 0.31 0.15 0.30 0.15 0.31
Cost
Maintenance 0.10 0.23 0.10 0.23 0.12 0.23 0.12 0.23
Cost
Operating 0.03 0.08 0.03 0.08 0.04 0.07 0.04 0.08
Charges
Plant Overhead 0.12 0.26 0.12 0.27 014 0.26 0.14 0.27
General and 3.17 7.26 3.17 7.35 3.76 7.25 3.76 7.43
Administration
TOta(':E;?JeCt 43.62 100.00 43.11 100.00 51.87 100.00 50.64 100.00
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Continuation Table A1.5. Antioxidant compounds production cost from Renealmia alpinia fruit

Sc 13 CD-CSE-UF

Sc 14 CD-CSE-UF
(integration)

Sc 15 CD-CSE-VD

Sc 16 CD-CSE-VD
(integration)

UDS per Share of UDS per Share of UDS per Share of Share of
. UDS per kg
Annualized cost kg total cost kg total cost kg total cost roduct total cost
product (%) product (%) product (%) P (%)
Capital 0.29 0.68 0.29 0.68 0.48 0.75 0.48 0.75
depreciation
Total Raw 39.16 91.32 39.16 91.32 50.19 78.89 50.19 78.89
Materials Cost
Total Utilities 0.08 0.18 0.08 0.18 8.01 12.59 8.01 12.59
Cost
Operating Labor 0.09 0.22 0.09 0.22 0.12 0.19 0.12 0.19
Cost
Maintenance 0.02 0.05 0.02 0.05 0.04 0.06 0.04 0.06
Cost
Operating 0.02 0.05 0.02 0.05 0.03 0.05 0.03 0.05
Charges
Plant Overhead 0.06 014 0.06 014 0.08 012 0.08 012
General and 3.15 7.36 3.15 7.36 4.68 7.35 4.68 7.35
Administration
TOta'C('j;?’eCt 42.88 100.00 42.88 100.00 63.62 100.00 63.62 100.00




B. Annex 2. Environmental Evaluation for each fruit
using different process configurations

Table A2.1 PEI generated within the system per mass of product - (Matisia cordata fruit)

Scenarios HTPI HTPE TTP ATP GWP ODP PCOP AP TOTAL
1 -2.12E-02 -7.74E-05 -2.12E-02 1.03E-03 6.05E-03 2.29E-08 -2.37E-01 6.27E-02 -2.09E-01
2 -2.18E-02 -8.24E-05 -2.18E-02 7.05E-04 4.16E-03 1.58E-08 -2.44E-01 4.32E-02 -2.39E-01
3 1.61E-03 -1.40E-04 1.61E-03 1.61E-02 9.32E-02 3.53E-07 3.02E-02 9.68E-01 1.11E+00
4 5.83E-04 -7.32E-05 5.83E-04 3.11E-03 1.80E-02 6.83E-08 1.11E-02 1.87E-01 2.20E-01
5 -2.47E-03 -7.54E-06 -2.47E-03 1.66E-04 9.68E-04 3.68E-09 -2.76E-02 1.00E-02 -2.13E-02
6 -1.84E-02 -5.86E-05 -1.84E-02 9.18E-04 5.39E-03 2.04E-08 -2.05E-01 5.58E-02 -1.79E-01
7 6.08E-03 -4.48E-04 6.08E-03 2.11E-02 1.23E-01 4.68E-07 1.02E-01 1.28E+00 1.54E+00
8 6.27E-03 -5.23E-04 6.27E-03 1.43E-02 8.42E-02 3.20E-07 1.06E-01 8.73E-01 1.09E+00
9 -3.95E-03 -7.70E-06 -3.95E-03 1.97E-04 1.16E-03 4.37E-09 -4.41E-02 2.36E-02 -2.71E-02
10 -7.26E-03 -1.42E-05 -7.26E-03 3.63E-04 2.13E-03 8.04E-09 -8.11E-02 2.21E-02 -7.10E-02
11 6.76E-03 2.64E-04 6.76E-03 8.70E-03 5.04E-02 1.91E-07 6.50E-02 5.22E-01 6.60E-01
12 3.22E-03 1.24E-04 3.22E-03 4.04E-03 2.33E-02 8.86E-08 3.10E-02 2.42E-01 3.07E-01
13 -2.08E-02 -7.20E-05 -2.08E-02 7.99E-04 4.71E-03 1.78E-08 -2.32E-01 4.88E-02 -2.18E-01
14 -2.08E-02 -7.20E-05 -2.08E-02 7.99E-04 4.71E-03 1.78E-08 -2.32E-01 4.88E-02 -2.18E-01
15 5.38E-04 -5.50E-06 5.38E-04 1.40E-02 8.18E-02 3.11E-07 1.35E-02 8.48E-01 9.54E-01

