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The kinetics and thermodynamics of B-carotene and chlorophyll adsorption from xylene solution onto
acid-activated bentonite (AAB) within the temperature range 65-95 °C were investigated. Adsorption of
[-carotene was described well with the Langmuir isotherm, whereas chlorophyll adsorption was deter-
mined well with the Freundlich isotherm, and the experimental data on chlorophyll adsorption were
also fitted by the Langmuir isotherm to a certain extent, as reflected by correlation coefficients (R?) over
0.9865. In addition, the adsorption of 3-carotene and chlorophyll onto AAB are favorable. The pseudo-

ﬁ?i/;j Z?tiis\:/ated bentonite second-order model was found to explain the kinetics of adsorption of both pigments more effectively.
B-Carotene Increase of temperature enhanced the adsorption rate and equilibrium adsorption capacity of 3-carotene
Chlorophyll and chlorophyll on AAB. The activation energy for the sorption of 3-carotene and chlorophyll on AAB was
Xylene solution 19.808 kJ/mol and 16.475 k]/mol, respectively. The thermodynamic parameters AH?, AS® and AGY, com-
Adsorption puted from K of the adsorption isotherm constant, were 21.766 k]/mol, 92.244 J/K mol and —9.554 k]/mol

respectively for the adsorption of (3-carotene on AAB at 65 °C, and for adsorption of chlorophyll on AAB
at 65 °C were 31.051 kJ/mol, 93.549 J/K mol and —0.729 k]/mol, respectively. The adsorption of 3-carotene
and chlorophyll in Xylene solution on AAB was a spontaneous and endothermic process with increasing

in the randomness at the solid-solution interface.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Vegetable oils contain numerous pigments, mainly including
chlorophyll, 3-carotene, xanthophylls and their derivatives, which
are removed to give the oil a color that is acceptable to the consumer
[1]. Activated clays, activated carbon and silica-based products are
adsorbents commonly used in the edible oil decolorization process.
Bentonite is highly valued for its sorption properties, which stem
from its high specific surface area, swelling capacity and cation
exchange capacity (CEC). Some of these properties are related to
the crystal isomorphic substitution [2,3]. In addition, the specific
surface area, porosity and acid sites are improved with mineral
acid activation to yield acid-activated bentonite (AAB) [4]. AAB is
widely used in various applications such as catalysts, catalyst sup-
ports and a component of carbonless copying papers [5]. Moreover,
AAB is the most popular adsorbent for purification, decolorization
and stabilization of edible oils as compared to the activated car-
bon and silica-based products as it is less expensive than activated
carbon [6-10]. Also, it removes undesirable compounds such as
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[3-carotene, chlorophyll and other color substances, and reduces
traces of CuZ*and Fe3*, phospholipids, soap and some undesirable
oxidation products during bleaching [11].

Most of the previous studies were focused on the removal
of B-carotene and chlorophyll from various types of oils by
AAB [6-10,12]. Only a few attempts were made to describe the
adsorption of (-carotene on acid-activated montmorillonite at
low temperature (20-40°C), using acetone or benzene as solvents
[13,14], while for chlorophyll, using hexane or acetone were used
as solvents [15-17], due to their high volatility of the solvents. Such
temperatures are low as compared to those employed during oil
bleaching [6].

Studies on the optimum conditions of preparing AAB from the
bentonite of Xinjiang in China used for cotton oil bleaching were
carried out recently [18]. The bleaching performance of the AAB
was good and the application prospect of the product is wide [19].
In addition, adsorption isotherms and knowledge of kinetics and
thermodynamic parameters are the main requirements considered
for the design of adsorption experiments. In the present study, the
experimental data of adsorption of 3-carotene and chlorophyll from
xylene solution by AAB were fitted by Langmuir and Freundlich
equations. The pseudo-first-order and pseudo-second-order mod-
els were applied to determine the best fitting of experimental data.
Furthermore, the kinetics and thermodynamic parameters for the
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Nomenclature

Co initial pigment concentration (mg/L)

Cr residual pigment concentration at any time (mg/L)

Ce residual pigment concentration at equilibrium
(mg/L)

Q: adsorbed pigment quantity per gram of adsorbent
at any time (mg/g)

Qe adsorbed pigment quantity per gram of adsorbent
at equilibrium (mg/g)

qm maximum amount of pigment per unit weight of
AAB on the surface (mg/g)

