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KEYWORDS Abstract The design of economical adsorbents to remove pollutants from contaminated water is

attracting more attention. In this study, cellulose was successfully extracted from Robinia Pseudoa-
cacia seed fibers and immobilized onto chitosan beads. The prepared spherical beads were then used
for the biosorption of methylene blue dye from aqueous media. Samples were investigated using
several analytical methods, namely FT-IR, XRD, EDX, SEM, and TGA analyses. The adsorption
experiments showed that combining cellulose with chitosan improved the removal of methylene
blue. The maximum uptake amount of methylene blue using cellulose—chitosan composite beads
was 55 mg/g. However, it was about 35 mg/g at 20 °C for chitosan beads. The kinetic data complied
strongly with the pseudo-second order equation, suggesting that the biosorption phenomenon has
predominantly a chemical nature. Overall, the current study has shown a promising technique to
design new adsorbents from abundant natural polymers for eliminating cationic dyes from water.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction proposed (Forgacs et al., 2004; Tinay et al., 1996; Zhang et al.,
2016). The adsorption process has become a common choice for con-

The existence of synthetic dye molecules in industrial wastes has taminants uptake due to its simple use, low cost, and the existence of

attracted environmental concern due to the effects of such pollutants
on both environments and human health. To remove such contami-
nants from wastewaters, many physicochemical methods have been
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various types of adsorbents. The efficiency of the adsorption phe-
nomenon can be influenced by the physicochemical characteristics of
the used adsorbent and its reuse ability (Manish et al., 2018; Hossein
and Amiri, 2018). Hence, there is a continued interest in developing
adsorbents from natural sources. Chitosan biopolymer was obtained
from chitin upon deacetylation in basic conditions (Guo and Wilson,
2012), and it can be functionalized, cross-linked, and used for compos-
ite formation, in the form of beads, fibers, nanomaterials, etc.
(Mahaninia and Wilson, 2015; Kumar et al., 2019; Ltaief and Jabli,
2021; Jabli, 2020).
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Biopolymer-based adsorbents have been widely investigated in the
literature (Baroncini et al., 2016). As examples of related published
investigations, a previous investigation by Sabzevari et al. (2018) on
the design of graphene oxide cross-linked with chitosan displayed high
methylene blue adsorption capacity. Kong and Wilson (2020) reported
the development of composites containing chitosan and pectin in
dimethyl sulfoxide versus water. The prepared materials had a high
adsorption capacity of methylene blue. Guo and Wilson (2012) studied
the crosslinking of chitosan and poly(acrylic acid) through an ionic
gelation process. The prepared copolymers exhibited high methylene
blue adsorption. Mahaninia and Wilson (2015) studied the cross-
linking of chitosan beads with epichlorohydrin and glutaraldehyde at
variable compositions. The cross-linked beads showed effective elimi-
nation of phosphate ions from aqueous suspension. Kumar et al.
(2019) prepared chitosan/poly(vinyl alcohol)/ZnO bio-
nanocomposites films as adsorbents of Acid Blue 1 dye. Recently,
Wang et al. (2022) reported on the preparation of magnetic chitosan
biochar using a chemical coprecipitation technique after filling chi-
tosan with a Schiff base reaction. The resulting composites removed
a high amount of amaranth dye. Schio et al. (2022) studied the devel-
opment of a lignocellulosic Luffa cylindrica material immobilized to
crosslinked chitosan to eliminate Food red 17 dye from an aqueous
medium by changing the adsorption experimental factors.

Robinia Pseudoacacia which is an important plant growing through
the world produces significant quantities of seed fibers. It has valorized
it some special purposes (Lu et al., 2022; Stéphane et al., 2018). How-
ever, the seed fibers have not yet studied. In this study, we extracted
cellulose from Robinia Pseudoacacia seed fibers and immobilized it
onto gelled chitosan beads at variable composition ratios. The pre-
pared spherical beads were used for the biosorption of methylene blue.
The equilibrium adsorption characteristics of the composites using
methylene blue was determined from the variation of the experimental
data of pH, time, concentration of methylene blue, and temperature.
The composites were analyzed using several analytical methods such
as FT-IR, XRD, EDX, SEM, and TGA analyses.

2. Experiments

2.1. Reagents and materials

Robinia Pseudoacacia seed fibers were collected from the
region of Al-Zulfi (KSA) during the month of August. Highly

viscous chitosan (degree of deacetylation = 85%) was pur-
chased from Sigma-Aldrich and employed as received. Methy-
lene blue dye (purity = 82%) was purchased from Sigma-
Aldrich as a powder. Acetic acid, hydrogen peroxide (30%),
NaOH, and HCI were supplied at analytical grade. Distilled
water was employed to prepare the dye solutions.

