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Abstract

The present work targets to develop the cross-linked chitosan composite with different TiO, phases (Degussa/Anatase)
to attain two adsorbents namely cross-linked chitosan-epichlorohydrin/TiO,-Degussa (CS-ECH/TiO,-D) and cross-linked
chitosan-epichlorohydrin/TiO,-Anatase (CS-ECH/TiO,-A). The physicochemical characteristics including crystalline nature,
specific surface area, functional groups, surface morphology, and thermal stability of the prepared composites were identified
by X-ray diffraction (XRD), Brunauer—-Emmett-Teller (BET), Fourier transform infrared (FTIR), scanning electron micro-
scope (SEM), and thermogravimetric and derivative thermogravimetric analyses (TGA-DTG), respectively. Response surface
methodology combined with Box—Behnken design (RSM-BBD) was used to explore multivariate modeling and optimization
of reactive red 4 (RR4) dye removal on CS-ECH/TiO,-D and CS-ECH/TiO,-A based on the related factors including A:
adsorbent dose (0.5-1.5 g/100 mL), B: pH (4-10), and C: time (30-90 min). RR4 dye removal was 94.6 and 87.5% for CS-
ECH/Ti0,-D and CS-ECH/TiO,-A, respectively. The adsorption of RR4 molecules on the surface of CS-ECH/TiO,-(D/A)
was constructed by many interactions e.g. electrostatic forces, n—n stacking, and H-bonding. The findings revealed that the
biomaterials developed could be viable and convenient potential adsorbents for capturing azo dyes from polluted effluents.

Keywords Chitosan - TiO, - Box-Behnken design - Reactive red 4 dye - Adsorption mechanism

Introduction
P4 Ali H. Jawad

ali288 @uitm.edu.my; ahjm72 @gmail.com X L.
v £ The enormous manufacturing activity and urban develop-

Department of Medical Instrumentation Engineering,
Al-Mansour University College, Baghdad, Iraq

College of Engineering, University of Warith Al-Anbiyaa,
Karbala, Iraq

Faculty of Applied Sciences, Universiti Teknologi MARA,
40450 Shah Alam, Selangor, Malaysia

Environmental System Laboratory, Department of Civil
Engineering, Kyung Hee University-Global Campus,
1732 Deogyeong-daero, Giheung-Gu, Yonggin-Si,
GyeonggiDo 16705, Republic of Korea

Chemistry Department, College of Science, King Saud
University, Riyadh 11451, Saudi Arabia

UniSQ’s Advanced Data Analytics Research Group,
School of Mathematics Physics and Computing, University
of Southern Queensland, Toowoomba, QLD 4300, Australia

New Era and Development in Civil Engineering Research
Group, Scientific Research Center, Al-Ayen University,
Thi-Qar, Nasiriyah 64001, Iraq

@ Springer

ment have significantly increased the wastewaters polluted
with textile dyes, heavy metals, and medicines, resulting
in vast volumes of contaminated water [1]. One of the
anionic and reactive azo dyes (containing one or more azo
(-N=N-) groups with aromatic rings and sulfonate groups)
used in the printing, textile, and dyeing of cellulose fibers
industries is Reactive Red 4 (RR4) dye, also recognized
as Cibracron Brilliant Red (CBR) dye [2]. Azo dyes are
hazardous to living beings, especially aquatic life, and can
even cause mutations [2]. The release of untreated efflu-
ents containing azo dyes into water bodies poses a serious
threat to freshwater ecosystems and people due to its car-
cinogenic potential, non-biodegradability, and toxic effects
[3]. Because of the serious consequences of increasing
contamination of water with textile dyes, it is critical to
remediate polluted water before it is released into rivers
and streams. Various technologies for removing reactive


http://crossmark.crossref.org/dialog/?doi=10.1007/s10924-022-02568-1&domain=pdf

Journal of Polymers and the Environment (2022) 30:5084-5099

5085

dyes from wastewaters have been extensively researched,
comprising membrane nanofiltration [4], electrochemical
oxidation [5], microbiological decolorization [6], photo-
catalytic degradation [7], and adsorption [8]. Adsorption
is one of the most common and widely used procedures for
the remediation of organic pollutants due to its efficiency,
simplicity of design, environmentally friendly nature, flex-
ibility, economic feasibility, and superior selectivity [9].

Chitosan (CS) is a linear natural polymer composed of
2-amino-2-deoxy-D-glucopyranose units produced from
the chitin existent in the exoskeleton of crustaceans like
shrimps and crabs [10]. CS has a number of distinct char-
acteristics including biodegradability, chemical reactivity,
natural abundance, adsorption capacity, nontoxicity, anti-
bacterial activity, and biocompatibility [11]. The structure
of CS is distinguished by the existence of active adsorption
sites (amino and hydroxyl groups), making it a preferable
adsorbent in wastewater remediation methods [12, 13].
Recently, CS composites have been widely researched as
an effective adsorbent for the removal of toxic industrial
dyes like methyl orange [14], amido black 10B and meth-
ylene blue [15], acid blue-113 and rhodamine B [16], bril-
liant green [17], eriochrome black T [18], and amaranth
dyes [19].