Qexp adsorbed pigment quantity per gram of adsorbent
at equilibrium with experimental values (mg/g)

k1 pseudo-first-order sorption model rate constant
(min~1)

ko pseudo-second-order sorption model rate constant
(g/mg min)

K. Langmuir isotherm constant (L/mg)

Kg constant of Freundlich isotherm

n Freundlich adsorption constant

Ea activation energy (kJ/mol)

AGY Gibbs free energy change (kj/mol)

AH® enthalpy change of adsorption (kJ/mol)

AS® entropy change of adsorption (J/K mol)

R universal gas constant (8.314 J/mol K)

R? regression correlation coefficient

T temperature (K, °C)

adsorption of the pigments on AAB from xylene solution were cal-
culated to study the adsorption behavior at various temperatures.

2. Materials and methods
2.1. Materials

The raw bentonite from the deposit of Xiazijie was donated by
Xinjiang Xiazijie Bentonite Co. (China). Our previous studies indi-
cated that the sample consisted of predominantly montmorillonite,
substantial amounts of quartz and feldspar impurities, in addition
to minor amounts of illite and kaolinite [18]. Anhydrous xylene of
analytical grade used was obtained from Xi’an Chemicals (China).
[3-Carotene of HPLC grade (>98%), purchased from Sigma Co. (Amer-
ica), was used to prepare the calibration curve.

2.2. Preparation and analyses of AAB

AAB was prepared from the Xiazijie bentonite by reaction with
25% sulfuric acid under stirring for 4 h, at a bentonite to sulfuric acid
solution ratio of 1:2 (by mass) [18]. And chemical compositions of
the AAB sample were determined and listed Table 1. After drying,
AAB was kept in a desiccator containing silica gel for adsorption
experiments.

Bulk density of the AAB was determined according to [20].
Particle size analysis was carried out using standard sieves. The
surface area, pore diameter and total pore volume of the sample

Table 1
Chemical compositions of acid-activated bentonite.

Compositions Chemical composition
SiOZ Alz 03 Fez 03 MgO CaO Naz (0] Kz (0]

Content (%) 69.21 12.65 3.82 1.08 0.65 0.49 1.70

were measured by adsorption-desorption isotherm of nitrogen at
77.4K using an automated specific surface area and porosity ana-
lyzer NOVA4000 (Quanta-chrome, Ltd. USA). Before measurement
the sample was outgassed at 200°C for 4h under vacuum. Spe-
cific surface area was calculated using Brunauer-Emmitt-Teller
(BET) equation. Bulk density, particle size, specific surface area,
pore diameter and total pore volume of the sample were
obtained and listed in Table 2. The AAB has low bulk density
and high specific surface area, average pore diameter and total
pore volume (203.3 m2/g, 5.869 nm and 0.2983 ml/g, respectively),
which could make an important contribution to the adsorption
capacity [19].

2.3. Preparation and determination of B-carotene and chlorophyll
stock solution

[B-Carotene was extracted from dried carrot [21] and chloro-
phyll (mixture of chlorophyll a and chlorophyll b) was extracted
from dried clover [22]. B-Carotene and chlorophyll were dissolved
in anhydrous xylene.

[B-Carotene and chlorophyll concentration in xylene super-
natant solution was measured before and after adsorption using
an UV-vis spectrophotometer (Cintra20, GBC Scientific Equipment
Pty Ltd., Australia). The absorbance of [3-carotene measured using
the UV-vis spectrophotometer at 457 nm can be transformed to the
[3-carotene concentration using the calibration curve, which was
obtained according to the absorbance of different concentration
[3-carotene solutions measured using the UV-vis spectrophotome-
ter at 457 nm, the equation of calibration curve was obtained as
C=0.0101A457 — 0.013, and R? was equal to 0.9994, it was valid in the
study. In addition, the absorbance of chlorophyll measured using
the UV-vis spectrophotometer at 646 nm and 663 nm can be cal-
culated to chlorophyll concentration according to Arnon formula
[23]: chlorophyll concentration (mg/L) =[20.2Ag46 *+ 8.02A¢63]-

2.4. Procedure for adsorption

For each experiment, 25 ml of pigment solution ([3-carotene or
chlorophyll) of known initial concentration were added in a 100 ml
conical flask. To establish thermal equilibrium before adsorption,
the flask containing solution was kept agitated at 200rpm for
15min in a water bath of desired temperature in the dark, and
0.125g of AAB were added to the solution. After designed time,
the samples were centrifuged immediately and the supernatant
solution was analyzed to determine quickly the remaining concen-
tration with the UV-vis spectrophotometer.