2.2. Extraction of cellulose from Robinia Pseudoacacia seed
fibers

Cellulose was extracted from Robinia Pseudoacacia seed fibers
with reference to the methods reported in the literature (Gao
et al., 2020; Almutairi et al., 2021) with a slight modification.
The collected fibers were washed with water, in attempt to
eliminate impurities deposed on the surface, and air dried.
To remove the lignin, the fibers were treated in a solution of
NaOH (5 wt%, LR = 1:50 (w/v)) at 80 °C for 2 h. To remove
the remaining lignin and the undesirable color, the resulting
matter was treated in a solution containing acetic acid and
hydrogen peroxide (v/v = 1:1) at a temperature of 90 °C for
2 h. Finally, the obtained product was filtered and blended
with chitosan gel solution at variable composition ratios.

2.3. Fabrication of cellulose—chitosan composites

The powders of chitosan were dissolved in distilled water con-
taining (2% w/v) of acetic acid under continuous magnetic stir-
ring at ambient temperature to ensure complete dissolution.
Then, the extracted cellulose from Robinia Pseudoacacia seed
fibers was added to the chitosan solution at ratios of 5% and
10%, based on the mass of chitosan. The mixture was stirred
for 24 h to evade the creation of air bubbles in the obtained
viscous solution, after which, the resulting solution was
pumped through a nozzle of a micropipette, into an alkaline
solution of NaOH (2 M) to obtain spherical composite
spheres. The same experiment was performed to prepare
unmodified chitosan beads without adding the extracted cellu-
lose. Fig. 1 depicts photographs of the major steps for the
preparation of chitosan-extracted cellulose spherical beads.

Fig. 1

Major steps in the synthesis of extracted cellulose—chitosan composite beads: (a) grinded fibers, (b) fibers treated with NaOH

solution, (c) unbleached cellulose, (d) bleached cellulose in solution, (e) bleached cellulose, (f) chitosan-cellulose mixture, and (g) wet

prepared beads.
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2.4. Characterization methods

FT-IR spectra data were obtained using a Perkin Elmer Spec-
trum Two ATR-FTIR at wavenumbers varying from 4000 to
400 cm~'. The diffractograms of X-ray powder were realized
at room temperature using a PANalytical X’Pert PRO MPD.
The morphological features of the prepared beads were deter-
mined using a Philips Fei Quanta 200 SEM wchich was
equipped with an Energy Dispersive X-ray analysis system.
The thermal properties of the studied materials were deter-
mined by thermogravimetric measurements using a TA Instru-
ments device. The heating rate = 10° C min~' and the
temperature rises from room temperature to 900 °C.

2.5. Adsorption tests

Methylene blue adsorption tests were investigated in batch
mode. A volume of 20 mL of dye solution was mixed with
0.012 g of raw and composite beads. The absorbance of the
solution was assessed using a UV-vis spectrophotometer.
The maximum wavelength of methylene blue was set at
664 nm. The adsorbed methylene blue level was considered
using formula (1):

 (me/g) = (Co—C) x (n

C, and C, are the initial and remaining dye concentrations,
respectively, q, is the adsorption capacity determined at an
instant t, m is the mass of the used adsorbent, and V (g) is
the volume of the used dye (mL).

3. Results and discussion

3.1. Characterization of the prepared samples

FT-IR spectrum of chitosan powders, chitosan beads, chi-
tosan—cellulose (5%), and (d) chitosan-cellulose (10%) are rep-
resented in Fig. 2. FT-IR spectrum of chitosan powder reveals
the presence of absorption peaks at around 891 and
1145 ¢cm™", which are attributed to the saccharide structure.
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Fig. 2 FT-IR spectrum of: (a) chitosan powders, (b) chitosan

beads, (c) chitosan—cellulose (5%), and (d) chitosan—cellulose
(10%).

The bands at 1373 cm ™! and 1543 em™! correspond to the
vibration of C—H, and to the stretching vibration of the amino
groups of chitosan, respectively (Almutairi et al., 2021). The
band at 1651 cm™' is assigned to the NH bending of amide
I. The broad band observed at 3360 cm ™! corresponds to the
stretching vibrations of the hydroxyl and amino groups (Lin
et al., 2012; Anicuta et al., 2010). Comparing the spectrum
of the prepared composites with that of the chitosan powders,
the peak observed at 3360 cm™' shifted to new frequency val-
ues (3321 cm™! for chitosan—cellulose 5% and 3306 cm™' for
chitosan—cellulose 10%). This chemical shifting suggests the
occurrence of the intermolecular interaction between the OH
and NH groups of cellulose and chitosan through the reaction.

