CHAPTER 4

RESULTS AND DISCUSSION c\:

4.1 Determination of Cation Exchange Capacity (CEC)

With regards to the determination of CEC values, Figure 4.@9% of filter

papers used in the determination of CEC values for natural kao ) and metakaolin
(N-MK), while Table 4.1 presents the CEC values for@ (Wich were
2.5 meq/100 g and 1.5 meqg/100 g, respectively. .
| &
The values obtained agreed with those re in literatures; As reﬁgr%ed by
’ X

,\kaq te Was@éntioned to
of C gfor kaolinite is

Mgbemena et al. (2013) and Adamis and WiIIizR(’OO

possess CEC values between 2 - 10 meOGWhe

lower than that of illite (10 - 40 meq/l%nd ontm nit& QOO meq/100 g). In
another research, Ani and Sarapa aI; SthaL’ CEC of kaolinite lies
between 1 - 10 meg/100 g. \ Aj ! A(%

— ] ~

y a) b)
5]

@ 4.1: Images of Filter Papers Showing End Points in the Determination of CEC
lues for (a) NK and (b) N-MK. Determination was done Using Methylene Blue
Titration Method where Light Blue Halo around the Drop Indicates an End Point



Table 4.1: Cation Exchange Capacity of Kaolin and Metakaolin

Types of Kaolin NK N-MK
Cation Exchange Capacity (meq/100 g) 2.5 1.5 % z
In this study, the CEC value of NK was higher than N-MK beca the edges

of crystal where imperfection necessarily occurs as a result of bond breakage, are

electrophilic and are able to trap hydroxyl groups in water (K M 2007). These

phenomena corresponded to the formation of silanol, Si and al'lminol, Al-OH,

ixati OW available

be trappe d‘f@;uld
( onén 4 200&2,‘3~

oweﬁ sli decr@; 1.5 meq/
100 g. This could be due to the occurMaehydroxy ion re@n during thermal

treatment, where most hydroxyl @5 and in\ayg tjo@% (H* in the case of
a%e o q

groups at the edges of the clay platelets, responsible for t

in the solution to which they are added to. Cations ca

they be present on the basal planes of the clay

After thermal treatment, the CEC

kaolinite), are eliminated as w. cules. Thisralso 1 to a significant decrease
in the amount of H* in the%err e (Boukhemkhem & Rida, 2017). In other
words, the decrease in %a e

’ &
of adsorption site@e tf@ men'ﬁman et al., 2009). This suggested that
the variation in.% C i rel@nd corresponded to the mineralogical
a ‘

modification,of clay materia al @tal.,2013). Ma and Eggleton (1999) reported

NN
that a hi ins i itegg?ound to be due to smectite layers on the surface
of tm&inite crystals. >
y O
\e value of CEC for clay sample before and after thermal treatment was not very
arfrom the CEC values obtained by Konan and co-authors (2009). Their CEC value
or kaolin obtained from Damrec, France was 4.1 meg/100 g, while CEC value for its

metakaolin was 2.0 meqg/100 g.



In other words, clays of the same type but of different origins may exhibit widely
different cation exchange capacity. The pre-treatment procedure, miner?@l

composition, the pH, the particle sizes and the presence of impurities ma@ndly

affect the cation exchange capacity (Liew et al., 1985; Calabria et al., A
4.2  Determination of the Compositions of NK and N-MQ\,

The chemical analysis from EDX for NK and N- e owgi\'l\'?e 4.2. The

results reveal the presence of silica and alumina as t; main‘ingredien |tH’ths of

potassium and iron oxides. The percentage cont of Al>0z and SIO> for N-MK are

4 b
M ectivi Iy%/r NK. This

Y% to SiO, and 40%

44.83% and 50.79%, respectively, while 36.12% and 36.
result support the idea that thermal treate(%ﬂf Contai
to 45% of Al>O3 (Ramli & Alonge, 20%@@ at _Ufggwent, degrades the

structure of kaolin by causing the‘less astrﬂcﬂ%t @nd a rearrangement of
“« Q-
Si and Al atoms, resulting in isation trucﬁ&of Al-O network while the
\
Si—O network remains ntact an,i ear of penta- and tetracoordinated

oy AN
(Rashad, 2013). 4 &
N O

@o’und Compositions (%)
N NK N-MK
¢ C 24.75 -

Al203 36.12 44.83
SiO2 36.04 50.79
K20 1.68 2.44

Fe20s3 1.41 1.94

Total 100 100

Fe203 and K20 are two other oxide chemicals found in the mixture. Although,

they are presented in small percentages, the difference in the chemical composition,
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contents show the effect of the heating on the raw kaolin. The increase in the percentage
content of SiOzand Al,Ozin N-MK over NK are 29% and 19%, respectively. Thw
passes the ASTM C618 “Standard Specification for Coal Fly Ash and Rawio ined
Natural Pozzolan for Use as a Mineral Admixture in Concrete” becauﬁ&rninimum
total expected of SiO2 and Al,O3 compounds is 85% and in this study; the total for both
compounds SiOz and Al.Oz from calcination kaolin (MK) is 9 GMDX mapping on
chemical composition on selected area show the eleme Em

o] K and MK as

illustrated in Figure 4.2 and Figure 4.3. Which presen elemental. distribution of
"X

silicon, aluminum, potassium, oxygen, iron (as ide on the upper 'id;{%’each
picture). A distribution of aluminum, silicon ygen i ed,\a}ﬁ iron as

Yv

impurities is reported. On the other hand, tw ncewf potassium jisicensistent with

detection of muscovite, KAIz(AISigOl@ by XRD. é
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igure 4.2: Elemental Mapping of the Kaolin Clay Determined Using EDX. The
Respective Colour Codes Represent Individual Element
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= @ R
Figure 4.3: Elem Nappirt; \Metzg(n Clay Determined Using EDX. The
sdgw* 0

0
Re eC Cogdes Rep\ t the Individual Element
N N (_?(J
4.3 Anal&g@mx ay. ri:t(@; er (XRD)
\
rns of 'ad organo-modified kaolin samples are shown in Figure

4.4 Atterns detect that th@lin has a crystalline nature and it also shows that the

N of the kaolin sample is made up of quartz, with a minor quantity of kaolinite

n in for good measure, muscovite, and anatase. This result is similar to the XRD
atterns of kaolin clay observed by (Boukhemkhem and Rida, 2017). The peak intense
at 20 = 26.7" is assigned to quartz Q, which consequently appears to be the most
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abundant impurity (Liew et al., 2012). Other proportions of quartz mineral (Q) was
detected from peaks existing at 20 values of 21.05°, 36.75", 39.63", 42.65", 7,
60.02°, 68.41°, 73.57°, 75.79" and 77.73". It can be seen that no significant cﬁ@}n the
quartz Q peaks upon modification with BTEA", which was similar to f*tained by
Hashemian and Parsaei (2015), who reported that the main phase of kaglin (quartz) did
not change after tetra ethylamoniumiodide (TEAI) loading. \)

The K20 content of the samples is used to determin Y:% e of muscovite

because no other mineral containing K has been found®lt was I(Whe kaolin

23
sample is mainly composed of kaolinite mineral ( cording to rﬁ;u_@&r)\et al.
(2017) the kaolinite content is distributed bet i and\a‘}ﬁaximum

Mgbemena et al. (2013) foruntre dI
The dor) for N Zno-m ifie
o
spacing which calc %basedlo ’S ecg@n was found that all samples had the
deoz) values of &7.1 'A°. @Sﬁ'slight increase in the basal spacing is
¢
revealed fro (F@wiftin of th ed’ks o slightly higher values of d-spacing, do1), and
NN
towards% valges, ./, 4\
Y-
Afactors influencing @om) basal spacing of the organo modified kaolin are
t unt of exchanged organic cations, the ammonium packing density, and the
rientation of intercalated surfactant cations in the interlayer space (Ogbebor et al.,
015). In this study, the basal spacing of 0.5 NK is slightly higher than other organo

kaolin clays. Because of its high hydration energy, it's probable that for 0.5 NK, the
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surfactant concentration is low enough that there's still a lot of exchangeable Na* that
can adsorb water, causing the basal spacing to widen (Xi, 2006). Yv

In general, the increasing do1) basal spacing of kaolin will @ the
hydrophobic and hydrogen interactions between lipase and the interca&urfaetant,
as well as the hydroxyl of kaolin, safeguard the original conformation of lipase, leaving

the original conformation of lipase unaltered (Dong et al., 2012; Kooli, 2013).

Table 4.3: d-spacing Values of NK Before and Afte 'catirn With BTEA"
|

Sample 20 (°) do1) (A°)

NK 12.46 7.12 341

0.5 NK 12.04 7.34;%

1.0 NK 12.07 73 6

1.5 NK 12.18 7 4 YR 4
7

2.0 NK 12.28

Looking at the slight difference 8 -).22 A) in

NK and modified kaolin clays obtz@yn thi%xc
| ? Lo

BTEA-CI was incorporated i erlayer spage «of @aolin clay. Most of the
h

organic modifier could hav Nepoyli on the s@ of the clay as it can be seen
in following results. T% ue to} ein rlagle@hce of kaolin clay is unavailable

’ &
to most of organic'@as a ji:?e relatively strong hydrogen bonds (AI-OH..O-
Si) present betw jacen 'hic 'n?aﬁes difficult to intercalate the surfactant
¢
(Bencoeta &3 Matusik et

This was'consist Pwha@d been studied previously by Duarte-Silva et al.

T

(ZOQey reported that th@’él spacing of kaolin did not increase upon reaction

w -butyldimethylchlorosilane, indicating lack of expansion of the clay. The same

d(oo]@%al spacing of the

bé?oncluded that not all
N,

t QO ;C;’)e Souza Limaet al., 2019).
Y

inding was found by Aroke and El-Nafaty (2014), which reported that the presence of
e hexadecyltrimethylammonium bromide (HDTMA-Br) in the intercalated layer of

kaolin clay increased the do1) spacing of the original clay slightly (0.0187%).
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In comparison with bentonite modified by same surfactant (BTEA-CI) where
d(001) spacing increased from 13.9 A for original bentonite to 15.1 and 15.9 A?ﬂ)
and 2.0 CEC respectively (Ramos et al., 2014). The expansion of the interl@}ce is
due to the removal of smaller hydrated interlayer sodium by the BTEA s besides

attaching to the external surface. The same result was obtained by GhEl etal., (2009);

oMm after organo-
ibutal eWistence of
@

atment (D te’Si‘ga)\‘e;:al.,

of H\fr octa\hyaral layer

tacha{yy , 002).@3(;ition,Jahan
et al. (2012) observed that ammonlumwzacalatlon S th@ferlayer gap in the

who reported that the d-value of bentonite shifts from 1.23 nm

modification, indicating that the surfactant ions enter the i

The increase of basal spacing could potentially be

smaller clay particles generated as a result of BTE
2014; Ghosh & Bhattacharyya, 2002), or the |

of the clay (Duarte-Silva et al., 2014; Ghos

clay structure to expand. T ,<\
\
Figure 4.5 shows the XRI%vs of'N-M nd m ed metakaolin. It can be
seen that quartz (Q) is entll et clay. Chandrasekhar and

Ramaswamy (2002) r% at ancillary | ler at present in the kaolin such as
’
quartz and mica re matg metakaolin. Gonzales et al. (2007)

&nﬂgltact ii

also reported th qu aI treatment in calcination condition.
S:s ranc of t €ha(z§l%rlst|c diffraction peaks of kaolinite and
deterlo its crystal ture s%gest that its transformation into metakaolinite by

a 650 °Cfor5h Iea@iss crystallinity compared to kaolin (Konan et al.,
‘% I-Harahsheh et al., 2009). The structure of kaolin is sensitive to thermal
Q nt, and when heated, Kaolinite undergoes structural rearrangement; calcination
f kaolin occurs as a result of kaolin dehydroxylation. According to reports, such

transformations occur when structural water is lost, the structure reorganises, and the
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original triclinic cell collapses. Weak hydrogen connections between hydroxyl groups
on the layers' surface were broken as the dehydroxylation process progressed, aw
a small portion of AlOs octahedra was preserved, while the rest was c\d to
tetrahedra (Lambert et al., 1989; Duarte-Silva et al., 2014; TanaskovicAZOl?).
XRD pattern for N-MK itself is X-ray amorphous and thus pgoduces a broad

amorphous halo in the range between 15-35". It can be seen frqem 4.5 that quartz

is not affected by organo-modification of metakaolin, imum of the

amorphous halo shifts to approximately 30" to 35 tre mM BTEA",
X
en et al., )] I\‘I@eaks
Ka{ Jand 23 18", which
also presents in 1.0 MK and 1.5 MK. It sm@;ks in XRD

patterns for 1.5 MK at 29.24° which awgalts in 2.0 oth@aks at 35.41° and
46.88° presents in 1.5 MK and 2.0 %and ano\\p‘b—li.gga :03° presents in XRD

pattern for 2.0 MK. This indi at

indicating the change in the chemical structure (Lu

with low intensity were found, two small peaks

=

tions were uniformly

o>
3
o
B
o
=

distributed over the clay su & ,
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%\igure 4.5: XRD Spectrum of N-MK and Modified Metakaolin Samples

74



4.4 Analysis Using Fourier Transform Infrared (FTIR) Spectrometer
The FTIR spectrum was used to identify some of the characteristic furwvul
groups for organic absorbed. To obtain evidence for the intercalation o@nary

ammonium cation into the silicate lattice; the comparison FTIR spectra and after

modification are included. Q
441 FTIR Analysis of BTEA-CI z '

