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Abstract—A facile synthesis procedure of mesoporous carbons coated monolith (MCCM) adsorbent was accom-
plished using furfuryl alcohol as carbon precursor, triblock copolymer Pluronic F-127 as the structure-directing agent,
pyrrole as the binder for polymerization with nitric acid as catalyst and inorganic cordierite as substrate through dip-
coating method. Surface chemistry revealed the dominance of acidic sites over adsorbents surface with the majority of
active sites occupied by the phenolic and carboxylic groups. The MCCM adsorbent exhibited representative Type IV
isotherm with a uniform-distributed PSD plot centered at 6.18 nm. A thermodynamics study involving Langmuir and
Freundlich models was applied to establish the adsorption equilibrium data at temperatures of 30 to 50 °C. The Freun-
dlich model best described the experiment data with maximum adsorption capacity of f-carotene onto MCCM was
192.64 mg/g. Three kinetic models, Lagergren first-order, pseudo-second-order and intra-particle diffusion models,
were employed to investigate the adsorption mechanism of f-carotene molecules onto active surface sites of MCCM
adsorbent. Both the Lagergren first-order and pseudo-second-order kinetic models fitted with experimental data with
the latter described perfectly with higher regression coefficient value (R*>0.99). Intra-particle diffusion featured the
involvement in f-carotene adsorption mechanism, but it was not the sole rate-limiting step. The negative value of
Gibbs free energy change (AG’) suggested the spontaneity of f-carotene adsorption process. In contrast, the positive
values of enthalpy change (AH’) and entropy change (AS’) demonstrated the endothermic nature and entropy-driven
of the adsorption process, respectively. The increased AG’ with T indicated an increased degree of spontaneity at high
temperatures. Regeneration studies of MCCM adsorbent exemplified a slight decrease in adsorption capacities after
three consecutive regeneration cycles.
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INTRODUCTION

Crude palm oil (CPO) is the world’s richest natural source of fat-
soluble carotenoid pigment which accounts for 500-700 ppm mainly
in the form of S-carotene. SCarotene contributes to intense red-
orange color pigment and it is one of the most important natu-
rally occurring antioxidants. Recent studies have shown that carot-
enoids exhibit anticancer activity against certain cancers such as
oral, pharyngeal, lung, and stomach cancers [1]. However, one of
the CPO refining objectives is to remove the carotenoid content to
produce light-colored edible oils to meet the market demand [2].
During the chemical refining process, adsorptive bleaching clay
removes all the undesirable colored compounds, whereas large
amounts of carotenoids have been removed by bleaching day through
the physical refining process with the remainder discarded during
the deodorization step [3]. Therefore, various methods have been
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developed to prevent the loss of this natural product, including
saponification [4], adsorption using polymeric adsorbents [5,6],
selective solvent extraction [7], transesterification followed by both
phase separation and molecular distillation of the esters [8,9], nanofil-
tration membrane technology [10], and supercritical carbon dioxide
[11]. Noteworthy that no edible oil is obtained during carotenes
recovery via the commercially viable transesterification process due
to the chemical transformation of triglycerides (TG) to methyl esters
[4,6]. To obtain edible oil while separating and concentrating caro-
tenes from crude palm oil, adsorption method was developed by
utilizing synthetic polymer adsorbents [5,7-10]. Through the adsorp-
tion process, palm carotenes were successfully extracted without
undergoing chemical conversion of TG while maintaining the qual-
ity of the edible oil.

Activated clay, also termed Fullers earth, is the most popular
adsorbent for purification, decolorization, and stabilization of edi-
ble oil as compared to activated carbon and silica-based products
due to its cheap price [11-13]. Acid-activated bentonite (AAB) and
acid-activated montmorillonite are most commonly being used.
However, the adsorption capacity of S-carotene on Fullers earth
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and clay was not as effective as the activated carbon adsorbent.
Furthermore, the carotenes were suffering from oxidative or acid-
catalyzed degradation reactions.

Several studies for adsorption of S-carotene by using activated
carbon adsorbent have been reported [10,14]. In the present study,
mesoporous carbons coated onto honeycomb monolith, namely
MCCM adsorbent, were prepared by dip-coating method. Adsor-
bent and catalyst coating on inorganic monoliths have attracted
considerable attraction due to their favorable properties, such as low-
pressure drop, large geometric surface area, short diffusion lengths,
and ease of separation from media without the assistance of an
outer magnetic field [15-17]. The adsorption kinetics and mecha-
nisms of fcarotene uptake were modeled at various initial con-
centrations, whereas isotherms and thermodynamics parameters
were calculated to study the adsorption behavior of fcarotene on
MCCM at various temperatures. Reusability of MCCM adsorbent
after successive regeneration steps was investigated.

MATERIALS AND METHODS

1. Materials

Cordierite monoliths with a channel width of 1.02+0.02 mm and
wall thickness of 0.25+0.02 mm were purchased from Beihai Hai-
huang Chemical Packing Co. Ltd., China. Triblock copolymer poly
(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide)
Pluronic F-127 (EO,,,PO,EO,) with molecular weights of 13,400
g/mol and synthetic Scarotene (Fig. 1) were purchased from Sigma-
Aldrich Inc. Furfuryl alcohol (FA, 98%) and pyrrole (Py, 99%) were
obtained from Acros Chemical Inc. Other reagents, such as ethanol
(C,HsOH, 95%), isopropyl alcohol (IPA, 99%), nitric acid (HNO,,
65%), dichloromethane (CH,Cl,), and acetone (C;H,O), were ob-
tained from Systerm Chemical, Malaysia. All chemicals and reagents
were as analytical grade or as specified with a high percentage of
purity.
2. Methods
2-1. Preparation of MCCM Adsorbents

