
*Corresponding author.

1944-3994 / 1944-3986 © 2019 Desalination Publications.  All rights reserved.

Desalination and Water Treatment

www.deswater.com

doi:10.5004/dwt.2019.24384

164 (2019) 346–360
October

Modeling and mechanism of reactive orange 16 dye adsorption by chitosan-glyoxal/
TiO

2
 nanocomposite: application of response surface methodology 

Ahmed Saud Abdulhameeda, AbdulKarim-Talaq Mohammada, Ali H. Jawadb,*
aChemistry Department, College of Science, University of Anbar, Ramadi, Iraq, 
email: ahmedchem339@gmail.com (A.S. Abdulhameed), drmohamadtalaq@gmail.com (A.-T. Mohammad) 
bFaculty of Applied Sciences, Universiti Teknologi MARA, 40450 Shah Alam, Selangor, Malaysia, Tel. + 60355211721,  
email: ali288@salam.uitm.edu.my, ahjm72@gmail.com (A.H. Jawad)

Received 20 January 2019; Accepted 10 May 2019

A B S T R A C T 

Hybrid cross-linked chitosan-glyoxal/TiO
2
 nanocomposite (Chi-Gly/TNC) was prepared and 

employed for the adsorption of reactive orange 16 dye (RO16) from aqueous solution. Response 
surface methodology (RSM) with 4-level Box–Behnken design (BBD) was applied to optimize RO16 
removal efficiency. Various process parameters, viz., loading of TiO

2
 nanoparticles into Chi-Gly poly-

meric matrix (A: 0–50%), adsorbent dose (B: 0.04–0.14 g/50 mL), solution pH (C: 4–10), and tem-
perature (D: 30–50°C) were selected for optimization process. Analysis of variance (ANOVA) was 
incorporated to judge the adequacy of model. The significant simultaneous interactions between 
input variables on RO16 removal efficiency were clearly observed by interactions between AB, AD, 
BC, and BD. Applying the method of the desirability function, optimization of TiO

2
 loading (50% 

TiO
2
: 50% chitosan labeled as Chi-Gly/TNC-50), adsorbent dose (0.09 g/50 mL), solution pH ~ 4.0, 

and temperature at 40°C gave a maximum of 93.2% RO16 removal efficiency by Chi-Gly/TNC-50. 
The adsorption of RO16 from aqueous solution at optimum input variables by using Chi-Gly/TNC-
50 in batch mode was evaluated. The kinetic results were well described by the pseudo-first order 
kinetic, and the equilibrium data were in agreement with Langmuir and Freundlich isotherm mod-
els with maximum adsorption capacity of 390.5 mg/g. The adsorption mechanism was attributed to 
the dipole-dipole hydrogen bonding interactions, Yoshida H-bonding, n-π stacking interactions, and 
electrostatic attractions. 
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1. Introduction 

A variety of dyes are produced by different industries 
like textile, paper, plastic, leather, cosmetics and pharmaceu-
ticals [1]. Most of these dyes are discharged into wastewater 
that affect human’s health and ecological environment [2,3]. 
Reactive orange 16 (RO16) as an anionic dyes, belongs to 
the azo dyes and soluble in aqueous media [4]. The pres-
ence of azo (N=N) group in RO16 structure causes low bio-
degradability and makes a risk of environmental system [5]. 
However, most of dyes that discharged to the wastewater 
were azo dyes [6]. Thus, from the environmental viewpoint, 

removing azo dye from waste waters is an important step 
before releasing it into the aquatic environment. Recently, 
there are many technologies are available for removing var-
ious dyes from aqueous solution such as flocculation [7], 
adsorption [8], photo catalysis [9], and oxidation process 
[10]. Adsorption technique has the superiority on others 
technologies for the removal of dyes from wastewater due 
to its high efficient and low working cost, in addition to 
reduce formation harmful substances [11–13]. 

Chitosan is an abundant biopolymer derivative from 
chitin by deacetylation process [14]. Chitosan has amino 
(–NH

2
) and hydroxyl (–OH) functional groups that active 

adsorption sites for removal of dyes [15], and metal ions 
[16]. Application of unmodified chitosan as an adsorbent 
has many disadvantages because of its low surface area, 
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dissolution in acidic solutions, low mechanical properties 
and high swelling index [17]. Thus, chemical modification 
of chitosan by using cross-linking is an important step to 
reduce hydrophobicity, increase the stability of chitosan in 
acidic solutions, and enhance the mechanical properties 
[18]. The incorporation of inorganic nanomaterials such as 
nano scale  titanium dioxide (TiO

2
) into polymeric matrix 

of chitosan will be responsible for improving its adsorption 
capacity, compatibility,  mechanical properties, and chemi-
cal stability [19]. 