The FTIR spectroscopy was used to elucidate the cular str gf BTEA-
Cl chains. It can be seen in Figure 4.6, the bands 46 cm! 2’8&:‘0}
attributed to C-H stretching. The most intense io% 56 3&12 cm?
correspond to the C-H bond in the aromat$ i
&

are@lgned to CH3 and

(Park & Kim, 2015). The bands at 1 mZ and1484 ¢

CH: bending, respectively and 14%1 is a\'ﬂ'ui;tﬂt?
: ;}r 0

,Q}—“r symmetric bending

(Alemdar et al., 2000). The vib

o

surfactant (BTEA-CI) is su izéd irl edd. SO
Table 4.4: Vibrg’g:enc ;.ZJ“AQS ents for BTEA-CI
\" /%

Waven remd) "~ <SJPeak Assignment
23 {5\_ C-H bending
N

{
\1? \y O C-C stretching
94 » ? C—) CHjs bending
484 CH: bending
a7

é\&'} CH symmetric bending
2 C-H stretch (aromatic)
2850 L % Asymmetric and symmetric stretching

\Q’ vibrations of the -CH3 and -CH> groups
of the aliphatic chain of the surfactant

ents for alkylammonium

)
Lk
B

907 - 920 =C-H (out of plane)
756 — 712 C-H bond in the aromatic mono-
substituted benzene ring

\ 1083 C-H (in plane band)
968 — 1183 C-N stretching
Q 1580 - 1611 C-C stretches in the aromatic ring
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4.4.2 FTIR Analysis of NK and N%

Figure 4.7 shows the sper%K a

similar to those obtained in theMliter ave ahof the characteristic bands
Nno et a

NS

- .Jhegé’gltrum of NK sample was

3»
z

N

14 2@; Horvath et al., 2010; Ili¢ et al.,

2 %

17, Menshaz et al., 2017).

oy

FZQQ spectra can be observed at 3697 cm?,

(Boukhemkhem & Ri% Castell
'3
2010; Vaculikova etﬂ<0 ; I c et
The majo&‘%so he )

!
3626 cm™ ano% cm? h‘ic orres %@to the different types of hydroxyl groups: i)

hydroxylgrotps that ;ntbr;aJ:N h \xygen atoms of adjacent layers at the surface of

Y-v

the @r | layers, and (ii) h@oxyl groups that are positioned in the inner plane of
\

t Nedral sheet and are not exposed at the surface of the kaolin layers. (Frost &

-
—t

rogge, 2015; Vaculikova et al., 2011; Duarte-Silva et al., 2014).
In this case, the bands that appear at 3697 cm™ and 3654 cm™ attributes to the

hydroxyl groups at the surface of the clay, while the band at 3626 cm™ is assigned to
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the stretching mode of internal hydroxyl groups. The transition of kaolin into
metakaolin has been verified through the disappearance of the mention bands w
of thermal treatment. In fact, dehydroxylation has eliminated the m j%\f the
hydroxyl groups. (Ahmed et al., 2015; Heah et al., 2012; LirF&l., 2008;
Boukhemkhem & Rida, 2017; Konan et al., 2009). The bands o&?g'e intensities
between 3690 - 3620 cm™ are correspond to well-crystallized kaolthite (Kakali et al.,
2001). dY. '

On the other hand, bands at 3440 cm™ along with t nd aty16 orlglnated

from stretching and bending vibrations of free Water%ules locate t'e i@ce of

kaolin (hygroscopic moisture). The bands at 9 T8nd 918 ed to the
bending of the inner hydroxyl groups that ate.co ected\to While@;nds at 795,
754, 696 and 537 cm™ correspond to M ions of Si- gr@§ (Boukhemkhem
& Rida, 2017) and to hydroxyl gr erpen ?) thesurface. The bands that
appeared at 1111 cm™, 1032 ¢ 007%m‘1 spc&@ the elongation of Si-O-

Si molecule. The band at 1@‘ cc:lr to q impurity (Timofeeva et al.,
2017). These bands are% cteristi

of t dohq}m clay material. (Daud & Hameed
. F &
2010; Boukhemkh Rlda, . (./
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al modification. A\(a}r’esult, thermal treatment causes silica tetrahedral

‘% tion (Ahmed et al., 2015). Amorphous silica is assigned to all peaks that
0

spond to Si—-O-Si groups, which are clustered into a single big band at 1051 cm™
he loss of AI-OH units caused the bands to vanish at 913 cm™ and 937 cm?, indicating

that the structure of the alumina octahedral sheet became chaotic while the structure of
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the silica tetrahedral sheet remained constant (Zhang et al., 2017). Furthermore, fading
the band at 537 cm™, as well as an appearance change at band 795 cm™ that sh?h)
800 cm™ as a result of change in aluminium coordination, indisputably c@rated
dehydroxylation (Sekuljica et al., 2016). *
The results obtained from the FTIR spectra were in agreemem the results
obtained from the analysis using XRD, where the disappeara% e characteristic
1

absorption bands of kaolinite at 911 cm™, 3621 cm™ and ) V\‘hiCh means that

amorphization by dehydroxylation has occurred (Nmiri , 20 )..\d
L ]

N4
> P18
4.4.3 FTIR Analysis of Organo-Modified I\{ -\T
Figures 4.8 and 4.9 show the specti&&\mo ied k 'Y;nd organo-
modified metakaolin clays by BTEA* Cationig'surfactant. é
After the modification of clay les ch @AC?]aracteristic bands of
% & n‘é& structure of the natural

the starting clay were still mai indicating the‘ret

clay. The bandwidth and p%itio, o@s corresponding to the clay

mineral's hydroxyl stretehi 440 - 3451 ‘1J m& do not change, showing that the
s &

hydroxyl groups in in did rlo \c{\with *. The same result was obtained by

Duarte-Silva et al. (20%4) w ed the&’?fe hydroxyl group of kaolin did not react

¢
with tert-bu methylchlorgsi ne'.' (j)
NN
C seen’fr purev;, FTIR spectra for organo-modified kaolin clays

sho at the Si-O stretchin@ﬁd moved from 1111 cm™ to 1113 - 1140 cm™. The

in?\& of the band at 1032 cm, which corresponds to Si-O-Si, significantly decrease
ore.5

NK and 2.0 NK, respectively. However, a band at 1111 cm™ and a doublet with

axima at 1032 cm™and 1007 cm™ assigned to Si—O stretching modes are very strong
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and difficult to get further information about the changes brought on by the interaction
with the surfactant. (Bougeard et al., 2000). T

The band characteristic of the ammonium salt used is presented in \ge of
2991 - 2982 cm™ which was clearly in FTIR spectra of 1.5 NK and Z.Mowever,
this band typically has a low intensity in the other spectra of organa¢lay samples in
accordance with the result obtained by Romas et al. (20 4Nadditional two
characteristic bands at 1474 cm™ and 1398 cm™ attribut mr ion of the C-H
bonds, which do not present in the spectrum of the stawting cl yWIt can be

CHa/asy, e'ri&%\gh‘z(;ing

observed from a band at 1457 cm™ that is assig

(Alemdar et al., 2000). The presence of CHa, p{ ' frare@%f)ectra of
organoclay as reported by Mota et al. (201 surfag@\-?ammonium
quaternary cation was intercalated Wi@ S o@%samples.

Band with low intensity at 28%)22 cm’ S gng}}to the symmetric and

N,
asymmetric stretching vibratior%metrﬂ/lene roup oti@ guest molecules. These
@i

bands confirm the occurrence of i racli

clay (Hashmian & Parsagli ; Meziane e al.l, 2Qb’) Furthermore, FTIR spectra for
4 ¢ &
-1

organokaolin shcxih\lband m cteristics for C-C ring stretching

vibrations (Soliw ., 2029): 'sat cm™and 3135 cm™ which are attributed
¢

to symmetri %h of -CHs"gr up(é'r% the aromatic C—H stretching (Saikia &

Parthasarathy,'2010; DuarteSilva e@'\ 2014) can be observed in the FTIR spectra of
15 @ 2.0NK. In additio@ﬁz.nd at 646 cm™is also observed in IR spectra of 0.5
‘% 1.0 NK and a band at about 600 cm™ is presented in IR spectrum of 0.5 MK
ndv2.0 MK; these bands are attributed to C-H out of plane ring bending. Bands at 850

Q'l and 742 cm™ are corresponding to the amide bonds (C-N) and to C-H bending,

respectively, which present in IR spectrum of 0.5 NK.
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4.5 Analysis Using Scanning Electron Microscope (SEM)

SEM images of kaolin and metakaolin samples before and a@)&g no-
modification are shown in Figure 4.10 and Figure 4.11. _\

Referring to the SEM images, the micrograph of NK is charact??by distorted
platelets, and its shape can be described as flaky and platy fcMn consisted of
laminar particle aggregates of different sizes forming boo mli thickness. This
indicates that the particles are not fully dispersed |® aIWhe platy
structures are closely packed together and reducing voids between the a,tic‘l uch

association development is likely because _the ination_"of Jhydrogéen bonds

\ N
when as modified
with BTEA*. The organo-modificat@n cons f ﬂé“vm of particle

aggregates, being considerably larger than %we ,ié\are seen. The partial

disintegration of small and glo@es in kaoli freat \ith 2.0 CEC resulted in

the production of a spongier tm, indicati at th%TQéN was evenly distributed
7S

over the kaolin surfac z 0.
: ? 4 .
Kaolin surfacwp Ioi ‘@s@ ed after;thermal treatment, N-MK was also
e

characterized using“SEM t ree its p ﬁe morphology as presented in Figure
-l

4.10(a). The (ﬂ)a e-layered td"us(e-j&)n the main structure is still present in the
particles@ﬁnﬁ&:bﬂy : m@isordered morphology and more individualized
platﬁﬁ
I

;\high distortion in the SiOs tetrahedral layers (Tanaskovic et al., 2017;

result of heating tQ'_) olin at 650 °C for 5 hrs. Dehydroxylation process
N

hemkhem & Rida, 2017) and disorganization of the crystalline structure of the

Qterial without a significant change on the morphology of the kaolin platelets. As a

result, the thermal treatment has little effect on the morphology (Konan et al., 2009).
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The calcination led to increase the friability of the kaolin layered structure, and
alumina can be seen by whitish layer outside the metakaolin flakes was obviou?m
compared to kaolin. Compared to the morphology of the metakaolin, @ano-
modified metakaolin clays have many small and aggregated particle#%he plates
become relatively flat layers. The appearance of these plates increasth.the increase
in concentration of BTEA™ leads to agglomeration of the tm particles. The
modified samples showed a rough surface than the un r'r?:

a)'s, and this was

probably due to the distribution of BTEA® cations on th face of c ples.
@
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HITACHI 15.0kV 5.2mm x6.00k SE 3/28/2018

\‘&32.0 NK

.10: SEM Images of\‘(g NK and Organo-Modified NK, (b) 0.5 NK, (c) 1.0

igure
é\ NK, (d) 1.5 NK and (e) 2.0 NK at 3,000x and 6,000x Magnifications

86



HEEE oot [ HITACHI 15.0kV 5. 2mIIROIRISE 3/28/2018 w00

. /" Z

J ES v
HITACHI 15.0kV 5.0mmxé{)0k SE 3282018+ '5.00um gl HITACHI 15.0kv 5.1mm x3.00k SE 3/28/2018 S Yoouh

0] %
(b) 05 M

i o e
HITABH! 15.0kV 5.2mm .00k SE 3/28/2018

S

i HITACHI 15.0kV.5.2mm x3.00k SE 3/28/2018 W

(©) 1.0 MK

; ; IH%
<&’

87



[
L Yo TRV
L ..A "'.\""S\'
W g
> .‘.

"I
! - s (3
4 :

i’

HITACHI 15.0kV5 2mm x6.00KSE 328/20¢8 « » "~ 0" "' 5.00ufn [ HyBRER! 15.0kv: &

(d) 1.5 MK

ab

ﬁ \ Q-
Figure 4.11: SEM Images ofm- no@ed N-MK, (b) 0.5 NK, (c)
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4.6  Analysis of Surface Area aﬂgi it)f g Nitrogen Adsorption-

ol l =
D t thod
esorptio 0 {Q

Table 4@5 ates the d (yl[e analysis; including the Brunauer, Emmett

O

and Tell r‘% ms‘th d to'd er@s the surface area, pore volume and pore size

obtainﬂI the conventional c')n ysis of nitrogen isotherms. From Table 4.6, it can
b Nthat NK sample had t%highest BET surface area (25.34 m?/g) which almost

Qee with result obtained by Nascimento and co-authors (2011), where the value of

T surface area was 24 m?/g for their kaolin sample. As reported by Yanguatin et al.
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(2017) and Rashad (2013) the specific surface area of kaolin in the range between 5.8
m?/g and 42 m?/g, with the specific area of 10,000 - 29,000 m?/kg. T

According to Al-Asheh et al. (2003) the calcination of clays at high @tures
can change the surface properties of clays. In this study, the calcinatio lin at 650
°C lead to decrease in BET surface area to19 m?/g and this is in agrgement with the
result obtained by Timofeeva and co-authors (2016). They reportedithat after thermal
treatment of kaolin at 650 °C for 4h, the BET surface ar mn riecreased to 17

m?/g. Gamelas et al. (2014) in their study mentioned that'BET su ackea@f calcined
3

Y

kaolin decreased to 16.3 m%/g. ' _\Cq
Consider is of what happens during the mentdo in tbe\g.h'anges in

hyd rq@'xihon tends to

notr@vhich leads to the
agglomeration phenomenon amon%icles, as %g
N,

surface area of the aggregated i decr&ases abbri é;é? 2013).

