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Abstract: Acid dye effluents are among the popular threatening sources to the environment and human
health due to their photochemical stability, complexity, and poor biodegradability. Therefore, this study
aims to prepare chitosan/hyperbranched polyester (HBPE)/cobalt composite with ratio (1:1:0.5 wt %,
respectively) using emulsion technique as an adsorbent to deal with the acid dye effluent. Chemical
structure, morphology, particle size analysis, and thermal stability of the prepared composite were
carried out using Fourier transform infrared spectroscopy (FTIR), scanning electron microscope
(SEM),) dynamic light scattering technique (DLS) and thermogravimetric analysis (TGA). Adsorption
isotherms of acid blue 277 dye (AB277), using the different isotherm models (Langmuir, Freundlich,
D-R, and Temkin) under removal conditions at pH 3.0 and contact time of 1 h in 10 mL aqueous medium
at 259C, were investigated. The results illustrated that the chitosan/HBPE/Co composite was
successfully prepared with a particle size of around 679+494 nm relative to chitosan/HBPE (139+67.6
nm). Also, the pseudo-second-order kinetic model fitted better than the pseudo-first-order one for
adsorption of AB277. Batch equilibrium studies showed that chitosan/HBPE/Co composite could be
employed as an efficient adsorbent of AB277 dye with an adsorption capacity of 26.74 mg/g, relative
to that of chitosan/HBPE (3.19 mg/qg).

Keywords: chitosan; hyperbranched polyester; dye effluent; acid blue 227 dye; adsorption kinetics;
Isotherm models.
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1. Introduction

The main objective of this work deals with using carbohydrate polymer (chitosan) as a
support material for the preparation of adsorbents of the toxic materials, where there is no
specific involvement of the chemistry of the carbohydrate polymer hyperbranched polyesters.
It’s important to discover the adsorption isotherms and the kinetics study of newly adsorbents
based on modified chitosan for environmental application. Toxic and hazardous substances,
colors, and pigments are sources of contamination, which is a dangerous problem and is
expected to increase in the years ahead [1-3]. Printing, fiber, paper, electroplating, cosmetics,
pharmaceuticals, and food industries effluents are the primary causes of water pollution. The
technologies for removing dye from aquatic environments have been enhanced, including
chemical, physical, and even biological techniques. Several adsorbent products are used in the
water purification process, such as newspaper waste, thermoplastics, polystyrene waste,
gelatin/chitosan composites, and wool fibers, clays, biopolymers, polysaccharides (modified
chitosan) and activated carbon, etc. [4-37]. Chitosan is a biopolymer obtained from partial or
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complete deacetylation of chitin, a copolymer of N-acetyl-dglucosamine and D-glucosamine
units linked by (1-4) glycosidic bonds, where N-acetyl-D-glucosamine units predominate in
the biopolymer chain [38, 39]. The main advantage of chitosan concerning the preparation of
new derivatives relative to cellulose is the presence of a primary amine group at the pyranosidic
ring position C-2. This amine group makes it possible to prepare different new materials with
new chemical properties, using different synthesis strategies for new applications [40]. One of
these applications is as an adsorbent material for removing heavy metal ions and dyes from
water and wastewater in cationic and/or anionic forms. However, Chitosan is known to be
highly prone to pH changes, as it can either form a gel or dissolve. Therefore, the chemical
modifications of chitosan should always consider the improvement of its properties, such as
solubility and swelling. Previously, the ability of chitosan and chitosan-EGDE (ethylene glycol
diglycidyl ether) beads to extract acid red 37 (AR37) and acid blue 25 (AB25) from an aqueous
solution was examined [41]. Modeling experimental isothermic adsorption data is an essential
way to predict and compare adsorption mechanisms critical to optimizing adsorption pathways,
expressing adsorbent capacities, and effectively designing adsorption systems [42]. Several
isothermic two-parameter models are commonly used to model the adsorption data, such as
Langmuir, Freundlich, D-R, and Temkin [43-46]. This paper used four isotherm models,
namely: Langmuir, Freundlich, Dubinin-Radushkevich (D-R), and Temkin, to compare four
sets of isothermic experimental adsorption results, which were obtained through batch testing
in the laboratory. This study also reports the preparation of chitosan/hyperbranched polyester
(HBPE) composite in the presence of cobalt acetate as an efficient material using the emulsion
technique for environmental remediation. Various analyzes have been used to describe and
investigate such materials as FTIR, SEM, particle size distribution, and TGA. Both products
have been used and measured as possible sorbents for removing AB277 dye from aqueous
solution. It examined the impact of temperature, pH, dye concentration, and contact time on
the adsorption procedure. Also, the adsorption isotherm data for removing AB277 from a novel
adsorption system (chitosan/HBPE/Co) were modeled using a linearized method. The
parameters' predictive accuracy for the various isotherm models was compared and discussed
to establish the most appropriate correlation of the adsorption equilibrium. Modeling results
are expected to provide some theoretical basis for the operational design and practical
application of color removal adsorption systems, which has attracted growing interest in water