The results were reported as the units of adsorbed [3-carotene
and chlorophyll quantity per gram of adsorbent, Q. and Q; (mg/g), at
equilibrium and at any time, respectively; as unadsorbed pigment
concentration in solution at equilibrium and at any time Ce and C;
(mg/L), respectively; Qe, was obtained from Eq. (1)

V(G —Ce)

Q= m

(1)
where C is the initial concentration of the pigment, Vis the volume
of the solution, and m is the amount of dry AAB. When C; is used
instead of Ce in Eq. (1), Q; is obtained.

The initial concentrations of 3-carotene and chlorophyllin anhy-
drous xylene solution for construction of the adsorption isotherm
were 377-753 mg/L and 21.5-63.7 mg/L, respectively, for contact
time 90 min. In the kinetic experiments the initial concentrations of
[3-carotene and chlorophyll were 471 ml and 42.6 ml, respectively,
and the reaction time was up to 90 min. Adsorption experiments
were carried out at 65, 75, 85 and 95 °C. Control experiments were
used to check the degradation or adsorption of (3-carotene and
chlorophyll by the container walls in the absence of AAB. It was
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Table 2
Physical and chemical characteristics of the AAB sample.
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Bulk density Total pore Specific surface Average pore Average particle Particle size distribution/wt. %
5 . .
(g/ml) volume (ml/g) area (m?/g) diameter (nm) size (pm) 0-25.0 pm 25.0-38.5 wm 38.5-50.0 pm 50.0-74.0 wm
0.542 0.298 203.3 5.869 454 9.7 21.2 371 32.0
(A) 5.0 (B) 2.1
*65°C m75°C +65°Cm75°C
4.0 5 5
A85°C 0095°C 20 a85°C0O95°C
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Fig. 1. The linearized adsorption isotherm of [3-carotene in xylene solution onto AAB: (A) Langmuir isotherm, (B) Freundlich isotherm.

found that there was scarcely no degradation or adsorption of 3-
carotene and chlorophyll by container walls. All the experiments
were performed in triplicate and the average values were used in
calculation.

3. Results and discussion
3.1. Equilibrium studies

The equilibrium data for adsorption of 3-carotene and chloro-
phyll on AAB were analyzed using the Langmuir and Freundlich
isotherms. The Langmuir adsorption Eq. (2), predicts the existence
of monolayer coverage of the adsorbate at the outer surface of the
adsorbent [24].

Ce 1 Ce

= 4+ —
Qe qmKL ~ gm

where Ce and Qe are as defined in Eq. (1), g is the adsorption max-
imum (mg/g); Ky is the sorption equilibrium constant (L/mg). The
Freundlich isotherm [24] is an empirical equation, which can be
applied to heterogeneous systems, and is expressed by Eq. (3):

(2)

log Qe = % log Ce + log K (3)
where Kr is a constant which reflects the adsorption capacity of the
adsorbent for a specific solute, and n is a measure of the intensity
of adsorption.

(A) 5.0
40
)
T 30F
it
]
S 20f
= B
T «65°C m75°C
' ABC 0953°C
0.0 . L .
0.0 10.0 20.0 30.0 40.0
Ce(mg/L)

The plots of Ce/Qe versus Ce for various [3-carotene and chloro-
phyllinitial concentrations were linear (Figs. 1 and 2). The constants
gm and Ki, can be calculated from the intercept and slope of the
line, and are listed in Table 3. As seen from Table 3, the mono-
layer adsorption capacity qm and K; of (-carotene on the AAB
increased with increasing temperature, and was maximum with
107.527 mg/g and 0.1574L/mg at 95°C, respectively. The higher
value of K| indicates a higher affinity for coloring material and more
intense adsorption. The Langmuir model yielded a better fit than
the Freundlich model of (3-carotene adsorption with various tem-
peratures, as reflected by correlation coefficients (R2) over 0.9950.
Khoo et al. [13] reported similar observations about the suitabil-
ity of Langmuir-type isotherm for the adsorption of [3-carotene by

Table 3
Isotherm constants for adsorption of 3-carotene and chlorophyll dissolved in xylene
solution onto AAB.

