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Asdarina Binti Yahya : ENZYMATIC PRETREATMENT OF RICE BRAN ACID OIL
BEFORE y-ORYZANOL RECOVERY. Advisor: Prof. Dr. ARTIWAN SHOTIPRUK,
Ph.D. Co-advisor: Chonlatep Usaku, Ph.D.

This study aims to apply enzymatic reactions for pretreating the major byproduct of rice
bran oil (RBO) industry, rice bran acid oil (RBAO) before y-oryzanol recovery. RBAO contains free
fatty acids (FFAS), glycerides, and is rich in the super-antioxidant, y-oryzanol. As a primary step to
recover y-oryzanol from RBAO, glycerides must be removed because of having similar polarity with
y-oryzanol. This study is conducted in two parts, hydrolysis and esterification/transesterification. In
the first part, enzymatic hydrolysis. The study evaluates the performance of operating conditions
using one factor at a time (OFAT) on the reaction time, temperature, lipase loading, water:RBAO
ratio, and speed where glycerides removal and y-oryzanol loss are measured as responses. From
these, Face-centered central composite rotatable design (FCCD) was used to investigate the effects
of three independent variables: time, temperature, and water:RBAO ratio, and their interactions on
the responses: glyceride removal, y-oryzanol loss, and FFAs production, and to determine the
statistical models describing their relationships. In addition, by applying the desirability function
approach, the optimal location was identified, corresponding to maximal glyceride removal with an
imposed upper limit of 35% y-oryzanol loss. Lastly, the last section is the confirmation of the
validity of the model and at an established optimal condition of 22 h, 48.5 °C and 1:1 water:RBAO
ratio, confirmed the validity of the models: glyceride removal approached completion (99%), y-
oryzanol loss was as low as 32%, and the FFAs production was 73-75%. Then the second part is
enzymatic esterification/transesterification. First is to evaluate the performance of operating
conditions using OFAT of ethanol to RBAO molar ratio, temperature, time of reaction, lipase
loading, and speed on the glycerides removal, Fatty acid ethyl ester (FAEE/biodiesel), y-oryzanol
loss, and FFAs remaining. Two optimal conditions at 40°C, 3:1 and 5:1 mol ratio of ethanol to
RBAO,10% of lipase loading,200 rpm, and 18 and 24 h reaction time, respectively with >98%
glyceride removal. Then, the extraction of y-oryzanol from FAEE using aqueous ethanolic NaOH is
conducted and resultant that around 90% of y-oryzanol can be extracted at 2M. As a primary step to
recover y-oryzanol from RBAO, glycerides must be removed by conversion into more easily
separable components such as FFAs or FAEE. The results of this study demonstrated that enzymatic
hydrolysis and esterification/transesterification are promising methods for glyceride removal prior to
recovery of y-oryzanol from RBAO and that the statistical models gave accurate predictions of
responses and would be useful for further industrial design of the process also is environmentally
friendly biocatalysts. Further modifications in the process may be needed to reduce the content of
glycerides. Moreover, the losses of y-oryzanol from these two methods are much better than the
conventional method and are interesting to explore further.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Thailand is one of the top rice producers in the world, accounting for ca. 19%
of the worldwide rice export market value in 2019 (ca. 4.2 billion dollars) (USDA,
2019). White rice, which is the final product distributed domestically and globally, is
produced from rice milling (Sowcharoensuk, 2019). During the milling process, rice
bran is obtained as a byproduct. Normally, rice bran is used as animal feed, however,
since rice bran contains high oil content of 15-21%wt (Zhuang, Yin, Han, & Zhang,
2019), it is used as raw material for rice bran oil (RBO) production (Sohail, Rakha,
But, Igbal, & Rashid, 2017). Rice bran is found to naturally contain y-oryzanol
(Ferreira, Fernandez, Bilbao, & Fernandez, 2019), an important antioxidative (Yu,
Nehus, Badger, & Fang, 2007) and anti-inflammatory (Peanparkdeea & lwamotoa,
2019) agent which has wide application in medical, pharmaceutical, food industries. It
is also used for treatments of chronic diseases including diabetes (Francisqueti et al.,
2017), cancer (Islam et al., 2014), hyperlipidemia (R. D. Sharma & Rukmini, 1986),
liver injury (Chotimarkorn & Ushio, 2008), and heart disease (Shao & Bao, 2019).
Therefore, the demand for y-oryzanol is continuously growing, which is predicted to
expand from 115,000 tons in 2014 to 320,000 tons in 2020 (GrandViewResearch,

2016).



Thailand is one of the biggest RBO producers with its RBO produciton
capacity of 61,000 metric tonnes in 2018(Boonlai, 2019), which is behind only China
and India. Since y-oryzanol exists in the oil fraction of rice bran, during RBO
extraction, y-oryzanol mostly comes out with the extracted crude RBO. However,
during the RBO refining, the majortiy of the y-oryzanol is lost; up to ca. 90% of
original y-oryzanol is lost into rice bran acid oil (RBAO), a major byproduct from the
neutralization step which is the acidulated rice bran oil soapstock with H.SO4 (A. G.
G. Krishna et al., 2001; Pestana et al., 2008; Wongwaiwech, Weerawatanakorn,
Tharatha, & Ho, 2019). Since RBAO contains high levels of y-oryzanol, many studies
have attempted to utilize RBAO as feedstock for y-oryzanol production. However,
the yield of y-oryzanol recovery from RBAO is limited due to the existing impurities
in RBAO. Glycerides are considered to be the major impurity in RBAO since they
have similar physicochemical propeties (i.e. polarity) to the y-oryzanol (Narayan,
Barhate, & Raghavarao, 2006). Thus, they are required to be removed or at least
reduced before the y-oryzanol recovery (Joshi et al., 2016; Kaewboonnum,
Vechpanich, Santiwattana, & Shotipruk, 2010; Narayan et al., 2006; Sahu, Ghosh, &
Bhattacharyya, 2019; Xu & Godber, 2001)

Hydrolysis is the common method which has been employed to remove
glycerides in RBAO, in which glycerides are converted into more separable FFAs and
glycerol (Meedam, Usaku, Daisuk, & Shotipruk, 2020). This reaction can be
conducted with/without a catalyst. Base-catalyzed hydrolysis, e.g. with either NaOH
or KOH, (Carrillo, Lis, Colom, M.Lo pez-Mesas, & Valldeperas, 2005; Meedam et

al., 2020) is commonly used, which involves short reaction times and can be



performed at relatively fair conditions, i.e. atmospheric pressure and 60-100°C.
Nevertheless, soap formation can be seen during the reaction. Acid-catalyzed
hydrolysis, e.g. with either HCI or H2SO4 (Aguilar, Ramurez, Garrote, & M.Vazquez,
2002) can also be used although it provides relatively low glycerides conversion .
These methods with chemical catalyst require a subsequent neutralization step
(Meedam et al., 2020). Another alternative is hydrolysis at subcritical water
conditions, which is considered to be a green method (Russell L. Holliday et al.,
1997) since no chemical catalyst, and thus subsequent treatments for use of a
chemical catalyst, is required. Despite high glycerides conversion; more than 95%
glycerides conversion in RBAO (Meedam et al., 2020), this method is rather energy
intensive (Holliday, King, & List, 1997). For the application of glycerides removal
prior to recovery of y-oryzanol, certain degrees of y-oryzanol loss due to these
hydrolysis methods is seen. Around 40-50% of original y-oryzanol in RBAO was
hydrolyzed by alkali hydrolysis and subcritical water hydrolysis though >90%
glycerides conversion was achieved (Meedam et al., 2020). The obtained high y-
oryzanol loss in turn lowers recovery yields of the bioactive compound in the later
separation and purification steps.

Enzymatic hydrolysis, in which glycerides are hydrolyzed with the aid of
lipase enzymes, is a promising alternative to the physicochemical approaches for
glycerides removal. It is considered as a less energy intensive, safe, and
environmentally friendly method (Najafpour, 2015; Reetz, 2002), while it provides
high specificity to the reaction substrates (Reetz, 2002; Ribeiro, Castro, Coelho, &
Freire, 2011) and does not require a neutralization step after reaction (Gupta, 2016 ;

Pourali, Asghari, & Yoshida, 2009 ). Enzymatic hydrolysis has been extensively



explored for the conversion of glycerides, mostly from vegetable oils, toward free
fatty acid (FFASs) production, nevertheless studies on by enzymatic hydrolysis of
glycerides in RBAO are still limited. Ghosh and Bhattacharyya (1995) demonstrated
utilization of enzymatic hydrolysis of RBAO for FFAs production. However, effects
on remaining contents of the y-oryzanol were not clearly reported.

Simultaneous esterification/transesterification is another method for glycerides
removal in RBAO, in which FFAs and glycerides are simultaneously converted into
fatty acid alkyl esters of a short-chain alcohol, or biodiesel. With addition of an
alcohol (e.g. methanol, ethanol, and butanol) (Rodrigues, Volpato, Wada, & Ayub,
2008), the reactions take place simultaneously with a typical catalyst; either an acid or
a supercritical/subcritical condition. Ju and Zullaikah (2013) employed acid-catalyzed
esterification/ transesterification to produce biodiesel from a byproduct from
crystallization of RBO and showed that all FFAs and glycerides could be converted
into biodiesel, though 36% of y-oryzanol was lost. The study by Sombutsuwan et al.
(2018) also employed acid-catalyzed esterification/transesterification to convert
glycerides/FFAs in RBAO to biodiesel, and also demonstrated y-oryzanol recovery
from the obtained via extraction with an aqueous ethanolic NaOH solvent. By
converting RBAO into biodiesel, it helps reduce viscosity and thus improve the
extraction of y-oryzanol, which resulted in 78% vy-oryzanol recovery. Because this
extraction method can operate at room temperature with short times, it provides
considerable cost savings in terms of energy consumption, operational efficiency, and
solvent usage.

Enzymatic esterification/transesterification, in  which conversion of

glycerides/FFAs into biodiesel is catalyzed by lipase enzyme, is a promising



alternative to the physiochemical methods due to its above-discussed advantageous
traits. While the majority of studies have focused on its applications for biodiesel
production from glycerides/[FFAs in vegetable oils, which generally report high
glycerides/FFAs conversion and biodiesel yields (Atadashi, Aroua, Aziz, & Sulaiman,
2012; Encinar, Gonza'lez, Rodri'guez, & Tejedor, 2002; Ondul, Dizge, Keskinler, &
Albayrak, 2015), its application for glycerides removal in RBAO before y-oryzanol
recovery is still scare. An early study by Ghosh and Bhattacharyya (1995) showed
that microbial lipase-catalyzed hydrolysis, esterification, and alcoholysis reactions
were carried out on acid oils from coconut, soybean, mustard, sunflower, and rice
bran for the free fatty acids production. The various monohydric alcohol esters of
fatty acids of the acid oils recent study by N. Choi, Lee, Kwak, Lee, and H (2016)
also applied enzymatic esterification/transesterification with immobilized lipases and
ethanol to produce biodiesel from RBAO. This study showed ca. 92% vyield of
biodiesel were nevertheless, the reaction effects on y-oryzanol in RBAO were not
clearly reported. Therefore, further studies are still in need when this method is used
as a pretreatment step toward initial glycerides removal followed by y-oryzanol
recovery.

Provided the above-described potential applications of enzymatic hydrolysis
and enzymatic simultaneous esterification/transesterification for glycerides removal in
RBAO before y-oryzanol recovery, this thesis aims to study effects of reaction
conditions in order to suggest optimal/suitable conditions which give highest
glycerides removal while keeping y-oryzanol loss to a minimum. The study in this
thesis is divided into two parts: enzymatic hydrolysis and enzymatic

esterification/transesterification. First, effects of conditions for enzymatic hydrolysis



of RBAO: reaction time, water: RBAO ratio, temperature, lipase loading and speed
are investigated on degrees of glycerides conversion and y-oryzanol loss. Three
significant conditions are then selected for optimization using response surface
methodology (RSM) with central composite rotatable design (CCRD) toward
maximizing glycerides removal with minimum loss of y-oryzanol. In the second part,
effects of reaction conditions for enzymatic esterification/transesterification of
RBAO: ethanol to RBAO molar ratio, temperature, reaction time, lipase loading and
speed on glycerides removal, y-oryzanol loss, FAEE produced and FFAs remaining
are studied. The results from this research on enzymatic hydrolysis and enzymatic
esterification/transesterification can be a basis for further determination of the suitable

method for the recovery of y-oryzanol from RBAO.

1.2 Research Objective:

The objective of this research are:

1.2.1 To investigate effects of reaction conditions of interest (reaction time,

water:RBAO ratio. temperature, lipase loading and speed) for enzymatic

hydrolysis of RBAO on glycerides removal and the losses of y-oryzanol.

1.2.2 To investigate effects of reaction conditions of interest (ethanol to

RBAO molar ratio, temperature, reaction time, lipase loading and speed) for



enzymatic esterification/transesterification of RBAO on glycerides removal, y-

oryzanol loss, FAEE produced as well as FFAs remaining.

1.3 Working Scope of Research

This research will be divided into two parts.

Part 1

1.3.1 Evaluate the effects of reaction conditions for the enzymatic hydrolysis
using Aspergillus Niger on the degree of glycerides removal using the one-
factor-at-a-time (OFAT) method: reaction time (6 to 30 hr), speed (200 — 500
rpm), RBAO to water ratio (1:1 to 1:5), temperature (30 to 60°C) and the
amount of enzyme loading (5 to 15%).

1.3.2 Study the effects of reaction conditions of interest simultaneously in
order to determine the optimum condition using Design of Experiment (DoE)
with the face central composite rotatable design (FCCRD) method. The 3
selected conditions are used for the optimization, with 5 levels, and 3
responses, including glycerides removal, FFAs produced, and y-oryzanol loss

in hydrolyzed RBAO, are selected.

Part 2
1.3.3 Evaluate the effects of reaction conditions for the enzymatic
esterification/transesterification using Aspergillus Niger on glycerides

removal, y-oryzanol loss, FAEE produced, and FFAs remaining using the one-



factor-at-a-time (OFAT) method: reaction time (6-24 hr), ethanol to RBAO
ratio (1:1- 1:9 molar ratio), temperature (30-60°C) and the amount of lipase
(5-15%).

1.3.4 Determine the amount of y-oryzanol extraction at different molarity of
acid-base solution using the method modified from Sombutsuwan et al.,

(2018); 1.0 to 4.0 M aqueous ethanolic NaOH

1.4 Significant of Research/Output of the Research

This research will provide information on the application of enzymatic
hydrolysis and enzymatic simultaneous esterification/transesterification for glycerides
removal in RBAO before recovery of y-oryzanol. The results from this study will
provide effects of reaction conditions on glycerides removal, FFAs production/
remaining, vy-oryzanol loss, with biodiesel production in the case of
esterification/transesterification, which are important for determination of optimal
conditions where glycerides conversion is maximized and high y-oryzanol recovery as
well as biodiesel contents could be obtained. The determined suitable reaction
condition for both enzymatic hydrolysis and simultaneous esterification/
transesterification can be the basis for development of industrial process of y-oryzanol
recovery from RBAO. Compared to the other methods, the enzymatic method is
greener and environmentally friendly, and when used in industries, it will help reduce

the operation cost and financial planning of the company.



CHAPTER 2

BACKGROUND & LITERATURE REVIEW

2.1 Introduction

The rice bran oil (RBO) industry is a large-scale industry in a country that
produces rice. In many instances, it is economically feasible to extract oil from rice
bran and purify it by physical and chemical refining either for food or industrial
usage. Therefore, rice bran is a desirable byproduct of the rice processing industry,
which is obtained from the outer layer of the brown rice kernel during milling to
produce polished rice. Figure 2.1 shows the whole structure of the rice kernel that
contains 70-72% of starch endosperm, 20% of hull, 7-8% of rice bran and 2-3% of

embryo (Ferreira et al., 2019)

Hulls

Pericarp

Tegmen Bran

Aleurone layer

Starchy endosperm

Embryo

Figure 1: Structure of rice kernel
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Traditionally, in many Asian countries, rice bran is largely being fed to
animals and used as detergent (Wangdee & Onsaard, 2018). Overall, rice bran
contains more than 15% — 20% of fat, 12% — 16% of proteins, 23% — 28% of dietary
fiber, and 7% — 10% of ashes. Its composition depends on many factors like botanical
diversity, agronomic environmental conditions, and processing (Yilmaz, 2016). There
are some antioxidants and micronutrients in the rice bran such as y-oryzanol, phytic
acid, tocopherols, tocotrienols, thiamine, riboflavin, and niacin. Rice bran contains oil
accounting for ca. 15-23 %wt., rich in lipids, and therefore, the oil extraction would
be commercially feasible (Aladedunye, Przybylski, Rudzinska, & Klensporf-Pawlik,
2013). The production of RBO requires, , as shown in Figure 2, multiple processes
such as degumming, neutralization, winterization, and bleaching, and generates a
number of byproducts (Singanusong & Garba, 2019).