MCCM adsorbent was used to study the adsorption property
of B-carotene. The synthesis method was initiated by mixing 2.5 g
of Pluronic F-127 and 5 ml of ethanol followed by the addition of
3 g of FA and 1 g of Py into a reactor equipped with ice bath. After
that, 0.2 ml of HNO, was added dropwise every 5 min interval into
the resulting polymeric resin with continuous magnetic stirring.
This step was conducted in an ice bath due to the exothermic nature
of the polymerization reaction [18]. By employing the dip-coating
method, cordierite monoliths were impregnated into polymerized
resin solution and soaked for 24 h [19]. To ensure the homogeneous
coating of carbon precursors, pressurized air was applied along the
cordierite channels to flush away the plethora of polymeric resin

Fig. 1. Structural formula of S-carotene.
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solution trapped. The resultant polymer-supported cordierite was
then placed inside a hood for 6 h at ambient temperature to evap-
orate the excessive ethanol solvent, and the polymer layer was allowed
to solidify. Then, carbon precursor coated monolith was thermo-
polymerized in an oven at 100 °C for 24 h to ensure complete solidifi-
cation reaction. It was then carbonized inside a tube furnace at
700 °C for 4 h under purified nitrogen gas flow with a heating rate
of 3°C/min for template decomposition. During the carbonization
process, FA precursors were carbonized into a matrix of porous
carbon while surfactant was decomposed, and in turn, volatilized
leaving behind voids in the form of mesopores. Consequently, an
integral carbonaceous framework was formed.

2-2. Characterizations of MCCM Adsorbent

The surface morphology of MCCM was captured by using a
field emission scanning electron microscope (FE-SEM; JEOL JSM-
7600F, Japan) operated at 5.0 kV with magnification ranging from
1,500 to 40,000 x. The X-ray diffraction (XRD) measurements were
taken by XRD Shimadzu 6000 diffractometer with CuK, radiation
operating at 40kV/30 mA and 4-0.1540598 nm. Fourier transform
infrared (FT-IR) spectroscopic analysis was performed by using an
auxiliary experiment module (AEM) with Nicolet FT-IR Spectrome-
ter. The pore architecture of MCCM for example specific surface
area (Spgp), pore radius (D,), total pore volume (V,), and pore size
distribution (PSD) were determined by nitrogen adsorption-desorp-
tion isotherm operating at —196 °C using gas sorption analyzer (Sorp-
tomatic Series V1.03). Before each measurement, the MCCM
samples were crashed into pieces form and then degassed under
vacuum at 290 °C for 9 h.

The acidic and basic surface active sites present on MCCM sam-
ples were determined by Boehms acid-base titration experiments
[20]. The total acidic sites were neutralized using alkaline solutions
(0.IN NaOH, 0.1 N NaHCO,, 0.1 N Na,CO,), while basic sites
were neutralized with 0.1 N HCI solution. The acidic and basic
sites were determined by adding 50 ml of 0.1 N titrating solution
and 0.5 g of MCCM sample to each 250 ml conical flask. The flasks
were agitated inside a water-bath shaker (Stuart SBS40) at 200 rpm
under ambient temperature conditions for five days. After that,
10 ml of each sample was titrated with 0.1 N HCl or 0.1 N NaOH
solution. The titration was carried out in triplicate using a potenti-
ometer [18,21].

2-3. Preparation and Determination of Adsorbate Stock Solution

One gram of synthetic fcarotene powder was diluted in 1,000
ml of IPA solvent to prepare 1,000 mg/] of standard stock solution.
The desired concentrations of experimental samples were then ob-
tained by successive dilutions and their concentrations were mea-
sured by using a UV-Vis spectrophotometer. The absorbance of
carotene before and after adsorption can be calculated through a
standard calibration curve of various S-carotene concentrations solu-
tion at the wavelength corresponding to the maxima absorbance,
Aumax Of 446 nm. The model calibration equation was y=0.1899x+
0.0143 (’=0.999).

2-4. Adsorption Studies

The feasibility of MCCM adsorbent for Scarotene sorption pro-
cess was tested with both batch adsorption and desorption studies.
S-Carotene solutions (C, - 50 to 500 mg/l) were prepared in 250
ml Erlenmeyer flasks by diluting the desired volume of 1,000 mg/1
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of stock solution with IPA solvent. 3Carotene solution (V - 200
ml) with 7.0 g of MCCM adsorbent was equilibrated inside a water
bath shaker at 150 rpm at 30 °C under nitrogen atmosphere. The
Erlenmeyer flask was wrapped with aluminum foil to prevent pho-
todegradation of fcarotene. The sample was left equilibrated for
60h and residual B-carotene concentration was measured by using
UV-Vis spectrophotometer at a maximum wavelength of 446 nm.
A control experiment was carried out to check the degradation of
[carotene in the absence of MCCM adsorbent. It was found that
there was no remarkable light-degradation of B-carotene inside
the Erlenmeyer flask [9].

The equilibrium adsorption capacity (q,, mg/g) was calculated
as below:

\%
qe=(Ca—C5)xa (1)

where C, and C, are the initial f-carotene concentration (mg/l)
and f-carotene concentration at equilibrium phase (mg/l), respec-
tively, m is the mass of adsorbent (g), and V is the volume of adsor-
bate solution (1).

Contact time studies were conducted at different fcarotene con-
centrations at predetermined time intervals and adsorption capacity
(q» mg/g) at time, t were analyzed. Thermodynamic studies were
carried out at different reaction temperatures ranging from 30 to
50°C.

