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Abstract: A novel tannic acid-immobilized chitosan resin (TICR) was prepared by Mannich reaction for the adsorption of
proteins. The physical properties of TICR were characterized and the effects of contact time, pH, and initial concentration of
(bovine serum albumin) BSA on its adsorption by TICR were investigated. The Langmuir isotherm model was applied to
describe the adsorption isotherm. The equilibrium data are fitted to the Langmuir isotherm model. The maximum monolayer
BSA adsorption capacities of TICR were found to be 1.094, 1.487, and 1.694 mg/g at 298, 308, and 318 K, respectively.
Furthermore, the data were analyzed on the basis of pseudo-first order, pseudo-second order, and intraparticle diffusion
models. The correlation results suggested that the pseudo-second order model fitted the experimental data very well. The
thermodynamic study indicated that the adsorption process of BSA onto TICR was endothermic, and the Gibbs free energy
(AG®), enthalpy (AH®), and entropy (AS®) of the adsorption process were calculated according adsorption isotherm data. TICR
could be reused for 10 times with only 19 % loss of adsorption capacity for BSA.
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Introduction

Chitosan is a linear polysaccharide produced by partial
deacetylation of chitin. It is composed of randomly
distributed p-(1,4) linked D-glucosamine and N-acetyl-D-
glucosamine [1]. Chitosan has turned to be one of the most
important natural polymers due to nontoxicity, biodegradability,
biocompatibility, bioactivity, and attractive physical and
mechanical performances [2]. Meanwhile, chitosan contains
abundant amino and hydroxyl groups, making it quite
potential as an excellent adsorbent for proteins, phenols,
organic acids, dyes, and metal ions [3,4]. However, chitosan
swells and dissolves readily in acidic solutions, which limits
its application as an adsorbent in acidic media. Accordingly,
its crosslinking should be taken into consideration. The
existence of amino and hydroxyl groups renders the
chemical modification of chitosan possible. Many methods
have been reported to modify chitosan, such as reverse phase
suspension cross-linking polymerization, emulsification,
spray drying, grafting, oligomerization, and alkylation [3-8].

In our previous study, the chitosan resin was prepared by
reverse phase suspension cross-linking polymerization and
the resin was used as a protein adsorbent for beer and juice
clarification [8]. The results showed that the resin can adsorb
proteins, phenols, organic acids, and metal ions from beer
and juice [9,10]. But the chitosan resin lacked the unique
affinity for protein adsorption. Therefore, the chitosan resin
can serve as promising adsorbents to adsorb proteins
effectively if it is further grafted or modified by suitable
functional groups. Chitosan can be modified through many
methods, such as grafting, oligomerization, alkylation, and
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etc [11-13]. Hua et al. designed and carried out the affinity
adsorption purification of His-tagged proteins using EDTA-
chitosan-based adsorption [14]. Zeng et al. prepared chitosan/
poly(e-caprolactone) blend films in different mass ratios to
adsorb BSA [15].

It is well-known that tannic acid (TA) contains multiple
adjacent phenolic hydroxyls and exhibits specific affinity for
proteins. The main advantage of TA is its ability to combine
protein. Many researchers have used TA as a cross-linking
agent for chitosan. Rivero ef al. modified chitosan films by
TA as a cross-linking agent [16]. Beata Kaczmarek et al.
treated collagen and chitosan mixtures with TA [17]. In
addition, it has been reported that TA can be immobilized
onto activated carbon, collagen fiber, agarose, and other
matrices [18-24]. However, in the literature there is no
information about the modification of chitosan resin with
TA.

Furthermore, TA can react with an amino compound
through Mannich reaction [18]. So it is feasible that TA
could be immobilized onto chitosan. It can be inferred that
TA immobilized onto chitosan resin should significantly
increase the adsorption capacity for protein. Therefore, we
have a hypothesis that chitosan resin could be modified by
TA to improve the protein uptake capacity.