There are remaining components in RBO byproducts like y-oryzanol,
tocopherols, FFAs, and triglycerides (Narayan et al., 2006). During the caustic
refining process, ca. 20-60% y-oryzanol loss to byproduct (A. G. G. Krishna et al.,
2001). Therefore, researchers are still interested in recovering these compounds.
Typically, rice bran acid oil (RBAO) which has pH 5, moisture content of
approximately 1.25-2.00 %, contains y-oryzanol (8.55 + 3.10), glycerides (4.75 +
1.19) and FFAs (47.83 £ 12.92) on dry basis. Rice bran oil soapstock (RBOS) and
RBAO which produced after the acidulation of RBOS, increase agricultural yields and
reduce pollution from the industrial waste of RBO. Table 1 shows the amount of
bioactive compounds remaining in some of the RBO’s commercial products and the

content of y-oryzanol in the RBAO is the highest compared to other products (A. G.
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G. Krishna et al., 2001; Pestana-Bauer, Zambiazi, Mendonca, Beneito-Cambra, &

Ramis-Ramos, 2012; Singanusong & Garba, 2019; Wongwaiwech et al., 2019).

Crude

Neutralization

Caustic soda + water

Winterization 4{ Waxes |
Bleachingearth ————— —-{
Bleaching = 4{ Used bleaching earth ‘
‘ y-oryzanol
Deodorization |~ 7—| Fatty acid distillate | - Tocols
Squalene
Phytosterol

Refined RBO

Figure 2: Production of rice bran oil

Table 1: Micronutrients contents in some commercial products of the RBO industry

Micronutrients Crud Degumme  Refined Deodorize Rice Bran Rice Bran

(%) e d RBO RBO r distillate ~ Soapstock acid oil
RBO (RBOS) (RBAO)
y-oryzanol 1.7- 1.71 0.19-0.20 0.79 2.21-6.9 3.28-7.36
2.1
Tocopherol 0.026 0.0045 0.02-0.08 0.579 0.0039 0.01365
4
Tocotrienols 0.007 0.025- 0.05 0.10693
0.17
Phytosterols 1.362 0.858 — 8.5 0.5994
-1.37 0.1037
Squalene 0.756 0.3-0.4 3.5
Phospholipids 4.2 1.3

RBAO thus offers such a good opportunity for the commercial production of

y-oryzanol. The influence on the recovery of y-oryzanol is related to the impurities in



12

RBAO, which is essential to design a large-scale recovery process. The major
impurities which potentially complicate subsequent isolation and purification of y-
oryzanol include glycerides (Narayan et al., 2006).Glycerides have the same polarity
as y-oryzanol, rendering these bioactive compounds less pure and difficult to be
recovered (Narayan et al., 2006). In order to recover a high amount of bioactive
compounds, glycerides can thereafter be converted into free fatty acid (FFAS) and
glycerol using the hydrolysis method (Narayan et al., 2006). FFAs can be transformed
into biofuel after hydrolysis via esterification (Mannion, Furey, & Kilcawley, 2016)
or as a precursor for cleaning industries.

y-oryzanol (CsoHsgO4) is the mixture of major components found in the rice
grains including cycloartenyl ferulate, 24-methylenecycloartanyl ferulate, campesteryl
ferulate and sistosteryl ferulate as in Figure 3 (Ghatak & Panchal, 2011; Hakala et al.,
2002). y-oryzanol is greatly demanded worldwide thanks to its numerous health
benefits and is now one of the important antioxidants (Figure 4). It can be used as an
antistatic agent in reducing low-density lipoproteins (LDL), boost high-density
lipoproteins (HDL) cholesterol, antioxidants (Srikaeo, 2014), and antidepression
(Mizuta & Itaya, 1978). It also helps to reduce plasma cholesterols, platelet
aggregations, high cholesterol diet adsorption, and aortic fatty streaks as in Figure 4
(Oryza Oil & Fat Chemical Co., 2012). Besides that, y-oryzanol can also be an

ingredient for an sunscreen agent (Sapino et al., 2013)
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Figure 3: Chemical structure of y-oryzanol
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Research has been conducted for the recovery of y-oryzanol recovery through
a number of techniques. Soxhlet extraction using ethyl acetate recovers 87% of y-
oryzanol with 24% purity (Wangdee & Onsaard, 2018) and 98% of y-oryzanol with
38% purity (Kaewboonnum et al., 2010) from RBOS. Almost 98% recovery with
84% purity of y-oryzanol is obtained using solvent extraction of biodiesel residue
from RBO using a combination of hexane and ethyl acetate (Novy S. Kasim, Chen, &
Ju, 2007). Sombutsuwan et al. (2018) recovered y-oryzanol (ca 57%) from RBAO
after converting it into biodiesel using acid esterification/transesterification with
ethanol. Pestana-Bauer et al. (2012) reported around 6.7% of tocopherol in
deodorization distillate and almost 97% of y-oryzanol in RBOS but no research on

these bioactive compounds recovered.

2.2 Hydrolysis

More specifically, a glyceride molecule is converted during oils and fats
hydrolysis either with or without a catalyst (acid/base/enzymatic) and with water into
FFAs and glycerol as in Figure 5. There are four major methods commonly used for
this use, including high or low pressure steam fracturing (no catalyst used), alkaline
hydrolysis, acid hydrolysis, and enzymatic hydrolysis. Table 2 summarizes
comparison between these type of ctalaysts (Gog, Roman, Tos, Paizs, & Irimie, 2012;
Jahnavi, Prashanthi, Sravanthi, & Rao, 2017; Lerma-Garcia, Herrero-Martinez, Simo-
Alfonso, Mendonga, & Ramis-Ramos, 2009; Meedam et al., 2020; Murty, Bhat, &

Muniswaran, 2002a; Tronia, Silva, Meirelles, & Ceriani, 2013)
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Figure 5: Hydrolysis reaction
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CH,OH
CHOH

CH,OH

Glycerol

Table 2: Comparison of types of catalyst for hydrolysis

Free catalyst Alkaline Acid- Enzymatic
catalyzed catalyzed catalyzed

Type of None NaOH, KOH, HZSO4, HCI, Lipase

catalyze CaCOS,

Temperature Subcritical (< 60 - 70 80 - 200 30-60

(°C) 100)

Supercritical (>
200)

Conversion High conversion  High conversion  High High conversion
and could and could destroy conversionand and can recover
destroy other other bioactive could destroy  remaining high
bioactive compounds other bioactive  bioactive
compounds compounds compounds

Cost of Low Low Low High

catalyst

Time of Short Shorter Medium Longer

hydrolysis

Waste Low. High. Need High. Need Low. Wastewater

product Wastewater wastewater wastewater treatment not
treatment not treatment treatment needed
needed

Catalyzed Not required Difficult, need to  Difficult, need  Easy and reusable

recovery neutralize by acid  to neutralize,

can destroy
bioactive
compounds

Energy cost  High Medium High Low

Product Fatty acids and Salt of fatty acid  Glycerol and Fatty acids and
glycerol or soap and fatty acids glycerol

glycerol
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To enhance the y-oryzanol recovery from RBAO, this hydrolysis stage is
where significant quantities of y-oryzanol are lost. Apart from glycerides, y-oryzanol
can also be hydrolyzed and can degrade due to heating environments during the
hydrolysis reaction itself. Brenes, Garcia, Dobarganes, Velasco, and Romero (2002);
Nissiotis and Tasioula-Margari (2002) found that the depletion of antioxidants,
including derivatives of y-oryzanol, a-tocopherol, hydroxytyrosol, and tyrosol, is
caused by thermal oxidation at 60-100°C. V. Van Hoed et al. (2006) had, while
studying these bioactive compounds in the RBO during alkaline hydrolysis, found a
significant loss of y-oryzanol during the reaction. Furthermore, as soap is produced by
the alkaline hydrolysis process, a further step is required to remove soap after
application, followed by soap acidification. These chemical catalyzed hydrolysis
methods also require a lot of excess water and thus produce wastewater, which will
also increase the process cost. Meedam et al. (2020) showed that base-catalyzed
hydrolysis provided complete glycerides removal in RBAO. Despite a decrease in y-
oryzanol hydrolysis when using higher amounts of NaOH for hydrolysis, only 57—
66% remained in the product. Using subcritical water hydrolysis at 200°C also
provided similar y-oryzanol recovery of 51-75%.

Enzymatic hydrolysis of glycerides occurs under relatively mild conditions
(low temperature and atmospheric pressure). This method requires a longer reaction
time due to its slow reaction rate. This method also has issues involving lipase
stability, such as how much time lipase can be recovered and used for subsequent

hydrolysis before it loses its function
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2.3  Lipase Enzyme

Lipases are a special category of esterase belonging to the hydrolytic enzyme
(E.C.3.1.1.3) due to its affinity to carboxylic acid ester bonds, which are useful for
chiral-alcohol-bearing ester resolution or symmetry (Patil & Mohapatra, 2016). The
popular lipases are Candida sp., Aspergillus sp., Rhizomucor sp., Rhizopus sp.,
Humicola sp., Yarrowia lipolytica and Pseudomonas sp. which are produced by
fungal, yeast, and bacterial species (Guerrand, 2017). Lipase also can act as a catalyst
for the esterification/transesterification reaction in alcohol. Lipases have become a
popular biocatalyst because of their innovative and multifold uses in oleochemistry,
organic synthesis, detergent formulation, and nutrition. Lipases are also used for
renewable energy production due to its ability to catalyze reactions including
hydrolysis and esterification/transesterification. Lipases are specialized in catalyzing
fat hydrolysis into FFAs and glycerol, reversing the non - aqueous media reaction (A.
Sharma, Chaurasia, & Dalaic, 2013) and converting FFAs/glycerides into fatty acid
alkyl ester (biodiesel) with help of alcohol (Yomi Watanabe et al., 2005), which all
take place at the water lipid interface. As shown in Figure 6, lipases act as biocatalysts
for alcoholysis, acidolysis, esterification, and aminolysis (Gunasekaran & Das, 2005;
Ribeiro et al., 2011).

Lipases can be made available from various sources, which vary greatly in
their reaction specificities. Lipase possesses the unique features of interface between
an aqueous and non-aqueous phase. In theory, some of the reactions, the chemical and
lipase-catalyzed reactions, however, differ widely. Like all other catalysts, enzymes

are characterized by two fundamental properties. To begin with, they speed up
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chemical processes without being ingested or changed in any way. To begin with,
they speed up chemical processes without being ingested or changed in any way.
However, it may be a downside as lipases can only function under moderate
conditions, i.e. lipase is much slower than chemical catalysts. Lipase, secondly, is
selective for acyl groups in substrates at certain positions/stereoisomers, which means
it may speed up processes without upsetting the chemical equilibrium between
reactants and products. This specificity allows the modification of oils and fats more

sophisticatedly (R. Sharma, Chisti, & Banerjee, 2001)
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2.4  Enzymatic Hydrolysis

Enzymatic hydrolysis can be performed at ambient conditions (low
temperature and atmospheric pressure), making the hydrolysis process more efficient
when compared to other catalyzed methods. Lipase enzymes that are specifically
catalyzed would normally catalyze the reaction of the glycerides into FFAs and
glycerol at the interface between oil and aqueous phases. The specificity of different
lipases towards reaction substrates depends on the type of amino acid active site
present in their structure. Figure 7 a)describes the general mechanism of hydrolysis
reaction to convert glycerides to FFAs using an enzymatic method (A. Sharma et al.,
2013) and Figure 7 b) 2-D four-step reaction scheme of action accepted for lipases
catalyzing the hydrolysis of a substrate at the aqueous/lipid interface explained by
Stergiou et al. (2013). A number of studies showed that lipases have a different mode
of action for glycerides hydrolysis present in oil/fat depending on whether it is
originated from the plant, animal or microorganism source (R. Sharma, Thakur,
Sharma, & Birkeland, 2013). Cavalcanti-Oliveira, Silva, Ramos, Aranda, and Freire
(2011) demonstrated hydrolysis of soybean oil at curtain levels of temperature,
enzyme loading, and substrate to buffer ratio with Lipozyme TL 100L, and found that
85% of FFAs were obtained. Raspe, Filho, and Silva (2013) used Lipozyme RM IM
for hydrolysis of Macauba kernel oil and investigated effect of enzyme loading and
substrate to buffer ratio and showed that 60% of FFAs were produced. Table 3
summarizes results and reaction conditions from a number of studies in which

enzymatic hydrolysis was performed.
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Figure 7:a) Reaction mechanism of triglycerides molecule via hydrolysis by lipase
and b) 2-D four-step reaction scheme of action accepted for lipases catalyzing the
hydrolysis of a substrate at the aqueous/lipid interface.



T¢

7 ‘epuely ‘1o wyed
‘eIIBAI|O- apnu
1ued[eARD a1e.sgns ureyo wids Jayng |DH  ‘powjped - SBAINI
‘esnos) uogJed uasayia %/.8 %0T 00¢ 8 Mg or  (AMM)%0T —SULINTO pauyey  eydosyer
(TT0C sIsayluAs [asalpolq Jayng sn
“le1e 10} 15A[e1820I0 91e1908 soulbnue|
BIIBAIO- Buisiwolid Aisn 1y €9 wnipos |10 $89A
JuedjeAeD) Sy pazAjoipAH %66 %5'6-G°0 - 14 6T A NAY%OS ¢ TI0WT0 uesgAos  wowusy L
SUOISIBAUO0I S\yY4H
Jo uoneziwundo 171 joww asedi] s
(sT0Z I 'SpPaas ueaq J01Sed wids 00T 811828 [I0  uNWwo)
18 Je[aAy)  Juewsop woly asedi %00T 62 0007 Sy 1Yc¢ G'LE %M QS -¢¢ Ja3jing ejoue) SnuIy
(r10C
‘allald 79
‘Duobue]
‘ofised JalyIs|jnwa
‘@II9AI|O- pue 1uaA|os
1ued[eARD 21ueflo oYUM Jayng
‘ses1ainby pUE UOI1RJIUIUOI a1e1908 asedi
90 110 ybry win1pos sIuNWIWo9
ejug)  yum Aousiolye ybiH %9'66  (A/M) %G'C ; v Y9 0€  (MA)%0S < TI0WTO  [I0pY snuIory
Sv44 Jo
Junowe ybiy sanpo.d
0} SapLIgdA|6L) [10 Wied
(zT0Z “IE BuisAuo9sI wdi 1y |10 esobny
19 1yoepYy) poyaw siy L %68 %S 002 L 144 oc  (wm)TZ )\ uesghos  epipue)
(%)
(uoisaanuos  (s1ea15QNS
91 mop)  paads (Do) onel
10 s\y44) Buipeo| uo 3 d Jaynqg
PIBIA swAzug nenby Hd  wil wal 01110
ERIEYETEN| syJeway 1INsay uoI31puod Uodeay Jayng areaisgqns awAzu3

uonoeal sIsAjoJpAy ay1 Ul pasn sisAje1ed oIrewAzus Jo sadAl SNOLIRA JO SUOIIPUOD UOIJRa. 8] U0 9ZLBWWNS i€ 3|qel



