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ABSTRACT

This study focused on the selection of adsorption and desorption processes
under mild condition for phytosterol recovery. Three types of ion-exchange resins
(strong acid resin: SA-R, strong base resin: SB-R, and weak base resin: WB-R) were used
to study the efficiency of phytosterol adsorption, and molecular imprinted silica was
synthesized and used as an alternative adsorbent for phytosterol recovery. In order
to obtain useful information for the design of an adsorption process, an experiment
on the adsorption of phytosterol on three resins was performed by using a model
solution of stigmasterol in n-heptane. The study of behavior of phytosterol adsorption
on three resins showed that the adsorption rate could be well described by pseudo-
second-order kinetics model. The equilibrium adsorption data fitted better with a
Freundlich isotherm. The thermodynamic parameters indicated that the adsorption
was an exothermic and spontaneous process. To investigate the potential of the
proposed two-step process, adsorption of phytosterol in n-heptane and desorption
of phytosterol in ethanol were performed by using a batch system. SB-R and WB-R
were selected as the promising adsorbents to be used in the proposed process due to
they showed a higher adsorption capacity than that of SA-R. In the adsorption step,
the adsorption capacity of phytosterol on WB-R was 43.75 mg/g-adsorbent which was
1.1 times of that achieved by SB-R. In the desorption step, the desorption percentage
of SB-R was 78.94 % which was 1.3 times of that achieved by WB-R, and the recovery



percentage of both SB-R and WB-R were in the range of 30-37 %. In the case of
molecular imprinted silica (MIS). The results showed that the adsorption capacity of
MIS was 68.01 mg/g-adsorbent which was 1.4 times of that achieved by non
imprinted silica (NIS), and the recovery percentage of phytosterol from MIS was 2.0
times higher than that from NIS. In addition, MIS showed a higher efficiency in
phytosterol recovery than those achieved by SB-R and WB-R. The effects of synthesis
factors on the BET surface area and the adsorption capacity of MIS were studied. An
analysis of response surface showed that the pH of solution was found to have the

largest effect on the BET surface area and the adsorption capacity of MIS.
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Chapter 1
Introduction

1.1 Rationale and problem

Deodorizer distillate (DD) is a major byproduct from vegetable oil refining
process. It consists of various hydrocarbons including free fatty acids (FFA),
monoglycerides (MG), diglycerides (DG), triglycerides (TG), and small amount of some
bioactive compounds [1]. The amount of FFA in DD varies around 25 to 82.5 wt%
depending on type of vegetable oil, refining method, and condition [2]. In recent
years, large amount of DD has been annually generated due to high demand of
biodiesel. Based on the amount of crude palm oil produced in 2014 to 2016 in
Thailand, Indonesia and Malaysia (53 million ton per year), the annually generated
amount of palm fatty acid distillate (PFAD) was about 3 million ton per year [3-9]. To
make overall process of biodiesel production become more economical, reasonable,
and environmental friendly, DD has been utilized as a low cost raw material for
production of biodiesel [9] and as a natural resource of phytonutrients such as
tocopherols, squalene, and phytosterols [2]. Therefore, the use of deodorizer
distillate as a source of phytosterols may increase the economical value of vegetable
oil production.

Phytosterols have several beneficial bioactivities and have been widely used
in food, cosmetics, and pharmaceutical industries. As summarized in an excellent
review [10], phytosterols have been successfully recovered from DD by several
methods. In general, these methods consist of several steps of chemical and physical
treatments. Since removal of undesired compounds (FFA and glycerides) from DD by
distillation requires relatively high temperature and extremely low pressure, it is
necessary to transform these undesired compounds into the forms that can be
separated more easily. There are two main approaches to recover phytosterol from
DD. In one approach, FFA in DD was saponified and the resulted soap was removed
from the obtained mixture by simple solid-liquid separation. In the last step,
phytosterols were separated from the liquid mixture of unsaponifiable components
by using either vacuum distillation or cold crystallization [11-13]. In the other
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approach, FFA and glycerides were chemically transformed to fatty acid alkyl esters
(FAAE) by esterification and transesterification, respectively [14-18]. Then, either
vacuum distillation or molecular distillation was applied to remove large fraction of
FAAE. In this phytosterol pre-concentration step, physical treatments were usually
applied to obtain high yield of phytosterol recovery and to reduce the size of the
equipment used in the downstream process. Similar to the former approach, cold
crystallization was also applied as the last step of phytosterol isolation. Although
these approaches have been successfully applied to recover phytosterol from DDs,
the processes face a major problem of extensive energy requirement; vacuum
distillation usually operates at 1x10- to 1.33 mbar and 413 to 623 K to vaporize
large quantity of the undesired compounds [11, 15-17, 19], and cold crystallization
usually operates at low temperature in the range of 253 to 288 K [12-18, 20-22].
Therefore, a method with higher efficiency and more economical use of energy
should be developed to serve the rapid growth of recent phytosterol demand.
Adsorption is widely used in separation of minor components from liquid or gas
mixture. In recent years, adsorption and desorption processes have been used to
recovery of phytosterol from tall oil. Barder [23] described adsorption and desorption
processes that used activated carbon as an adsorbent In desorption step,
monochlorobenzene was used as a desorbent to separate phytosterol from
activated carbon at 423 K. This method yielded a phytosterol recovery of 89 wt%
and a purity of 77.6 wt%. Barder et al. [24] reported adsorption and desorption
processes that used carbonaceous pyropolymer as an adsorbent. In desorption step,
toluene was used as a desorbent to separate phytosterol from carbonaceous
pyropolymer at 397 K. This proposed method yielded a phytosterol product that had
a recovery of 90 wt% and a purity of 50 wt%. In addition, Barder et al. [25] used
magnesium silicate as an adsorbent for adsorption of phytosterol. In desorption step,
Methyl-t-butyl ether (MTBE) was used as a desorbent to separate phytosterol from
magnesium silicate at the temperature range of 293-503 K. The obtained phytosterol
had a high recovery of 50-95 wt% and purity of 80-95 wt%. These processes showed
that activated carbon, carbonaceous pyropolymer, and magnesium silicate were
effective adsorbents for recovery of phytosterol. However, the desorption step was
necessary to use toxic solvents at very high temperature to obtain phytosterol with
high recovery and purity.
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Therefore, this study focused on the selection of adsorption and desorption
processes under mild condition for phytosterol recovery. The proposed process
consisted of adsorption of phytosterol at 303 K and desorption of phytosterol in
non-toxic ethanol at 343 K. Based on chemical resistance and simplicity of operation,
three types of commercial grade styrene-divinyloenzene copolymer ion-exchange
resin (strong acid resin: SA-R, strong base resin: SB-R, and weak base resin: WB-R) were
considered as attractive adsorbents in the physterol recovery process. SA-R was
selected to use in this study due to the sulfonic acid groups on the surface of SA-R
can be able to interact with bases by strong electrostatic interaction [26]. SB-R with
quaternary amine groups and WB-R with both quatemary and tertiary amine groups
were also selected to use in this study. As reported by Anasthas and Gaikar [27],
alkylphenols adsorption on anion-exchange resin occurred through a weak hydrogen
bond between amine group on anion-exchange resin and hydroxyl group in organic
compound. To investigate behavior of physterol adsorption on SA-R, SBR, and WB-R,
isothermal batch adsorption was performed using a model solution of stigmasterol in
n-heptane to evaluate adsorption capacity. Kinetics of phytosterol adsorption was
evaluated based on pseudo-first-order and pseudo-second-order models. Adsorption
data at equilibrium were analyzed based on Langmuir, Freundlich, and linear
isotherms and three important thermodynamics parameters (i.e. Gibb’s free energy
change, enthalpy change, and entropy change) were calculated and the adsorption
behavior was discussed based on the calculated thermodynamics parameters. This
information can be useful for selection of the operating conditions of the adsorbent.
In addition, Silica is also an interesting material to use as an alternative adsorbent for
phytosterol recovery due to numerous remarkable properties such as high porosity,
high specific surface area, high stability and easily synthesized. This study also
focused on a synthesis of molecular imprinted silica with phytosterol as the
template molecule and using the imprinting silica as an efficient adsorbent. The
effect of synthesis factors were studied simultaneously by using a central composite
design in order to obtain optimal conditions for the synthesis of a high adsorption-
capacity molecular imprinted silica for phytosterol. The results of this study will
demonstrate the feasibility of using adsorption and desorption process under mild
condition for phytosterol recovery and indicate the efficiencies of adsorbents used
for phytosterol recovery. In addition, this study will also demonstrate the feasibility
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of synthesis of molecular imprinted silica by using phytosterol as a template
molecule.

1.2 Objectives of the research

121

122

To study the feashility of using an adsorption method under mild condition to
recover phytosterol.

To study the feasibility of synthesis of molecular imprinted slica by using
phytosterol as a template molecule and using the imprinting silica as an
efficient adsorbent

1.3 Scope of the study

14

131

132

133

134

Study behavior of phytosterol adsorption on ion-exchange resins by using
isothermal batch adsorption of phytosterol in a model solution in order
to evaluate the kinetics, equilibrium, and thermodynamics of phytosterol
adsorption.

Study batch experiments for adsorption of phytosterol in model solution
and for desorption of phytosterol from ion-exchange resins.

Synthesis of a molecular imprinted silica by using phytosterol as a template
molecule.

Study the effect of synthesis factors of molecular imprinted silica on the
adsorption of phytosterol.

Research expectations

141

142

The proposed process can demonstrate the feasibility of phytosterol
recovery by an adsorption process.

The experimental data can be used for process design as well as development
of a high efficiency adsorbent for separation of phytosterol.



Chapter 2

Literature Review

2.1 Phytosterols
2.1.1 Introduction of phytosterols

Phytosterols are members of triterpenes compounds with similar
chemical structure as cholesterol [28]. Both consist of steroid nucleus, a hydroxyl
group and a double bond between carbons number 5 and 6. While cholesterol has
an alkyl side chain consisted of 8 carbon atoms, most phytosterol s’ alkyl side chains
contain 9 or 10 carbon atoms. Over 200 different types of phytosterols have been
reported. The most abundant of them are brassicasterol, campesterol, stigmasterol,
and beta-sitosterol [29]. The most commonly found phytosterols in all vegetable oils

and fats have the structures shown in Figure 2.1.

Brassicasterol Campesterol
HO
Cholesterol
AN
HO HO
Stigmasterol Beta-sitosterol

Figure 2.1 Structures of triterpenes compounds

Phytosterols in nature are either in a free form or in a conjugated form
such as fatty-acid esters, steryl glycosides, and acylated steryl glycosides [28].
Phytosterols are potentially very valuable due to their desirable bioactive properties.
They reduce blood cholesterol level, particularly low-density lipoprotein (LDL) which
is the main cause of cardiovascular disease [30]. In addition, phytosterols also have

been proven to have anti-inflammatory [31], and anti cancer efficacies [28].



2.1.2 Sources of phytosterols

Phytosterols in esterified and free alcohol forms are commonly found in
plants. Verleyen el al. [32] stated that more than half of phytosterols in many edible
plant oils are esterified while Phillips et al. [29] reported that 32 to 94 % of the total
phytosterol content of edible oils are free phytosterols.

In the refinery process of vegetable oils, deodorizer distillates (DDs) are
obtained as by-products of the deodorization step. DDs are good raw materials for
tocopherols, free phytosterols, FASEs, fatty acids, and squalene productions [2]. DDs
are usually obtained from soybean, palm, corn, sunflower, and rapseed oils. Minor

constituents of DDs are shown in Table 2.1.

Table 2.1 Minor constituents (wt %) of deodorizer distillates

DD Free Steryl
Tocopherols Squalene | References

Type phytosterols ester
Soybean 16.48 17.06 2.59 1.28 [1]
Soybean 18.02 18.81 2.33 2.09 [1]
Soybean 7.51 6.32 4.45 0.65 [1]
Soybean 6.40 5.36 391 1.83 [34]
Soybean 10.40 10.30 12.80 : [35]
Corn 1.42 2.71 0.62 0.21 [1]
Corn 3.31 5.42 - 0.99 [1]
Sunflower 1.28 4.29 0.09 1.00 (1]
Sunflower 5.06 13.90 0.30 0.73 [1]
Sunflower 6.00 5.10 - - [16]
Rapseed 4.19 13.36 5.33 0.40 [1]
Rapseed 3.67 8.63 1.35 0.07 [1]
Palm 1.00 0.30 0.50 - [36]
Palm 0.5 0.24 - 1.03 [37]
Palm 0.50 0.40 - 0.80 [38]
Olive - 4.60 - 28.00 [39]




Another source of phytosterols is tall oil which is obtained from black
liquor from alkaline digestion of wood in pulp industry. Black liquor is a complex
mixture of sodium salts of fatty acids, sodium salts of resin acids, fatty alcohols, free

phytosterols, steryl esters, and fatty acid esters [33].



2.2 Adsorption process
Adsorption is a process that a molecular species in gas phase or liquid phase
gets attached on the surfaces or pores of a solid. Adsorption occurs in two types:
physical adsorption and chemical adsorption. Physical adsorption occurs via weak
van der Waals forces between molecular species and solid while chemical
adsorption occurs via chemical bonds between molecular species and solid.
2.2.1 Adsorption isotherms
Adsorption isotherms are important for the description of the interaction
between molecules of adsorbate and adsorbent surface. Two isotherm models
Langmuir and Freundlich isotherms are commonly used to describe adsorption of a
molecular species on surface of a solid.
2.2.1.1 Langmuir isotherm
Langmuir equation assumes that there is no interaction between
the adsorbate molecules, and adsorption is limited to a monolayer. Langmuir
equation can be derived based on fundamental assumptions [40]. A general form
and a linear form of the Langmuir isotherm are shown in Equation 2.1 and 2.2,

respectively,

qe — QmKLaCe , (21)
1+K,,C,

G 1. (2.2)

q@: KLaCIm qm

A plot of C./g. versus C, gives a straight line and the values of
gm and K; can be evaluated from the slope and y-intercept, respectively.
2.2.1.2 Freundlich isotherm
Freundlich isotherm is an empirical equation that is commonly
used to describe the adsorption characteristics of adsorbate on a heterogeneous
adsorbent surface. This isotherm explains non-ideal adsorption as well as the
formation of multilayer adsorption. A general form and a linear form of Freundlich

isotherm are shown in Equation 2.3 and 2.4, respectively,



¢ =K, 23)
1

logg, =logK, +—logC.,. (2.4)
n

The plot of logg. versus logC, gives a straight line and the
values of 1/n and Kr can be evaluated from the slope and y-intercept, respectively.
The constant K related to the strength of the adsorption bond, and n is constant
that can be related to the favorability of adsorption. The value of n < 1 indicates the
increase of the interactions between adsorbate and adsorbent that causes with
favorable adsorbate and adsorbate interactions on the adsorbent surface. The value
of n >1 indicates the decrease of the interactions between adsorbent and adsorbate
due to the presence of unfavorable interactions between adsorbate and adsorbate
on the surface of adsorbent [41].

2.2.2 Adsorption kinetics
In order to investigate the mechanism of adsorption, characteristic
constants of adsorption are estimated by using a kinetic model. Lagergren introduced
a pseudo-first-order model for the adsorption of solute from liquid solution [42]. A

pseudo-first-order model is expressed by Equation 2.5,

dq
C=k(q.—q,). (2.5)
0 g.—q)

Integrating Equation 2.5 for boundary conditions of t = 0 to t = t and g

= 0 to g; = gy, it becomes
In(g,—g,)=Ing, —kt . (2.6)

Another model for analysis of adsorption kinetics is pseudo-second-

order model [43]. The rate law for this system is expressed by equation 2.7,

dq
7; =ky(q.—q,). 2.7)
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Integrating Equation 2.7, for boundary conditions of t = 0 to t = t and g,

=0 to g; = gy, it becomes

g ! +it (2.8)
a. ka. q. '

Equation 2.8 can be rearranged to obtain a linear form below

(1 1, (2.9)

q. kgl q.

A plot of t/g; versus t gives a straight line with a slope of 1/k,g% and a
y-intercept of 1/Ge, SO ge and k, can be evaluated from the slope and y-intercept,
respectively.

Two kinetic models for adsorption of solute from liquid solution (first-
and second-order models) were derived and used by Azizian [44]. The kinetic models
were derived by a general and a specific method to identify the real meaning of their
observed rate coefficients.

2.2.3 Adsorption thermodynamics

Thermodynamics of adsorption is a key to understand the nature of
adsorption. A negative value of AG indicates that the adsorption is spontaneous and
feasible. An adsorption equilibrium constant (K) is used to calculate AG as shown in

Equation 2.10 below,

AG=—RTInK. (2.10)

Equation 2.11 shows a relation between adsorption equilibrium constant

and temperature of adsorption,

g =25 AT 2.11)
R RT
By performing linear regression analysis of the plot between InK and

1/T, AH and AS can be calculated from the slope and the y-intercept of the
obtained straight line.
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2.3 Molecular imprinted silica
2.3.1 Sol-gel process

A sol-gel process has been used to prepare solid silica-based materials
through hydrolysis and condensation of an alkoxide precusor [45]. The process starts
with hydrolysis of an alkoxide precursor (metal alkoxide M(OR), to produce a reactive
hydroxyl eroup on the metal molecule, where M represents a network-forming
element such as Si, Ti, Zr, Al, and B, and R is typically an alkyl group (C,H,,) and
water) [46]. This step is followed by formation of metal hydroxyl group by
condensation. An elementary sol-gel process involves hydrolysis and condensation
of tetraalkyl orthosilicates in the presence of a cosolvent to form SiO, networks as

shown in Figure 2.2.

Hydrolysis

S(OR), + H,O ——  (RO)SI-OH + ROH

Condensation

AN / AN /
— Si-OH + HOSIi — —— — S§i-0-Si — + H,O
/ AN / AN
and/or
AN / AN /
— S-OH + ROSI — —— — 505 — + ROH
/ AN / AN
Net reaction \N /
Si—O
) 7 o PE |
son. o won - \§ 005 -
(liquid) Cosolvent > Si Si—0
\ \ O
Q. o/ to/ Moy
—si” s
\O\Si/o AN
/\
SiO, matrix

Figure 2.2 Processing steps involved in production of sol-gel derived silica matrix [47]

2.3.2 Molecular imprinting process
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An imprinting process consists of three main steps. In the first step, a
template molecule interacts with a functional monomer to produce a polymerizable
lisand. The second step is polymerization of the polymerizable ligands to produce
polymer networks. The final step is removal of the template molecule from the
polymer matrix, leaving cavities that can be recognized by the target molecule.
There are two main approaches to produce a molecularly imprinted material by sol-
gel method. One approach has a template molecule reacts directly with a functional
monomer. The other approach has a template reacts first with a derivatizating
precursor prior to reacting to a functional monomer.

2.3.2.1 Self-assembly or non-covalent approach

A template molecule is directly added to a sol-gel solution
prior to acid-catalysed hydrolysis and condensation by using a polar solvent such as
ethanol or water. The imprinted sites are created by weak chemical interactions (van
der Waals, z-stacking, electrostatic, etc.) between the template molecule and the
sol-gel network [46]. Following the drying step, the gel is extracted by a suitable

solvent to remove the template molecule as shown in Figure 2.3.

OR
| R OR
Si —o0 |
. Solvent, . v \o /S\\ \Si\
o catalyst \ OH on/ OH
5;/ + — RO*S‘I (‘)
7 Do 0 —0 o £ 5o
) Template Vs '\ OR -
Metal alkoxide precursor RO HO Si 5 — 0
molecule RO/ ~o—
/ OR
OH R / Template
S‘i/ R | . OR extraction
AN %
0 O~ /N
N\ oY N OH
N ) O
RO Sit 7/ \ ‘
|\ /RO\ 5i— O
.~ —
RO—si—0 OH " OH
SN T
RO HO Si 59
/ \O/ ‘
RO
OR

Imprinted silica sol-gel

Figure 2.3 Non-covalent silica imprinting process [46]
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2.3.2.2 Pre-organized or covalent approach employing reversible

covalent bonds
Prior to a polymerization step, a chemical synthesis is used to
link a derivatizating precursor to a template molecule to create a sacrificial spacer.
Then, the polymerization step is used to combine a sacrificial spacer and a metal
oxide precursor. After polymerization, the template molecule is removed by a

suitable solvent to provide specific molecular binding sites as shown in Figure 2.4.

(‘)R
NCO X
S T +
OR
Derivatizating Template molecule
precursor l
L
OR /[\ OR
H i~
S
S‘A >N o 0 N / |
|
RO L W/ H RO
OR O

Polymerizable precursor,

solvent, catalyst

Chemical cleavage

(reduction, oxidation)
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Figure 2.4 Covalent silica imprinting process [46]

2.4 Central composite design

A central composite design (CCD) is an effective method for fitting second-
order model. The number of tests required for CCD including the center points, the
factorial points (25, and the axial points fixed with the distance from center points
(V). The value of O and the number of tests for CCD are expressed by equation 2.12
and 2.13, respectively.

a=2k)", (2.12)
The number of tests = 2* + 2k +n,, (2.13)
where k is the number of factors and ng is the number of center points. For

exsample, a CCD for 3 factors, with 3 center points resulting in total number of tests

2° + 2(3) + 3 = 17 runs as illustrated in Figure 2.5.

(1.-1, 1) (1,1, 1

-1,-1, 1) -1.471)

(oL 0, 0 | (1, -1, 1)@ 800,

f -1.-1,-1) e (1,1.-1)

8 factorial points (@) 6 axial points (@) CCD design

3 center points (@)
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Figure 2.5 A central composite design for 3 factors, with 3 center points

Table 2.2 Relationship between the code of factor and the value of factor [48]

Code The value of factor

'a Xmin

-1 (a B l)Xmax + (a + 1))(min
20

0 Xmax + Xmin
2

+1 (a - 1)X1nin + (a + 1)‘vaalx
2o

+0 Xmax

*Xinin and Xpay @re minimum and maximum value of X, respectively.

In addition, the desired value ranges of the factors have to defined, it is coded
as +1, 0, and + O for the factorial poins, the center points, and the axial points,
respectively. The code can be calculated based on the range of each factor, as

shown in Table 2.2.

2.5 Recovery of phytosterols

Phytoterols have several beneficial bioactivities and have been widely used in
food, cosmetics, and pharmaceutical industries [10]. Over the past several decades,
deodorizer distillates (DDs) have become one of the most important sources of
phytosterols due to an increase in the total global production of vegetable oils of
about 17 % between 2012/13 and 2017/18 [4].

