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Abstract: The morphology and intermolecular interaction are two of the most important factors in
the design of highly efficient dye adsorbent in the industry. Millimeter-sized, bead-type, bio-based
lignin/chitosan (Lig/CS) adsorbent was designed for the removal of Congo red (CR), based on the
electrostatic attraction, 7-7 stacking, and hydrogen bonding, which were synthesized through the
emulsification of the chitosan/lignin mixture followed by chemical cross-linking. The effects of the
lignin/chitosan mass ratio, initial pH, temperature, concentration, and contact time on the adsorption
were thoroughly investigated. The highest adsorption capacity (173 mg/g) was obtained for the
20 wt% Lig/CS beads, with a removal rate of 86.5%. To investigate the adsorption mechanism and
recyclability, an evaluation of the kinetic model and an adsorption/desorption experiment were
conducted. The adsorption of CR on Lig/CS beads followed the type 1 pseudo-second-order model,
and the removal rate for CR was still above 90% at five cycles.

Keywords: adsorbent; design; beads; biomass; Congo red

1. Introduction

With the rapid development of chemical processing textile industries, plenty of dyes
were poured into the ecosystem, leading to the serious pollution of the water resource [1,2].
According to the charge of the molecules, dyes are classified into different categories, such as
cationic dye, anionic dye, and nonionic dye. Among these dyes, Congo red (CR) is a typical
anionic diazo dye commonly used in textiles and other commercial products [3]. In addition
to its challenge in wastewater treatment, CR also shows carcinogenic properties [4]. Due
to its availability, efficiency, low cost, high selectivity, and easy operation in a wide range
of conditions, the adsorption could be considered a promising approach among various
physico-chemical methods. Numerous novel, powder-type (including the microspheres
with nano size) adsorbents were developed for the dye adsorption, especially for the
bio-based materials [5,6].

Though these powder-type adsorbents have a relatively high adsorption capacity,
benefiting from their large surface area and short diffusion distance, they are not suitable
for the industrial application in a practical adsorption column. The powder-type adsorbents
can be easily lost or blocked, which will disturb the operation process. The morphology
of adsorbents is an essential parameter for the adsorption in industry; millimeter-sized
spherical adsorbents are the most favorable for adsorption, according to the literature [7,8],
since this kind of adsorbent can be easily handled, separated, and recycled. This is the
reason why millimeter-sized, bead-type adsorbents were popularly used in the practical
adsorption column [9].

Except for the morphology of adsorbents, the intermolecular interaction between the
dye and the adsorbents is another important factor in the application [10]. The commercial
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dyes are an aromatic compound with a negative or positive charge; some dyes also possess
a nitrogen- or oxygen-contained functional group, such as Congo red and Rhodamine B [11].
Based on the structural characteristics of the commercial dyes, numerous adsorbents were
developed from the synthetic and natural polymers [12]. In the construction of polymeric
adsorbents for dye removal, electrostatic attraction was utilized most popularly due to its
ionic characteristic. Among these ionic polymers, the positive chitosan and negative sodium
carboxymethyl cellulose/alginate were the most promising candidates [13-16]. As all of
the dyes are aromatic compounds, adsorbents based on 7-7t stacking were also developed
for the removal, including the lignin- and tannin-based adsorbents [17,18]. Another inter-
molecular interaction involved in the construction of polymeric adsorbents is a hydrogen
bond, which can be easily formed between the nitrogen- or oxygen-contained functional
group. The combination of the electrostatic attraction, 7-7t stacking, and hydrogen bonding
in the design of adsorbents can improve the adsorption capacity; however, most of the
adsorbents were designed based on only one kind of the intermolecular interactions [19,20].

On the other hand, to meet the demand of sustainable development, the renewable,
sustainable, economical, and ecofriendly adsorbents from waste biomass sources were
developed for the treatment of dye wastewater [21,22]. Among the biomass sources,
chitosan, sodium carboxymethyl cellulose, sodium alginate, lignin, and tannin are the most
investigated in the bioabsorbent. However, only one kind of intermolecular interaction
was utilized in most investigations, which is not beneficial for the improvement of the
adsorption capacity.

In recent years, biomaterials have become the focus of absorbent materials, owing to
their high removal efficiency, environmental friendliness, and renewability. Among these
biomaterials, chitosan is the only one with a positive charge, which is beneficial for the
adsorption of anionic dyes [14]. In addition, lignin is the second-most abundant biomaterial,
possessing a three-dimensional network structure, which can adsorb dyes through the 7-7t
stacking and hydrogen bonding interaction [17]. Thus, lignin/chitosan-based composites
were used for the adsorption of dyes and metal ions in wastewater [11,23-27]. However,
most of the obtained lignin/chitosan-based absorbents are powder-type, which is not
suitable for the industrial application.