In comparison with t mbt] anasko\ﬁ and co-authors (2016), they
found that the surface @ t change after 'S&Iei@ion of the kaolin. It demonstrates

’
that the structuralléges C@ e trgm treatment have no impact on the
particular surfaw Thi ldue @é difference in temperature used during
¢

the calcinati Wch was 550%C #Aceor Ing to Gamelas et al. (2014); the increasing
i h

- - \ -
in the c% temperature,lead s&ﬁore decrease in BET surface area.

pore volume of ka@*‘lncreased slightly after thermal modification from

%\3/9 to 0.121 cm®/g. It can be a result of water loss and cavity expansions after

& r withdrawal, in other words the increase in pore volume due to the formation of
i

ide interparticle voids, which contribute to more volume than to the surface (Diaz et

specific surface area for both kaolin and ‘meta Iin.oir he

collapse the kaolin layers that brings icles/closer to

al., 2017; Rostami et al., 2018). Moreover, large pore volumes imply that porosity is
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caused by inter-particle spacing rather than pores within the structure (Duarte-Silva et
al., 2014). Furthermore, the large pore size could indicate that pores grow onlw

material's surface. The porosity of the support improved significantly a@rmal

treatment, indicating that the number of available attachment sites for t molecule
increased. Y'

The organo-modification however led to decrease in surface areéa‘and pore volume
of the modified samples. This is due to the modifier bein Y:te'd into the clay's

interlayer region (Ramos et al., 2014, Paroloa et al., 201 he degre rface area

for organo-modified kaolin was larger than orga dified’ me ag’hg{-} may

because kaolin has the largest CEC, thus the nt a méu ich @fled the
kaolin was more. The decrease in the value B surh\ce area was orresponded
to the concentration of BTEA* Where r concen n sr@ d a smaller BET
surface area. The SEM image of K th atlons were largely
distributed on the kaolin surfa Qused eerea the surface area and the

pore volume of kaolin after.the m |f|It p ess$

Organoclays wrt% tant lo

al. (2011), have m s mte'* e mrneral as well as the interparticle

ing r ét n 1.0 CEC, according to Park et

pores, resulting in a deereas ce ar d pore volume. The decrease in surface
area can als e to the EA" @‘;L?pymg exchanging sites that are covalently
hh

attache%
g

sect f the kaolin surfacec%(eventlng nitrogen gas from reaching the interior

ge of P)ups c&dlvrdual clay platelets, which therefore obscure

sExAnother reason for the decrease in BET surface area could be the pore blocking
t, in which the bigger exchanged cation clogs some of the smaller exchanged

ations.
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Several studies had documented that the BET surface area of clay could be
decreased after modification using cation exchange method (Romas et al., 2014; w
etal., 2014; Diaz et al., 2017; Rostami et al., 2018).

Pore size, on the other hand, is critical for adsorbate entry into deﬂk It can be
seen that after the organo-modification the pore size increased, Ra&?t al. (2014),
reported the same finding after modifying bentonite with Wary ammonium
cations. The huge pore sizes and low surface area of these s hcrted the creation
of extensive inter particle cavities (Duarte-Silva et al.,

O

All tested supports are characterized as meso s accardi o'll@ and

become a promising candidate for enzyme and ad or[fl ince ttC-(ze of the
most enzymes is about ~7.0 nm (Vulfson, 4). aba (ZOOG@ntlon that the
adsorption properties of a solid depen@on the mi ore %es with diameter
below 2 nm) and mesopores (pore ter in t to 50 nm), whereas

\
macropores (pores with a dl%ver %O n )chavecftadllng influence on the

&)
adsorption characteristics. \ \A

Figures 4.12 and : 13 sh g.ty |1+o dsorption-desorption isotherms
for all support sam &he pr isot
narrow hystere &k}f H

¢
aggregates. a of icrop os& @(ﬁ?e kaolin clay was shown by the low amount

s is typical of type IV isotherm with

|caI of porous solids consisting particle

NN
of N ad§orbedvat relati sure@P/Po < 0.2. Beginning at P/P, ~ 0.8, the volume
of hhiorbed increased ram&k’due to the filling of the mesopores of the largest
pa in the clay as well as those particles near the surface (Diaz et al., 2017).
The sharpness towards P/P, = 1.0 indicated the uniformity of the mesopore size
istribution, a typical phenomenon shown by mesoporous materials (Salis et al., 2003;
Gregg et al., 1967). Duarte-Silva et al. (2014), reported a similar behaviour for their
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kaolin sample and Babaei et al. (2014) revealed in their study to the same behaviour for

mesoporous MnQO2 support.
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Figure 4.12: Nitrogen Adsorption-Desorption Isotherms for (a) NK, (b) 0.5 NK, (c)

1.0 NK, (d) 1.5 NK and (e) 2.0 NK
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C
(0\ ‘?:' S
4.7 EffeQﬁuppor Modificati n Lipase Immobilization
Lhoiic H:);‘ :
0

x obilizati C@?Tda rugosa lipase (CRL) following the physical
adﬁ&tlo method was perforﬁ:?j on the natural kaolin, metakaolin and their organo-

‘%ed derivatives. The amount of protein in native and immobilized CRL were then
Oermined according to Bradford (1976) method, and the results obtained are presented

in Table 4.8.
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Table 4.8: Percent of Immobilization and Protein Loading of CRL Immobilized onto
NK, N-MK and Their Derivatives
Lipase Derivatives Immobilization

Protein Load
(mgl/g SUN

(%)
CRL-NK 52,99 £1.17 751+0.
CRL-N-MK 55.50 +0.54 7.85 + 0,44
CRL-0.5 NK 49.72 +2.95 6.90 £°0;
CRL-1.0 NK 49.59 + 0.49 | 4
CRL-1.5 NK 48.34 + 0.52 6.33% 1.08
CRL-2.0 NK 47.83+ 152 12
CRL-0.5 MK 4214 +1.77 5.30/+ 0.52
CRL-1.0 MK 61.21 + 2.96 Wl +1.74
CRL-1.5 MK 50.33 + 1.24 02 #1.01
CRL-2.0 MK 70.14 + 2.41 1483+ 1.

"AX
The amount of protein in the lipase immo@upport a Isl rgﬁ}fs the
o c% displayed higher

ield c@fzr;d to other
achi@% up to 70.14% +

level of immobilization achieved in this investi

protein loading and consequently higherw ilizati
support samples as shown in Table 4w RL-2.

2.41 immobilization efficiency fow by C%\OTM

61.21% + 2.96 and 59.33% =+ 1.

obtained by Rahman et al N

cellulose (DEAE) thro ical adlrpti n rheﬂ&, which was 84%. This could be

,@5 CRL-1.5 MK with
ere lower than the value

L onto diethylaminoethyl-

4 F &
\*expand wet, preventing the internal surface

because kaolin and kaolin

from being exp% itin 'rptioaﬁ‘ﬁig molecules like protein to the external
¢
surfaces an esiof the' su 6ua(t3- ilva et al., 2014).

NN
T% valugé [ ob‘i%li&ion onto CRL-2.0 MK support is due to its

cha istics such as has hig@r’e size as shown in Table 4.7. This pore size value is

S X’for biomolecules such as enzymes. Pore size contributes to the suitability of the
q ort to immobilize the enzyme that leads to the increasing in enzyme activity. The

orous structure enables a large quantity of the enzyme to be immobilized. According
to a previous study, supports with smaller hole diameters (< 7.0 nm) can limit mass
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transfer and enzyme molecule penetration, limiting protein interaction with the total
surface area of the support particles. As a result, the substrates' interparticle dwm
impact was minimised (Musa et al., 2018). (’}
The immobilization yield and amount of CRL-N-MK were sligﬂ%gher than
those on CRL-NK, suggesting that the adsorption ability of metaka IS better than
that of kaolin. The maximum immobilization yield of kaolin_and akaolin reached
52.99% + 1.17, 55.50% =+ 0.54, respectively; while th Xu.m'immobilization
amount was 7.51 mg/g and 7.85 mg/g, respectively. Ajayiyet al. OWd that the

oy
thermal treatment carried out on the clay makes its elatively e ‘vg'{a\b!e for
occupation by the enzyme and create conducive?i,m ment for e a&tiaties with

less acidic and more reactive. \) 0\ g
According to BET results in TaN 7,ae pore Vo of @akaolin are higher

than those of kaolin due to thermﬁjtmen@;%ed 00S of the structure and
N
allowed more CRL immobiliza%taka ina entr%@éi;nt in the pores may also

protect the enzymes from }munr’ meédia (Wang'et al., 2011; Golbaha et al.,
i

2016). Moreover; wate% es that filled he'intebice were destroyed when the raw
'

3
\uesu e wi@e basal spacing between the brucite

enz@s’ can be adsorbed.

!
bﬁiz@?ntarctic Pseudomonas AMS8 Lipase by

Musa i‘%l)(zol ) im
\
adsorpt% od usi rent@ports. Chitosan has the highest percentage of

AN X | |
lipa obilisation (76.2%)@9 the matrices or supports used, whereas kaolin has

t%\bvest percentage of lipase immobilization (31.2%). The high value of
ob

b}

:: ilisation onto chitosan could be attributable to its particle size and diameter, and
e difference in percentage values of immobilization and protein loadings were in

accordance with the physicochemical parameters, according to their research.
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Because of the wide surface area (25.34 m2/g) of NK, it adsorbed a higher
percentage of protein than organo-kaolin. In addition, the steric restriction of su
in the modified kaolin interlayer reduced the quantity of lipase loaded (r% ified
kaolin. Furthermore, the negative trend could be due to CRL aggregatﬂ!;@duced by
increased lipase interaction with organo-kaolin, preventing protein Wion (Zhang
et al., 2018). This result seems similar to those obtained by Ramos“et al. (2014), who

&

used organo-bentonite as support for the immobilization o it was found that the

immobilization yield of organo-bentonite was approxi 489 iWison with
3
ijization! yield) of @ The
these/o -cla@'sulted in
\ -

S

ng @SO.S MK and that

unmodified bentonite that achieved a protein im

differences in surface area and the interlayer

differences in the adsorption efficiency (Pu%

The low percentage of immobili@s achieve
was due to low pore size of the supp@Sable éﬁe qg}‘istic limits the process
of migration of the enzyme in%ppo& andsthus rg(/ \s the total efficiency of
immobilization process. H hhet a N:d (@ poor loading of enzyme can

e >

be caused by two reaso% y the inner rfdc@nesopores is used for attachment

o
of enzyme, (ii) rece'h@lzy@ S cagxert a steric hindrance against the other
enzyme molecu@aﬁo 'eperéioporous.
¢
Golba aga (2016) r:?ea'th& hydrophobic interactions of lipase-support
% NN

ntribute t adserption process. At this point, it should be noted that

Sa

hydmﬁimty of the support{@eﬂd have an effect on the extent of enzyme binding.

molecul

L thave a unique property known as 'interfacial activation,' in which they can be

Q ractivated at hydrophobic matrix interfaces and induce conformational changes in
e

lipase (by removing the lid covering their active sites), which are required to allow

substrates free access to their active centres (Gittlesen et al., 1997). This method is
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intriguing not only because it allows lipase derivatives to have high activity, but it also

shows that surfaces may be steering enzyme molecules towards a specific orie

that keeps them active (Blanco et al., 2004; Zaidan et al., 2010). From th@lts, it
can be concluded that the pore size, and specific surface area had i ce on the

enzyme loading values. Y'
4.8 Characterization of Immobilized Lipase V

The characterization of biocatalysts is of great impo Y:quain and predict
some of their main properties, such as activity, selectivi d stabili ‘resulting

modified and unmodified clays-lipase conjugates we racterized ato@ation

of techniques such as powder X-ray diffracti D) FJu i ansf@' infrared

Yt

T
spectroscopy (FTIR), Scanning electron W py ’(?E \ Bram@ Emmet and

Teller (BET) method. \% 6
U

€

4.8.1 Characterization Usin%/ Ii'éractye‘!er @)

XRD was used to d thel position of t@sorbed enzyme in the CRL

immobilised clays. %e fect li a‘seI% obilisation on the internal
microenvironmer%clay llva eval#d between modified and unmodified
res

clay minerals. Fﬁqke 14 . depie&ray diffraction patterns of immobilised
’ [ (.)
ple O

lipase on vasious platforms. g
S =
T% s in déspagi qafte%w obilization process are shown in Table 4.9. The
d-spaeing,(doo1) for CRL-NK a@N\/ed an increase slightly from 7.12 A to 7.22 A upon
im ization compared to the d-spacing of kaolin and that corresponds to an inter

eet separation. Enzymes are polymeric species of very high molecular size. CRL has
molecular size of 50 - 70 A, globular protein with a molecular weight of 60 kDa, hence
the possibility of attachment within the inter lamellar space could be ruled out. Thus,
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the whole enzyme was not involved in the intercalation in the interlayer space of kaolin.
Probably, the side chains of different amino acid residues take part in intercalatio i
the polypeptide backbone was immobilized at the external surface and the@f the
adsorbents which was in accordance to previous studies obtained b ani et al.
(2005) who stated that Immobilization of cellulase on K-montmorillenite resulted an
increase of the d-spacing from 11.77 A to 11.94 A, V

The value of d-spacing did not change considerablyin _basal S'Jacing after the
immobilisation of lipase on modified kaolin, indicating the enz ‘not enter
e limifatio f'ir&@‘l’;ted
mabiliSe he @nic clay
y geno?on\' , V Waals, and
electrostatic interactions (Secundo etw . CS<