=
()]

5.38E-04 -5.50E-06 5.38E-04 1.40E-02 8.18E-02 3.11E-07 1.35E-02 8.48E-01 9.54E-01
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Table A2.2 PEI generated within the system per mass of product - (Physalis peruvina fruit)
Scenario HTPI HTPE TTP ATP GWP ODP PCOP AP TOTAL

1 -0.04 0.00 -0.04 0.00 0.01 4.27E-08 -0.44 0.12 -0.39

2 -0.06 0.00 -0.06 0.00 0.01 0.00 -0.62 0.11 -0.61

3 0.01 0.00 0.01 0.06 0.33 0.00 0.11 3.43 3.93

4 0.00 0.00 0.00 0.02 0.12 0.00 0.08 1.27 1.50

5 0.00 0.00 0.00 0.00 0.00 0.00 -0.03 0.01 -0.02

6 -0.01 0.00 -0.01 0.00 0.00 0.00 -0.16 0.04 -0.14

7 0.02 0.00 0.02 0.06 0.36 0.00 0.30 3.72 4.49

8 0.02 0.00 0.02 0.05 0.28 0.00 0.36 2.96 3.69

9 0.00 0.00 0.00 0.00 0.00 0.00 -0.05 0.03 -0.03

10 -0.01 0.00 -0.01 0.00 0.00 0.00 -0.06 0.02 -0.05

11 0.02 0.00 0.02 0.02 0.13 0.00 0.17 1.39 1.76

12 0.01 0.00 0.01 0.02 0.10 0.00 0.14 1.07 1.36

13 -0.02 0.00 -0.02 0.00 0.00 0.00 -0.17 0.04 -0.16

14 -0.02 0.00 -0.02 0.00 0.00 0.00 -0.17 0.04 -0.16

15 0.00 0.00 0.00 0.05 0.28 0.00 0.05 2.88 3.24

16 0.00 0.00 0.00 0.05 0.28 0.00 0.05 2.88 3.24
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Table A2.3 PEI generated within the system per mass of product - (Solanum grandiflorum fruit)