Pigments T(K) Langmuir Freundlich
Ki(L/mg) gm (mg/g) R Kr n R?
B-Carotene 338  0.0450 76.923 0.9993 29964 6.329 0.9664
348  0.0506 92.593 0.9989 33427 5.653 0.9762
358  0.0680 98.039 0.9950 42.678 6.897 0.9810
368 0.1574 107.527 09983 55.899 7.918 0.9864
Chlorophyll 338  0.0724 9.728 0.9935 1.296 2.042 0.9980
348  0.0876 10.081 0.9865 1.565 2.151 0.9962
358  0.1423 10.152 0.9884 2,192 2424 0.9968
368  0.2644 10.173 0.9898 3.164 2903 0.9951
(B) 120
1.00
< 080
2
&0
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Fig. 2. The linearized adsorption isotherm of chlorophyll in xylene solution on AAB: (A) Langmuir isotherm, (B) Freundlich isotherm.
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Fig. 3. Kinetic curves for adsorption of pigments dissolved in xylene solution on AAB
at different temperatures: (A) B-carotene, (B) chlorophyll.

acid-activated montmorillonite. While in the parameters of the Fre-
undlich equation, the value of n ranged between 0.1 and 1 indicated
a favorable adsorption, and the larger Kg values at higher tempera-
tures indicated more effective adsorption, and that the correlation
coefficients (R?) from the Freundlich model was over 0.9664. So, the
experimental data on [3-carotene adsorption, at least extent, were
fitted by the Freundlich isotherm. Surface heterogeneity could be
caused by the existence of different acid centers on the smectite
surface. Similarly, Christidis and Kosiari [12] reported that maize oil
decolorization in the two steps showed indicative of a continuous
coverage of the clay surface beyond a monolayer as indicated by
Freundlich isotherms at equilibrium conditions, which attributed
to the heterogeneity of smectite active centers and the existence of
other active phases.

The Freundlich model fitted better than the Langmuir model
with experimental data of chlorophyll adsorption at experimen-
tal temperatures, as reflected by correlation coefficients (R?) over
0.9951. In agreement with [17] who used acetone as solvent for
chlorophyll-a. The observed increase in n and Kg with increas-
ing temperature shows that higher temperature might cause more
adsorption sites on AAB. While from the results shown in Fig. 3,
experimental data of chlorophyll adsorption at experimental tem-
peratures were also fitted by the Langmuir isotherm to a certain
extent, as reflected by correlation coefficients (R?) over 0.9865.

3.2. Adsorption kinetics

Two Kkinetic models, pseudo-first-order and pseudo-second-
order, were used to investigate the adsorption process of [3-carotene
and chlorophyll onto AAB, and to calculate the rate constants. The
pseudo-first-order kinetic equation is expressed as [24]:

k
log(Qe — Q) = 10g Qe — 5353t (4)

where k; is the rate constant of pseudo-first-order sorption (min=1).

The pseudo-second-order kinetic equation is expressed as Eq.
(5) [24]:

t 1 t

Qr B szez * Qe
where k;, is the rate constant of pseudo-second-order sorption
(g/mg min). The second-order rate constant can be determined
from the intercept of the linearized pseudo-second-order equation.

The kinetic curves of 3-carotene and chlorophyll adsorption at
various temperatures are shown in Fig. 3. The equilibrium time of
the B-carotene and chlorophyll adsorption from solution decreases
with increasing temperatures. Hence higher temperature enhanced
the adsorption rate. Temperature dependence is better expressed
for B-carotene for which equilibrium attained after 40 min at 65 °C
and after 20 min at 95 °C, while for chlorophyll adsorption, it rapidly
attainted equilibrium after 20 min for all experimental tempera-
tures.