2-5. Desorption and Regeneration Studies

A preliminary study was done to investigate an appropriate sol-
vent for desorption studies. Three organic solvents, dichlorometh-
ane, ethanol and acetone, were used as eluent. For regeneration
studies, the MCCM adsorbent was first equilibrated with 500 mg/1
of Scarotene in IPA solution. After equilibration, the adsorbent
was dried inside an oven at 60 °C overnight. The equilibration time
for the adsorption process was 60 h, similar to desorption studies.
The saturated MCCM was then washed with distilled water to
remove the unabsorbed traces of S-carotene. It was then treated with
100 ml of dichloromethane solvent to elute the adsorbed /-caro-
tene. The aforementioned step was carried out by using an ultrasonic
operating at 50 Hz (200 W) and temperature of 30 °C for 8 h [22].

The regenerated monolithic mesoporous carbons were rinsed
with distilled water and then dried in an oven. Then again treated
with a fresh solution of the adsorbate for the second adsorption with
all test conditions remaining the same. After adsorption, the hon-
eycomb monolithic mesoporous carbon adsorbent was taken out
for further regeneration. The residue f-carotene solution was ana-
lyzed and the adsorption capacity (mg/g) of regenerated S-carotene
was calculated. The spent MCCM adsorbent was again regener-
ated for three consecutive cycles. The regeneration efficiency (%RE)
of the MCCM adsorbent was calculated as below:

Adsorption capacity of regenerated MCCM

% RE=
% Adsorption capacity of fresh MCCM

x100% (2)

RESULTS AND DISCUSSION

1. Characterizations of MCCM
The nitrogen adsorption isotherm of MCCM composite and its
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Fig. 2. Nitrogen adsorption isotherm and corresponding PSD curve
of MCCM.

corresponding PSD plot are presented in Fig. 2. MCCM adsorbent
according to TUPAC dlassification resembled Type IV isotherm,
which typically is mesopores-rich texture of carbonaceous materi-
als [23]. A steep and intensive H1-type like hysteresis loop was ob-
served at high relative pressure (P/P,>0.6), implying superior uni-
formity and good connectivity of mesopores [24]. Also notewor-
thy is that the adsorption isotherm leveled off at relative pressure
of ~0.9, indicating a small textural mesoporosity of MCCM adsor-
bent [17]. Meanwhile, its corresponding PSD plot depicted a broad
peak with maxima centered at 6.18 nm and mesopores ranging
from ~3 to ~15 nm, which further confirmed the assertion of uni-
form-distributed mesoporosity.

Table 1 summarizes the surface chemistry and textural properties
of MCCM adsorbent. Boehm's acid-base titration analysis revealed
that domination of total acidic sites (1.1138 mmol/g) over the sur-
face of MCCM adsorbent in which phenolic and carboxylic occu-
pied the majority of the composite (Table 1). A higher acidic group
leads to more active sites of carbon surface, thus facilitating the
uptake of Scarotene molecules [25]. Besides, MCCM exhibited a
specific surface area (Szr) coverage of 311.48 m*/g, while total pore
volume (V) occupied 0.7976 cm’/g of the total surface with a pore
radius (D,) of 6.204 nm. Pore sizes and total pore volume are im-
portant features that influence the adsorption capacity. Theoreti-
cally, larger pore size can accommodate larger molecule species,
while greater pore volume can adsorb more chemical species. Gar-
cia-Bordejé suggested that the mesopore range between 5 to 15 nm

Korean J. Chem. Eng.(Vol. 39, No. 11)
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Table 1. Surface chemistry and textural properties of MCCM adsor-

bent
Surface active sites
Total acidic sites 1.1138 mmol/g
Phenolic 0.6454 mmol/g
Carboxylic 0.4109 mmol/g
Lactonic 0.0575 mmol/g
Total basic sites 0.0137 mmol/g
Textural properties
Specific surface area, Sg; 311.48 m’/g
Total pore volume, V,b 0.7976 cm’/ g
Pore radius, D,(r)° 6.204 nm
Crystallite size, 7 102 nm

“BET surface area calculated from experimental points at P/P,=
0.05-~0.995

"Total pore volume obtained from N, amount adsorbed at highest
P/ P, (~0.995)

‘Pore radius derived from adsorption branches of isotherms based
on BJH model

“Crystallite size (7) calculated from Scherrer Equation by XRD mea-
surement

was found to be the desired compromise between surface area and
accessibility for adsorption reactions [15].

The surface functional group of MCCM was investigated by
FT-IR interpretation. Fig. 3 exhibits FT-IR spectra for the MCCM
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Fig. 3. FT-IR of MCCM adsorbents before and after the adsorption
process.

adsorbent before the adsorption process. There is a broad band at
3,440 cm™', assigned to Si-OH group, indicating strong hydrogen
bonding (free hydroxyl group) attached to the cordierite frame-
work. The weak peak around 1,628 cm™, corresponds to aromatic
C=0 stretching mode from quinine-type carbonyl group in which
oxygen atom conjugated with the carbon basal of carbonaceous
materials [26]. An intense peak was observed at 1,179 cm ™, attri-
buted to C-O stretching vibration of the phenolic group. The trans-
mittance in the region of 958 to 676 cm™ was ascribed to the vibra-
tion of C-H out of plane mode, further confirming the existence
of aromatic structures of the carbon basal plane. The spectrum also
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Fig. 4. SEM images of (a) fresh MCCM adsorbent and (b) MCCM adsorbent after adsorption process at 40,000x magnification while (c) block-

age of MCCM surface after adsorption.
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showed several strong peaks at 617, 581, and 485 cm ™" aligned to
Si-O stretching bands [27].