Phytosterols have been successfully recovered from DDs by several methods.
In general, these methods consist of several steps of chemical and physical
treatments. Since removal of undesired compounds (FFA and glycerides) from DDs
by distillation requires relatively high temperature and extremely low pressure, it is
necessary to transform these undesired compounds to the forms that can be
separated more easily. In one approach, FFA in DD is saponified and the resulted
soap is removed from the obtained mixture by a simple solid-liquid separation. Then,
phytosterols are separated from the liquid mixture of the unsaponifiable
components by using either vacuum distillation or cold crystallization. Rohr et al. [11]

proposed a method for recovery of phytosterols from soybean oil deodorizer
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distillate (SODD). In their process, SODD was saponified with sodium hydroxide
solution and magnesium sulfate solution to remove FFA and glycerides. Next, the
unsaponifiable product was distilled at 623 K and 1x10° mbar to obtain a residue
and a distilled product. The yields of the residue and the distilled product taken
from the first distillation were 63 wt% and 37 wt%, respectively. Tocopherols and
phytosterols were concentrated in the distilled product and their concentrations
were 8.0 wt% and 10.4 wt%. In the residue, tocopherols and phytosterols were
found at concentrations of 0.4 wt% and 1.37 wt%, respectively. The first distilled
product was submitted to a second distillation at 553 K in order to remove the
remaining soap in the first distilled product. From the second distillation, the residue
and distilled product yields were 2.6 wt% and 34.4 wt%, relative to the raw material.
Total tocopherols and phytosterols concentrations in the distilled product were 8.5
wt% and 11.4 wt%, respectively. The concentrations of tocopherols and phytosterols
in the residue product were 0.38 wt% and 0.24 wt%, respectively. The second
distilled product was then distilled again at 413 K. In third distillation, the residue and
distilled product yields were 21.6 wt% and 12.8 wt%, respectively relative to the raw
material. The concentrations of tocopherols and phytosterols in the residue product
were 13.0 wt% and 17.9 wt%, respectively. The concentrations of tocopherols and
phytosterols in the distilled product were 0.93 wt% and 0.50 wt%, respectively. This
shows that the recovery of tocopherols and phytosterols were 87.8 wt% and 80.5
wit%, respectively relative to the raw material. Yang et al. [12] described a catalytic
decomposition and crystallization process for recovery of phytosterols from waste
residue of soybean oil deodorizer distillate (WRSODD). In their work, WRSODD was
chemically treated by saponification with an alkali solution to decompose WRSODD
and transform steryl esters into phytosterols. Crystallization of phytosterols in the
obtained preconcentrated mixture was optimized by varying the types of solvents
(methanol, ethanol, n-propanol, n-hexane, cyclohexane, petroleum ether, acetone,
butanone, cyclo-hexanone, benzene, toluene, acetone, and ethanol mixed (4/1,
Vv/V)), mass ratios of preconcentrated mixture to solvent (from 1 to 4), the ripening
temperatures (from 265 to 293 K), and ripening times (from 4 to 24 h). Based on their
experimental results, the optimum crystallization conditions obtained were the
following: a solvent to preconcentrated mixture mass ratio of 2.5, an acetone and

ethanol solvent with a volume ratio of 4/1, a ripening time of 24 h, and a ripening
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temperature of 279 K. Under these optimized crystallization conditions, phytosterols
with a yield of 22.95 wt% and a purity of 91.82 wt% were obtained after the first
crystallization. The purity of the phytosterols reached 92.73 and 97.17 wt% after the
second and third crystallization, respectively. Khatoon et al. [13] reported a method
for isolating phytosterols from soybean oil deodorizer distillate (SODD) by
crystallization with hexane and water. In this method, SODD was saponified with
potassium hydroxide to remove FFA and glycerides, followed by an organic solvent
extraction that yielded an unsaponifiable matter containing phytosterols with a
recovery of 74.6 wt%. After that, the unsaponifiable matter was purified by
crystallization using a mixture of hexane and water as solvent at 253 K for 72 h.
Then, the crude phytosterol mixture obtained from the first crystallization was
recrystallized with hexane at 278 K for 2 h. This method yielded a phytosterols
recovery of 65.8 wt% and a purity of 87 wt%. In addition, the process included
saponification and esterification for pretreatment of DDs. Similarly, Smith [20]
developed a method that included saponification, methyl esterification, and solvent
crystallization for separation of phytosterols from deodorizer distillate (DD). In his
process, DD was saponified with caustic soda, followed by double esterification of
the unsaponifiable product with hydrochloric acid. Then, the resulting mixture was
crystallized at 288 K to separate phytosterols, and the phytosterol-rich cake was
recrystallized with acetone at 293 K. This method yielded a phytosterol recovery of
95 wt% and a purity of 97.5 wt%. In the same vein, Yan et al. [21] reported a process
that included saponification, methyl esterification, and solvent crystallization for
separation of phytosterols from soya oil deodorizer distillate (SODD). In their process,
SODD was saponified with a sodium hydroxide solution to remove FFA and
glycerides. The unsaponifiable product was then submitted to an acid-catalyzed
esterification with methanol. In the last step, crystallization was performed by varying
the types of a single solvent (methanol, ethanol, n-propanol, acetone, butanone,
benzene, toluene, petroleum ether, and ethyl acetate) or a mixture with a co-
solvent (water), the proportions of feed solution to solvent (1.32 to 4.00 ¢/ml), the
ripening temperatures (269.86 to 286.41 K), and the ripening times (10.55 to 37.45 h).
An optimum phytosterol product recovery of 6.64 wt% and a purity of 94.7 wt%
were obtained by using a petroleum ether solvent with water as a co-solvent, a feed

solution to solvent ratio of 3.41 ¢/ml, a ripening temperature of 277.48 K, and a
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ripening time of 26.47 h. Deodorizer sludge (DS) which is the same as soybean
deodorizer distillate (SODD) was used by Savinova et al. [22] for phytosterol
separation. The process started with saponification of fatty acids contained in the DS
with an aqueous sodium hydroxide solution, followed by esterification with sulfuric
acid. The resulting phytosterol-containing phase was then dissolved by boiling in a
mixture of solvents consisting of acetone, methanol, and water (41:8:1 by volume).
The resulting solution was cooled to 278 K and kept at this temperature for 15 h.
This proposed method yielded a phytosterol product that had a purity of 90.30 wt%
and a recovery of 96.15 wt%.

In another method, FFA and other glycerides in DDs were transformed to fatty
acid alkyl ester (FAEE) by esterification and transesterification, respectively. In the
phytosterol preconcentration step, the FAEE fraction was removed by either a
fractional liquid-liquid extraction or a vacuum distillation to obtain a high yield of
phytosterols. Ghosh and Bhattacharyya [19] reported a combination of lipase
catalyzed hydrolysis and esterification reaction, followed by a fraction distillation to
recover tocopherols and phytosterols from sunflower deodorizer distillate (SODD). In
their process, the neutral glycerides in SODD were hydrolyzed by Candida
cylindracea lipase into free fatty acids (FFAs). The total FFAs were transformed to
butyl ester by using Mucor miehei lipase, and the esterified product was then
fractionally distillated. The fraction obtained from 453 to 503 K temperature range
and 1.3 mbar for 45 min was the first fraction, and this fraction contained mainly
butyl ester, hydrocarbons, several oxidized products and some free fatty acids. The
distillation was continued at 503 to 533 K and 1.3 mbar for 15 min, and the second
fraction was collected. The second fraction was rich in tocopherols (30.1 wt%) and
phytosterols (36.4 wt%). Finally, the overall recovery of tocopherols and phytosterols
from this process were 70.2 wt% and 41.9 wt% of the original content in the starting
material, respectively. In addition, crystallization was applied as the last step for
sterols separation. Brow and Smith [14] reported that processes for separating
phytosterols from soybean oil deodorizer distillate (SODD) included esterification,
fractional liquid-liquid extraction, and crystallization. FFA could be transformed into
fatty acid methyl ester (FAME) by esterification. A fractional liquid-liquid extraction
could be applied to separate FAME, glycerides, and other compounds from the

resulting mixture from the esterification. These compounds would be found in the
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raffinate fraction. The free phytosterols found in the extract fraction could be
separated by crystallization in acetone at 253 K, and the total recovery of 73 wt%
could be obtained in the final product. Fizet [15] developed a process including
esterification, vacuum distillation, transesterification, and crystallization for separation
of phytosterol from soya oil deodorizer distillate (SODD). In this process, FFA and
glycerides in SODD were transformed into fatty acid alkyl ester (FAEE). The
esterification product was then distilled at 418 to 433 K and 0.1 to 0.25 mbar, and
the residue product was then distilled again at 438 to 483 K and 0.01 to 0.05 mbar to
obtain a residue containing mostly steryl esters. Then, the enriched steryl esters in
the residue would be submitted to an acid-catalyzed transesterification with
methanol to produce free phytosterol. Finally, phytosterol products with a recovery
percentage of 90 wt% and purity of 90 wt% would be obtained by crystallization at
273 K. Moreira and Baltanas [16] proposed an alternative method for separation of
phytosterol from fatty acid ethyl ester (FAEE) matrices by using vacuum distillation.
Crystallization was done to purify the phytosterol. They also investigated the effect
of operating variables on the purity and yield of the phytosterol products. By this
method, FFA and triglyceride in sunflower oil deodorizer distillate (SODD) were
transformed into FAEE. After that, FAEE was removed from the resulting mixture by
vacuum distillation at 1.3 mbar and < 473 K. The optimized conditions for
crystallization of phytosterols in the obtained pre-concentrated mixture was found
by varying the types of solvents (hexane single solvent, hexane with co-solvent), the
types of co-solvents (water, ethanol and both of them), the mass ratio of solvent-to-
the pre-concentrated mixture (3 to 5 mass ratio), the cooling rate (253 K/h or brisk
chilling from 313 to 268 K), the final ripening temperature (253 to 273 K), and the
ripening time (4 to 96 h. Phytosterol products with a recovery percentage of 84 wt%
and purity of 36 wt% were obtained by using this method with hexane and 2.5 wt%
of ethanol as a co-solvent, a solvent-to-pre-concentrated mixture mass ratio of 4, a
cooling rate of 293 K/h, a final ripening temperature of 268 K, and a ripening time of
22 h. Wollmann et al. [17] described a process for separation of phytosterols from
soybean oil deodorizer distillate (SODD). In their process, FFA and glycerides in SODD
were transformed into fatty acid methyl ester (FAME), and then FAME was removed
by using vacuum distillation at 1.0 mbar and 453 K. After that, the sterol esters

concentrated in the residue of the distillation was transformed into free phytosterols
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by transesterification. Finally, phytosterol products with a purity of 93.9 wt% was
obtained by crystallization at 288 K. Carmona et al. [18] pointed out that the pre-
concentration step by vacuum distillation of phytosterol in FAME matrices required a
large amount of energy and also destroyed some phytosterols present in the
matrices. Therefore, they proposed an alternative method for isolation of
phytosterols from FAME matrices with no requirement of vacuum distillation.
Crystallization was performed to FAME, which was formed from esterification and/or
transesterification without either addition of extra FAME or partial distillation. The
obtained isolated solid was then washed with hexane and gave end-products of
phytosterols. By using this proposed method, at the best conditions for crystallization
(268 K, 24 h), 35 to 42 wt% of phytosterols were recovered from sunflower oil
deodorizer distillate with a high purity of over 92 wt%. In addition, under some
conditions, the method produced end-products of phytosterols with a purity higher
than 99 wt%. A summary of phytosterol recovery by different methods is shown in

Table 2.3.
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phytosterol mixture —>  recrystallization

(hexane, 278 K, 2 h)

Recovery | Purity
Feed stock Process Ref.
(Wt%) | (wt%)

Soybean SODD — saponification (NaOH + MgSQ,) | 80.5 - [11]
oil — unsaponifiable product —> first
deodorizer | gistillation (623 K and 1x10° mbar) —>
distillate the first distilled product — second
(SODD) distillation (553 K) — the second distilled

product — third distillation (413 K) —

third residue product
Waste WRSODD — saponification (alkali solution | 22.95 97.17 | [12]
residue of | 4+ ethanol) — pre-concentrated mixture
soybean ol | cystallization  (solvent-to-pre-con
deodorizer | centrated mixture mass ratio of 2.5,
distillate acetone and ethanol (volume ratio = 4/1)
(WRSODD) | 55 3 solvent, ripening time of 24 h, and

ripening temperature of 279 K)
Soybean SODD — saponification (KOH + ethanol) 65.8 87 [13]
oil — unsaponifiable product —
deodorizer | crystallization (a mixture of hexane and
distillate water as solvent, 253 K, 72 h) — crude
(SODD)
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sludge (DS)

unsaponifiable product — esterification

(H,SO4) —>  esterified  product —>
crystallization (@ mixture of solvents
consisting of acetone, methanol, and
water (41:8:1 by volume), ripening

temperature of 278 K, ripening time of 15
h)

Recovery | Purity
Feed stock Process Ref.
(wt%) | (wt%)

Deodorizer | DD —> saponification (caustic soda + 95 97.5 | [20]
distillate | methanol) — unsaponifiable product —
(bD) first esterification (37% HCl) — second

esterification  (concentrated ~ HClL  +

methanol) —> esterified product —

crystallization (288 K) —  crude

phytosterol mixture —> recrystallization

(acetone, 253 K)
Soya oil SODD — saponification (NaOH solution + 6.64 94.7 | [21]
deodorizer | ethanol) — unsaponifiable product —
distillate esterification (H,SO, + methanol) —
(SODD) esterified product —  crystallization

(petroleum ether with water as co-solvent,

a feed solution-to-solvent ratio of 3.41

g/ml, ripening temperature of 277.48 K,

ripening time of 26.47 h)
Deodorizer | DS —> saponification (NaOH solution) — | 96.15 90.30 | [22]
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Recovery | Purity
Feed stock Process Ref.
(Wt%) (Wt%)

Sunflower | SODD — hydrolysis (Candida cylindracea 41.9 - [19]
oil lipase) — esterification (Mucor miehei
deodorizer | (ipase + butanol) —> esterified product
distillate — fraction distillation (first fraction at 453
(SODD) to 503 K and 1.3 mbar for 45 min, second

fraction at 503 to 533 K and 1.3 mbar for

15 min)
Soybean SODD — esterification (HCl + methanol) - 73 [14]
oil —> esterified product — fractional
deodorizer | (jquid-liquid extraction (hexane, methanol
distillate (98 %) + water (2%)) —> the extract
(SODD) fraction — vacuum distillation —>

crystallization (acetone, 253 K)
Soya oil SODD —> esterification —>  esterified 90 90 [15]
deodorizer | product — first vacuum distillation (418
distillate to 433 K, 0.1 to 0.25 mbar) — the residue
(SODD)

product — second vacuum distillation
(438 to 483 K, 0.01 to 0.05 mbar) — the

residue product —> tranesterification

(H,SO4 + methanol) —  crystallization
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(273 K)

Table 2.3 Phytosterol recovery by different methods (cont.)

Recovery | Purity
Feed stock Process Ref.
(Wt%) (Wt%)
Sunflower | SODD — esterification (HCl + ethanol) — 84 36 [16]
oil esterified product — vacuum distillation
deodorizer | (13 mpar, < 473 K) — the bottom
distillate product — crystallization (hexane and 2.5
(SODD) wt% of ethanol as a co-solvent, a solvent-
to-pre-concentrated mixture mass ratio of
4, cooling rate of 293 K/h, final ripening
temperature of 268 K, ripening time of 22
h)
Soybean SODD — esterification (tin(2) isooctoate + - 939 | [17]
oil glycerol) — esterified product — first
deodorizer | transesterification  (sodium  methylate
distillate solution + methanol) — transesterified
(SODD)

product — vacuum distillation (1.0 mbar,
453 K) — the bottom product — second
(sodium

transesterification methylate
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solution + methanol) —> crystallization

(288 K)

Sunflower
oil
deodorizer
distillate
(SODD)

SODD —>  esterification  (p-toluene
sulphonic + methanol) — esterified

product — crystallization (268 K, 24 h)

35-42

92-99




Chapter 3

Recovery of Phytosterol by Using Commercial

Adsorbents

3.1 Description

In this study, three types of commercial grade styrene-divinylbenzene ion-
exchange resins (strong acid resin: SA-R, strong base resin: SB-R, and weak base resin:
WB-R) were used as adsorbents in a phytosterol recovery process. To investigate the
performance of the selected ion-exchange resins (i.e. kinetics, equilibrium, and
thermodynamics of phytosterol adsorption), in an experiment, batch adsorption was
performed by using stigmasterol in n-heptane as a model solution in the range of
initial stigmasterol concentration of 0.3 to 1.8 mg/g-solution and temperature in the
range from 298 to 313 K. The adsorption was operated at the condition not far from
ambient temperature and pressure to indicate that the adsorption can be performed
at mild conditions. It is the goal to reduce large amount of overall energy consumption
in phytosterol recovery. Two general kinetic models: pseudo-first-order and pseudo-
second-order were used for analysis of kinetics of adsorption. Equilibrium adsorption
data were analyzed based on Langmuir, Freundlich, and linear isotherms. From the
obtained results, three important thermodynamics parameters (i.e., Gibb’s free
energy change, enthalpy change, and entropy change) were calculated. The adsorption
behavior was discussed based on these calculated thermodynamics parameters.

In addition, a two-step process consisting of an adsorption step of phytosterol
in model solution by using the selected ion-exchange resin and a desorption step of
stigmasterol from the ion-exchange resin by using nontoxic ethanol was considered a

low cost and simple method for recovery of phytosterol.

3.2 Materials and methods
3.2.1 Materials
Styrene-divinylbenzene copolymer based ion-exchange resins with
different functional groups; Lewatit® Monoplus SP112H (strong acid resin: SA-R),
Lewatit® Monoplus MP 800 (strong base resin: SB-R), and Lewatit® Monoplus MP 68
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(weak base resin: WB-R) supplied by Lanxess, Germany, were used as adsorbents.
Table 3.1 summarizes the characteristic properties of these three adsorbents. To
remove moisture from the adsorbents, SA-R was dried in an oven at 383 K under
vacuum condition for 360 min while the SB-R and WB-R were dried in an oven at 333
K under vacuum condition for 360 min. Before using in the adsorption experiment,
SA-R was washed with methanol, n-propanol, and n-hexanein that order. SB-R and

WB-R were washed with n-propanol and n-hexane in that order.

Table 3.1 Properties of adsorbents

Property SA-R SB-R WB-R
Type Strong acid Strong base Weak base
Functional group Quaternary Tertiary/quarternary
Sulfonic acid
amine, type | Amine
Matrix structure Crosslinked Crosslinked Crosslinked
polystyrene polystyrene polystyrene
Structure Macroporous Macroporous Macroporous
lonic form as shipped H+ OH- free base/Cl
Bead size (mm) 0.67 (+ 0.05) 0.65 (+ 0.05) 0.54 (+ 0.05)
Total exchange
1.6 0.8 1.3
capacity (min.eg/\)
Operating pH range 0-14 0-12 0-7
Operating temperature
393 343 343
(max. K)

Stigmasterol supplied by Tama Biochemical Co. Ltd. and n-heptane (AR
grade) supplied by Apex Chemicals Co. Ltd., (Bangkok, Thailand) were used in the
preparation of a model solution of stigmasterol. Cholesterol supplied from Sigma-
aldrich chemical Co., Ltd., (Milwaukee, USA) was used as an internal standard (ISTD)
in a quantitative analysis of stigmasterol. Methanol, Isopropanol, and n-Hexane used
were commercial grade and supplied from Asian Scientific Co., Ltd., (Samutprakarn,
Thailand). Ethanol used was AR grade and supplied from RCI Labscan Ltd., (Bangkok,
Thailand). Methanol, acetonitrile, and water used were supplied by RCI Labscan Ltd.,
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(Bangkok, Thailand) while the acetic acid used was supplied by Merck Ltd,,
(Darmstadt, Germany). It was HPLC grade and used without purification.
3.2.2 Methods
3.2.2.1 Kinetics, isotherm, and thermodynamics of phytosterol

adsorption

To study the kinetics, isotherm, and thermodynamics of
phytosterol adsorption with the three adsorbents, an isothermal batch adsorption
experiment was performed by using the model solution of stigmasterol in n-heptane.
Adsorption temperature and stigmasterol concentration were varied in the ranges of
298 to 313 K and 0.3 to 1.8 mg/g-solution, respectively. The model solution (50 ml)
and the adsorbent (5 wt%) were heated and shaken in an orbital shaker (4000ic; IKA)
at 200 rpm for 120 min. Point samples (200 ul) were taken at different time intervals
for a quantitative analysis of stigmasterol content. The g; was calculated according to

Equation 3.1,

— (CO B Ct)WSol

(3.1)
WAds

t

3.2.2.2 Recovery of phytosterol by using ion-exchange resins
The adsorption experiment was carried out in n-heptane solution
containing stigmasterol at 4.0 mg/g-solution as a model solution. In all tests, 2.5 ¢ of
the model solution was mixed with 0.133 g of adsorbent and then the mixture was
shaken at 200 rpm and 303 K for 2 h. The g, was calculated according to Equation
3.2,

_ (G =Csy

e W, ;

At the end of the adsorption process, the adsorbent was

separated from the solution by filtration and the concentration of stigmasterol in
liquid phase was analyzed by HPLC. The adsorbent separated from the solution was
dried at room temperature. In the desorption experiment, ethanol was used as a

desorbent to desorb stigmasterol from adsorbent. The dried adsorbent was mixed
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with the desorbent at a ratio of 10 g-desorbent/g-adsorbent. The mixture was then
shaken in an orbital shaker at 200 rpm, 333 K for 2 h. After 2 h of desorption,
samples were taken and heated to 333 K for 3 h to evaporate the desorbent. The
mixture obtained after desorbent evaporation were further used for analysis of
stigmasterol. The %De and the %Re were quantified according to the following

Equation, 3.3 and 3.4, respectively,

W,
%De = —22¢ %100, (3.3)
St,Ad
w.
%Re{ﬂjxmo, (3.4)
WT

3.2.3 Analytical method

Concentration of stigmasterol was measured by using a hish performance
liquid chromatography (HPLC) system connected with a UV detector. An injection
valve with a 20-ul sample loop was used to introduce samples into the system. Peak
separation was achieved by using a reverse-phase column (Inertsil C8-3; 5 um particle
diameter, 250 mm length, 4.6 mm id., GL Sciences Inc, Japan). Conditions and
mobile phase were adapted from a work reported by Chang et al. [49]. The
measurement conditions were: absorbance wavelength of 210 nm and a mobile
phase of a mixture of acetonitrile (85%), methanol (5%), and water containing 1% of
acetic acid (10%). The flow rate of the mobile phase was 1.3 ml/min. Cholesterol in
methanol (4.0 mg/g-solution) was used as an internal standard (ISTD) in the
quantification of stigmasterol. Since the sample did not dissolve well in the mobile
phase, first, n-heptane was evaporated from the sample then 800 pl of methanol
was added. The sample was shaken at 200 rpm for 1 h, and then 200 pl of ISTD was
added. One hundred microliters of the prepared sample was then injected into the

system through the injection valve.
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3.3 Results and discussion
3.3.1 Kinetics, isotherm, and thermodynamics of phytosterol adsorption
To investigate the performances of the three selected ion-exchange
resins (i.e. kinetics, equilibrium and thermodynamics of phytosterol adsorption),
batch adsorption experiments were performed by using stigmasterol in n-heptane as
a model solution. Two general kinetics models, pseudo-first-order and pseudo-
second-order, were adopted for the analysis of kinetics of adsorption. Equilibrium
adsorption data were analyzed based on Langmuir, Freundlich, and linear isotherms.
In addition, from the obtained data, three important thermodynamics parameters
(Gibb’s free energy change, enthalpy change, and entropy change) were calculated.
The adsorption behavior was discussed based on the calculated thermodynamic
parameters.
3.3.1.1 Adsorption capacity
Figure 3.1 shows the time dependence of adsorption capacity
at 303 K of the three ion-exchange resins at various initial concentrations of
stigmasterol. The adsorption capacity increased with time until an equilibrium was
reached within 30 min. A comparison of the profiles obtained at different initial
concentrations reveals that the rates of adsorption on all three ion-exchange resins
decreased with increasing concentration of stigmasterol. By increasing the initial
concentration of stigmasterol from 0.3 to 1.8 mg/g-solution, in the case of SA-R

(Figure 3.1 (a)), g increased from 2.44 to 9.17 mg/g-adsorbent.
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Figure 3.1 Plots of stigmasterol adsorption capacities of (a) SA-R, (b) SB-R, and (c)
WB-R versus adsorption time, at 303 K and 5 wt% of adsorbent loading

for various initial stigmasterol concentrations: (4) 0.3, () 0.6, (A) 0.9, (x)

1.2, (+) 1.5, (®) 1.8 mg/g-solution

In the case of SB-R (Figure 3.1 (b)), g. increased from 2.15 to 11.83 mg/g-adsorbent,
while in the case of WB-R (Figure 3.1 (c)), ge increased from 2.73 to 13.30 mg/g-
adsorbent. The adsorption capacity at equilibrium of WB-R was approximately 1.5
and 1.1 times higher than those of SA-R and SB-R, respectively.

3.3.1.2 Adsorption kinetics
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Experimental kinetic data were comparatively analyzed based
on pseudo-first-order and pseudo-second-order kinetic models which are expressed
as Equations 2.6 and 2.8 in chapter 2, respectively.