Fig. 3 displays the SEM pictures of chitosan powders, chi-
tosan beads, chitosan—cellulose (5%), and chitosan—cellulose
(10%). Compared to the unmodified chitosan beads, the com-
posite chitosan—cellulose beads exhibited a thicker network.
This observation suggests that because of the strong hydrogen
bonding result, chitosan can bind cellulose and form a thick
and strong skeleton during preparation. This could offer the
prepared composites improved chemical and mechanical char-
acteristics over the native cellulose. Additionally, the beads
became relatively rougher compared to the unmodified ones.

Fig. 4 shows the EDX analysis of chitosan powders, chi-
tosan beads, chitosan—cellulose (5%), and chitosan—cellulose
(10%). The results showed that increasing in the cellulose con-
tent of the chitosan biopolymer led to an icrease in carbon con-
tent and a decrease in oxygen content.

Fig. 5 shows the X-ray spectrum of chitosan powders, chi-
tosan beads, chitosan—cellulose (5%), and chitosan—cellulose
(10%). The XRD patterns of the chitosan beads displayed a
broad peak at around 20 = 19.8°, which corresponded to
the crystal plane of (2 2 0) (Khan et al., 2012). This peak
shifted to higher values with the addition of high cellulose con-
tents. It was about 20.2° for the composite chitosan—cellulose
(5%) and 20.5° for chitosan—cellulose (10%). This trend proves
the gain in the interaction between the two biopolymers.

The TGA/DTA curves of chitosan powders, chitosan
beads, chotosan—cellulose (5%), and chitosan—cellulose
(10%) are represented in Fig. 6. It is shown that chitosan pow-
ders decomposed at 320 °C, which was higher than that
observed for chitosan beads (310 °C). This could be explained
by the dissolution of the biopolymer in acid media during
chemical transformation making the prepared beads less ther-
mally stable. The prepared two composites showed two ther-
mal degradation peaks: the primary decomposition proceeds
at 300 °C, and the second one occurs at 360 °C. The improve-
ment of the thermal stability of the prepared materials might
be the result of the interaction between cellulose and chitosan
through hydrogen bonding.

3.2. Application to methylene blue removal

3.2.1. Influence of experimental parameters

To determine the optimum adsorption conditions of methylene
blue, beads at different ratios of cellulose (0%, 5%, 7%, and
10%) were studied as adsorbents. Fig. 7a shows that the addi-
tion of cellulose content to chitosan improved the pollutant
removal capacity. Its maximal value is achieved when the ratio
was of 10% (experimental conditions: T = 20 °C, pH = 6,
time = 90 min, and Cy = 20 mg/L). Further adsorption inves-
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Fig. 3 SEM pictures of: (a) chitosan powders, (b) chitosan beads, (c) chitosan—cellulose (5%), and (d) chitosan—cellulose (10%).
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Fig. 4 EDX analysis of: (a) chitosan powders, (b) chitosan beads, (c) chitosan-cellulose (5%), and (d) chitosan-cellulose (10%).
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tigations consider the ratio 10% at which the optimum adsorp-
tion was reached.

The surface charge of both the adsorbate and adsorbent
can be affected by the pH solution through the deprotonation
and protonation process (Wu et al., 2009). Fig. 7b exhibits the
variation in the pollutant removal amount as a function of pH
using chitosan and chitosan—cellulose composite beads. As
shown, the optimum pH was close to 6 (T = 20 °C,
time = 90 min, C, = 20 mg/L). In fact, in highly acidic pH

900 -
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Chitosan-cellulose 5%
Chitosan-cellulose 10%

Intensity

2 Theta

Fig. 5 XRD patterns of: (a) chitosan powders, (b) chitosan
beads, (c) chitosan—cellulose (5%), and (d) chitosan—cellulose
(10%).
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conditions, the surface of the adsorbent was protonated, lead-
ing to low adsorption amounts of cationic methylene blue.
When the pH increased, the adsorption of methylene blue
was improved due to the occurrence of electrostatic attraction.

Fig. 7c, d displays the influence of time on methylene blue
removal (pH = 6, T = 20 °C). The pollutant removal capacity
increased with time until an equilibrium was reached. After
30 min of reaction, the adsorption occurred quickly, then
increased gradually, and finally reached equilibrium at about
90 min. In fact, at the first stage of the mechanism, a lot of
available adsorption sites were present on the adsorbent sur-
face, which favored the removal of the adsorbate. Neverthe-
less, in the final period of adsorption, the sites became
saturated on the surface of the adsorbent limiting the
adsorption.