Scenario HTPI HTPE TTP ATP GWP ODP PCOP AP TOTAL
1 -1.54E-01 | -5.63E-04 | -1.54E-01 7.49E-03 4.40E-02 1.67E-07 | -1.73E+00 | 4.56E-01 -1.52
2 -1.64E-01 | -6.20E-04 | -1.64E-01 5.31E-03 3.13E-02 1.19E-07 | -1.84E+00 | 3.25E-01 -1.80
3 5.20E-03 | -4.54E-04 | 5.20E-03 5.20E-02 3.02E-01 1.14E-06 9.76E-02 3.13E+00 3.59
4 5.88E-03 | -7.39E-04 | 5.88E-03 3.14E-02 1.82E-01 6.90E-07 1.12E-01 1.89E+00 2.22
5 -2.92E-02 | -8.88E-05 | -2.92E-02 1.95E-03 1.14E-02 4.33E-08 | -3.25E-01 1.18E-01 -0.25
6 -1.52E-01 | -4.85E-04 | -1.52E-01 7.59E-03 4.45E-02 1.68E-07 | -1.70E+00 | 4.61E-01 -1.48
7 1.78E-02 | -1.31E-03 1.78E-02 6.15E-02 3.59E-01 1.37E-06 2.99E-01 3.73E+00 4.50
8 1.89E-02 | -1.57E-03 1.89E-02 4.31E-02 2.53E-01 9.63E-07 3.19E-01 2.63E+00 3.28
9 -5.25E-02 | -1.02E-04 | -5.25E-02 2.62E-03 1.54E-02 5.81E-08 | -5.86E-01 3.13E-01 -0.36
10 -1.36E-01 | -2.65E-04 | -1.36E-01 6.80E-03 3.98E-02 1.51E-07 | -1.52E+00 | 4.13E-01 -1.33
11 2.73E-02 1.07E-03 2.73E-02 3.52E-02 2.04E-01 7.73E-07 2.63E-01 2.11E+00 2.67
12 2.77E-02 1.07E-03 2.77E-02 3.47E-02 2.01E-01 7.62E-07 2.67E-01 2.08E+00 2.64
13 -1.56E-01 | -5.42E-04 | -1.56E-01 6.01E-03 3.54E-02 1.34E-07 | -1.74E+00 | 3.67E-01 -1.64
14 -1.56E-01 | -5.42E-04 | -1.56E-01 6.01E-03 3.54E-02 1.34E-07 | -1.74E+00 | 3.67E-01 -1.64
15 1.65E-03 | -1.68E-05 1.65E-03 4.28E-02 2.50E-01 9.51E-07 4.14E-02 2.59E+00 2.92
16 1.65E-03 | -1.68E-05 1.65E-03 4.28E-02 2.50E-01 9.51E-07 4.14E-02 2.59E+00 2.92




22 Design and Evaluation of Processes to Obtain Antioxidant-Rich Extracts
6 from tropical fruits cultivated in Amazon, Caldas and Northern Tolima
Regions
Table A2.4 PEI generated within the system per mass of product - (Theobroma grandiflorum fruit)
Scenario HTPI HTPE TTP ATP GWP ODP PCOP AP TOTAL
1 -5.72E-01 | -2.09E-03 | -5.72E-01 2.77E-02 1.63E-01 6.17E-07 -6.40E+00 | 1.69E+00 -5.63
2 -7.49E-01 | -2.83E-03 | -7.49E-01 2.42E-02 1.43E-01 5.43E-07 -8.38E+00 | 1.48E+00 -8.20
3 4.88E-03 -4.26E-04 4.88E-03 4.88E-02 2.83E-01 1.07E-06 9.17E-02 2.94E+00 3.37
4 3.55E-03 -4.46E-04 3.55E-03 1.89E-02 1.10E-01 4.16E-07 6.74E-02 1.14E+00 1.34
5 -2.32E-02 | -7.08E-05 | -2.32E-02 1.56E-03 9.09E-03 3.45E-08 -2.59E-01 9.42E-02 -0.20
6 -5.54E-01 | -1.76E-03 | -5.54E-01 2.76E-02 1.62E-01 6.12E-07 -6.17E+00 | 1.68E+00 -5.38
7 1.33E-02 -9.81E-04 1.33E-02 4.61E-02 2.69E-01 1.02E-06 2.24E-01 2.79E+00 3.37
8 1.54E-02 | -1.29E-03 | 1.54E-02 3.52E-02 2.07E-01 7.87E-07 2.61E-01 | 2.15E+00 2.68
9 -5.97E-02 | -1.17E-04 | -5.97E-02 2.99E-03 1.75E-02 6.62E-08 -6.68E-01 3.57E-01 -0.41
10 -4.34E-01 | -8.47E-04 | -4.34E-01 | 2.17E-02 1.27E-01 4.81E-07 | -4.85E+00 | 1.32E+00 -4.25
11 1.13E-02 4.39E-04 1.13E-02 1.45E-02 8.40E-02 3.19E-07 1.08E-01 8.70E-01 1.10
12 6.29E-03 2.43E-04 6.29E-03 7.89E-03 4.56E-02 1.73E-07 6.06E-02 4.73E-01 0.60
13 -5.70E-01 | -1.98E-03 | -5.70E-01 2.19E-02 1.29E-01 4.89E-07 -6.37E+00 | 1.34E+00 -5.99
14 -5.70E-01 | -1.98E-03 | -5.70E-01 2.19E-02 1.29E-01 4.89E-07 -6.37E+00 | 1.34E+00 -5.99
15 1.00E-03 -1.03E-05 1.00E-03 2.61E-02 1.53E-01 5.80E-07 2.53E-02 1.58E+00 1.78
16 1.00E-03 -1.03E-05 1.00E-03 2.61E-02 1.53E-01 5.80E-07 2.53E-02 1.58E+00 1.78
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Table A2.5 PEI generated within the system per mass of product - (Renealmia alpinia fruit)