(44

® 10 D.GEpueg uaboipAuia
‘IpnAyepn  apnud yum atedwiod  Hd 1e syy44 1y winisselod [10 sap
‘eylare N UBUM |10 UI JUSIUOD  JO 8Sealoul wdi 2, 01 oy ‘a1enIu aulpJes  10]JauIdIID
‘ojuemind) SV JO 8sealdu| %95°CT - 0LT LV dn -G¢ A wnipos 91Se/\ 100NN
(ST0C
‘lueyban ]
® ‘Aousiolya aoe.upullAo
‘eWelY ‘p sIsAj01pAy ay) wd BpIpued
awlwreyoln aziwndo 01 paipnis 001 1y 0S |10 S€2INJ pa
‘Iyseqge|)  si uonenbe Jo 10843 8. %0T — T — 00T S’/ 144 - 0¢ S0 T 181e/\ eydosrer  zijiqoww|
%99
— |10 Uelq |10 Uelq
1Y '%69- 9214 ‘|10
[10 1NU020D ueagAos
‘%66 — to
‘pIgIA |10 ueaghos (quasaid s pJeisnwi
ybiy ui sialse %G9/ ap1IadA|6in ‘Ilo
(566T ‘@AA pue sp1oe Ayjenb  [10 pJeisnw |eJ1nau ayl 1NU0209 e
Jeyoeneyg -ybiy aonpoid o ‘053¢ |10 1y 10 1yBram ‘o 1 doeapuljho
’® ysoyo) 8InoJ onAjeIeD  IaMofUNS %*%°0 3 S 8y Ge A9 9%09) Jle\  amopuns  epipue)d
Moj[e}
|ewiue
‘915eM
|8saIpolq
‘1o
loised
‘o nu
(otoz a1sAyd
‘all8ud ‘10 8AIO
(%)
(uoisaanuod  (s1ea15QNS
91 Mop)  paads (Do) ones
10 s\y44) Buipeo| uo 3 d Jaynqg
PIBIA swAzug nenby Hd  wil wal 01110
ERIIEIETEN| syeway |nsey uonIpuUod Uoioeay layng e1easqns awAzug




e

‘reyues Buisn uoneziwndo p
‘Jeyoue ‘yoJeasal siy) 9z110p0oap asobnu
‘eysabeN) 10} pasn s1 200 OS %TL 6/n 002 - - Jyg gy (wm) 9ty Aos  epipued
3aWAzus Jo 9j2Adal e
(gzooz ‘u pue UoI1e1us3uo9 aoreIpuIlAd
eIRMSIUNIA BWAzZUs Jw Japng eplpued
7 ‘Teyd JO uonezijigowwl /B aleydsoyd |10 pa
‘AUnin) 4010343 %569 09-G2°0 - 2L Mg v T-T INT'0 Uelqadly  Zijiqow|
uonanpoid J1a1em
(TTOZ “IB 9|eas-abue| asedi| wdi 1y Jw 0ZT 1o eanfjodiq
18 Busn) pue 9jeds |[ews %06 MN 000°02 08T - 8y ov ‘110 6 00z 181e/\\ ueagAos ‘A
(%.9)
asobnu
eplpue)
“(%01) asobn.
Jab1u epipue)
sn|ji6iadsy BEIIVES
"(%€L) nj61adsy
AT INY ‘eln
(60T# awAzodi| ase199)
(sT0C JspyinfeL)(pouysw  ‘(%L2) WI ‘NI INY
‘lLIeUdy| 7 ubise@ susodwod 1 swAzodi| 1y awAzodi|
‘luew e [enuad) INSH  ‘(%96) BN 10 jo widl 0T 08  (M/m) %09 utsjo ‘INTIL
‘luepIein) Buisn uoneziwndo 9SENda7 % 0T —¢ 0ST - —C -0¢ -0Y 181e/\\ wred  swAzodin
(v102T 110
“le1a [eAowsal 1y J191em b iz Buood  GzT-66 ds
Buem "IN) s 03 pasn ag ueD %2 66 %E'0 - - ST or  :nob ooz 1318/\ alseM  eplpue)
(sT0C
‘w0209 aleydsoyd
(%)
(uoisaanuod  (s1ea15QNS
o1 mop)  paads (2.) ones
10 s\y44) Buipeo| uo 3 d Jaynqg
PIBIA swAzug nenby Hd  wil wal 01110
ERIIEIETEN| syeway |nsey uonIpuUod Uoioeay layng e1easqns awAzug




ve

18 adsey) sy eyebnssAul 0] 1B OLMZ8  9%0Z01S  0100F LS JY9 016 T:T-'02'T wnipos  eqnesely  awAzodin
aWAzus Jo
(900z  abesn ayy Buiziwndo 1y
‘1pued Aq suois|nwa wdi 2. 01
72 ‘poyrey  J31em Ul |10 Ul SINJ20 jw/Bw 000v uiw TT Jayng
‘11yind) $53004d s1sAj0IpAH %0, ¥€'0 - 00SC L GT GE  pueTiGz’0  oreydsoyd [lo0lJosed  9ezAIQ Y
(¥00z UoJeasal siy} layng
‘ewiny  Joj pasn sem (HN3) aeydsoyd
21y 1019e3J suelqLUBW asealoul Jajing jw G'6 win1pos asedi| 9
1usyzebngd) awAzus sseydig %8€ 00T ul bg - -8 1ysg o  (INA) %08 INGO'0  [I03AI[0  Nheasoued
(zT0C
‘0% ‘uel
‘Buooyd  SISBYIUAS SaplIsdA|h (ova) 1o wdi
‘ele] UO SI01aB) d2uanul  JadA|6jAdeIp 00S G8 MM 1ayaiw 10
‘Uenyd) ay1 a1ebnsanu| uo 1v40 %0¢ - - 00T 148 14 %0¢-G'T 1831e/\ 10 Wled  dNWIZIyY
(Add)
Jayng asedi|
(8102 (6-2) aeloq sealoued
‘uel] ® 1d - 1dd auld
‘ueyd ‘a7 10 1NU0202 %ty (8 1y Jaynq 1o J1od'(7142)
‘usAnbN uibain pazAjoipAy —7dd pue wdi -9) 8z o0l 0S aeydsoyd 1NU0209 asobnu
AV L) o1pasnaguedy  %/y-THdD  %SGC—S0  0000T 14O an - 0¢ 9 TOIT:T - 140 uIBIIA eplpued
(e002
‘Uelp Jojoealoiq
ueyoewey ui s1sAjoipAH
7 ‘UeseH 'sIsAj01pAy ayy wdi Jayng
‘JOON  S|0J1U0I |10 pUB J31eM 0002 Ut Jatem Jay| a]e1908 86£dS
‘W1 10 9JeLiaul 8y | %00T I/ Bw Gz —00¢ 9 06 oy T:106 gz WTO 110 Wied asedi
(¥002 aydoo ale|nsip
(%)
(uoisaanuod  (s1ea15QNS
o1 mop)  paads (2.) onel
10 s\y44) Buipeo| uo 3 d Jaynqg
PIBIA swAzug nenby Hd  wil wal 01110
ERIIEIETEN| syeway |nsey uonIpuUod Uoioeay layng e1easqns awAzug




q¢

‘Wwe "eoH aleJ sIsA|0JpAy %89 ‘uolnjos Zljlgoww|
‘UaAnbN 3] saouan|pul -sealoued wdi 6 09 31eJoq [lo  ‘seaoued
VLA 1eyrJojoe) sisAjeuy au1010d %T 0009 -S. Jys -0g %06-ST INGT'0  1Nu020) 8u1210d
(otoz Jayng
‘essIlBIN 7 $319A9 ajeydsoyd
‘a4 ‘N 0T 01 dn pajokoal wdi or (A 2T wnipos |10 wijed esobny
‘JapyneL) aq ued awAzug %00T %T'0-TO0 0S¢ L WMy —0¢ 0} GZ'0:T NTO apnIo eplpued
awn sajoAdal AJana
S95eaI09p sWAzZUd
(o102 3y} Jo sourw.IoLIad
‘enyd |yl ‘sswin |10
2 ‘N G 01 dn pajokaal (%) wdi 1y (AN Buood asobnu
‘Japyinfel) aq Ued aWAzus uy %00T T0—-T00 0S¢ - 0T 0E €TO010:T 131e/\\ SIS\ epipued
(8002
‘Ueweyey
9 uonenbs 1IN 8dfy
uipniewey| U3JU3IN-SI|aeYIIN wdi ulw Jayng esobny
‘1119S)  Buisn [apow onsury %26 %0T 00z GL 06 G  (Mym)oT:T  Sreydsoyd  jlowfed  epipued
Jsjng
(6002 SISAj0IpAY wiey areydsoyd
‘upued aUBI000SI pue S)jes 1y win1pos
’® poyey) Se 4ans ssAnippy %9E  %C'T-20 = L ¥Z 0F-S€ T:€ INZ0 [l0101SeD asejod
sinoy 9 pue
N ZE! ‘wdi oo Gy
ur you ayesAjolpAy  ‘swAzus ay) awAzodi
e Bulureigo o %GT ‘0’8 pue
10} suonipuod Hd ‘2:T Jo (I1seag ‘NI 1L
|10 BQneJRW JO oljeJ ssew wdi 08 Jayng [e20D)  awAzodi
(€T0Z "I sisAjoipAy oewAzus |10 03 Jayng 0002 0} g ajeydsoyd |10 [auIeX NI INY
(%)
(uoisaanuod  (s1ea15QNS
oL M)  peads (Q.) onel
10 s\y44) Buipeo| uo 3 d Jaynqg
PIBIA swAzuz  nenfy  Hd  wil  wel 0110
ERIIEYETEN| syJeway 1INsay uoI31puod UoIoeay Jayng areaisgqns awAzu3




9¢

"epeWIyS

® ‘16exe L
‘epIysIN
‘oebeN
‘aqeurIRAN ‘pasn wdi 1y asobnu
IWOA) sI awAzua Japmod %99 1w/ z0 005 - 144 o (wm) 9 BleM [l0pY  eplpued
Jaynq
aleydsoyd
6 €0 pue
‘loueylaw
6oyt
aWAzus pazijiqowwl 1y ‘|loueinq
(0oT0Z ‘M1 Buisn (uoneoiyLiIse 0zT -ua1 b Jayng
®‘ng ‘17 pue sIsAjoipAy) wd 0l 27T ‘uisjoln aleydsoyd
1717 M) uonoeals deys-om L. % 08< - 06T 89 dn Ge 601 INT'0  umloul sezliQ 'y
%*10'9¢
- 6-0T
‘walshs %80°GY
3y} Jo syusuodwod - 0T
aup |1e Buowe %0V Tt
(800z  Buruonnued sayem ays - G:0T
‘n\\7®  uo Bulpuadap saLien 0%TL LS
‘reypu1o Annnoe onewAzus - €01 (W) 6:0T
‘BuenH ) urejurew %0T'€E ‘L:0T 'S:0T 1o 1A 8dAy
‘Bur) 01 SI O11eJ J81eAN -T7:0T (AA) %E0 - - 1lyg oy  ‘S0T ‘T:0T 181e/\\ ueaghos  s8sobnu D
%<CL
- sealoued
(9T02 auralod sealoued
v 79 pazijigowwil auralod pa
(%)
(uoisaanuod  (s1ea15QNS
91 Mop)  paads (Do) ones
10 s\y44) Buipeo| uo 3 d Jaynqg
PIBIA swAzug nenby Hd  wil wal 01110
ERIIES ETENS | Sy eway 1nsey UOIIPUOD UOIoEaY Jayng eyeaisqns awAzug




Lc

(Looz

(%)
(uoisaanuod  (s1ea15QNS
oL M)  peads (Q.) onel
10 s\y44) Buipeo| uo 3 d Jaynqg
PIBIA swAzug nenby Hd  wil wal 01110
ERIIEYETEN| syJeway 1INsay uoI31puod UoIoeay Jayng areaisgqns awAzug




28

2.5  Enzymatic Esterification/Transesterification/

Another promising method to remove glycerides is simultaneous
esterification/transesterification in which FFAs/glycerides are converted into fatty
acid alkyl ester (biodiesel). Biodiesel is a promising alternative source to petrodiesel.
Industrial biodiesel production typically employs esterification/transesterification of
FFAs/glycerides with a short-chain alcohol and either with or without a catalysts
(acid, base, enzyme or sub/super critical conditions) (Awad, Paraschiv, Geo, &
Tazerout, 2013; Rodrigues et al., 2008). Esterification/transesterification is a three-
step consecutive reaction producing diglycerides and monoglycerides as intermediate
compounds occurring at one time of reaction as in Figure 8. It is a reversible reaction
and stoichiometry (Lukovi¢, Knezevi¢-Jugovi¢, & Bezbradica, 2011). Besides fatty
acid alkyl ester use as a fuel, it also used as solvent for oil recovery surfactant,
pesticides, asphalt rejuvenator, detergent, and cosmetics industry (Cardinali,

Pizzeghello, & Zanin, 2015; Karis et al., 2022; Keng et al., 2009).

CH,00R' i HOR' R'COOR CH,OH
|
CHOOR" | HOR" + ROH —J  R"'"COOR + CHOH
! -«
CHZOOR"' i HOR™ R"COOR CHzOH
Triglycerides Free Fatty Alcohol Fatty Acid Glycerol
Acids Alkyl Ester

Figure 8: Esterification/transesterification reaction of triglycerides
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The key benefits of using lipases as a biocatalyst include mild reaction
conditions, fast recovery of glycerol without subsequent purifying and producing
chemical waste, and high-purity product (Sandoval et al., 2017). Furthermore the
amount of FFAs/glycerides in oils can be completely converted to biodiesel without
soap formation, thereby increasing biodiesel yield and reducing fuel purification costs
(Silva et al., 2019). There are also drawbacks associated with chemical-catalyzed
approaches such as high energy consumption, high cost of catalyst recovery and
purification as well as the need for wastewater treatment (Norjannah, Hwai Chyuan
Ong, H. H Masjuki, Juan, & W.T Chong, 2016). This enzyme characteristic enables
the use of high FFAs or water content products such as non-edible oils, waste cooking
oils, and agricultural waste oil (Rodrigues et al., 2008).

Esterification/transesterification of FFAs/glycerides using lipases is
considered one of the most efficient waste oil production methods. Clearly, the base
catalyst processing process is more complicated than the enzymatic catalyst Despite
multiple advantages, enzyme processes have disadvantages such as low reaction rate,
industrial enzyme cost relative to alkali catalyst, low enzyme stability in the presence
of excess alcohol (Bajaj, Lohan, Jha, & Mehrotra, 2010; Fjerbaek, Christensen, &
Norddahl, 2009). A number of different factors influence the enzymatic biodiesel
synthesis, such as the source of oil, reaction temperature, choice of acyl acceptors,
acyl acceptors to oil molar ratio, amount of water in the system or water activity,
amount of enzyme loading, and the presence of organic solvent in the mixture (Xiao,
Li, & Pan, 2017). Nagesha et al. (2004) also esterified FFAs from hydrolyzed soy
deodorizer distillate with butanol using Mucor miehei lipase as a biocatalyst,

producing 100% biodiesel at 120bar,36°C, 3hr of reaction. Then, enzymatic biodiesel
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production from plant oil hydrolysates, an Aspergillus oryzae whole-cell biocatalyst
that expresses Candida antarctica lipase B (r-CALB) with high esterification activity
was developed for soybean and palm oil (Adachi et al., 2012). Table 4 shows the
summary of previous research regarding the reaction condition on enzymatic
esterification/transesterification of biodiesel from different type of oil, enzyme, and

solvent.
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2.6 Conclusion

Based on previous research, enzymatic as a catalyst a promising method to
convert glycerides to FFAs and biodiesel via both methods either hydrolysis or
esterification/transesterification reaction. Different types of enzymes with different
type of acid oil used, produce different results. In addition, effects of several factors
of reaction conditions have been studied on the performance of lipase during
hydrolysis and esterification/transesterification reaction namely pH, type of
buffer/solvent used, ratio of substrate to buffer/solvent, amount of enzyme loading,
and temperature as summarized in Table 3 and 4. From this, temperature is one of the
most significant factors as reported by most studies since enzymes are very sensitive
to heat. Also, solvent to oil ratio and enzyme loading play a role in the performance of
glycerides removal. Last but not least, the suitable reaction time and speed makes the
reaction more efficient. Besides that, the most important part is identifying the
suitable operating condition for glycerides removal. Therefore, this research is
conducted mainly to evaluate the lipase performance on glycerides removal using
hydrolysis and esterification/transesterification method on the various reaction

condition in order to convert the highest glycerides in the RBAO.
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Abstracts

Rice bran acid oil (RBAO) is a byproduct of rice bran oil refinery, comprising
of free fatty acids (FFAs), glycerides, and considerable amount of the natural
antioxidant, y-oryzanol. As a primary step to recover y-oryzanol from RBAO,
glycerides must be removed by conversion into more easily separable components
such as FFAs. In this study, enzymatic hydrolysis was proposed as a green alternative
to conventional base-catalyzed hydrolysis for glycerides removal from RBAO. The
face-centered central composite rotatable design was used to investigate the effects of
three independent variables: time, temperature, and water:RBAO ratio, and their
interactions on the responses: glycerides removal, y-oryzanol loss, and FFAs
production, and to determine the statistical models describing their relationships. In
addition, by applying the desirability function approach, the optimal location was
identified, corresponding to maximal glycerides removal with an imposed upper limit
of 35% y-oryzanol loss. At an established optimal condition of 22 h, 48.5 °C and 1:1
water:RBAO ratio, the experiments in which the enzymatic hydrolysis was carried out
at 1x and 10x reaction scales confirmed the validity of the models: glycerides removal
approached completion (99%), y-oryzanol loss was as low as 32%, and the FFAs
production was 73-75%, falling within the 95% prediction interval. The results of this
study demonstrated that the enzymatic hydrolysis is a promising method for
glycerides removal prior to recovery of y-oryzanol from RBAO, and that the
statistical models gave accurate predictions of responses and would be useful further

industrial design of the process.
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3.1 Introduction

Rice bran oil (RBO) is regarded as “healthy oil” as it contains a balanced ratio
of saturated (17-21.5% palmitic acid), monounsaturated (38.4—42.3% oleic acid), and
polyunsaturated (33.1-37.0% linoleic acid) fatty acids at the ratio of about 0.6:1.1:1
(O.-M. Lai, Jacoby, Leong, & Lai, 2019). Another important characteristic pertaining
specifically to RBO is its high level (ca. 1.8%-2.2%, (O.-M. Lai et al., 2019) of y-
oryzanol, a mixture of ferulic acid esters of triterpene alcohols and plant sterols (Ito et
al., 2019) which is known to exhibit super-antioxidant, cholesterol-lowering, and
anticarcinogenic properties (Hirsch et al., 2015; Minatel, Francisqueti, Corréa, &
Lima, 2016; Szczes$niak, Ostaszewski, & A. Ciecierska, 2015). To obtain stabilized
RBO industrially, crude RBO must first be refined by removing unwanted
compounds, commonly via either a chemical or a physical refining process (Gharby,
2022). The two approaches differ significantly in the deacidification step, in which
free fatty acids (FFASs) are removed. Nevertheless, the chemical refining remains the
most currently adopted practice industrially, largely due to the desirable RBO
qualities it affords (Vera Van Hoed, Ayala, Czarnowska, Greyt, & Verhe, 2010).
During the refining, FFAs in the crude RBO are neutralized with alkali, resulting in
the formation of soaps, which then phase-separate readily from glycerides or neutral
oil. In this process, large amounts of glycerides and y-oryzanol are lost as they
become trapped in the rice bran oil soapstock (RBOS) byproduct. Specifically, the
glycerides loss of 2.5-3 folds the content of FFASs in the crude RBO (Prasad, 2006)
and the y-oryzanol loss of up to 96% of its original content (A. G. G. Krishna et al.,

2001; Pestana et al., 2008), were reported. Derived from re-acidulation of RBOS,
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followed by water removal, rice bran acid oil (RBAO) is a more stable byproduct of
RBO refinery, which is composed mainly of 40-80% FFAs and 20-50% glycerides
(Ghosh & Bhattacharyya, 1995) and is a rich source (3.8-9%) of y-oryzanol (Meedam

et al., 2020; Wongwaiwech et al., 2019).