protection.
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Figure 1. Chemical structures of (a) chitosan, (b) HBPE, and (c) AB277.
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2. Materials and Methods
2.1. Materials.

Hyperbranched bis-MPA polyester-16-hydroxyl, generation 2 (HBPE-16),>97%, CAS
No: 326794-48-3, Mol Wt: 1749.79 and chitosan low molecular weight, CAS No: 9012-76-4,
Mol Wt: 50,000-190,000 Da (based on viscosity) and 75-85% deacetylated, were supplied by
Sigma-Aldrich, Germany. C.I. Acid blue 277, 98%, obtained from Ciba, Egypt. (The chemical
structures were illustrated in Figure 1). All other chemicals and reagents were used as received.

2.2. Methods.
2.2.1. Preparation of chitosan/HBPE using emulsion technique.

After homogenization with high-speed sonification, emulsion experiments were
performed in tubes. In the presence of cobalt acetate (0.5 mg), chitosan (10 mg) was dissolved
in the aqueous acidic medium. The solution was mixed with HBPE-16 at wt ratio 1:1 in an
aqueous solution with a definite quantity of cetyl trimethyl ammonium bromide (CTAB) in the
ultrasonic process (3 min at 200 W). The same ingredients were prepared without cobalt salt
in another experiment. Separated the resulting materials using a centrifuge, then gathered and
held for further examination [47].

2.2.2. Characterization.

All the prepared materials were characterized using different analytical tools:
Perkin-Elmer Fourier transform infrared spectroscopy (FTIR) under certain condition such as:
scan resolution: 4 cm™, scan rate: 2 mm/sec, number of scan: 32, range: 600- 3800 cm™ and
mode: transmission. The shapes and morphologies of the preparations were examined by
scanning electron microscopy using JEOL-SEM, Japan. The particle size distribution analysis
was recorded at run time: 2 min, temperature: 23°C, solvent: water, concentration: 1 mg/mL,
using Gaussian/Nicomp distribution analysis, particle sizing systems Inc. Santa Barbara,
California, USA. Thermogravimetric analysis (TGA) of the prepared samples was carried out
on Perkin- EImer thermogravimetric analyzer TGA 7. The dry samples were heated from room
temperature to 700°C at 5°C/min.

2.2.3. Batch adsorption experiments.

Adsorption experiments were conducted in a batch method via suspending 0.05 g of the
prepared materials (chitosan/HBPE or chitosan/HBPE/Co) was mixed with 10 mL of AB277
dye solution (46.59 mg/L) at pH 3 in an Erlenmeyer flask. The mixture was equilibrated on a
water shaker thermostat for 1 h at 60 rpm and 25+0.2°C. The adsorption of AB277 onto
chitosan/HBPE or chitosan/HBPE/Co was studied at initial dye concentrations (46.59-207.39
mg/L) and temperature range (40 and 60+0.2°C). The samples were separated using
(Centrifuge-Sigma). The adsorbate's residual concentrations were measured by recording the
absorbance of the supernatant at Amax 630 nm using a UV/Vis Spectrometer Shimadzu, Japan.
The adsorption isotherms and kinetics were analyzed by determining the adsorption capacities
at various time intervals. The adsorption capacity (ge), was calculated by Eq. (1):

Qe = (Co-Ce) VIMm Q)
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Where Co and Ce are representatives of the initial and equilibrium concentrations, AB277 was
used. Moreover, V is the volume (mL) of MG solution, and m is the mass (g) of the
chitosan/HBPE or chitosan/HBPE/Co. All the mean values have been reported.