The aim of this study was to prepare the TA modified
chitosan resin as the promising adsorbents for efficient
removal of proteins from aqueous solutions for food industry,
such as beer, juice, and aquatic processing wastewater. BSA
was selected as a model to investigate the effect of the
modification on the protein adsorption behavior of chitosan
resin. The desorption efficiency and the reusability of the
resins were finally evaluated.
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Experimental

Materials

Chitosan with deacetylation degree of 90 % (M,=5.5x% 10%)
was purchased from Qingdao Biochemical Co. (Qingdao,
China). BSA was purchased from Sigma (St. Louis, MO,
USA). Glutaraldehyde, formaldehyde, liquid paraffin, Span
80, TA, NaOH, HCI, acetone, and ethanol were of analytical
grade and were purchased from Sinopharm Chemical
reagent Co., Ltd. (Shanghai, China).

Preparation of Chitosan Resin (CR)

A total of 5 g of chitosan powder was suspended in 100 m/
of 2 % (v/v) acetic acid solution and left overnight for
complete dissolution. Then, the dispersant agent liquid
paraffin (100 m/) was added to the chitosan solution and
mixed well with stirring followed by the addition of 5 m/
Span 80 as an emulsifier. Then, 20 m/ of 37 % (w/w)
formaldehyde solution was added to the emulsion drop by
drop for cross-linking. Half an hour later, the pH value was
adjusted to 10 by 2 mol// NaOH solution and 10 m/
epichlorohydrin was added for further cross-linking for
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another 2 h. The suspension was finally filtered and the solid
was collected and soaked in 0.1 mol// HCI with stirring for
1 h at room temperature to remove formaldehyde. The
supernatant was discarded and the resins were further
washed with acetone, ethanol, and distilled water in
sequence for 3 times. The chitosan resin (CR) was collected
and vacuum dried for subsequent experiments.

Preparation of TA-Immobilized Chitosan Resin (TICR)

TICR was prepared by immobilizing TA onto chitosan by
Mannich reaction. The preparation procedure is illustrated in
Figure 1.

A total of 1 g CR was immersed in 20 m/ water at room
temperature for 2 h. Then, 2 m/ 37 % (w/w) formaldehyde
solution was added and the mixture was stirred at 40 °C for
30 min. After the incubation completed, 20 m/ 1 % (wW/w)
TA solution was added and the pH value was adjusted to 10
by 2 mol// NaOH solution. Subsequently, the temperature
was rapidly increased to 60 °C to allow the Mannich
reaction under nitrogen atmosphere. Five hours later, the
mixture was filtered and the resin was washed with distilled
water and vacuum-dried at 60 °C for 12 h. The resultant
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Figure 1. Schematic diagram for the preparation mechanism of TICR through the Mannich reaction.
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resin was collected and designated as TICR.

Characterization of TICR

The water content (H), skeletal density (p;), pileup density
(p,), and porosity degree (P) of TICR were characterized
according to the methods mentioned in a previous report [8].

The morphology of TICR was observed by using a
scanning electron microscope (SEM) (JSM-6390LV, JEOL
Ltd., Japan). Samples were coated by fine gold palladium
film before SEM observation. The particle size distribution
(PSD) of TICR was studied by a Malvern Mastersizer 2000
(Malvern, U K).

Adsorption Behavior

The protein adsorption behavior of TICR obtained was
studied by using BSA as a model. All the adsorption
experiments were carried out by using batch adsorption
technique (0.1 g TICR or CR in 20 m/ BSA solution). The
adsorption of TICR or CR to BSA was investigated by
contact time, initial BSA concentrations (20 to 70 mg//), and
various pH values (pH was selected at 4.0, 5.0, 6.0, 7.0, and
8.0) in 0.1 mol/l phosphate buffer solution. The adsorption
process was allowed to occur at 298 K with 120 rpm stirring
for 300 min. The concentration of BSA in the filtrate was
analyzed by Bradford method. The adsorption capacity at
time 7 (min) was calculated according to the mass change of
BSA before and after adsorption and was denoted as g,

(mg/g).

Adsorption Kinetics

An exact amount of 0.1 g TICR was suspended in 20 m/ of
50 mg// BSA solution (in 0.1 mol// pH 6.0 phosphate
buffer). The adsorption process was conducted at 298, 308,
and 318 K with constant stirring for 300 min. The suspension
was filtered and the concentration of BSA in filtrate was
analyzed by Bradford method at a regular interval during
adsorption process.