RBAO is normally sold as low-cost animal feed (Michael J. Haas, Michalski,
Runyon, Nunez, & Scott, 2003) or utilized as a feedstock for biodiesel production (N.
Choi et al., 2016) Nevertheless, owing to containing relatively high y-oryzanol
content, RBAO has drawn attention for its potential use as raw material for
isolation/production of y-oryzanol. To do so, y-oryzanol must be separated from the
main components in RBAO, namely FFAs and glycerides. Since FFAs are relatively
volatile and polar compared to y-oryzanol and glycerides, separation of FFAs from -
oryzanol can easily be achieved through molecular distillation (Das, Chaudhuri,
Kaimal, & Bhalerao, 1998; Yasuo Watanabe, Arawaka, Kitatamagun, & Iwasaki,
1969) and chromatography (Anjinta, Usaku, Boonnoun, Daisuk, & Shotipruk, 2023).
The FFAs can thereafter be used for the production of valuable chemicals such as
fuels (Atadashi et al., 2012) and pharmaceuticals (Hackett, Zaro, Shen, Guley, & Cho,
2013; Katdare, Thakkar, Dhepale, Khunt, & Misra, 2018). By contrast, separation of
glycerides from y-oryzanol is more challenging due to the limitations imposed by
their phase equilibria. As a consequence, prior glycerides removal is a necessary step,
which generally involves an initial conversion of glycerides into components that are

more easily separable.
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Hydrolysis reaction converts glycerides into FFAs and glycerol can be applied
to break down glycerides from RBOS and RBAO, prior to y-oryzanol recovery from
these byproducts (Kaewboonnum et al., 2010; Meedam et al., 2020). The reaction can
be catalyzed by strong acids (e.g. HCI and H2SO4), bases (e.g. NaOH and KOH), or
non-catalytically, under supercritical/subcritical water conditions. Base-catalyzed
hydrolysis was found to be the most suitable among the above physicochemical
processes for glycerides removal from RBAO, potentially driving glycerides
conversion to completion (Das et al., 1998; Jesus, Grimaldi, & Hense, 2010; Meedam
et al., 2020). Nevertheless, owing to the harshness of such alkaline conditions, up to
60% of original y-oryzanol loss is found in this process (Das et al., 1998;
Kaewboonnum et al.,, 2010; Meedam et al., 2020). An appealing alternative for
hydrolysis of glycerides involves using a lipase enzyme known to selectively bind
with and cleave the ester bonds in fats and oils and has been examined for the
production of FFAs from various sources of glycerides, such as macaw kernel and
pulp oils, microalgal oil (Machado, R6s, Castro, & Giordani, 2021), and fish oil (A.
Sharma et al., 2013). Enzymatic processes have also recently been actively
investigated for deacidification of crude RBO through various reactions, such as
amidation (X. Wang, Wang, & Wang, 2017) and esterification (Sun et al., 2021)
which offer several advantages over the traditional chemical and physical processes
including high catalytic specificity and minimal generation of toxic waste. While the
enzymatic processes have generally provided high substrate conversion, findings on
their effects on other valuable compounds in the feedstock, e.g. y-oryzanol in RBO
derivatives, are still limited. The enzymatic hydrolysis was previously used for the

production of FFAs and fatty acid esters from RBAO (Ghosh & Bhattacharyya, 1995)
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, nonetheless, its effects on y-oryzanol remaining in the product have not been
reported. Recently, (D. Li et al., 2021) showed that mild reaction conditions of
enzymatic deacidification and degumming of crude RBO led to the high retention
levels of y-oryzanol (ca. 70%), while the enzymatic deacidification described in the
study by (Sun et al., 2021) did not noticeably affect y-oryzanol content. The results
from these previous studies suggest high potential for the application of enzymatic
hydrolysis for glycerides removal from RBAO prior to y-oryzanol isolation which, to

the best of our knowledge, has not been thoroughly and systematically studied before.

In this investigation, we sought to maximize the glycerides conversion in the
original RBAO, while at the same time maintaining an acceptable level of y-oryzanol.
Response surface methodology (RSM), a powerful tool used widely to provide
solutions to optimization problems (Myers, Montgomery, & Anderson-Cook, 2016;
Ravn, Damstrup, & Meyer, 2012) requiring a minimum number of designed
experimental runs, was employed. Specifically, a face-centered central composite
rotational design (CCRD) was applied to evaluate the effects of the reaction variables
and their interactions on multiple responses: glycerides removal, y-oryzanol loss, as
well as FFAs production, and to statistically model the factor-response relationships.
From the models, the desirability function approach was then used to optimize the
reaction conditions. The practicability of the proposed green enzymatic hydrolysis
was further evaluated at a selected set of conditions by carrying out independent
validation experiments. Results are then discussed and compared with those typical of

conventional base-catalyzed hydrolysis.
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3.2 Materials and Methods

3.21 Materials

RBAO (pH =5) and RBO used in this study was kindly supplied by Thai Edible
Oil Co., Ltd. (Samutprakarn, Thailand). The composition of RBAO as summarized in
Table 5 was determined by HPLC (Section 3.2.3). The lipase used herein was of
industrial grade (SinoBios Imp. & Exp. Co., Ltd., Shanghai, China) and originated
from Aspergillus Niger. Its bioactivity is stated as 10,000 U/g as per the
manufacturers’ instructions (1 U is defined as 1 pmol FFAs per min being liberated

from triglycerides using 1 g of lipase at pH 7.5 and 40 °C)

Table 5: Composition of RBAO

Components Amount (%wt)
FFAs 40
Glycerides 23
y-oryzanol 9
Others 28

3.2.2  Enzymatic Hydrolysis of RBAO

Enzymatic hydrolysis was performed by modifying the method described in
Kabbashi et al. (2015). For each experimental run, RBAO (2 g) was mixed with water
at a specified water:RBAO weight ratio (g/g) in a 50 mL Erlenmeyer flask. Into this

mixture, lipase was added at a specified percentage by weight (%wt) of RBAO. The
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mixture was then heated to a specified temperature (°C) in a water bath with magnetic
bar stirring at a specified speed (rpm). After a specified reaction time, the hydrolyzed
RBAO was separated from the aqueous/lipase phase by centrifugation (4500 rpm and

10 min). The hydrolyzed sample was stored at 4 °C until analyzed for composition.

3.3.3  Quantification of Glycerides, y-oryzanol, and FFAs

The amounts of glycerides, y-oryzanol, and FFAs in the starting RBAO and
the hydrolyzed RBAO samples were quantified using HPLC. The HPLC apparatus
consisted of a separation module (Waters, USA) with a ELSD detector (Sedere,
France). Prior to analysis, each hydrolyzed sample (20 pL) was dissolved in ethyl
acetate (3 mL) and filtered with a 0.45 pm syringe filter. The filtered sample (5 pL)
was then injected onto a 4.6 mm x 100 mm Sunfire® C18 column (Waters, USA)
maintained at room temperature, and eluted with a mobile phase (60:40 v/v
methanol:isopropanol) at 0.5 mL/min. Levels of y-oryzanol, glycerides, and FFAs
were determined based on the calibration curves constructed using a y-oryzanol
standard, and RBO and oleic acid standards, respectively. The extent of glycerides

removal, y-oryzanol loss, and FFAs production were defined as follows (Egs. (1)-(3)):

Glycerides removal (%) =

Initial amount of glycerides - Amount of remaining glycerides after hydrolysis

x100 1)

Initial amount of glycerides
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y-oryzanol loss (%) =

Initial amount of y-oryzanol - Amount of remaining y-oryzanol after hydrolysis

X
Initial amount of y-oryzanol 100 (2)
FFAs production (%) =
Amount of FFAs present after hydrolysis - Initial amount of FFAs
u p ydroly u <100 (3)

Initial amount of FFAs

3.2.4  Experimental Design and Statistical Model

A face-centered CCRD was applied to optimize the enzymatic hydrolysis
conditions on three responses: glycerides removal (Y1), y-oryzanol loss (Y2), and
FFAs production (Y3). As a preliminary study, one-factor-at-a-time (OFAT)
experiments were carried out, and the significance of the effects of five variables
(hydrolysis time, temperature, water:RBAO ratio, percentage of lipase loading, and
speed) was evaluated on glycerides removal and y-oryzanol loss. Of these variables,
the three displaying the most significant effects (the lowest p-values) were selected
for the CCRD experiments. The total number of the CCRD experiments was 19,
consisting of 8 factorial points, 6 axial points, and 5 replicates at the center point. All
experiments were carried out in duplicate and in a randomized order to minimize the
effects of any unexplained sequence variabilities or those caused by extrinsic factors.
The relationship between the variables and each response was then modeled by the

following quadratic regression equation (Eq. (4)):

Y = B0+ X35, BiXi + X3, BiiXi2 + X1 B3, BijXiX) (4)
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In which BO is a constant, Bi are the linear coefficients, Pii are the quadratic
coefficients, and Bij are the interaction regression coefficients. Xi and Xj are the
dimensionless coded values of the ith and jth independent variables which were

estimated according to Eq. (5):

Xi = XZZ'O ©)

where Xx; is the actual value, x;,0 is the actual value at the center of the domain,
and Ax; is the step change value. Based on the coded quadratic model equation,
analysis of variance (ANOVA) was employed to calculate the statistical parameters
including the model lack of fit, the coefficient of determination (R?), the adjusted R?,
the predicted R?, and the adequate precision, from which the goodness-of-fit and the
predictability of the statistical models were evaluated. For further statistical analysis
of the experimental data, the response surface plots were constructed, and the
statistical significances of the variable effects were determined by a two-tailed
Student's t-test. In addition, to improve the goodness-of-fit and the predictability,
model reduction was performed through a backward stepwise selection to identify
only relevant predictors of the responses. Both the experimental design and the
statistical model analysis were conducted through the Design-Expert software

(version 11.1.0.1, Stat-Ease, Inc., Minneapolis, MN, USA).
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3.25  Optimization of Hydrolysis Conditions

To obtain the locations for optimal conditions for the enzymatic hydrolysis of
RBAO, the desirability analysis was carried out using the Design-Expert software, in
which the individual desirability function (di(Yi)), whose values vary between 0 and
1.00 (the lowest to the highest desirability), was assigned to each individual response i
(Yi). Since the main purpose of glycerides hydrolysis was to maximize the glycerides
removal (Y1), while maintaining the y-oryzanol amount in the hydrolyzed RBAO at
an acceptable level, we decided to set the upper limit of y-oryzanol loss (Y2) as 35%
based on the best obtainable value from base-catalyzed hydrolysis previously
determined at the most suitable condition (Meedam et al., 2020). . The individual
desirability functions for d1 (Y1) and d2 (Y2) were therefore defined according to Egs.

(6)-(7): Individual desirability of Y1 :

0 ifY,(X) <0
dy(Y;) =4 28 if0<Y,(X) <100 (6)
1 i£Y, (X)) >100

Individual desirability of Y2 :

_(0 if Y2(X;) > 35
B2 = {1 ifY22 (X)) <35 ()

Since FFAs produced by the reaction can be easily separated, their production is taken

to have no detrimental effect on the subsequent y-oryzanol recovery step. As a result,
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ds (Y3) was set equal to 1.00 since there was no constraint for the percentage of FFAs

production (Y3).

The optimal location was therefore identified as the region of enzymatic
hydrolysis conditions giving the highest overall desirability, D, defined as the

geometric mean of the individual desirability functions according to Eq. (8).

Overall desirability (D):

D= (d;(Y)dy(Y2)d3(Y3))? (8)

3.2.6 Model Validation

To validate the model, two sets of independent hydrolysis experiments were
carried out at different scales, both under the conditions from the model's predicted
optimal range, and the results were compared with the predicted responses at the same
condition. Both the small scale (2 g of RBAO, 1x) and the large scale (20 g of RBAO,
10x) experiments were carried in pentaplicate and triplicate, respectively, in the same
manner according to the enzymatic hydrolysis procedure previously described
(Section 3.2.2), and the results were expressed as means + standard deviation. The
statistical difference and pairwise comparison between mean values were evaluated
by one-way ANOVA using Tukey test at the 95% confidence level (o= 0.05) in SPSS

21.0 (IBM SPSS Statistics, New York, NY, USA).
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3.3 Results and Discussion

3.3.1  Experimental Design and Statistical Model

The initial concentrations of primary components in RBAO, namely
glycerides, FFAs, and y-oryzanol, were determined prior to the enzymatic hydrolysis
of RBAO. As summarized in Table 6, FFAs and glycerides were the most abundant
with the content of 398.1 and 228.7 mg per g RBAO, or around 40 and 23 wt%,
which were within their previously reported content; 40-80% and 20-50%,
respectively (Ghosh & Bhattacharyya, 1995). A relatively high amount of y-oryzanol,
89.8 mg per g RBAO (ca. 9 wt%) was observed in the herein used RBAO, compared
to that in RBAO reported in the study by (Wongwaiwech et al., 2019) with 38.3 mg
per g RBAO. The content of these components can be variable depending on the
process conditions used in the deacidification step during chemical refining (A. G. G.
Krishna et al., 2001). . Prior to the optimization study, OFAT experiments were
carried out to investigate the effects of various process variables on glycerides
removal and y-oryzanol loss. Here, time, temperature, and water:RBAO ratio were

found to be the most significant (Figure 9 - 13).
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Figure 9: Glycerides removal and y-oryzanol loss using different reaction times at
40°C, 300 rpm, 10% lipase loading, and 3:1 water:RBAO ratio (n=3). Glycerides

removal was significantly different (p = 1.48 x 10-6) but y-oryzanol loss was not (p =

0.10)
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Figure 10: Glycerides removal and y- oryzanol loss using different temperatures at

300 rpm, 3:1 water:RBAO ratio, 10% lipase loading, and 24 h reaction time (n=3).



There was significant difference in Glycerides removal (p = 2.07x1077) and y-

oryzanol loss (p = 1.42x107)
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Figure 11: Glycerides removal and y-oryzanol loss using different water:RBAO

50

ratios at 40°C, 300 rpm, 10% lipase loading, and 24 h (n=3). There was significant

difference in Glycerides removal (p = 5.37 x 10-5) and y-oryzanol loss (p = 0.001)
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Figure 12: Glycerides removal and y- oryzanol loss using different values of lipase

loading at 40°C, 300 rpm, 3:1 water:RBAO ratio, and 24 h (n=3). Glycerides

removal (p = 0.003) was significantly different while y-oryzanol loss was not (p =

0.666)
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Figure 13: Glycerides removal and y- oryzanol loss at different speeds at 40°C, 3:1

water:RBAO ratio, 10% lipase loading, and 24 h (n=3). Glycerides removal was

significantly different (p = 0.003) while y-oryzanol loss was not (p = 0.097)

These parameters were therefore chosen as the design variables for the

subsequent CCRD. The total of 19 CCRD experiments in Tabl 6 were carried out to

evaluate the effects of the three variables: time, temperature, and water:RBAO ratio

on multiple responses, namely glycerides removal, y-oryzanol loss, and FFASs

production. The results in Table 6 reveal that, at certain hydrolysis conditions (i.e.

using 50 °C and 24 h for any water:RBAO ratios), nearly complete glycerides

removal (> 99%) was achieved. The results were in good agreement with those

presented in (Ghosh & Bhattacharyya, 1995), which primarily aimed to convert

glycerides into either FFAs or alcohol esters through enzymatic reactions. More

specifically, >95% of glycerides could be hydrolyzed using Candida cylindracea
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lipase at 35 °C for 48 h. Nonetheless, the effects of the reaction on y-oryzanol loss and
FFAs production were not revealed in their study (Ghosh & Bhattacharyya, 1995).
Our results demonstrated that at the conditions employed, the y-oryzanol loss ranged
from 15 to 41%, which could be a result of hydrolysis, as suggested by Andreas
Miller, Lina Majauskaite, and Engel (2004) who reported that y-oryzanol could
undergo hydrolysis in presence of certain mammalian lipases, €.g. porcine pancreas
(Andreas Miller et al., 2004). Although the A. Niger lipase had shown no y-oryzanol
loss in Miller et al.‘s study, our results showed that the enzyme could in deed
hydrolyze y-oryzanol under our albeit rather different applied conditions. As their
studied systems needed to serve as a model reaction proceeding in vivo, the
hydrolysis conditions resembled the condition of living cells (i.e. at 37 °C). Our study,
by contrast, was not limited to physiological conditions and so the higher
temperatures (up to 60 °C) and consequent higher lipase activity could lead to the

observed higher y-oryzanol loss.