As mentioned above, a combination of the three kinds of intermolecular interactions
(electrostatic attraction, -7t stacking, and hydrogen bonding) was designed from a bio-
based lignin/chitosan (Lig/CS) absorbent for the removal of Congo red (Figure 1), and a
millimeter-sized, bead-type adsorbent was obtained through a method of emulsification
followed by chemical cross-linking. The obtained absorbent was used for the removal of
Congo red, and the adsorption properties, kinetic model, and recyclability were investigated.
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Figure 1. Lignin/chitosan absorbent designed with different intermolecular interactions.
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2. Materials and Methods
2.1. Materials

All reagents were purchased from commercial suppliers of analytical grade reagents
and used without further purification. Lignin (Lig, 96%, Mw = 10,000 g/mol), chitosan (CS,
deacetylation degree >95%), glacial acetic acid (HAc, 99.5%), glutaraldehyde (50% v/v),
and Congo red (CR, 98%) were purchased from HWRK Chemical Co., Ltd. (Beijing, China).
Petroleum ether, liquid paraffin wax, and Tween-80 were supplied by Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Distilled water was used throughout the experiments
for solution preparation.

2.2. Preparation of Bio-Based Lignin/Chitosan (Lig/CS) Beads

The bio-based lignin/chitosan beads were prepared as follows [13,28] (Figure 2): the
lignin was dispersed into 28.5 mL water using a bath sonicator (Kunshan Ultrasound
Instrument Co., Ltd., Kunshan, China) for 1 h. Then, 1.5 mL acetic acid and 0.6 g chitosan
were added to the lignin dispersion under stirring at 50 °C until complete dissolution (the
weight percentage of lignin to chitosan is 0, 10, 20, 40 wt%). Under high-speed stirring at
50 °C, the mixture was then poured into an emulsifier dispersion, which consisted of 1.2 mL
Tween-80, 25 mL liquid paraffin wax, and 35 mL petroleum ether. A quarter of an hour later,
1 mL 50% (v/v) glutaraldehyde was dropped within 30 min for the chemical cross-linking.
After reacting for another hour, the Lig/CS beads were obtained with vacuum filtration
and washed three times with petroleum ether and water, respectively.

> e

CS/HAc¢ - Emulsification
—_— —_—
ﬁ Crosslinking

Figure 2. Synthesis procedure of the bio-based Lig/CS beads.

2.3. Characterization

The morphologies were observed by a scanning electron microscopy (SEM, VEGA-3,
Tescan, Czech Republic). Fourier transform infrared (FTIR) spectra were recorded on an
Avatar 360 Nicolet instrument (Thermo Fisher Scientific, Shanghai, China) using KBr pellets,
in the wave numbers ranging from 4000 to 400 cm~! with a resolution of 4 cm~!. The
thermogravimetry (TG) analysis was conducted via a NETZSCH TG 209F3 instrument
(NETZSCH Scientific Instruments Trading, Ltd., Shanghai, China) under an N, atmosphere
with a heating rate of 10 °C/min~!. UV-Vis absorption spectra were conducted with a S
3100 spectrophotometer (Mapada Instruments Co., Ltd., Shanghai, China).

2.4. Adsorption Experiments

Adsorption experiments were performed in a 100 mL Erlenmeyer flask; the Lig/CS
beads (containing 30 mg adsorbent) were added to 30 mL of the Congo red (CR) solution,
and then the solution was agitated under 150 rpm in an incubator shaker. The pH of the
solution was adjusted with a 0.1 M NaOH and 0.1 M HCl solution. The concentration of
CR in the final solution was determined by using a UV-vis spectroscopy at 497 nm. The
adsorption capacity Q (mg/g) and removal efficiency R (%) was calculated as follows:

(Co ;th)V 1)

Co—CtX
0

Q=

R = 100 ()

where Cy (mg/L) and C; (mg/L) are the initial and final concentrations of CR in the solution,
W (g) is the weight of the Lig/CS beads, and V (L) is the volume of the adsorption solution.
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3. Results
3.1. Synthesis and Characterization of Lig/CS Beads

Chitosan beads and lignin beads can be easily formed in the presence of a glutaralde-
hyde cross-linking agent [29,30]. The synthesis of the Lig/CS beads is schematically
presented in Figure 2, according to the design in Figure 1.