However, CS has drawbacks in its application as an
adsorbent in adsorption strategies, such as low mechanical
characteristics, pH-dependence (solubilized or gelatinous
form in acidic media), and limited surface area [20]. Sev-
eral approaches including crosslinking [21], composition
[22], and grafting [23] have been proposed to address these
restrictions and strengthen the physicochemical character-
istics of the CS. Typically, crosslinking techniques are com-
monly employed to strengthen the chemical stability of CS
as an adsorbent in acidic environments and lowering hydro-
phobicity [24]. Cross-linked CS has been typically prepared
using a variety of cross-linker chemicals, including glyoxal,
glutaraldehyde, benzil, and ethylene glycol diglycidyl ether
(EGDE). The —-NH, groups in the CS backbone are blocked
by these cross-linker agents, which is their main drawback.
Epichlorohydrin (ECH) works well as a mono-functional
cross-linking agent since it won’t react to amino groups
in CS biopolymer, which serve as active adsorption sites
for acidic dyes, while ECH binds covalently with hydroxyl
groups of CS [25].

The composition of metal oxides such as titanium diox-
ide (TiO,) and magnesium oxide (MgO) with the polymeric
network of CS has been widely implemented for increas-
ing the physiochemical characteristics of CS i.e. adsorption
capacity, mechanical performance, porosity, and surface
area [26, 27]. TiO, possesses numerous desirable charac-
teristics, including large surface area, chemical resistance in
acidic and basic solutions conditions, insolubility in water,
and environmental friendliness [28]. Currently, CS-TiO,

biomaterials are extensively and successfully used in a vari-
ety of applications such as food packaging [29], wastewater
treatment [30], biosensors [31], and antibacterial [32].

Titanium dioxide exists in different phases and particle
sizes, which affect the surface area property and porosity.
Thus, the aim of this study is to investigate the role of dif-
ferent TiO, phases (Degussa/Anatase) on the adsorptive
behavior of the cross-linked chitosan composite for removal
of reactive red 4 dye (RR4). To achieve this aim, two new
composite adsorbents namely cross-linked chitosan-epichlo-
rohydrin/TiO,-Degussa (CS-ECH/TiO,-D) and cross-linked
chitosan-epichlorohydrin/TiO,-Anatase (CS-ECH/TiO,-A)
were prepared and their adsorptive behavior towards RR4
removal was compared. Furthermore, response surface
methodology (RSM) integrated with Box—Behnken design
(BBD) was appointed for modeling and optimization of the
RR4 dye removal by CS-ECH/Ti0,-D and CS-ECH/TiO,-
A in the light of input factors involving adsorbent dosage,
initial pH, and time. A realistic mechanism has been pro-
posed for RR4 dye adsorption on the CS-ECH/TiO,-(D/A)
surfaces.

Materials and Methods
Materials

Chitosan (CS) flakes (75% deacetylation), epichlorohy-
drin (=98% [w/v]), TiO, Degussa P-25 (nanoparticle
size=21 nm), and TiO, Anatase (particle size <150 pum)
were supplied by Sigma-Aldrich. The RR4 dye (chemi-
cal formula: C;,H,;CINgNa,0,,S,; M.W =995.23 g/mol;
Amax =517 nm, Sigma-Aldrich) stock solution (1000 mg/L)
was prepared and diluted as needed for adsorption tests.
R&M Chemicals provided chemical compounds like sodium
hydroxide (NaOH) pellets, hydrochloric acid (HCI), and
sodium chloride (NaCl) powder. The RR4 dye solutions
and adsorption experiments were generated with deionized
water.

Preparation of CS-ECH/TiO,-(D/A)

A beaker containing 50 mL of acetic acid solution (5% v/v)
was loaded with 1 g of CS fakes and 1 g of TiO,-(D/A)
and gently stirred for 24 h at room temperature. A syringe
needle (10 mL) was used to inject the resulting solution into
1000 mL of sodium hydroxide (0.5 M), and CS-TiO,-(D/A)
beads were immediately generated. To eliminate the NaOH
residue, distilled water was used to wash the CS-TiO,-
(D/A) beads. The CS-TiO,-(D/A) beads were subjected to
the crosslinking reaction stage by adding 2% ECH (90 mL)
and agitating in a water bath for 2 h at 40 °C. The CS-ECH/
TiO,-(D/A) beads were then washed, dried in an oven for
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an entire night at 80 °C, ground to consistent particle size
(about 250 um), and stored in a closed container for subse-
quent use.