Linear plots corresponding to the pseudo-first-order and pseudo-
second-order models for SA-R, SB-R, and WB-R are shown in Figure 3.2 and 3.3,
respectively. The kinetic parameters, k and g, of each model were calculated from the
slope and y-intercept of the corresponding linear plot and summarized in Table 3.2.
The R? of the pseudo-second-order model for SA-R, SB-R, and WB-R were higher than
those of the pseudo-first-order model, for all stigmasterol concentrations tested. The
lowest value of R® obtained from the pseudo-second-order model was 0.9987 while
the highest value of R® obtained from the pseudo-first-order model was 0.9943.
Furthermore, the Qe agreed well with the g from the pseudo-second-order
model (Age < 8.2 %), while it did not agree well with g. ., from the pseudo-first-order
model. Based on these values of correlation coefficients and Age, the pseudo-
second-order model was considered to better describe the kinetics of stigmasterol
adsorption on three resins. In addition, Figure 3.2 show plots of the linear form of the
pseudo-first-order model that was found to be able to predict the adsorption rate
sufficiently accurately for only the initial 15 to 30 min of contact times while the
linear form of the pseudo-second-order model (Figure 3.3) was able to predict the
adsorption rate accurately for all contact times up to 120 min. All of these results
suggest that the pseudo-second-order model was more suitable for predicting the
adsorption rate of stigmasterol. Therefore, the pseudo-second-order model was
considered as the better model for describing the kinetics of phytosterol adsorption
on all ion-exchange resins. For all cases, k, depended on the C,. When C, was
increased from 0.3 to 1.8 mg/g-solution, k,sar decreased from 0.6018 to 0.0266, k; g g
decreased from 0.0585 to 0.0179, and k,wgr decreased from 0.0731 to 0.0345 g-
adsorbent/(mg-min), indicating that the rates of adsorption on all ion-exchange resins
decreased with increasing initial concentration of stigmasterol. It is possibly due to
lower collisions between stigmasterol molecules when the concentration is low.
Therefore, the faster stigmasterol molecules could be bonded to the active sites on
the surface of the adsorbent. In addition, the dependence of k, on initial concentration
was previously reported in several studies of many adsorption systems [50-53]. A

theoretical analysis by Azizian [44] clearly shows that k, is not an intrinsic rate
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constant of adsorption but it is a complex function of adsorption rate constant,
desorption rate constant and initial concentration of adsorbate.

This information of kinetics adsorption data can be useful
to calculate the adsorption capacity of the adsorbent at different times to find the
sufficient time for adsorption equilibrium. It can be used to design the size and the

operating time of an adsorption unit.

Table 3.2 Kinetic parameters of stigmasterol adsorption on SA-R, SB-R, and WB-R at

303 K and different initial concentrations of stigmaterol

Pseudo-first-order Pseudo-second-order

Resin | G, e AGe R? AG. R?
p ki Qe cal (%) 0 Ky e cal (%) 0

0.3 | 244 | 0.3911 | 393 | 61.3 | 0.8525 | 0.6018 | 2.45 | 0.4 | 0.9994

0.6 | 3.99 | 0.0745 | 2.59 | 35.2 | 0.8054 | 0.0668 | 4.14 | 3.7 | 0.9995

09 | 486 | 0.1161 | 2.78 | 42.8 | 0.8327 | 0.1300 | 493 | 1.4 | 0.9997
AT 1.2 | 590 | 0.1409 | 554 | 6.1 |0.9943 | 0.0636 | 6.06 | 2.8 | 0.9993
1.5 1811 00872 | 7.13 | 12.1 | 0.9834 | 0.0188 | 8.73 | 7.7 | 0.9989

1.8 | 9.17 | 0.1095 | 851 | 7.2 |0.9877 | 0.0266 | 9.57 | 4.4 | 0.9990

0.3 | 215 | 0.0605 | 1.73 | 19.6 | 0.9475 | 0.0585 | 2.33 | 8.1 | 0.9997

0.6 | 3.17 | 0.0911 | 2.52 | 20.5 | 0.9628 | 0.0588 | 3.39 | 6.9 | 0.9988

0.9 | 575 |0.0832 | 392 | 31.8 | 0.9121 | 0.0446 | 6.02 | 4.6 | 0.9998
i 1.2 | 743 | 0.0943 | 6.17 | 16.9 | 0.9804 | 0.0312 | 7.76 | 4.5 | 0.9996
151 9.76 | 0.1637 | 9.09 | 6.8 |0.9899 | 0.0531 | 9.95 | 1.9 | 0.9993

1.8 | 11.8 | 0.0772 | 884 | 253 | 0.9413 | 0.0179 | 124 | 4.9 | 0.9994

03| 273 |0.1187 | 277 | 1.4 |0.9518 | 0.0731 | 2.89 | 5.6 | 0.9987

0.6 | 4.24 | 0.155 | 334 | 21.2 |0.9894 | 0.1544 | 430 | 1.4 | 0.9990

0.9 | 7.09 | 0.0757 | 4.89 | 31.1 | 09071 | 0.0392 | 7.31 | 3.1 | 0.9992
e 1.2 | 892 | 0.0837 | 6.35 | 28.7 |0.9394 | 0.0314 | 9.23 | 3.5 | 0.9997
1.5 1 10.2 | 0.0812 | 6.99 | 31.5 | 0.9194 | 0.0296 | 10.5 | 3.0 | 0.9995

1.8 | 133 1 0.0924 | 743 | 44.1 | 0.7996 | 0.0345 | 13.6 | 2.3 | 0.9998
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Figure 3.2 Linear plots of adsorption rate versus adsorption time of the pseudo-
first-order model for (a) SA-R, (b) SB-R, and (c) WB-R at 303 K and 5 wt%

of adsorbent loading for various initial stigmasterol concentrations: (4)

0.3, (M) 0.6, (A) 0.9, (x) 1.2, (+) 1.5, (®) 1.8 mg/g-solution
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Figure 3.3 Linear plots of adsorption rate versus adsorption time of the pseudo-
second-order model for (a) SA-R, (b) SB-R, and (c) WB-R at 303 K and

5 wt% of adsorbent loading for various initial stigmasterol concentrations:

(4)0.3, (M) 0.6, (A) 0.9, (x) 1.2, (+) 1.5, (®) 1.8 mg/g-solution

3.3.1.3 Adsorption isotherm

Adsorption isotherm was investigated at 298, 303, 308, and 313
K and discussed based on the data taken at 60 min after the start of the adsorption
procedure. These conditions assure that the adsorption of stigmaterol has already
come into equilibrium according to the results shown in the section of adsorption
capacity. Figure 3.4 shows the dependence of adsorption capacity at equilibrium (ge)
on concentration of stigmasterol and 303 K. For SA-R, SB-R, and WB-R in the tested
range of C,, g. increased with C, and saturation of adsorption was not observed.
Figure 3.5 shows the effect of temperature on g. for various initial stigmasterol
concentrations. For all cases, g. decreased when temperature was increased. This
result indicates that stigmasterol adsorption is an exothermic process. It should be
noted that this dependence was clear in the case of high initial concentration but
became less clear when the initial concentration was low. Equilibrium adsorption
data were analyzed based on Langmuir, Freundlich, and linear isotherm models,
using the corresponding linearized form of each model listed in Table 3.3. The
Langmuir model was considered as an inappropriate model for prediction of isotherm of
stigmasterol adsorption for SA-R, SB-R and WB-R because its value of R* was very low,
and in some cases, g, and K, were negative, which signify no physical meaning for

an adsorption process. Since the R for the Freundlich model was larger than the R?
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for the linear model under all conditions, except the case of SA-R at 298 K and WB-R
at 303 K, the Freundlich model was considered as the most suitable model for
predicting the performance of adsorption at the equilibrium for all of the adsorbents.
The values of Kr of WB-R were higher than those of SA-R and SB-R, indicating that the
adsorption capacity of stigmasterol onto WB-R is higher than those of SA-R and SB-R.
The calculated values of 1/n were nearly equal to 1.0 and several cases were more
than 1.0, indicating that the adsorption of stigmasterol on SA-R, SB-R, and WB-R was
surface energy heterogeneous. The values of 1/n more than 1.0 may be due to the
increase of the interaction between stigmasterol and adsorbent that causes with
favorable stigmasterol and stigmasterol interactions on the adsorbent surface. This
showed that the adsorption of stigmasterol on SA-R, SB-R, and WB-R was multi-layer
adsorption. In addition, for all cases, the calculated Kr decreased when the
temperature of adsorption was increased. It indicates that all adsorbents have a much
higher adsorption capacity at a low temperature than a high temperature. Regarding
comparative energy consumption against those of other recovery methods, vacuum
distillation operates at 413 to 623 K [11, 15-17, 19] and crystallization is used to
separate phytosterol at a very low temperature in the range of 253 to 288 K [12-18,
20-22]. Therefore, adsorption is a promising method for reduction of energy
consumption in the recovery of phytosterol in a large scale.

Table 3.3 Parameters and correlation coefficients for Langmuir, Freundlich, and linear

models for isotherms of stigmasterol adsorption on SA-R, SB-R, and WB-R

Langmuir:

Freundlich: Linear:
Mode! , = 9uKiCe e e
e 1+K,,C, q. = LKl q. = L0,
Linearized C 1 1 |
e _ +—C, logg, =log K. +—logC, q, =[{UC’e
Equation 4. Kiqn 9n n
T R? 1/n R? R?
Resin Kia m Kr K,

(K) ) ) () )

298 | -0.198 | -34.01 | 0.4696 | 8.590 1.180 | 0.9893 | 8.501 | 0.9900

303 | 0.491 20.88 | 0.6389 | 6.734 0.722 | 0.9686 | 6.734 | 0.9328
SA-R

308 | 0.211 32.26 | 0.5156 | 5.519 0.841 | 0.9830 | 5.432 | 0.9797

313 | -0.137 | -23.58 | 0.4030 | 3.816 1.122 | 0.9825 | 3.953 | 0.9491
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298 | -0.096 | -109.89 | 0.3446 | 11.564 | 1.053 | 0.9956 | 11.45 | 0.9900

303 | -0.164 | -45.66 |0.4745| 8.993 1.120 | 0.9885 | 8.996 | 0.9874

>R 308 | -0.012 | -666.67 | 0.0062 | 8.341 1.017 | 0.9924 | 8.273 | 0.9862
313 | 0.302 27.17 | 0.3625| 6.180 0.749 | 0.9956 | 6.187 | 0.9306
298 | 0.174 81.97 | 0.5951 | 12.154 | 0.904 | 0.9949 | 12.33 | 0.9848
WER 303 | -0.070 | -140.85 | 0.0852 | 10.558 | 1.025 | 0.9806 | 10.67 | 0.9827

308 | -0.241 | -31.75 | 05670 | 10.177 | 1.203 | 0.9908 | 9.954 | 0.9863

313 | 0.036 | 277.78 | 0.1017 | 9.627 0.983 | 0.9955 | 9.613 | 0.9942

Figure 3.4 shows good resemblances of the calculated curves
and the experimental data for both Freundlich and linear models. Similar plots (in
appendix A) were obtained at other temperatures (298, 308, and 313 K) and show
good resemblances of the calculated curves and the experimental data as well. In
the case of SA-R, nonlinear regression analysis was performed for both models and
achieved high R? of 0.9775 and 0.9643 for the Freundlich model and linear model,
respectively. In the case of SB-R and WB-R, similar results were obtained. Both
models show good resemblances of the calculated curves and the experimental
data. The results of a regression analysis reveal that the Freundlich model was
slightly better than the linear model (the results are shown in appendix B).
Therefore, the Freundlich model was considered the better model for prediction of

the effect of C. on g in stigmasterol adsorption on polymeric resins.
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Figure 3.4 Dependences of (®) g. on C. calculated using (solid line) Freundlich and
(dash line) linear model comparing with the experimental data for
stigmasterol adsorption of (a) SA-R, (b) SB-R, and (c) WB-R, (T = 303 K,
adsorbent loading = 5 wt%)
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Figure 3.5 Effect of temperature on g. of (a) SA-R, (b) SB-R, and (c) WB-R at equilibrium
for various initial stigmasterol concentrations: (4) 0.3, () 0.6, (A) 0.9, (x)
1.2, (+) 1.5, (®) 1.8 mg/g-solution (T = 298 to 313 K, adsorbent loading =

5 wt%)

3.3.1.4 Adsorption thermodynamics
In order to obtain useful information for the design of the
adsorption process, thermodynamics parameters of adsorption (AG, AH, and AS)
were evaluated for all cases. Based on the discussion in the section of adsorption

isotherm, adsorption equilibrium constants at various temperatures were calculated
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by using Freundlich model, AG and AS were calculated by Equations 3.5 and 3.6,

respectively.

AG=-RThK,, (3.5)
In K, =A—S—£. (3.6)
R RT

By performing linear regression analysis of the plot between
(nKr and 1/T, as shown in Figure 3.6, AH and AS were calculated from the slope and

y-intercept of the obtained regression straight line.

3
A
2-
[
X
=
1-
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Figure 3.6 Plot of InK: versus 1/T for (®) SA-R, (M) SB-R, and (A) WB-R

As summarized in Table 3.4, for the three adsorbents, the
adsorption process produced negative values of AG, AH, and AS. The negative values
of AG indicate that the adsorption is spontaneous and feasible. The increase of AG
with respect to temperature indicates that the adsorption is more favorable at lower
temperatures [53]. Since the calculated values of AG for all adsorbents were in the
range of -20 to 0 kJ/mol, the stigmasterol adsorption on these three adsorbents can
be considered as a physical adsorption process [54]. The negative values of AH

indicate that the adsorption is exothermic and agreed well with the effect of
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temperature on adsorption capacity at equilibrium discussed in the section of
adsorption isotherm. A comparison of AHssr (-40.81 ki/mol), AHsgr (-30.32 kJ/mol),
and AHygr (-15.55 kJ/mol) indicates that the interaction between stigmasterol and
SA-R is stronger than those for SB-R and WB-R. The negative value of AS indicates
that the associative adsorption and decrease of the disorder of molecule between
the solid/liquid interface due to the molecules adsorbed on solid surface are less

free to move [55, 56].

Table 3.4 Thermodynamics parameters of stigmasterol adsorption on SA-R, SB-R,

and WB-R
T AG AH AS
Resin
(K) (kJ/mol) (kJ/mol) (kJ/(mol-K))
298 -5.33
303 -4.81
SA-R -40.81 -0.12
308 -4.38
313 -3.49
298 -6.07
303 -5.54
SB-R -30.32 -0.08
308 -5.43
313 -4.74
298 -6.19
303 -6.63
WB-R -15.55 -0.03
308 -5.94
313 -5.90
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3.3.2 Recovery of phytosterol by using ion-exchange resins

The results from adsorption capacity at equilibrium showed that the
adsorption capacity of SB-R and WB-R were higher than that of SA-R. This suggested
that the amine group on the surface of SB-R and WB-R was capable to react with
phytosterol than with the sulfonic group on the surface of SA-R. In addition, the
result in the adsorption thermodynamics study showed that the enthalpy change of
SA-R was more negative. It indicated that the phytosterol was adsorbed onto the SA-
R surface at its high-energy adsorption sites which was difficult to desorb phytosterol
from SA-R. Therefore, SB-R and WB-R were selected as the two most promising adsorbents
to be used in the recovery process of phytosterol.

For both SB-R and WB-R, an adsorption experiment was carried out in n-
heptane solution as a model solution containing stigmasterol at a concentration of
4.0 mg/g-solution. In each run, 2.5 ¢ of model solution was mixed with 0.133 ¢ of
adsorbent (SB-R or WB-R), and then the mixture was shaken at 200 rpom and 303 K for
120 min. Figure 3.7 showed that the adsorption capacity of stigmasterol on WB-R was
43.75 mg/g-solution which was 1.1 times of that achieved by SB-R.
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Figure 3.7 A comparison of (®) g, (blue bar) adsorption percentages, (gray bar)
desorption percentages, and (red bar) recovery percentages from SB-R

and WB-R

Regarding the desorption percentage of stigmasterol, the results showed
that the desorption percentage of SB-R was higher than that of WB-R. The results
suggest that SB-R was more capable of reacting with ethanol than with WB-R due to
SB-R has a quaternary amine group as fixed positive charge, which is capable to react
with the hydroxyl group on ethanol molecule than with the tertiary amine group on
the surface of WB-R. However, the recovery percentage of both SB-R and WB-R were
relatively low (30-37%). Therefore, it is interesting to find other absorbent materials

with a high performance to used in phytosterol recovery.
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Chapter 4

Recovery of Phytosterol by Using Silica-Based
Adsorbent

4.1 Description

Molecular imprinting technique has been widely used for molecular recognition
of adsorbent for separation of target molecules present in a liquid solution. This
technique utilizes the interaction between the functional monomer and template
molecule employed in polymerization, followed by template removal from the
obtained polymer matrix to create recognition cavities. Regarding the development
of a molecular imprinted material that uses phytosterol as a template molecule,
several polymeric materials have been investigated in recent years.

Zhang et al. [57] synthesized a beta-sitosterol magnetic molecular-imprinted
polymer (beta-sitosterol mag-MIP) by using a suspension polymerization method
through microwave heating. This method has many advantages, especially the
shorter polymerization time as compared with conventional methods. The results
show that the obtained beta-sitosterol mag-MIPs had a higher adsorption capacity
and selectivity for beta-sitosterol than those of magnetic non-imprinted polymers
(mag-NIPs).

Hashim et al. [58] reported a comparison between non-covalent and covalent
imprinting methods for synthesis of stigmasterol imprinted polymer. The results
reveal that the polymer synthesized by the non-covalent imprinting method had a
low stigmasterol affinity and selectivity. In contrast, the polymer synthesized by the
covalent imprinting method demonstrated a much higher stigmasterol selectivity and
binding recognition. These results suggest that the covalent imprinting method has a
good potential for increasing the stability of the interaction between the template
and functional monomer during the formation of binding site cavities.

Although molecular imprinted polymers may demonstrate a high affinity and
selectivity for the target molecule, polymeric materials still have a disadvantage of
instability caused by a high solution pH. Turner et al. [59] reported that variation of

pH of organic solvent had an effect on the swelling or shrinking of polymers. This
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effect is significant to the recognition property of polymers. For this reason, a
molecular imprinting technique based on silica is an interesting choice due to silica-
based materials having several advantages over polymer-based materials such as
chemical inertness, negligible swelling in organic solvents, and high phytochemical
and thermal stability [60].

A sol-gel process is a common method for synthesis of molecular imprinted
silica (MIS). In this process, the template molecule interacts with an alkoxysilane
precursor in the presence of an acid or basic catalyst, and the template molecule is
encapsulated in a silica matrix. Specific adsorptive sites are created after the removal
of the template molecule of the obtained silica matrix. There have been many
studies that reported the use of a sol-gel process for producing molecular imprinted
silica for selective recognition of steroid hormones.

Fujiwara et al. [61] reported a synthesis of molecular imprinted silica by a sol-
gel method that used acetic anhydride as an alternative to water. The result reveals
that progesterone and other analogous compounds were well adsorbed by several
kinds of silica synthesized in the presence of cholesterol in organic solution. In
addition, complicated processes have been used to prepare molecular imprinted
silica for uses as chemical sensors, biosensors, and tailor-made purification materials.

Hsu and Yang [62] reported a synthesis of cholesterol MIP from a hydrophobic
monomer by using a covalent method. The monomer, (cholesteryl propylcarbamate)
triethoxysilane (Cho-TEICPS), was prepared by a reaction of cholesterol with
triethoxy(3-isocyanato-propyl)silane  to provide a hydrophobic interaction of
cholesterol binding. Cho-TEICPS was polymerized with tetraethyl orthosilicate (TEOS)
in the presence of cholesterol with an HCl or NH,OH catalyst. The results
demonstrate that the largest imprinting-induced promotion of binding value was
obtained when the cholesterol MIP was synthesized with HCl = 0.01 M in a sol-gel
solution. In addition, the cholesterol MIP showed a higher selectivity towards
cholesterol in comparison with other steroid compounds.

Gupta and Kumar [63] fabricated an MIP for cholesterol (cholesterol MIP) using
both non-hydrolytic and hydrolytic methods for cholesterol recognition. The results
show that the percentage of adsorption was found to be higher for the cholesterol
MIP synthesized by the hydrolytic method that used an HCl catalyst with

phenyltriethoxysilane (PhTEQS) as the functional monomer. Several studies in



a2

literature indicate that an acid-catalyzed sol-gel gelation method is an effective way
that is able to produce a material with a higher surface area. According to previous
reports, this method was satisfactory in a synthesis of pharmaceutical imprinted silica
(64, 65].

This study reports the results of an application of an acid-catalyzed sol-gel
gelation method to a synthesis of molecular imprinted silica (MIS) with phytosterol as
the template molecule. The effects of synthesis factors including pH of the sol-gel
solution, temperature, and the molar ratio (S/TEOS) of the phytosterol mixture to the
alkoxysilane precursor (tetraethyl orthosilicate) on the adsorption and desorption
capacities of the MIS were studied simultaneously in order to obtain optimal
conditions for the synthesis of a high adsorption-capacity MIS for phytosterol from

the model solution by using a central composite design.

4.2 Materials and methods

4.2.1 Materials

A phytosterol mixture was supplied from Acinopeptide Co., Ltd,

(Chengdu, China). A composition analysis by using gas chromatography with flame
ionized detector (GC-FID) revealed that the phytosterol mixture consisted of
campesterol (24%), stigmasterol (31%), and beta-sitosterol (45%). Tetraethyl
orthosilicate (TEOS) and cholesterol were supplied from Sigma-Aldrich chemical Co.,
Ltd., (Milwaukee, USA). Hydrochloric acid 37% was supplied from Merck Ltd.,
(Darmstadt, Germany). Methanol, acetonitrile and water were supplied from RCI
Labscan Ltd., (Bangkok, Thailand). Acetic acid supplied from Merck Ltd., (Darmstadt,
Germany) was HPLC grade and used without purification. Ethanol (AR grade) was
supplied from RCl Labscan Ltd., (Bangkok, Thailand). N-heptane (AR grade) was
supplied from Apex Chemicals Co., Ltd., (Bangkok, Thailand).

4.2.2 Methods

4.2.2.1 Preliminary molecular imprinted silica synthesis

In this study, a molecular imprinted silica (MIS) synthesis
method was adapted from the work reported by Morais et al. [64]. In order to
investigate the feasibility of synthesis of MIS by using phytosterol as a template

molecule, a preliminary MIS was prepared by an acid-catalyzed sol-gel gelation
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method and employed in a phytosterol recovery process in comparison with a non-
imprinted silica (NIS). Following the procedure for MIS synthesis reported by Morais et
al.,, solution A was prepared by adding 0.14 mmol phytosterol mixture into 10 ml
TEOS in a 25 ml Erlenmeyer flask. The (S/TEQS) molar ratio was 3.24x10°. The
mixture was stirred vigorously to completely dissolve the phytosterol mixture and
form a homogeneous solution. Solution B was prepared by adding 37 % hydrochloric
acid into deionized water to obtain an HCl concentration of 0.2 mol/L in the
solution. Solution B (10 ml) was added to solution A and mixed into a sol-gel
solution at ambient temperature and stirred for 96 h. The pH of the sol-gel solution

was calculated according to Equation 4.1.

pH =-log(Cyy), (4.1)

After being stirred for 96 h, the silica xerogel was dried at
ambient temperature for 48 h, and the obtained silica xerogel was ground in a
ceramic mortar. The template molecule was removed by a two-step solvent
extraction procedure. In the first step of this procedure, 1 ¢ of the silica powder
embedded with the template molecule was shaken in 10 g of n-heptane at ambient
temperature for 20 min. Then, the mixture was centrifuged at 4,000 rpm for 10 min in
order to remove n-heptane. This first step was repeated 4 times, each time fresh n-
heptane was used for shaking with the silica powder and then removed. In the
second step, the same procedure was performed on the silica sample obtained from
the first step, but ethanol was used to extract the template molecule instead of n-
heptane, i.e,, 1 g of the silica sample was extracted with 10 g of ethanol. To ensure
that the template molecule was completely removed, the fourth extracting n-
heptane and ethanol portions that were used to extract it were taken for analysis of
the phytosterol in them by high performance liquid chromatography. If some
phytosterol was found, the silica sample would be further extracted with fresh
solvents. Non-imprinted silica (NIS) was prepared similarly to the preparation of MIS
without an addition of the template molecule.
4.2.2.2 The design of experiment for the synthesis of molecular

imprinted silica
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A central composite design (CCD) was used to design the experiment,
and a response surface methodology (RSM) was used to optimize the independent
factors of MIS synthesis conditions with respect to the adsorption capacity of
phytosterol. These independent factors were pH (A), temperature (B), and S/TEOS
molar ratio (C) as shown in Table 4.1. The CCD used an alpha value of 2.0. The
factorial, axial, and center points for each independent factors are shown in Table
4.2. The adsorption capacity of the adsorbent was selected as the response factor,
and the relationship between the response factor and the independent factors were
approximated by a quadratic model equation. The quality of the fitting quadratic
model was expressed by the coefficient of determination (R?), and the terms of the
model were selected based on the p-value of each term at a 95% confidence level.
The statistics of the fitting quadratic model was analyzed by analysis of variance
(ANOVA). Finally, a comparison between the performances of MIS and NIS was done
with the NIS synthesized by the same process as the synthesis of MIS, at a pH of 1.30

and a temperature of 310.5 K but without an addition of the template molecule.