Recently, chitosan and TiO
2
 complement each other to 

produce chitosan-TiO
2
 composite materials which exhibited 

multi-functional performance for many potential applica-
tions such as wastewater treatment [20], photo catalysis [21], 
antibacterial activity [22], drug delivery [23], and biosensor 
[24]. In spite many desirable properties of TiO

2
 nanoparticles 

such as high surface area, high chemical stability, insolubil-
ity in water, relatively low cost, and nontoxicity [25]. How-
ever, TiO

2
 nanoparticles alone are not a successful material 

in water treatment technology because of the difficulty of 
separation and nanoparticles recovery from aqueous solu-
tion by conventional filtration and/or centrifugation pro-
cesses. Among various response surface designs available in 
response surface methodology (RSM), Box-Behnken Design 
(BBD) is more labor efficient, and quite suitable for fitting 
second order polynomial equations with the number of 
experimental factors equal or greater than three [26]. 

Therefore, the objective of the current work is to inves-
tigate the feasibility of using hybrid cross linked chi-
tosan-glyoxal/TiO

2
 nanocomposite (Chi-Gly/TNC) to be 

potential biosorbent for the removal of RO16 dye from 
aqueous solution, and to optimize the input variables for 
maximum removal efficiency by using BBD. The applied 
input variables were loading of TiO

2
 nanoparticles into chi-

tosan matrix, adsorbent dose, solution pH, and tempera-
ture. RO16 as tri-aromatic acid dye molecules was chosen 
as a model pollutant due to its complicated molecular struc-
ture and non-biodegradability. 

2. Martials and methods 

2.1. Chemical and reagents

Chitosan flakes (degree of deacetylation ≥ 75), tita-
nium (IV) dioxide P-25 and glyoxal solution were supplied 
from Sigma–Aldrich. Reactive Orange (RO16) was pur-
chased from ACROS, Organics (chemical formula: C

20
H

17
N-

3
Na

2
O

11
S

3
, MW: 617.54, λ

max
 = 495 nm). Fig. 1 shows molecular 

structure of RO16. Acetic acid (CH
3
COOH), sodium hydrox-

ide (NaOH) and hydrochloric acid (HCl) were obtained 
from R&M Chemicals. All chemicals and reagents used in 
this work were analytical grade with high purity. Ultra-pure 
water (18.2 MΩ /cm) was utilized in this study. 

2.2. Preparation of chitosan-glyoxal/TiO
2
 nanocomposites 

Chitosan-glyoxal/TiO
2
 nanocomposite was synthe-

sized according to the method described by Mohammad 
et al., [27]. 1 g of chitosan flakes were dissolved in 50 mL 
of 5% acetic acid solution, and then the solution was left 
with stirrer for 24 h. The viscous solution was injected into 
of 1000 mL NaOH (0.5 M) solution by using 10 mL syringe 

with rate 1 mL/min to prepare chitosan beads that washed 
with distilled water to remove the trace of NaOH solution. 
The crosslinking reaction was carried out by adding 90 mL 
of 1% glyoxal solution to the chitosan beads with gentle 
stirring under heating in water bath at temperature 40°C 
for 2 h to prepare the chitosan-glyoxal beads (Chi-Gly). 
After that, Chi-Gly beads were extensively washed with 
distilled water and air dried for 24 h. Then, the Chi-Gly 
beads were pounded and dried in the oven. After that, 
The Chi-Gly beads were sieved to a constant particle size 
of 150 < particle size > 250 µm for further applications. 
To fulfill the requirement of the optimization process that 
pre-determined by BBD, a series of chitosan-glyoxal/TiO

2
 

nanocomposites (Chi-Gly/TNC) were synthesized by 
loading different ratios of TiO

2
 nanoparticles with chitosan 

flakes before dissolving by 5% acetic acid solution, as 
described above and following the preparation procedure. 
The chitosan-glyoxal/TiO

2
 nanocomposite with fixed 

mixing ration of (25% TiO
2
 nano particles: 75% chitosan 

flakes). While, the chitosan-glyoxal/TiO
2
 nanocomposite 

with fixed mixing ration of (50% TiO
2
 nano particles: 50% 

chitosan flakes) is labeled as Chi-Gly/TNC-50 through-
out this work. The chitosan-glyoxal/TiO

2
 nanocomposite 

powder was sieved to constant particle size of 150 < par-
ticle size > 250 µm for further applications. The scheme of 
crosslinked chitosan-glyoxal/TiO

2
 nanocomposite prepa-

ration is shown in Fig. 2.