Table 4.9: d-spacing Value of %ﬁed %d Modified in After Immobilization
of Lipase \

the interlayer space. This was most likely owing
surfactants, with the most adsorbed CRL bei

derivatives' external surfaces and edges vi

Sample doy A Intensity

CRL-NK 22 166.63

CRL-0.5 N 7.17 198.45

CRL-1.0 7.18 183.72

CRL-1 M ‘1 7.12 207.21

CRL- ’ 1 C—) 7.11 178.55
O

L. 1))S

sa sh’ghwg‘ng o& peak to a higher 20°, suggesting that very few
N

of& s are intercalated bm enzymes. It could happen, only if the immobilization

‘éd inside the clay mesopores, as well as on the external surfaces. Filling of the
Oes of the support materials have already been confirmed by the decrease in surface

areas in the following result. Similar results were obtained with lipase on hydrophobic

clay support (Reshmi & Sugunan, 2013) and lipase adsorbed on montmorillonite K10
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(Golbaha et al., 2016). The finding was also compatible with result obtained by Ghaici
et al. (2009), who reported that the CRL did not intercalate into unmodifivd

modified bentonite. Other enzymes, such as amylase, glucoamylase, a tase,
when applied to synthetic montmorillonite, cause side chains to intercaﬂ&o the clay
layers while the polypeptide backbone does not enter the interlayer gap (Gopinath and
Sugunan, 2007; Tzialla et al., 2010). V

The hydroxyl groups in the unmodified kaolin me'acted with the

functional groups of lipase amino acid chains, causing li amino aci intercalate

| . . | g
the interlayer and the hydrophobic parts of lipase e seleCtiv bpu&ééb the
embedded hydrophobic surfactants via interfv.g So%- e r@ied clay

. X
interlayer (Dong et al., 2013). \/ 0\ é
After CRL adsorption onto the s@terials, a ge i@‘-‘(D peak intensity
w

was observed (shown in Figures 4.4(464.14, and. x Q@Vas responsible for the
N,
lower surface crystallinity cause%L loading Iike@e to the loss of the small

&
partial meso structure duri hsorr progess (%\Qét al., 2015). The peak shape,
on the other hand, rem@nged Huﬁ }He i\@iobilisation procedure, indicating
tco

4
that the CRL canwobilis's \ho
support materia% g et

V\Q-f}l ow intensity as illustrated in Figure 4.31, so

A @%ﬂection for XRD patterns of CRL-1.0
¢
MK and CRL-26'WIK was obsdtved wit
NN
C €

d that.th D prefile is not changed, suggesting that the structure of

ising the structural integrity of the

it can befco

Y-v
the ﬂkrt remained aImos@éhanged after enzyme attachment. This is to be

eém, as kaolin contains strong hydrogen bond connections between platelets,
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making organic molecules difficult to intercalate (de Souza Lima et al., 2019).

5

=

2

g ] L S TS (IO I T M e - [ S

K =
A o TR T RN N | S CRL-1.5NK
. i SR A D | " ol CRL-1.0NK
. ,.J PO ST (R WS OO | A -~ CRL-0.5NK

Pt S} S S N —— CRL-NK
10 20 30 40 50 60 70 80

Position (2Theta)

Y SN

Figure 4.14: XRD Spectrum of ImmogﬂwRL o(r']lU dified"and Modified

~

-

-

-

T T T

£l
e
=
(73
s
E

ak T - Rl A .| CRL2.0MK

bt At Akt CRL-1LS MK

,,,,,, y P —e — - 'l\_,,i'-.i — | SESUNIEN  CIS Sy — CRL-l.O N[K

o Ai MoA A L M A =0 S P CRL-0.5 MK

JL T\ e S S CRL-N-MK

10 20 3;) 40 50 60 70 80
Position (2Theta)
~
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Characterization Using Fourier Transform Infrared (FTIR) Spectrometer

The vibrational frequency and assignments for free CRL is summarized in Table

4.10. The spectrum of free CRL is shown in Figure 4.16. It can be seen the presence
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with maxima at the following wavenumbers: the amide | peak of the free lipase which
originates mainly from the C=0 stretching vibration was observed at 1656 cm i
band consists of a group of overlapped signals, which is also responsibl(%\yme
secondary protein structure of the enzyme and the backbone shap hydrogen
bonding arrangement within the protein molecule defined the exact bapd position. The
discrepancy in presence could be attributable to the Amide Mconformational
sensitivity (Sarno et al., 2017). v '

Amide Il of free lipase was shown at 1541 cm’ icative ofsthe i‘stence of
ibrations an y'ro_%}‘g:)nd
N-H n ben@ﬁ; with a

N\

eaku‘ou aroun 0 cm! for -

amino groups. This band is connected with side cha
modifications in the protein, and it is mostl
contribution from the C-N stretching vib%

OH and -NH groups (stretching vi 'onsD and th nd @2934 cm” for -C-

H bonds (stretching vibrations). ogwile \fTe\Y at 1125
N,

cmtand 1095 cm™t correspond%\he &arac ristic (8@6 of lipase and were
attributed for stretching vibqtimof(i onds. At cm™, a weak peak can be
si(ben

observed, which is du% group |;é v@tion) (Yu et al., 2015; Zdarta et
&
c'g{add Assignments for Free CRL

al., 2017). &\ Q
7 Peak assignment

.,
~C=0 stretching vibration (amide I)
N-H in-plane bending with a contribution of
the C-N stretching vibration (amide 11)
-OH and -NH groups (stretching vibrations)
C—H bonds (stretching vibrations)
stretching vibrations of C-O bonds
-OH groups (bending vibration)
C-H deformation vibrations
N-H vibration

3
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The FTIR spectra of support samples after immobilization of CRL are shown in
Figure 4.17, Figure 4.18 and Figure 4.19. The absorption bands associated wi i
characteristic amide | group that was ascribed the peak of the bending vibr@}f the
hydroxyl group of clay samples at 1634 cm™ - 1649 cm™ (seen in Figﬂ&.m, 4.25,
and 4.26) likely disrupted the -C=0 stretching, resulting in an increa%ensity of the
immobilized lipases' amide | peak. The side chains of lipase w: rmrly fixed on the
supports by hydrogen bonds and van der Waals forces Y;o hobic interface
between lipase and the supports, as evidenced by a sha ducti nWﬁensity of
amide Il in all samples when compared to the free CRL.,igplying tha rrfe c@g‘z;s in

the conformation of the enzyme occurred after on_toh ort..The loss of -

S cou@g:o blame for
ver@ﬁearance of these

helix structure and the likely rise of -sheet and/or self-

these conformational alterations (BaN@, 2014).
two bands in spectrum were used G%rkers \I& es ,Q{\of the enzyme on the
N,

support surface by physical ac% becduse these ban:és')are the most prominent
So

bands of the protein (Golba@ 20] . %\
- .

It was observed t m ﬂwe@ds at 2851 cm™ and around 2920
cm? - 2940 cm™ dppeare

'3 &
gyence of -C-H group. These bands
é&;f as

indicated the ex!\ 'stre@#g vibration of aliphatic -C-H group with
¢
contribution: G@the gano rf&ct t, and the enzyme (Monteiro & Airoldi 1999;

o

o

N
Airoldi % iro 20 abou%SG cm?, a weak peak was observed, which was
X

due mhbending of N-H vibre@yﬁ (George, 2013) which then causes decrease in the
N

a%\of amino on immobilized CRL (Yu et al., 2015). However, because the bands

overlapped with the Si-O-Si band at 1054 cm™ and 1149 cm, the presence of a

-O bond at 1125 cm™ and 1095 cm™ was barely discernible in the spectra. (Zaidan et

al., 2010).
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In addition, it can be seen after enzyme immobilization that the band which
originated from stretching vibrations of free water molecules located in th
between 3100 cm™ - 3550 cm™ had increased intensity and width. These re@]gest
that the overlapping of -NH stretching vibration of the inserted Iipase interacts
with the -OH bond of the supporting material via hydrogen bonding mnflrmed the
presence of the enzyme (Monier et al., 2010).

The band at around 1448 cm™ - 1456 cm™ was att Y. -H deformation
vibrations of alkyl groups and originated from th sorbed molecules
(Tanaskovi¢ et al., 2017). It should be noted that smal ges in'the i nht&@%beaks
in the spectra corresponded to certain particula nal g|l6 |st|n4331~ the clay
materials upon immobilization, was d e th mece hydr mteractlons
between the matrix and the enzyme px he prese m@Qbands originating
from the support materials an m the onfl med that effective

"}
immobilization had taken plac |bratf6nal quency.a d assignments for CRL

<o
immobilized on different s re sr din @e 4.11.
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4.8.3 Analysis Using Scanning Electron Microscopy

The morphology of the supports as affected by enzyme adsorption Wasw
using SEM. SEM of free CRL and immobilized lipase on different suppor@s are
shown in Figure 4.20, Figure 4.21 and Figure 4.22. In general, the CRL observed
as oval and elongated particulate as shown in Figure 4.20. It can alsoybe seen that the
CRL are spherical in shape but shrinked when present in a col nmis in agreement
with reports which claimed that CRL is a spherically shap mlir micro fungus.

CRL can also be found as single, paired or in a colony er & CWQQ; Amin,
L ]

T
2013). % | &
Through the images of the morpholaegi tr% dir@%ions of
n be ,ésgr:/ed. Lipase

immobilized lipases, similar features andw@g pa
immobilization should be consideredwza finer, oth@hd, Lipase had a

significant impact on particle struct%sulting \‘re\ r th f ball-like structures
N,

on the surface (small bead%x hi&\er ncen}z@?n versus with before
immobilization very likely. m by’ el ggrﬁés and there was increase in
th l

particle size after imm% : 2 2 0

The external Q@e of lt orts <</became substantially thick, rough
surface and ir@do Qﬁn ir@bilization because of lipase molecule
aggregation %upp rt ;ur e."Aléc-)} e filling of the pores between layers of the
support% ave dlréa Peen c&rmed by the decrease in surface areas (Table

A Qs, the SEM images rmed that the lipase seemed to change the porosity
O

0 ngregate’s particles, which will be discussed in detail in Section 4.8.4. SEM

es also showed more compact agglomerations of particles due to the existence of

anyme molecules on the surface of the support materials.
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These results suggest that the enzyme has been immobilized within the pores and
on the surface of the support which led to a change in the morphology of the s
which is in accordance to that observed after lipase immobilization on org \lfied

smectite nanoclay and on activated chitosan (Tzialla et al., 2009; Santo?&, 2017).

(ﬁ:'llllliilll\
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(b) CRL-0.5 NK
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HITACHI 20.0kV 4.0mm-x6.00k SE-12/12/2018

(e) CRL-2.0MK Yv
Figure 4.22: SEM Images of CRL Immobilized onto Met in"(a) CRL-N-MK and
Organo Modified Metakaolin (b) CRL-0.5 MK, (c) 0 MK, (d) CRL£1.5 MK
and (e) CRL-2.0 MK, at 3,000x and 6,000x nificati .
Ny

4.8.4 Characterization Using Physisorption ogen Te ni “\

mm@fzed lipase
fota ﬁ

ace area, pore

Morphological changes of support mate a

diameter and pore volume using mtrMsorw
equation. Table 4.12 exhibits the cha rc%c

pti‘& chnique and BET

0 E?mbilized enzymes. The
amount of N2 adsorbed decre er I|p dsorpti &‘h wever the P/P, value did
not change substantial ( 42 and ‘Figur @) which confirmed that the
adsorption occurred m% the of %clay and with almost no sign of

O

intercalation base \Nz ysiso t|on @krms and XRD images.
The hy@& logps, 0 elN orptlon-desorption isotherms of lipase

mmobﬂu@ supparts a ty , with Hs-hysteresis loops according to the
4
ese' wer

mlla to the properties of mesoporous materials.

Bruna . (1940).
% S
A% tive pressures, thereis no steep uptake of nitrogen, indicating limited micro

§y At relative pressures near to one, the adsorption limit is not well defined,

icating the presence of macroporosity in the materials. The slope can be attributed

to the exterior area of the particles at relative pressures P/P, between 0.1 and 0.9, and
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the large volume uptake at P/P, > 0.9 to the meso- and macropores formed by the inter
particular space. T
Adsorption of CRL resulted in the modification of the support mi@ture,

which led to substantial decline in the specific surface area and por e of the
resultant catalysts as compared to the values before immobilizatiomle 4.6) was

done, indicating the adherence of the enzyme on the cavities of hMrts. Large areas
dc C

of the surface, as shown by N2 molecule adsorption, are | a‘ities into which

the protein cannot enter, reducing the binding area accesSible to CRL: molecules

X
re ecli sej By ‘h&@erted
Su|% me.@ﬁ]ections,
o

hn?nk matic@»

could be also due to the layered struCture oalay samp hi been collapsed

occupied pore channels, blocked pore openings, 0
enzyme, resulting in a decrease in surface area.

pores became severely clogged, and the surface

<3}
(%2

his finding

during the immobilization process igues e \,2($8; ;ol‘haha et al., 2016). The

decrease in the pore volume waﬁéted tS' the gecupatian.of the enzyme in the pore
&
immo

channel, which indicated t C}hadr b@on support samples. Pang et

al. (2016) obtained the_similar result wh imr@ilized CRL on wrinkled silica
v’
nanoparticles. \ \:Q %
All suppo&,a%ﬁes h i ran@? pore diameters, demonstrating bimodal

¢

!
porosity in %opor us an nﬂcr@(c;%us. This type of porosity would allow for

NN
efficientdranspert of:b%tg% into &&nterior of clay samples, which is advantageous
for gatalytic capabilities (Zha@., 2011). After immobilisation, all samples showed

ansi se in pore size, which was most likely owing to the enzyme's entry into the

Q structure. Coghetto et al. (2012) employed natural montmorillonite as a support for
e

immobilisation of inulinase from Kluyveromyces marxianus NRRL Y-7571 and

obtained similar findings. Reshmi and Sugunan (2013) also reported similar findings as
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this phenomenon is a conformation that lipases were adsorbed onto the surfaces of the
supports. The enzyme's entry into the pores of the supports gives it a more stablew
and protects it from external shear stresses (Forde et al., 2010). (’}

It is a known fact that the amount lipase immobilized by adsorpti depends
on the porosity of the support materials. In the immobilization proceddre, the support
pore size is fundamental parameter which should be sufficientl ge to allow the
enzyme accommodation. Therefore, the globular e %I

'l'e lipases are

macromolecules of protein with molecular weight about 00 - 60, a and they
.y

possess a typical diameter of ~4.0 - 7.0 nm, whe@ot supparts | hi$ S have
f lipa S sta,@.'in most

pores large enough to accommodate the mo%g 0 \s
literatures, CRL could be found attached tow ceaﬂcla throu@??e?nteractions

between its amino groups with the car@ups of th S. é
The support with small pore (ﬁﬁer suwdi e@nolin and metakaolin,

N,
however, will not allow CRL t eir m%sopo suEvzzgi here are CRL molecules
in the mesopores of NK ar@, I Zymes Wg\léprobably face difficulties to
interact with the subst\% i 2 ent i limited space of the mesopores.