Fig. 7e represents the influence of the initial methylene blue
concentration on the biosorption (pH = 6, time = 90 min).
The results indicated that at a low initial dye concentration,
the adsorption increased quickly. This behavior could be
explained by the fact that there were enough non occupied
adsorption sites; thus, the adsorption equilibrium was quickly
reached. However, at high initial dye concentrations, the
adsorption capacity tended to stabilize due to the limited
adsorption sites. As shown, the maximum adsorption amount
of methylene blue for the cellulose—chitosan complex spheres
was 55 mg/g, and it was about 35 mg/g at 20 °C for the chi-
tosan beads. This improvement in color adsorption capacity
could be justified by the addition of more hydroxyl groups
from cellulose. In fact, the presence of considerable hydroxyl
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TGA and DTG plots of: (a) chitosan powder, (b) chitosan spheres, (c) chitosan—cellulose (5%), and (d) chitosan—cellulose (10%).
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groups in the studied two biopolymers led to high adsorbed
amounts of cationic methylene blue molecules. As example,
this adsorption capacity achieved within the prepared compos-
ites is comparable to that obtained using alginate beads mod-
ified with porphyrin zinc complex (52.3 mg/g) (Raoudha et al.,
2022). Fig. 7f, g demonstrates that the pollutant removal
capacity using the present samples was affected by the chang-
ing temperature value (time = 90 min and pH = 6). The
adsorption phenomenon was exothermic suggesting that sev-
eral chemical interactions would be mitigated at large
temperatures.

3.2.2. Modeling of kinetic data

The relationship between the adsorption of methylene blue and
time was assessed using theoretical kinetic models including,
pseudo-first order, Elovich, pseudo-second order, and intra-
particular diffusion models (Figs. 8 and 9).

Table 1 summarizes the values computed from the above
models. The regression coefficient related to the second
order model is larger than the coefficients related to the
other models. It has a value close to one (R? > 0.99). In
addition, the calculated adsorption values were close to
the experimental results. These trends suggest that the bio
sorption data comply well with the second order model sug-
gesting, therefore, that the studied phenomenon is essentially
influenced by the chemical mechanism (Song et al., 2017).
The intercept C related to the intraparticle diffusion model
is positive. This suggests that the studied adsorption is
mainly monitored by both internal and external diffusions
(Zhang et al., 2021).
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3.2.3. Adsorption isotherms

In this study, the variation of the adsorption quantity versus
the methylene blue concentration was investigated using Lang-
muir, Freundlich, and Temkin isotherms (Yao et al., 2010;
Kim et al., 2015; Kim et al., 2004) (Figs. 10 and 11). The com-
puted adsorption parameters are summarized in Table 2. The
high coefficient regression values (R > 0.97) obtained within
the Freundlich isotherm indicate that multilayer adsorption
happened at a heterogeneous interface (Kim et al., 2015).
The favorability of the adsorption mechanism was assessed
through the calculation of the exponent n. An exponent n
between 2 and 10 means good. However, a value in the range
1-2 signifies that the process is moderate. Finally, a value
smaller than one means that the adsorption is poor (Arami
et al., 2005). In this research, the synthesized chitosan—cellu-
lose spheres were moderate biosorbents (n > 1). However,
unfunctionalized chitosan is a poor biosorbent (n < 1).

3.2.4. Calculation of the thermodynamic quantities

The thermodynamic quantities related to the adsorption of
methylene blue onto the studied adsorbents were identified.
The free energy change was determined using the following
equation (Kim et al., 2015; Arami et al., 2005).

AG = —RTLnK, (2)
qe

K4 =2 3

‘T C ®)

where R is the value of the gas constant (8.314 J mol~' K™"),
and T is the value of temperature (K).
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Fig.8 Modeling of the kinetic data using chitosan beads: (a) First order, (b) Second order, (¢) Elovich, and (d) intra-particular diffusion.
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Fig. 9 Modeling of the kinetic data using chitosan—cellulose composite beads (10%): (a) First order, (b) Second order, (c) Elovich, and

(d) intra-particular diffusion.