However, a drastic decrease in peak intensity at 3,440 cm ™' was
observed after [carotene adsorption process, which confirmed
the uptake of -carotene molecules onto the active hydroxyl (-OH)
groups over the surface coverage of MCCM. Evidently, the disap-
pearance of the peak at 1,628 cm™' and the formation of a strong
peak at 1,320 cm™' were detected after the adsorption process. A
strong peak at 1,320 cm™' corresponding to -O-CO-CHj stretch-
ing mode of acetate esters and the gradual disappearance of peak
at 1,628 cm™" could be explained by the slight change of aromatic
carboxylic C=0O bonding to acetate ester C-O bond in order to
facilitate the incorporation of /carotene molecules.

Fig. 4(a) and (b) illustrate the surface morphology of the MCCM
adsorbent before and after adsorption, respectively. The SEM images
reveal distributed coverage of carbonaceous materials onto mono-
lithic surface. The fresh MCCM adsorbent displays the skeleton of
monolithic carbonaceous material which joined together, building
up an interconnected worm-like framework of porous structures
[28]. On the other hand, Fig. 4(b) illustrates the widespread distri-
bution of fcarotene crystallites over the surface of MCCM adsor-
bent after the adsorption process. The blockage of the pores by /-
carotene pigmentation is clearly demonstrated in Fig. 4(c).

Fig. 5 illustrates the energy-dispersive X-ray spectroscopy. EDX
analysis manifested the existence of magnesium (Mg), aluminum
(Al), silicon (Si), and titanium (i), which are elemental composi-
tions of cordierite monolith. The weight % of carbon, C, escalated
from 12.27% to 27.63% after the adsorption process, attesting to the
successful coating of carbonaceous materials. Besides that, obser-
vation of reduced weight % of O surface active species after ad-
sorption further confirmed the assertion of favorable adsorption
features. The finding was consistent with FT-IR spectra of MCCM
adsorbent where there was a drop in the peak intensity at 3,440
cm after the adsorption process, suggesting the depletion of the
adsorption active sites (-OH functional group) on MCCM (Fig. 3).
It was further proven by the coverage of the /carotene crystallites
over the surface of MCCM as illustrated in Fig. 4(b).

The inset of Fig. 6 shows several distinct XRD peaks at 26 rang-
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Fig. 6. X-ray diffraction pattern of MCCM adsorbent.

ing from 10 to 70°. There is only very little amorphous scattering
inside XRD pattern, thus confirming the crystalline structure of
MCCM materials. The most intense peaks appear at 10.5° followed
by 18°, 22°, 26.5°, 28.5°, 29.5°, 34° and 54°, reflecting hkl index of
(100),(110),(102),(112),(202),(211),(212) and (224) plane,
respectively. The mean crystallite size of the MCCM sample is
10.2 nm which was calculated by using the Debye-Scherrer equa-
tion as shown below:

- KA
"~ fBcos 05

®

where K is Scherrer constant (K - 0.89), A is X-ray wavelength (4 -
0.1540598 nm), 6 is Bragg diffraction angle, and £ is the line
broadening at full width half maximum (FWHM in radians), and
7is mean crystalline domains.
2. Effect of Contact Time at Various Initial Concentrations
Contact time was studied to determine the equilibrium time for
different initial concentrations at reaction temperature of 30 °C.
Fig. 7 shows two regimes of adsorption stages which initiated with
a rapid increment in amount of S-carotene adsorbed (q,) as func-
tion of adsorption time and then slowed as it approached the equi-
librium stage. This can be explained by the rapid attachment of £
carotene pigmentation onto MCCM surface at the initial stage of
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Fig. 5. EDX spectra of (a) before and (b) after carotene adsorption process.
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Fig. 7. Adsorption capacities versus time of various initial /-caro-
tene concentrations at T=30°C.

the adsorption process until the available adsorption sites were gradu-
ally occupied [8].

The maximum adsorption capacity of Scarotene onto MCCM
at equilibrium time (q,) increased from 19 to 171 mg/g as initial
concentration ranged from 50 to 500 mg/g. The increase in initial
concentration stimulated a significant mass driving force to over-
come all mass transfer resistances of the adsorbate between the lig-
uid and solid phases [7]. Therefore, more pigment molecules could
diffuse from the bulk solution to the MCCM surface.

It was observed that higher initial concentration took a relatively
longer contact time to reach the equilibrium stage as a higher amount
of adsorbate was required to encounter the first boundary layer
effect before diffusing from the boundary layer film onto the adsor-
bent surface. Finally, it would pass through the porous structure of
the adsorbent [29].

3. Adsorption Equilibrium Isotherms

Two common adsorption isotherms, Langmuir and Freundlich
models, were used to investigate the relation between the amounts
of a solute adsorbed at a constant temperature and its concentra-
tion in the equilibrium solution. To optimize the design of an adsorp-
tion system, it is essential to establish the most appropriate correlation
for the equilibrium data.

Langmuir isotherm model is most widely used to describe the
sorption process and a few assumptions have been adopted [30].
The model describes monolayer chemisorption onto distinct sites
of an idealized adsorbent at the equilibrium stage. The adsorbent
has a finite number of active sites for adsorbate uptake. Thus, only
one adsorbate molecule occupies an active site without interaction
between molecules of the adjacent sites. No further adsorption can
occur once all the active sites have been fully occupied (saturation
point reached). Langmuir isotherm model also assumes that the
sorption process occurs at a specific homogeneous adsorbent with
all sites identical and energetically equivalent.