3.1.1. Morphology Analysis

The image of the obtained pure CS beads and 20% Lig/CS beads are shown in Figure 3.
It can be clearly observed that the obtained composites are a spherical shape and show a
uniform size distribution. The obtained pure CS beads exhibit a light yellow colour with
a diameter of about 1 mm while the color changed to yellowish-brown and the diameter
decreased to about 0.6 mm with the introduction of 20% lignin. The morphology of the
obtained composites were millimeter-sized beads, similar to the commercial macroporous
adsorption resin [31], which will benefit from the handling, separating, and recycling in an
industrial application [32,33].

Figure 3. Image of the pure CS beads and 20% Lignin/Chitosan (Lig/CS) beads.

The surface morphology of the pure CS beads and 20% Lig/CS beads are shown in
Figure 4. The obtained adsorbents are spherically shaped, which is different from the
powder-type lignin/chitosan composites [11,25]. The pure CS beads show a smooth surface
(Figure 4a,b) while the 20% Lig/CS beads present a rough surface with many folds. The
introduction of lignin into the chitosan matrix enhances the surface area of the obtained
beads, which will benefit from the adsorption of dyes [27].

Figure 4. SEM images of the pure CS beads (a,b) and 20% Lig/CS beads (c,d) with different resolution.
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3.1.2. Composition Analysis

The FTIR spectra of CS, CS beads, lignin, and 20% Lig/CS beads are shown in Figure 5.
In the spectra of CS, stretching vibrations of the -OH and -NH, groups and intermolecular
hydrogen bonds were confirmed with the broad peak from 3300 to 350 cm~!. The presence
of the stretching vibration (2931 cm~!) and bending vibration (1375 cm~!) of CH3 as well
as the C—N stretching vibration (1650 cm™ 1) of amide reveal the existence of an unremoved
acetyl group. In addition, the peaks at 1157 and 1092 cm~! can be ascribed to the C—OH
bending vibration and C—O—C stretching vibration [29]. Compared to the pure CS, an
obvious change was observed in the FTIR spectra of CS beads. The peak referring to the
C—OH disappeared; a new peak for imines (C=N) at 1690 cm ! formed, and an increased
intensity for methylene (2861 cm~!) was observed, which confirms the cross-linking of CS
with glutaraldehyde [34]. For the spectra of Lig, the wide band centered at 3450 cm ™! is
attributed to aliphatic and phenolic -OH. The peaks at 2972 and 2920 cm ! are ascribed to
the stretch vibration of methyl and methylene; 1610 and 1461 cm ! is the C—C stretching
for the aromatic skeleton, and 1314 and 1161 cm ™! is attributed to the vibration of S=O. For
the 20% Lig/CS beads, all the peaks of CS, Lig, and the characteristic peak of cross-linking
can be observed, demonstrating the successful preparation of Lig/CS beads [29,30].

CS bead

CS

3500 3000 2500 2000 1500 1000
Wavenumber (cm_l)

Figure 5. FTIR spectra of the CS, CS beads, Lig, and 20% Lig/CS beads.

3.1.3. Thermogravimetric Analysis

Thermalgravimetric analysis (TG) curves can describe the trend of materials degrada-
tion with an increase in temperature and reveal the thermal stability of the materials. The
TG curves of CS beads with different Lig content are shown in Figure 6. The pure CS beads
show obvious degradation from 200 °C, higher than that of raw CS [11], revealing that the
chemical cross-linking with glutaraldehyde is a useful approach to enhancing the thermal
stability of the CS. The pure CS beads show two main weight loss stages in the ranges of
200-300 °C and 360430 °C, which is consistent with the results in the literature [13]. With
the increase of lignin content in the Lig/CS beads, the amount of residue increased from
17.2% to 21.5%, 25.7%, and 31.7% at 500 °C, respectively, demonstrating that the thermal
stability of the obtained Lig/CS beads became higher. This can be ascribed to the aromatic
structure in the lignin molecule, which is more stable than the aliphatic chain of CS [11].
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Figure 6. TG spectra of the Lig/CS beads with different lignin content.