Table 4.1 Factor levels in the central composite design

Factors Name Low High
A pH 0.6 2.0
B Temperature (K) 298 323
C S/TEOS molar ratio 2.23x10™* 6.25%x107

Table 4.2 The experimental conditions from the central composite design (alpha

value = 2.0)

Order pH T (K) S/TEOS
1 0.95 304.25 1.73x10°
2 1.65 304.25 1.73x10
3 0.95 316.75 1.73x10°
4 1.65 316.75 1.73%107
5 0.95 304.25 4.74x10°
6 1.65 304.25 4.74x10°
7 0.95 316.75 4.74x10°
8 1.65 316.75 4.74x10°
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9 0.60 310.5 3.24x10°
10 2.00 310.5 3.24x107
11 1.30 298.0 3.24x10°
12 1.30 323.0 3.24x10°
13 1.30 310.5 2.23x10
14 1.30 310.5 6.25%x107
15 1.30 310.5 3.24x107
16 1.30 310.5 3.24x10°
17 1.30 310.5 3.24x107

4.2.2.3 Silica characterization

The morphologies of MIS and NIS were investigated by transmission
electron microscopy (TEM) with a high-resolution instrument (JEOL model JEM-2100)
operating at 200 kV. Samples for TEM analyses were ultrasonically dispersed in
ethanol, dropped onto a copper grid coated with carbon film, and then dried in
vacuum. Functional groups of MIS and NIS were investigated by Fourier transform
infrared (FT-IR) spectroscopy with IRPrestige-21 (Shimadzu, Japan) equipped with
MIRacle ATR (PIKE Technologies, Inc.) with a resolution of 4 cm™. Specific surface
area, total pore volume, and mean pore diameter were measured by Nitrogen
adsorption isotherm at 77 K with BELSORP-max (BEL Japan. Inc.) equipped with
BELPREP-vac Il. Before analysis, samples were pretreated at vacuum drying at 383 K
for 3 h. The specific surface area was calculated by using the Brunauer-Emmett-Teller
(BET) and the pore size distribution was calculated by the Barret, Joyner, and
Halenda (BJH) method.

4.2.2.4 Adsorption and desorption experiments

The adsorption experiment was carried out by using an n-
heptane model solution containing the phytosterol mixture at a concentration of 4.0
meg/g-solution. In all tests, 2.5 ¢ of the model solution was mixed with 0.133 ¢ of
adsorbent (MIS or NIS), and the mixture was then shaken at 200 rpm and 303 K for 10
h. At the end of adsorption process, the adsorbent was separated from the solution
by filtration, and the concentration of phytosterol in the liquid phase was analyzed
by HPLC. The adsorbent separated from the solution was left to dry at room

temperature.
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In the desorption experiment, the dried adsorbent was mixed
with ethanol at a ratio of 10 g-ethanol/g-adsorbent. The mixture was then shaken in
an orbital shaker at 200 rpm and 333 K for 2 h. After 2 h of desorption, the ethanol
sample was taken to be heated at 333 K for 3 h in order to completely evaporate
the ethanol. The residue obtained after ethanol evaporation was analyzed for
phytosterol.

4.2.2.5 Phytosterol analytical method

The concentration of the phytosterol mixture was measured
with a high performance liquid chromatograph (HPLC) system equipped with a UV
detector. An injection valve with a 20-pul sample loop was used to introduce the
sample into the HPLC system. Peak separation was achieved by using a reverse-
phase column (Inertsil C8-3; 5 um particle diameter, 250 mm length, 4.6 mm i.d., GL
Sciences Inc, Japan). The measurement condition and mobile phase were adapted
from the work reported by Chang et al. [49]. This condition was absorbance at 210
nm, while the mobile phase was a mixture of acetonitrile (85%), methanol (5%), and
water containing 1% of acetic acid (10%). The flow rate of the mobile phase was 1.3
mU/min. Cholesterol in methanol (4.0 mg/g-solution) was used as the internal
standard (ISTD) for quantification of the phytosterol in the mixture. In the
quantification of phytosterol in the mixture from both the adsorbed and desorbed
samples, n-heptane or ethanol was evaporated from 100 pl of the sample in the first
step and methanol (800 pl) was added into the vial as a solvent. The sample was
shaken at 200 rpm for 1 h, and then 200 pl of ISTD was added. Then, 100 pl of the
prepared solution was injected into the HPLC system through the injection valve.

4.2.2.6 Evaluation of adsorption and desorption properties of the
adsorbents

The adsorption performances of the adsorbents were evaluated in
terms of the adsorption capacity at equilibrium calculated by Equation 4.2, and the

adsorption percentage of phytosterol was calculated according to Equation 4.3,
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The desorption performances of the adsorbents were evaluated
from the desorption percentage of phytosterol calculated by Equation 4.4. The
recovery percentage of phytosterol was quantified according to the following Equation

4.5,
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4.3 Results and discussion
4.3.1 Silica characterization
4.3.1.1 The morphology of molecular imprinted silica

The morphology and network structure of the molecular
imprinted silica (MIS) and Non-imprinted silica (NIS) can be directly observed by a
transmission electron microscope (TEM). Figure 4.1 shows TEM images of NIS ((a) and
(b)) and MIS ((c) and (d)) in two-time magnification. NIS (Figure 4.1(a)) has a higher
density in silica network than that of MIS (Figure 4.1(c)). Comparing NIS and MIS at a
magnification of 150,000, it can be seen that the particles of NIS were smaller than
25 nm while the particles of MIS were about 25-50 nm. This was probably due to the

phytosterol molecules were embedded in silica matrix.
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Figure 4.1 TEM images of (@) and (b)) NIS and ((¢) and (d)) MIS at two-time magnification
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4.3.1.2 Functional groups of the molecular imprinted silica

The functional groups on MIS and NIS were identified by FT-IR
spectra as shown in Figure 4.2. The general feature of the spectra of silica xerogels is
the appearance of peaks at 690 to 3600 cm™ associated with Si-OH stretching in the
lower range of the wave numbers, while the peaks at the higher range of the wave
numbers appeared due to hydroxyl (-OH) stretching of water molecule. The peak at
1100 cm™ is associated with asymmetric stretching vibration of siloxane bond (Si-O-
Si), and the peak at 800 cm™ is associated with symmetric stretching vibration of Si-
O-Si bond [66]. Figure 4.2 showed that large absorption peaks of —OH stretching of
NIS and MIS appeared at 3348.42 and 3244.27 cm™, respectively. Large sharp peaks
of Si-O-Si vibration appeared at 1049.28 and 104542 cm™ for NIS and MIS,
respectively as well as peaks of Si—-O-Si appeared in the range of 700 to 1000 cm™.
However, a comparison between NIS and MIS spectra indicated that the intensity of
every peak in the NIS spectra was lower than the intensity of every peak in MIS
spectra, especially those in the range of 700 to 1400 cm™. Phytosterol also gave an
intense band at 1063.34 cm™ that corresponds to the C-O group; an OH group band

1

also appeared at 3549.99 cm™ [67]. It was possible that there were still some traces

of phytosterol left in the MIS.

100 | o e peerresarea, S
3244.27 e NIS
-
o 90 1
o~
S
W 334842
2 80 |
£
I 104923 sl
o 10 1 ii 94898
c L
m i
=
60 1 I
1045.42
50 T T T
4000 3000 2000 1000

Wave number (cm™1)



50

Figure 4.2 FTIR spectra of (solid line) NIS and (dash line) MIS

4.3.1.3 The surface analysis of MIS

Table 4.3 shows that the BET surface area, total pore volume,
and mean pore diameter of MIS were higher than that of NIS. These results indicated
a significant influence of the imprinting technique. The larger surface area and pore
volume of MIS were obtained with the imprinting of phytosterol created additional
pores in silica matrix. Considering the mean pore diameter of MIS, it possible that the
pores in MIS were created by the imprinting of single phytosterol. This notion was
based on the observation that the pore diameter of MIS was close to the sized of
phytosterol molecule (1.91 nm in length, 0.58 nm in height, and 0.77 nm in wide)
[68]

Table 4.3 The textural properties of the synthesized NIS and MIS

BET surface area Total pore volume | Mean pore diameter
Sample
(m?/g) (cm?/g) (nm)
NIS 617.38 0.2736 1.7726
MIS 767.06 0.3542 1.8472

4.3.2 Recovery of phytosterol by using the molecular imprinted silica

Phytosterol consists of a steroid part and an alkyl chain part. The
steroid part is expected to be imprinted in the silica matrix during the sol-gel process.
After the removal of phytosterol (template molecule) by solvent extraction,
template-shaped pores in silica matrix will be created. Before the design of
experiment for optimization of silica synthesis was attempted, a preliminary synthesis
of molecular imprinted silica was performed to examine the feasibility of MIS
synthesis by using phytosterol as a template molecule. The adsorption capacities of

the synthesized MIS and NIS are shown in Figure 4.3. The recovery results show that
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the adsorption capacity of MIS was higher than that of NIS. In addition, the recovery
results show that the adsorption percentage of MIS was higher than that of NIS.
These results suggest that the imprinting by phytosterol created additional pores in
the silica matrix. Regarding the desorption percentage of phytosterol, the synthesized
MIS and NIS gave the desorption percentages of phytosterol at 73.27 and 52.77 %,
respectively. The results also show that the recovery percentage of phytosterol from
MIS was 2.0 times higher than that from NIS. Comparison of the efficiencies of MIS
and anion-exchange resins indicated that MIS showed a 1.7 and 1.6 times higher
adsorption capacity than those achieved by SBR and WBR, respectively. In addition, the
results also show that the recovery percentage of MIS of phytosterol from MIS was
1.6 and 2.0 times higher than that from SB-R and WB-R, respectively. The results
show that molecular imprinted silica is a good alternative adsorbent for phytosterol

recovery process.
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Figure 4.3 A comparison of (®) g., (blue bar) adsorption percentages, (gray bar) desorption

percentages, and (red bar) recovery percentages from NIS and MIS

4.3.3 Effects of synthesis factors on the performance of the molecular

imprinted silica
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The preliminary experiment showed the full feasibility of the synthesis
of MIS by using phytosterol as a template molecule and an acid-catalyzed sol-gel
gelation method. In this part, the effects of synthesis factors including pH of sol-gel
solution, temperature, and the S/TEOS molar ratio were investigated simultaneously
to reveal the impact on the performance of the synthesized MIS when these factors
were changed. Figure 4.4 shows comparisons of adsorption percentages and
desorption percentages of phytosterol by the synthesized MIS under different
combinations of the three factors. The effect of pH of sol-gel solution were
investigated by focusing on the combinations number 9, 10, 15, 16, and 17 of which
the other 2 factors: temperature (310.5 K) and S/TEOS (3.24x107°) were fixed.
Combination number 9 at pH 0.6 showed the highest adsorption percentage of
phytosterol and the highest adsorption capacity at 72.23 mg/g-adsorbent, which was
1.7 times higher than that of NIS as shown in Figure 4.5. On the other hand,
combination number 10 at pH 2.0 showed the lowest adsorption percentage of

phytosterol, and no phytosterol desorption.
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Figure 4.4 Comparisons of (blue bar) the adsorption percentages and (gray bar) desorption

percentages of phytosterol by MIS synthesized under various combinations of

factors
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Figure 4.5 Adsorption capacities of (gray bar) different MIS synthesized under various

combinations of factors compared to that of (dash line) NIS

To investigate the effect of temperature, combinations number of 11,
12, 15, 16, and 17 with a fixed pH at 1.3 and a fixed S/TEOS molar ratio at 3.24x107
were used. The results showed that combination number 12 at 323 K showed the
highest adsorption percentage (adsorption capacity = 67.94 mg/g-adsorbent) and the
highest desorption percentage, while combination number 11 at temperature 298 K
showed the lowest adsorption percentage and the lowest desorption percentage. To
investigate the effect of S/TEQOS molar ratio, combinations number of 13, 14, 15, 16,
and 17 with a fixed pH (1.3) and a fixed temperature (310.5 K) were used. The results
showed that the combination number 14 at a S/TEQS molar ratio of 6.25x10°

showed the highest adsorption percentage. This result indicated that more template
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molecules gave a higher chance to create a lot of additional pores in the silica
matrix. In addition, it gave the highest desorption percentage of phytosterol.
4.3.4 Statistical analysis

The results of the surface analysis and the adsorption capacity of
phytosterol according to the central composite design (CCD) were statistically
analyzed in order to identify the significant factors on the BET surface area and the
adsorption capacity of phytosterol by the synthesized MIS.

4.3.4.1 BET surface area

Table 4.4 shows the results of an analysis of variance of BET

surface area of the synthesized MIS under different combinations of the three
factors. The p-values show that only the linear term of pH (A) was significant (p-value
< 0.05). It seems that the rest terms had no effect on the BET surface area of MIS.
However, a regression model was performed in order to obtain a suitable prediction
model for the BET surface area of MIS, and the relationship between the BET surface

area and the independent factors was shown in Equation (4.6).

Table 4.4 The results of an analysis of variance of the BET surface area of MIS

Term Coefficient S.E. coefficient p-value
Constant 39,5514 39.08 0
pH (A) 994.35 17.71 0.002
Temperature (B) -259.97 17.71 0.355
S/TEQS (C) 308,992 17.71 0.908
AxA 208.04 16.1 0.157
B xB 0.44 16.1 0.321
CxC 2,913,861 16.1 0.693
AxB -5.50 25.05 0.646
AxC -22,418.2 25.05 0.651
BxC -966.58 25.05 0.727

ey = 39,551.4+994.354—259.97 B +308,992C + 208.04 4* + 0.44 B>

, (4.6
+2,913,861C* —5.54B—22,418.24C —966.58 BC

where A, B, and C are pH, temperature, and S/TEOS molar ratio, respectively. The

quadratic model fitted the experimental results well with R?* of 79.74 %, indicating
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that the regression model was able to predict the BET surface area of the
synthesized MIS under different combinations of the three factors satisfactorily.
Figure 4.6 (a) illustrates the effect of temperature and S/TEOS molar ratio on the BET
surface area of the synthesized MIS, with a fixed pH at 1.3. Figure 4.6 (b) illustrates
the effect of pH and S/TEOS molar ratio on the BET surface area of the synthesized
MIS, with a fixed temperature at 310.5 K, and Figure 4.6 (c) illustrates the effect of pH
and temperature on the BET surface area of the synthesized MIS, with a fixed S/TEOS
molar ratio at 3.24x107°. The results indicate that the pH of the sol-gel solution
played an important role in the synthesized MIS. Figure 4.6 (b) and 4.6 (c) show the
low BET surface area at pH in the ranges of 1.5 — 2.0, while the BET surface area of
the synthesized MIS increased rapidly when pH was lower than 1.5. The effect of pH
could be explained by the rate of polymerization of silica. In general, the silica
synthesized at pH very close to the point of zero charge of polymeric silica (the pH
range of 1.5-2.0) [69], the solution has only neutral SiIOH group, which is not easily to
condense and results in a long gelation time in the sol-gel process [70].
Therefore, the network structure of silica is high density, and small pores are formed
results in low surface area as showed in the Table C.14 (Appendix C). At the pH
lower than that of the point of zero charge of polymeric silica, the protonated
silanols (SiOH,") are produced in the solution. They can rapidly eliminate of water,
and encourage more the rate of condensation [70]. This results in decreasing gelation
time and lead to the network structure of silica is low density. Therefore, the silica
has larger pores and higher surface area. The results of an analysis of variance show
the effect of temperature on the BET surface area was not significant. However, the
results from the experiments and the prediction show that the BET surface area
increased with increasing temperature as shown in Figure 4.6 (a) and 4.6 (c). The
effect of temperature could be explained by a higher temperature encourages more
hydrolysis reaction, and results in a shorter gelation time in the sol-gel process [71].
Therefore, the network structure of silica is less dense, and larger pores are formed
results in high surface area. The effect of S/TEQOS molar ratio on the BET surface area
was slight effect as shown in Figure 4.6 (a) and 4.6 (b). The BET surface area increased
with increasing S/TEOS molar ratio. This result indicated that the imprinting of
phytosterol created additional pores in silica matrix. However, this result was clear in

the case of low temperature in Figure 4.6 (a).
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Figure 4.6 A three-dimensional response surface plot of the BET surface area of the

synthesized MIS; (a) effect of temperature and S/TEOS molar ratio on the
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BET surface area, with a fixed pH at 1.3, (b) effect of pH and S/TEOS
molar ratio on the BET surface area, with a fixed temperature at 310.5 K, and
(c) effect of pH and temperature on the BET surface area, with a fixed

S/TEQOS molar ratio at 3.24x1073

4.3.4.2 Adsorption capacity
The results of an analysis of variance of adsorption capacity of

phytosterol to MIS is shown in Table 4.5.

Table 4.5 The results of an analysis of variance of the adsorption capacity of phytosterol

to MIS
Term Coefficient S.E. coefficient p-value
Constant 3,956.73 3.098 0.000
pH (A) 2.03 1.404 0.000
Temperature (B) -26.19 1.404 0.006
S/TEQOS (O) 24,501.60 1.404 0.630
AxA 478 1.276 0.660
B xB 0.04 1.276 0.217
CxC 908,209.00 1.276 0.150
AxB -0.13 1.986 0.886
AxC -2,474.21 1.986 0.532
BxC -85.97 1.986 0.696

The regression coefficient, standard error, and p-value
associated with Equation 4.7 are shown in Table 4.5. The statistical testing of the
regression model was by an analysis of variance (ANOVA). The p-values show that the
linear term of pH (A) and temperature (B) were significant (p-value < 0.05).
Nevertheless, the linear term of S/TEOS molar ratio, the quadratic terms, and the
interaction terms were insignificant (p-value > 0.05). However, the full regression
model that did not leave out these insignificant terms was used to obtain a suitable

prediction model for adsorption capacity of phytosterol because they might affect
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the accuracy of the predictions. The relationships between the adsorption capacity

and the independent factors are expressed by Equation 4.7 below,

q,=3,956.73+2.034—-26.19B +24,501.6C +4.78 4 + 0.04 B* )

@.7)
+908,209C* —0.134B-2,474.214C —85.97BC

where A, B, and C are pH, temperature, and S/TEOS molar ratio, respectively. It was
found that the quadratic model fitted the experimental results well with R of 93.27
%, indicating that the regression model was able to predict the adsorption capacity
of phytosterol satisfactorily. In addition, the R*(ad]) value was 84.62 %, indicating that
the three factors were able to explain 84.62 % of the variation in the adsorption
capacity of phytosterol. Figure 4.7 (a) illustrates the effect of temperature and
S/TEOS molar ratio on the adsorption capacity of phytosterol, with a fixed pH at 1.3.
Figure 4.7 (b) illustrates the effect of pH and S/TEOS molar ratio on the adsorption
capacity of phytosterol, with a fixed temperature at 310.5 K, and Figure 4.7 (c)
illustrates the effect of pH and temperature on the adsorption capacity of
phytosterol, with a fixed S/TEQS molar ratio at 3.24x107°. These results indicate that
the prediction results of the adsorption capacity of phytosterol were in good
agreement with the experimental values. The adsorption capacity of phytosterol
decreased with increasing solution pH as shown in Figure 4.7 (b) and 4.7 (c). This
result indicates that the pH of the sol-gel solution played an important role in the
synthesis of a high-performance MIS, as there has been a report that different
amounts of cholesterol were adsorbed by cholesterol-imprinted microporous silica
synthesized under different catalytic conditions [62]. The MIS synthesized at low pH
showed higher adsorption capacity of phytosterol due to large surface area. In
addition, temperature also played an important role in the impact on the adsorption
capacity of phytosterol. The results show that the adsorption capacity increased with
increasing temperature as shown in Figure 4.7(a) and 4.7(c). The effect of S/TEQS
molar ratio on the adsorption capacity of phytosterol was slight effect as shown in
Figure 4.7 (a) and 4.7 (b). The adsorption capacity increased with increasing S/TEOS
molar ratio. The optimal values of three synthesis factors were determined.
According to the obtained results, the optimum conditions for MIS synthesis was a

pH of sol-gel solution at 0.6, a temperature at 323 K, and an S/TEOS molar ratio at
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6.25x10°. Under these optimal conditions, the synthesized MIS showed the highest

ution which was 2.5 times higher than that

(

-SO

(3uaguospe-5/8w) @b (auaqlospe-5/8w) @b

adsorption capacity of 103.34 mg/g

achieved by NIS.
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Ge (meg/g-adsorbent)

Figure 4.7 A three-dimensional response surface plot of the adsorption capacity of
phytosterol to MIS; (a) effect of temperature and S/TEOS molar ratio on
the adsorption capacity of phytosterol, with a fixed pH at 1.3, (b) effect
of pH and S/TEOS molar ratio on the adsorption capacity of phytosterol,
with a fixed temperature at 3105 K, and (c) effect of pH and
temperature on the adsorption capacity of phytosterol, with a fixed

S/TEQS molar ratio at 3.24x103



Chapter 5

Conclusion

This study focused on the selection of adsorption and desorption processes
under mild condition for phytosterol recovery. The proposed process consisted of
adsorption of phytosterol at 303 K and desorption of phytosterol in non-toxic
ethanol at 343 K  Three types of commercial grade styrene-divinylbenzene
copolymer ion-exchange resins (strong acid resin: SA-R, strong base resin: SB-R and
weak base resin: WB-R) were considered as attractive adsorbents in this study. The
study of behavior of phytosterol adsorption on three resins showed that the
adsorption rate of phytosterol on SA-R, SB-R, and WB-R could be well described by
pseudo-second-order kinetics model. The equilibrium adsorption data fitted better
with a Freundlich isotherm model than Langmuir and linear isotherm models.
Freundlich adsorption isotherm constant indicated that the adsorption of phytosterol
on three resins favoured low temperature, and it showed multi-layer adsorption. The
thermodynamic parameters showed that the adsorption was an exothermic process,
spontaneous and more favorable at a lower temperature. To investigate the
potential of the proposed two-step process, adsorption of phytosterol in model
solution and desorption of phytosterol in ethanol were performed by using a batch
system. SB-R and WB-R were selected as the promising adsorbents to be used in the
proposed process due to they showed a higher adsorption capacity than that of SA-R.
In the adsorption step, the adsorption capacity of phytosterol on WB-R was 43.75
mg/g-adsorbent which was 1.1 times of that achieved by SB-R. In the desorption step,
the desorption percentage of SB-R was 78.94 % which was 1.3 times of that achieved
by WB-R, and the recovery percentage of both SB-R and WB-R were in the range of
30-37 %.

In addition, molecular imprinted silica (MIS) was also use as an alternative adsorbent
for phytosterol recovery. The results of silica characterization showed that the BET
surface area, total pore volume, and mean pore diameter of MIS were higher than
that of NIS. This significantly influenced the quantity of adsorption and desorption of
phytosterol. Regarding the recovery of phytosterol, the adsorption capacity of MIS

was 68.01 mg/g-adsorbent which was 1.4 times of that achieved by non imprinted
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silica (NIS). MIS and NIS gave the desorption percentages of phytosterol at 73.27 and
52.77 %, respectively. The results also show that the recovery percentage of
phytosterol from MIS was 2.0 times higher than that from NIS. In addition,
comparison of the efficiencies of MIS and anion-exchange resins indicated that MIS
showed a 1.7 and 1.6 times higher adsorption capacity than those achieved by SB-R
and WB-R, respectively. The results also show that the recovery percentage of MIS of
phytosterol from MIS was 1.6 and 2.0 times higher than that from SB-R and WB-R,
respectively. The effects of synthesis factors on the BET surface area and the
adsorption capacity of MIS were studied. An analysis of response surface showed that
the pH of solution was found to have the largest effect on the BET surface area and
the adsorption capacity of MIS. The optimum conditions for MIS synthesis was a pH
of sol-gel solution of 0.6, a temperature of 323 K, and an S/TEOS molar ratio of
6.25x10°. The results showed that the synthesized MIS gave the highest adsorption
capacity of 103.34 mg/g-solution which was 2.5 times of that achieved by NIS.