The equation of Langmuir isotherm can be represented as follows.

x  bK,C, KC,

ST M TIK,C, 174,C, @

The linearized form can be expressed as:
—=——t===4 (5)
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Fig. 8. The linearized Langmuir isotherm plots for J-carotene ad-
sorption on MCCM at various temperatures (agitation speed -
150 rpm).

where x (mg) is the amount of Scarotene adsorbed, m (g) is mass
of mesoporous carbon coated used, K (L/g) is the Langmuir iso-
therm constant, K; (L/mg) is the Langmuir isotherm constant related
to the affinity of the binding sites or net enthalpy of adsorption
and equal to a; and b (mg/g) is the theoretical monolayer capacity
(maximum adsorption capacity) of the adsorbent and equal to K/
a; while C, (mg/l) and q, (mg/g) are concentration and adsorp-
tion capacity of S-carotene at equilibrium, respectively. The value
of K; and b can be obtained from the intercept and slope of the
linear plot of C,/q, versus C,, respectively (Fig. 8).

The main features of the Langmuir isotherm can be expressed
in terms of a dimensionless constant known as separation factor,
also called equilibrium parameter (R;) which is defined as below
[31].

1
R =
L71+K,C,

6)

where C, is the initial concentration of fcarotene (mg/l) and K; is
the Langmuir constant related to the energy of adsorption (L/mg).
The value of R; indicates the shape of the isotherms to be either
favorable (0<R,<1), unfavorable (R;>1), linear (R;=1) or irrevers-
ible (R;=0).

The Freundlich isotherm is the earliest developed isotherm model
that evaluates the sorption equation [32]. The model describes the
adsorption equilibrium on heterogeneous surfaces with interac-
tion between adsorbed molecules. In addition, the application of
the Freundlich equation also suggests the inequality of adsorption
energy over the surface of all adsorption sites.

The Freundlich isotherm can be expressed as:

1/n

q9.= kFCe (7)

While the linearized form can be expressed as:
logq,=logk,+ rlllogCe 8)

where ki (L/mg) is the Freundlich isotherm constant related to the
bonding energy and can be defined as the adsorption or distribu-
tion coefficient, which describes the quantity of S-carotene adsorbed
onto MCCM surface for a unit equilibrium concentration while
1/n is the heterogeneity factor. The graph of logq, against logC, is
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Fig. 9. The linearized Freundlich isotherm plots for f-carotene ad-
sorption on MCCM at various temperatures (agitation speed -
150 rpm).

Table 2. Langmuir and Freundlich isotherm constants for f-caro-
tene adsorption on MCCM at various temperatures

Isotherm Parameters 30°C 40°C 50°C
q, (mg/g) 176.05 18452 192.64
K; (I/mg) 0.0042  0.0088  0.0206

Langmuir R, 0.32 0.19 0.09
R? 09626 09812 0.9553
X 0.009 0012  0.125
k; (mg/g)(/mg)"" 276 6.86 2137

Freundlich  1/n 0.7619  0.5989  0.3859
R’ 09946 0.9932  0.9925
)’ 0.003 0004  0.005

employed to generate the slope of 1/n and intercept of logk; as
shown in Fig. 9. The value of 1/n in the range of 0 to 1 indicates
the favorability of the adsorption process. However, a value for 1/n
below than one shows a normal Langmuir isotherm while 1/n
above one indicates cooperative adsorption [33].

As presented in Table 2, the values of R, were between 0.09 to
0.32, implying favorable nature of the adsorption process. Mean-
while, the values of 1/n fell in the range of 0.39 to 0.76, which further
confirms the favorability of the adsorption process. The Freun-
dlich constant, k; increased to a greater extent with the rise in
temperature. In general, a larger k; value indicates a higher affin-
ity for B-carotene molecules, consequently a more effective adsorp-
tion process [34]. An increase in temperature increases the diffusion
rate of -carotene molecules onto the adsorbent surfaces, allowing
the uptake of molecules into pores more readily. The applicability
of both isotherms was determined by comparing the values of the
correlation coefficients, R’, of corresponding linearized plots. From
Table 2, the experimental adsorption data fitted both Langmuir
and Freundlich isotherm models. However, the latter described the
best with values of R*>0.99. Similarly, Boki et al. [35] proposed
that the Freundlich isotherm was more applicable to describe the
adsorption of f-carotene pigment extracted from various vegeta-
ble oils using bentonite, montmorillonite, and sepiolite adsorbent
[35]. Also, Boki et al. [36] suggested that the Freundlich isotherm

yields a better fit than the Langmuir in describing the adsorption
of carotenoid pigments from rapeseed and soybean oil onto stan-
dard bleaching clays, synthetic adsorbents, and attapulgites adsor-
bent [36]. Besides that, the adsorption of f-carotene from crude
maize and sunflower oil using acid-activated bentonite (AAB) fol-
lowed the Freundlich isotherm model as well [37].
4. Adsorption Kinetics and Mechanisms

Two common kinetic models, Lagergren first-order [38] and
pseudo-second-order [39], were used to evaluate the adsorption
kinetics data where uptake rate and equilibrium time of the adsorp-
tion process can be identified quantitatively. Meanwhile, the adsorp-
tion mechanism of S-carotene molecules onto the surface active
sites of MCCM adsorbent was investigated using the intra-parti-
cle diffusion model [40].

Lagergren first-order kinetic (1898) is generally expressed as:

dq
5 -ki(@-a) ©)

where g, is the adsorbed amount (mg/g) at equilibrium and k; is
the rate constant of Lagergren first-order sorption (min™").