Characterization

The Brunauer Emmet Teller (BET) technique (Micromerit-
ics ASAP 2060) was conducted to determine the surface
parameters (e.g., specific surface area and pore volume) of
the biomaterials including CS-ECH/TiO,-D and CS-ECH/
TiO,-A using N, adsorption—desorption isotherms at tem-
perature 77 K. A scanning electron microscope (SEM, Zeiss
Supra 40 VP) was used to characterize the morphological
features of CS-ECH/TiO,-D and CS-ECH/TiO,-A before
and after RR4 dye adsorption. A gold-coating apparatus was
used to coat the samples with gold after mounting them on
stubs, and the SEM analysis was carried out at 15.0 keV to
obtain high-resolution SEM images. A PANalytical X Pert
PRO diffractometer was used to acquire X-ray diffraction
(XRD, Cu Ka radiation (A=1.54 A), 40 kV, 20 mA) with
patterns of CS-ECH/TiO,-D and CS-ECH/TiO,-A across the
2-theta (5° to 90°) range. At wavenumbers range between
4000 and 450 cm™!, Fourier transform infrared (FTIR, Per-
kin-Elmer, Spectrum RX I) spectroscopy was used to define
the primary functional groups of the CS-ECH/Ti0O,-D and
CS-ECH/TiO,-A before and after RR4 dye adsorption. KBr
pellets were used to prepare the samples for FTIR analy-
sis. Thermal Analyzer (NETZSCH STA 449 F5 Jupiter®)
was utilized to obtain the thermogravimetric and derivative
thermogravimetric (TGA-DTG) curves of CS-ECH/TiO,-D
and CS-ECH/TiO,-A. Thermograms were obtained within
the range of 30 °C/(10.0 K/min)/1200 °C under N, atmos-
phere. A zero point of charge (pH,,.) procedure was used to
specify the charge on the CS-ECH/TiO,-D and CS-ECH/
TiO,-A surfaces [33].

Statistical Optimization Methodology

RSM-BBD was utilized to optimize and analyze the three
variables (adsorbent dose, pH, and time) which possess the
greatest impact on RR4 dye adsorption by CS-ECH/TiO,-
D and CS-ECH/TiO,-A. The Design Expert (version 13,
Stat-Ease, Minneapolis, USA) software was used to design
removal tests and statistically assess the results. Table 1
depicts the ranges of the investigated inputs along with their
codes. The limits of each of the variables tested in the exper-
imental design were defined as per premonitory tests. Based
on this, a second quadratic expression was used to find out
the correlation between the specified inputs and the yields
labeled RR4 removal by CS-ECH/TiO,-D and RR4 removal

@ Springer

Table 1 Codes and actual variables and their levels in BBD

Codes Variables Level 1 (—1) Level 2 (0) Level 3 (+1)

A Adsorbent dose (g) 0.5 1 1.5
B pH 4 7 10
C Time (min) 30 60 90

by CS-ECH/TiO,-A. Equation 1 contains the mathematical
formula for the 2nd quadratic polynomial model.

Y =f,+ Z BX; + Z ﬂiiXiz + 2 2 PiX.X; o))

where Y denotes the predicted outputs; X; and X; denote
independent removal factors. The intercept, straight, quad-
ratic influence, and association affect regression coefficients
are denoted by f, f;, f;, and f;, respectively. Hence, sev-
enteen tests derived from the BBD model were performed
to illustrate and evaluate the effect of various input factors
[A: adsorbent dose (0.5-1.5 g), B: pH (4-10), and C: time
(30-90 min)] on the removal of RR4 dye. Table 2 illustrates
the limits of the investigated factors as well as the corre-
sponding measured responses (RR4 removal by CS-ECH/
TiO,-D and RR4 removal by CS-ECH/TiO,-A). The RR4
dye removal tests started with pouring a specific mass of
adsorbent into a set of 250 mL Erlenmeyer flasks having
100 mL of RR4 dye solution. The mixtures were incubated
in a shaking water bath (WNB7-45, Memmert) and agitated
at a regular rate of 80 r.p.m for a specific period of time. The
mixtures were then purified via a syringe filter (0.45 pm)
to produce adsorbent-free solutions. The residual concen-
tration in RR4 dye solutions was spectrophotometrically
measured at A, 517 nm using UV-Vis (HACH DR 2800).
The removal efficiency (R, %) of RR4 dye was computed by
applying the following formula (2):

(Co B Ce)

C

o

R% = x 100 (2)

where in C, and C, are the starting and equilibrium concen-
trations (mg/L) of adsorbate (RR4 dye).

Results and Discussion

Characterization of the Prepared Composites

Specific Surface Area Analysis

Textural characteristics i.e. specific surface area, total
pore volume, and mean pore diameter of CS-ECH/TiO,-

D and CS-ECH/TiO,-A are tabulated in Table 3. As
shown in Table 3, the specific surface area of CS-ECH/
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Tabk'? 2 The 3—v2}riables BBD Run A: Adsorbent B: pH C: Time (min) RR4 removal (%) by RR4 removal
matrix and experimental dose (2) CS-ECH/TiO,-D (%) by CS-ECH/
data for RR4 removal (%) by TiO,-A
CS-ECH/TiO,-D and RR4
removal (%) by CS-ECH/ 1 0.5 4 60 50.9 343
TiO-A 2 15 4 60 94.6 87.5