Table 1 Kinetic parameters for the adsorption of methylene blue onto chitosan and chitosan—cellulose composite beads.
Adsorbents Chitosan beads Composite spheres (10%)

Initial Dye Concentration (mg/L) 20 40 70 20 40 70
First order

e (mg/g) 2.51 4.17 5.25 1.88 5.30 5.40
k; (min~") 0.0048 0.0066 0.00069 0.0053 0.0091 0.0097
R? 0.77 0.77 0.87 0.13 0.42 0.34
Second order

qe (mg/g) 3.125 6.075 7.95 8.75 16.18 18.90
K> (g-mg "min~") 0.027 0.01 0.012 0.0076 0.0035 0.0039
R? 0.99 0.99 0.99 0.99 0.99 0.98
Elovich

o (mg-g~''min~") 0.615 0.769 2.74 1.20 1.82 2.81

B (mg-g '-min~") 1.57 0.735 0.724 0.52 0.277 0.239
R? 0.96 0.94 0.98 0.95 0.96 0.93
Intra-particular diffusion

Kp (mg-g'-min'/?) 0.259 0.512 0.628 0.73 1.36 1.60

@© 0.477 0.614 0.87 0.97 1.33 2.33
R? 0.87 0.87 0.87 0.88 0.90 0.86
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Fig. 10 Modeling of the isotherm data related to chitosan beads through: (a) Langmuir, (b) Freundlich, and (¢) Temkin.
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Fig. 11  Modeling of the isotherm data related to chitosan—cellulose beads through: (a) Langmuir model, (b) Freundlich, and (c) Temkin.
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Table 2 Adjustable parameters inherent to the theoretical models of the adsorption isotherms for the studied adsorbents.

Model Adjustable parameter Adsorbent
Chitosan beads Chitosan—cellulose beads (10%)
20 °C 40 °C 55°C 20 °C 40 °C 55°C
Langmuir qr. (mgg ™) 96.2 163.94 15.95 78.74 80 138.9
K (L-mgh) 0.0024 0.001 0.003 0.009 0.0055 0.0015
R? 0.52 0.15 0.39 0.95 0.68 0.30
Freundlich ng 1.08 0.83 0.69 1.19 1.20 1.01
Kp [(mg g~")-(L mg~H)'/M 0.257 0.055 0.01 0.781 0.56 0.17
R? 0.98 0.98 0.98 0.97 0.97 0.97
Temkin Bt 6.82 5.32 491 11.65 8.87 7.42
At 0.273 2.26 1.833 3.44 5.298 4.557
R? 0.80 0.75 0.75 0.88 0.76 0.75

The parameters AH® and AS°® were determined as follow
(Kim et al., 2015; Arami et al., 2005):

RT + R “)
AS° and AH° values are computed from the intercept and
the slope of the curve of Ln Kd as a function of (1/T)
(Fig. 12), are given in Table 3. The values of AH® were negative
indicating that the adsorption is exothermic. The negative val-
ues of AS® showed a decrease in disorder at the interface
between the adsorbent and the solution, causing a well-
arranged repartition of adsorbate molecules through the avail-
able sites. On the other hand, the values of AG® are positive.
This suggests that the adsorption was thermodynamically
non-spontaneous.

1T
’1 T T T T
-1.20.903 0.0031 0.0032 0.0033 0.0034 0.0p35
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Fig. 12 Variation of Ln Kd against the inverse of T.

Table 3 Thermodynamic factors related to the adsorption of
methylene blue using chitosan and composite beads.

Adsorbents AH°® AS° AG® (KJ/mol)
(KJ/mol) (KJ/mol.
K)

20°C 40°C 55°C
—46.28 491 7.62  6.00
—34.13 520 6.70  4.99

Chitosan beads  —8.60
Composite —4.80
beads (10%)

4. Conclusion

In summary, cellulose was extracted from Robinia Pseudoacacia seed
fibers and immobilized onto chitosan beads at different loading ratio
ranging from 5% to 10%. The chemical composition, morphologies,
crystallinity, and thermal properties were analyzed using FT-IR,
SEM, EDX, XRD, and TGA/DTG analyses. The prepared beads were
used to adsorb methylene blue from water. The adsorption experi-
ments showed that the addition of cellulose to chitosan improved the
removal of methylene blue. The maximum adsorption amount of
methylene blue using cellulose—chitosan complex spheres was 55 mg/
g, and it was about 35 mg/g at 20 °C for chitosan beads. The kinetic
data complied well with the pseudo-second order equation suggesting
that the adsorption phenomenon was mainly affected by chemical
mechanisms. The experimental data followed the Freundlich isotherm
implying that multilayer adsorption occurred at heterogeneous inter-
face. The obtained data also indicated the chitosan—cellulose complex
spheres were moderate adsorbents. On the contrary, chitosan spheres
were poor adsorbents. The calculation of the thermodynamic factors
displayed that the conducted adsorption process was exothermic,
non-spontaneous from a thermodynamic point of view, and character-
ized by a decay in disorder at the interface between the adsorbent and
the solution. Further work will be extended to design other new com-
posites for environmental applications.
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