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ABSTRACT

This research was focused on green solid-liquid extraction (SLE), one of the
most crucial stages for the upstream phytochemical processing because the extracted
product would affect the quality of finished product. The influence of process
variables for green SLE of andrographolide from Andrographis paniculata (AP) was
investigated through exploratory experimentation using a 2° complete factorial
experimental design, and a rotatable central composite design (RCCD). The main
and interaction effects of the solid-liquid ratio (1/50 — 5/50 mg/L), average particle
size (0.175 — 1.200 mm), time (5 — 25 minutes), and temperature (80 — 120 °C) were
examined. The process was studied under isothermal condition at 80°C, and other
temperatures; 100 °C and 120 °C in a pressurized liquid extractor using water as the
greenest solvent. The multiple objectives for the green SLE of andrographolide from
AP were simultaneously optimized using the RCCD technique coupled with
desirability and penalty functions based on the concepts of extraction yield, and new
developed techniques for extraction selectivity of andrographolide. The extraction
kinetics was found to follow the second-order rate law. As the particle size decreases
and solid-liquid ratio increases, the observed specific extraction rate constant, k,ps,
and the initial rate of solid-liquid extraction of andrographolide, rp, significantly
increase. It was found at 80 °C that ks increased to nearly twofold from 0.000653 to
0.00128 Lmg'min™ for the solid-liquid ratio of 1:10 g/mL when particle size was
decreased from 1.200 to 0.175 mm. Besides, it increased to more than fivefold,
0.00344 Lmg'min™" and virtually fourfold, 0.00496 Lmg 'min™ for particle sizes of
1.200 and 0.175 mm, respectively when the solid-liquid ratio was increased to 1:50
g/mL. k,p increased for a solid-liquid ratio of 1:10 g/mL to more than 143 times,
1.10 X 10" ng'lmin'1 and nearly 221 times, 7.22 X 10" ng'lmin'1 for a solid-
liquid ratio of 1:50 g/mL when temperature was raised from 80 °C to 100 °C, and
120 °C. Hence, k.5, and the activation energy, E, significantly increased with a
decrease in particle size and an increase in solid-liquid ratio and temperature.



ABSTRAK

Kajian ini memberi tumpuan kepada pengekstrakan pepejal-cecair (SLE)
menggunakan teknologi hijau, salah satu peringkat yang paling penting untuk
pemprosesan fitokimia kerana produk yang diekstrak akan memberi kesan kepada
kualiti produk siap. Pengaruh pembolehubah proses untuk SLE hijau daripada
andrographolide dari Andrographis paniculata (AP) telah disiasat melalui ujian
penerokaan menggunakan 2° reka bentuk uji kaji faktorial lengkap dan reka bentuk
komposit pusat berputar (RCCD). Kesan-kesan utama dan interaksi nisbah pepejal-
cecair (1/50 — 5/50 mg/L), saiz zarah purata (0.175 — 1.200 mm), masa (5 — 25
minit), dan suhu (80 — 120 °C ) telah dikaji. Proses ini dikaji di bawah keadaan
isoterma pada 80 °C, dan suhu yang lain; 100 °C dan 120 °C dalam pemerah cecair
bertekanan menggunakan air sebagai pelarut pilihan. Pelbagai objektif bagi SLE
hijau andrograpolida dari AP serentak dioptimumkan menggunakan teknik RCCD
ditambah pula dengan keinginan dan fungsi penalti berdasarkan konsep hasil
pengeluaran, dan teknik-teknik maju baru untuk pemilihan pengekstrakan
andrograpolida. Kinetik pengekstrakan didapati mengikuti hukum kadar peringkat-
kedua. Oleh kerana penurunan saiz zarah dan nisbah pepejal-cecair meningkat,
diperhatikan kadar perahan tertentu yang berterusan, k. dan kadar awal
pengekstrakan pepejal-cecair andrograpolida, 1, telah meningkat dengan ketara.
Diperhatikan pada 80 °C, k,;; meningkat kepada hampir dua kali ganda 0.000653-
0.0128 Lmg'min™ untuk nisbah pepejal-cecair 1/10 (g/mL) apabila saiz zarah telah
berkurangan daripada 1,200 kepada 0.175 mm. Selain itu, ia meningkat kepada lebih
daripada lima kali ganda, 0.00344 Lmg 'min"' dan hampir empat kali ganda, 0.00496
Lmg 'min”', masing-masing untuk saiz zarah 1.200 dan 0.175 mm, apabila nisbah
pepejal-cecair telah meningkat kepada 1:50 (g/mL). k,,s meningkat untuk nisbah
pepejal-cecair 1:10 g / mL kepada lebih daripada 143 kali, 1.10 X 10" Lmg'min™
dan hampir 221 kali, 7.22 X 10" Lmg'min™ untuk pepejal yang nisbah cecair 1/50
(g/mL) apabila suhu dinaikkan daripada 80 °C hingga 100 °C dan 120 °C. Oleh itu,
kops, dan tenaga pengaktifan, E, telah menunjukkan peningkatan yang ketara dengan
penurunan dalam saiz zarah dan peningkatan dalam nisbah pepejal-cecair dan suhu.
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CHAPTER 1