From the results shown in Fig. 3, the initial adsorption stage of
pigments was very short in the first 10 min, followed by a grad-
ual process till equilibrium was attained after a 60 min contact
time, which indicated that the maximum sorption of pigments
occurred after 1h of bleaching. The adsorption process consisted
of two distinguished periods, an initial period of rapid adsorp-
tion followed by a period of slow adsorption. The first fast step
of adsorption could be due to the chemical interaction between
[B-carotene (or chlorophyll) and AAB surface, while the second
slow step may indicate physical adsorption of pigments on those
molecules diffused into pores of AAB following the first step. As
previous studies [19] have shown the adsorption process of the
two pigments on AAB was divided basically into two parts: a rapid
adsorption stage which could be controlled by chemical interac-
tion for initial 10 min, followed by a slow adsorption stage could
be controlled by intraparticle diffusion till the attainment of equi-
librium. Furthermore, the adsorption amount of [3-carotene was
clearly high as compared with that of chlorophyll under the same
adsorption conditions. This may be attributed to the smaller molec-
ular size and chain structure conformation, 3-carotene molecules,
with little space resistance, are easier to adsorb on the surface of
AAB or diffuse into the pores of AAB, because their molecular size
is 21 nm x 0.8 nm x 0.7 nm as compared to the larger molecular
size of chlorophyll (3.0 nm x 1.7 nm x 1.3 nm) and net structure of
chlorophyll [25].

The experimental data for the adsorption of the two pigments
on AAB were fitted by the pseudo-first-order equation and pseudo-
second-order equation, and values of kq, ky, Qe and correlation
coefficients are listed in Table 4. The correlation coefficient for
the first-order kinetic model was lower and the theoretical Qe
values obtained from this model were not rational for the temper-
ature range 65-95°C. Hence the pseudo-first-order model did not
commendably describe the adsorption results of 3-carotene and
chlorophyll onto AAB. The pseudo-second-order kinetic model of
the both pigments yielded high correlation coefficient (R2 > 0.9992)
at all experimental temperatures, and the theoretical Qe values
computed from this model were consistent with experimental gexp
values. However, the results obtained are considerably different
from those of Khoo et al [13], who observed that adsorption of 3-
carotene from rapeseed oil has been found to follow a first-order
rate law for low temperatures up to 35°C. This is due to that [3-
carotene concentration in rapeseed oil is lower and the adsorption
temperature is lower than our present studies. In addition, these
results suggest that the adsorption process could involve a chem-
ical interaction of valency forces by sharing of or proton exchange
with proton between [(3-carotene (or chlorophyll) and AAB. Sim-
ilarly, Christidis and Kosiari [12] and Sarier and Giiler [14] have
reported that adsorption of [3-carotene on the activated clay was
mainly a chemical process stemming from the interaction of 3-

(5)
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Table 4
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Kinetics constants for adsorption of 3-carotene and chlorophyll dissolved in xylene solution onto AAB.

Pigments T (K) Qexp (Mg/g) Pseudo-first-order kinetic model Pseudo-second-order kinetic model
ki (min~") Q. (mg/g) R? k2 (g/mg min) Q. (mg/g) R
B-Carotene 338 88.355 0.0320 29.221 0.9690 0.0043 88.496 0.9992
348 92.017 0.0341 25.154 0.9556 0.0054 92.593 0.9996
358 93,611 0.0491 26.424 0.9899 0.0063 94.340 0.9997
368 94.957 0.0470 21.662 0.9833 0.0078 96.154 0.9999
Chlorophyll 338 7.756 0.0214 1.839 0.9522 0.0808 7.525 0.9995
348 7.954 0.0212 1.596 0.9646 0.0941 7.758 0.9995
358 8.045 0.0189 1.337 0.9132 0.1154 7.849 0.9997
368 8.109 0.0223 1.269 0.9409 0.1267 8.019 0.9998
0.0 physical adsorption mechanisms. And the whole adsorption pro-
cess could be finally controlled by physical adsorption (diffusion).
The data obtained from adsorption isotherm models can be con-
20 . * - = veniently used to determine, such thermodynamic parameters as
— o . .

free energy of adsorption AG?, enthalpy change of adsorption AH?
Ay a1 and the change in standard entropy AS®. These parameters are

60 |
—o— Chlorophyll
—&— [(-carotene
-8.0 ! !
2.7 2.8 29 3

V=107 ™"

Fig. 4. Arrhenious plots for adsorption of the two pigments onto AAB at different
temperatures.

carotene with the Lewis and Brensted acid sites of clay from the
differential thermal analysis and the infrared spectroscopy of the
acid-activated montmorillonite with adsorbed {3-carotene. Simi-
larly, the chlorophyll molecules are mainly adsorbed on Brensted
acid sites and held electrostatically on the AAB surface [15,16].