Comparing the results in Table 6 with those obtained with other conventional
hydrolysis methods, the glycerides removal was much higher than those of acid-
catalyzed hydrolysis (Meedam et al., 2020), in which up to ca. 30% glyceride
conversion was resulted for the conditions studied (1-3 N H2SO4 , 70-100 °C, and
10-180 min). Base-catalyzed hydrolysis, however, yielded more favorable glycerides
conversion with shorter reaction times. For this reason, this method is commonly used
to remove glycerides from RBOS and RBAO prior to y-oryzanol recovery in various
works (Das et al., 1998; Kaewboonnum et al., 2010; Meedam et al., 2020). By
optimizing the reaction conditions, this loss could be minimized, as was suggested by

Meedam et al. (2020) that, at the best base hydrolyzed condition (2.5 N NaOH, 90 °C,
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and 5-10 min), complete glycerides conversion could be achieved with only 35% y-

oryzanol loss.

Table 6: Actual and coded values of independent variables for face centered CCRD
and corresponding experimental results of responses.

Independent variables Responses
(coded values with parenthesis)
Run* Time Temperature Water to Glycerides  y-oryzanol FFAs
(hr), X1 (°C), X2 RBAO ratio removal loss (%), Y2 produced
(9/9), Xs (%), Y1 (%), Y3
1 12(-1) 60(+1) 5(+1) 41.80 17.88 38.21
2 12(-1) 40(-1) 1(-1) 78.47 25.65 19.43
3 36(+1) 40(-1) 5(+1) 92.83 35.04 80.43
4 24(0) 50(0) 3(0) 99.22 35.43 89.5
5 36(+1) 60(+1) 1(-1) 87.93 24.85 45.43
6 12(-1) 60(+1) 1(-1) 63.32 15.08 31.28
7 24(0) 50(0) 3(0) 98.22 36.17 87.02
8 36(+1) 60(+1) 5(+1) 64.54 29.41 58.13
9 12(-1) 40(-1) 5(+1) 76.03 28.45 53.92
10 36(+1) 40(-1) 1(-1) 93.37 32.134 94.74
11 36(+1) 50(0) 3(0) 100 35.15 86.98
12 24(0) 60(+1) 3(0) 62.58 17.75 435
13 24(0) 40(-1) 3(0) 88.30 39.92 65.45
14 12(-1) 50(0) 3(0) 90.81 27.88 78.34
15 24(0) 50(0) 1(-1) 97.31 30.74 78.95
16 24(0) 50(0) 3(0) 99.89 41.02 81.41
17 24(0) 50(0) 3(0) 97.66 38.2 88.25
18 24(0) 50(0) 3(0) 99.41 41.11 82.42
19 24(0) 50(0) 5(+1) 98.75 39.70 73.12

*All runs were performed using 10% lipase loading and speed of 300 rpm

Presented also in Table 7 is the FFAs production obtained at various

enzymatic hydrolysis conditions. Since in the enzymatic hydrolysis of glycerides,

water attacks glycerides-lipase intermediates to produce FFAs and glycerol (Vaysse,

Ly, Moulin, & Dubreucq, 2002), there expected to be positive correlations between

the levels of glycerides removal and FFAs production. Overall, at most of the
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experimental conditions favorable for high glycerides removal, high amounts of FFAs
were produced (between 73 and 89%). Nonetheless, at certain runs, especially at low
water:RBAO ratio (1:1), the FFAs production was observed to be relatively low
despite high glycerides removal. This could be due to the low amount of water that
glycerides in the intermediates would not readily be converted to FFAs. With base-
catalyzed hydrolysis, on the other hand, FFAs originally present in the RBAO were
depleted as they reacted with the base catalyst to form soap. Although soap can be
readily separated, FFAs are more valuable, as they are important precursors of a
significant number of high-value products, including coatings, adhesives, surfactants,
pharmaceuticals, and biofuels. This is an additional reason, other than the
environmental concern, that the enzymatic hydrolysis would be more advantageous
method for glycerides removal from RBAO. The produced FFAs can further be
separated from y-oryzanol in the reaction product relatively easily via liquid-liquid
extraction using deep eutectic solvents (Norjannah et al., 2016; Zullaikah, Wibowo,
Wahyudi, & Rachimoellah, 2019) or semi-preparative chromatography (Anjinta et al.,
2023).

To quantitatively evaluate the effects of enzymatic hydrolysis variables on the
responses, the experimental data (Table 6) were fitted with the coded quadratic
polynomial equation (Eg. (4)) through multiple regression. The intercept, linear
(direct), interaction, quadratic coefficients of the resulting equations, and their
associated p-values are summarized in Table 7. The effects of the different variables
in RBAO enzymatic hydrolysis on the responses could also be analyzed considering
the surface plots of the obtained quadratic equations (Figure 14). Increasing

hydrolysis time was found to increase glycerides removal, FFAs production, and v-



56

oryzanol loss (Figure. 14a, c, and d), largely in agreement with the statistical analysis
(Table 7) showing the significant positive effect on all the responses (X1, p < 0.05) of

prolonged reaction time.

The responses to temperature, on the other hand, exhibited a convex response
surface (Figure 14a-d) in which the highest levels of glycerides removal, y-oryzanol
loss, and FFAs production were observed within the temperature range studied (40—
60°C), and the temperature between 45 and 50°C was where complete glycerides
removal could be achieved. This is indicated by the significant negative direct effect
of temperature (X2) and its significant negative quadratic effect (X2?), on all the
responses (p < 0.05). In a typical catalytic hydrolysis, the rate of reaction generally
increases as the temperature increases. Nevertheless, this was the case only between
ca. 40-50°C, beyond which all responses decreased. This peaking is likely due to
enzyme denaturation at higher temperatures (Laidler & Peterman, 1979), similar
lipase behavior has been described by Linfield, Barauskas, Sivieri, Serota, and Sr
(1984) and is also supported by the A. niger lipase manufacturer's specification,

which claims 55 °C to afford the maximum hydrolytic activity.

For the effect of water:RBAO ratio, it would be expected that the rate of
RBAO hydrolysis would increase with water content, as lipase would in general be
activated at the water-oil interface (R. Sharma et al., 2013). The results in Table 7, on
the ot.her hand, reveal a significant negative direct effect of water:RBAO ratio (X3 )
and a significant negative interacting effect between temperature and water:RBAO
ratio (X2X3 ) on glycerides removal (p < 0.05). In other words, higher water:RBAO

ratios are less effective for glycerides removal, particularly at higher temperatures.
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This drop-off could be attributed to the competitive binding between water and lipase
with the glycerides substrate in presence of excess water (Phuah et al., 2012; A.
Sharma et al., 2013), which limited accessibility of the active sites by the glycerides
substrate (Chew et al., 2008). The range of conditions that causes this negative effect
on glycerides conversion has been reported to vary depending on the type of lipase
employed (T. A. V. Nguyen et al., 2018). In addition, with the negative effect of

temperature, the decrease in the hydrolysis rate is further substantiated.

Table 7: Regression coefficients of fitted coded second-order polynomials and their
associated p-values from the two-tailed t-test?

Variables Effects®
(p-value)
Y1 Y2 Y3
Intercept 98.81 37.24 86.85
(>0.0001) (>0.0001) (>0.0001)

X1 8.82 4.16 14.45
(0.0004) (0.021) (0.001)

X -10.88 -5.62 -9.74
(<0.0001) (0.005) (0.008)

X3 -4.65 2.20 3.40
(0.012) (0.160) (0.241)

X1Xz 1.96 1.03 -8.47
(0.244) (0.533) (0.024)

X1X3 0.004 0.23 -5.38
(0.998) (0.886) (0.113)

XoX3 -5.24 0.21 -0.067
(0.0113) (0.899) (0.982)

X2 -2.37 -4.20 -0.39
(0.415) (0.176) (0.943)

X,? -22.33 -6.88 -28.57
(<0.0001) (0.043) (0.001)

e 0.26 -0.49 -7.01
(0.927) (0.864) (0.225)

aCorresponding t-values from the two-tailed Student’s t-test
®Bold numbers indicate significant effects (p<0.05)
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Glyceride removal (%)
Glyceride removal (%)

v-oryzanol loss (%)
FF A production (%)

Figure 14: Response surfaces for: (a and b) effects on glycerides removal at
water:RBAO = 3:1 and time = 24 h, respectively; (c¢) effect on y-oryzanol loss at

water:RBAO = 3:1; (d) effects on FFAs production at water:RBAO = 3:1.

For the ANOVA of the statistical models, the adequacy of the developed
coded models was first checked considering the plots of residuals versus normal
probability, model predictions, and run numbers for each response (Figure 15 - 17). It
is evident from these results that the residuals from all the equations were found

randomly distributed with constant variance, independent from one another, and were
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normally distributed. These observations collectively suggest that the assumption
required for the statistical analysis was met. Based on the f-test ANOVA with 95%
confidence level (Table 8), the coded quadratic equations were suggested (not aliased)
to fit the experimental data. The models were found to be significant (regression, p <
0.05), and the “lack of fit” insignificant (p > 0.05), while the R? and the adjusted R?
were close to unity, suggesting that the equations describe the experimental data
adequately. The “adequate precision”, representing the ratio of the predicted value at
the design points to the average prediction error (signal-to-noise ratios) for all models
was greater than 4, indicating that the equations can be used to guide the design space.
However, for each model, the predicted R?> was considerably less than their
corresponding adjusted R? (the difference being greater than +20%), suggesting that
the equations contain too many insignificant terms, thus requiring further model

reduction.
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Table 8: Analysis of variance (ANOVA) of quadratic coded equations before model
reduction: Glycerides removal (Y1), y-oryzanol loss (Y2), and FFAs production (Y3).

Factors Sum of squared (Degree of Mean square p-values
freedom) (f-values)
Y1 Y2 Ys Y1 Y2 Ys Y1 Y2 Ys ,
Regression 4128.1 832.3 71853 458.7 925 798.4 0.0002 0.0268 0.0021
9) 9) €)] (24.22) (4.7) (11.32)
Residual 132.6 137.8 4936 18.9 19.7 705
(7 (7 (7
= Lack of fit 129.8 132.3  466.3 26.0 265 933 0.0512 0.0964 0.1324
(5) (5) (5) (18.84) (9.67) (6.84)
= Pure error 2.76 5.48 27.3 1.4 2.7 13.6
) 2) 2)
Total 5084.9 1177.0 9098.7
R? 0.969 0.858  0.936
Adjusted 0.929 0.675  0.853
RZ
Predicted 0.318 -1.312 -0.385
RZ
Adeq 17.65 7.36 10.8
Precision

3.3.2 Model Reduction

Prior to the optimization, model reduction was applied to the equations using a

backward stepwise selection in the Design-Expert software, in which the least

significant variables (or terms) were removed sequentially from the original coded

quadratic equations based on their corresponding p-values. By varying a p-value used

as the criteria to exclude the terms, it turned out that the p > 0.1 criterion reasonably

improved the goodness-of-fit and the predictive capability of the equations. The final

reduced equations describing the relationships between the coded variables (X1, X2,

and X3 ) and the three responses (Y1, Y2, and Y3 ) are summarized in Egs. (9)- (11):
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Glycerides removal (%),

Y1 = 98.00+8.82X,-10.88X,-4.65X3-5.24X,X;-23.10X,> 9)

y-oryzanol loss (%),

Y2 =37.10+4.16X;-5.62X,+2.20X5-4.33X>-7.01X,,° (10)

FFAs production (%),
Y3 =84.00+14.45X,-9.74X,+3.40X;-8.47X; X,-5.38X X3-31.28X,> (11)

Following model reduction, the assumption required for the statistical analysis
was still met and all the equations remained significant (regression, p < 0.05) with
their insignificant “lack of fit” (p > 0.05) (Table 9). The R? and the adjusted R? values
were all still relatively close to unity, while the adequate precision values were all still
larger than 4; but the values for the predicted R? were all improved. These suggested
that the goodness of fit and predictability of the reduced models were improved. The
equation for glycerides removal showed the highest predicted R? (0.850) and was the
closest to the adjusted R? values (0.939). The reduced equation for glycerides removal
(Eq. (9)) therefore would be expected to give more accurate predictions than those for
y-oryzanol loss (Eqg. (10)) and FFAs production (Eq. (11)), where the predicted R?
were quite small (0.516 and 0.638, respectively) and considerably lower than their
corresponding adjusted R? (0.779 and 0.868, respectively). This was supported by the
coefficient of variance of the glycerides removal model (4.68%), which was smaller
than the permissible upper standard limit of 10%, ensuring the reproducibility of the

model (Lim et al., 2016)
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Table 9: Analysis of variance (ANOVA) of final reduced coded quadratic polynomial

equations
Factors Sum of squares Mean square p-values
(DF°) (f-values)
Y1 Y2 Y3 Y1 Y2 Ys Y1 Y2 Ys
Regression 40829 8225 70465 816. 1645 11744 <0.0001 0.0003 <0.0001
(5) (5) (6) 6 (50.53) (12.25) (18.57)
Residual 177.8 1477 632.3 162 134 63.2
(11) (11) (10)
= Lack 175.0 1422 605.1 195 158 75.6 0.0679 0.1564 0.1616
of fit (9) 9) (8) (14.12)  (5.77) (5.55)
=  Pure 2.76 5.48 27.3 14 2.7 13.6
error (2) (2) (2)
Total 5084.9 1177.0 9098.7
R? 0.958 0.848 0.918
Adjusted R 0939  0.779 0.868
Predicted R> 0.850 0516  0.638
Adeq 23.33 10.658 12.86
Precision

3.3.3 Optimization of Enzymatic Hydrolysis Conditions and Experimental

Validation

3.3.3.1 Optimization by Desirability Analysis

To find the optimal range of conditions, a desirability analysis was performed

on the reduced equations with the constraints of maximizing glycerides removal and

maintaining the y-oryzanol loss below 35%. The results suggest that the highest

overall desirability of 1.00 could be obtained at various conditions. For example, as

shown by the 3D desirability plot in Fig. 18a, for the water:RBAO ratio of 1:1, the

hydrolysis times in the range of 20-36 h and temperatures between 47 and 53 °C were

identified to give the optimal results, satisfying the desired constraints on glycerides
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removal (Y1) and y-oryzanol loss (Y2). It could be seen from the optimal results that,
for the reaction to satisfy the constraints, when using low temperatures between 47
and 49 °C, relatively short reactions of 22-24 h were required, while longer reaction
times up to 36 h would be needed with higher temperatures. This followed the
observed effects of time and temperature on the enzymatic reaction as above
discussed in Section 3.3. The patterned areas (area 1 and area 2) in the corresponding
overlay plot of the glycerides removal and the y-oryzanol loss at the water:RBAO
ratio of 1:1 in Fig. 18b represents the location of reaction conditions that
simultaneously satisfies the desired constraints of complete glycerides removal
(G:100) and <35% vy-oryzanol loss (0:35). In other words, the regions of optimal
conditions are bounded by the contour lines G:100 and 0:35. On account of our
combined results, the test hydrolysis conditions selected for our validation
experiments were: 1:1 water:RBAO ratio, a relatively short reaction time (22 h) and

low temperature (48.5 °C).
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Figure 18: . Location of optimal hydrolysis time and temperature at 1:1 water:RBAO
ratio from desirability analysis; (a) contour plot of desirability, D, and (b) overlay plot
of glycerides removal, G, and y-oryzanol loss, O; Patterned areas are locations of

optimal conditions.

3.3.3.2  Validation Experiments

At the selected optimal condition of 22 h, 48.5 °C, and 1:1 water:RBAO ratio,
the predicted responses were compared with the experimental data obtained from
enzymatic hydrolysis carried out at small (2 g of RBAO, 1x) and large (20 g of
RBAO, 10x) scales. The model-predicted responses of glycerides removal, y-oryzanol
loss, and FFAs production based on Egs. (9)—(11) were 101.40%, 34.82%, and
77.96%, respectively (Figure 19). The corresponding responses from the 1x-scale

experiment were 98.82%, 31.13%, and 73.23%, and those from the 10x-scale
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experiment 98.52%, 40.29%, and 75.01%, respectively, which gave the final
concentrations of glycerides, y-oryzanol, and FFAs in the hydrolyzed product of
around 2.7-3.4, 53.6-61.8, and 689.7-696.8 mg per g RBAO, respectively. For each
response, there appeared to be no significant difference (p < 0.05) between the results
experimentally obtained at both scales by oneway ANOVA with post-hoc Tukey test,
suggesting the reaction was reproducible even at larger scales. Furthermore, it
suggested that all the experimental data fell within the 95% prediction interval,
confirming the validity of the model prediction (as summarized in Table 10). Despite
the relatively low values of predicted R? of Eqgs. (10) and (11) for y-oryzanol loss and
FFAs production, compared with that of Eq. (9), the results here confirmed that all the
equations gave reasonably accurate predictions of experimental responses for the

enzymatic hydrolysis of RBAO.