Adsorption Isotherms

An exact amount of 0.1 g TICR was soaked in 20 m/ BSA
solutions of a series concentration ranging from 20 to 70 mg//
and maintained at 298, 308, and 318 K for 300 min. The
changes of BSA concentration in the solution after the
adsorption were measured by the Bradford method. The
equilibrium adsorption capacity of the resins was then
calculated according to the following formula as equation

(1) [25]:
_(G -Gy
T
where ¢, is the equilibrium adsorption capacity of TICR
(mg/g), C, and C, are the initial and equilibrium solution

concentrations (mg//) of BSA, respectively. V' is the volume
of the solution (m/), and W is the weight of TICR used (g).

(M
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All the experiments were repeated in triplicate and the
average values were presented.

Desorption and Reusability Evaluation

Desorption studies are very important since the economic
success of the adsorption process depends on the reusability
of the developed adsorbent [26]. In this work, 0.1 mol// HCI
aqueous solutions were used to regenerate TICR, and the
procedure was repeated for many times until BSA could no
longer be detected in the filtrate. Then TICR was washed
thoroughly with double-distilled water until the filtrate
became neutral and subjected to reusability evaluation in the
following conditions: TICR/BSA solution radio (m/v)=
1:200, contact time 150 min, temperature 298 K, solution
pH 6.0, and BSA concentration solution 50 mg/l. The
procedure was repeated 10 times.

Results and Discussion

Characterization of TICR

The properties of TICR are displayed in Table 1 and
Figure 2. The water content (/) and porosity degree (P) of
the resin were 61.230 % and 0.733, respectively. The porous
structure could provide abundant sites for protein adsorption.
PSD analysis (Figure 3) reveals only one peak and 90 % of
the TICR particles fell in the range of 275-500 um indicating
the narrow size distribution of the resins and the average
particle size of about 417 um.

Effects of Contact Time on BSA Adsorption

Figure 4 shows the variations of adsorption capacities (g,)
of BSA onto TICR and CR as a function of contact time. It
could be seen that g, increased with the elongation of contact

Table 1. Physical properties of TICR

Water content  Pileup density Skeletal densty Porosity degree
H (%) pr(g/ml) pr(glem’) P
61.230+1.056  0.902+0.074  1.739+0.120  0.733+0.035
Values were given as average+standard deviation.

X250 100um 0058 2740 SEI

Figure 2. SEM micrograph of TICR.
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Figure 3. Particle size distribution of TICR.
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Figure 4. Effect of contact time on BSA adsorption capacities of
TICR and CR (Cy: 30 mg/l, temperature: 298 K, pH: 7.0).

time and the absorption occurs fastest within 180 min, which
increased sharply to 0.525 mg/g and 0.307 mg/g, respectively,
for TICR and CR. As the contact time further increases to
300 min, ¢, increased slowly only by 0.036 mg/g and
0.008 mg/g, indicating that adsorption equilibrium had been
reached. Therefore, 300 min can be considered as the
equilibrium time required for maximum adsorption of BSA
and equilibrium BSA adsorption capacities of TICR and CR
were 0.561 mg/g and 0.315 mg/g, respectively. This result
indicates that the introduction of TA can markedly improve
the adsorption ability of CR.

Effect of Initial BSA Concentrations on Its Adsorption
Figure 5 shows plots of the equilibrium adsorption
capacities (¢g,) of BSA onto TICR and CR versus initial BSA
concentrations at 298 K. The equilibrium adsorption capacity
increased greatly as the initial BSA concentration grew from
20 mg// to 50 mg/l. The equilibrium adsorption capacities of
CR and TICR for BSA were as low as 0.261 and 0.393 mg/g
in initial BSA concentration 20 mg//; as the initial BSA
concentration increased to 50 mg//, the adsorption capacities
raised markedly to 0.428 and 0.786 mg/g. The increase in ¢,
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Figure S. Effect of initial BSA concentration on its adsorption by
TICR and CR (time: 300 min, temperature: 298 K, pH: 7.0).

of TICR was more significant than that of CR. When the
initial BSA concentration further increased from 50 mg// to
70 mg/l, the equilibrium adsorption capacity increased
slowly. The results suggested that the initial concentration
played an important role in the adsorption capacity of BSA
on TICR.