2.2.3.1. Sorption isotherms of AB 277.

The AB 277 dye filtrates were analyzed and fitted into the following adsorption
isotherms [48]: Langmuir, Freundlich, Dubinin-Raduskevich (D-R) and Temkin

2.2.3.2. Kinetic studies.

Adsorption kinetics models can be used to simulate the uptake of AB 277 by adsorbents.

To investigate the adsorption Kinetics of AB 277 onto the adsorbents, two well-known Kkinetic
models, i.e., the pseudo-first-order and the pseudo-second-order models, are implemented [49].
The rate constants of AB277 adsorption are determined from the following Equations:

log (Qe-Qt) = log Qe — (K1/2.303) t (2)

t/Qt = [1/K2 (Qe)?] + (1/Qe) t 3)
Where, Qe and Q: are the amounts of AB 277 adsorbed (mol/g) at equilibrium and after contact
time t (min) of adsorption, respectively. K1 and K2 are the pseudo-first and pseudo-second-
order rate constants, respectively.

3. Results and Discussion

3.1. Characterization of the prepared composites.

Figure 2 shows FTIR spectra of the prepared composites (chitosan/HBPE/Co and
chitosan/HBPE) in comparison with chitosan. The main bands appearing in the spectrum of
chitosan were due to axial stretching vibration of O-H superimposed on the N-H stretching
band and the interhydrogen bonds of the polysaccharide in the range 3700-3400 cm™ and the
C-H bond in the -CH2 2840 cm™*and —CH3 2903 cm™ groups. The other bands observed in the
vibration spectrum of chitosan were —C=0 stretching of the amide group coupled with N-H
bending 1604-1592 cm®, C-N stretching coupled with N-H plane deformation 1402 cm™, C-
O-C bridge stretching vibration 1074 cm™ and the specific bands of the B-(1-4) glycoside
bridge 1133 and 819 cm™. It was anticipated that coordination of the nitrogen center with the
metal ion (Co) would reduce the electron density in the amino group and shifts the frequencies
of N-H stretching and plane bending to lower wavenumbers, indicating successful coordination
of this amino nitrogen with the metal center [50, 51].
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Figure 2. FTIR spectra of (a) Chitosan, (b) Chitosan/HBPE, and (c) Chitosan/HBPE/Co.
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Figure 3 presents the SEM-micrographs of the prepared composites. Co metals (shiny
white form) had agglomerated, as can be seen, on the surface and inside the chitosan/HBPE
composite structure. The composite surface of chitosan/HBPE, though, had a broad porosity
structure. Then again, on account of chitosan/HBPE/Co and chitosan/HBPE composites, the
molecule size conveyance investigation utilizing the DLS system indicated breadths of about
6791494 and 139x£67.6 nm, separately. It tends to be inferred that the normal width size within
sight of Co metal particles was bigger because of SEM, which could be because of fractional
agglomeration and expansion in water. Those outcomes demonstrated a decent interchange
between the network of chitosan and HBPE. The chitosan-progress metal mixes' warm
properties were beforehand studied by TGA under nitrogen air [52]. All in all, it has been
discovered that the coordination of a metal particle with the useful gathering of the chitosan
moiety causes warm flimsiness and influences warm corruption.

Chitosan/HBPE/CO

Figure 3. SEM-micrographs of the prepared materials at magnification 50 pm.

TGA previously studied the thermal properties of the chitosan-transition metal
compounds under a nitrogen atmosphere. In general, it has been found that the coordination of
a metal ion with the functional group of the chitosan moiety causes thermal instability and
affects thermal degradation. Figure 4 shows TGA diagrams of the prepared chitosan/HBPE/Co
relative to the free HBPE and chitosan. The characteristic temperatures and the corresponding
mass losses (%) in the prepared composites' main degradation stages are listed in Table 1. It
can be noticed that the first peak appeared at 25-128°C explained as resulting from the
evaporation of water. The second peak corresponding to the main degradation of chitosan
occurred in the temperature range 128-477°C with weight loss (%) about 89.8 % compared to
that of the free chitosan HBPE (52 and 49.8 %, respectively). These results indicated the
conformation change in chitosan resulted from the mixing of Co metal ions and HBPE and
affected the formation of the new phase of the composite, which partly decreased the bond
energies of the glycosidic linkages in chitosan, consequently leading to its thermal instability.
In other words, the Co metal composite had lower thermal stability than that of chitosan and
HBPE. This conclusion is in close agreement with the previous studies [53, 54].