Table 10: 95% prediction interval (PI) of the selected condition

Response Predicted Standard 95% 95%  Experimental Experimental
Mean error Pl Pl data of 2g data of 20g

low high RBAO:n=5 RBAO:n=3

Glycerides 101.40 2.74 95.28 107.33 98.82 98.52

removal (%)

v-oryzanol 34.82 2.65 31.12 4112 31.13 40.29

loss (%0)

FFAs 77.96 5.42 73.23  90.12 73.23 75.01

production

(%)
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Figure 19: Glycerides removal (%), y-oryzanol loss (%), and FFAs production (%)
from model predictions & ), experimental results of enzymatic hydrolysis using the
same method as in CCRD (&, n=5), and enzymatic hydrolysis using 10-fold increase
in RBAO (g, n=3) at selected optimal condition (22 h, 48.5°C, and 1:1 water:RBAO
ratio). * indicates no statistical difference in each response. * indicates no statistical

difference.

3.4 Conclusions

Enzymatic hydrolysis was demonstrated to be an effective and greener
alternative to the conventional base-catalyzed hydrolysis for glycerides removal in
RBAO, prior to subsequent recovery of y-oryzanol. Here, the effects of three main

variables, namely time, temperature, and water:RBAO ratio, on the degrees of
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glycerides removal, y-oryzanol loss, and FFAs production were revealed through
RSM. Based on the statistical models for these responses, optimal variable levels: 20—
36 h and 47-53 °C at 1:1 water:RBAO ratio, were found to give complete glycerides
removal with y-oryzanol loss below 35%. At the selected optimal condition of 22 h,
48.5 °C, and 1:1 water:RBAO ratio, the predicted and experimental enzymatic
hydrolysis results agreed, confirming the predictability of the models, and yielded
nearly complete glycerides removal (99%), with relatively small y-oryzanol loss (ca.
30-35%). To further improve the y-oryzanol retention in the hydrolyzed product,
further research is underway to search for the most suitable enzymes with higher

reaction selectivity.
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Abstracts

This paper investigates glycerol removal via the esterification/ transesterification
process from rice bran acid oil (RBAO) and y-oryzanol recovery from biodiesel
(FAEE) produced from RBAO. FAEE was synthesized in a biocatalyst using free
lipase during the esterification/transesterification reaction. In this study, lipase from
Aspergillus Niger was employed for biodiesel production RBAO. The optimal
conditions for processing 2g RBOA: 40°C, 3:1 and 5:1 mol ratio of ethanol to
RBAO,10% of lipase loading,200 rpm, and 18 and 24 h reaction time., respectively.
At optimal conditions, 100% glycerides removal could be achieved. Five process
variables, namely ethanol to RBAO ratio, temperature, time of reaction, lipase
loading, and speed were investigated. Throughout the whole range of process
variables, the extraction efficiency was relatively high. After the extraction,
glycerides removal content was higher than the limit for all samples, but the y-
oryzanol remaining content was within the range comply with the hydrolysis method.
The selected extraction solvent has proved to be efficient for y-oryzanol extraction in
the range of conditions, but further process modifications and FAEE production will
be needed to reduce the content of glycerides. This shows that the Aspergillus Niger
lipase in esterification/transesterification is a potential environmentally friendly

biocatalyst for the biodiesel industry before the y-oryzanol extraction.
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4.1 Introduction

Simultaneous esterification/transesterification is a well-known method for fuel
production from oils with high free fatty acid (FFAs) content, in which
FFAs/glycerides in the oils are reacted with a short-chain alcohol to form fatty acid
alkyl esters, or biodiesel (Demirbas, 2006). The most commonly utilized alcohols for
this purpose include methanol and ethanol, which produce fatty acid methyl esters
(FAME) and fatty acid ethyl esters (FAEE), respectively (Musa, 2016). These
reactions can be catalyzed by an acid (H2SOs and HCI) (Thein, Jindal, Jindal, &
Yoswathana, 2019; Yasmin, Zullaikah, Permatasari, Marita, & Rachimoellah, 2019),
a base (NaOH, KOH, CH30ONa, and CH3O0K) (Sales, 2011; Yusup & Khan, 2010),
heterogeneous (La20s3, SrO, BaO KNO3z, KF, Ca0O, CaCOs) (Borges & Diaz, 2012;
Bressani, Garcia, Hirata, & Mendes, 2015), or even without a catalyst (subcritical
/supercritical conditions (Chen, Chen, Chang, Lai, & Tu, 2010; Novy Srihartati
Kasim, Tsai, Gunawan, & Ju, 2009). Alternatively, esterification/transesterification
can be catalysed by the lipase enzyme, which has several advantages over the
physicochemical methods including high specificity and selectivity toward substates,
as well as the ability to operate under mild conditions (Haar, Stabler, Wichmann, &
Schweiggert-Weisz, 2015; S. H. Krishna & Karanth, 2002; C.-C. Lai, Zullaikah, Vali,

& Ju, 2005; Sendzikiene, Santaraite, & Makareviciene, 2020).

Biodiesel offers advantages over traditional fossil fuels, including renewability
biodegradability, non-toxic, low emissions of smoke and hydrocarbon, and marginal

effects on engine durability/carbon deposits (Arya, Rout, & Samanta, 2022). The raw



74

material that is utilized in the production of biodiesel may vary, however FFAs-rich
oils which are agricultural/industrial byproducts/wastes are the most cost-effective
options. Rice bran acid oil (RBAO) is the promising biodiesel raw material since it is
the low-cost byproduct from the rice bran oil (RBO) refinery and is rich with FFAs
(46wt%) and glycerides (37wt%). During the neutralization process, rice bran oil
soapstock (RBOS) being produced and then is acidulated with H.SO4 to form RBAO
(Wongwaiwech et al., 2019). Several studies have been carried out on the production
of biodiesel from RBO (J.-S. Choi et al.,, 2015; Gunawan, Maulana, Anwar, &
Widjaja, 2011; Ju & Vali, 2005; Lin, Ying, Chaitep, & Vittayapadung, 2009; Yasmin
et al., 2019) and RBAO (N. Choi et al., 2016; Lopez et al., 2015; S., Aparna, &
Baskaran, 2019; Sombutsuwan et al., 2018) by employing acid-catalyzed and
enzymatic esterification/transesterification processes. Andrade, Martin, Errico, and
Christensen (2019)focused their attention on contrasting the effectiveness of two
manufacturing methods: acid-catalyzed processes and enzymatic reactions of
transesterification of castor oil and resulting that both approaches were successful in
producing high conversion rates; however, the enzymatic process resulted in a

biodiesel of superior quality that included far less acid and water.

Besides FFAs and glycerides, RBAO contains a large amount of y-oryzanol (9
wt%). y-oryzanol is a mixture of esters of sterols and ferulic acid and it is gaining
popularity (Kaewboonnum et al., 2010; Wongwaiwech et al., 2019) since it has a
number of health benefits, including lowering cholesterol and high antioxidant
activity. It is thus used as a sunscreen agent, an antioxidant, and a preservative in
cosmetics and food preparations (Berger et al., 2005; Heidtmann-Bemvenuti, Nora, &

Badiale-Furlong, 2012; Lemus, Angelis, Halabalaki, & Skaltsounis, 2014; Oryza Oil
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& Fat Chemical Co., 2012). Separating y-oryzanol from RBAO typically involves
initial removal of glycerides in the raw material, which are considered as the main
impurities complicating the subsequent separation steps due to their similar physical

properties (Narayan et al., 2006).

Several studies investigated glycerides removal via
esterification/transesterification as a pretreatment step in which FFAs/glycerides are
converted into biodiesel. Sombutsuwan et al. (2018) employed acid-catalyzed
reactions to convert FFAs/glycerides to FAEE and employed acid-base extraction to
recover y-oryzanol. They however did not report the amount of y-oryzanol remaining
after the reactions. With the advantages of the enzymatic method, the application of
enzymatic esterification/transesterification with glycerides removal in RBAO would
help improve subsequent y-oryzanol recovery, and to the best of our knowledge, has

not been reported before.

In this study, enzymatic simutanous esterification/transesterification followed
by acid-base extraction was applied with RBAO for initial glycerides removal, and
subsequent y-oryzanol recovery. Here, the reactions were catalyzed by Aspergillus
niger lipase, and suitable reaction conditions for the reactions and the extraction were
determined. To achieved this, effects of reaction conditions: ethanol:RBAO molar
ratio, temperature, reaction time, lipase loading, and agitation speed, and effects of
ethanolic NaOH concentration, were evaluated on degrees of glycerides removal, y-
oryzanol loss, biodiesel content, and FFAs production, and degrees of y-oryzanol

recovery, respectively. The contribution of this work offers new source of raw
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materials for biodiesel production with greener approaches and a value added to the

rice industry.

4.2 Materials and Methods

4.2.1 Materials and Chemicals

Rice bran acid oil (RBAO), with its composition as shown in Table 11, were
obtained from Thai Edible Oil Co., Ltd Samutprakarn, Thailand. RBO (Thai Edible
Oil Co., Ltd, Thailand), y-oryzanol (CAS No. 11042-64-1, Wako Pure Chemical,
Japan), oleic acid (CAS No. 112-80-1, Sigma-Aldrich, Singapore), and fatty acid
ethyl esters (FAEEs, Cat. No. 49454-U, Sigma-Aldrich, Singapore) were used as
standards for glycerides, y-oryzanol, FFAs, and biodiesel, respectively. All solvents
used in this study, including ethyl acetate (CAS No. 057-03371, Sigma-Aldrich,
Singapore) methanol (CAS No. 67-56-1, Fisher Scientific, Belgium), isopropanol
(CAS No. 67-63-0, Loba Chemie Pvt Ltd, India), ethanol (CAS No. 64-17-5, Qrec,
New Zealand), and hexane (CAS No. 110-54-3, Qrec, New Zealand) were of
analytical grade. Aspergillus Niger lipase (E.C. 3.1.1.3) was purchased from Sinobios
Imp. & Exp. Co. Ltd, Shanghai, China was of industrial grade with the activity of
10,000 U/g, in which 1 U is defined as 1 umol FFAs per min being liberated from

triglycerides using 1 g of lipase at pH 7.0 and 40°C.
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Table 11: Composition of RBAO

Components Amount (%owt)
FFAs 46
Glycerides 36.15
y-oryzanol 9.53
Tocopherols 1.32
Moisture content 1.37

4.2.2  Enzymatic esterification/transesterification of RBAO

Enzymatic esterification/transesterification of RBAO was herein used to
primarily remove glycerides before subsequent y-oryzanol extraction. Effects of
reaction conditions on glycerides, FFAs, biodiesel, and y-oryzanol were investigated
according to the studied ranges as summarized in Table 12, in which each condition

effect was studied in the order and suitable levels of each condition were accordingly

suggested.
Table 12: Reaction conditions and their studied ranges
Order Reaction variable Studied range
1 Ethanol: RBAO molar ratio 1:1-9:1
2 Temperature 30 -60°C
3 Reaction time 1.5-30hr
4 Lipase loading 5 —15 wt% of RBAO
5 Speed 200 — 400 rpm

The method for enzymatic esterification/transesterification of RBAO was
modified from those described in (Erika C. G. Aguieiras, Cavalcanti-Oliveira, Castro,
Langone, & Freire, 2017; N. Choi et al., 2016). Briefly, RBAO was mixed with
ethanol at a specified molar ratio (wt/wt) and lipase loading (wt% of RBAO), the

mixture was heated in a water bath under a specified speed with a 4cm magnetic bar
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to a reaction temperature. After the reaction was allowed at the specified time, the
mixture was separated from lipase from the crude biodiesel using a centrifuge at 4500
rpm for 10 minutes. Then, the top layer is collected and washed with water to remove
the excess ethanol and glycerol since both of it dissolved in water. The biodiesel is
then analyzed to determine the contents of glycerides, y-oryzanol, FFAs, and FAEE.
The average molecular weight of RBAO was calculated as follows (Equation 12)
where Mn: Average molecular weight, Mi: Molecular weight of fatty acids, and Ni:
Number of moles of fatty acids, and the molar ratio of RBAO to ethanol was

calculated based on 2 g total weight.

_ Y(Mi x Ni)
- Ni

Mn (12)

4.2.3  Extraction of y-oryzanol

The y-oryzanol was extracted from crude FAEE through the acid-base
extraction method, which was carried out by modified method from Sombutsuwan et
al. (2018). Briefly, one gram of crude FAEE was placed in a 50-mL Erlenmeyer flask.
Then, hexane was added and followed by a solution of agueous ethanolic NaOH (4ml)

at different molarity (1.0M — 4.0M) with 75.91% (v/v) Ethanol in water and 20.59 %

hexane in the total volume of hexane and aqueous ethanol (hexane + ethanol = 100
mL). Then, the mixture was stirred for 1 min and after that, it was transferred to a
centrifuge tube and centrifuged at 4500rpm for 10 min and produce 2 layers, the top

layer is FAEE in hexane solution and the bottom is aqueous ethanolic NaOH solution
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(pH 14). The top layer is removed, and the lower phase was washed once with hexane
to remove the remaining crude FAEE and then adjusted the solution to pH 7 with
glacial acetic acid. 20 ul of the neutralized of aqueous ethanolic NaOH is diluted with
3ml of ethyl acetate and filtered using 0.45 pum before analysis using HPLC ELSD on

the amount of y-oryzanol.

4.2.4  Quantification of glycerides, y-oryzanol, and FFAS

Contents of glycerides, y-oryzanol, and FFAs in the sample were quantified
using HPLC ELSD using the method modified from Kaewboonnum et al. (2010). 20
ul of the collected biodiesel phase was dissolved in 3 ml ethyl acetate, and then
filtered using a 0.45 pum syringe filter. The HPLC apparatus consisted of a pump
(Waters ELSD 2695, USA), and was equipped with an evaporative light scattering
detector (ELSD, SEDEX 80, USA). The detector condition was set at the tube
temperature of 50°C, and nitrogen gas flow rate of 0.3 L/min, and the impactor was
turned off. The analysis was carried out at room temperature in which 5 ul of the
sample solution was injected into a Sunfire C18, 100 mm x 4.60 mm x 3.5 pm L.D.
column. The mobile phase consisted of methanol and isopropanol at the ratio of 60:40
v/v, and the flow rate was controlled at 0.5 ml/min. Here, the standard calibration
curves were constructed using oleic acid (FFAs), RBO (glycerides), and standard -
oryzanol. The analyses were performed in triplicate and the standard deviation was
less than 5%. The degrees of glyceride removal, y-oryzanol loss, and FFAs remaining

(wt%) were calculated as in the following equation 13- 15.
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Glycerides removal (%) =
Initial amount of glycerides - Amount glycerides remaining after hydrolysis

X 100 (13)

Initial amount of glycerides

y-oryzanol loss (%) =

initial amount of y-oryzanol - amount of y-oryzanol remaining after hydrolysis

- X 100 (14)
initial amount of y-oryzanol
FFAs remaining (%)=
Initial amount of FFAs- Amount of FFAs after hydrolysis
Y % 100% (15)

Initial amount of FFAs

4.2.5  Quantification of biodiesel

20 pl of samples of biodiesel corresponding to the different reaction conditions
are dissolved in 3 mL of hexane, filtered using 0.45 pm, and analyzed using gas
chromatograph Model Agilent 122-7032 (Agilent Tech, USA) equipped with a DB-
Wax column (30 mx0.25 mm x 2.5 um i.d) modified method from (D.Surendhiran &
M.Vijay, 2014). Samples were injected in a split mode (50:1 split ratio) at an oven
temperature of 60°C with an injection volume of 1ul. The oven temperature program
consisted of an initial hold at 60°C for 0 min, ramping to 70°C and then to 230°C with
a final hold for 8min. The injector was kept at 230°C, the flow rate of carrier gas was
1 mL/ min, and the ionization energy was 70 eV. MS conditions were: ion source
temperature 200 0 C, interface temperature 240 0 C, scan range-40-1000m/z, solvent
cut time-5 min, MS start time-4min, end time-27min and ionization-EI (70eV).

Biodiesel was quantified by using an Fatty Acid Ethyl Ester (FAEE) mixture standard
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(Sigma—Aldrich, Singapore) and analysis is conducted at Mahidol University, Salaya.

The FAEE produced (wt%) was calculated as in the following equation 16.

FAEE produced (%)=

Weight of FAEEs in crude FAEE
Weight of FFAs+Glyceridesty-oryzanol+FAEEs in biodiesel phase

100 (16)

4.2.6  Statistical Analysis

All experiments were performed in triplication and the data presented were
mean values. The variations were presented as standard deviation and Microsoft Excel
software was used for the analyses. Analysis of variance (ANOVA) using SPSS
Version 21 and Tukey’s test was used to compare between mean values at a

significant level p<0.05.

4.3 Results and Discussions

In the following subsections, to find suitable levels of reaction variables in the
enzymatic esterification/transesterification of RBAO to obtain optimum yield of the
desired output; complete glycerides removal while keeping y-oryzanol loss to a
minimum, their effects on the contents of glycerides, y-oryzanol, biodiesel and FFAs
are discussed. The variables included ethanol to RBAO molar ratio, temperature,
reaction time, lipase loading, and speed of the biocatalyst during the esterification

transesterification reaction. Normally, methanol, butanol, ethanol were used as alkyl
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acceptor in the reactions, however ethanol was suggested more suitable when dealing
with the enzymatic reactions (N. Choi et al., 2016). . In addition, ethanol is renewable

since it can be produced from agriculture waste.