3 0.5 10 60 36.2 24.3

4 1.5 10 60 68.8 49.9

5 0.5 7 30 39.6 24.6

6 1.5 7 30 65.9 52.6

7 0.5 7 90 49.2 37.8

8 1.5 7 90 87.6 82.1

9 1 4 30 62.3 51.3

10 1 10 30 41.7 20.3

11 1 4 90 82.1 66.2

12 1 10 90 53.2 42.4

13 1 7 60 69.4 52.9

14 1 7 60 69 53.8

15 1 7 60 68.1 54

16 1 7 60 67 539

17 1 7 60 69.1 54.3

Table3 The textile properties of CS-ECH/TiO,-D and CS-ECH/
TiO,-A

Analysis CS-ECH/TiO,-D  CS-ECH/TiO,-A
BET surface area (mz/g) 28.08 10.10

V,, (cm*g) 6.45 2.32

Total pore volume (cm?/g) 0.299 0.112

Mean pore diameter (nm) 42.67 44.32

TiO,-D (28.08 m?/g) was larger than that of CS-ECH/
TiO,-A (10.10 m?/g). This finding is associated with the
fact that the particles of TiO, (Degussa) are nanoscale,
and thus this feature is reflected on the specific surface
area of the CS-ECH/TiO,-D. This difference is impacted
positively in the adsorptive removal of the generated bio-
materials, as the RR4 dye removal (see Table 2) was 94.6%
for CS-ECH/TiO,-D and 87.5% for CS-ECH/TiO,-A. In
addition, the mean pore diameters of CS-ECH/TiO,-D
and CS-ECH/TiO,-A are 42.67 nm and 44.32 nm, respec-
tively. As per IUPAC, the structure of CS-ECH/Ti0O,-D
and CS-ECH/TiO,-A have a mesoporous nature (mean
pore diameter =2-50 nm) [34]. The N, adsorption—des-
orption isotherm plots and the BJH pore diameter distri-
butions (inset) of CS-ECH/TiO,-D and CS-ECH/TiO,-A
are included in Fig. 1a, b. As per the IUPAC classifica-
tion, the isotherms shown in Fig. 1a, b exhibit a type IV
isotherm with an obvious hysteresis loop, indicating the
existence of mesopores in CS-ECH/TiO,-D and CS-ECH/
TiO,-A [35]. Furthermore, it is obvious that the hysteresis

loop approaches relative pressure (P/P,=1), confirming
the presence of macropores in CS-ECH/TiO,-D and CS-
ECH/TiO,-A [35]. Such findings were consistent with
the BJH plots of CS-ECH/TiO,-D and CS-ECH/TiO,-A
(see inserted Figs. in Fig. 2), which revealed that the CS-
ECH/TiO,-D and CS-ECH/TiO,-A exhibited a broad pore
diameter range involving the mesoporous and macroporous
domains.

XRD Analysis

The XRD technique was used to assess the nature of the
CS-ECH/TiO,-D and CS-ECH/TiO,-A forms, as well as
to characterize the crystalline phase of the produced CS-
ECH/TiO,-D and CS-ECH/TiO,-A structures. The XRD
patterns of the CS-ECH/TiO,-D and CS-ECH/TiO,-A are
presented in Fig. 2. The characteristic peaks located at
20=10.5° and 20° are attributed to (020) and (110) reflec-
tions of CS, respectively [36]. The XRD examination of
CS-ECH/TiO,-D and CS-ECH/TiO,-A revealed a num-
ber of distinct and sharp peaks at 25.15¢, 37.89°, 47.95-,
54.25°, 55.01°, 63.82°, and 68.90°, corresponding to the
crystal planes (101), (004), (200), (105), (211), (204), and
(116) of TiO, [37]. These findings show that there is a
significant interaction between crystalline TiO, and CS,
which leads to the formation of a crystal region in the CS
matrix. This demonstrates that the CS-ECH/Ti0,-D and
CS-ECH/Ti0,-A biomaterials were successfully formed.
The crystalline phase of CS-ECH/Ti0,-D and CS-ECH/
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Fig. 1 The N, adsorption—desorption isotherm plots of a CS-ECH/
TiO,-D and b CS-ECH/TiO,-A

TiO,-A is also associated with intramolecular and inter-
molecular hydrogen bonding [38].