The results of this study demonstrate that the proposed process for
phytosterol recovery consisted of adsorption and desorption can be operated under
mild condition. This is a promising method for reduction of energy consumption in
the phytosterol recovery in a large scale. In addition, this study also demonstrate the
feasibility of synthesis of molecular imprinted silica (MIS) by using phytosterol as a
template molecule. The results indicated that the synthesized MIS had a high
efficiency on adsorption and desorption of phytosterol which is a good alternative

adsorbent for phytosterol recovery process.
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Figure A.1 Plots of stigmasterol adsorption capacities of (a) SA-R, (b) SB-R, and (c)
WB-R versus adsorption time, at 298 K and 5 wt% of adsorbent loading

for various initial stigmasterol concentrations: (4) 0.3, (M) 0.6, (A) 0.9, (x)

1.2, (+) 1.5, (®) 1.8 mg/g-solution
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Figure A.2 Plots of stigmasterol adsorption capacities of (a) SA-R, (b) SB-R, and (c)
WB-R versus adsorption time, at 308 K and 5 wt% of adsorbent loading

for various initial stigmasterol concentrations: (4) 0.3, (M) 0.6, (A) 0.9, (x)

1.2, (+) 1.5, (®) 1.8 mg/g-solution
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Figure A.3 Plots of stigmasterol adsorption capacities of (a) SA-R, (b) SB-R, and (c)
WB-R versus adsorption time, at 313 K and 5 wt% of adsorbent loading

for various initial stigmasterol concentrations: (4) 0.3, (l) 0.6, (A) 0.9, (x)

1.2, (+) 1.5, (®) 1.8 mg/g-solution
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Figure A.4 Linear plots of adsorption rate versus adsorption time of the pseudo-

first-order model for (a) SA-R, (b) SB-R, and (c) WB-R at 298 K and 5 wt%

of adsorbent loading for various initial stigmasterol concentrations: (#)

0.3, (M) 0.6, (A) 0.9, (x) 1.2, (+) 1.5, (®) 1.8 mg/g-solution
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Figure A.5 Linear plots of adsorption rate versus adsorption time of the pseudo-

first-order model for (a) SA-R, (b) SB-R, and (c) WB-R at 308 K and 5 wt%

of adsorbent loading for various initial stigmasterol concentrations: (4)

0.3, (M) 0.6, (A) 0.9, (x) 1.2, (+) 1.5, (®) 1.8 mg/g-solution
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Figure A.6 Linear plots of adsorption rate versus adsorption time of the pseudo-

first-order model for (a) SA-R, (b) SB-R, and (c) WB-R at 313 K and 5 wt%

of adsorbent loading for various initial stigmasterol concentrations: (4)

0.3, (M) 0.6, (A) 0.9, (x) 1.2, (+) 1.5, (®) 1.8 mg/g-solution
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Figure A.7 Linear plots of adsorption rate versus adsorption time of the pseudo-
second-order model for (a) SA-R, (b) SB-R, and (c) WB-R at 298 K and 5
wt% of adsorbent loading for various initial stigmasterol concentrations:

(4)0.3, (M) 0.6, (A) 0.9, (x) 1.2, (+) 1.5, (®) 1.8 mg/g- solution
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Figure A.8 Linear plots of adsorption rate versus adsorption time of the pseudo-
second-order model for (a) SA-R, (b) SB-R, and (c) WB-R at 308 K and 5
wt% of adsorbent loading for various initial stigmasterol concentrations:

(4)0.3, (M) 0.6, (A) 0.9, (x) 1.2, (+) 1.5, (®) 1.8 mg/g- solution
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Figure A.9 Linear plots of adsorption rate versus adsorption time of the pseudo-

second-order model for (a) SA-R, (b) SB-R, and (c) WB-R at 313 K and 5

wt% of adsorbent loading for various initial stigmasterol concentrations:

(4)0.3,(m) 0.6, (A) 0.9, (x) 1.2, (+) 1.5, (®) 1.8 mg/g-solution
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Figure A.10 Linear plots of Langmuir adsorption isotherm for stigmasterol on (a) SA-
R, (b) SB-R, and (c) WB-R at (4) 298 K, (M) 303 K, (A) 308 K, and (®) 313
K




80

[
o
on
o
L] L] .U
-49 -0.6 -0.3 olo o3
=63
log C,
(c)
U
o
on
o
L] L] V.U
-9 -0.6 -0.3 ojo ol3
log C,_

Figure A.11 Linear plots of Freundlich adsorption isotherm for stigmasterol on (a)
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Figure A.12 Linear plots of linear adsorption isotherm for stigmasterol on (a) SA-R,

(b) SB-R, and (c) WB-R at (4) 298 K, (M) 303 K, (A) 308 K, and (®) 313 K
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Figure A.13 Dependences of (®) g. on C. calculated using (solid line) Freundlich
and (dash line) linear model comparing with the experimental data for
stigmasterol adsorption of (a) SA-R, (b) SB-R, and (c) WB-R, (T = 298 K,
adsorbent loading = 5 wt%)
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Figure A.14 Dependences of (®) g. on C. calculated using (solid line) Freundlich
and (dash line) linear model comparing with the experimental data for
stigmasterol adsorption of (a) SA-R, (b) SB-R, and (c) WB-R, (T = 308 K,
adsorbent loading = 5 wt%)
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Figure A.15 Dependences of (®) g. on C. calculated using (solid line) Freundlich
and (dash line) linear model comparing with the experimental data for
stigmasterol adsorption of (a) SA-R, (b) SB-R, and (c) WB-R, (T = 313 K,
adsorbent loading = 5 wt%)
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Table B.1 Kinetic parameters of stigmasterol adsorption on SA-R, SB-R, and WB-R at

298 K and different initial concentrations of stigmaterol

Pseudo-first-order Pseudo-second-order

Resin | Co | Geexp AGe R? Age | R

k e,ca k e,ca
N I I O IR S N el N S

03| 1.70 | 0.1271 | 2.20 | 29.5 | 0.9690 | 0.0428 | 1.95 | 15.0 | 0.9807

0.6 | 3.72 | 0.1095 | 3.22 | 13.5 |0.9442 | 0.0597 | 3.92 | 5.1 | 0.9990

09 | 6.19 | 0.0790 | 6.00 | 3.1 |0.9859 |0.0189 | 6.69 | 8.1 | 0.9964
SA-R

1.2 | 7.56 | 0.1660 | 11.15 | 47.5 | 0.9448 | 0.0231 | 8.00 | 58 | 0.9975

1.5 1 10.01 | 0.0958 | 8.21 | 18.0 | 0.9760 | 0.0253 | 10.40 | 3.9 | 0.9995

1.8 | 11.46 | 0.1149 | 9.05 | 21.0 | 0.9803 | 0.0267 | 11.92 | 4.0 | 0.9998

0.3 | 210 | 0.0775| 1.72 | 18.1 | 0.9681 | 0.0731 | 2.26 | 7.5 | 0.9998

0.6 | 4.15 | 0.1151 | 4.67 | 125 | 0.9391 | 0.0361 | 4.43 | 6.9 | 0.9975

09 | 6.47 | 0.0713 | 5.07 | 21.6 | 0.9291 | 0.0246 | 6.91 | 6.8 | 0.9998

SB-R
1.2 | 741 | 0.0683 | 6.67 | 10.1 | 0.9907 | 0.0156 | 8.05 | 85 | 0.9989

1.5 | 9.89 [0.0529 | 7.39 | 253 | 0.8404 | 0.0130 | 10.64 | 7.6 | 0.9988

1.8 | 12.19 | 0.0599 | 10.02 | 17.9 | 0.9228 | 0.0100 | 13.14 | 7.8 | 0.9985

0.3 | 3.19 | 0.0851 | 254 | 20.2 | 0.9124 | 0.0618 | 3.35 | 5.1 | 0.9986

0.6 | 5.14 | 0.0719 | 3.36 | 34.7 | 0.8749 | 0.0510 | 5.34 | 3.8 | 0.9996

0.9 | 7.50 | 0.0848 | 5.66 | 24.5 | 0.9084 | 0.0331 | 7.78 | 3.7 | 0.9989

WB-R
1.2 1 10.03 | 0.0785 | 7.17 | 28.5 | 0.9006 | 0.0246 | 10.42 | 3.9 | 0.9994

1.5 | 11.53 1 0.0747 | 7.63 | 33.8 | 0.8653 | 0.0239 | 11.92 | 3.4 | 0.9996

1.8 | 14.21 | 0.0973 | 9.26 | 34.8 | 0.9221 | 0.0236 | 14.75 | 3.8 | 0.9999
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Table B.2 Kinetic parameters of stigmasterol adsorption on SA-R, SB-R, and WB-R at

308 K and different initial concentrations of stigmaterol

Pseudo-first-order Pseudo-second-order

resin| ©o. | Gees ki e cal o9 i ka Ge cal o9 i
’ (%) ¢ %) | )

0.3 | 1.95 | 0.1245| 1.20 | 38.5 | 0.9076 | 0.3077 | 1.98 | 1.8 | 0.9994

0.6 | 278 | 0.1708 | 3.99 | 43.4 | 0.9819 | 0.0608 | 2.94 | 57 | 0.9940

09 | 499 |0.2180 | 480 | 3.7 |0.9985|0.4543 | 495 | 0.8 | 0.9980
AT 1.2 | 533 [ 03277 | 7.88 | 47.9 | 0.9033 | 1.4319 | 497 | 6.8 | 0.9946
1.5 ] 7.03 | 0.1534 | 514 | 26.9 | 09742 | 0.1579 | 7.02 | 0.1 | 0.9981

1.8 | 831 [0.2335| 7.48 | 10.0 | 0.9760 | 1.4544 | 8.21 | 1.2 | 0.9985

0.3 ] 1.80 | 0.2195| 3.43 | 90.7 | 0.9249 | 0.1139 | 1.90 | 5.2 | 0.9967

0.6 | 347 |0.0722 | 2.62 | 24.4 | 0.7739 | 0.0364 | 3.71 | 7.2 | 0.9875

0.9 | 545 | 0.1160 | 3.99 | 26.8 | 0.9703 | 0.0751 | 5.60 | 2.7 | 0.9989
o 1.2 | 7.00 | 0.069 | 5.67 | 19.0 | 0.9463 | 0.0220 | 7.44 | 6.3 | 0.9985
151 785 [0.1231 | 755 | 3.8 |0.9867 |0.0310 | 8.18 | 4.1 | 0.9985

1.8 | 9.49 | 0.0961 | 796 | 16.1 | 0.9103 | 0.0276 | 9.86 | 3.9 | 0.9987

0.3 | 209 | 0.0676 | 1.46 | 30.2 | 0.8667 | 0.0832 | 2.23 | 6.8 | 0.9984

0.6 | 420 | 0.1087 | 4.60 | 9.5 |0.9912 | 0.0253 | 4.58 | 9.1 | 0.9869

09 | 6.18 | 0.1291 | 5.06 | 18.1 | 0.9529 | 0.0558 | 6.39 | 3.2 | 0.9993
e 1.2 | 836 |0.0808 | 4.66 | 44.3 | 0.8374 | 0.0489 | 857 | 2.5 | 0.9999
1.5 11096 | 0.1063 | 7.44 | 32.1 | 0.8982 | 0.0296 | 11.38 | 3.8 | 0.9996

1.8 112,14 1 0.1697 | 11.34 | 6.5 |0.9954 | 0.0499 | 12.32 | 1.5 | 0.9994
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Table B.3 Kinetic parameters of stigmasterol adsorption on SA-R, SB-R, and WB-R at

313 K and different initial concentrations of stigmaterol

Pseudo-first-order Pseudo-second-order

Resin | Co | Geexp 0 o Age | R® ‘ o Age | R?
’ (%) S )| ()

0.3 | 094 |0.2408 | 1.59 | 69.0 | 0.7801 | 0.2481 | 0.96 | 2.6 | 0.9851

0.6 | 1.99 | 0.0953 | 1.92 | 3.5 |0.9838 | 0.3020 | 2.01 | 0.7 | 0.9889

09 | 346 |0.2245| 249 | 28.0 | 0.9243 | 0.5085 | 3.46 | 0.2 | 0.9961

AT 1.2 | 355 10.2722 | 395 | 11.20.9821 | 0.2835 | 3.53 | 0.6 | 0.9980
1.5 | 5.02 | 03375 | 6.32 | 26.0 | 0.9652 | 0.7988 | 4.89 | 2.5 | 0.9966

1.8 | 6.92 | 0.2505 | 7.35 | 6.2 | 0.9931 | 0.6386 | 6.76 | 2.3 | 0.9966

0.3 | 292 | 0.2019| 241 | 17.5]0.9682 | 0.3443 | 293 | 0.5 | 0.9996

0.6 | 3.25 | 0.1094 | 2.31 | 28.9 | 0.9044 | 0.0993 | 3.37 | 3.6 | 0.9993

0.9 | 4.66 |0.1336 | 3.75 | 19.6 | 0.9265 | 0.1179 | 4.75 | 1.9 | 0.9993

o 1.2 | 571 | 0.1532 | 590 | 3.3 | 0.9939 | 0.0663 | 5.87 | 2.8 | 0.9977
1.5 | 833 |0.0904 | 5,55 | 33.4|0.9038 | 0.0436 | 8.62 | 3.5 | 0.9992

1.8 | 843 | 0.1634 | 7.43 | 11.9 | 0.9810 | 0.0523 | 8.60 | 2.0 | 0.9996

0.3 | 244 |0.1884 | 1.12 | 54.1 | 0.8738 | 4.2322 | 2.42 | 0.8 | 0.9995
e 0.6 | 4.14 10.1293 | 3.65 | 11.8 | 0.9902 | 0.0945 | 4.24 | 2.3 | 0.9994




87

0.9 | 6.30 | 0.0896 | 4.97 | 21.1 | 0.8391 | 0.0460 | 6.51 | 3.3 | 0.9980
1.2 | 7.80 | 0.1229 | 7.13 | 8.6 | 0.9848 | 0.1252 | 7.99 | 2.4 | 0.9988
1.5 | 9.45 | 0.1576 | 10.04 | 6.2 | 0.9950 | 0.0394 | 9.66 | 2.3 | 0.9977
1.8 | 11.97 | 0.2221 | 11.34 | 53 | 0.9768 | 0.3115 | 11.92 | 0.4 | 0.9988

Table B.4 Parameters and correlation coefficients of non linear regression for Freundlich

and linear adsorption isotherms for stigmasterol on SA-R, SB-R, and WB-R

Models Freundlich: ¢, = K.C)" Linear: q, = K|,C,
Ke Kii
T n R?
Resin (mg/(g-adsorbent(mg (g-solution/g-
(K) ) )
/g-solution)”")) adsorbent)
298 8.483 0.958 | 0.9943 8.501 0.9936
303 8.033 1.227 | 0.9775 6.734 0.9643
SA-R
308 5.529 1.111 | 0.9920 5.432 0.9884
313 3.793 0.836 | 0.9758 3.953 0.9661
298 11.638 0.933 | 0.9955 11.450 0.9938
SB-R 303 9.005 0.902 | 0.9958 8.996 0.9919
308 8.240 1.040 | 0.9925 8.273 0.9920
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313 6.269 1.144 | 0.9698 6.187 0.9636

298 12.217 1.088 | 0.9939 12.331 0.9913

303 10.755 0.910 | 0.9926 10.671 0.9897
WB-R

308 10.003 0.907 | 0.9950 9.954 0.9915

313 9.596 1.030 | 0.9969 9.613 0.9966
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Table C.1 Stigmasterol adsorption capacities of SA-R, SB-R, and WB-R versus adsorption

time, at 298 K and 5 wt% of adsorbent loading for various initial stigmasterol

concentrations (data of Figure A.1)

SA-R
Co (mg/g-solution) 0.3 0.6 0.9 1.2 1.5 1.8
t (min) g: (mg/g-adsorbent)
0 0.00 0.00 0.00 0.00 0.00 0.00
5 0.33 2.00 2.55 2.97 5.68 7.05
10 1.13 2.34 3.00 5.20 7.40 8.63
15 1.22 3.35 4.53 5.64 7.79 10.16
30 1.66 3.58 5.62 7.51 9.53 11.13
60 1.64 3.67 6.22 7.55 10.02 11.29
90 1.68 3.73 6.19 7.59 10.00 11.44
120 1.77 3.77 6.15 7.54 9.99 11.66
SB-R
Co (mg/g-solution) 0.3 0.6 0.9 1.2 1.5 1.8
t (min) g: (mg/g-adsorbent)
0 0.00 0.00 0.00 0.00 0.00 0.00
5 0.98 2.14 2.97 3.06 4.37 5.00
10 1.47 2.50 4.25 4.25 6.10 6.85
15 1.58 2.73 5.19 5.00 7.54 9.18
30 1.92 4.03 5.74 6.53 7.99 10.23
60 2.04 4.09 6.35 7.42 9.83 12.14
90 2.11 4.20 6.50 7.35 9.85 12.27
120 2.16 4.16 6.56 7.48 9.99 12.16
WB-R
Co (mg/g-solution) 0.3 0.6 0.9 1.2 1.5 1.8




90

t (min) g: (mg/g-adsorbent)

0 0.00 0.00 0.00 0.00 0.00 0.00
5 1.36 3.11 4.15 5.05 6.46 9.07
10 2.20 3.97 4.90 7.65 8.97 11.78
15 2.75 4.19 6.52 8.38 9.70 12.44
30 2.93 4.66 6.93 9.16 10.46 13.57
60 3.16 5.17 7.53 10.04 11.55 13.96
90 3.23 5.08 7.54 10.05 11.55 14.20
120 3.17 5.18 7.43 9.98 11.48 14.46

Table C.2 Stigmasterol adsorption capacities of SA-R, SB-R, and WB-R versus adsorption

time, at 303 K and 5 wt% of adsorbent loading for various initial stigmasterol

concentrations (data of Figure 3.1)

SA-R
Co (mg/g-solution) 0.3 0.6 0.9 1.2 1.5 1.8
t (min) g: (mg/g-adsorbent)
0 0.00 0.00 0.00 0.00 0.00 0.00
5 1.89 2.17 3.22 3.41 4.19 4.69
10 2.10 3.03 4.18 4.54 4.84 6.42
15 2.43 3.51 4.66 5.21 6.40 7.43
30 2.46 3.59 4.72 5.93 7.56 9.15
60 2.48 3.98 491 5.92 7.74 9.16
90 2.39 4.01 4.83 5.86 8.33 9.14
120 2.43 3.99 4.86 5.91 8.27 9.21
SB-R
Co (mg/g-solution) 0.3 0.6 0.9 1.2 1.5 1.8
t (min) g: (mg/g-adsorbent)
0 0.00 0.00 0.00 0.00 0.00 0.00
5 0.95 2.01 3.35 4.13 6.35 6.21
10 1.35 2.05 4.49 5.37 8.21 8.62
15 1.54 2.56 4.86 577 8.71 9.43
30 1.83 3.00 5.34 7.05 9.70 10.80
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60 2.12 3.01 5.59 7.36 9.67 11.89
90 2.15 3.24 5.85 7.48 9.94 11.60
120 2.18 3.27 5.81 7.44 9.67 11.99
WB-R
Co (mg/g-solution) 0.3 0.6 0.9 1.2 1.5 1.8
t (min) g: (mg/g-adsorbent)

0 0.00 0.00 0.00 0.00 0.00 0.00
5 1.65 2,77 4.37 5.40 6.13 8.44
10 1.78 3.66 4.99 6.50 1.76 11.45
15 2.00 3.95 5.91 7.45 8.52 12.29
30 2.67 4.20 6.47 8.30 9.45 12.57
60 2.67 4.20 7.16 8.96 10.22 13.32
90 2.78 4.34 7.10 8.87 10.25 13.27
120 2.75 4.18 7.02 8.92 10.12 13.32

Table C.3 Stigmasterol adsorption capacities of SA-R, SB-R, and WB-R versus adsorption
time, at 308 K and 5 wt% of adsorbent loading for various initial stigmasterol

concentrations (data of Figure A.2)

SA-R
Co (mg/g-solution) 0.3 0.6 0.9 1.2 1.5 1.8
t (min) g: (mg/g-adsorbent)
0 0.00 0.00 0.00 0.00 0.00 0.00
5 1.35 0.88 3.49 3.26 4.56 6.43
10 1.65 1.83 4.42 4.41 6.30 7.51
15 1.85 2.42 4.80 5.11 6.58 8.38
30 1.90 2.76 4.99 5.07 6.97 8.53
60 1.97 2.80 5.09 5.53 7.13 8.48
90 1.90 2.80 5.06 5.06 7.16 8.40
120 1.97 2.75 4.81 4.81 6.81 8.05
SB-R
Co (mg/g-solution) 0.3 0.6 0.9 1.2 1.5 1.8
t (min) g: (mg/g-adsorbent)
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0 0.00 0.00 0.00 0.00 0.00 0.00

5 0.79 0.85 3.51 3.90 3.73 5.41
10 1.27 2.74 4.33 4.43 5.31 6.85
15 1.43 2.88 4.90 4.66 6.95 7.28
30 1.79 3.05 5.30 6.28 7.64 9.52
60 1.83 3.50 5.32 7.01 7.93 9.57
90 1.72 3.51 5.63 6.96 7.74 9.35
120 1.84 3.40 5.40 7.03 7.88 9.55

WB-R
Co (mg/g-solution) 0.3 0.6 0.9 1.2 1.5 1.8
t (min) g: (mg/g-adsorbent)

0 0.00 0.00 0.00 0.00 0.00 0.00

5 1.07 0.98 3.56 6.04 5.96 7.63
10 1.52 2.67 4.58 6.93 9.19 10.17
15 1.71 3.39 5.77 71.22 10.04 11.19
30 1.84 4.02 6.05 7.82 10.52 12.24
60 2.06 4.29 6.20 8.35 10.75 12.23
90 2.03 4.09 6.11 8.35 11.01 12.13
120 2.17 4.22 6.24 8.38 11.11 12.05

Table C.4 Stigmasterol adsorption capacities of SA-R, SB-R, and WB-R versus adsorption

time, at 313 K and 5 wt% of adsorbent loading for various initial stigmasterol

concentrations (data of Figure A.3)

SA-R
Co (mg/g-solution) 0.3 0.6 0.9 1.2 1.5 1.8
t (min) g: (mg/g-adsorbent)
0 0.00 0.00 0.00 0.00 0.00 0.00
5 0.32 0.88 2.85 2.30 3.76 4.55
10 0.53 1.22 3.29 3.32 4.64 6.35
15 0.92 2.29 3.34 3.85 4.99 7.11
30 0.95 2.28 3.37 3.95 4.98 7.07
60 0.95 2.02 3.64 3.64 5.41 7.41
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90 0.98 2.07 3.25 3.48 4.78 6.65
120 0.88 1.90 3.50 3.52 4.86 6.69
SB-R
Co (Mg/g-solution) 0.3 0.6 0.9 1.2 1.5 1.8
t (min) g: (mg/g-adsorbent)
0 0.00 0.00 0.00 0.00 0.00 0.00
5 2.29 1.66 3.30 2.70 5.08 5.41
10 2.56 2.69 3.64 4.54 6.74 6.49
15 2.80 2.99 4.11 5.10 7.41 7.94
30 2.80 3.13 4.81 6.05 7.93 8.30
60 2.94 3.20 4.67 5.71 8.58 8.23
90 2.93 3.29 4.67 5.75 8.21 8.45
120 2.88 3.27 4.65 5.67 8.45 8.41
WB-R
Co (Mg/g-solution) 0.3 0.6 0.9 1.2 1.5 1.8
t (min) g: (mg/g-adsorbent)

0 0.00 0.00 0.00 0.00 0.00 0.00
5 2.06 2.53 3.90 4.49 4.38 8.98
10 2.27 3.24 4.54 5.98 7.43 10.34
15 2.42 3.51 4.73 6.33 8.52 11.61
30 2.43 4.07 6.32 7.63 9.60 12.68
60 2.50 4.18 6.26 7.87 9.64 12.19
90 2.42 4.14 6.42 7.86 9.39 12.01
120 2.40 4.11 6.21 1.67 9.32 11.71

Table C.5 Dependences of g. on C. calculated using Freundlich and linear model
comparing with the experimental data for adsorption of stigmasterol on
SA-R, SB-R, and WB-R at 298 K, adsorbent loading = 5 wt% (data of Figure
A.13)

Res| Ce Qe, Experiment Qe, Freundlich model Qe, Linear model
esin
(mg/g-solution) | (mg/g-adsorbent) | (mg/g-adsorbent) | (mg/g-adsorbent)