However, after integration and applying the boundary condi-
tion at t=0 to t=t and q,=0 to g,=q, the integrated formulation
equation becomes:

k,t
log(q,~q)=logq.~ 55 (10)

where q, and q, are amount of S-carotene adsorbed onto MCCM
at equilibrium and at time t, respectively,, while k; is rate constant.
The values of k;, q, and correlation coefficient R* can be determined
from the plot of log(q,—q,) versus t.

The pseudo-second-order kinetics is expressed as follows:

dq
el SCRhY (a

where k; is the rate constant of pseudo-second-order sorption (g
mg ' min ). By integrating Eq. (12) and applying the boundary
condition at t=0 to t=t and q,=0 to q,=q, the integrated formula-
tion equation becomes:

L. S (12)

q: kzq e e
The values of k, and q, can be determined by plotting the graph of
t/q, versus t, where the slope and intercept of the linearized pseudo-
second-order equation are k,, rate constant for pseudo-second-
order and q,, adsorption capacity, respectively.

The applicability of both kinetic models was investigated by
comparing the regression coefficients (R”) of both linearized plots.
The experimental data for B-carotene adsorption of various initial
concentrations at 30 °C were fitted by both Lagergren first-order
and pseudo-second-order equations with R* values higher than
0.9, and the values of ki, k,, q, and R” are listed in Table 3. The lin-
earized plot of log (q,—q,) versus t and graph of t/q, versus t are
presented in Figs. 10 and 11, respectively.

As shown in Table 3, the pseudo-second-order kinetic model
yielded a higher regression coefficient (R*>0.997) compared with
the Lagergren first-order kinetic model. This can be further veri-
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Table 3. Kinetics parameters for S-carotene adsorption at various initial concentrations on MCCM adsorbent at T=30°C

Largregren first-order

Pseudo-second-order

G Geexp 3 5
(mg/L) (mg/g) e, calc k; x 19 R e, cale k,x10 R
(mg/g) (min™") (mg/g) (g/mg min)

50 19.20 14.92 4.38 0.9407 20.00 47.07 0.9976
100 39.70 29.84 4.84 0.9763 40.98 23.95 0.9991
200 75.70 56.10 4.84 0.9858 78.13 12.71 0.9992
300 100.09 63.42 4.61 0.9850 102.04 12.44 0.9996
400 141.35 71.58 4.15 0.9793 142.86 11.69 0.9996
500 176.05 94.23 4.61 0.9596 178.57 8.96 0.9997

200
:Tg;‘:ﬁ; e o 4 ¢ ¢ dmOmg
%200 mg/L 150 + o * A 100 mg/L
€300 mg/L o 4x x X X X XX ﬁgg ::Zi
X400 mg/L = * x %400 mg/L
500 mg/L Eﬂ 100 - »‘( xX e® © © o © . J 500 mg/L
; )Q(X R o® ; XX X X X X X
S0F g xX
oxX ,aAAA 4 A A4 A4
\ i“lé..-,.. ]I [ ] ‘l I‘ [ ] ﬂ
0 100 200 300 400 0 10 20 30 40 50 60

Time, ¢ (min)

Fig. 10. The Lagergren first-order adsorption kinetic of J-carotene
at various initial concentrations in IPA solution at T=30°C.
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M50 mg/L

A 100 mg/L

150 %200 mg/L

@300 mg/L

= X400 mg/L
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Fig. 11. The pseudo-second-order adsorption kinetic of -carotene
at various initial concentrations in IPA solution at T=30°C.

fied by comparing the theoretical adsorption capacity, q, ., with
experimental adsorption capacity; g, ., value, computed from both
kinetic equations. The obtained result obviously showd that g,
of pseudo-second-order model was far more consistent than g,
of Lagergren first-order kinetic model. Therefore, it was concluded
that the adsorption kinetics of fcarotene onto mesoporous car-
bons coated monolith was best fitted by the pseudo-second-order
kinetic model, suggesting that the adsorption process is a chemisorp-
tion process. The adsorption process principally involves a chemi-
cal interaction via valence forces by sharing electrons or exchanging
the proton between [-carotene molecules and the surface of MCCM
until the surface functional sites are fully occupied [7]. Sarier and
Giiler [41] and Christidis and Kosiari [37] have reported that /-
carotene adsorption on the activated clay occurred most likely

November, 2022

95 (min®3)

Fig. 12. The Weber and Motris intraparticle diffusion plots for ad-
sorption mechanism of S-carotene at various initial concen-
trations in IPA solution at T=30°C.

through a chemical process stemming from the interaction of 3
carotene with Lewis and Bronsted acid sites of acid-activated mont-
morillonite [37,41]. Wu and others [9] reported that adsorption
kinetic of S-carotene onto acid-activated bentonite adsorbent in
xylene solution followed the pseudo-second-order with correlation
coefficient R* higher than 0.999 [9]. Ahmad et al. [8] proposed that
the pseudo-second-order model describes well the kinetic adsorption
of B-carotene onto silica gel and florisil in n-hexane solution [8].

Intra-particle diffusion model by Weber and Morris [40] was
used to analyze the mass transfer resistance for the uptake of 3
carotene molecules onto the active sites of MCCM adsorbent [40].
According to Weber and Morris, the uptake varies almost propor-
tionally with t"* which is expressed by Eq. (13).

q=kt"’+C (13)

where k; and C are the intra-particle diffusion rate constant (mg/g
min'"?) and intercept, respectively. The values of k; are obtained
from the slope of g, versus t"* plot as presented in Fig. 12.