TGA-DTG Analysis

The thermal properties of CS-ECH/TiO,-D and CS-ECH/
TiO,-A were evaluated using TGA-DTG analysis. Figure 3
illustrates the TGA-DTG graphs of (a) CS-ECH/TiO,-D
and (b) CS-ECH/TiO,-A. The TGA-DTG graphs of CS-
ECH/TiO,-D and CS-ECH/TiO,-A show that two stages of
breakdown occurred across a broad range of temperatures.
The initial step of degradation for CS-ECH/TiO,-D and CS-
ECH/TiO,-A proceeded at temperatures ranging from 27
to 200 °C and 27.1 to 209.4 °C, respectively, with weight
losses of 2.17 mg (16.3%) for CS-ECH/TiO,-D and 2.7 mg

@ Springer
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Fig.2 XRD patterns of a CS-ECH/TiO,-D and b CS-ECH/TiO,-A

(18.88%) for CS-ECH/Ti0,-A. The weight loss of CS-ECH/
TiO,-D and CS-ECH/TiO,-A during the initial step of the
analysis is related to the loss of water bonded or held in the
material, which is likely related to the hydrophilic nature
of CS [39]. The 2nd step of degradation for CS-ECH/TiO,-
D and CS-ECH/TiO,-A happened at temperatures ranging
from 201 to 672 °C and 210 to 672 °C, respectively, with
a mass loss of 8.1 mg (60.03%) for CS-ECH/TiO,-D and
8.8 mg (60.8%) for CS-ECH/TiO,-A. The major reduction in
mass of CS-ECH/TiO,-D and CS-ECH/TiO,-A at the second
phase could be attributed to complex dehydration of poly-
meric rings, deacetylation of acetyl units, polymerization,
and decomposition of the linking between Ti—O network
and the CS-ECH/TiO,-(D/A) composite [37, 40]. In both
CS-ECH/TiO,-D and CS-ECH/Ti0,-A at 672 °C, the mass
of residual is linked to the titanium content, and the primary
residual component is TiO, [40]. At 200-600 °C, the pure
CS showed a quick weight loss and the CS totally decom-
pounded when the temperature reached ~ 650 °C. It may be
stated that TiO, improved the thermal stability of CS-ECH/
TiO,-D and CS-ECH/TiO,-A biomaterials [40, 41]. Briefly,
the overall weight loss of CS-ECH/TiO,-D and CS-ECH/
TiO,-A at 672 °C was approximately 76.1% and 79.6%,
respectively, owing to CS biopolymer decomposition, which
correlates to previously published works [37, 40].
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Fig.3 TGA-DTG graphs of a CS-ECH/TiO,-D and b CS-ECH/TiO,-A

FTIR Analysis

The FTIR approach was used to reveal one of the unique
properties of CS-ECH/TiO,-D and CS-ECH/Ti0,-A, which
is characterizing the type of functional groups existent on
the surface of the CS-ECH/TiO,-D and CS-ECH/TiO,-A
and thus estimating the capacity of CS-ECH/TiO,-D and
CS-ECH/TiO,-A to adsorb anionic RR4 dye. Figure 4 shows
the FTIR spectra of CS-ECH/TiO,-D and CS-ECH/TiO,-
A before and after RR4 dye adsorption. The structures of

CS-ECH/Ti0,-D and CS-ECH/TiO,-A have prominent bands
positioned at 3450-3775 cm™!, as seen in the FTIR spectra of
CS-ECH/Ti0,-D and CS-ECH/TiO,-A, which are connected
to the stretching mode of the O—H and N-H groups of CS as
well as electrostatic interaction of NH-O-Ti [42]. The peak
at 2930 cm™ is related to the asymmetrical stretching mode
of the C—H [42]. The peaks positioned at 1673 cm™' and
1538 cm™! are linked with the in-plane N-H bending vibra-
tion and —CH, bending, respectively [37]. The peaks located
at 1378 cm™! and 1029 cm™! are attributed to the C-N
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Fig.4 FTIR spectra of (a) CS-ECH/TiO,-D, (b) CS-ECH/TiO,-A, (c)
CS-ECH/TiO,-D after adsorption of RR4 dye, and (d) CS-ECH/TiO,-
A after RR4 dye adsorption

stretching and C—O-C stretching vibrations, respectively
[43]. The band located between 600 cm™" and 900 cm™! is
attributed to the vibrations of the asymmetric stretching mode
of the Ti—O and Ti—O-Ti bond, indicating the existence of
TiO, particles in the produced composites [42]. The FTIR
spectra following RR4 adsorption on the surface of CS-ECH/
TiO,-D (Fig. 4c) and CS-ECH/TiO,-A (Fig. 4d) demonstrate
that they have largely similar profiles to CS-ECH/TiO,-D and
CS-ECH/TiO,-A with variations in some bands, indicating
that the primary functional groups of CS-ECH/TiO,-D and
CS-ECH/TiO,-A are involved in the RR4 dye adsorption.

SEM Analysis
SEM analysis was used to investigate the morphological
properties of the CS-ECH/TiO,-D and CS-ECH/TiO,-A sur-

faces before and after adsorption of RR4 molecules. SEM
images of (a) CS-ECH/TiO,-D, (b) CS-ECH/TiO,-A, (c)

@ Springer

CS-ECH/Ti0,-D after adsorption of RR4, and (d) CS-ECH/
TiO,-A after adsorption of RR4 are given in Fig. 5. The
morphologies of CS-ECH/TiO,-D (a) and CS-ECH/TiO,-A
(b) biomaterials appear to be heterogeneous and amorphous,
with the presence of holes, fractures, and crevasses. The
outer surface of CS-ECH/TiO,-D after RR4 adsorption is
generally smooth and has a regular structure with an obvious
lack of pores, indicating that the surface of CS-ECH/TiO,-
D was uniformly covered with RR4 particles, as shown in
Fig. 5c. Regarding the adsorption of RR4 on the surface of
CS-ECH/TiO,-A (Fig. 5d), the surface of CS-ECH/TiO,-
A has changed to be slightly compact, with a considerable
reduction in porosity and cracks, demonstrating the loading
of RR4 dye on the CS-ECH/TiO,-A surface.