SA-R 0.00 0.00 0.00 0.00
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0.27 1.70 2.16 2.29
0.48 3.72 3.92 4.05
0.69 6.19 574 5.85
0.89 7.56 7.49 7.54
1.14 10.01 9.77 9.73
1.37 11.46 1177 11.64
0.00 0.00 0.00 0.00
0.20 2.10 2.07 2.29
0.37 4.15 4.01 4.24
SB-R 0.55 6.47 6.17 6.34
0.71 7.41 8.02 8.09
0.86 9.89 9.86 9.81
1.03 12.19 12.02 11.80
0.00 0.00 0.00 0.00
0.22 3.19 3.08 2.75
0.40 5.14 521 4.88
WB-R 0.60 7.50 7.67 7.43
0.76 10.03 9.55 9.43
1.00 11.53 12.23 12.34
1.14 14.21 13.82 14.10

Table C.6 Dependences of g. on C, calculated using Freundlich and linear model

comparing with the experimental data for adsorption of stigmasterol on
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SA-R, SB-R, and WB-R at 303 K, adsorbent loading = 5 wt% (data of Figure

3.4)
Resin Ce Ge, Experiment e, Freundlich model e, Linear model
(mg/g-solution) | (mg/g-adsorbent) | (mg/g-adsorbent) | (mg/g-adsorbent)
0.00 0.00 0.00 0.00
0.24 2.44 2.10 1.59
0.46 3.99 3.64 3.11
SA-R 0.72 4.86 5.24 4.87
0.99 5.90 6.75 6.65
1.16 8.11 7.71 7.83
1.38 9.17 8.88 9.31
0.00 0.00 0.00 0.00
0.27 2.15 2.08 2.40
0.44 3.17 3.64 3.98
SB-R 0.63 5.75 5.43 5.70
0.82 7.43 7.19 7.34
1.10 9.76 10.02 9.91
1.27 11.83 11.76 11.45
0.00 0.00 0.00 0.00
0.25 2.73 2.34 2.66
0.48 4.24 4.75 5.07
WB-R 0.65 7.09 6.69 6.93
0.84 8.92 8.88 8.96
1.00 10.20 10.72 10.64
1.19 13.30 12.99 12.67
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Table C.7 Dependences of g. on C. calculated using Freundlich and linear model

comparing with the experimental data for adsorption of stigmasterol on

SA-R, SB-R, and WB-R at 308 K, adsorbent loading = 5 wt% (data of Figure

A.14)
fesin Ce e, Experiment e, Freundlich model e, Linear model
(mg/g-solution) | (mg/g-adsorbent) | (mg/g-adsorbent) | (mg/g-adsorbent)
0.00 0.00 0.00 0.00
0.27 1.95 1.69 1.45
0.51 2.78 2.99 2.75
SA-R 0.83 4.99 4.68 4.51
1.03 5.33 5.69 5.61
1.34 7.03 7.18 7.26
1.52 8.31 8.08 8.28
0.00 0.00 0.00 0.00
0.22 1.80 1.95 1.85
0.44 3.47 3.73 3.63
SB-R 0.61 5.45 5.16 5.08
0.79 7.00 6.61 6.57
1.01 7.85 8.28 8.32
1.15 9.49 9.41 9.50
0.00 0.00 0.00 0.00
0.29 2.09 2.52 2.85
0.45 4.20 4.10 4.43
WB-R 0.65 6.19 6.20 6.45
0.84 8.36 8.23 8.34
1.04 10.96 10.48 10.39
1.23 12.14 12.56 12.24
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Table C.8 Dependences of g. on C, calculated using Freundlich and linear model

comparing with the experimental data for adsorption of stigmasterol on

SA-R, SB-R, and WB-R at 313 K, adsorbent loading = 5 wt% (data of Figure

A.15)
Resin Ce e, Experiment e, Freundlich model e, Linear model
(mg/g-solution) | (meg/g-adsorbent) | (mg/g-adsorbent) | (mg/g-adsorbent)
0.00 0.00 0.00 0.00
0.29 0.94 0.86 1.14
0.56 1.99 1.89 2.21
SA-R 0.83 3.46 3.03 3.27
1.06 3.55 4.06 4.19
1.35 5.02 5.43 5.34
1.57 6.92 6.49 6.20
0.00 0.00 0.00 0.00
0.30 2.92 2.20 1.87
0.53 3.25 3.62 3.30
SB-R 0.77 4.66 5.01 4.79
0.98 5.71 6.14 6.04
1.23 8.33 7.51 7.61
1.45 8.43 8.66 8.95
0.00 0.00 0.00 0.00
0.25 2.44 2.54 2.45
0.41 4.14 4.07 3.97
WB-R
0.61 6.30 5.96 5.88
0.85 7.80 8.22 8.19
0.99 9.45 9.46 9.47
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1.24

11.97

11.85

11.94

Table C.9 Effect of temperature on the adsorption capacity of on SA-R, SB-R, and

WB-R at various initial stigmasterol concentrations at temperature in the

range of 298 to 313 K, adsorbent loading = 5 wt% (data of Figure 3.5)

SA-R
Co (mg/g-solution) 0.3 0.6 0.9 1.2 1.5 1.8
T (K) ge (mg/g-adsorbent)
298 1.70 3.72 6.19 7.56 10.01 11.46
303 2.44 3.99 4.86 5.90 8.11 9.17
308 1.95 2.78 4.99 5.33 7.03 8.31
313 0.94 1.99 3.46 3.55 5.02 6.92
SB-R
Co (mg/g-solution) 0.3 0.6 0.9 1.2 1.5 1.8
T (K) ge (Mg/g-adsorbent)
298 2.10 4.15 6.47 7.41 9.89 12.19
303 2.15 3.17 5.75 7.43 9.76 11.83
308 1.80 3.47 5.45 7.00 7.85 9.49
313 2.92 3.25 4.66 571 8.33 8.43
WB-R
Co (mg/g-solution) 0.3 0.6 0.9 1.2 1.5 1.8
T (K) ge (Mg/g-adsorbent)
298 3.19 5.14 7.50 10.03 11.53 14.21
303 2.51 4.86 7.23 8.80 11.30 12.89
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Table C.10 g., %Ad, %De, and %Re from SB-R and WB-R (data of Figure 3.7)

q
© %Ad %De %Re
(mg/g-adsorbent)
Resin
Standard Standard Standard Standard
Value Value Value Value
error error error error
SB-R 40.71 1.68 51.30 2.05 78.84 11.58 37.52 0.51
WB-R | 43.75 1.05 51.00 1.26 60.13 3.49 30.90 2.69

Table C.11 g., %Ad, %De, and %Re from NIS and MIS (data of Figure 4.3)

q
© %Ad %De %Re
(mg/g-adsorbent)
Adsorbent
Standard Standard Standard Standard
Value Value Value Value
error error error error
NIS 47.91 0.03 58.22 0.86 52.77 1.20 30.73 1.15
MIS 68.01 0.47 82.31 0.80 73.27 0.20 60.31 0.75
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Table C.12 9%Ad and %De of phytosterol by MIS synthesized under various combinations
of factors (data of Figure 4.4)

Combination % Ad % De
number Value Standard error Value Standard error
1 70.50 0.24 64.00 0.85
2 43.21 1.18 16.50 1.76
3 80.27 1.30 69.90 0.03
a4 54.79 0.63 32.28 1.20
5 76.63 0.72 70.00 0.85
6 45.08 0.84 21.07 1.22
7 82.46 0.61 70.16 0.31
8 49.58 0.75 21.36 0.90
9 90.23 0.59 69.55 2.00
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10 27.71 3.96 0.00 0.00
11 42.89 0.04 25.30 1.84
12 86.61 1.93 62.10 10.43
13 64.32 3.09 50.43 1.65
14 68.69 0.81 62.36 1.39
15 61.51 5.42 55.04 1.52
16 60.63 0.59 53.78 177
17 48.76 1.10 21.67 1.53

Table C.13 g, of different MIS synthesized under various combinations of factors

compared to that of NIS (data of Figure 4.5)

Combination factor e
Order (mg/g-adsorbent)
pH T (K) S/TEOS Value Standard error
1 0.95 304.25 1.73x107 57.44 2.10
2 1.65 304.25 1.73x107° 35.54 2.79
3 0.95 316.75 1.73x10° 64.65 1.23
4 1.65 316.75 1.73x107 42.90 1.03
5 0.95 304.25 4.74x10° 62.18 2.29
6 1.65 304.25 4.74x1073 36.39 1.05
7 0.95 316.75 4.74x107 67.48 2.17
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8 1.65 316.75 4.74x107 39.18 0.82
9 0.60 310.5 3.24x107 12.23 0.80
10 2.00 310.5 3.24x107 22.13 3.68
11 1.30 298.0 3.24x107 35.57 0.43
12 1.30 323.0 3.24x107 67.94 0.57
13 1.30 310.5 2.23x10™* 51.43 2.82
14 1.30 310.5 6.25x107 54.74 2.75
15 1.30 310.5 3.24x107 48.66 3.66
16 1.30 310.5 3.24x107 49.66 1.06
17 1.30 310.5 3.24x107 36.94 1.00
NIS 1.30 310.5 - 41.87 -

Table C.14 The textural properties of different MIS synthesized under various

combinations of factors

Combination factor The textural properties
Total pore Mean pore
Order BET surface
pH T(K) S/TEOS volume diameter
area (m?/g)
(cm®/¢g) (nm)
1 0.95 304.25 | 1.73x107 733.87 0.3408 1.8578
2 1.65 304.25 | 1.73x107 587.01 0.249 1.6964
3 0.95 316.75 | 1.73x107 813.92 0.3896 1.9149
a4 1.65 316.75 | 1.73x107 636.11 0.2676 1.683
5 0.95 304.25 | 4.74x10° 793 0.3639 1.8355
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6 1.65 304.25 | 4.74x10° 615.97 0.2541 1.65

7 0.95 316.75 | 4.74x10° 853.76 0.4484 2.101
8 1.65 316.75 | 4.74x10° 611.54 0.2593 1.696
9 0.60 310.5 | 3.24x107 824.42 0.4587 2.2257
10 2.00 310.5 | 3.24x107 515.73 0.2175 1.6872
11 1.30 298.0 | 3.24x107 613.09 0.2648 1.7275
12 1.30 323.0 | 3.24x107 660.58 0.3171 1.9203
13 1.30 310.5 | 2.23x10* 628.96 0.2744 1.7449
14 1.30 310.5 | 6.25x107 560.23 0.241 1.721
15 1.30 310.5 | 3.24x107 582.84 0.2625 1.8018
16 1.30 310.5 | 3.24x107 582.84 0.2625 1.8018
17 1.30 310.5 | 3.24x107 582.84 0.2625 1.8018
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Molecular imprinted polymer (MIP) was synthesized bulk polymerization using 2-(trifluoromethyl)acrylic acid
(TFMAA) as a functional monomer, trimethylolpropane trimethacrylate (TRIM) as a cross-linker, benzoyl
peroxide as an initiator, acetone as porogen solvent, and stigmasterol as template molecule to obtain adsorbent
having high affinity and selectivity to stigmasterol for separation of stigmasterol or other sterols in liquid phase.
Functional groups and the morphology of the obtained MIP were investigated by Fourier transform infrared (FT-
IR) and scanning electron microscope (SEM), respectively. The performance in sterol adsorption of MIPs
synthesized under various conditions was investigated using a model solution of sterol mixture in n-heptane
with initial concentration of 1.40x10* kg/kg-solution comparing with non-imprinted polymer (NIP). Adsorbent (1
wt%) was added to model solution and shaken in an orbital shaker at 3.67 rps, 303 K for 2.16x10* s. The
analysis of variance (ANOVA) suggested that the cross-linker was more influential factor on the adsorption
performance of MIP as compared to the template molecule and solvent. The optimization showed that MIP
synthesized at 0.5x103 mol of cross-linker, 1.0x10** mol of template molecule, and 1.0x10"5 m3 of solvent had
highest percentage adsorption of 57.73 % which was 1.37 times of NIP.

1. Introduction

Sterols are generally found in small amounts naturally in many vegetable oils (Phillips et al., 2002) and
deodorizer distillate (DD) by-product of deodorization (Gunawan and Ju, 2009). It was employed as starting
material in food, cosmetics and pharmaceutical industries (Fernandes and Cabral, 2007). However, it is usually
difficult to be separated from other compounds. In recent year, two main processes have been applied for the
recovery of sterol from DD including chemical and physical treatments. In the first approach, FFA in DD was
saponified and the resulted soap was removed from the obtained mixture by simple solid-liquid separation. In
the last step, sterols were separated from the liquid mixture of unsaponifiable components by using either
vacuum distillation (Rohr, 2003) or cold crystallization (Khatoon et al., 2010). In the second approach, FFA and
glycerides were chemically transformed to fatty acid alkyl esters (FAAE) by esterification (Moreira and Baltanas,
2004) or esterification followed by transesterification (Wollmann et al., 2005). Then, vacuum distillation was
applied to remove large fraction of FAAE. Similar to the former approach, cold crystallization was also applied
as the last step of sterol isolation. However, the major problem of these processes was the high energy
requirement. In general, vacuum distillation was operated at 100 to 133.32 Pa and 453 to 473 K to remove
undesired compounds in the mixture from chemical treatment, and cold crystallization was used to separate
sterol from the remaining mixture at low temperature between 253 to 288 K. Therefore, a method with high
efficiency and more economical value should be developed to serve rapid growth of recent sterol demand.

Adsorption process with activated carbon (Barder, 1989) and magnesium silicate (Barder et al., 1990) were
used to recover sterol from natural resources. However, these adsorbents have shown some significant
disadvantages, which include high capital costs and low selectivity to sterol molecule. Therefore, it is necessary
to develop the highly selective and economical adsorbent material for the recovery of sterol. Polymeric materials
have been used in many applications in the field of chemistry and engineering such as separation processes
(Ahmad et al., 2015), catalyst based (Protsenko et al., 2016), and biosensor (Gonzalez-Delgado et al., 2016).

Please cite this article as: Ladadok C., Sinpichai S., Nonthanasin N., Binabdullah K., Na-Ranong D., 2018, Synthesis of moleculary imprinted
polymer originated from tfmaa and trim for sterol separation , Chemical Engineering Transactions, 70, 475-480 DOI:10.3303/CET1870080
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Molecular imprinted polymer (MIP) is one alternative technique to prepare the adsorbent with selective
molecular recognition ability. This technique requires the template molecule to create cavities in polymer matrix
after removal of template molecule.

In this study, MIPs were synthesized using 2-(trifluoromethyl)acrylic acid as a functional monomer,
trimethylolpropane trimethacrylate as a cross-linker, benzoyl peroxide as an initiator, acetone as a porogen
solvent, and stigmasterol as a template molecule to obtain adsorbent having high selectivity to stigmasterol for
separation of stigmasterol or other sterols in liquid phase. Analysis of variance (ANOVA) was used to determine
the effect of three synthesis factors of MIP such as amount of cross-linker, template molecule, and solvent for
percentage adsorption of sterol. Functional groups and the morphology of MIP were investigated by Fourier
transform infrared (FT-IR) and scanning electron microscope (SEM), respectively. Batch adsorption was
performed to evaluate the performance of the obtained MIPs in sterol adsorption using a model solution of sterol
mixture in n-heptane comparing with non-imprinted polymer (NIP).

2. Materials and Methods
2.1 Materials

2-(trifluoromethyl)acrylic acid (Alfa Aesar) as a functional monomer, trimethylolpropane trimethacrylate (Sigma-
Aldrich) as a cross-linker, benzoyl peroxide (Merck) as an initiator, stigmasterol (Tama Biochemical) as a
template molecule, and acetone (Asian scientific) as a porogen solvent. Sterol mixture (Acinopeptide) consisted
campesterol (23.6 wt %), stigmasterol (28.2 wt %), and B-sitosterol (48.2 wt %) was used as an adsorbate. N-
heptane (Apex Chemicals) was used as a model solution.

2.2 Synthesis of molecular imprinted polymer

2-(trifluoromethyl)acrylic acid (TFMAA), trimethylolpropane trimethacrylate (TRIM), stigmasterol and acetone
were mixed in 6.0x10% m3 glass bottle. A nitrogen gas was flowed into the mixture for 600 s to remove oxygen.
Then the mixture was shaken by an orbital shaker at 3.67 rps and room temperature to form a homogeneous
solution. After that, the solution was polymerized at 333 K by shaking at 3.67 rps for 8.64x10* s. After
polymerization process, the obtained solid polymer was ground by ceramic mortar. The obtained polymer
powder was washed several times with distilled water to remove all unreacted reagent. The distillated water was
separated from the polymer powder by centrifugation at 66.67 rps for 1.8x10° s and the water was taken to
analyze UV-absorption of residual excess unreacted reagent using UV-spectrophotometer. The polymer powder
was dried at 383 K for 8.64x10* s. To remove the template molecule from polymer powder, soxhlet extraction
was used at 393 K for 8.64x10* s with solution consisting of acetonitrile (85 vol%), methanol (5 vol%), and water
containing 1 vol% of acetic acid (10 vol%). Different MIPs were synthesized by varying three independent factors
such as amount of cross-linker (A), template molecule (B), and solvent (C) in the range of 0.5x10- to 1.5x103
mol, 1.0x10* to 1.5x10* mol, and 1.0x10" to 2.0x10-% m?, respectively. Amount of functional monomer and
initiator were fixed at 1.0x10 and 8.5x10"5 mol, respectively. Conditions for MIPs synthesis were determined
using central composite design (CCD) as shown in Table 1. Non-imprinted polymer (NIP) was synthesized
without a template molecule with the same synthesis procedures as MIP.

Table 1: Conditions for MIPs synthesis determined by central composite design (alpha value = 2.0)

No. Cross-linker x103 (mol) Template molecule x10 (mol) Solvent x105 (m?3)
1 0.75 1.125 1.25
2 1.25 1.125 1.25
3 0.75 1.375 1.25
4 1.25 1.375 1.25
5 0.75 1.125 1.75
6 1.25 1.125 1.75
7 0.75 1.375 1.75
8 1.25 1.375 1.75
9 0.50 1.250 1.50
10 1.50 1.250 1.50
11 1.00 1.000 1.50
12 1.00 1.500 1.50
13 1.00 1.250 1.00
14 1.00 1.250 2.00

STD 1.00 1.250 1.50
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2.3 Characterization of molecular imprinted polymer

Morphology of MIP and NIP was investigated by Scanning electron microscope (SEM) using EVO®MA10
(ZEISS). Extra high-tension voltage level was 1.5x10* V. Functional groups of MIP and NIP were investigated
by Fourier transform infrared (FT-IR) using IRPrestige-21 (Shimadzu, Japan) equipped with MIRacle ATR (PIKE
Technologies, Inc.) with a resolution of 4 cm-".

2.4 Adsorption performance test

The adsorption performance of MIPs synthesized under various conditions was investigated using a model
solution of sterol mixture in n-heptane with initial concentration of 1.40x10* kg/kg-solution comparing with NIP.
Adsorbent (1 wt%) was added to model solution and shaken in an orbital shaker at 3.67 rps, 303 K for 2.16x10*
s. Sample before and after adsorption were taken for quantitative analysis of campesterol, stigmasterol, and -
sitosterol. Analysis was performed using a gas chromatography connected with flame ionized detector (GC-
2010plus; Shimadzu). Peak separation was achieved using a ZB-5HT capillary column (30 m in length, 3.2x10"
4m in internal diameter, 1.0x107 m in film thickness; Phenomenex). Tricaprin was used as an internal standard.
Adsorption performance was evaluated by the percentage adsorption of sterol (% Ads), adsorption capacity (q),
and selectivity base on stigmasterol (S;) were calculated according to Eq(1), Eq(2), and Eq(3).

-C
% Ads = ———x100 (1)
Co
q= (CO — C)Wsol (2)
Wads
Si — <VVLO — Wi) ( Wstigma,o ) (3)
Wi,O Wstigma,o - Wstigma

Where Co and C are liquid-phase concentration of stigmasterol at initial and at time ¢, respectively. Wsor is the
weight of the solution, and Wags is the weight of adsorbent used. Wjo and W; are the weight of species “i” at
initial and at time t, respectively. Wisigmao and Wsigma are the weight of stigmasterol at initial and at time ¢,
respectively.

2.5 Statistical analysis

The percentage adsorption of sterol was selected as the response factor, and the relationship between response
factor and independent factors was approximated by quadratic model equation. The statistical of fitted quadratic
model was analyzed by analysis of variance (ANOVA). The quality of fitted quadratic model was expressed by
coefficient of determination (R?), and the significant terms of model were evaluated based on the p-value with
95 % confidence.

3. Results and Discussion
3.1 Polymer characterization

The functional groups on both of polymers were explained by FT-IR spectra as shown in Figure 1. Both of NIP
and MIP absorption peaks were similar and had small sharp peak of C-H vibration at 2,960 cm, large sharp
peak of C = O vibration at 1,710 cm™' and the peak of C-F appeared over a very broad range of 1,000-1,400
cm™'. These peaks were identified as the groups C - H, C = O, and C = F on TFMAA (Fauziah et al., 2015).
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Figure 1: FT-IR spectra of (a) NIP and (b) MIP
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However, absorption peak of O-H was not found on both FT-IR spectra. It is possible that O-H group undergo
interaction with other functional groups. The comparison of spectra between NIP and MIP indicated that intensity
of C-H peak on the NIP spectra was less than MIP spectra. It is possible that the residue of stigmasterol
contained in MIP. The surface of MIP synthesized at condition number 9 (Figure 2(b)) was rougher than NIP,
see Figure 2(a). Furthermore, the porous of MIP was larger than NIP. It suggested that the imprinted of
stigmasterol created additional pores in polymer matrix.

Figure 2: SEM images at a magnification of 20,000x of (a) NIP and (b) MIP

3.2 Adsorption performance

The adsorption performance of adsorbents was investigated using a model solution of sterol mixture
(campesterol, stigmasterol, and B-sitosterol) in n-heptane. MIPs were synthesized under various conditions to
use in the sterol adsorption comparing with NIP. Figure 3 showed the adsorption performance of MIPs
comparing with NIP. MIP synthesized at condition number 9 (0.5%x10-® mol of cross-linker, 1.25x10* mol of
template molecule, and 1.5%10- ml of solvent) adsorbed greater amount of sterol comparing with NIP. The
adsorption capacities of MIP synthesized at condition number 9 and NIP were 5.93x10-% and 5.85x103 kg/kg-
adsorbent, respectively. However, the adsorption result revealed that all of MIPs synthesized adsorbed
campesterol, stigmasterol, and B-sitosterol with the same percentage of initial amounts in model solution
(Scampesterol = Sg-sitosterol = 1.0). No specific selectivity for stigmasterol adsorption should be result from very similar
structure of these sterols. Based on the adsorption capacity, the result indicated that the maximum sterol
adsorption capacity of MIPs (g = 5.93x10- kg/kg-adsorbent) was 5.3 times higher than the capacity of MIP
synthesized using TFMAA as a functional monomer, TRIM as a cross linker and B-sitosterol as a template
molecule of some reported (Fauziah et al., 2015). Therefore, it was thus a promising adsorbent and could be
used for recovery of sterol by adsorption method.
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Figure 3: Adsorption performance of MIPs comparing with NIP at 303 K for 2.16x10% s

3.3 Statistical analysis

The results of the percentage adsorption of sterol by MIPs synthesized under various conditions were selected
to analyze in order to identify significant effect of factors on the percentage adsorption of sterol by synthesized
molecular imprinted polymer. The analysis of variance of percentage adsorption was summarized in Table 2.
The p-value showed that the linear terms (A, B, and C), quadratic terms (AxA, BxB, and CxC) and interaction
terms (AxB, AxC, and BxC) were insignificant (p-value > 0.05). It seems that all terms had no effect on the
adsorption performance of MIP. However, a regression model was performed in order to obtain a suitable
prediction model for percentage adsorption of sterol, and the relationship between the percentage adsorption
and the independent factors was shown in Eq(4).

% Ads = 2860 — 74.7A — 257.8B — 58.4C + 14.842 4+ 70.3B% + 11.0C% + 41.3AB — 7.4AC + 23.2BC (4)
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Table 2: The analysis of variance of percentage adsorption of sterol by MIP

Terms Coefficient S.E. coefficient p-value
Constant 286.04 1.765 0.000
Cross-linker (A) -74.68 0.500 0.070
Template (B) -257.78 0.500 0.210
Solvent (C) -58.37 0.500 0.121
AxA 14.80 0.601 0.185
BxB 70.30 0.601 0.127
CxC 10.99 0.601 0.305
AxB 41.34 0.708 0.127
AxC -7.46 0.708 0.539
BxC 23.28 0.708 0.351

The fit of model was checked by the coefficient of determination (R?), which was calculated to be 79.39 %
indicating that 79.39 % of the variability in the response could be explained by the model. Figure 4(a), 4(b), and
4(c) show the three-dimensional response surface which were shown the effect of MIP synthesis factors on the
percentage adsorption of sterol. Figure 4(a) illustrated the effect of amount of template molecule and solvent on
the percentage adsorption of sterol, with amount of cross-linker was fixed at 1.0x10-3 mol. Figure 4(b) illustrated
the effect of amount of cross-linker and solvent on the percentage adsorption of sterol, with amount of template
molecule was fixed at 1.25x10 mol, and Figure 4(c) illustrated the effect of amount of cross-linker and template
molecule on the percentage adsorption of sterol, with amount of solvent was fixed at 1.5x10% m3.