43.1 Effect of Ethanol to RBAO Molar Ratio

This study evaluated the effect of the molar ratio of ethanol to RBAO molar
ratio on the of glycerides removal, y-oryzanol loss, FAEE production and FFAS
remaining (Figure 20) and indicates that glycerides were maximally removed by 3:1
and 5:1, with almost 100% removal. The reason for this is due to the stoichiometric
reaction between ethanol and glycerides, in which three moles of ethanol are needed
to produce one mole of biodiesel. Therefore, the higher the molar ratio of alcohol to

oil, the faster the reaction.

Musa (2016) mentioned that the stoichiometric molar ratio of alcohol to oil for
the transesterification is 3:1 and the reaction is reversible. To improve the miscibility
and promote better interaction between alcohol molecules and glycerides, higher
molar ratios are necessary. In contrast, excess alcohol as a substrate resulted in a
reduction in enzyme activity and yield. According to M. S. Antczak, A. Kubiak, T.
Antczak, and S. Bielecki (2009) increasing the molar excess of alcohol over fatty
acids in glycerides has been found to enhance transesterification yield. However, it is
important to note that this can also lead to enzyme inactivation, especially when the
alcohol is insoluble in the reaction mixture and forms an emulsion. The size of the

emulsion droplets depends on the intensity of stirring. Alcohol retards enzyme



83

activity, resulting in reduced lipase functionality and enzyme deactivation (Matassoli,
Corréa, Portilho, Veloso, & Langone, 2009; Shimada, Watanabe, Sugihara, &
Tominaga, 2002). Despite this, ethanol to oil ratios increased further resulting in less
esters being produced, and different types of lipases have varying optimal amounts of
ethanol for FAEE production, which may be due to ethanol's inhibitory effect on
lipase activity. This is consistent in our study that the glycerides removal starts to

decrease when increasing the molar ratio from 5:1 to 9:1.

Furthermore, comparable losses to glycerides removal were observed for y-
oryzanol, a component of rice bran oil, with the maximum loss at 47 % (3:1 molar
ratio), indicating the potential of reactions during the esterification/transesterification
process. The loss of y-oryzanol may occur as a result of the reaction with the presence
of acid in RBAO, which leads to the production of the main products, water and

glycerol (Andreas Miller et al., 2004)

In this investigation, 83 % of FAEE was produced, with the remaining % of
FFAs not reacting, which is consistent with the predicted stoichiometric reaction. The
3:1 and 5:1 molar ratio have been shown to be the most effective in removing all
glycerides. However, it is vital to emphasize the inhibitory impact of ethanol on lipase
activity and the need of carefully selecting the ideal ratio for efficient and effective
glycerides reduction. So, it was expected that reasons molars of ethanol / oil very high
oil would result in low yield. The results show that an increase in ethanol amount
when it was completely added at the beginning of the reaction leads to a decrease in
glycerides conversion. However, what was observed was a high yield of FFAs for the

7:1 and 9:1 molar ratio. This can be justified by the additions of ethanol in stages, that
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minimize the harm done by ethanol on the enzyme (Gomes et al., 2020). There was no
significant difference between the ethanol to RBAO ratio of 3:1 and 5:1 (p> 0.05, t-
test). Therefore, the ethanol to RBAO ratio of 3:1 and 5:1 was chosen in the following

experiments.

Several studies have reported different optimum molar ratios for similar
reaction systems, which were dependent on the type of lipase and substrate. Corr"ea et
al. (2011) studied the effect of methanol and ethanol to FFAs molar ratio during the
esterification of palm oil fatty acid distillate (PFAD) from 1:1 to 4:1 molar ratio
towards two type of lipases (Novozyme 435 and Lipozyme RM-IM) and showed that
different type of alcohol, give different performance. Danta et al. (2013) studied the
effect of alcohol: oil molar ratio on the canola oil transesterification reaction in
solvent-free  medium using free lipase from Thermomyces lanuginosus and
Burkholderia cepacia. Ghosh and Bhattacharyya (1995) esterified acid oils (coconut,
soybean, mustard, sunflower and rice bran) with different type of alcohols in 1:1
molar with 10% (by weight of the acid oils) of M. miehei lipase. Then the percent
conversion of acid oils into esters is directly related to the free fatty acid content and
neutral glycerides content of C8 - C18 alcohols. N. Choi et al. (2016) using RBAO
was mixed with ethanol at a molar ratio of 1:1 to 1:5 with 5% of lipase (wt. of RBAO)
at 300 rpm and 30°C. They evaluate the performance of 3 type of lipases (Novozym
435, Lipozyme RM IM, and Lipozyme TL IM) and indicated that a molar ratio of 1:5
(acid oil to ethanol) was optimum for the transesterification of the acid oil with
ethanol in the presence of the three different lipases. These results also consistent with
Yomi Watanabe, Nagao, et al. (2007) for the synthesis of biodiesel by the enzymatic

transesterification of rapeseed acid oil with methanol (1:1 to 1:10 molar ratio) at 30C,
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24 hr with 10% of immobilized C. antarctica lipase, produce biodiesel more

than78wt% when using 3—7.5 molar amounts of methanol.

[EEN

[0} o

o o
1 1

Percentage (%)
D
o

C
% d b
&8
40 A §
&
20 A %
Glycerides  y-Oryzanol loss FAEE produced FFAs remaining
removal
o1l 31 @ 51 7:1 m 9:1

Figure 20: Glycerides removal, y-oryzanol loss, FAEE produced, and FFAs
remaining at different RBAO to water ratio at 40°C, 200 rpm, 10% lipase loading, and
24hr (n=3), there was significant difference in glycerides removal (p = 6.79x1071?), y-

oryzanol loss (p = 7.29x10), FAEE produced (p = 1.79%10°), and FFAs remaining

(p = 5.31x109).

4.3.2  Effects of Temperature

Lipase is an enzyme that catalyses the esterification/transesterification of
glycerides, resulting in the formation of FAEE and free fatty acids (FFAs). However,
lipase features, notably the ideal temperature, can influence the efficacy of its action.

The temperature of the reaction is a significant factor as it affects both the enzymatic
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reaction rate and the amount of by-products generated. Temperature enhances the
speed and mobility of the enzyme and substrate, leading to increase enzyme activity
(M. S. e. Antczak, A. Kubiak, T. Antczak, & S. a. Bielecki, 2009). Consequently, this
has an impact on the efficacy of glyceride removal, y-oryzanol loss, FAEE production
and FFAs remaining. According to Figure 21 in this study, the maximum molar
conversion (100 %) was archieved at a reaction a reaction temperature of 30 to 50°C
for a 3:1 buffer ratio and 40°C for a 5:1 buffer ratio for RBAO. However, It has been
discovered that molar conversion decreases beyond a certain temperature due to
activity loss and denaturation. The study found a decrease in molar conversion after
50°C and 40°C of 3:1 and 5:1 ratio, respectively, indicating a connection between
temperature and enzymatic efficiency in lipase-catalyzed processes. This
demonstrates the nonviability of lipase to react at higher temperature, which is
supported by the fact that lipase itself cannot sustain high temperatures. According to
the manufacturer, this industrial lipase can sustain up to 55°C and start to deactivate

after that temperature.

Another trend that has been observed is the loss of y-oryzanol with increasing
temperature. It is believed that the loss of y-oryzanol might due to its polarity being
similar to that of glycerides. It is important to note that different varieties of lipase
have varying activation temperatures ranging from 30 to 70°C. Lipase, being a
protein-based enzyme, is susceptible to thermal instability at high temperature (Mala
& Takeuchi, 2008) which can decrease enzyme stability by disrupting the hydrogen
bonds in the enzyme. When the temperature was raised from 50 to 60°C, the amount
of reamaining FFAs increase while the other reaction dropped. As lipase is a protein,

the high temperature has already denatured it, rendering the FFAs unreacted. This
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pattern has observed in previous investigations, emphasizing the importance of using

appropriate temperature settings in lipase-catalyzed processes (Fields, 2011).

Finally, several studies have revealed the optimal temperature ranges for lipase-
catalyzed processes. The working temperatures for a 3:1 molar ratio range from 30 to
50°C, and for a 5:1 molar ratio, the best condition for this study was found to be
40°C. It is crucial to maintain these temperatures in order to achieve maximal molar
conversion and minimise by-product loss. Lipase activation temperature must also be
considered, as exceeding the ideal range may result in a reduction in enzyme stability
and activity. Overall, while optimising industrial processes for optimal efficiency, the

effect of temperature in lipase-catalyzed reactions must be taken into account.

In general, different type of lipase have different activation temperature (Ghaly,
Dave, Brooks, & Budge, 2010). Biodiesel yield is enhanced with the increase in
reaction temperature, followed by a reduction trend in the yield after reaching the
optimum temperature. Operating the reaction above the activation temperature leads
to lipase deactivation and low glycerides conversion due to the protein based natural
of lipases, which makes them easily destroyed. N. Choi et al. (2016) studied the effect
of three type of lipases (Novozym 435, Lipozyme RM IM and Lipozyme TL IM) on
RBAO and the tested temperature range of 10 — 60°C. The study showed that the
yield increased rapidly during the early stages of the reaction for all the tested
temperature, and then the rate of reacease slowed down. Matassoli et al. (2009)
studied a range of 30 to 80°C with 3:1 molar ratio of ethanol and crude palm oil, and

at 50°C, Lypozyme TL IM produced higher FAEE (25%) with in 4 hours.
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Pooja, Anbarasan, Ponnusami, and Arumugam (2021) also studied the range of 20
to 40°C for FAME production of Kapok oil using Porcine Pancreatic lipase and
showed that 35°C vyielded the the highest FAME (92%). Additionally, A. and V.
(2017) studied a range of 25 to 40°C on FAME production of waste sardine oil using
A. Niger IM and showed that 30°C yieled the highest FAME after 10 hr reaction
(92%) Andrade, Errico, and Christensen (2017) evaluates from 30 to 50°C on FAME

production of castor oil using Novozyme 435 lipase and showed that 35°C yielded the

highest FAME (94.2%).
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Figure 21: Glycerides removal, y-oryzanol loss, FAEE produced and FFAs remaining
at different temperature at 200 rpm, 10% lipase (%owt RBAO), 24hr reaction (n=3);
(@) 3:1 molar ratio, there was significant difference in glycerides removal (p =
1.68x10-°), y-oryzanol loss (p = 1x10®), FAEE produced (p = 1.98x10°), and FFAs
remaining (p = 2.89x107) and (b) 5:1 molar ratio, there was significant difference in
glycerides removal (p = 3.65x10°8, y-oryzanol loss (p = 1.54x10#), FAEE produced

(p = 1.49x107°) and ) FFAs remaining (p = 9.5x10%).

4.3.3 Effect of reaction time

The main reason to study the effect of time reaction is to determine the
optimal time that maximizes production while minimizing energy waste. This allows
the enzymatic reaction to reach optimum and achieve high productivity. Figures 22a

and b demonstrate that the optimal removal of glycerides (100%) was attained at 18
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and 24 hours for both conditions (stationary phase). This is due to the molar ratio,
which influences the performance of lipase during the reaction. Higher molar ratios

take more time to react, resulting in longer reaction times for glycerides elimination.

Surprisingly, it was discovered that increasing reaction time had no influence
on the substance of the responses. In fact, the losses of y-oryzanol were not
significantly different over this reaction period, with approximately 45 % loss for both
conditions at 18 hr and 24 hr. This indicated that extending the reaction time beyond
the optimum had no impact. This observation demonstrates that y-oryzanol losses are
proportional to glycerides removal. It is evident that if the glycerides do not react, no
y-oryzanol loss occurs. One possible explanation for this phenomenon is that the
initial reaction includes converting existing FFAs to FAEE and glycerides, which then
convert to mono- and di- before ultimately reacting to form FAEE. This discovery
further demonstrates that y-oryzanol losses parallel glycerides removal. It is obvious

that if glycerides do not react, no y-oryzanol loss occurs.

In general, during enzymatic reaction can be divided into 6 phases (lag,
accelerated growth, exponential growth, decelerated growth, stationery and death
phase) (Lee, 1992). In the first phase, over 78%of FFAs was converted into FAME
within 12 hour, so the ethanol was easy to react with FFAs and glycerides (92%).
Possibly, the first reaction utilizes the existing FFAs to convert to FAEE and
glycerides to convert to mono- and di- before producing FAEE. In the second phase,
the reaction rate slowed, extending from 12 to 18 h, but the conversion of FAEE

(78%) and glycerides (9% increase) continues. In the third phase, the reaction
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approached equilibrium after 18/24 h, and prolonging the reaction time did not

significantly increase the conversion of glycerides removal and FAEE.

In conclusion, the study found that the optimal response time for both buffer
ratios of 3:1 and 5:1 is 18 hours and 24 hours, respectively. This is crucial information
for companies and researchers working on biofuels and other glycerides
transesterification process, as it emphasises the relevance of molar ratio and reaction
duration. In industrial practice, prolonging reaction time can be used to complete a
batch but usually not favored due to increased cost. The reduction of FFAs is also
affected by the methanol-to-FFAs molar ratio (Chai, Tu, Lu, & Yang, 2014). 5:1
molar ratio, takes longer time due to water producing during the reaction, as
theoretical only required 3 mol of ethanol is required. This similar with the study by
M. S. e. Antczak et al. (2009) which found that the molar ratio affect the enymatic
reaction. Others reseachers also obtained semilar results. For example, Chang, Chan,
and Song (2021) evaluated the effect of FAME of palm oil using Eversa lipase up to
24 hr of reaction and, showed that the FAME reach the stationary phase at 20hr of
reaction, Vipin, Sebastian, Muraleedharan, and Santhiagu (2016) studied the effect of
time up to 48hr of the FAME production of Jathropa oil using Rhizopus Oryzae lipase
and found that after 30hr, the reaction rate started to decrease, Rahman, Chaibakhsh,
and Basri (2011) studied the time reaction of adipic acid and butanol with Novozym
435 up to 600min and showed that the highest FAME was produced at 400min. N.
Choi et al. (2016) mentioned the esterification of RBAO with Novozym 435,
Lipozyme RM IM, and Lipozyme TL IM reached the optimum time at 18 hr for
Novozym 435 and Lipozy me RM IM, while for Lipozyme TL IM, the yield

continued to increase after 24hr and Corr"ea et al. (2011) compared Novozym 435,
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Lipozyme RM-IM and Lipozyme TL IM up to 2.5h of palm oil fatty acid distillate
reaction with ethanol, and found that the optimum time is 2 hr for all types of lipase
was 2 hr, resulting 100% conversion for Novozymes, 55% with Lipozyme RM IM

and 20% with Lipozyme TL IM.
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Figure 22 : Glycerides removal, y-oryzanol loss , FAEE produced, and FFAs
remaining at different time at 40°C, 200 rpm, 10% lipase (%wt RBAO), (n=3); (a)
3:1 molar ratio, there was significant difference in glycerides removal (p = 1.25x10-

7, y-oryzanol loss (p = 8x107%), FAEE produced (p = 3.13x10°%), and FFAs remaining
(p = 9.47x10®), and (b) 5:1 molar ratio, there was significant difference in glycerides
removal (p = 1.29x10®), y-oryzanol loss (p = 9.33x107°), FAEE produced (p =

6.42x107°), and FFAs remaining (p = 1.49x10%).

4.3.4  Effect of Lipase Loading

Another factor that significantly contributes to costs is the price of the enzyme
itself, which is higher compared to chemical catalysts. To assess the effect of varying
enzyme amounts relative to oil quantity, five different experiments were conducted,

using enzyme-to-oil proportions of 5%, 7.5%, 10%, 12.5%, and 15% (w/w) of RBAO



94

at 3:1 and 5:1 molar ratios. Figure 23 illustrates the results obtained in this study, and
except for the experiment using 10% (w/w) of enzyme, all the results were
satisfactory. In all cases, the yield of glyceride removal was nearly 100% for both

molar ratios (3:1 - Figure 23a and 5:1 - Figure 23b).

This is because the activity of the lipase increased with an increase in the
amount of enzyme. This can be attributed to the higher number of available active
sites with a higher loading of enzyme, which encourages more reactions to occur
(Marangoni, 2003). The study revealed that applying a 10% lipase loading was
sufficient to remove nearly all glycerides in both conditions. This research suggests
that increasing the lipase loading may not always yield better results. Instead, it may
saturate the active site of the lipase, leading to substrate limitation. Furthermore, the
researchers discovered that y-oryzanol loss followed the same pattern as glyceride
loss due to their identical polarity. Additionally, the 45% and 40% losses for the 3:1

and 5:1 molar ratios, respectively, were within acceptable limits.