The increase of equilibrium BSA adsorption capacity (g,)
with initial BSA concentration rise might be attributed to the
enhanced driving force caused by concentration gradient.
After the reactive sites for BSA adsorption of the resins are
saturated, further increase of the initial BSA concentration
could not lead to more absorption [27,28].

Effect of pH on BSA Adsorption

The effect of pH on the adsorption capacity of BSA was
investigated (Figure 6). The optimal pH of TICR for BSA
adsorption mainly depends on the nature of TICR and the
three-dimensional structure of BSA [29]. The isoelectric
point of BSA is 4.9 [30]. When the solution pH is lower than
4.9, both BSA and TICR carry positive charges and the
electrostatic repulsion between BSA and TICR. In the pH
range 4.9-6.0, BSA is negatively charged, but TICR is still



2444 Fibers and Polymers 2020, Vol.21, No.11

1.0
| —=—TICR
—o—CR
0.8 1
ifi\
0.6 .
-i‘; a______é i\q\\“i
S o
< /A l\ﬁ
044 @ @20
o ] =
0.2
0.0 ——
4 5 6 7 8

pH

Figure 6. Effect of pH on the BSA adsorption of TICR and CR
(time: 300 min, temperature: 298 K, Cy: 50 mg/l).

with positively charged and hence strong electrostatic
attraction occurs between them. Figure 6 revealed that the
maximum BSA adsorption occurred at pH 6.0. As the
solution pH increased to 7.0-8.0, both BSA and TICR carry
negative charges and electrostatic repulsion hinders their
binding, leading to decreased g,.

BSA Adsorption Isotherms of TICR

The analysis of equilibrium data is important for
evaluating the adsorption properties of an adsorbent. The
isotherm equation, namely Langmuir isotherm model, has
been used for the study of adsorption behavior. The
Langmuir isotherm model assumes that adsorption takes
place at uniform energy sites on the surface of the adsorbent.

The Langmuir isotherm equation can be expressed as
equation (2) [31]:

.C.:_e = ....L. +§.€ (2)

9. Kbqs qs
where ¢, (mg/g) is the saturation adsorption capacity of the
monolayer, while g, (mg/g) and C, (mg//) represent adsorption
capacity and concentration in the solution at equilibrium,
respectively, and K, is the Langmuir binding constant which
is related to the energy of adsorption (//mg).

Additionally, the degree of suitability of TICR towards
BSA adsorption was estimated from the values of the
separation factor constant (R;). R; was calculated to identify
whether an adsorption system is favorable or unfavorable

Table 2. Langmuir isotherm parameters for BSA with TICR
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C, (mg/l)

Figure 7. Langmuir plots for the adsorption of BSA onto TICR at
various temperatures.

[32]. The separation factor R; is defined as equation (3):

1
T 1+K,C,

where K, is the Langmuir equilibrium constant (/mg) and
C, is the initial concentration of BSA (mg//). When the R;
value was greater than 1, between 0 and 1, 0, or 1, the
adsorption was regarded unfavorable, favorable, irreversible,
or linear, respectively [33,34].

The adsorption data fitted with the Langmuir isotherm
model is shown in Figure 7 and Table 2. The R* values for
the Langmuir isotherm models were all above 0.90,
suggesting that the Langmuir model fits the experimental
results very well. The values of R, were all in the range of
0<R,;<1, indicating that the adsorption of BSA on TICR
was favorable. Thus, TICR is the favorable adsorbent. In
addition, the values of ¢, increased evidently with the rise of
temperature.

3

L

Adsorption Kinetics of TICR for BSA

In order to elucidate the adsorption kinetic mechanism,
pseudo-first order equation, pseudo-second order, and intra-
particle diffusion models were employed to interpret the
experimental data [35,36]. A good correlation of the kinetic
data explains the adsorption mechanism of BSA on TICR.
The best-fit model was selected according to the linear
regression correlation coefficient values (R?).

The linear pseudo-first-order equation can be described as

T (K) Langmuir isotherm equation q,(mg/g) K, (Ilmg) R R,
298 C,/q~41.6+0.9139C, 1.094 0.022 0.9854 0.695
308 C./q/~29.515+0.6723C, 1.487 0.023 0.9728 0.687
318 C./q.~20.176+0.6066C, 1.649 0.030 0.9573 0.624
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Figure 8. Pseudo-second-order kinetic model for the adsorption of
BSA onto TICR.

equation (4) [37]:

Kt
log(g, —q,) =logg, 2303 “)
where g, and ¢, are the amounts of BSA (mg/g) adsorbed at
equilibrium and time ¢ (min), respectively. K, is the rate
constant of pseudo-first order kinetic model (min™).