The intra-particle diffusion model has three general stages: ini-
tial curved portion, followed by linear portion, and lastly plateau
portion. The initial curved portion is attributed to the diffusion of
adsorbate molecules through the bulk solution to the external sur-
face of the adsorbent (bulk diffusion). The linear portion is the
gradual diffusion of the adsorbate molecules from the surface to
the internal pores of the adsorbent (particle diffusion or pore diffu-
sion). The plateau portion is the final equilibrium stage where intra-
particle diffusion starts to slow due to the extremely low concen-
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Table 4. Intra-particle diffusion parameters for carotene adsorp-
tion at various initial concentrations on MCCM adsorbent

at T=30°C

G, k; (mg/g min"?) R?
50 0.6229 0.9278
100 1.1339 0.9088
200 2.1053 0.8903
300 24814 0.8751
400 2.7081 0.9088
500 3.6452 0.8723

tration of adsorbate in the solutions as well as the reduced number
of available active sorption sites on the MCCM surface [33,42-44].

Intra-particle diffusion model was applied to determine the rate-
limiting step of the adsorption process. Hence, for intra-particle
diffusion to occur, the plot of q, versus t"* should pass through the
origin with R’ value close to unity. Then the rate-limiting process
can be considered to be fully controlled by intra-particle diffusion.
Otherwise, some other mechanism along with intra-particle diffu-
sion may also be involved. In this study, the Weber and Morris
plot (Fig. 12) did not pass through the origin, implying that intra-
particle diffusion applied to this system but was not the sole rate-
limiting step in the adsorption process. This can be further con-
firmed by the relatively low regression coefficient of various initial
concentrations (R’<0.9), deviating from the theoretical R*~1, thus
suggesting two or more steps in the adsorption mechanism. As
shown in Table 4, the value of intra-particle diffusion rate, k;, in-
creases with initial f-carotene concentration. This could be explained
by the presence of more fcarotene molecules in the bulk solution
which competitively occupy the active sites on MCCM surface.

Generally, the adsorption of Scarotene onto the active sites of
mesoporous carbon coated monolith adsorbent is mainly gov-
erned by two adsorption stages: liquid phase mass transfer rate
and intra-particle mass transfer rate. The first region in the q, ver-
sus t'* plot is where the adsorption rate is rapid due to the diffu-
sion of [S-carotene molecules to the external surface of MCCM
adsorbent, subsequently causing an immediate seizing of active sur-
face sites of the adsorbent (liquid phase mass transfer rate). The lat-
ter stage in Fig. 12 is the slowest, also known as the rate-limiting
step. In this region, the adsorption process is being controlled by
intra-particle diffusion, hence slowing the adsorption rate (intra-
particle mass transfer rate) [45]. Therefore, in conclusion, the adsorp-
tion mechanism of B-carotene was controlled by external mass
transfer at the beginning of the process and then intra-particle dif-
tusion at the final stage [46,47].
5. Thermodynamic Studies

The data obtained from the adsorption isotherm model can be
used to identify the thermodynamic parameters, such as Gibbs
free energy change (AG’), enthalpy change (AH’) and entropy change
(AS°). These parameters can be determined by applying the fol-
lowing equation:

K,=k,=X (14)

where K; (L/mol) is the sorption distribution coefficient. The value
of K, was substituted into Eq. (15) to determine the free energy of

4.0

3.0 |

In kg

1.0

0.0 1 1 1
0.0030 0.0031 0.0032 0.0033 0.0034

1T (K1)

Fig. 13. The van’t Hoff plot for adsorption of /-carotene onto MCCM
in IPA solvent at different temperatures.

Table 5. Thermodynamic parameters for adsorption of f-carotene
onto MCCM at various temperatures

T (K) AG’ (kJ/mol) AH’ (kJ/mol) AS’ (J/mol K)
303 —2.56
313 -5.01 83.19 282.59
323 -8.22

the adsorption system at different temperatures.
The Gibbs free energy changes of the adsorption process at var-
ious temperatures were computed using the equation below:

AG’=-RTInkg (15)

Whereas the values of enthalpy change and entropy change were
shown as follows [48]:
AR’ AS”
RT R

Ink,=— (16)
where k; is adsorption equilibrium constant obtained from the
Freundlich isotherm model (Table 2), R is the universal gas con-
stant (8.314 J/mol K), and T is the absolute temperature in Kelvin
(K). The values of AH’ and AS’ were obtained from the slope and
intercept of the plot of Ink; versus 1/T.

The van't Hoff plot (Fig. 13) was used to evaluate thermody-
namic parameters for the sorption system of fcarotene at 30, 40
and 50 °C. From Table 5, the negative values of AG’ indicate the
favorability and spontaneous nature of f-carotene adsorption on
the MCCM adsorbent. Results demonstrated that Gibbs free energy
became more negative with the increase in temperature, indicat-
ing that the adsorption process is more favorable at a higher tem-
perature. High temperature tends to enhance the affinity between
[carotene molecules and the MCCM surface, thus increasing the
degree of spontaneity. The positive value of AH’ reveals the endo-
thermic nature of the adsorption process. This result is in agree-
ment with the increased adsorption capacity (q,) from 176.05 to
192.64 mg/g with the increase in temperature from 30 to 50 °C.
Meanwhile, the positive value of AS’ implies an increasing disor-
der and randomness at the solid-solution interface during the ad-
sorption of the f-carotene molecules on the active site of the MCCM
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Table 6. Effect of different eluents for desorption studies of various initial S-carotene concentrations solution