Table 1. TGA data of the prepared composites at different temperatures.

Sample Wit loss (%) at different temperatures (°C)
25-128 128-477 > 477
Chitosan 12.2 52 35.8
HBPE 2.8 49.8 47.4
Chitosan/HBPE/Co 66.2 23.6 10.2
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Figure 4. TGA diagrams of chitosan/HBPE/Co composite (c) relative to the free (a) chitosan and (b) HBPE.
3.2. Adsorption studies

3.2.1. Effect of initial dye concentration.

Figure 5a shows the effect of the different concentrations of AB277 dye on the adsorbed
percentage of the dye using both chitosan/HBPE/Co and chitosan/HBPE composites at pH 3.0
for a constant time of 1 hour and shaking rate of 400 rpm. The results demonstrated that the
rise in dye concentration from 46.59 mg/L to 207.39 mg/L resulted in an increment in dye
adsorbed onto chitosan/HBPE chitosan/HBPE/Co composites from 32.1 to 61.3 % and from
85.6 to 94.7 %, respectively. In addition, the adsorption efficiency of chitosan/HBPE/Co
composite was higher than that of chitosan/HBPE composite.

3.2.2. Effect of contact time.

Figure 5b shows the effect of contact time on the adsorbed percentage of AB277 dye
using both chitosan/HBPE/Co and chitosan/HBPE composites at pH 3.0, an initial dye
concentration of about 46.59 mg/L, and 400 rpm. Shaking rate. The effect of dye sorption
contact time on the prepared composites was studied for a duration of 15-90 min. With time
the percentage of dye sorption gradually decreased from 15 to 90 min. The dye demonstrated
rapid adsorption throughout the first 60 min until it reached equilibrium and decreased slowly
over time. The quantity of dye removal was greater at the outset because the adsorbent’s larger
surface area was accessible for the dye’s adsorption [55].

3.2.3. Effect of temperature.

Figure 5¢ shows the effect of temperature on the adsorbed percentage of AB277 dye
using both chitosan/HBPE/Co and chitosan/HBPE composites at pH 3.0, an initial dye
concentration of about 46.59 mg/L, constant time of 1 h, and shaking rate of 400 rpm.. The
result shows that an increase in the temperature, from 25 to 60°C, increased the adsorbed
percentage, which refers to the nature of endothermic adsorption.

3.2.4. Effect of sorbent dosage.

Figure 5d shows the effect of sorbent dosage on the adsorbed percentage of AB277 dye
using both chitosan/HBPE/Co and chitosan/HBPE composites at pH 3.0, an initial dye
concentration of about 46.59 mg/L, constant time 1 h, and shaking rate 400 rpm. The adsorbed
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percentage was increased considerably with an increase in the sorbent dosage from 0.03 t0 0.12
g. It can conclude that increasing the adsorbent dose at a fixed concentration of AB277 dye
provided more adsorption sites available for AB277 dye, thus increasing the dye uptake.
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Figure 5. Effect of (a) AB277 dye concentration, (b) time, (c) temperature, and (d) sorbent dosage of the
prepared composites at pH 3.0, constant dye concentration 46.59 mg/L, and shaking rate 400 rpm.