INTRODUCTION

1.1 Background

In present days, there has been an increasing demand for specialty
phytochemical compounds for herbal medicinal products, cosmeceuticals,
nutraceuticals, functional food products, and other related products. This trend is
somewhat due to consumer preference for products containing phytochemical
ingredients, which are generally perceived as milder, safer and healthier than their
synthetic equivalents (Harjo et al., 2004). For thousands of years, medicinal plants
have formed the basis of traditional medicine systems and more recently, are the
good sources of the lead compounds for modern medicines, nutraceuticals, food
supplements, folk medicines, pharmaceutical intermediates and chemical entities for
synthetic drugs, especially against numerous diseases (Isah, 2009). The global
market of herbal and natural products is estimated at US$117 billion (Patel, 2015).
According to the World Bank and WHO reports on trade in medicinal plants,
botanical drug products and raw materials are growing at an annual growth rate
between 5 to 15% (Kumari et al., 2011, Augustin and Sanguansri, 2015). Recently,
Kumari et al.,(2011) reported the increase in the international pharmaceutical market

between 2004 and 2008 from US$550 billion to around US$900 billion; where the
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global herbal medicines stand over US$62 billion annually with potential growth and
have been projected to reach US$ 5 trillion by 2050 (Liu, 2011, Yadav et al., 2014,
Rajani and Kanaki, 2008). In China, the annual herbal drugs' production is valued
about US$48 billion with export of US$3.6 billion, while in India, the worth of
botanicals-related trade is around US$10 billion per annum with yearly export of
USS$1.1 billion (Kumari er al, 2011). In Malaysia, the herbal industry is
approximately calculated to grow at the rate of 15 % annually, with the market
increase in value from RM 7 billion in 2010 to about a RM29 billion by 2020
(Othman et al., 2015). The herbal plantation project of the East Coast Economic
Region (ECER) has been estimated to create 2,500 new jobs and 530 entrepreneurial
opportunities, and generate a gross national income (GNI) of US$ 1 billion or about a
RM3 billion by 2020 (Yakcop, 2011). The total contribution of GNI from the herbal
industry will be around US$ 11 billion by 2020 (Aziz et al., 2011).

As a result of the growing demand and interest in specialty phytochemical
products, however, there are numerous challenges of meeting the requirements of
high quality, safety, and efficacy of these high value products. The quality of a
phytochemical product depends upon the quality of the raw herb itself and how the
active ingredients are extracted from the raw herb. The selection of the appropriate
extraction process, as well as the establishment of optimum operating conditions, and
the characterization of the process at the early stage of process development is
crucial in producing standardized extract for the safe and successful profitable
business enterprise. The rate of extraction can vary from a value approaching infinity
to essentially zero depending on the nature of extraction and extraction conditions.
Most extraction processes take place at rates between these two boundaries, and for a
successful rational  design of an extractor, the engineer must employ the use
of kinetic data to determine exact sizes of extraction equipment. It is very important
to know how the extraction rate changes with process variables; the most
influential operating variables are temperature, particle size of the raw herb, solid-
liquid ratio and degree of agitation of the extraction mixture. This research focused
on the kinetics of optimized green solid-liquid extraction of andrographolide from

Andrographis paniculata.
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Solid-liquid extraction (SLE) process is considered to be the heart of
specialty phytochemical processing because once its jeopardized the whole industry
will be affected (Isah, 2009, Das et al., 2013). It is the process of leaching out soluble
components from multi-component solid mixture by contacting the solid with
suitable solvent that selectively dissolves some but not all components in the solid
(Isah, 2009). Green SLE is an approach to the processing techniques of extraction
through the utilization of harmless solvents that eliminate or reduce generation of
products and byproducts that are hazardous to human health and the environment.
This is similar to the definition of green extraction given by Chemat et al. (2012),
and the general definition of green chemistry proposed by Anastas (1999). Kinetics
of green SLE is the study of rate and mechanism by which soluble components of
solid material are dissolved in the green solvent. The rate is the mass of a product
produced or solid material disappeared in liquid solvent per unit time. The
mechanism is the sequence of individual phytochemical or chemical events whose

overall result produces the observed extraction.

Andrographis paniculata,(AP) is one of the most popular herbs widely used
in Eastern Asia, South-Central Asia and South-East Asia for anti-cancer, anti-
inflammatory, anti-diabetic, anti-hypertensive, anti-venom, hepatoprotective,
cholestatic, anti-thrombotic, anti-retroviral, anti-microbial, anti-pyretic, anti-malarial,
anti-oxidant, immunomodulatory, cardioprotective effects, treatment of appetite
loss, skin condition eruption and scabies (Aziz, 2003, Subramanian et al., 2012,
Valdiani et al., 2012). Andrographis is a genus within the Acanthaceae family
consisting of about 40 species several members of which have a reputation in
traditional medicine (Rao et al., 2004). The major medicinally active constituent of
AP was found to be andrographolide diterpenoid lactone (Gorter, 1911, Chakravarti
and Chakravarti, 1951), with molecular weight, 350.45 g/mol, and molecular
formula, CoH30Os5. The cost of purified andrographolide and its derivatives could be
around US$100,000/kg reported by chemical suppliers(tUNDP, 2002, Valdiani et al.,
2012).