% Ads (%)
% Ads (%)
% Ads (%)

Figure 4: Three-dimensional response surface plot of the percentage adsorption of sterol by MIP; (a) effect of
amount of template molecule and solvent, amount of cross-linker = 1.0x10 mol, (b) effect of amount of cross-
linker and solvent, amount of template molecule = 1.25x10* mol, (c) effect of amount of cross-linker and
template molecule, amount of solvent = 1.5x10°° m® comparing with the experimental data (blue circle symbol)

The results indicated that the prediction result of the percentage adsorption of sterol was in good agreement
with the experimental values. The percentage adsorption of sterol by MIP was found to decrease with increasing
amount of cross-linker as shown in Figure 4(b) and 4(c). It can be seen that amount of cross-linker was more
influential factor on the adsorption performance of MIP as compared to the other two factors. The high amount
of cross-linker inhibited the diffusion of the template reducing the efficiency of the imprinting process (Rechichi
et al., 2007). In addition, the amount of cross-linker can control the degree of MIP swelling. The rigidity of MIP
is a consequence of the excess of cross-linking agents. The rigidity makes very difficult to remove template
molecule from MIP, it results in the number of molecular recognition sites becomes less than the number of
sites expected from the amount of template molecule used due to some template molecule are embed in the
polymer matrix (Park et al., 2005). These results were presented by the case of the amount of template molecule
in the range of 1.0x10* to 1.35x10* mol as shown in Figure 4(C), the MIP synthesized with 0.5x10- mol of
cross-linker exhibited higher percentage adsorption than that 1.5x10° mol of cross-linker. However, MIPs
synthesized with 0.5%10-3 mol of cross-linker exhibited low percentage adsorption when increasing amount of
template molecule. It is possible that the excess amount of template molecule interacted with the functional
monomer as well as with the cross-linker. This could reduce the number of interaction between the functional
monomer and cross-linker which could generate fewer effective cavities in the polymer matrix and reduce the
number of molecular recognition sites. According to the optimization, the result showed that MIP synthesized at
0.5%x10® mol of cross-linker, 1.0x10* mol of template molecule, and 1.0x10® m3 of solvent had highest
percentage adsorption of 57.73 % which was 1.37 times of NIP.
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4. Conclusions

Molecular imprinted polymers (MIPs) were synthesized by bulk polymerization using TFMAA as a functional
monomer, TRIM as a cross-linker, benzoyl peroxide as an initiator, acetone as porogen solvent, and stigmasterol
as a template. The analysis of variance (ANOVA) suggested that cross-linker was more influential factor on the
adsorption performance of MIP compared to template molecule and solvent. The optimization showed that MIP
synthesized at 0.5x10-3 mol of cross-linker, 1.0x10 mol of template molecule, 1.0x10-5 m? of solvent had the
highest adsorption capacity of 57.73 % (1.37 times of NIP). Moreover, adsorption was successfully performed
at 303 K. In considering energy requirement for adsorption compared with vacuum distillation at temperature of
453 to 473 K or cold crystallization at 253 to 288 K, adsorption is promising method for sterol recovery in large
scale with fewer energy requirement.
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Kinetics, isotherm and thermodynamics of sterol adsorption on styrene-divinylbenzene based ion-exchange
resin with strong acid was investigated at temperature in the range of 298 to 313 K using a model solution of
stigmasterol in n-heptane with initial concentration in the range of 0.3x10-% to 1.8x10 kg/kg-solution. Adsorbent
(5 wt%) was added to the model solution and isothermal adsorption was performed at 3.33 rps for 7.2x10° s.
Kinetics of sterol adsorption was analysed based on pseudo-first-order and pseudo-second-order models. The
results revealed that pseudo-second-order model agreed with the experimental data, much better than pseudo-
first-order model. At the equilibrium of adsorption, adsorption capacity (ge) decreased when the temperature
was increased. This result indicated that sterol adsorption was exothermic. Analysis of adsorption isotherm data
based on Langmuir, Freundlich and linear models showed that Freundlich was the best model that could predict
the adsorption isotherm data. Adsorption equilibrium constants calculated based on Freundlich model at various
temperatures were used to calculate Gibb’s free energy change (AG), enthalpy change (AH), and entropy
change (AS). The increase of AG with respect to temperature indicated that the adsorption was more favourable
at lower temperatures. The negative value of AH indicated that the adsorption was exothermic and agreed well
with the effect of temperature on adsorption capacity. The negative value of AS indicated associative adsorption
and decrease of the randomness between the solid/liquid interfaces due to the adsorption.

1. Introduction

Sterols have several beneficial bioactivities such as anti-cancer and decrease the risk of coronary heart disease.
They have been widely used as starting material in food, cosmetics and pharmaceutical industries (Fernandes
and Cabral, 2007). Over the past several decades, deodorizer distillate (DD) which is a by-product in a vegetable
refinery plant became one of the most important sources of natural sterols. DD contains free fatty acids (FFA),
monoglycerides (MG), diglycerides (DG), triglycerides (TG) and small amount of some bioactive compounds
(Verleyen et al., 2001). Sterols have been successfully recovered from DD by two main methods. These
methods were designed to remove undesired compounds (FFA and glycerides) from DD, followed by sterols
separation. In one method, FFA in DD was saponified and then the resulted soap was removed from the mixture
by simple solid-liquid separation. After that, sterols were separated from the resulted concentrate mixture by
crystallization (Khatoon et al., 2010) or vacuum distillation (Rohr, 2003). The another method, FFA and other
glycerides were transformed to fatty acid alkyl ester (FAAE) by esterification (Moreira and Baltanas, 2004) or
esterification followed by transesterification (Wollmann et al., 2005). In the sterols preconcentration step, FAAE
fraction was removed by vacuum distillation to obtain high yield of sterols. Similar to the former method,
crystallization was applied as the last step for sterols separation. Although these methods have been

Please cite this article as: Ladadok C., Yamaki T., Matsuda K., Matsumoto H., Na-Ranong D., 2018, Kinetics, isotherm, and thermodynamics
of adsorption of sterol on strong acid ion exchange resin , Chemical Engineering Transactions, 70, 1075-1080 DOI:10.3303/CET1870180
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successfully applied to recover sterols from DDs, they require large energy consumption. In general, vacuum
distillation is operated at 100 to 133.32 Pa and 453 to 473 K to remove undesired compounds in the resulted
mixture from chemical treatment, and cold crystallization was used to separate sterols from the remaining
mixture at low temperature (253 to 288 K). A simple, efficient, and economical method should be developed to
serve the growth of sterols demand. Adsorption is widely used in separation of minor components from liquid
mixture under mild conditions. The use of adsorbent is the basis of all adsorption techniques. Polymeric resins
have been widely used to remove pollutants such as phenol (Victor-Ortega et al., 2016) or polyphenols (Njimou
et al., 2017) from aqueous solutions because of low cost and high abundance. Based on chemical resistance
and simplicity of operation, styrene-divinylbenzene based ion-exchange resin with strong acid (SA-R) was
considered as attractive adsorbent in the sterol recovery process. The objective of this study was to investigate
behavior of sterol adsorption on SA-R. Isothermal batch adsorption was performed using a model solution of
stigmasterol in n-heptane to evaluate adsorption capacity. Kinetics of sterol adsorption was evaluated based on
pseudo-first-order and pseudo-second-order models. Adsorption data at equilibrium were analyzed based on
Langmuir, Freundlich and linear isotherms and three important thermodynamics parameters (i.e. Gibb’s free
energy change: AG, enthalpy change: AH and entropy change: AS) were calculated and the adsorption behavior
was discussed based on the calculated thermodynamics parameters.

2. Materials and methods
2.1 Materials

Styrene-divinylbenzene copolymer cation-exchange resin (Lewatit® Monoplus SP 112H) with sulfonic acid
group and mean bead size of 6.7x10* £ 0.5x10“ m (Lanxess, Germany) was selected as representative of a
strong acid cation exchange resin (SA-R). SA-R was dried in an oven at 383 K under vacuum for 2.16x10* s
and stored in a desiccator before being used in adsorption experiment. Prior to the adsorption experiment, SA-
R was washed with methanol, n-propanol and n-hexane. Stigmasterol (Tama Biochemical Co. Ltd.) and n-
heptane (AR grade, Apex Chemicals Co. Ltd.) were used in preparation of a model solution of sterol containing
mixture. Cholesterol (Sigma-Aldrich Inc.) was used as an internal standard (ISTD) in quantitative analysis of
stigmasterol. HPLC grade organic solvents (methanol, acetonitrile and water from RCI Labscan Ltd. and acetic
acid from Merck Ltd.) were used in the quantification of stigmasterol.

2.2 Batch adsorption

To study kinetics, isotherm and thermodynamics of stigmasterol adsorptions on SA-R, isothermal batch
adsorption was performed using a model solution of stigmasterol in n-heptane. This nonpolar solvent, n-
heptane, was used in this experiment to avoid competitive adsorptions of stigmasterol and solvent in the
adsorption system. Adsorption temperature and stigmasterol concentration were varied in the ranges of 298 —
313 Kand 0.3x107 to 1.8x10-3 kg/kg-solution, respectively. The model solution (5.0x10"° m?®) and the adsorbent
(5 wt%) were heated and shaken in an orbital shaker (4000ic; IKA) at 3.33 rps for 7.2x103 s. Before and after
the adsorption, samples (2.0x107 m3) were taken and filtered through a 4.5x107 m nylon filter and used for the
quantitative analysis of stigmasterol content.

2.3 Quantitative analysis

The content of stigmasterol in the sample was analyzed using a high-performance liquid chromatography
(HPLC) connected with a UV detector. An injection valve connected with a 2.0x108 m3 of sample loop was used
to introduce the sample into the HPLC. Peak separation was achieved using a reverse-phase column (Inertsil
C8-3; 5.0x10°® m particle diameter, 0.25 m length, 4.6x10% m i.d., GL Sciences Inc, Japan). Composition of
mobile phase and condition of analysis were adapted from the work reported by Chang et al. (2000). Mobile
phase was a mixture of acetonitrile (85 %), methanol (5 %), and water containing 1% of acetic acid (10 %) and
flowed at the rate of 2.16x10® m3/s, the analysis was performed at the wavelength of 2.1x107 m. Since the
sample was not dissolved well in the mobile phase, n-heptane in the sample was removed and an appropriate
solvent was added to the solid sample as a solvent in the quantitative analysis. The solvent exchange was
performed as follows; n-heptane was completely removed from the sample by evaporation at room temperature,
methanol (8.0x107 m3) was then added and the mixture was shaken in the orbital shaker at 3.33 rps for 3.6x103
s. As an internal standard, cholesterol in methanol (4.0x103 kg/kg-solution, 2.0x107 m®) was added in the
sample. Amount of stigmasterol adsorbed on the adsorbent at time “t’ (q¢) was calculated according to Eq(1).

_ (Co=CoWsol 1)

at Wads

where Co and C:are liquid-phase concentration of stigmasterol at initial and at time {, respectively. Wso is the
weight of the solution and Wads is the weight of adsorbent used.
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3. Results and discussion
3.1 Adsorption capacity

Figure 1 shows the time dependence of adsorption capacity of SA-R at various initial concentrations of
stigmasterol. The adsorption capacity increased with time until equilibrium was reached within 1.8x10° s.
Comparison of the profiles obtained at different initial concentrations revealed that the rates of adsorption on
SA-R increased with the increase of concentration of stigmasterol. This is general behaviour of a process with
positive order rate equation. The adsorption capacity at the equilibrium (ge) increased from 2.4x10-3 to 9.2x10"
3 kg/kg-adsorbent by increasing the initial concentration from 0.3x103 to 1.8x10-3 kg/kg-solution. In addition, the
adsorption efficiency of SA-R was found in the range of 25 - 35 %, being higher at lower initial concentration.
10

7.5

2.5 4

¢, *10% (kg’kg-adsorbent)
[3,]

£ %103 (s)

Figure 1: Capacities of SA-R for stigmasterol adsorption at various initial concentrations: (¢) 0.3 x103, (m)
0.6x10°3, (A) 0.9x103, (x) 1.2x103, (+) 1.5x103, (®) 1.8 X107 kg/kg-solution; at 303 K and 5 wt% SA-R
3.2 Adsorption kinetics

To study the kinetics of adsorption, the experimental data were comparatively analyzed based on pseudo-first-
order and pseudo-second-order models which are expressed as Eq(2) and Eq(3).

dq
¢ =@ —a) @)
dq
¢ = ka(de —a)? 3)

Where qge and g: are the amounts of stigmasterol adsorbed at equilibrium and at time ¢, respectively. k1 and k2
are the adsorption rate constant of pseudo-first-order and pseudo-second-order model. Linearized forms of
these two models obtained by integrating Eq(2) and Eq(3) with the boundary conditions of qg:= 0 at t = 0 and gt
= qtatt = tare expressed as Eq(4) and Eq(5).

In(q. — q¢) = Inqe — kqt (4)

t 1 t

Lt L 5
q: k202 qe ®)

Linear plots corresponding to pseudo-first-order and pseudo-second-order models for SA-R are shown in Figure
2(a) and 2(b), respectively. The parameters, k and ge, of each model were calculated from the slope and the y-
intercept of the corresponding linear plot and summarized in Table 1. The correlation coefficients (R?) of pseudo-
second-order model were higher than pseudo-first-order model for all conditions. The lowest value of R?
obtained from pseudo-second-order model was 0.9989 while the highest value of R? obtained from pseudo-first-
order model was 0.9943. In addition, ge,cas from pseudo-second-order model agreed reasonably well with ge,exp
(Age = 7.7%) while pseudo-first-order model could not well predict the value of geexp., €specially at initial
concentration between 0.3x10° to 0.9x10° kg/kg-solution. Based on the correlation coefficients and Age,
pseudo-second-order model was selected to describe the kinetics of stigmasterol adsorption on SA-R.
Considering the adsorption rate constant of pseudo-second-order model (kz), the results show that k2 depended
on the initial concentration of stigmasterol (Co). When Co was increased from 0.3x10-3 to 1.8x10-3 kg/kg-solution,
k2 decreased from 10.0313 to 0.4428 kg-adsorbent/(kg-s). This dependence of k2 on initial concentration was
previously reported in several adsorption systems (Ho and Mckay, 1999). Theoretical analysis by Azizian (2004)
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clearly showed that k2 is not an intrinsic rate constant of adsorption, but it is a complex function of adsorption
rate constant, desorption rate constant and initial concentration of adsorbate.

-4 4
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g 31
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L 2 2]
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Figure 2: Linear plots of (a) pseudo-first-order and (b) pseudo-second-order kinetics models for various initial
concentrations: (®) 0.3 x1073, (m) 0.6 X103, (A) 0.9Xx107%, (X) 1.2x1073, (+) 1.6 X107, (®) 1.8 x10° kg/kg-
solution; at 303 K and 5 wt% SA-R

Table 1: Kinetic parameters of stigmasterol adsorptions on SA-R at 303 K with different initial concentrations

Pseudo-first-order Pseudo-second-order

Co Qe,exp

ki Qecal  AQe (%)  RZ(-) k2 Qecal  AQe (%) R¥(-)
0.3 2.44 0.0065 3.93 61.3 0.8525 10.0313 2.45 0.4 0.9994
0.6 4.00 0.0012 2.60 35.2 0.8054 1.1144 4.14 3.5 0.9995
0.9 4.90 0.1161 2.80 42.8 0.8327 2.1669 493 0.6 0.9997
1.2 5.90 0.0023 5.54 6.1 0.9943 1.0602 6.06 2.7 0.9993
1.5 8.11 0.0015 7.13 12.1 0.9834 0.3139 8.73 7.6 0.9989
1.8 9.20 0.0018 8.51 7.2 0.9877 0.4428 9.57 4.0 0.9990

*Coefficient units: Cox103 (kg/kg-solution); gex103 (kg/kg-adsorbent); k1 (s™); k2 (kg-adsorbent/(kg's))
3.3 Adsorption isotherm

Adsorption isotherm was investigated at 298, 303, 308 and 313 K and discussed based on the data taken after
1 h of adsorption, which were reasonably considered as the performance at the equilibrium of adsorption
according to the discussion in section of adsorption capacities. Figure 3 (a) shows dependence of adsorption
capacity at the equilibrium (ge) on concentration of stigmasterol at the equilibrium (Ce) at 303 K of SA-R. In the
tested range of Ce, ge increased with Ce and saturation of adsorption was not observed. Figure 3(b) shows effect
of temperature on ge for various initial concentrations. ge decreased when the temperature was increased. This
result indicated that stigmasterol adsorption was exothermic. This dependence was significant in the case of
high initial concentration and became less significant when the initial concentration was lower.

Equilibrium adsorption data were analyzed based on Langmuir, Freundlich and linear isotherm models using
the corresponding linearized form of each model, listed in Table 2. Langmuir model was considered as an
inappropriate model for prediction of isotherm of stigmasterol adsorption for SA-R due to the value of R? was
extremely low. At temperature of 298 and 313 K, gm (saturated adsorption capacity) and Kia (adsorption
equilibrium constant in Langmuir model) were negative, which had no physical meaning for adsorption process.
Since R? of Freundlich model were larger than R? of linear model, except at 298 K. Freundlich model was
considered as the most suitable model to be used to predict the performance of adsorption at the equilibrium
for SA-R. However, the calculated values of 1/n were more than 1 for temperature of 298 and 313 K, indicating
increase of hydrophobic surface characteristics after monolayer adsorption. The value of Kr was significantly
influenced by adsorption temperature. The highest value of Kr was obtained at 298 K. Figure 3(a) shows good
resemblances of the calculated curves and the experimental data for Freundlich model. Similar plots (not shown)
were obtained at the other temperatures (298, 308 and 313 K) and showed good resemblances of the calculated
curves and the experimental data, as well. Nonlinear regression analysis was performed for Freundlich model
and gave the R? = 0.9782 higher than linear model (R? = 0.9652). Based on regression analysis, Freundlich
model was the most suitable model for prediction of effect of Ce on ge in the tested range of 0 < Ce < 1.38x1073
kg/kg-solution and 298 < T < 313 K.
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Figure 3: (a) Dependences of qe on Ce calculated using Freundlich and linear models compared with the
experimental data for adsorption of stigmasterol on SA-R (303 K, 5 wt% SA-R), (b) Effect of temperature on the
adsorption capacity of SA-R at equilibrium (qe) at various initial concentrations: (#) 0.3 x103, (m) 0.6 X103, (A)

0.9x103, (x) 1.2x103, (+) 1.5x10°3, (@) 1.8 X103 kg/kg-solution; T = 298 to 313 K, 5 wt% SA-R

Table 2: Parameters and correlation coefficients for Langmuir, Freundlich and linear models for isotherms of
stigmasterol adsorption on SA-R

i o _ mKiaCe . 1 Linear:
Models Langmuir: q, = TR, oC Freundlich: g, = KzC2/™ 4 = K,.C,
Linearized Ce_ 1 P _ 1 ] _ )
Equation: 4 Keatm @m0 log(qe) = log(K) + 7 log(Ce); 9 = KuiCe
Parameters  Kta, Gm Kr, 1/n K
T (K) Kia Qm R2 (-) Kr 1/n () R2 () Kii R2 ()
298 -197.35  -0.034 0.4696  29.785 1.180 0.9893 8.501  0.9899
303 490.36 0.021 0.6389 0.989 0.722 0.9686 6.734  0.9328
308 211.00 0.032 0.5156 1.837 0.841 0.9830 5432 0.9797
313 -136.64 -0.024 0.4030 8.872 1.122 0.9825 3.953  0.9491

*Coefficient units: Kia (kg-solution/kg); gm (kg/kg-adsorbent); Kr (kg/(kg-adsorbent(kg/kg-solution)")); Kii (kg-
solution/kg-adsorbent)

3.4 Adsorption thermodynamics

To obtain useful information for the design of adsorption process, thermodynamics parameters of adsorption
(Gibb’s free energy change: AG, enthalpy change: AH and entropy change: AS) were evaluated. Based on the
discussion in section of adsorption isotherm, adsorption equilibrium constants at various temperatures were
calculated using Freundlich model and AG and AS were calculated using Eq(6) and Eq(7), respectively.

AG = —RTInKy (6)
AS AH
l‘l’lKF =% "= (7)

From Eq(7), enthalpy change (AH) and entropy change (AS) were calculated from the slope and the y-intercept
of the straight line plot between InKr and 1/T. As summarized in Table 3, adsorption had negative values of AG,
AH and AS. The negative value of AG indicated that the adsorption was spontaneous and feasible. The increase
of AG with respect to temperature indicated that the adsorption was more favorable at lower temperatures. Since
the calculated values of AG was in the range of -20,000 to 0 J/mol, stigmasterol adsorption on SA-R could be
considered as physical adsorption (Yu et al., 2001). The negative value of AH indicated that the adsorption was
in section of adsorption isotherm. The negative value of AS indicated associative adsorption and decreased of
the randomness between the solid/liquid interfaces due to the adsorption.

3.5 Feasibility of sterol recovery using adsorption technique

In conventional sterol recovery technique, vacuum distillation must be operated at temperature around 453 to
473 K, much higher than room temperature while cold crystallization usually be operated at 253 — 288 K, much
lower than room temperature, and requires extremely long crystallization time (7.92 — 2.6 X10* s). It should be
noted that the adsorption using SA-R can be operated at the condition not far from ambient temperature and
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pressure and the time required for adsorption to reach the equilibrium was extremely short compared with the
crystallization time. Therefore, adsorption should be promising method in large scale operation for sterol
recovery since it should reduce large amount of overall energy consumption in sterol recovery.

Table 3: Thermodynamics parameters of stigmasterol adsorption on SA-R

T (K) AG (J/mol) AH (J/mol) AS (J/(molK))
298 -5,020.63

303 -4,277.40

308 -3,5634.17 -49,339.43 -148.65
313 -2,790.94

4. Conclusions

Analysis of kinetics, isotherm and thermodynamics of stigmasterol adsorption on commercial cation-exchange
styrene-divinylbenzene resin with strong acid functional group (SA-R) revealed that SA-R was promising for
separation of sterol from solution. Adsorption capacity at equilibrium of stigmasterol on SA-R increased with the
increase of initial concentration of stigmasterol. The adsorption rate of stigmasterols on SA-R could be described
by pseudo-second-order kinetics model. Equilibrium data was well fitted with Freundlich isotherm (R? > 0.9686)
and better than Langmuir and linear isotherm models. The thermodynamics parameters indicated that the
adsorption of stigmasterol on SA-R was exothermic and spontaneous processes.
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divinylbenzene anion exchange resins

Chinakrit Ladadok®, Takehiro Yamaki®, Keigo Matsuda®, Hideyuki Matsumoto?,
Duangkamol Na-Ranong**

aDepartment of Chemical Engineering, Faculty of Engineering, King Mongkut’s Institute of
Technology Ladkrabang, 1, Chalongkrung 1, Ladkrabang, Bangkok 10520, Thailand
"National Institute of Advanced Industrial Science and Technology, Research Institute for
Chemical Process Technology, 1-1-1 Higashi, Tsukuba, Ibaraki, Japan

*Department of Chemistry and Chemical Engineering, Graduate School of Science and
Engineering, Yamagata University, 4-3-16, Jonan, Yonezawa-shi, Yamagata 992-8510, Japan
dDepartment of Chemical Science and Engineering, School of Materials and Chemical
Technology, Tokyo Institute of Technology, 2-12-1 Ookayama, Meguro-ku, Tokyo 152-8552,
Japan

* Corresponding author, e-mail: dnaranong@hotmail.com, duangkamol.na@kmitl.ac.th

ABSTRACT: Phytosterols can be recovered from natural resources using molecular
distillationadserptien, cold crystallization, which require large energy consumption.
Adsorption was considered as a feasible alternative methods. In this study, kinetics, isotherm
and thermodynamics of phytosterols adsorption on styrene-divinylbenzene with two different
functional groups, strong base (SB-R) and weak base (WB-R), were investigated using a
model solution of stigmasterol in n-heptane. Isothermal adsorption experiments were
performed in temperature range of 298-313 K and concentration range of 0.3 — 6.0 mg/gsol.
For both SB-R and WB-R cases, kinetics of adsorption were analyzed based on pseudo-first-
order and pseudo-second-order models and the results revealed that pseudo-second-order
model agreed with the experimental data much better than pseudo-first-order model. Analysis
of isotherm data based on Langmuir, Freundlich and linear models showed that Freundlich
was the best model that could predict behavior of sterol adsorption for both SB-R and WB-R
cases. In addition, thermodynamics parameters (AG, AH and AS) indicated that the sterol
adsorptions on these adsorbents were spontaneous, exothermic and favorable at low

temperature.