3.2. Adsorption and Regeneration Behaviour of Lig/CS Beads

Congo red (CR) is a general commercial dye, which possesses a negative charge
(sulfonate), aromatic ring (biphenyl and naphthyl), and functional group (amino) [20]. As
discussed in the composition analysis (Figure 3), the obtained Lig/CS beads possess easily
protonated amino (CS), an aromatic ring (Lig), and a nitrogen (-NHy)- and oxygen (-OH)-
contained functional group. According to the literature [13-20], the CR can be adsorbed
onto Lig/CS beads through the combination of electrostatic attraction, -7t stacking, and
hydrogen bonding. The obtained Lig/CS beads were used for the adsorption of CR under
different conditions.

3.2.1. Effect of Lignin Content, pH and Temperature

The adsorption capacity of CR by Lig/CS beads with different lignin content is shown
in Figure 7. Obviously, with the introduction of aromatic lignin, the adsorption capacity of
Lig/CS beads was remarkably enhanced with the increasing lignin content. In particular,
the highest adsorption capacity (98 mg/g) was obtained for the Lig/CS beads containing
20% lignin, with a removal rate of 49%. The maximum adsorption capacity of Lig/CS beads
is increased by 78% compared with pure CS beads, which can be ascribed to the strong in-
teractions, such as 7-7t stacking and hydrogen bonding, between the lignin component and
the CR molecules [19,20]. With a further increase in lignin content, the adsorption capacity
decreased, which may be attributed to the hindered and diffused dye molecule that came
from the exceedingly rigid lignin. This is consistent with the results of chitosan/graphene
composite spheres for the efficient adsorption of methyl orange [35]. In order to further
optimize the adsorption process, the following experiments were conducted in detail by
choosing 20% Lig/CS beads as a representative.

Q (mg/g)

204

0 10 20 30 40
Lignin content (%)

Figure 7. Effect of lignin content on the adsorption capacity. (Cp = 200 mg/L, pH =7, T =25 °C,
t=24h).
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The solution pH, which influences the adsorption behavior, is one of the most im-
portant factors. The effect of pH value of the CR solution on the adsorption capacity was
investigated (Figure 8), and the results clearly revealed the pH-dependent adsorption
behaviour of 20% Lig/CS beads toward CR, which demonstrated that the electrostatic at-
traction played an important role in the removal of anionic CR [13]. The highest adsorption
capacity (159 mg/g) was obtained for the Lig/CS beads containing 20% lignin at a pH = 3,
with a removal rate of 79.5%. This can be ascribed to the positive effect of a high H* concen-
tration; the -NHj; and -OH groups on the Lig/CS beads can be easily protonated at a low
pH value, which can promote the adsorption of anionic CR through electrostatic attraction.
Taking the protection of the environment and equipment into account, adsorption at a very
low pH value (<3) was not conducted. With the increase of the pH value, the adsorption
capacity of the beads decreased gradually. This can be assigned to the suppression of
protonation, which is unfavorable to the removal of CR. When the pH value exceeded 7,
the adsorption capacity and removal rate were decreased further. This can be attributed
to the suppression of electrostatic attraction and the competitive adsorption of -OH with
anionic CR towards Lig/CS beads [35].

180

=
£ %1
o

60 -

30

0+

3 4 5 6 7 8
pH

Figure 8. Effect of the initial pH on the adsorption capacity with 20% Lig/CS beads. (Cy =200 mg/L,
T=25°C, t=24h).

Temperature is another significant factor which can reveal whether the adsorption is
exothermic or endothermic [3]. The effect of the solution temperature on the adsorption
capacity is shown in Figure 9. In the temperature range of 15-35 °C, the adsorption capacity
increased gradually. The highest adsorption capacity (173 mg/g) was obtained for the
Lig/CS beads containing 20% lignin at T = 35 °C, with a removal rate of 86.5%. This result
revealed that the adsorption is an endothermic process, which may be attributed to the
increase of the mobility of the CR molecules and the number of active sites of Lig/CS
beads [36]. With a further increase of the solution temperature, the adsorption capacity
decreased, which may be ascribed to the decrease of the intermolecular interaction with
the increase of temperature [37].
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Figure 9. Effect of the temperature on the adsorption capacity with 20% Lig/CS beads. (Cy = 200 mg/L,
pH=3,t=24h).

The thermodynamic parameters, including equilibrium constant K°, change in the
Gibbs free energy (AGY), enthalpy (AH'), and entropy (AS”) and can be calculated by the
following Equations (3)—(5) [20,38,39]:

KO = Qe/ce/ (3)
AG® = —RT x In K? 4)
In K® = —AH/RT + AS%/R (5)

where Q, is the adsorption capacity (mg/g), Ce is the equilibrium concentration, R is the
universal gas constant (8.314 ] /mol-K), and T is the absolute temperature (K). The AH? and
AS? are calculated from the slope and intercept of the linear plot of In K” versus 1/T.