1.2 Research Problem Statement

Although a lot of studies have been reported related to pharmacological and
bioactivity properties of AP, very little is known and published with respect to green
SLE of andrographolide from AP using water as solvent. However, green SLE is
generally characterized with lower rates and poor performances due to some
constraints of the process, its complex nature, and impacts of process variables.
Besides, the extraction cycle time for the production of andrographolide water
extract is very long. To date, no study has comprehensively and completely
examined the kinetics of green SLE for andrographolide from AP. In view of the
current challenges, potential size of the specialty phytochemical products' markets
and growing demand for andrographolide water extracts from AP coupled with the
challenges of meeting the requirements of high quality, safety, and efficacy, this
research seeks for the safe, economic, and effective green extraction process of
andrographolide; optimization of the key process variables; and developing the

kinetics of SLE of andrographolide from AP.

1.3 Research Hypothesis

Water is considered to be the most likely greenest solvent on earth based on
its unique qualities and tunable properties. The rate limiting step for the green SLE of
andrographolide from AP is considered to be controlled by the rate of

andrographolide dissolution with water.



1.4

Objective of the Research

The main objectives include the following:

il.

1il.

1v.

1.5

To develop a novel technique for the complete process analysis of SLE of

phytochemical compound(s);

To investigate the feasibility of green SLE of andrographolide from AP using

water as green solvent;

To optimize the most influential process variables for green SLE of
andrographolidee from AP based on the concepts of extraction yield and

extraction selectivity of andrographolide;

To determine the kinetics of green SLE of andrographolide from AP.

Scope of the Research

In order to achieve the above set objectives, the scope of the research is limited to the

use of only water as the greenest solvent for:

i.

il.

Analyzing the process of SLE completely based on the reality of multiple
SLEs of phytochemical compounds from plant materials, and developing
novel techniques for the process analysis based on the concept of extraction
selectivity;

Examining the effects of process variables, namely solid-liquid ratio, particle
size, and time at constant temperature on green SLE for andrographolide
from AP using water as solvent in a pressurized liquid extractor (PLE).
Quantifying the concentration of andrographolide from all experiments using
high-performance liquid chromatography (HPLC) coupled with photodiode
array (PDA) detector;
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iii.  Optimizing the most influential process variables, namely solid-liquid ratio,
particle size, time, and temperature on green SLE for andrographolide from
AP through DoE based on the concepts of extraction yield and extraction
selectivity of andrographolide with respect to other  phytochemical
compounds;

iv.  Determining the kinetic parameters of green SLE of andrographolide through
empirical modelling of the observed experimental data with the most suitable
extraction rate laws. Examining the effects of particle size and solid-liquid
ratio on concentration dependent terms of the extraction rate law under
isothermal condition. Investigating the temperature effects on the extraction
kinetics, and establishing the extraction kinetics around the optimum process

variables.

1.6 Significance of the Work

The quality, purity, efficacy, and safety of specialty phytochemical products solely
depend on how the phytochemical compound(s) are extracted from raw herbs. Proper
selection of solvent is one of the master keys to successful and safe extraction of
phytochemical ingredients. Some of the volatile organic solvents have been very
efficient in extracting phytochemical compounds from the raw herbs but are not
completely safe for the product and process, and have been hazardous to the human
health, and deleterious to the environment. The importance of replacing these
hazardous processes with harmless green processes cannot be overemphasized. This
research focused on searching green process for the safe, economic and effective
extraction of phytochemical compounds from AP, studying the individual and
combined effects of process variables such as temperature, solid-liquid ratio, particle
size of the solids on the rate of solid-liquid extraction, optimizing the key process
variables based on the concepts of extraction yields and selectivity of
andrographolide with respect to other water soluble phytochemical compounds from
AP, and characterizing the process through empirical modeling of green SLE

kinetics. The results will be of great importance in completely understanding and
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fully developing the extraction process of phytochemical compounds from AP and
exact sizing of extraction equipment. Hence, it is anticipated to improve
significantly the profitability of specialty phytochemical processing and turn the

industry into a more lucrative, prosperous, and above all a greener industry.

1.7  Organization of the Thesis

This study comprised of five chapters. Chapter 1 presents the introductory
background of the study. It also highlights the growing demands and market
potentials for specialty phytochemical compounds, and problems associated with the
specialty phytochemical processing. In addition, the chapter outlines the aim, main
objectives and scope of the research, significance of the study, the expected
contributions to the industry, and organization of the thesis. Chapter 2 gives the
reviews of relevant researches to the study area. Important concepts of SLE, and
green SLE, process optimization, and development of extraction kinetics. Chapter 3
presents the adopted research methodology techniques, the research materials, tools
and equipment used in the investigation. Chapter 4 presents the outcome of
exploration, examination, investigation and development, and discusses the results
obtained, and give their inferences. Finally, Chapter 5 gives the summary for the
findings, concluding remarks based on the set objectives of the research and

recommendations for further studies.
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