2.3. Characterization of Chi-Gly/TNC-50

The surface morphology of Chi-Gly/TNC-50 before and 
after RO16 adsorption was examined via scanning electron 
microscope with energy dispersive X-ray analyzer (SEM-
EDX, Zeiss Supra 40 VP, Germany). The samples were 
coated with gold by a Polaron SC 515 sputter coater prior 
to analysis to make the samples electrically conductive. 
The functional groups of samples were identified by Fou-
rier transform infrared (FTIR) Spectroscopy (Perkin-Elmer, 
Spectrum RX I). The samples were milled with potassium 
bromide, KBr (spectrophotometric grade). This powder was 
compressed into a thin pellet. The thin pellet was placed in 
the cell holder and inserted into FTIR spectrophotometer to 
be analyzed. All the spectra were recorded within the wave 
numbers range of 4000–450 cm–1. 

2.4. Design of experiments

The current work is focused on four-level Box–Behnken 
design (BBD) in response surface methodology (RSM) to 
optimize the loading of TiO

2 
nanoparticles into chitosan-gly-

Fig. 1. Molecular structure of RO16.
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oxal (Chi-Gly) polymeric matrix, adsorbent dose, solution 
pH, and temperature. The significant of each single factor, 
interactions and quadratic terms in the optimization process 
was determined by using statistical analysis computer soft-
ware [Design expert software version 11.0 Stat ease, Minne-
apolis, USA]. Each factor was varied at three different levels 
−1, 0 and +1 signifying low, medium and high values. The 
arrangement of the factorial design is shown in Table 1.

A total of 29 experiments were employed in this work 
to evaluate the effects of the four input variables on RO16 
removal efficiency. Anon-linear regression method was 
used to fit the second order polynomial [Eq. (1)] to the 
experimental data and to identify the relevant model terms. 
Considering all the linear terms, square terms and linear by 
linear interaction items, the quadratic response model can 
be described as:

2
0 i i ii i ij i jY X X X Xβ β β β= + + +∑ ∑ ∑∑  (1)

where Y is an objective to optimize the response, β
0
 is the 

constant coefficient, β
i
 is the linear coefficient, β

ii 
is the qua-

dratic coefficient and β
ij
 is the interaction coefficient, while 

X
i 
and X

j 
are the coded values of the independent factors. 

The design consisted of 29 runs was carried out to 
optimize the levels of the selected input variables, viz., 
A: TiO

2
 loading (A: 0–50%) (zero value means no TiO

2
 

loaded into Chi-Gly, while 50% means that 50% of TiO
2
 

nanoparticles were loaded to 50% chitosan in the poly-
meric matrix of Chi-Gly in order to produce Chi-Gly/

TNC-50), B: adsorbent dose (B: 0.04–0.14 g) in 50 mL of 50 
mg/L RO16 solution, C: pH (C: 4–10) and D: temperature 
(D: 30–50°C). A certain amount of adsorbent was added 
to 125 mL Erlenmeyer flasks containing 50 mL of 50 mg/L 
RO16 solution. The flasks were capped and agitated in 
an isothermal water bath shaker (Memmert, water bath, 
Model WNB7-45, Germany) at a fixed shaking speed of 
100 strokes/min at fixed shaking time of 60 min. The 
range of the variables was chosen based on preliminary 
experiments. After shaking process, the adsorbent were 
separated by syringe filter (0.45 µm) and the changes in 
RO16 concentrations were determined using a HACH 
DR 2800 Direct Reading Spectrophotometer at maximum 
wave length of 493 nm. The dye (RO16) removal, DR (%) 
of was determined using Eq. (2). 

( )
 % 100

o e

o

C C
DR

C

−
= ×  (2)

where C
o 

(mg/L) and C
e 
(mg/L) are the initial and equi-

librium concentrations of RO16 dye in aqueous solution, 
respectively. The actual BBD experimental design matrix is 
given in Table 2. 

2.5. Batch adsorption study

It was proven from run 18 (experiment 18) in Table 
2 that the maximum removal efficiency of RO16 from 
aqueous solution can be achieved at the following experi-

Fig. 2. Scheme of preparation cross linked chitosan-glyoxal/TiO
2
nanocomposite.