The calculated results are listed in Table 1. As shown in the table, when the temperature
increases from 288 to 308 K, AG? was decreased from —1.31 to —4.61 kJ/mol, indicating that
the high temperature is beneficial for the adsorption, which is consistent with the effect of
temperature on the adsorption [38]. In addition, the negative values of AG? for adsorption
indicated the adsorption was a spontaneous physical process [39]. The AH? and AS°
calculated from the slope and intercept was 8.84 kJ /mol and —0.169 J/mol-K, respectively,
and the positive value of AH? revealed an endothermic nature of adsorption again.

Table 1. Thermodynamic parameters for the adsorption of Congo red (CR) on 20% Lig/CS beads.

Temperature (K) In K° AGY (kJ/mol) AH® (kJ/mol) AS°® (kJ/mol-K)
288 0.53 -1.31 8.84 —0.169
298 1.36 —3.37 - -
308 1.86 —4.61 - -

3.2.2. Effect of Concentration and Time

The effect of the initial concentration (60, 80, 100 mg/g) on the adsorption of CR at
different times is depicted in Figure 10. The adsorption rates are relatively fast for all
investigated concentrations, and the adsorption capacity at equilibrium for different initial
concentrations is 46.50, 61.93, and 75.43 mg/g, respectively. Particularly for the adsorption
at a low initial concentration (60 mg/L), 1.5 h of the contact time is sufficient for the CR
adsorption to reach equilibrium. This can be attributed to a uniform dispersion of bio-based
Lig/CS beads in the CR solution, improving the efficient contact with CR molecules and
facilitating the mass transfer of CR. When the initial concentration increased to 80 and
100 mg/L, the equilibrium times were about 2 h and 2.5 h, respectively, which revealed
that the CR adsorption from the solution is dependent on the initial concentration. After



Materials 2022, 15, 2310

9of 14

the saturation adsorption on the surface, it takes a relatively long time to diffuse into the
internal surface for CR molecules [11,27].

80-
o h—A—h—a
A
A
60 // PREEY S, o S
L
¥
/ »
% ” - ”"7'/‘
g 40-
=4
#— 60 mg/L
20 ® 80 mg/L
4— 100 mg/L
0-

T T T T T

2
Time (h)

Figure 10. Effect of the initial concentration and contact time on the adsorption capacity Q (mg/g)
with 20% Lig/CS beads. (pH =3, T =35 °C).

3.2.3. Adsorption Kinetic

Adsorption kinetic is one of the most important characteristics, which can reveal the
adsorption efficiency and determine the potential application. In order to investigate the
adsorption process and mechanism for CR adsorption onto Ling/CS beads, three kinetic
models were used to evaluate the adsorption kinetic process, including the pseudo-first-
order model, type 1 pseudo-second-order model, and type 2 pseudo-second-order model
(Table 2).

Table 2. The kinetic models used to evaluate the adsorption process [11].

ineti -First- Type 1 Type 2
Kinetics Models Pseudo-First-Order Pseudo-Second-Order Pseudo-Second-Order
i maxKp Ce —
Equations In(ge — ) = Inge —kyt 9= e 7=t (GEa) )
Rate constant k —slope slope? /intercept intercept? /slope
e cal eintercept 1/slope 1/intercept

The fitting curves of the adsorption for the three models are displayed in Figure 11, and
the parameters, including calculated equilibrium adsorption capacities, rate constants, and
correlation coefficients, are calculated from these curves and summarized in Table 3. For
the adsorption capacity at the equilibrium for different initial concentrations, the practical
determined value is very close to the theoretical calculated one for the type 1 pseudo-
second-order model. In addition, the correlation coefficient R? (0.998 to 0.9998) shows that
the type 1 pseudo-second-order model fits the experiment data better than that of the other
two, suggesting that the type 1 pseudo-second-order mechanism is predominant in the
adsorption process, and the chemisorption might have been the rate-limiting step for the
adsorption process. In this mechanism, the CR molecule stuck to the adsorbents tended to
find sites that maximized the coordination number with the surface [13,40].
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Figure 11. Fitting of pseudo-first-order (a), type 1 pseudo-second-order (b), and type 2 pseudo-

second-order (c) kinetic models for the adsorption of CR.

Table 3. Kinetic parameters of three models for Congo red adsorption.