The internal usion %&Mhe active site of the encapsulated

enzyme and of @Jct b

e recﬁjgén media is the principal consequence of
¢
the porous &ge. In' gene &1 Eg}?ng pore diameter leads to more substrate
%f NN
diffusion toward the ysed ipase active site. Furthermore, large pore surfaces

can g&modate protein mol@s, whereas small pores may obstruct or even prevent

access to the internal structure of the support, making diffusion difficult, thus
&' ing mass transfer, and possibly causing conformational and flexibility restrictions,
hich could result in further denaturation of the enzymes (Anastasescu et al., 2018; Cea

et al., 2019). It may be concluded that the variations in surface area, pore volume, and
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pore size seen in N2 adsorption-desorption isotherms show that lipase was adsorbed or

dispersed, validating lipase immobilization on clay supports.

Table 4.12: Surface Area, Pore Volume and Pore Size of CRI,M)J'ized

onto NK, N-MK and Their Derivatives

Immobilized Lipases aSurface Area Pore VquszPore Size

(m?/g) (cm®/g &)
CRL-NK 8.16 0.0 . I 315
CRL-N-MK 6.77 \ 402
L ¥ s
- A
CRL-0.5 NK 3.67 064 | 5\13)\
CRL-1.0 NK 4.75 0.071 531
A vl
CRL-1.5 NK 3.13 0.@{9’ N\A593
CRL-2.0 NK 2.22 3 o(g. N X\ 673
CRL-0.5 MK 8.15 0.1 486
\ S
CRL-1.0 MK 6.16 Q ~7 557
Gy TS
-1, 1 1
CRL-1.5 MK o c@ 55

q F
CRL-2.0 MK \ A} ) 710
[ ]

4Surface area was determine onthe B luer,@'mett and Teller (BET) method
bPore volume and porefSize were determine atse@ the Barret, Joyner and Halenda
(BJH) t-plot method 2

'z
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4.9 Enzymatic Synthesis of Nonyl Hex oat

The esterification reaction wa usgv succe corrS{e the enzymatic

production of nonyl hexanoate bet\% I f I d @ic acid. Lipase from
Candida rugosa was employed in eaction si nee it r@reviously been used in

various stereo selective esterifigation, r und ild reaction conditions in
organic medium (Rah VZOJ In dﬂlt@, because of its high activity in
synthesis and hydro SIS reactio , IS use <ﬁfa number of activities. To dissolve
the reaction com ts and I equi @m to the synthetic process, the reaction

was carrled o pr efice anE@ a medium.

4.9.1 E g of I| ed se
his'study, the |mmob| Ilpases were tested for suitability as biocatalyst in

t |f|cat|on of nonyl hexanoate. A screening step was achieved to select the
0

rt that had a high affinity for lipases and facilitate effective contact with the

Q)strate at the enzyme-support interface. The conversion of ester of free and lipase

immobilized on support derivatives is displayed in Figure 4.25. A percentages
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conversion of ester ranging from 50.71% to 68.03% and esterification were achieved
during 5 hours of experiment. Muhamad et al. (2010) obtained 82% for nonyl ca?!le
as flavour ester. The fact that enzymes from different sources have vari@rties
makes comparing with previous study results difficult. -\

All immobilized lipase performed higher specific activity compared to the free
lipase which achieved 3.27 x10 pumol/min/mg as shown in F%\;i& This is owing

to the increased in surface area supplied by these supports, elbas the distribution of

lipase on the support surface, resulting in better active- XpO rWree lipase

X
aggregated because it was insoluble in the organic@yw, this aids_i ag’g @rsion

in the reaction media (Rahman et al., 2005; Galande Ollﬁéshmi &

ith tk\e previous s@y as done by
Rahman et al. (2004) who reported l\ ;He )ctivity a biI@ﬁ the lipase after

immobilization on both layered dou.ﬁﬁ/droxi e Ws) gre ound to be increased
N,

compared to in native lipase. In%it; Aﬁhaba le et (2%(’&018) found the specific

activity of CRL reduced mot' ion, on rane. When an enzyme is
immobilised on amem ss transfer r tri{:t'm@'diminish the amount of substrate
’ &
available to the enzyme, Iower|i \fN ivity ontrast to a free enzyme (Ye et al.,
2006; Chen et ak, 2012). &
e DL L
The a;:%follo ed_t orﬁer(Jc L-2.0 MK> CRL-2.0 NK> CRL-1.5NK>
%M‘) =

Sugunan, 2013; Romero et al., 2018). Similarly,

%

CRL-1. L-T. > CR NK> CRL-0.5 NK> CRL-0.5MK> CRL-N-

Y-
K;:A—NK> Free-CRL. It @He seen that all prepared lipases clearly improved the

e \ation after modifying the surface of support with BTEA". The presence of

)
ha

<

ilamol groups, which act as sites of linkage for bioactive species after being activated
y the modifier (Scherer et al., 2011). Due to proportionality with the ‘open lid' of the

lipase, making it better accessible to any substrate, these qualities may favour high
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binding capacity and boost the catalytic of the conjugated enzyme. (Zaidan et al., 2010;
Romero et al., 2018).

This research demonstrated that when utilising organo-modified cla ipase
molecules preferentially associated with the organo-modifier (armm salt),
resulting in superior structural placement and accessibility to the a(mentre of the
enzyme, as described by Oztirk et al (2016). NK support sho ed thesJowest enzymatic
activity (3.63x10° pumol/min/mg) with yield of synthes I rexanoate ester
(52.53% + 1.56) compared with other supports. The dec of e ter |on mlght

be due to its negatively charged surface, which may b ully appropri te’fo_&%aalytlc

activity and may also the formation of enzyme te onft ppo@ Golbaha
et al., 2016; Ramos et al., 2014). This result4 ag meu‘ wi esult @;{w'ed by Musa
and co-authors (2018) where the kao up res t@ent of synthesize
ethyl hexanoate ester compared wi er supp\S\qhe %ym such as porcine
pancreatic lipase and acid pho (Sctﬂ rer etak, 220 uang et al., 2005) also
have reported the unswtabl ISS \A

Abolhasani et aI d TnaL etal. (!z tated that the enzymes that form
complex and becoWo |I|r unds are resistant against protein-
decomposing e o th phoblc microenvironment created by

organic mo hn co Id inflenice @}(?hffusmn and distribution of substrates and
product(b:

acc ty to hydrophobic s@te and enhancing the activity of enzyme.

microe eﬂé\of the immobilized enzyme increasing the

\ﬁe discrepancy in ester conversion between organoclay samples could be related

Q ifferences in physical structures and surface hydrophilic/hydrophobic qualities
e

nerated by varying surfactant ratios utilised in the manufacture of organoclay (Yu et

al., 2015).
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However, the lipase immobilized on modified metakaolin with 2.0x CEC showed
higher enzymatic activity (5.24x10° umol/min/mg) with ester conversion (68?6':
0.61) as compared with control. The internal diffusion of the substrate to t@ site
of the encapsulated enzyme and of the product back into the reaction rﬁ&ppears to

be the main consequence of the porous structure, and tiny pores can ca?e mass transfer

restrictions in both directions (Paul et al., 2016). With thinn rMof immobilised
% in

enzymes, 2.0 MK may have a better adsorption capacity, ore active sites

amount of lipase adsorbed increased. As a resul@f its activ nfo@on is
ta

preserved, and the activity loss is decreased (G
Whicr@g;chieved by

CRL-0.5MK (Table 4.8), this sup@o showe S @%ity (3.73 x103

pmol/min/mg) and the lowest ester@sersio@% Jt)jfompared to the other

N
organoclay samples. This coul eli mhaszg(fx?e surface area to occupy

It should also be noted that at low immobilizati

and is attempting to opti '& co]\ the%@face, resulting in a loss of
conformation and hen%;cease in acti ?ﬂ (@aha et al., 2016). Blanco et al.

(2004) found tha Q’Q\Iow% rivatives, enzyme-support interactions are
ivIty re

particularly strong, resulting+

Although®TMimobilizationtyield for bbth supports CRL-LO NK and CRL-1.5 NK
N
were al% ilar (T ,7), thsi}howed differences in the specific activity. The
Y-
speq’@tivity for both su@%s were 4.43x107° and 4.88 x10° umol/min/mg,

‘%' ely, while the ester conversion obtained by both supports were 61.91 + 0.96 %
& 64.33 + 0.63%, respectively. The variation in these values for both supports is
resumably due to the dispersion of the pore size that is larger for CRL-1.5 NK, and

this makes it easier for the enzyme to connect with the substrate (Ramos et al., 2014).
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The specific activity for CRL-1.0 MK and CRL-1.5 MK were 4.81x10% and 4.59
x10 umol/min/mg, respectively. Thus, it can be noticed that the mcreas
amounts of bound proteins does not necessarily mean the activity mcreas@ha et
al., 2016). That was observed for CRL-1.0 MK and CRL-1.5 MK wi ct|V|ty is
lower than that of the enzyme it contains. In order to find the causes Wrop in final
activity, several hypotheses were investigated, (Oztiirk et al., 2016):which are
@ production of enzyme aggregates on the support's Y
(b) tertiary structural deformation due to intense interagtion Mort,,

protein-—pr m'n&@tlons

ce b dso%?protelns
N\ e

les and because

(© structural damage of the protein caused by

which are the consequence of deficie

which leads to structural rearrangements

(d) due to increase in the mass o@)rotein

some enzymes get ' burled ence le %si g@}{he substrate, thicker

layers of adsorbed Ilpas IIy r@sult i adoss(éa\@emfic activity.
Overall, the efficiency of immobi ase sts is greatly improved by
organo-modification tYa: s%lce d to its superior immobilization

performance by C IN{MK, f \bQ K, 1 5 NK, CRL-2.0 NK were used for

lipase immobilization‘in the estu

)
’
[7357¢
’v),'§
S
S

(o
&
<
S
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Figure 4.25: Percent of Nonyl Hexanoate ConvéySion i Sis U%f; Free and

E) :

e
Immobilized CRL [(a) CRL-NK-(b) CRL- K-( -1.0NK-(e)
CRL-1.5NK-(f) CRL-2.0NK-(g) CRL- ) (i L-1.5 MK-(j)
CRL-2.0MK]. Reactions were Perfor at30°C f with™{*1 Molar Ratio of

Nonanol and Hexanoic Acid in HexaneyBars.Rep

w

S rd Deviations

B

th
1

Specific Activity (nmol/'min/mg of protein)
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CR Lipase Derivatives

~
%e 4.26: Specific Activity of Free and Immobilized CRL [(a) CRL-NK-(b) CRL-
K-(c) CRL-0.5NK-(d) CRL-1.0NK-(e) CRL-1.5NK-(f) CRL-2.0NK-(g) CRL-
MK-(h) CRL-1.0MK-(i) CRL-1.5 MK-(j) CRL-2.0MK] in the Synthesis of Nonyl
Hexanoate. Reactions were Performed at 30 °C for 5 Hours with 1:1 Molar Ratio of
Nonanol and Hexanoic Acid in Hexane. Bars Represents Standard Deviations
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4.9.2 Effect of Time Course

A good measure of enzyme performance and reaction progress is a tlmev!e
study. When an enzyme produces good product yields in a shorter amount@, itis
said to have good performance (Rahman et al., 2008). The progress cu n be used
to calculate the lowest time required to achieve a good conversion yield while
minimising energy consumption and, as a result, lowering process @osts. Figure 4.27
depicts the reaction time curve of hexanoic acid esterific y:nc'nanol catalysed
by free CRL and the both immobilized lipase on ano- o oI|n and

metakaolin, which gave high conversion of ester. G Ily, the cony, rs,on ékhonyl

hexanoate increased with increasing reaction t|

In this study, the percentage conve owsar\a rent e where the
reaction took about 5 hours to achiev (mum with nta@nversion (~70%)
for immobilized lipases. Whereas i t%nl y 51. Wth f@ RL. Hence, this was

er \ons were conducted over

taken as the basis and subsequen%men&, wh
o

&
the course of 5 hours. The ntage T rsion sh@lgh increment at 8 hours for
-8

CRL-2.0 NK and CRL% (75.97 110/, pectively). Incubation beyond 8
Ny

hours led to decrea e conve[ er. I: ntrast, reactions with free-CRL only
achieved about 1. \i}i (ﬁg"\mthm 12 hours and subsequently the
conversion e reas ‘:\? h ced efficiency of immobilized lipase over
native dud’h hi 'gr nons&hexanoate conversion degrees can be due to CRL

e stable on both su@t’s Because of the additional stiffness conferred by
int interactions (e.g. hydrophobic interaction, hydrogen bond, electrostatic, and
er Waals forces) and greater dispersion of the enzyme molecule over the support

face immobilized CRL can better preserve their activity than free CRL. As a result,

127



immobilised lipase is less susceptible to denaturation in the reaction vessel due to
solvents, temperature, or substrates (Mohamad et al., 2015; Elias et al., 2019).