The linear pseudo-second-order equation [38] is referred

to as equation (5):
t 1 N t )
9, K4’ 4.
where K, is the equilibrium rate constant of pseudo-second
order equation (g/mg/min), ¢, and ¢, are defined as in the
pseudo-first order equation.

Figure 8 shows plots of pseudo-second order equation for
BSA. The straight lines in plot of linear pseudo-second order
equation show good agreement of experimental data with the
pseudo-second order kinetic model at 298, 308, and 318 K.

The values of pseudo-first-order equation and pseudo-
second order equation parameters together with correlation
coefficients are listed in Table 3. The correlation coefficients
for the pseudo-first-order equation obtained at all the studied
temperatures were low. It suggests that this adsorption
process is not a pseudo-first order reaction. The correlation
coefficients for the pseudo-second order equation were all

Table 3. Kinetic parameters for BSA adsorption onto TICR
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Figure 9. Intrapraticle diffusion model for the adsorption of BSA
onto TICR.

over 0.99 at 298, 308, and 318 K. Based on the obtained
correlation coefficients, the pseudo-second order equation is
the model that furthered the best fit for kinetic data.

The adsorption kinetic data was also analyzed to
investigate whether the intraparticle diffusion is the rate-
limiting step. The intraparticle diffusion model [39] can be
described as equation (6):

q, =K " (6)

where ¢, is the amount of BSA adsorbed onto TICR at time ¢,
and K, is the intraparticle diffusion rate constant (mg/g/
min"?). If the intraparticle diffusion is the only rate-limiting
step, the regression of g, versus ¢ is linear and passes
through the origin [40,41]. The plots are shown in Figure 9.
The parameters of intraparticle diffusion model are given in
Table 3. As seen from Figure 9, the straight line did not pass
through the origin, suggesting that intraparticle diffusion
may not be the only rate-limiting step [32].

Evaluation of Adsorption Thermodynamics

To determine the effect of temperature on BSA adsorption,
adsorption experiments were also conducted at 298, 308,
and 318 K. The thermodynamic parameters such as the
changes in Gibbs free energy (AG®), enthalpy (AH®), and
entropy (AS°) were determined by using the following

Pseudo-first-order equation

Pseudo-second-order equation

Intraparticle diffusion equation

T(K) K, (min™) 2 : 2 : 12 2

I q.(mg/g) R K, (g/mg/min) ¢, (mg/g) R K4 (mg/g/min ™) R
298 0.018 0.473 0.9458 0.022 0.687 0.9901 0.0276 0.9518
308 0.017 0.407 0.9083 0.031 0.714 0.9954 0.0271 0.8531
318 0.010 0.383 0.8576 0.036 0.761 0.9968 0.0264 0.9123
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Table 4. Thermodynamic parameters for BSA adsorption onto
TICR

T (K) AG® (J/mol)  AS® (J/mol/K)  AH® (kl/mol)
298 -223.066
308 -1016.732 55.457 16.226
318 -1321.623
equations as equations (7) and (8) [42]:
AG® =-RTIng, (7N
AS°  AH®
Ing, = - 8
4= "rr @®)

where R (8.314 J/mol/K)) is the ideal gas constant and 7 (K)
is the temperature. AH® and AS° were calculated from the
slope and intercept of plot of In g, (from Langmuir isotherm
model) versus 1/7. The results of these thermodynamics are
displayed in Table 4. The negative values of AG® indicated
the spontaneous process of BSA adsorption at 298, 308, and
318 K, and higher negative value reflects a more energetically
favorable sorption. The degree of spontaneity of the process
also increased in higher temperatures. According to
thermodynamics, the AH° value can be used as a measure of
the interaction between adsorbate and adsorbent. The positive
values of AH’ reflected an endothermic adsorption process. The
adsorption of BSA is an endothermic process. However, the
desorption of water molecules is an endothermic process.
When one BSA molecule was adsorbed, more water molecules
were desorbed. The positive value of AS® corresponds to an
increase in the degree of freedom of the adsorbed species.
The adsorption process was essential for the exchange
process of BSA in water solution and adsorbed water
molecules on TICR. When BSA was adsorbed onto TICR,
much more water molecules might be desorbed from TICR.
During the replacement process, due to the molar volume of
BSA bigger than the water, the displaced water molecules
were more than the adsorbed BSA and the total entropy
change in the adsorption process was a positive value. Thus,
the adsorption process was likely to occur spontaneously at
normal and high temperatures because AH°>0 and AS°>0.