Surprisingly, there was no significant variation in yield between 10% and 15%
lipase loading, which is consistent with earlier research. The conversion of glycerides
to FAEE and FFAs at a 3:1 molar ratio can be observed by the amount of FAEE
produced, which showed no significant difference as the lipase increased from 10% to
15%. However, the amount of FFAs produced continued to increase because the FFAs
produced did not react with ethanol to form FAEE. On the other hand, for the 5:1
molar ratio, increasing the lipase loading resulted in an increase in FAEE production
and a decrease in remaining FFAs. This indicates that there was still ethanol available

to convert FFASs to FAEE.
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In a previous study, N. Choi et al. (2016) evaluated the enzyme loading

ranging of 2.5 to 15% for esterification of RBAO using Novozym 435, Lipozyme

RM IM, and Lipozyme TL IM. The optimal enzyme loadings were determined to be
5% for Lipozyme RM IM and 10% for Novozym 435 and Lipozyme TL IM.. Rahman
et al. (2011) studied the reaction between adipic acid and butanol with Novozym 435,
using enzyme loadings ranging from 20 to 400 mg, and found that the highest FAME
production occurred at 400 mg of lipase. Andrade et al. (2017) investigated FAME
production from castor oil using Novozyme 435 with enzyme loadings ranging from
2% to 10%, and showed that 10% lipase loading resulted in the highest FAME
production (83%). Correa et al. (2011) compared Novozym 435 and Lipozyme RM-
IM for palm oil fatty acid distillate with ethanol, using enzyme loadings from 0.1% to
9%, and found that the optimal loading was 0.5% for Novozymes 435 and 6% for
Lipozyme RM IM. These results suggest that using a lower amount of lipase loading
can still achieve high yields of FAEE while reducing the cost of the enzyme. Based on
this, the researchers decided to utilize a 10% lipase loading in future research to save

0N enzyme Costs.
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Figure 23: Glycerides removal, y-oryzanol loss, FAEE produced, and FFAs
remaining at different lipase loading at 40°C, 200 rpm, 24 hr (n=3); (a) 3:1 molar
ratio, there was significant difference in glycerides removal (p = 1.04x10°®), y-
oryzanol loss (p = 5.82x10%), and FFAs remaining (p = 0.0113), and (b) 5:1 molar

ratio, there was significant difference in glycerides removal (p = 6.08x107), y-
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oryzanol loss (p = 0.0071), FAEE produced (p = 5.71x107), and FFAs remaining (p =

5.24x10°F).

435  Effect of Speed

The last factor to evaluate is the effect of agitation speed during enzymatic
esterification/transesterification reactions, which was tested at four different speeds
ranging from 200 to 400 rpm using a 4 cm length magnetic stirrer. The results are
represented in Figure 24. The study considered two different molar ratios: a) 3:1 and
b) 5:1. For both conditions, there was not a significant increase in glyceride removal,
although statistical analysis indicated a significant difference with p-values = 0.006
for the 3:1 molar ratio (only a 1% increase in glyceride removal). It was observed that
increasing the speed also increased the reaction performance (Phuah et al., 2012).
owever, in the 5:1 molar ratio, an increase in agitation speed did not have a significant

effect on glyceride removal for both conditions.

Furthermore, an increase in reaction time did not impact the content of all
response variables, as reported in previous research. This suggests that the reaction
had already reached its maximum yield, and additional reaction time did not lead to
any further reactions. In terms of y-oryzanol losses, both conditions (3:1 and 5:1
molar ratios) showed no significant difference. This indicates that speed does not
influence the amount of losses. Therefore, an agitation speed of 200 rpm is suitable

for glyceride removal and y-oryzanol losses.
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In addition to glyceride removal and vy-oryzanol loss, two other related
responses are the production of FAEE and remaining FFAs. At the 3:1 molar ratio,
there was no significant difference in FAEE production, but there was an increase in
the amount of FFAs. This may be due to the decrease in droplet size at higher speeds,
which improves the interface and triglyceride reduction(Murty et al., 2002a).
However, a higher mixing rate subjects the enzyme to shear stress, leading to enzyme
denaturation During the esterification/transesterification reaction, the increased
interface between oils and the lipase-ethanol solution facilitates the initiation of the
reaction(El-Batal, Farrag, Elsayed, & El-Khawaga, 2016). It indicates that no further
reaction of FFAs with ethanol to produce FAEE occurs, and the reaction has reached
its maximum due to the deactivation of the lipase in ethanol (Danta et al., 2013) at the
3:1 molar ratio. In the 5:1 molar ratio, the decrease in FAEE production may be
attributed to the decreased contact surface between the agueous phase (oil and

solvent) and the lipase.

The results showed that at the 3:1 molar ratio, increasing the speed from 200
to 400 rpm resulted in an increase in remaining FFAs from 31% to 40%. However,
the speed did not significantly affect the production of FAEE or glyceride loss,
although there was a slight increase of 1%. At a speed of 400 rpm, the amount of
FAEE decreased from 84% to 81%, which could be attributed to the decreased contact
surface between the aqueous phase (oil and solvent) and the lipase. However, the
study found that increasing the speeds did not significantly affect the reaction. When
scaled up to 20 times, at the same speed of 200 rpm, there was no significant

difference in the amount of glyceride removal.
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Previous research has also yielded similar results. For example, El-Batal et al.
(2016) studied FAME production from waste cooking oil using A. Niger lipase at
different speeds (100 to 500 rpm), and 400 rpm yielded the highest FAME production
(88%). Lan and Hoa (2015) evaluated Candida rugosa Type VII - L1754 (LCR) and
Porcine pancreas (LPP) at speeds ranging from 150 to 400 rpm on coconut oil for
FAEE production, and found that 200 rpm yielded the highest FAEE for LPP
(39.11%), while 250 rpm yielded the highest FAEE for LCR (33.17%). Meanwhile,
Basri, Kassim, Mohamad, and Ariff (2013) studied the production of palm oil esters
using Lipozyme TL IM and palm oil with oleyl alcohol at speeds ranging from 250 to
350 rpm, and found that 325 rpm resulted in the highest vyield (74.50%).
D.Surendhiran and M.Vijay (2014) investigated FAME production from
Nannochloropsis oculata oil using Lipozyme TL IM and Burkholderia cepacia
MTCC4684l with methanol at speeds ranging from 100 to 500 rpm, and found that
400 rpm vyielded the highest yield (95%). Q. Li and Yan (2010) studied biodiesel
catalyzed by immobilized Pseudomonas cepacia lipase from Sapium sebiferum oil
with methanol at speeds ranging from 100 to 250 rpm, and found that 200 rpm yielded

the highest yield (90%).

In conclusion, this study recommends using an agitation speed of 200 rpm due
to energy consumption considerations. Overall, the study provides valuable insights
into the effects of agitation speed on biodiesel production using lipase-catalyzed

transesterification.
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Figure 24: Glycerides removal, y-oryzanol loss, FAEE produced, and FFAs
remaining at different lipase loading at 40°C, 10% lipase (%wt. RBAO), 24 hr (n=3);
(a) 3:1 molar ratio, there was significant difference in FAEE produced (p = 0.0334),

and (b) 5:1 molar ratio, there was significant difference in FFASs remaining (p =

0.0037), and glycerides removal (p = 0.0059)
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In overall, the production of biodiesel from RBAO or RBO has already been
studied before and summarized in Table 13 below. It showed that this study can
produce more than 75% of biodiesel with almost 100% glycerides removal/conversion

at 3:1 and 5:1 molar ratio within acceptable operating conditions.
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4.3.6  y-oryzanol extraction

In recent years, there has been a growing demand for the production of eco-
friendly, renewable fuels, such as biodiesel. Biodiesel is obtained from vegetable oils
or animal fats and can be used as a replacement for petroleum-based diesel. Numerous
studies have focused on improving the efficiency of biodiesel production, including
the extraction of y-oryzanol from rice bran oil. Previous studies have also investigated
the extraction of y-oryzanol from biodiesel from various sources. Figure 25a) and b)
in this study demonstrates the extraction of y-oryzanol using different molarities of
aqueous ethanolic NaOH solution from biodiesel for 3:1 and 5:1 molar ratio. The
results indicate that the amount of y-oryzanol extracted increased by up to 15% with
an increase in the molarity of the solution. However, the extraction did not show
significant differences beyond 2.0 M. This suggests that the protonation and
deprotonation of y-oryzanol had reached their maximum, and further increasing the

molarity of the base solution did not have a significant effect on the extraction.

Overall, this study found that the extraction of y-oryzanol using an aqueous
ethanolic NaOH solution was more effective than the conventional method, which
involved acid esterification. The use of an agueous ethanolic NaOH solution allowed
for extraction to be conducted at room temperature, reducing production costs.
Additionally, the study showed a 7% higher extraction yield compared to the previous
acid esterification method. This study supports the findings mentioned by
Sombutsuwan et al. (2018) and demonstrates superior results compared to other
studies presented in Table 14. These findings represent a significant advancement in

improving the efficiency of biodiesel production using a lipase catalyst. The study
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also suggests that increasing the molarity of the base solution beyond 2.0 M does not
substantially improve the extraction. Therefore, it is important to use the optimal

concentration of the base solution to maximize extraction efficiency.

Finally, it is worth noting that this study found a potential 7% increase in
biodiesel production using a lipase catalyst through y-oryzanol extraction using this
method. This further underscores the potential of this approach to enhance the
efficiency of biodiesel production, making it more cost-effective and environmentally
friendly. In conclusion, the study has demonstrated that using an aqueous ethanolic
NaOH solution for y-oryzanol extraction is a more effective and cost-efficient method
compared to traditional approaches. The findings of this research have significant
implications for biodiesel production, enabling industries to produce high-quality

biodiesel in a more sustainable and economically viable manner.
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Figure 25 : y-oryzanol extraction at different molarity of aqueous ethanolic NaOH
solution at room temperature, Iminutes (n=3); a) 3:1 with no significant difference
and b) 5:1 molar ratio, there was a significant difference y-oryzanol extracted from

FAEE (p = 0.03).
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4.4 Conclusion

The main hurdle for the recovery of y-oryzanol by removing/ converting
glycerides to FAEE is the cost of lipase. In this study, the suitable conditions for
glycerides removal from RBAO were examined. Glycerides removal can be archived
up to 100% with y-oryzanol loss of 40 and 45% for 3:1 and 5:1 molar ratio
respectively. Then, y-oryzanol extraction with a recovery of a minimum of 80% was
successfully recovered from FAEE using an aqueous ethanolic NaOH solution. The
application of y-oryzanol in food, cosmetic and pharmaceutical industries should
reduce the cost of FAEE production using waste in the rice bran oil industry. And the
use of lipase and base solution (aqueous ethanolic NaOH) are far more effective and
efficient for y-oryzanol extraction. A precise method for glycerides removal and y—
oryzanol extraction from RBAO was established by using a solvent with low toxicity
and a low temperature. A high glycerides removal could be obtained using the
following extraction conditions: 40° C, 18hr, 10% lipase loading, 200rpm at 3:1 molar
ratio and 40° C, 24hr, 10% lipase loading, 200rpm at 5:1 molar ratio. RBAO is one of
the richest sources of y—oryzanol. A two-step process was developed to recover y-
oryzanol from RBAO. In the first step, enzymatic esterification/transesterification was
employed to remove the impurities (glycerides and FFAS) into the FAEE phase. In the
second step, y—oryzanol was recovered using base liquid extraction with recovery

(>80%).
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CHAPTER S

CONCLUSIONS AND RECOMMENDATIONS

5.1 Overview

RBO has recently gained wide attention as a healthy cooking oil among the
consumers. RBAO, a byproduct obtained during the RBO refinery, is an alternative
source for y-oryzanol which is demanded greatly in industries applications. This thesis
evaluates the pretreatment step for utilization of RBAO as raw material for y-oryzanol
production.  Here, enzymatic reactions were used; hydrolysis and
esterification/transesterification, for removal of glycerides in RBAO, which are

considered as major impurities for subsequent recovery of y-oryzanol.

5.2 Conclusions

As a byproduct of the RBO refining, RBAO has been drawing interest due to
its high y-oryzanol content. Nevertheless, due to the presence of other chemicals,
subsequent y-oryzanol separation is not trivial. Due to their comparable
physicochemical properties, glycerides are identified as main impurities that must be
removed before the y-oryzanol recovery. The objective of this study is to investigate

enzymatic reactions: hydrolysis and esterification/transesterification, with the use of
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A. Niger lipase to initially convert glycerides in RBAO into other separable

compounds: FFAs and biodiesel, and their reaction effects on y-oryzanol.

In Chapter 3 describing the 1%t part of this study, effects of reaction conditions
in enzymatic hydrolysis of RBAO: water to RBAO ratio, time of reaction,
temperature, amount of lipase loading, and speed, were first studied on the degrees of
glycerides removal, y-oryzanol loss, FFAs production. Optimal levels of three key
reaction conditions: reaction time, temperature and water:RBAO ratio were
determined through RSM with FCCD, which provided the maximum glycerides
removal with minimum loss of y-oryzanol. At the selected optimal condition of 22 h,
48.5 °C, and 1:1 water:RBAO ratio, the predicted responses of glycerides removal, y-
oryzanol loss, and FFAs production of 101.40%, 34.82%, and 77.96%, respectively
were obtained. They were then compared with the experimental data at this condition
which gave the responses of 98.82%, 31.13%, and 73.23%, respectively, showing
good agreement within 95% prediction interval. Moreover, the responses from the
10x-scale experiment of 98.52%, 40.29%, and 75.01%, respectively, also in

agreement with the prediction and the 1x-scale reaction.

The 2" part of this study is described in Chapter 4, in which enzymatic
esterification/transesterification were initially applied with RBAO for glycerides
removal before y-oryzanol recovery using acid-base extraction method. Effects of
reaction conditions: ethanol to RBAO molar ratio, temperature, reaction time, lipase
loading and speed were evaluated on the degrees of glycerides removal, y-oryzanol
loss, FAEE production, and FFAs remaining. The best conditions for enzymatic

esterification/transesterification were found at 3:1 ethanol to RBAO ratio, 18 h, 10%
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lipase loading, 40°C, and 200 rpm, and 5:1 ethanol to RBAO ratio, 24 h, 10% lipase
loading, 40°C, and 200 rpm, which gave >98% glycerides removal, ca. 40% v-
oryzanol losses, ca. 78% FAEE produced and around 30% FFAs remaining. Both
conditions are suitable to use to remove/ convert glycerides to FAEE and FFAs. To
obtained highest y-oryzanol extraction around 94%, the concentration of aqueus

ethanolic NaOH solution required was 2M.

5.3 Recommendations

Based on the results and discussion present in this study, constructive suggestions are

proposed for further research:

1) There was observed certain loss of y-oryzanol during the enzymatic hydrolysis
and esterification/transesterification, which should therefore be further
minimized. This could be achieved by improving reaction times in the
enzymatic pretreatment process. Sonication may be applied to the enzymatic
reactions, which could fasten the reaction and that may decrease y-oryzanol
loss and make the easy to recover. On top of that, the addition of ultrasonic
can make the reaction shorter.

2) This study used free lipase of industrial grade, nonetheless there are a number
of lipases that can be used for this application. Immobilized lipases have
shown to enhance the reaction and can be reused. They would thus be
interesting to further study on effects of lipase types on the glycerides removal

in RBAO during the reactions.
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5)
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Further recovery of y-oryzanol as well as other existing bioactive compounds
in RBAO would be another future work. The recovery/purification techniques
include normal phase chromatography, extraction, precipitation, and
crystallization, which can be applied after the enzymatic reactions. The future
studies could involve evaluating operating conditions for recovery/
purification of bioactive compounds as well as determining optimal
conditions.

Water and ethanol were used as acyl acceptors in this study for the enzymatic
hydrolysis and esterification/transesterification reactions, respectively. It
would be interesting to study other solvents which can be acyl acceptors for
hydrolysis such as sodium acetate, tris, phosphate buffer, and for
esterification/transesterification such as methanol, isopropanol, and butanol.
Different solvents could give different effects on the reactions. In addition,
these solvents can combine or mix at a certain ratio, which might improve
glycerides removal in RBAO.

Economic calculation is another factor that can be considered as a future
study. This is because the main cost of the proposed process/method is the
lipase, which is relatively costly compared to the physicochemical methods for
hydrolysis and esterification/transesterification. The advantages of using lipase
can be an additional point for commercialization industry in terms of
wastewater treatment. As we know, the enzymatic method do not require the

neutralization step which involves chemicals.
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Table Al : summary of one factor at time (OFAT) on each variables (p-vales)

Operating conditions p-value of glycerides p-value of y- oryzanol
Time of reaction 1.48 x 10-6 0.10
Temperature 2.07 x 10-7 1.42 x 10-7
Buffer to RBAO ratio 5.37 x 10-5 0.001
Lipase loading 0.003 0.666
Speed 0.003 0.097
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Figure A5: Chromatogram using HPLC of RBAO after

esterification/transesterification reaction.
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Table A2: Model selection for Design of Experiments

Type of design Low | High | Center CRD Face Orthogonal Sepherical Practical CD | Orthogonal
CRD QCD CD BCD

Name Units -168 +1.68 | -1 +1|-157 +157 | -1.73 +1.73|-1.31 +1.31 | -1.77 +1.77

Time hr 12 36 382 4418 {12 36 | 5.1 4290 | 3.22 4478 | 821  39.79 | 2.73  45.27

Temperature | C 40 60 3318 66.2 |40 60 | 3425 65.75 | 32.68 67.32 | 36.84 63.16 | 32.27 67.73

Buffer ratio | g/g 1 5 -0.3 6.36 1 5 -0.15 6.15 -0.46 6.46 0.37 5.63 -0.55 6.55
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