3.3. Adsorption isotherm models evaluation.

Isothermic adsorption is necessary to describe the adsorbent-adsorbent interaction.
There are numerous models of isotherms used to examine experimental statistics. For this, the
isothermic models Langmuir, Freundlich, D-R, and Temkin are examined to match AB277
dye adsorption experimental statistics on chitosan/HBPE/Co and chitosan/HBPE composites
[56]. The adsorption isotherms of the prepared composites using different models at an initial
dye concentration of 46.59 mg/L. Every model’s distinctive isotherm parameters were
developed and described in Tables 2 and 3. The linear regression coefficient R? (0.9682)
obtained from the Langmuir isotherm model is the largest, meaning that the Langmuir isotherm
suits very well under the concentration range studied because the active adsorption sites are
distributed homogeneously on the chitosan/HBPE/Co. A similar isotherm was obtained in the
previous studies [57-59]. The extreme monolayer adsorption capacity (Qmax) of the AB277
onto the prepared composites using the Langmuir isotherm model was assessed as 26.74 and
3.19 mg/g. The reciprocal strength factor (n) had values of 1.79 and 2.63 at 25°C for
chitosan/HBPE/Co and chitosan/HBPE composites, respectively. Besides, RL values within the
range 0 < R.< 1 indicate favorable adsorption and acceptability of the process [60]. Moreover,
chitosan/HBPE/Co had a high R. value (0.49x10° mg/L) relative to that in the case of
chitosan/HBPE composite (4.7x10° mg/L). Therefore, using chitosan/HBPE/Co composite
for AB277 adsorption was more favorable. In addition, the Kr rate has been improved, which
represents an exothermic adsorption procedure in nature. The E value significance provides
evidence of the adsorption process. If the value of E < 8 kJ/mol is the process controlled by
physisorption and in the 8-20 kJ/mol range, the ion-exchange system adsorption is
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administered. In other words, the values of E for the present systems were found to be 3.51 and
1.67 kJ/mol for chitosan/HBPE/Co and chitosan/HBPE composites, respectively, which
specifies that the physisorption mechanism governs the adsorption of AB277 dye to these
adsorbents according to the previous data reported by Fan et al. [61]. It is also important to
compare the value of Qmax obtained from this work with values from other reported modified
chitosan and metal-composite adsorbents, as shown in Table 4. The electrostatic interactions
are probably needed only to transfer the dye ions to the cationic polymer chitosan's nearest
environment. Later, even their mechanical incorporation into composite accompanied by Co-
binding dispersion forces seems to be a good reason for dye particles to be attached (Scheme
1).

Table 2. Isotherm constants of AB277 dye adsorption onto chitosan/HBPE/Co composite (under conditions: Co:
46.59 mg/L, pH 3.0, V: 10 mL and contact time: 1 h, at 25°C).

Isotherm model Constants (mg/g) R?
Langmuir Qmax RL (mg/L)
26.74 0.49x10°3 0.9682

Freundlich Kr n

1.53 1.79 0.9326
D-R Qs Kad (Mol?/KJ?)

16.67 0.407 0.9652
Temkin B (J/mol)  br Ar

(L/9)
5.31 3525 3.72 0.8483

Table 3. Isotherm constants of AB277 dye adsorption onto chitosan/HBPE composite (under conditions: Co:
46.59 mg/L, pH 3.0, V: 10 mL and contact time: 1 h, at 25°C).

Isotherm model Constants R2
(mglg)
Langmuir Qmax RL (mg/L)
3.19 4.7%x10°3 0.8549
Freundlich Kr n
0.36 2.63 0.6853
D-R Qs Kad (Mol?/KJ?)
2.55 0.179 0.7885
Temkin B (J/mol) bt At
(L/g) 0.6128
0.724 2066 5.2

Table 4. Comparison of adsorption capacities of dyes on various adsorbents.

Used Materials Q Types of dye | Ref
(mg.g™)
Chitosan/HBPE/Co 26.74 Acid blue 277 | Present work
Chitosan/HBPE 3.19 Acid blue 277 | Present work
Chitosan 4.66 Acid blue 158 | [63]
Chitosan-NaOH 12.3 Direct blue 78 | [64]
Cu-TiO2 composites 22.23 Acid blue 80 [65]
Chitosan/Co HO_ OH o~ ©
5 £ O/,(\.. ~ O‘/rg . &
P%VM“?@\}%/O«@ L on g 'S‘E'
' " b HBPE Chitosan/HBPE/Co

. Adsorption .2 ¢ chigias | =

Acid Blue 277

Scheme 1. Schematic diagram outlining the multi-step interaction of AB277 dye with the prepared composite.
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The compatibility and adaptation of HBPE macromolecular chains and the dye in such
processes are significant. Based on the above considerations, AB277 dye binding by a cationic
flocculant in the presence of various anionic substances is a multi-step process [62].