Scenario HTPI HTPE TTP ATP GWP ODP PCOP AP TOTAL
1 -1.27E-02 | -4.63E-05 | -1.27E-02 6.16E-04 3.62E-03 1.37E-08 -1.42E-01 3.75E-02 -0.13
2 -1.27E-02 | -4.79E-05 | -1.27E-02 4.10E-04 2.42E-03 9.20E-09 -1.42E-01 2.51E-02 -0.14
3 1.81E-04 -1.58E-05 1.81E-04 1.81E-03 1.05E-02 3.98E-08 3.40E-03 1.09E-01 0.13
4 1.79E-04 -2.25E-05 1.79E-04 9.55E-04 5.54E-03 2.10E-08 3.40E-03 5.74E-02 0.07
5 -1.05E-02 | -3.20E-05 | -1.05E-02 7.03E-04 4.11E-03 1.56E-08 -1.17E-01 4.26E-02 -0.09
6 -1.05E-02 | -3.34E-05 | -1.05E-02 5.23E-04 3.07E-03 1.16E-08 -1.17E-01 3.18E-02 -0.10
7 6.24E-04 -4.60E-05 6.24E-04 2.16E-03 1.26E-02 4.80E-08 1.05E-02 1.31E-01 0.16
8 6.21E-04 -5.18E-05 6.21E-04 1.42E-03 8.34E-03 3.17E-08 1.05E-02 8.65E-02 0.11
9 -1.02E-02 | -1.99E-05 | -1.02E-02 5.10E-04 2.99E-03 1.13E-08 -1.14E-01 6.09E-02 -0.07
10 -1.02E-02 | -1.99E-05 | -1.02E-02 5.10E-04 2.99E-03 1.13E-08 -1.14E-01 3.10E-02 -0.10
11 7.74E-04 3.02E-05 7.74E-04 9.97E-04 5.77E-03 2.19E-08 7.45E-03 5.98E-02 0.08
12 7.74E-04 2.99E-05 7.74E-04 9.70E-04 5.61E-03 2.13E-08 7.45E-03 5.82E-02 0.07
13 -1.19E-02 | -4.13E-05 | -1.19E-02 4.58E-04 2.70E-03 1.02E-08 -1.33E-01 2.80E-02 -0.13
14 -1.19E-02 | -4.13E-05 | -1.19E-02 4.58E-04 2.70E-03 1.02E-08 -1.33E-01 2.80E-02 -0.13
15 5.92E-05 -6.05E-07 5.92E-05 1.54E-03 9.00E-03 3.42E-08 1.49E-03 9.33E-02 0.11
16 5.92E-05 -6.05E-07 5.92E-05 1.54E-03 9.00E-03 3.42E-08 1.49E-03 9.33E-02 0.11
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