Apparent Activation Energy

The apparent activation energy (£,) can be calculated by
using the following Arrhenius expression. An equation is
referred to as equation (9) [43]:

Ea
InK = In4 - T 9
where K is the total rate constants and 4 is a related constant.
The value of E, of TICR was 1.488 kJ/mol. It indicated
that adsorption process for BSA was endothermic. The
results showed that increasing temperature is favorable to
adsorb BSA with TICR.
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Figure 10. Relationship between the times of reuse and the
adsorption capacity of BSA onto TICR.

Desorption and Recycling of TICR

Desorption studies help to reveal the nature of adsorption
process and recover BSA from TICR. As can be seen from
Figure 10, the adsorption capacity of TICR for BSA
decreased slightly from 0.853 to 0.690 mg/g with increasing
reuse times. This may be due to that a certain amount of TA
molecules were released from TICR during the desorption
process. However, TICR could be reused for 10 times with
only 19% loss of adsorption capacity for BSA, which
indicated that TICR had a good reusability on the adsorption
of BSA.

Conclusion

A novel TA-immobilized chitosan resin (TICR) had
shown an efficient adsorption capacity on BSA. The
experimental data was well fitted by the Langmuir isotherm
model. The kinetic studies indicated that the pseudo-second
order describes the adsorption process well. The regression
results of the intraparticle diffusion model suggested that
intraparticle diffusion was not the only rate-limiting step.
The studies of desorption and reusability showed that TICR
could be reused for 10 times with about 19 % loss of
adsorption capacity for BSA. Therefore, there are good
prospects for TICR in practical applications for the removal
of protein from aqueous solutions for food industry, such as
beer, juice, and aquatic processing wastewater.

References

1. Y. Li, J. Wang, X. Meng, and B. Liu, J. Food Safety, 35,
248 (2015).

2. B. Liu, D. Wang, G. Yu, and X. Meng, J. Ocean Univ.
China, 12, 500 (2013).

3. M. J. Boggione, C. R. A. Mahl, M. M. Beppu, and B.



Adsorption Behavior of a Novel Chitosan Resin

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23

Farruggia, Powder Technol., 315, 250 (2017).

. C. Hu, P. Zhu, M. Cai, H. Hu, and Q. Fu, 4ppl. Clay Sci.,

143, 320 (2017).

. V. Wagener, A. R. Boccaccini, and S. Virtanen, Appl. Surf-

Sci., 416, 454 (2017).

. M. A. Badawi, N. A. Negm, M. T. H. Abou Kana, H. H.

Hefni, and M. M. Abdel Moneem, Int. J. Biol. Macromol.,
99, 465 (2017).

. Y. Luo, Z. Zhou, and T. Yue, Food Chem., 221,317 (2017).
. L. Yu, D. Wang, W. Hu, H. Li, and M. Tang, Front. Chem.

China, 4, 160 (2009).

. Y. Wang, X. Wang, G. Luo, and Y. Dai, Bioresour. Technol.,

99, 3881 (2008).