The declined percentage of synthesis the nonyl hexanoate may be @d by
increasing production of water molecules during catalysis. Large am water in
excess of what is required for a complete hydration layer may give'some protection
from organic solvent denaturation, but this may pose mas tw issues for the
substrate. Increased water is more likely to cause hydroly Ye.es'er generated. In

addition, as indicated in another similar study, water a tion @n WOrts could

3
be one of the key factors contributing to biocatalyséN/ation nQj e’ a_lx,‘-a‘zl;).
The increased amount of water produced ea(w in \A@?r'-organic
solvent immiscibility, lowering the substratﬂ$t i nic so@ﬁT(Rahman et
al., 2001). The evaporation of hexane %ion medi oul@%rease the volume
of organic solvent, hence the substn@ﬁlubility\ohxd g@and the accessibility
of substrate and lipase would %(Ra&i et ,201?2:;La\addition, the ionisation

of water molecule produced.i mmd ‘) ,whichm r the salt bridge and charges
e

on the surface of Iip% ule.

reaction progressﬁting i‘w

with substrate (% al.,
¢
G@ i tdeeéeRNas made during the initial stage, the initial
N

Becauie little amo
reactior% rather insensitive m&ﬁﬁe amount of water produced. After the specified

timeyintekvals (12 hours for no@#exanoate synthesised by immobilized synthesis) the

The ¢ 'c'e‘nt@n of substrates reduced as the
’ &
se igh.e' degree of saturation of the enzyme

ﬂmtzJ%/Yaglz, 2012; Mohamad et al., 2015).

cge ton of ester was relatively constant, which may be due to the attainment of
edetions at the equilibrium (Garlapati & Banerjee, 2013) and the rate of forward

action was expected to be equal to the rate of backward reaction.
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In the literature, reaction times for enzymatic synthesis of flavour esters varied
within 2 - 5 hours (Martins et al., 2014), 6 hours (Manan et al., 2016), 8 hoursw
et al., 2019), 12 hours (Muhamad et al., 2010), 24 hours (Raghavendra et al. ), 48
hours (Ozyilmaz et al., 2010), 96 hours (Annapurna Devi et al., 2018?‘;@ is due to
variety of enzyme, support system, and variety of carbohydrate typw fatty acids
used. The reduction in reaction time in this study could be leccumulation of
reaction by product to clay support, thus limiting the ¢ matie area between
substrates and lipase. Its decreased hydrophilicity can be at ik:h\eqdlower and

non-inhibitory concentrations of both substrates (he ic acid an orfan&i%h the

enzyme's microenvironment. s \3—
q *\\ “

90 1~

—e— CRL
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—v— CRL-2.0MK
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Qﬁ Eure 4.27: Percent of Nonyl Hexanoate Conversion in the Synthesis Using Free

RL, CRL-2.0 NK and CRL-2.0 MK, as Affected by Incubation Time. Reactions
were Performed at 30 °C with 1:1 Molar Ratio of Nonanol and Hexanoic Acid in
Hexane, at Different Time Intervals. Bars Represents Standard Deviations
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4.10 Verification of Nonyl Hexanoate
Product of the reaction was ascertained using FTIR and GC-MS. The aim T!e

analyses is to verify major product of the reaction based on the exise%\f the

functional groups it possesses. A

4.10.1 Verification of Nonyl Hexanoate Using Fourier Tr mnfrared
(FTIR) Spectrometer

The use of FTIR on determination of ester produ sb nw‘in‘%nfny

papers (Salmahaminati & Jumina, 2017; Musa et @0). In this study, #T@ used
e. Kgﬂr shm@?he FTIR

spectra of hexanoic acid, nonanol, and non X ateﬁﬁespe ively. red spectrum

OV@QO cm indicative

to identify the product obtain which is nonyl

for hexanoic acid showed a strong brow n the regio

the -OH stretch. There are also stro%ak in the\s‘u axi‘lOG cm™ indicates the
-:"' )y N,

SO de‘t\ecte t410 ) and 1380 cm™. Finally,

—

carboxylic group. The C-O stre

the CH2 bend was observeth~ cnI d 1459 c§
ch

isn

an algo SQNed the broad peak at 3322 cm™
¢ &

e me intensity. The C-O stretching also

The second spec%
wa &erved at 1465 cm™. The third spectrum

detected at 1055{‘ he -
- )
for the pro which is n h@'xa@ e, have three major absorption bands that
NN
observe% ter pr '.(Tabvli%e%zw). The aliphatic -C-H stretching vibration

occu&w the range of ZSOO@ﬁ cmt was confirmed by the sharp peak at 2931 cm”
%\No or more stretching bands are shown by some peaks in the range of 1000-
300 cm™* which revealed the presence of C-O bond. The existence of carbonyl group
onjugated to a double bond (C=0) was represented by the strongest peak at 1713 cm™

which strongly suggested the existence of the corresponding ester due to (COOR)
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formed by esterification process. This shifted in the carbonyl peak of C=0 from 1706
cm™ to 1713 cm™ which confirms the change from acid to ester. In addition, the?ﬂe
area in 1466 cm™and 1357 cm indicate the presence of -C-H vibrati n\is of
methylene group (-CH>-) and vibration of -C-H bend of a methyl grouﬂ'&;).

The other functional group detected in the compound was , due to the

existence of a weak band in the region above 3016 cm™. This \%aMed to originate

N,
Table 4.13: Fourier Transform Infrared Speetrum of !Ionyl e an(@)tg'
Wave number (cm) eak Assighment A

1714
2931
1250

1466
1357

from the traces of substrates left in the product of the react

;\"
0 n 1000 1500 p.1 ) 0 300 300 400

igure 4.28: FTIR Spectra of Substrates, (a) Hexanoic Acid, (b) Nonanol and Product
of the Reaction, (¢) Nonyl Hexanoate
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4.10.2 Verification Using Gas Chromatography-Mass Spectrometer (GC-MS)

In Figure 4.29, the gas chromatogram shows 5 major peaks correspondin
existence of different compounds as listed in Table 4.14. The peak COH’@]Q to
nonyl hexanoate was detected at retention time of 34.492 minutes. Tkkr showed
highest retention time compared to the substrates. This is due to trw polarity of
nonyl hexanoate as compared to the substrates used in its syn est results which

\'&

showed the presence of other interfering compounds was ising and could be

due to the partial purification and isolation which have t lac prm\qde analysis.
o g

After the analysis using gas chromatography,

ample was_f rt'er_\éﬁlysed

using mass spectrometer where fragmentation 1 Ie% one@/?depicted
in the spectrum. Figure 4.30 showed the melecular’i tatioué‘g;z 242 (MY

which corresponded to the existenc noall hex

compound of nonyl hexanoate (%002) ca\&b
Fragmentation begins with a Io:% idh, wi

The(é‘!’responding ester

N
of m/chﬂ (M), which is the base

gﬁs of a compound at m/z 126
yr ‘iij(es@ the smaller fragments, so a
homologous series entyl ( \';), rop@z =43) and ethyl (m/z = 29) can be
seen. Furtherm t’erea Qm @d‘nlz 99 corresponded to [C2Hs02]" and

Q\ :
[CeH11O]" i g@pecti ely eJed(i_r} e spectra. Other bonds cleavage occurred
eht

peak ion. Further fragmentation 0 he'I
I

(M1). The positive ommo

N o .
hways. and‘gave fLa&r fragmentation ions as shown in Scheme 4.1.

T
R
S

>
S
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Figure 4.29: GC-MS Chromatogram in the %rific \(#,Non@anoate

Table 4.14: Molecular IM&]ents of

m/z entation.of Mpl Wlar lon

29 —y
43 f '} <§)
56 Aj A‘Q
61 N

(
71 %CJ‘. Q
84 280" %
99
117

\ CH;C gz ,COH
12 (') CH:CHAGHICHCH2CH2CH.CHCHy*
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1
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4.11 Free and Immobilized Lipases Stability Assay

4.11.1 Thermal Stability Y'

Figure 4.31 shows the influence of temperature on the activitiesﬁb} and
immobilised CRL after 1 hour of incubation. The relative activities Weﬂ&ulated by
comparing the percentage yield of activities at various temperatures t@ the activity of
the reaction at 40 °C. Lipase's thermal stability has been demonstrated'to correlate with
its structure, according to Zhu et al. (2001), and dec %h an increase in

temperature and exposure time. .\d‘

T
At 50, 60 and 70 °C, the residual activity free was approxi a‘el@SS%,

i l\ reta-i@' residual
itiohs, (50 -.@g(;). The high
plai@% improvement in

activity 90.04% to 56.97% at the same te

affinity between the CRL and modifie %pports ma

thermostability. This stability Wasﬁa) likely \mg$o
-}' y N,

structure’s enhanced stability a ed to free GRE (S I@r etal. 2011; Benamia et

al., 2017; Huang et al., 201 \ \A

Figures 4.32 an% ;ow thl per; e'gf Gaersion of nonyl hexanoate and

ﬁr:n%crocrystalline lipase

'

specific activity of and irl1 \ﬁzed Ii%ﬂd as affected by temperature. As an
observation, thngti te of f@nd immobilized lipases was at 40 °C. At
¢
the optimu rature, t er{:orqsrsion and specific activity for free CRL were
NN

58.52 % 86 x 10 'Hmin‘z@ respectively. Whereas, the ester conversion for
imrm&ed lipases 65.53% t@él%, while their specific activity 4.9x 103t0 5.43 x
@(ﬂ/min/mg at the optimum temperature. It can be noticeable rapidly loss in
& ity of free lipase occurred with further increase in temperature, while the
mmobilized lipase seemed to be more stable to heat. However, after that point, the

thermal stability decreased because of the disturbance of globular structure of the
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protein by high temperature, which lead to unfolding and loss of enzymatic activity

(Rahman et al., 2005). Yv

Similar results were reported by Zhang et al. (2017) and Zhang et aI.@who

noticed that the optimum temperature for the CRL immobilized onto ne oxide
decorated with ZnO nanoparticles and onto polyvinylpyrrolidone, re¥t’vely did not
change. After immobilization on chitin and chitosan by adsorption faethod and cross-
linking with glutaraldehyde, Kilinc et al. (2006) reporte me "n the optimum

temperature of lipase activity from 30 to 45 °C, which ighly eWcause the

.y
higher optimum temperature leads to lower risk of mi ial contami 'or’. @se in

optimal temperature can be explained by the
conformational flexibility and so takes mﬁw ati y fo;@;qnolecule to

reorganise itself into the appropriate SN foE)
(Reshmi & Sugunan, 2013; Babaei @52014;}%.%‘% : 'ébal., 2019). While the
.é i )

g, s@’:ﬁsing the enzyme

optimal temperature for both di

1

'3

adsorption had no effect or@
2012). Q)

At 70 °C, C .ONKIS

£ &y

e higgsy ester conversion (57.67%) and the

highest specificeacti (4. < mol/@?ﬁwg), followed by CRL-2.0 MK, which

!
rs'e(jrpand about 3.84 x 10 pmol/min/mg. While
N

[

shows abouE .39% ofiester n\f@

the est«(c&n, rsionf*for -1.5@( and CRL-1.0 MK 46.67 % and 43.72 %,
: Rl o |

respectively, and their spem@étmty 3.01 x 10 pmol/min/mg and 2.9 x 103

n/mg, respectively. It is possible that the best stability might be attributed to

& ppropriate balance of hydrophobicity/hydrophilicity on the surface of organo-
0

dified clay (Dong et al., 2013). Small differences in activity can be attributed to

differences in enzyme distribution in support samples (Paul et al., 2016), as well as the
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increased stiffness with which the enzyme is adsorbed to the organoclay; consequently,
the enzyme did not lose its structure over high temperatures (Ramos et al., 201w~

Karagulyan et al. (2007) were found that the thermostability of enz@ghtly
decreased after immobilization on kaolin, it. The thermal stability of t enzyme
was significantly increased after immobilization on functionalized clay samples,

ra-Padilla et al.,

according to our findings. It's probable that the support samples’ impraved hydrophobic
contacts will improve the thermal stability of immobilized iabrti

2012). Because the protein has buried hydrophobic ami id regidues.on ' the surface,

X
the contact area between the proteins and the supp hydrophobi grl)u_&f—?hould

rop@ i ractiQr}Yat higher
X

, th (ﬁowed that the C.

grow, resulting in an increase in the adsorb

temperatures (Reshmi and Sugunan, 2013). o\
Similar result was obtained by ilvaa etal. (

rugosa lipase immobilized on styre%nylbenz\ha?e g{S\O% of its activity after
N,

only 1 h of heat treatment at GD%«Wderfhe sa eqco% lons, the free enzyme lost

94% of its activity. A stud mud] al."(2018) the relative activity of the

free CRL about 32% Initial activity jat 65© In contrast, immobilised lipase
4 ’ &
retained up to 50% ofactivity a‘ M tem%a'ure. Tu and co-authors (2017) found
that immobilising li on
¢
thermal stabi hth the improvi acge equal to the amount of clay in the composite
% NN
beads. % bseryatio ortedewith other enzymes like glucoamylase where the

adaﬁ&'t retains all activity @E 80 °C (Gopinath & Sugunan, 2007). This can be

e Xd due to Aspergillus niger is a good source of thermostable enzymes, and their
6‘%95 are less mobile and so resist denaturation of protein.