3.3. Thermodynamics parameters

The activation energy, E; of areaction, is obtained from an Arrhe-
nius equation (6) [12]:

Es /1
In(k) = In(A) - =+ (T) 6)
where A the frequency factor or the Arrhenius constant, R the uni-
versal gas constant (8.314]/Kmol), T the absolute temperature, and
k the rate constant; in this case k is given by the pseudo-second-
order rate constant k5.

When Ink is plotted against the reciprocal of the temperature
(1/T), as in Fig. 4, E; represents the slope is shown in Table 5. The
activation energy for the sorption of 3-carotene and chlorophyll
on AAB was estimated as 19.808 k]/mol and 16.475 kJ/mol, respec-
tively. These values of activation energy E, are mainly characteristic

Table 5

evaluated using the following equation:
Kg=Kpg =X (7)

where Ky (L/mol) is the sorption distribution coefficient. The Ky
values were plugged into Eq. (7) to determine the free energy of
sorption process at various temperatures [26].

AGY = —RT InKg (8)

where AGY? is the free energy of sorption (kJ/mol). Enthalpy change
AH? and entropy change AS? values were calculated at different
temperatures by the following (Eq. (8)) [26]:

AH?  AS?

anFZ—W"r R

9)
where Kg is the adsorption equilibrium constant in Eq. (3) for the
two pigment adsorptions.

When In K against the temperature (1/T) is plotted, as in Fig. 5,
the results of the thermodynamic parameters have been evaluated
for the sorption system of (3-carotene and chlorophyll at 65, 75, 85
and 95°C, and represented in Table 5. The negative value of AG®
indicates the spontaneous of 3-carotene and chlorophyll adsorp-
tion on AAB. The values of AG® increased lightly with increasing
the temperature, indicating the affinity between [3-carotene (or
chlorophyll) and AAB surface enhanced with increasing the tem-
perature. This shows that the removal process is favored at higher
temperature. The positive value of AH® indicated that the adsorp-
tion process was an endothermic one, which was in agreement
with what described above, namely the amount of 3-carotene and
chlorophyll is increased with increasing the temperature. Obvi-
ously, the adsorption of the two pigments on AAB was entropically
driven. The positive values of AS? suggest increased randomness
at the solid-solution interface during the two pigment adsorption
processes.

Thermodynamic parameters for adsorption of (-carotene and chlorophyll dissolved in xylene solution onto AAB.

Pigments T (K) k» (g/mg min) Ea (KJ/mol) Kr AH? (kJ/mol) AS° (J/Kmol) AG (kJ/mol)
3-Carotene 338 0.0043 29.964 21.766 92.244 —9.554

348 0.0054 19.808 33.427 21.766 92.244 -10.153

358 0.0063 . 42.678 21.766 92.244 —11.172

368 0.0078 55.898 21.766 92.244 —12.310
Chlorophyll 338 0.0808 1.296 31.051 93.549 —0.729

348 0.0941 16.475 1.565 31.051 93.549 —1.296

358 0.1194 : 2.192 31.051 93.549 —2.336

368 0.1267 3.165 31.051 93.549 —3.525
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Fig. 5. InKg vs. 1/T plots for adsorption of the two pigments onto AAB at different
temperatures: (A) B-carotene, (B) chlorophyll.

4. Conclusions

The use of an AAB from Xinjiang in China as adsorbent of 3-
carotene and chlorophyll from xylene solution at temperatures
65-95 °C has been examined. [3-Carotene adsorption was described
well by the Langmuir model, whereas the Freundlich model fitted
better with experimental data on chlorophyll adsorption. Higher
temperature was favor of enhancing the adsorption of (3-carotene
and chlorophyll on AAB. The kinetics results indicated that the
adsorption of 3-carotene and chlorophyll was described by the
pseudo-second-order equation (-carotene and chlorophyll, and
suggested that the adsorption involved chemical interaction. The
activation energy values indicated that the overall adsorption pro-
cess of [3-carotene and chlorophyll was physical adsorption. The
sorption of 3-carotene and chlorophyll onto AAB was spontaneous,
endothermic, and entropically driven. The randomness increased
at the solid-solution interface during the two pigment adsorption
processes.
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