Adsorption Isotherm Models Coefficients 60 mg/L 80 mg/L 100 mg/L
Jecal (Mg/g) 34.9878 34.7092 23.8645
Pseudo-first-order ki (L/g) 0.0141 0.0152 0.0118
R? 0.9666 0.9622 0.9298
Jecal (Mg/g) 52.5486 69.9301 78.8643
Type 1 pseudo-second-order ky (x1073) (g/mg min) 0.6161 0.7519 1.206
R? 0.9982 0.9991 0.9998
Je,cal (MZ/g) 53.2765 69.6378 80.3858
Type 2 pseudo-second-order K3 (g/mg min) 20.5946 8.1166 2.0451
R? 0.9874 0.9917 0.9783

3.2.4. Regeneration Behaviour

The regeneration is another significant factor in evaluating the properties of the
obtained adsorbents; thus, the Lig/CS beads were evaluated by an adsorption/desorption
experiment, and the CR-loaded beads were regenerated with a 20% NaOH aqueous solution
in an incubator shaker [35]. The adsorption activity of the Lig/CS beads after repeated use
was assessed in five successive CR adsorptions, under the identical experimental conditions.
As shown in Figure 12a, the removal rate decreased slightly; there was over a 90% removal
for the CR observed after five cycles. The results demonstrate that no obvious decrease
was observed for the CR removal after regeneration, indicating that the absorbents have
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a good reusability [11,13]. As shown in Figure 12b, no obvious difference was observed
in the FTIR spectra of 20% Lig/CS beads before adsorption and after regeneration, which
demonstrated that the absorbent shows a good stability.

100- (b)

()
- After regeneration \/\/‘Jl\\/
Before adsorption
20
0+
1 2 3 4 5

3500 3000 2500 2000 1500 1000
Cycles Wavenumber (cm~1)

Removal (%)
2

-
=
1

Figure 12. (a) Effect of recycling times on the adsorption capacity Q (mg/g) with 20% Lig/CS beads
(Co=10mg/L, pH =3, T=35"°C, t =4 h); (b) FTIR spectra of 20% Lig/CS beads before adsorption
and after regeneration.

3.2.5. Comparative Analysis of CR Adsorption

To determine the efficiency of the obtained Lig/CS adsorbent for the removal of CR,
the maximum adsorption capacities, removal, regeneration, and morphology of these
adsorbents were compared (Table 4) [11,20,39,41-43]. Although some reported adsorbents
show relatively high adsorption capacities at high initial concentrations, the removal rate
is relatively low, and some adsorbents possess a lower removal rate after regeneration,
making regeneration even harder. In addition, most of the obtained adsorbents are not
bead-type, which is difficult to apply in commercial adsorption columns.

Table 4. Comparison of the CR removal performance with other adsorbents.

Adsorbent (m(;}L) (?n"g/xg) Re:l:/oo)val Regeneration Morphology Ref.
Lignin/Chitosan 200 173 86.5 5>90 " millimeter-sized This work

cycles bead

Chitosan-Ignosulfonate 1000 450 45.0 ND powder [11]

GO/ Chitosan 50 125 84.6 ND pellets [20]

GO/Cellulose/PNIPAAm 800 695 43.4 84.9 hydrogel [38]

PPD-GO 800 893 279 ND powder [41]

Modified Chitosan 696 63 96.6 3100 o hydrogel [42]

cycles
Cellulose-chitosan 4000 1170 58.5 hard foams [43]

4. Conclusions

In summary, different from conventional powder-type, lignin/chitosan-based ab-
sorbents, the millimeter-sized, bead-type lignin/chitosan (Lig/CS) adsorbent was success-
fully synthesized for the removal of Congo red, which will benefit the industrial application.
The introduction of lignin in chitosan can not only enhance the stability of the beads but
also can improve the adsorption capacity through the strong 7-7t stacking interaction be-
tween the lignin component and the CR molecules. The optimum content of lignin is 20%;
a higher content of lignin will hinder the diffusion of CR molecules. A lower pH value
can increase the adsorption capacity, which can be ascribed to the enhanced electrostatic
attraction. The experiments and corresponding calculation revealed that the adsorption of
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CR on Lig/CS beads followed the type 1 pseudo-second-order model. The removal rate for
CR is still above 90% after five cycles, and no obvious structural difference was observed
for the regenerated adsorbents. Therefore, the bio-based lignin/chitosan beads have great
practical potential as an efficient adsorbent for the removal of anionic dyes in industry.

Future work will focus on the selectivity, continuous column adsorption, and scale-up of
this kind of bio-based bead adsorbent.
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