In general, higher temperatures destabilise the bonds in the lipase molecule,

disrupting the long-range interactions that are necessary for the three-dimensional

osanédposite beads significantly improved its
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posture of the stabilised lipase molecule. Eventually the breaking of the helical structure
occurs, with loss of lipase activity (Ali et al., 2017). However, the acti
immobilized enzyme is known to minimize the effect of external @ like
temperature. Thus, to be more resistant against heat than native state preserve
structure of the enzyme from thermal degradation (Tutar et al., 200 Iranda et al.,
2011) which attributed to its multiple attachment point of f cMgroup of lipase
molecule (-COOH) of enzyme on the support (protein-sur i racv'on) and protect
it from unfolding. The location of lipase inside the po f su pow.protect it
against alterations (Kharrat et al., 2011). ' _\f-}?

In addition, physical adsorption betwee adKfu Was@ortional
he ac].@vo.nformation.

g r@&nents caused by

increasing the stability of enzyme, which Io% z

This prevents irreversible unfolding Watein by
electrostatic contact and hydrogen t%betwee \e~s¥ ,@‘ﬁenzyme, or by a low
N

limitation in the diffusion of th%ate a?high mper. s (Lenders et al., 1985;

\ A‘"
Kharrat et al., 2011; Samui gt al., lil N
lip

As previously st i ;obiliz i e‘z;s‘tensa&rature endurance is a significant
j d &
benefit for practic NQIicaticr :
'r&uo i

anicgpports, on the whole, provide higher
ret

thermal stabilit
\ ’ J (?
Sugunan, 2 . As a result, i mJbil'(zS lipase samples have a higher potential for
% N

biotech% applicati tthan ﬁ@lipase.
) s

N
\C-j

ot ofc}éﬁfn for research in this field (Gopinath &
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Figure 4.31: Relative Activity of Free (Free-GRL) and Selectéd Immbobilized Lipases
(CRL-1.5 NK, CRL-2.0 NK, CRL-T0 MK, CRL=2,0 MK) as;Affected by
Temperature in the Synthesis of NonyMHexanoate. Reagtions were Performed in
Hexan at 30 °C for 5 Hours with L1 Molar Ratiq'ef Nonanol-and Hexanoic Acid in
Hexane. BarsdRepresents Standard Deviations
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Figure 4.32: Percent Conversion of Nonyl Hexanoate by Free (Free-CRL) and
“1Selected Immobilized Lipases (CRL-1.5 NK, CRL-2.0 NK, CRL-1.0 MK, CRL-2.0
"MK) as Affected by Temperature. Reactions were Performed in Hexan at 30 °C for 5

Hours with 1:1 Molar Ratio of Nonanol and Hexanoic Acid in Hexane. Bars
Represents Standard Deviations
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Figure 4.33: Specific Activity of Free (I%#C n %ﬁted\rr#mobilized Lipases
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Temperature in the Synthesis o | Hexanoate. Reactiefis were Performed in
Hexan at 30 °C for 5 Hours

: olar Ratigiof'No | and Hexanoic Acid in
prese dard.DevViations

<
N

4 ¢ &

Operationax?/ or rel\u?:} of th cted immobilized lipases were used
in ten subsequent cycles in the.g llcati ction of hexanoic acid and nonanol and

&
the results Efg@/e activit 5{0 n in Figure 4.34. The capacity to use the same
I

N
enzyme% y it ired reaction significantly increases operational stability,
Y-
whigh.is%a key aspect in deterpiiaing the economic feasibility of using enzymes on an

i \th scale. Because it's difficult to extract free lipase from the reaction media for
euse, thus it was excluded from this study. In contrast, attachment of the protein to the
olid matrix preserve the enzyme from changes in its structure, making the whole

particles more stable (Zdarta et al., 2017; Zhang et al., 2018).
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The biocatalyst particles were separated by filtering after each cycle, and the flask
content was determined by titrating. The immobilized lipase particles were |sola
utilised in a new chemical cycle. For each reaction, the final conversions tlve
activities were measured, with relative activities defined as the per@&e of ester
converted by each successive cycle compared to the ester converted by fresh enzymes
in the first cycle. When an immobilized enzyme is utlllsed$e~ ly, the reaction

l

Particularly, Immobilized CRL demonstrated goo acit m\ho\dtreatment

behaviour visibly changes.

cycle. Due to the growing number of uses, the pe e of ‘relative Mi@f the
immobilised lipase samples rapidly reduced: pa e dr |zed\l&' support
samples was clearly preserved its high actlv aft |veﬁyc 83.15%71. 91%) This
result of reusability represented better N en comp 0 p swork obtained
by Jafarian et al. (2018) who achle .03% a %h t,\[\étdual activity of CRL

immobilized on graphene omda%xeet :ﬁter 53 uang{E? al. (2011) also reported

that after the 8™ cycle, the r

acl;
a cellulose nanofiber n% bein # %
1 ion of

andl gosa lipase immobilized on

After 10 tim reusi |ty was between 36.11%- 65.15%.
The result of th% was r th result obtained by Edama et al. (2014)

who obtain a‘@ of remal g"a(ﬁ_(}v'l?y of immobilized enzyme on clay. The
organoc %% morg®

Pt |n aspect because the hydrophobically interfacial

actl)gh and stabilisation, @Well as hydrogen bond interactions, caused the

immo |zed lipases on organo-modified kaolin to be more reusable. The hydrophobic
Q ce of modified clay samples prevented lipase protein leakage in an aqueous
olution, resulting in better reusability (Dong et al., 2013). Reusing the immobilized
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enzyme necessitates a tight bond between the lipase and the matrix in order to ensure
that activity is retained after numerous processes (Babaei et al., 2014). Yv

Figures 4.35 and 4.36 show the percent conversion of nonyl he@ and
specific activity of free and immobilized lipases as affected by operati@ﬂ%bility. As
an observation, The CRL-2.0 MK maintained the highest specific actiity (1.96 x 10

3umol/min/mg of protein) and the highest ester conversion (44I3Mfter 10 repeated

use, followed by CRL-1.0 MK, which shows about 33.7 ster'conversion and

about 1.56 x 10~ pmol/min/mg. While the ester convers orC LWand CRL-

pmol/min/mg and 1.03 x 10 pmol/min/mg, r ively 4 \/

The excellent reuse stability of CRL

aspects: (i) the agglomeration of CRL\atly suppr ' (ii@greusability could

be related to the loading capacity, s t a suita \mo nt f,@)teln can be spread on

the surface area, avoiding conhénal &ang . (i) <i;@use this support has the
highest pore size, it was a%hthstl efilter | better than the support with

the smallest pore siz why the ¢ rlér the biggest pore size had the
.‘
maximum reusabili N{ndayar \aﬂ\ Oll@aﬁg et al., 2017; Jafarian et al., 2018).

obabh)_f}éﬁrlbuted to leakage part of immobilized

The loss of the“activi

fgr th stability of physical adsorption. Reuse can

CRL upon !! and/washi
cause t% ing str ‘betwesé\the support and the immobilised enzyme to

o

E forces in physical adsorption are weak and do not protect the enzyme from

rmational changes (unfolding), that may be caused by the interaction with the

olvent during the esterification reaction (Rodrigues et al., 2008),
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Furthermore, the loss of activity can be caused by the active site being distorted
as a result of repeated contact with the substrate, resulting in a partial or compl?!s
of catalytic efficiency and it is possible that the confirmation of lipase W&@d by
organic solvent (Guldhe et al., 2015). Reactants and products appear toﬂN the solid

enzyme phase in organic media, resulting in significant alteratlo n the enzyme

esterification activity for the next cycle. Hexane was employe ent in this study
since previous investigations had shown that it could be us ydr te immobilized
lipase preparations for many batch runs (Pereira et al., , F th formatlon

of the reaction products layer across the enzyme ‘acCtive site, whi ui-%tame
inaccessible for the substrate (Sekuljica et al., ) h& nacti on of an
enzyme as a result of the enzyme prot '&-

Sugunan, 2007). \% 6

The idea of reusing the enzy@jn the o \ha eS tates a high level of

S
stability in the final enzyme pr%n edo se <fg§t?ngs physical adsorption

of CRL onto organo- m°d|f| %i 01 n s@to be a useful approach for

increasing enzyme acti% tc t &t the lipase and protecting it from

solvent inactivati% l \ é./

Gopinath &
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Figure 4.36: Specific Activity of Selected Immobilized Lipase (CRL-1.5 NK, CRL-
2.0 NK, CRL-1.0 MK, CRL-2.0MK) as Affected by Operational Stability in the

Synthesis of Nonyl Hexanoate Yv
4.12 Kinetic Study in the Synthesis of Nonyl Hexanoate Uihlected

Immobilized Candida rugosa Lipase
The study of kinetics is essential for enzyme catalysed reactzs in order to
determine the factors that affecting the reaction rate, and toT If, the Michaelis
|

constant or maximal activity was affected through im process The

substrate concentration was found to have a significant influence on t enfl
rates. Hence, kinetic models of free Candida ru@se amj 'mdsk ilized
lipases (CRL-2.0 NK and CRL-2.0 MK) were ¢ ted thebasis on’[zhgzl;ltlaI rate
determination by maintaining one substr w cons concentration
while varying the concentration of theﬁl ol) o@e versa
T A

4.12.1 Kinetic Modelling of Mic g@/le $

As shown in Figures 4 d 4.38~the e c'f‘s stibstrate concentrations on
initial rate were depicted b sentrlve r es different concentrations of each

substrate. When flxed%;nanol C rgt n, e initial reaction rates increase

rapidly with incre |n |d cohcen tion a ere was no evidence of inhibition by

&

the hexanoic | the ange "Ipe é)ﬁﬁed (Figure 4.37). This type of behaviour
can be se@ L- d CE.IJ 2.0 MK. In contrast of Free-CRL, at high
hexan wconce trvr? $'(> @mmol/L), an inhibitory effect was noticed for
Free- \'c'}/

orted conversions could be a consequence of an accumulation of water in the

‘%t can be explained that for the acid inhibition at higher concentrations, the lower
>

catalytic triad pocket of the lipase as the reaction progresses, causing ester hydrolysis.
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On the other hand, the excess of acid may cause acidification of the micro-aqueous layer
interface Fermentation leading to enzyme inactivation and/or high local concew
of OA near the active site with further hindrance for the diffusion of the a@o the
acyl enzyme (Krishna et al., 2001, Cavallaro et al., 2019). By other Wﬂkhexanom
acid, being a medain-chain polar acid, concentrates in the microa Ws layer and

causes a pH drop in the enzyme microenvironment leading to_enz inactivation. In
the case of immobilization, the immobilized enzyme was OY:ct ontact with the
acid as well as the microenvironment associated to theMgcatio oWrophoblc
support at the agueous-organic interface, thus, it h@lllty toretai c'v such
high hexanoic acid concentration (Oliveira et al Amin; on broad
range pH is the one of benefits the enzym maﬁon, sit r@z\-/ercome the
negative pH effect (Fopase et al., 202(\

The acid inhibition behaV| ved @vml s ifferent from several

studies on enzymatic kinetics |nd|c inhi tlgn cohol but not acid (Raita
et al., 2015, Abd Manan e?-iOlB)’ Be ica I., (2013) were reported that
inhibition with an exce rblc id yr le inhibition with oleic acid does

not. Furthermore e al., Zbl orted petltlve enzyme inhibition by butyric
acid during C se c aIyz pesE)f ation reaction, indicating some effect of

'
the Iength o the aci Iec;k(e,/

ther han whe'n @'oncentratlon of hexanoic acid is fixed, the initial
re tes for |mmoblllz} lipases increase rapidly with increasing substrate

‘%traﬂons until it reached a maximum level at a 3:1 (for CRL-2.0 MK) and 2:1 (for

OL 2.0 NK) molar ratio of nonanol to hexanoic acid. A further increase in the

concentration of nonanol led to decrease the rate of enzymatic reaction (Figure 4.38).
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For free-CRL, increasing concentrations of nonanol led to decrease of initial rates from
2000 to 5000 mmol/L nonyl hexanoate esterification. Du et al., (2004) stated w
high concentration of an alcoholic compound is a substrate inhibitor for Iip@zed
esterification. The higher tolerance of immobilized CRL can be %&d to the
multipoint attachment of CRL onto the organo support that increased{robustness and

reduced inhibition by substrates (Elisa et al., 2019). V

Similar observation was made by Raghavendra et a 4) daring the kinetic

study of synthesis of Pentyl Valerate by CRL immobili in iMﬁon ed

' N
organogels (MBGs), wherein higher concentrati f alcohol fresulted n-lh‘Rbition
4
oth

while higher concentrations of the acid did not. ver,“there \:(Eies have

t

proved that inhibition can be due to both of t strat?e\; IIaro‘E&., 2019).
&

f &%ol on the lipases,

The result can be attributed t h\ib'tiﬂg
i rae

which lead to increase propensity rsw inding hecﬁ;nanol molecules to form

% 9 Q

the inactive dead-end compleN ct, the ol b@»’a polar substrate may have
N

been accumulated in t aq&us microenviron e@und the enzyme, reaching the

level of concentration suffi¢ient {Q a ﬁ(a‘jwration of the protein and/or to a

modification of@bto lion ate b@e acidic or basic species in the
g
microenviron@ire Cabr t‘a' m&;ﬁ Moreover, complex interaction between

the hydro iespockets of the lipas alcohol, which leads to larger conformational
’
mobility and/finally for ati(f; @d-end inhibition complex. All of which obstruct
A e,

t:%er interactions at the hive sites of the lipase and reduce reaction rates (Abd

etal., 2018).