KEYWORDS: phytosterols, separation, adsorption process
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INTRODUCTION
Deodorizer distillate (DD) is a major byproduct from vegetable oil refining process. It
consists of various hydrocarbons including free fatty acids (FFA), monoglycerides (MG),

diglycerides (DG), triglycerides (TG) and small amount of some bioactive compounds. The

[ Formatted: Not Highlight

amount of FFA in DD varies around 25-82.5 wt% depending on type of vegetable oil, refining
method and condition 2. In recent years, large amount of DD has been annually generated due
to high demand of biodiesel. Based on the amount of crude palm oil produced in 2014-2016
in Thailand, Indonesia and Malaysia (53 million ton per year), annually generated amount of
palm fatty acid diatillate (PFAD) was about 3 million ton per year *°. To make overall
process of biodiesel production become more economical reasonable and environmental
friendly, DD has been utilized as a low cost raw material for production of biodiesel ® and as a
natural resource of phytonutrients such as tocopherols, squalene and sterols 2. Sterols were

presented in varying concentrations in the DD such as campesterol (5.06 wt%), stigmasterol

(4.1 wt%), and [-sitosterol (7.9 wt%) were found in soybean oil deodorizer distillate while

brassicasterol was not found. Brassicasterol (1.64 wt%), campesterol (2.93 wt%), stigmasterol

(0.01 wt%), and [-sitosterol (4.05 wt%) were found in rapeseed oil deodorizer distillate.

Campesterol (0.45 wt%), stigmasterol (0.62 wt%), B-sitosterol (2.6 wt%), and other sterols

(0.62 wt%) were found in sunflower oil deodorizer distillate while brassicasterol was not

found .

Sterols have several beneficial bioactivities and have been therefore widely used in
food, cosmetics and pharmaceutical industries '°. As summarized in an excellent review '°, in
an industrial scale production, sterols have been successfully recovered from DD by several
methods. In general, these methods consisted of several steps of chemical and physical
treatments. Since removal of undesired compounds (FFA and glycerides) from DD by
distillation requires relatively high temperature and extremely low pressure, it is necessary to
transform these undesired compounds to the forms that can be separated more easily. In one
approach, FFA in DD was saponified and the resulted soap was removed from the obtained
mixture by simple solid-liquid separation. In the last step, sterols were separated from the
liquid mixture of unsaponifiable components by using either vacuum distillation or cold
crystallization '"13. In the other approach, FFA and glycerides were chemically transformed to
fatty acid alkyl esters (FAAE) by esterification and transesterification, respectively 413,
Then, either vacuum distillation or molecular distillation was applied to remove large fraction
of FAAE. In this sterol preconcentration step, multiple steps of these physical treatments were

usually applied to obtain high yield of sterol recovery and to reduce the size of the equipment
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73 used in the downstream process. Similar to the former approach, cold crystallization was also

74  applied as the last step of sterol isolation.

75 [ Formatted: Tab stops: 1.25 cm, Left
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95
96 Adsorption is widely used in separation of minor components from liquid or gas
97  mixture under mild conditions. It was successfully applied to recovery of sterols from natural
98  resources 23?°. Barder et al?>-?’ described an adsorption-desorption process using activated
99  carbon, carbonaceous pyropolymer or magnesium silicate as an adsorbent and chlorobenzene,
100  toluene or methyl-t-butyl ether as a desorbent. The described process could recover sterols
101 from feed mixtures with wide range of sterol concentration (14-84 wt%), with high recovery
102 portion (50-95%). The obtained sterols had reasonably high purity 58-78%, or even as high as
103 95% when the feed mixture was appropriately pretreated by liquid-liquid extraction.
104 Based on chemical resistance and simplicity of operation, two types of commercial
105 grade styrene-divinylbenzene copolymer ion exchange resin were considered as attractive

106  adsorbents in the sterol recovery process. As reported by Anasthas and Gaikar %, sterol
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adsorption on polymeric adsorbent occurred through a weak hydrogen bond between amino
group on polymer matrix and hydroxyl group of sterol. Therefore, a strong base resin (SB-R)
with quaternary amine functional group and a weak base resin (WB-R) with both quaternary
and tertiary amine groups were selected in this study. The objective of this study was to
comparatively investigate behavior of sterol adsorption on these resins. Isothermal batch
adsorption was performed using stigmasterol in n-heptane as a model solution in order to
evaluate adsorption capacities of SB-R and WB-R. Kinetics of sterol adsorption for both cases
were evaluated based on pseudo-first-order and pseudo-second-order models. In addition,
adsorption data at equilibrium were analyzed based on Langmuir, Freundlich and linear
isotherms and three important thermodynamics parameters (i.e. Gibb’s free energy change:
AG, enthalpy change: AH and entropy change: AS) were calculated and the adsorption

behavior was discussed based on the calculated thermodynamics parameters.

MATERIALS AND METHODS
Materials

To comparatively evaluate performance of phytosterol adsorption on a weak base and «
a strong base adsorbents, styrene-divinylbenzene copolymer anion-exchange resins with
quaternary amine (Lewatit® Monoplus MP 800) and tertiary-quaternary amine (Lewatit®
Monoplus MP 68) functional groups provided by Lanxess, Germany were selected as
representatives of a weak- and a strong base ion exchange resins (WB-R and SB-R),
respectively. Table 1 summarized characteristic properties of these two adsorbents. To
remove moisture from the adsorbents, the adsorbents were dried in an oven at 60 °C under
vacuum condition for 6 h and stored in a desiccator before being used in adsorption
experiment. Prior to the adsorption experiment, the adsorbents were washed with n-propanol
and n-hexane.

Stigmasterol supplied by Tama Biochemical Co. Ltd. and n-heptane (AR grade)
supplied by Apex Chemicals Co. Ltd. were used in preparation of a model solution of
phytosterol containing mixture. Cholesterol supplied from Sigma-Aldrich Inc. was used as an
internal standard (ISTD) in quantitative an analysis of stigmasterol. HPLC grade organic
solvents (methanol, acetonitrile and water supplied from RCI Labscan Ltd. and acetic acid
supplied from Merck Ltd.) were used in the quantification of stigmasterol without
purification.

Batch adsorption

[ Formatted: Tab stops: 1.25 cm, Left
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140 To study kinetics, isotherm and thermodynamics of stigmasterol adsorptions on WB-R
141 and SB-R, isothermal batch adsorption was performed using a model solution of stigmasterol
142 in n-heptane. Adsorption temperature and stigmasterol concentration were varied in the

143 ranges 0f 298 — 313 K and 0.3 - 6.0 mg/gsol, respectively. The model solution (50 ml) and the
144 adsorbent (5 wt%) were heated and shaken in an orbital shaker (4000ic; IKA) at 200 rpm for 2
145 h. Before and after the adsorption, samples (200 pl) were taken and filtered through a 0.45 um
146 nylon filter and used for the quantitative analysis of stigmasterol content.

147 Quantitative analysis

148 The content of stigmasterol in the sample was analyzed using a high performance «— [ Formatted: Left, Line spacing: 1.5 lines

149  liquid chromatograph (HPLC) connected with a UV detector. An injection valve connected
150  with a 20 pl of sample loop was used to introduce the sample into the HPLC. Peak separation
151  was achieved using a reverse-phase column (Inertsil C8-3; 5 um particle diameter, 250 mm
152 length, 4.6 mm i.d., GL Sciences Inc, Japan). Composition of mobile phase and condition of
153 analysis were adapted from the work reported by Chang et al ?’. Mobile phase was a mixture
154  of acetonitrile (85%), methanol (5%), and water containing 1% of acetic acid (10%) and

155  flowed at the rate of 1.3 ml/min, the analysis was performed at the wavelength of 210 nm.
156 Since the sample was not dissolved well in the mobile phase, a-heptane-in-the-sample
157

158
159
160

161

162  heptane was evaporated from sample in the first step and 800 ul of methanol was added. The

163  sample was shaken at 200 rpm for 1 h, and then 200 ul of ISTD (cholesterol in methanol at

164 4.0 mg/gs1) was added. 100 ul of the prepared sample was injected into the HPLC through the

165  injection valve.

166 Amount of stigmasterol adsorbed on the adsorbent at time

s
t

(gv) was calculated
167  according to Eq. (1).

C,—-C )W,
168 q‘:( 0 () sol (1)
VVads
169  Where Co and Ctare liquid-phase concentration of stigmasterol at initial and at time ¢,
170 respectively. Wy is the weight of the solution and Wags is the weight of adsorbent used.
171

172 RESULTS AND DISCUSSION
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Adsorption capacities

Fig. 1 shows time dependences of adsorption capacity of SB-R and WB-R at 303 K
and 5 wt% of adsorbent loading for various initial concentrations of stigmasterol. For both
SB-R and WB-R cases, adsorption rapidly occurred in the initial period and after 5 minutes of
adsorption the rate of adsorption gradually decreased while the adsorption equilibrium was
approached. In the tested range, adsorption reached the equilibrium within 30 min for all the
initial concentrations. Comparison of the profiles obtained at different initial concentrations
revealed that the rates of adsorption on both resins increased with the increase of
concentration of stigmasterol. This observation could be explained as a result of the increase
of concentration leading to increase in the driving force to overcome overall mass transfer
resistance of adsorption process 28, By increasing the initial concentration of stigmasterol
from 0.3 to 6.0 mg/gso1, in the case of SB-R, the adsorption capacity at the equilibrium (g.)
increased from 2.15 to 39.96 mg/gags. On the other hand, in the case of WB-R, g. increased
from 2.51 to 47.44 mg/gads. The adsorption capacity at the equilibrium of WB-R was
approximately 1.2 times higher than SB-R.
Adsorption kinetics

To study the kinetics of adsorption, the experimental data were comparatively
analyzed based on pseudo-first-order and pseudo-second-order models which are expressed as

Egs. (2) and (3), respectively 2.

d t

L =k(g.~4) 2)
dqt 2

Sk, (g, - 3
dt Z(qe q() ( )

Where g. and g are the amounts of stigmasterol adsorbed at equilibrium and at time z,
respectively. k1 and k2 are the adsorption rate constant of pseudo-first-order and pseudo-
second-order model, respectively. Linearized forms of these two models obtained by
integrating Eqgs. (2) and (3) with the boundary conditions of gt=0att=0and gt =qiatt=¢
are expressed as Egs. (4) and (5), respectively.

In(g. —gq,)=Ing, -kt “4)

t 1 t

—=—st— ®)
4 kql g

Linear plots corresponding to pseudo-first-order and pseudo-second-order models for SB-R
are shown in Figs. 2(a) and 2(b), respectively. The parameters, £ and g, of each model were

calculated from the slope and the y-intercept of the corresponding linear plot and summarized
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in Table 2. As shown in the table, the correlation coefficients (R?) of pseudo-second-order
model were higher than those of pseudo-first-order model for all conditions. The lowest value
of R? obtained from pseudo-second-order model was 0.9986 while the highest value of R?
obtained from pseudo-first-order model was 0.9899. Furthermore, ge,cal from pseudo-second-
order model agreed reasonably well with ge.exp (Age < 7.5%) while pseudo-first-order model
could not well predict the value of geexp. Based on the correlation coefficients and Age,
pseudo-second-order model was selected to describe the kinetics of stigmasterol adsorption on
SB-R. In the case of adsorption on WB-R, similar linear plots corresponding to the two
kinetics models were obtained, as shown Fig. 3. The calculated parameters of each model
were also summarized in Table 2. The results revealed that R? of pseudo-second-order model
was higher than R? of pseudo-first-order model and Aqe, pscudo-sccond-order Was less than Age pseudo-
first-order fOT all conditions. Therefore, pseudo-second-order model was selected as the suitable
model for describing the kinetics of stigmasterol adsorption on WB-R as well.

For both SB-R and WB-R cases, k> depended on the initial concentration of
stigmasterol (Co). When Co was increased from 0.3 to 6.0 mg/gsol, k2,38-r decreased from
0.0585 to 0.0115 while k2,ws-r decreased from 0.1012 to 0.0115 gags /(mg min). This
dependence of & on initial concentration was previously reported in several adsorption
systems 31-33, Theoretically analysis by Azizian 3* clearly showed that k» is not an intrinsic rate
constant of adsorption, but it is a complex function of adsorption rate constant, desorption rate

constant and initial concentration of adsorbate.

Adsorption isotherm

Adsorption isotherm was investigated at 298, 303, 308 and 313 K and discussed
based on the data taken after 1 h of adsorption, which were reasonably considered as the
performance at the equilibrium of adsorption according to the discussion in section of
adsorption capacities. Fig. 4 shows dependence of adsorption capacity at the equilibrium (g.)
on concentration of stigmasterol at the equilibrium (C¢) at 303 K. For both SB-R and WB-R,
in the tested range of C., ge increased with C. and saturation of adsorption were not observed.
Fig. 5 shows effect of temperature on g. for various initial concentrations. For both SB-R and
WB-R, g. decreased when the temperature was increased. This result indicated that
stigmasterol adsorption was exothermic for both SB-R and WB-R cases. It should be noted
that this dependence was significant in the case of high initial concentration and became less

significant when the initial concentration was lower.
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Equilibrium adsorption data were analyzed based on Langmuir, Freundlich and linear
isotherm models using the corresponding linearized form of each model, listed in Table 3.
Langmuir model was considered as an inappropriate model for prediction of isotherm of
stigmasterol adsorption for both SB-R and WB-R since the value of R? was extremely low,
the obtained gm (saturated adsorption capacity) and Kr. (Adsorption equilibrium constant in
Langmuir model, gs/mg) were negative, which had no physical meaning for adsorption
process. Since R? of Freundlich model were larger than R? of linear model for all conditions,
excepting SB-R at 313 K, Freundlich model was considered as the most suitable model to be
used to predict the performance of adsorption at the equilibrium for both SB-R and WB-R.
However, it should be noted that the calculated values of 1/n were nearly equal to 1 for all
conditions, indicating that the concentration of stigmasterol in overall tested range in this
study was low and the adsorption behaved like linear model. In addition, for both SB-R and
WB-R cases, the calculated Kr (Adsorption equilibrium constant in Freundlich model,
mg/(gads(mg/gso1)"") decreased when the temperature of adsorption was increased.

Fig. 4 shows good resemblances of the calculated curves and the experimental data for
both Freundlich and linear models. Similar plots (not shown) were obtained at the other
temperatures (298, 308 and 313 K) and showed good resemblances of the calculated curves
and the experimental data, as well. In the case of SB-R (Fig. 4a), nonlinear regression analysis
was performed for both Freundlich and linear models and gave the same R? (0.9438). Based
on regression analysis, Freundlich model was the most suitable model for prediction of effect
of C. on g. in the tested range of 0 < Cc < 4.5 mg/gso1 and 298 < T'< 313 K.

In the case of WB-R, similar results were obtained. Fig. 4b shows that both models
show good resemblances of the calculated curves and the experimental data, as well.
Regression analysis revealed that Freundlich model was slightly better than linear model
(Freundlich model: R? = 0.9706; liner model: R? = 0.9557). Therefore, Freundlich model was
also the most suitable model for prediction of effect of C. on g in stigmasterol adsorption on
WB-R.

Adsorption thermodynamics

In order to obtain useful information for the design of adsorption process,
thermodynamics parameters of adsorption (Gibb’s free energy change: AG, enthalpy change:
AH and entropy change: AS) were evaluated for both SB-R and WB-R cases. Based on the
discussion in section of adsorption isotherm, adsorption equilibrium constants at various
temperatures were calculated using Freundlich model and AG and AS were calculated using

Egs. (6) and (7), respectively.
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AG =—RTInK, (©6)
AS AH

Ink,=">-="" 7

FE R TR (N

By performing linear regression analysis of the plot between InKr and 1/7, as shown in Fig. 6,
enthalpy change (AH) and entropy change (AS) were calculated from the slope and the y-
intercept of the obtained straight line. As summarized in Table 4, for both SB-R and WB-R,
adsorption had negative values of AG, AH and AS. The negative value of AG indicates that the
adsorption is spontaneous and feasible. The increase of AG with respect to temperature
indicates that the adsorption is more favorable at lower temperatures *°. Since the calculated
values of AG for both SB-R and WB-R cases were in the range of -20 to 0 kJ/mol,
stigmasterol adsorption on SB-R and WB-R could be considered as physical adsorption 3°.
The negative value of AH indicates that the adsorption is exothermic and agreed well with the
effect of temperature on adsorption capacity at the equilibrium discussed in section of
adsorption isotherm. Comparison of AHsg.r (-24.97 kJ/mol) and AHws-r (-14.03 kJ/mol)
indicates that the interaction between stigmasterol and SB-R is stronger than the interaction
between stigmasterol and WB-R. The negative value of AS indicates associative adsorption

and decrease of the randomness between the solid/liquid interface due to the adsorption 37- 38,

CONCLUSIONS

Analysis of kinetics, isotherm and thermodynamics of stigmasterol adsorption on
commercial anion exchange styrene-divinylbenzene resin with strong and weak base
functional group (SB-R and WB-R) revealed that both SB-R and WB-R were promising for
separation of phytosterols from sterol containing mixture. Adsorption capacity at equilibrium
of stigmasterol on WB-R was higher than SB-R. The adsorption rate of phytosterols on SB-R
and WB-R could be described by pseudo-second-order kinetics model. Equilibrium data was
well fitted with Freundlich isotherm (R? > 0.9510) and better than Langmuir and linear
isotherm models. The thermodynamics parameters indicated that the adsorption on both resins

were exothermic and spontaneous processes. In considering the possibility of reusing of resin,

although desorption and reusability experiments of resin were not shown in this work.

However, the thermodynamic values (AG and AH) for both SB-R and WB-R cases were

indicated that the adsorption between sterol and resin occurred on the low interaction energy.

It is relatively simple to separate sterol from resin after adsorption step. Therefore, resin

should be able to reuse after desorption process due to it would decrease processing cost.

However, the adsorption efficiency of the resin may be reduced by the number of reuse.
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Fig. 1 Adsorption capacities of stigmasterol on (a) SB-R and (b) WB-R versus adsorption time

at 303 K and 5 wt% of adsorbent loading for various initial stigmasterol concentrations.
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Fig. 4 Dependences of g. on C. calculated using Freundlich and linear model comparing with
the experimental data for adsorption of stigmasterol on (a) SB-R and (b) WB-R, (T =
303 K, adsorbent loading = 5 wt%).
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Fig. 5 Effect of temperature on the adsorption capacity of (a) SB-R and (b) WB-R at the
equilibrium (g.) for various initial stigmasterol concentrations, (7 =298-313 K,

adsorbent loading = 5 wt%).
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Table 1 Properties of adsorbents

Properties

SBA-R

WB-R
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Commercial name

Type

Functional group
Matrix structure

Bead size (mm)

Total exchange capacity
(min.eq/1)

Operating pH range
Operating temperature
(max.°C)

Lewatit® Monoplus MP 800

Strong base macroporous

Quaternary amine, type I

Crosslinked polystyrene
0.65 (£ 0.05)

0.8
0-12
70

Lewatit® Monoplus MP 68
Weak base macroporous
Tertiary/quarternary amine
Crosslinked polystyrene
0.54 (£ 0.05)

1.3
0-7
70




631
632
633
634
635
636
637
638
639
640
641
642
643
644
645

134




646

647
648
649
650

651

Table 2 Kinetic parameters of stigmasterol adsorptions on SB-R and WB-R at 303 K with different initial concentrations.

135

Pseudo-first-order

Pseudo-second-order

C eex

Adsorbents (mg /(ésol) (ni] g}g:ds) k el Age R ky Gecal Aqe R

(min')  (mglgu) (%) (gasy/ (Mg min)) (Mg/gads) (%)

0.3 2.1529 0.0605 1.7319 19.6  0.9475 0.0585 2.3272 7.5 0.9997
0.6 3.1703 0.0911 2.5199 20.5 0.9628 0.0588 3.3898 6.5 0.9988
0.9 5.7515 0.0832 3.9240 31.8 09121 0.0446 6.0168 4.4 0.9998
1.2 7.4262 0.0943 6.1688 16.9  0.9804 0.0312 7.7640 4.4 0.9996

SB-R 1.5 9.7616 0.1637 9.0948 6.8 0.9899 0.0531 9.9502 1.9 0.9993
1.8 11.8279 0.0772 8.8401 253 0.9413 0.0179 12.4069 47 0.9994
3.0 24.0448 0.1209 17.4842 273 0.9694 0.0175 24.6914 2.6 0.9986
4.0 32.1690 0.1200 25.4191 21.0  0.9829 0.0121 33.0033 2.5 0.9995
6.0 39.9560 0.0970 23.3617 41.5 0.8892 0.0115 40.8163 2.1 0.9987
0.3 2.5126 0.0984 2.1308 152 0.9607 0.1012 2.6001 3.4 0.9984
0.6 4.8633 0.2711 7.5210 353 0.9765 0.1199 4.9628 2.0 0.9998
0.9 7.2292 0.1151 5.1841 283 0.9623 0.0787 7.2939 0.9 0.9990
1.2 8.8029 0.0635 5.0957 42.1 0.7450 0.0405 8.9445 1.6 0.9973

WB-R 1.5 11.2957 0.1059 8.6331 23.6  0.9437 0.0377 11.4286 1.2 0.9979
1.8 12.8865 0.2255 15.5615 172 0.9333 0.0348 13.2450 2.7 0.9994
3.0 27.0299 0.1458 16.2031 40.1 0.9529 0.0263 27.5482 1.9 0.9999
4.0 29.4413 0.1429 15.4113 477  0.9208 0.0429 29.5858 0.5 0.9997
6.0 47.4444 0.0792 22.2202 53.2 0.7337 0.0115 48.3092 1.8 0.9998
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652 Table 3 Parameters and correlation coefficients for Langmuir, Freundlich and linear models for isotherms of stigmasterol adsorption on SB-R

653  and WB-R.

quLaCe

Models Langmuir: g, = K. C. Freundlich: ¢, = K,.C" Linear: ¢, = K|,C,
Linearized Equation; Parameters % =% lq + qi C,; Kia, gm log(g,) =log(K;)+ % log(C,); Kr, l/n q.=K,,C.; Kii
e La9m 9w
T Kia m R K 1/n R Kui R
Adsorbents ©  (am) g O (mgfgamgzan™ O O (@lge) O
298 -0.0094 -1,250.0 0.0055 12.11 1.0690  0.9698 11.91 0.8822
303 -0.0552 -153.8 0.2036 9.30 1.1333  0.9794 10.09 0.9438
SBR 308 -0.0524 -158.7 0.1732 9.12 1.1131 0.9744 9.89 0.9121
313 -0.0491 -131.6 0.1356 7.10 1.0337 09510 7.88 0.9752
298 0.0104 1,250.0 0.0142 12.83 0.9727  0.9887 12.87 0.9797
303 0.0613 238.1 0.2782 13.48 0.9258  0.9836 12.34 0.9557
WB-R
308 -0.0785 -114.9 0.3173 10.25 1.1785 0.9845 11.53 0.9589
313 -0.0452 2128 0.1966 1035 10721 0.9811 1120 09611
654
655
656
657

658
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659  Table 4 Thermodynamics parameters of stigmasterol adsorptions on SB-R and WB-R.

r SB-R WB-R

) AG AH AS AG AH AS
(kJ/mol)  (kJ/mol)  (kJ/(mol K)) (kJ/mol)  (kJ/mol)  (kJ/(mol K))

298 622 -6.20

303 -5.65 -6.43

208 S0 2497 -0.06 s g5 -14.03 -0.03

313 -5.15 -5.97

660
661
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