3.4. Adsorption kinetics.

The pseudo-first-order and pseudo-second-order kinetic models were applied to
understand the mechanism of the adsorption process. Fig 6 shows the kinetics of AB277
adsorption onto the prepared materials (under conditions: initial dye concentration: 46.59
mg/L, pH 3.0, V: 10 mL, and contact time: 1 h, at 25°C).

Table 5. Kinetic parameters for the adsorption of AB277 dye onto the prepared composites (under conditions:
Co: 46.59 mg/L, pH 3.0, V: 10 mL, and contact time: 1 h, at 25°C).

Composite Pseudo-first-order kinetic Pseudo-second-order Kinetic
K1 Qecal R? K2 Qecal R?
Chitosan/HBPE/Co 0.016 1.15 0.9413 0.017 7.12 0.9971
Chitosan/HBPE 0.004 0.872 0.0764 0.005 0.73 0.4472
16 02 -
14 - y=-0.007x +0.1384
y=0.1389x + 1.1546 011 ¢ R?=0.9413
12 R?=0.9971 0 N | . ‘ .
10 a0 00 40 60 80 100
g8y g0t
6 - §-02-
. Chitosan/HBPE/C §031
2 flosan ° 04.  Chitosan/HBPE/Co
0 , i i i i i ‘ _ +
0 20 40 60 8 100 057 Time (min)
Time (min) 06 4
450 02
400 +  y=_13772x + 349.45 0.15 - Y.
350 1 R*=0.4472 0.1 - y = 0.0018x - 0.1379
300 - 0.05 R2 = 0.0764
250 + + 3 * g o
=200 ] 0 5! 100
150 - - — § -0.05 /
100 * mhfosa - ot + Chitosan/HBPE
50 | -0.15 - +
0 v , -0.2 +
0 50 100 o6 +
Time (min) ’ Time (min)

Figure 6. Kinetics of AB277 dye adsorption onto the prepared materials (under condition: Co: 46.59 mg/L, pH
3.0, V: 10 mL and contact time: 1 h, at 25°C).

In Table 5, the necessary parameters and coefficients of correlation (R?) acquired from
the two kinetic models are given. It can be noted that the pseudo-second-order model R? value
is greater than that of the pseudo-first-order model and very similar to unity (0.9431 and 0.9971,
respectively), indicating the pseudo-second-order model follows the kinetics of AB277
adsorption. The data were added to the intraparticle diffusion model by Weber and Morris [66]
to describe the steps that happened during the adsorption process. The Q: versus plot (t°°) gives
two straight intersected segments that do not pass through the origin. These two intersecting
segments suggest that adsorption occurs in two steps, with a bulk diffusion followed by
intraparticle diffusion, as shown in Figure 7. The divergence from the point of origin suggests
that intraparticle diffusion was not the only rate-control stage suggesting several processes
regulated the process of dye adsorption [67]. It can therefore be inferred that both the pseudo-
second-order and the diffusion of intraparticle took place simultaneously.
https://biointerfaceresearch.com/ 11661
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Figure 7. Adsorption of AB277 dye at a different time onto the prepared materials (under the condition: C:
46.59 mg/L, pH 3.0, and V: 10 mL at 25°C).

4. Conclusions

This paper reviewed the promising chitosan/HBPE/Co composite's efficiency, prepared
by an emulsion strategy for the adsorption of AB277 acid dye from an aqueous medium. The
adsorption capacity of AB277 dye was investigated using the different isotherm models
(Langmuir, Freundlich, D-R, and Temkin). FTIR, SEM, and TGA revealed that Co metal
particles are joined in situ on the chitosan/HBPE composite. In addition, the adsorption study
demonstrated that the joined of Co metal ions to chitosan/HBPE composite enhanced the
adsorbent capacity of AB277 dye. Langmuir isotherm model showed the best conformity
compared to the other models. The experimental kinetic data agreed very well to the pseudo-
second-order kinetic model.
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