BBD Model Analysis

ANOVA is a core method for analyzing the applicability
of the employed BBD model, namely RR4 removal by CS-
ECH/TiO,-D and CS-ECH/Ti0,-A, along with determining
the impactful codes and validity of the collected data belong-
ing to the BBD model. The ANOVA characteristics for RR4
removal by CS-ECH/TiO,-D and CS-ECH/TiO,-A are tabu-
lated in Table 4. The data recorded in Table 4 show that the
applied models i.e. RR4 removal by CS-ECH/TiO,-D and
RR4 removal by CS-ECH/Ti0,-A are favorable, where F-val-
ues are 42.95 (p-value 0.0001) and 77.91 (p-value 0.0007) for
RR4 removal by CS-ECH/Ti0,-D and RR4 removal by CS-
ECH/TiO,-A, respectively [44]. The coefficients of determi-
nation (R?) for RR4 removal utilizing CS-ECH/TiO,-D and
CS-ECH/TiO,-A appear to be 0.99 and 0.99, respectively.
This result reveals that the practical and calculated outcomes
are highly compatible with each other, and the selected BBD
was effective in optimizing the RR4 dye removal. [45]. Sta-
tistically, inputs with p-values p <0.05 are frequently known
as statistically relevant in terms of RR4 removal by CS-ECH/
TiO,-D and RR4 removal by CS-ECH/TiO,-A [46]. Thus,
the model terms of RR4 removal by CS-ECH/Ti0,-D, com-
prising A, B, C, AB, AC, A2, B2, and C2, were identified as
relevant model terms. On the other side, the model terms of
RR4 removal by CS-ECH/TiO,-A, comprising A, B, C, AB,
AC, B2, and C? were identified as relevant model terms. As
expressed in Eq. 3 and Eq. 4, the 2nd polynomial function
representations contain the outputs (RR4 removal by CS-
ECH/TiO,-D and RR4 removal by CS-ECH/TiO,-A) and
analyzed inputs after fitting has been attained.

RR4 removal (%) by CS — ECH/TiO, — D
= +68.52 + 17.62A — 11.25B + 7.82C — 2.78AB (3)
+3.02AC — 2.57A% — 3.32B% — 5.37C?
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Fig.5 SEM images a CS-ECH/TiO,-D, b CS-ECH/TiO,-A, ¢ CS-ECH/TiO,-D after adsorption of RR4, and d CS-ECH/TiO,-A after adsorption
of RR4

Table4 ANOVA of RR4 removal (%) by CS-ECH/TiO,-D and RR4 removal (%) by CS-ECH/TiO,-A

RR4 removal (%) by CS-ECH/TiO,-D RR4 removal (%) by CS-ECH/TiO,-A

Source Sum of Squares df Mean Square F-value p-value Sum of Squares df Mean Square F-value p-value
Model 4288.05 9 476.45 108.38 <0.0001 5400.43 9  600.05 248.09  <0.0001
A-Adsorbent dose  2485.13 1 2485.13 565.30 <0.0001 2853.90 1 2853.90 117996  <0.0001
B-pH 1012.50 1 1012.50 230.32 <0.0001 1310.72 1 1310.72 54192  <0.0001
C-Time 489.84 1 489.84 111.43 <0.0001 794.01 1 794.01 32829  <0.0001
AB 30.80 1 30.80 7.01 0.0331 190.44 1 190.44 78.74  <0.0001
AC 36.60 1 36.60 8.33 0.0235  66.42 1 66.42 27.46 0.0012
BC 17.22 1 17.22 3.92 0.0883  12.96 1 12.96 5.36 0.0538
A? 27.86 1 27.86 6.34 0.0400 0.3242 1 0.3242 0.1341  0.7251
B? 46.48 1 46.48 10.57 0.0140  85.36 1 85.36 35.29 0.0006
c? 121.53 1 12153 27.65 0.0012  75.25 1 75.25 31.11 0.0008
Residual 30.77 7 4.40 16.93 7 2.42

Pure error 3.83 4 0.9570 1.11 4 0.2770

Cor total 4318.82 16 5417.36 16
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RR4 removal (%) by CS — ECH/TiO, — A
= +53.78 + 18.89A — 12.8B + 9.96C — 6.90AB )
+4.07AC — 4.50B? — 4.23C?