Q From the results described above, it can be concluded that all the reaction

followed a Michaellis-Menten kinetic with or without substrate inhibition. However, it
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was further confirmed by the Lineweaver-Burk plots to prove the inhibitory effects of
the substrates on the lipase, and for better comprehension of the reaction k .

Somashekar et al., (2007) reported the similar substrate inhibition profile. \

A

25
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—w— CEL-2.0MEK

0.0
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[Hexanoic acid] (mmol/T1.)

Figure 4.37: Michealis-Me

- \<—
otson t actio tes of Nonyl Hexanoate
Synthesis at Various Hexanei d (é'n entrations ree-CRL, CRL-2.0 NK, and
-2.
'3

CRL l(o
Qs
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Figure 4.38: Michealis-Menten Plots ctlo tes nyI Hexanoate
Synthesis at VVarious nonanol Con tlons fo R ) 2 0 NK, and CRL-
S
4.12.2 Determination of Kine tants Q-

&

The experimental res sh tT hes@al reaction rates are reached
lar r |o
;'

when using equimolar% (1 1

n@ certain esterification condition.

Furthermore, an ex of e oss of the lipase activity (except no
inhibition of h n0| -2 O nd CRL-2.0 MK). This mechanism is
characterl ze he H'GSUI the Lineweaver—Burk double reciprocal
represe ti conﬂe VEB\ch there is no inhibition.

|net|c constants of‘n(ﬁﬂyl hexanoate esterification were determined for both

‘%\d immobilized lipases (Table 4. 15) to check if the maximal activity and

Ochaells constant were affected by immobilization.

Table 4.15: Kinetic Constants Obtained for the Enzymatic Esterification of Nonyl
Hexanoate
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Kinetic Constants Selected Lipases
Free-CRL CRL-2.0 NK CRL-2.0 MK
2D\ max(mmol/L/min) 1.5810 2.1786 2.3504?~
8 Km (Hex) (mmol/L) 100.0182 209.283 183!
b Km(Non) (mmol/L) 3493.1 399.315 13
2 KiHex) (mmol/L) 5572.9 - -
® Kinon) (Mmol/L) 495.7 6401.8 1
2 Condition where concentration of nonanol was kept constant, whil ntration of

hexanoic acid was varied
b Condition where concentration of hexanoic acid was W nstant, while

concentration of nonanol was varied
It can be seen that the kinetic parameters for the i ':zed ,anzyme may be

different from those of the free enzyme because of diffusio

trictions teractions
Y
active sites of enzymes with the support or deactivati e to immobi aliol\\(@eorge
[l m

& Sugunan, 2014). Hence, by creating a Linew urkqu aﬁd,‘(;max were

estimated from nonlinear regression methc@igma ot madule) ﬂt‘@Jgh the values

<<

4.40]. V'and Vimax are the

rate and maximum rate of the reacti@)spectivemhngs @ji\chaelis constant, Kjis
0 s
the inhibition coefficient and S%bst te co eﬂtra@'
\ \A
Using the immobi izat?ﬂhniqfe, th net'Sénstants are noted as ‘apparent’,

|
since the interaction betwe the& add @th substrates, which can result in

for 1/intial rate versus 1/[substrate] (FI 9and Fi

different substrat Mtratiohs neays the e@ue, was not accounted (Oliveira et al.,

N
2001). In this MR 2.0 <¥$Ia¢%bthe highest Vmax value in varying substrate

concentrati tion. Where, ig§due of Vmax indicates that there is greater
! s

tende nzyme substrate coqrplex to split and form product. In general, both
N

immo d lipases displayea\cls;?gher Vmax Value that the free enzyme indicating an

%ed activity upon immobilization. On the other hand, high values of Kn indicate

t there is lesser affinity of enzyme towards substrate. Comparison of the Kn value
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for a given free and immobilized enzyme could provide information about interaction

between enzyme and its support (Quiroga et al., 2011). Yv

In this study, the lower KmHex) values comparing with Kmnon) Sug eGQ)wat the
free and immobilized lipases showed higher affinity towards hexanoic aci ex) than
towards Nonanol (Non) with Kmnex)y <Km(non), Whereby KmHe angcmmon) are the

Michaelis constants for hexanoic acid and nonanol, respecti As the apparent

upe*(ar etal., 2014),

hence the values seen in this study were well within the satiSfacto rMher inetic

N
studies regarding immobilized lipases have also @highe Knéfor a‘cehfas than

4

towards acids. For example, in a study using Wmo Hize nan@_ef‘zc:us mica,

the Km values for butyric acid and WWGI’E molﬁg and 9308

mmol/L/mg, respectively (Zaidan et alﬁH

changed after immobilization as SmDo c'c:
‘%}Idit'

the enzyme (Ghiaci et al., 20

Michaelis-Menten constant normally falls between 107110

hé?ges to the active site of

4] . . .
valié,@ Ki indicates that there is

increased binding to non-catalytie sites leading 'to in@tion.From the relatively large

i
value of KigHex) of free%t is apparent q}a&io nhibition is much less significant

than Kipon). The i ahwconslantl maller;Ean previously reported in similar kinetic
NG
models (ChertM 0 7}. i r|oc€)ﬁg}c acid in their result was 0.078 mol/L,
:
he a

indicating noic aci tron&ev lipase inhibitor effect.
’

rt ore, Kion) for irr{n‘ﬁﬁilized lipases is much less significant comparing

withufree lipase. Where Ki(Non)}ar CRL-2.0 NK and CRL-2.0 MK (6401.8 and 2505.1

ibitory effect of the substrates was more severe on aggregated CRL. The data

L) are 12.9 and 5.1 fold higher than free CRL (495.7 mmol/L) implying that the
O

strongly indicated that immobilization of CRL on the organo-modified kaolin and
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metakaolin imparted favorable changes on the lipase and became less susceptible to

substrate-related inhibition during reaction. T

The calculated efficiency factor (), determined as the ratio of g%(imum

reaction rate of immobilized CRL (Vimmobilized) OVer that of free-CRL (Viree) (Equation

4.1), which was 1.4 (for CRL-2.0 NK) and 1.5 (for CRL-2. K The value of

efficiency factor in this study is smaller than obtained by Zai (2011) which
was 1.6. é
Efficiency factor (n) = Yimmobitizea (41)
Vfree

The high value of Efficiency immobilize lipase=(1)) suggest {Hat- diffusional

limitations are minimized and the natlv(gaj mati Qﬁof ase Q aintained after

immobilization (George & Sugunan 2% \T ~\O

o \

0.80

075 —&— Free-CEL

: —o— CRL-2.0 NK

—y— CERL-2.0 MK

.70 A
—
E 0.65 4
=~ 060 -
—
=
E 0.55 A
R
[-F]
é 0.50 A &\\\\ﬂ
i

0.45 -

0.40 T T T T T

0.000 0.001 0.002 0.003 0.004 0.005 0.006
A 1/ [Hexanoic acid] (mmeol1.L)

igure 4.39: Double-Reciprocal Plots of Initial Rate of Nonyl Hexanoate Synthesis at

Varied Hexanoic Acid Concentration and Fixed Nonanol Concentration For Free-

CRL, CRL-2.0 NK and CRL-2.0 MK. Reactions were Performed at 30 °C with 1:1-
1:5 Molar Ratios of Nonanol and Hexanoic acid in Hexane.
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Figure 4.40: Double-Reciprocal Plot

N
Syn&g: at Varied
ion@ ree-CRL, CRL-

h 1:1-1:5 Molar
e
4 S
As in this work, prew\ studi hav shc@\at the lipase-catalyzed

esterification and transeste n inforganic/media:can be described by the Ping—

%%/
/

Nonanol Concentration and Fixed He%
2.0 NK and CRL-2.0 MK. Reactions were’P rquﬁo
Ratios of Hexan and a

Pong mechanism (Orre%l ; 2009 az &A{? ar, 2015, Abd Manan et al., 2018,

Elias et al., 19 methan IS ch@cterlzed by the parallel lines in the

Lineweaver— ou I reﬁ? [ep&e@atlon at concentrations in which there is

no |nh|b|t| s i app edin the preé.ut study. Further, the lines do not intersect at a
comm w (Yad In addition, the kinetic constants in Table 4. 15
Ki value is veryﬁc&%ller than Kmmon) (Kmmon) > Kji) using Ping—Pong

ism. According to Segal, this reaction follows the Ping—Pong mechanism

09%1975, Rahman et al., 2011).
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The Ping-Pong Bi-Bi model with one substrate inhibition and Ping-Pong Bi-Bi
mechanism with two substrates inhibition are illustrated by the Cleland convevm
diagram as shown in Scheme 4.2 and Scheme 4.3. In this type of @tion
mechanism, the enzyme binds first with the hexanoic acid (Hex) for ipase-acid
complex, which then transformed to acyl-enzyme intermediate with trwse of water.
The second step, nonanol (Non) binds to acyl-enzyme and oMother complex,
which is isomerized by a unimolecular reaction to lipase- mlelx which finally
yields nonyl hexanoate and the lipase. Both nonanol an noic cWe' enzyme,
and nonanol for CRL-2.0 NK and CRL-2.0 MK ass to reaCt wit trte EE%‘Samd
acyl-enzyme complex, respectively, to form de om% i no.@ﬁation of

X

VA9 S

&
N e

K S
N 9
K7 $

N
/. :l ")(J

1P

N
\f.?

the product (Zaidan et al., 2011)

-9

s

(—)
&
N
N
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Scheme 4.2: Graphical Repreentation of the Ping-PoEg ?Bi N’Jﬁ i@we Substrate (Nonanol) Competitive Inhibition Catalyzed by
Affi

CRL-2.0 MK and CRL-2.0 NK which Indicated Higk
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Scheme 4.3: Graphical Representation of the Ping-Pong Bi-Bi \/Wi 0 %bstrates (Hexanoic Acid and Nonanol) Competitive

Inhibition Catalyzed by Free-CRL (—) \51 @
S UE

)

Whereby, Enz = enzyme N Aj $

c.)? N
NH = nonyl hexanoate \" "C"
S8
N
S| o9r S
AR
Hex = hexanoic acid % d "\/\z'
)\ S
Kion), KiHex) = inhibition constant o@anol, hexanoic acid

S

B

Non = nonanol
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The correlation between substrate concentration and reaction rate can be
determined by Michaelis-Menten equation. In this study, similar characteristics?he
effect both substrates were observed for CRL-2.0 NK and CRL-2.0 @reby
nonanol acted as an inhibitory substrate, with hexanoic acid serving‘lNance the
reaction and the reaction models can be simplified as in the Equationg.2. Otherwise,
the inhibition of both substrates (Free-CRL), the equation gets Mplex (Equation

&

4.3). Thus, the rate equations that describe these models ar aticilly presented as

.

| T c.\‘r

Vinax [N On] [H ex]
Konhex)[Non](1 + [Non]/K;non)) + Kin[Hex] + [Non][Hex]

- 19 S

V= Vinax [Non] [Hex]
B Km(Non) [Hex] (1 + [Hex]/Ki(Hex)) + Km(Hex) [Non] (1 + [Non]/Ki(Non)) + [Non] [Hex]

(4.3) %,’ o ¥ @\
Whereby, \ ¥ .\A%

V=

Y
) m.
"i/\7/ e

C &C/

Vmax = % velﬁ i

N
Krayon), Kin(Hex) = Michaelis coﬁ'?ant of nonanol, hexanoic acid
n)

0 ‘éEo , Ki(Hex) = inhibition constant of nonanol, hexanoic acid
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The validation of the Ping-Pong Bi-Bi model with inhibition by substr@s

reaction was also evaluated by constructing parity plot for the theoreti s the
experimental esterification rate Figures 4.41 (a), (b), and (c). R2 7:% between
simulated and experimental rates were 0.9935, 0.8517 and 0.8416 fox(:CRL, CRL-
2.0 NK and CRL-2.0 MK, respectively. Thus, it indicates that
in agreement with the experimental data. Although t@ r- sn’ulated Vsimulnted
values showed R> values of 0.8517 for CRL-2.0 NK and 16 or.}RLdQ Mche
discrepancy between Vexprimentat and Vsimuinted a igniii ar’t ,ati?everal

empk§(;d in the
\ 9

iteration (curve fitting), which limits the f@y requ ; eal system in
solution, (ii) the error in the experimen as differe in t@olume of catalyse

| developed was

substrate concentrations. This could be due

added due to accidental overflow z me while it i tétb_\e reaction vessel.

The comparison betwee or the enta S&T simulated rates versus the
concentration of hexanaqic a li a#s cal se l@r\[Flgures 4.42 (a), (b), and (c)]
and the coefficient of deter atl ( eJI‘ in Table 4.16. These findings show

that the predlcte 0 |tted|the e |mate a which is more fitted for free-CRL

4

b) N
) o
t(

than |mmob|I ses ug to eel‘fe@%Mat arise from the immobilization.

.
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Bi-Bi Mechanism for (a) Freg- (b) ¢) CRL-2.0 MK
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Figure 4.42: Comparison between Plots of Simulated (Theoratical) and Experimental
Rates of a) Free-CRL, b) CRL-2.0 NK, ¢) CRL-2.0 MK.

Table 4.16: R? of Simulated and Experimental Plots for Free and ImmobilE ﬁ;s
Coefficient of Determinationé

Selected Lipases Simulated Ex tal
Free-CRL 0.9121 079095
CRL-2.0 NK 0.8519 97

CRL-2.0 MK 0.8453 T 9057
I NY.

1S
Y-

NN
SV
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