. Concentrations B-Carotene loading on MCCM (mg/g) Desorption Desorption
Desorbing agent . . 0
(mg/l) Adsorption, g; Desorption, g, capacity, (9—q.) efficiency (% Q)
50 30.76 22.63 8.14 2645
100 74.79 50.90 23.89 31.94
200 106.85 71.49 35.35 33.09
Dichloromethane
300 137.95 89.97 47.98 34.78
400 163.70 105.25 58.46 35.71
500 173.59 107.71 65.88 37.95
50 36.44 28.79 7.65 20.99
100 63.09 49.78 1331 21.09
200 68.44 53.02 15.42 2253
Acetone
300 86.79 67.23 19.56 22.54
400 136.42 105.56 30.87 22.63
500 138.17 105.71 32.46 23.50
50 35.67 29.55 6.11 17.15
100 65.50 53.06 12.45 19.00
200 83.28 66.78 16.50 19.81
Ethanol
300 101.49 81.37 20.12 19.82
400 127.37 101.88 2549 20.01
500 157.05 125.38 31.67 20.16

adsorbent. This is due to energy redistribution between the adsor-
bate and the adsorbent [43]. Therefore, the adsorption process is
endothermic (AH’>0) with positive entropy change (AS’>0), and
the process will therefore become spontaneous at high tempera-
tures (>22 °C).
6. Desorption and Regeneration Studies
6-1. Solvent Selection for Desorbing Agent

A preliminary study was carried out to check the ability of three
different desorbing agents to elute the Scarotene from MCCM
adsorbent in isopropyl alcohol solution after the adsorption pro-
cess. This study used three chemical reagents, dichloromethane,
acetone and ethanol, as an eluent. The desorption process was car-
ried out using an ultrasonic (50 Hz, 200 W) at a temperature of
30°C for 8h when the equilibrium was reached. The results are
shown in Table 6. From Fig. 14, the maximum desorption capac-
ity of Scarotene when dichloromethane was used as an eluent at a
concentration of 500 mg/l which was 65.88 mg/g. The desorption

70
50 mg/L

= 60 - B 100 mg/L
0 m200 mg/L
g 50 8300 mg/L
=y B400 mg/L
g 40+
g 500 mg/L
S 30
=
=
B 20
et
g
£ 10

0 p

DCM Acetone Ethanol

Fig. 14. The desorption capacity of various initial /carotene concen-
trations onto MCCM adsorbent by using different eluents.
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efficiency of f-carotene increased with increasing initial S-caro-
tene concentration, as depicted in Fig. 15. Dichloromethane sol-
vent showed the highest % desorption efficiency followed by acetone,
while ethanol had the least value. fCarotene is a nearly non-polar
compound and its extraction could be enhanced by using polar
aprotic (semi-polar) solvents, such as dichloromethane and ace-
tone solvent. These solvents were found to have advantages over
several polar or non-polar solvents, for example, methanol, etha-
nol and diethyl ether. This result is in agreement with Biswas et al.
[49] that acetone (moderately polar) solvent is suitable for exac-
tion of S-carotene from carrot and sweet potato samples [49].
6-2. Regeneration Studies

To check the economic feasibility of an adsorption process, the
reusability of the adsorbent was investigated through chemical regen-
eration approaches. For chemical regeneration studies, since dichloro-
methane solvent gave the highest desorption efficiency, it was

40
—_ @ Dichloromethane
g
z ) ° M Acetone
g 30 |
‘S A Ethanol
g °
=
=
K ._r,L,’I—"r”-
220 M0 A4 a4 —a—a
=
H A
4
a

10 L L L 1 1

0 100 200 300 400 500 600

Concentrations (mg/L)

Fig. 15. Desorption efficiency plot of various initial /-carotene con-
centrations by using different kinds of eluents.
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1st 2nd 3rd
Cycle

Fig. 16. Regeneration efficiency plot of MCCM adsorbent by using
dichloromethane as eluents.

utilized as the eluent for the adsorption process of 500 mg/l of 3
carotene solution at 30 °C using an ultrasonic.

Fig. 16 demonstrates a decrease in regeneration efficiency (%
RE) of MCCM adsorbent after three consecutive regeneration
cycles. In the first cycle, the value of % RE is 89.28% and further
decreases to 73.70% and 68.98% for the second and third cycles,
respectively. The decrease in adsorption capacity of regenerated
carotene on MCCM after first regeneration exemplifies a drop in
% RE for successive regeneration steps. This might be due to the
decomposition of surface adsorption sites or functional groups
caused by dichloromethane solvent [50]. Noteworthy that there is
only a slight drop in % RE after the second regeneration cycle,
which is 4.72%. Therefore, it was believed that MCCM adsorbent
could be reused for the adsorption process of f-carotene with
slight decreases in adsorption capacities.

CONCLUSION

Mesoporous carbons coated onto hierarchical honeycomb mono-
lith were prepared using triblock copolymer Pluronic F-127 as the
structure-directing agent through evaporative induced self-assem-
bly approach. The adsorption behavior of S-carotene and the reus-
ability of MCCM adsorbent were studied. Characterization studies
showed the dominance of mesoporosity on the surface of MCCM
adsorbent with the most probable size of approximately 6 nm. The
equilibrium data were modelled using Freundlich isotherm approach
and the thermodynamic parameters further demonstrated f-caro-
tene adsorption onto MCCM was spontaneous, endothermic and
entropy-driven. Pseudo-second-order model was found to be best
fitted with the adsorption kinetic data, thus exemplifying the incor-
poration of S-carotene onto pores through chemisorption. Regen-
eration studies indicated the reusability of MCCM adsorbent after
three consecutive cycles for the sorption process of Scarotene with-
out any further activation, and a slight drop in adsorption capac-
ity was observed after successive regenerations.
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