Additionally, the BBD diagrams like the normal prob-
ability of residuals and the plot of the relationship between
the predicted and actual values are employed to validate the
developed models including RR4 removal by CS-ECH/TiO,-
D and RR4 removal by CS-ECH/TiO,-A. The diagrams of the
normal probability of residuals for the studied models, which
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include RR4 removal by CS-ECH/TiO,-D and RR4 removal
by CS-ECH/TiO,-A are given in Fig. 6a and b, respectively.
The points in Fig. 6a and b appear to be neatly connected
with a single line, showing that the points are consistently and
precisely disseminated, and the residuals are independently
distributed [47]. These results also imply that the generated
models can simulate the removal of RR4 by CS-ECH/TiO,-D
and CS-ECH/TiO,-A. The diagrams of the experimental and
theoretical values of RR4 removal by CS-ECH/TiO,-D and
RR4 removal by CS-ECH/TiO,-A are exhibited in Fig. 6¢c and
d, respectively. From Fig. 6¢ and d, it is apparent that there is
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Fig.6 Normal probability plot of residuals for a RR4 removal by CS-ECH/TiO,-D and b RR4 removal by CS-ECH/TiO,-A; the plot of the rela-
tionship between the predicted and actual values of ¢ RR4 removal by CS-ECH/TiO,-D, and d RR4 removal by CS-ECH/TiO,-A
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a strong link between the practical responses (RR4 removal
by CS-ECH/Ti0O,-D and RR4 removal by CS-ECH/Ti0,-A)
and those that are theoretically predicted, implying that the
models are statistically credible [48].

Effect of Individual Factors

The individual impacts of parameters influencing the RR4
dye adsorption process by CS-ECH/TiO,-D and CS-ECH/
TiO,-A are illustrated in Fig. 7. At first, increasing the adsor-
bent dose (CS-ECH/TiO,-D or CS-ECH/TiO,-A) from 0.5
to 1.5 g leads to a reasonable increase in the removal (%)

RR4 removal by CS-ECH/TiO2-D (%)

RR4 removal by CS-ECHITiO2-A (%)

of RR4 dye, as seen from Fig. 7a and d, respectively. This
result is attributed to an increment in the number of binding
sites (-NH, and —OH) and surface area (produced by TiO,
particles) as the adsorbent dosage is increased. As shown
in Fig. 7b and e, the pH factor contributes greatly to the
removal of RR4 dye by CS-ECH/TiO,-D and CS-ECH/TiO,-
A. As shown by Fig. 7b and e, the acidic medium is ideal
for the removal of RR4 dye due to the extremely cationic
sites of the adsorbent surface and the presence of negative
charges in RR4 dye. Ultimately, as seen in Fig. 7c and f, the
time factor seems to have an effective impact on the removal
(%) of RR4 dye.

RR4 removal by CS-ECH/TiO2-D (%)

B: pH

0.5 1 L5

A: Adsorbent dose (g)
RR4 removal by CS-ECH/TiO2-A (%)

0.5 1 1.5

A: Adsorbent dose (g)

Fig.8 a 3D and b 2D plots of RR4 dye removal by CS-ECH/TiO,-D show interaction between adsorbent dose and pH; whereas, ¢ 3D and d 2D
plots of RR4 dye removal by CS-ECH/TiO,-A show interaction between adsorbent dose and pH
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Three-Dimensional (3D) Response Surfaces

3D surface and 2D contour plots were utilized to assess the
influence of the studied variables and discover a relevant
association between the analyzed variables affecting the
RR4 dye removal process. Figure 8 demonstrates 3D and
2D diagrams of the critical association identified as AB
(adsorbent dosage vs. pH) that influences the responses
(RR4 removal by CS-ECH/TiO,-D and RR4 removal by
CS-ECH/TiO,-A). The findings recorded in Fig. 8a—d dem-
onstrate that the rising of CS-ECH/Ti0O,-(D/A) dose from
0.5 to 1.5 g improves the adsorption efficiency of RR4 dye.
The increased RR4 dye adsorption rate is attributable to
a significant number of functional groups (—OH+,—NH;“,
and Ti — OH;) on the surface of the CS-ECH/TiO,-(D/A)
as well as the surface area caused by TiO, particles. These
results are consistent with the FTIR results, which indicate
that the CS-ECH/TiO,- (D/A) surfaces contain the afore-
mentioned functional groups.

Additionally, as shown in Fig. 8a—d, the stepwise
drop in pH value from 10 to 4 significantly increased
the RR4 dye removal efficiency. To clarify the effect
of pH on RR4 removal, two paths might be proposed:
the pH,,,. adsorbent property and the aimed form (cati-
onic or anionic) of RR4 dye to attach on the surface of
the adsorbent. The pH,,. values of CS-ECH/TiO,-D and
CS-ECH/TiO,-A were 6.84 and 6.87, respectively. So,
at high basic pH values, i.e. more than pH,, the adsor-
bent surface would be negatively charged. In contrast,
in an extreme acidic medium (pH 4), i.e. pH © pPH,,c
the adsorbent surface and RR4 dye molecules get posi-
tively and negatively charged, respectively. Therefore,
at pH 4, the adsorbent’s ability to bind the negatively
charged RR4 dye molecules raises significantly, leading
to enhancement in the adsorption process of RR4 dye,
as shown in Eq. (5).

adsorbent * + RR4 — SO < adsorbent™ ...~ O;S — RR4

®
where adsorbent is either CS-ECH/TiO,-D or CS-ECH/
TiO,-A.