S. R. Popuri, Y. Vijaya, V. M. Boddu, and K. Abburi,
Bioresour. Technol., 100, 194 (2009).

G. R. Mahdavinia, A. Pourjavadi, H. Hosseinzadeh, and M.
J. Zohuriaan, Eur. Polym. J., 40, 1399 (2004).

C. Hu, Y. Deng, H. Hu, Y. Duan, and K. Zhai, Int. J. Biol.
Macromol., 92, 1191 (2016).

J. Ananpattarachai and P. Kajitvichyanukul, J. Cleaner
Prod., 130, 126 (2016).

W. Hua, Y. Lou, W. Xu, Z. Cheng, X. Gong, and J. Huang,
Appl. Microbiol. Biotechnol., 100, 879 (2016).

R. Zeng, Y. Zhang, Z. H. Liang, M. Tu, and C. R. Zhou,
Sci. China Ser. E: Technol. Sci., 52,2275 (2009).

S. Rivero, M. A. Garca, and A. Pinotti, Carbohydr. Polym.,
82,270 (2010).

B. Kaczmarek, A. Sionkowska, and A. M. Osyczka,
Polym. Test., 65, 163 (2018).

M. Yurtsever and 1. A. Sengl, Trans. Nonferrous Met. Soc.
China, 22,2846 (2012).

C. Yu, J. Geng, Y. Zhuang, J. Zhao, L. Chu, X. Luo, Y.
Zhao, and Y. Guo, Carbohydr. Polym., 152,327 (2016).
X. Huang, X. Liao, and B. Shi, J Hazard. Mater., 170,
1141 (2009).

X. Sun, X. Huang, X. Liao, and B. Shi, J. Hazard. Mater.,
179, 295 (2010).

A. M. Omer, T. M. Tamer, M. A. Hassan, P. Rychter, M. S.
Mohy Eldin, and N. Koseva, Int. J. Biol. Macromol., 92,
362 (2016).

Z. Wang, T. Yue, Y. Yuan, R. Cai, C. Niu, and C. Guo, Int.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

Fibers and Polymers 2020, Vol.21, No.11 2447

J. Biol. Macromol., 58, 57 (2013).

J. M. N. dos Santos, C. R. Pereira, E. L. Foletto, and G. L.
Dotto, Int. J. Biol. Macromol., 131, 301 (2019).

J. Dy, Y. Q. Zhou, L. L. Wang, and Y. C. Wang, Carbohydr.
Polym., 153, 471 (2016).

B. J. Liu, D. F. Wang, X. Gao, L. Zhang, Y. Xu, and Y. J.
Li, Eur. Food Res. Technol., 232,911 (2011).

S. S. T. Giilmen, E. A. Giivel, and N. Kizilcan, Procedia
Soc. Behav. Sci., 195, 1623 (2015).

H. Zhu, R. Jiang, L. Xiao, and G. Zeng, Bioresour. Technol.,
101, 5063 (2010).

Q. Shi, Y. Tian, X. Dong, S. Bai, and Y. Sun, Biochem.
Eng. J., 16,317 (2003).

M. Monier and D. A. Abdel-Latif, J. Hazard. Mater., 209-
210, 240 (2012).

F. G. L. Medeiros Borsagli, A. A. P. Mansur, P. Chagas, L.
C. A. Oliveira, and H. S. Mansur, React. Funct. Polym.,
97,37 (2015).

S. H. Chang and C. H. Chian, Appl. Surf Sci., 282, 735
(2013).

Z.C.Wu, Z. Z.Wang, J. Liu, J. H. Yin, and S. P. Kuang, /nt.
J. Biol. Macromol., 81, 838 (2015).

J. Qi, P. Yao, F. He, C. Yu, and C. Huang, Int. J. Pharm.,
393, 177 (2010).

C. Cao, L. Xiao, C. Chen, X. Shi, Q. Cao, and L. Gao,
Powder Technol., 260, 90 (2014).

W. S. Wan Ngah, M. A. K. M. Hanafiah, and S. S. Yong,
Colloids Surf., B, 65, 18 (2008).

M. Ghaemy and M. Naseri, Carbohydr. Polym., 90, 1265
(2012).

X. Liu and L. Zhang, Powder Technol., 277, 112 (2015).
Y. Wang, X. Wang, G. Luo, and Y. Dai, Bioresour. Technol.,
99, 3881 (2008).

H. Ding, J. Q. Li, Y. J. Gao, D. Zhao, D. J. Shi, G. Z. Mao,
S. J. Liu, and X. Tan, Powder Technol., 284,231 (2015).
V. Nair, A. Panigrahy, and R. Vinu, Chem. Eng. J., 254,
491 (2014).

A. L. Ahmad, C. Y. Chan, S. R. Abd Shukor, and M. D.
Mashitah, Chem. Eng. J., 148, 378 (2009).

I. Lakhdhar, P. Mangin, and B. Chabot, J. Water Process
Eng., 7,295 (2015).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