Figure 9 gives 3D and 2D diagrams of the critical
association identified as AC (adsorbent dosage vs. time)
that influences the responses (RR4 removal by CS-ECH/
TiO,-D and RR4 removal by CS-ECH/TiO,-A). The
results outlined in Fig. 9a—d reveal that the rising of time
from 30 to 90 min enhances the adsorption efficiency
of RR4 dye. The high RR4 dye adsorption rate is due to
the RR4 molecules needing enough time to diffuse into
the inner pores of the CS-ECH/TiO,-(D/A) and to reach
adsorption equilibrium.

Adsorption Mechanism of RR4

FTIR examination indicated that the exterior composition
of CS-ECH/TiO,-D and CS-ECH/TiO,-A is distinguished
by a high content of powerful adsorption sites like hydroxyl
(-OH), amino (-NH,), and Ti—OH groups, which is consist-
ent with the literature [38, 42]. Due to the presence of these
exceptional functional groups on the surface of CS-ECH/
TiO,-D and CS-ECH/TiO,-A, it is a great candidate for the
decolorization of hazardous dyes, especially anionic dyes.
The adsorption mechanism for the RR4 acid dye on the sur-
face of CS-ECH/TiO,-(D/A) was constructed based on the
aforementioned as well as the FTIR and pH,,, investigations,
as seen in Fig. 10. The critical interaction in the adsorption
of RR4 dye is the electrostatic forces generated by the attrac-
tion between the positive charges on the surface of CS-ECH/
TiO,-(D/A) formed from positively charged binding sites
(-~OHJ, —NHY, and Ti — OH) with the negative groups
(=SO;7) of RR4. Indeed, new kinds of hydroxyl groups have
been added to the surface of CS-ECH/TiO,-(D/A) as a result
of the loading of TiO, particles into the polymeric matrix of
CS. Particularly in an acidic aqueous environment (pH 4),
the terminal and bridging hydroxyl groups on the surface
of CS-ECH/TiO,-(D/A) will be protonated and transformed
into positive oxonium ions (—OH2+). On the other hand, an
aqueous solution can cause the sulfonate groups (-SO;H)
of the RR4 to change into active negative sulfonate groups
(=SO;7). As a result, as seen in Fig. 10, a significant elec-
trostatic interaction developed between the —SO;~ groups of
RR4 and the ~-OH," ions on the surface of CS-ECH/TiO,-
(D/A). Furthermore, hydrogen bonds serve an essential role
in the adsorption mechanism because the presence of -NH,
and —OH groups on the surface of CS-ECH/TiO,-(D/A)
offers enough H to connect with the N and O atoms observed
in the composition of RR4 dye. Lastly, n—= stacking offers
an extra role in boosting adsorption ability, since these rela-
tionships arise from two phases, one being a nucleophile
(groups having oxygen and nitrogen in the CS-ECH/TiO,-
(D/A) and the second is an electrophile (benzene rings in
RR4 dye) [49].

Conclusion

Cross-linked chitosan composite was successfully modified
with different TiO, phases (Degussa/Anatase) to attain effi-
cient adsorbents (CS-ECH/TiO,-D and CS-ECH/TiO,-A)
for the removal of reactive red 4 (RR4) dye from water. The
highest removal derived from the BBD model of RR4 dye
by CS-ECH/TiO,-D and RR4 removal by CS-ECH/TiO,-A
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RR4 removal by CS-ECH/TiO2-D (%)

RR4 removal by CS-ECH/TiO2-A (%)

C: Time (min)
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Fig.9 a 3D and b 2D plots of RR4 dye removal by CS-ECH/TiO,-D show the interaction between adsorbent dose and time; whereas, ¢ 3D and
d 2D plots of RR4 dye removal by CS-ECH/TiO,-A show interaction between adsorbent dose and time

was 94.6 and 87.5%, respectively. The high coefficient of
determination (R?=0.99) value for both CS-ECH/TiO,-D
and CS-ECH/TiO,-A suggested that the models were sig-
nificant, and the chosen BBD was successful in improving
RR4 dye removal. The best parameters for the maximum
decoloration of RR4 dye based on the BBD model were
adsorbent dosage=1.5 g/L, pH 4, and the time =60 min.
The greatest decoloration of RR4 dye was attained at the

@ Springer

following vital interactions: AB (adsorbent dosage vs. initial
pH) and AC (adsorbent dosage vs. time) interactions. The
adsorption of RR4 molecules on the surface of CS-ECH/
TiO, was constructed by many interactions e.g. electrostatic
forces, n—= stacking, and H-bonding. This research reveals
that CS-ECH/Ti0,-D and CS-ECH/TiO,-A can be used as
efficient bioadsorbents for the removal of acidic dyes from
wastewater.
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