Table 1 
Coded and actual variables and their levels

Coded variables Actual variables Level 1 (–1) Level 2 (0) Level 3 (+1)

A TiO
2
 loading (%) 0 25 50

B Adsorbent dose (g) 0.04 0.09 0.14

C pH 4 7 10

D Temperature (°C) 30 40 50
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mental TiO
2
 loading (A: 50%, meaning that 50% chitosan: 

50% nano TiO
2
), adsorbent dose (B) 0.09 g in 50 mL), pH 

~ 4 (C), and temperature (D) 40°C. Therefore, these opti-
mum experimental conditions were adopted in the batch 
adsorption study. The batch adsorption experiments 
for RO16 adsorption were carried out by following the 
same above-mentioned procedure with different initial 
RO16 concentration (20–200 mg/L) and contact time. The 
adsorption capacity of RO16 at equilibrium was deter-
mined using Eq. (3).

( )o e

e

C C V
q

W

−
=  (3)

where C
o 

(mg/L) and C
e 

(mg/L) are the initial and equi-
librium concentrations of RO16 in aqueous solution. V is 
Volume of the RO16 solution (L) while, W is the weight of 
Chi-Gly/TNC-50 (g).

3. Results and discussion

3.1 Response surface methodology 

3.1.1 Box-Behnken design

Total 29 experiments (runs) were designed by BBD 
(Table 2). For the four examined factors the TiO

2
 loading 

(A), adsorbent dose (B), solution pH (c), and temperature 
(D) were considered as the independent process factors and 
their individual and interactive effects on the RO16 removal 
efficiency (as response) were investigated using the BBD 
approach. A quadratic polynomial model was chosen for 
developing the mathematical relationship between the 
response and the process factors.

The empirical relationships between tested factor and 
response are presented by Eq. (4):

( )
2

RO16removal % 35.74 17.11A 15.72B 28.86C

8.68D 7.95AB 7.56AD 6.78BC 8.95BD 10.29C

= + + + −

+ + + − + +
 (4)

where A ,B, C and D are the coded levels of TiO
2
 load-

ing, adsorbent dose, pH and temperature, respectively. 
Based on the coefficients in equation of (4) the TiO

2
 

loading (A), adsorbent dose (B) and temperature (D) 
shows appositive effect on RO16 removal (%) efficiency,  
while pH (C) has a negative effect [28]. Hence, it can be 
inferred that by increasing the TiO

2
 loading, adsorbent 

dose and temperature, RO16 removal (%) raises on the 
other hands, whereas by increasing solution pH, RO16 
removal (%) was decreased. 

3.1.2 Effect of input variables 

The perturbation plot was employed to investigate 
the effect of four input variables simultaneously on the 
RO16 removal efficiency as shown in Fig. 3. As can be 
seen, there are four input variables are the key factors 
for obtaining maximum RO16 removal efficiency. A sharp 
curvature for the TiO

2
 loading (variable A) indicates that 

the RO16 removal efficiency was so sensitive to this  
variable. Generally, as adsorbent dose (variable B) 
increase the RO16 removal efficiency increases as well. 
A relatively steep curvature in solution pH (variable C) 
implies that the RO16 removal efficiency was sensitive to 
this variable. The curve of temperature (variable D) indi-
cates sensitivity of the response in working temperature 
levels. 

3.1.3 Analysis of variance (ANOVA)

The experimental data for removal efficiency were 
statistically analyzed by ANOVA and the results are pre-
sented in Table 3. Results of ANOVA are based on the 
F-values, sum of the squares and p-values to determine 
the significant factors. The model F-value of 37.45 for 

Table 2 
The 4-factors BBD matrix and experimental data for RO16 
removal efficiency 

Run A: TiO
2
 

loading (%)
B: Adsorbent 

dose (g)
C: 
pH

D: T 
(°C)

Dye 
removal (%)

1 0 0.04 7 40 10.9

2 50 0.04 7 40 36.9

3 0 0.14 7 40 25.7

4 50 0.14 7 40 83.4

5 25 0.09 4 30 66

6 25 0.09 10 30 15

7 25 0.09 4 50 84

8 25 0.09 10 50 18

9 0 0.09 7 30 14.5

10 50 0.09 7 30 40.4

11 0 0.09 7 50 25

12 50 0.09 7 50 81.2

13 25 0.04 4 40 53.6

14 25 0.14 4 40 92.7

15 25 0.04 10 40 13

16 25 0.14 10 40 25

17 0 0.09 4 40 68.7

18 50 0.09 4 40 93.2

19 0 0.09 10 40 13

20 50 0.09 10 40 28

21 25 0.04 7 30 19.9

22 25 0.14 7 30 37.4

23 25 0.04 7 50 18

24 25 0.14 7 50 71.3

25 25 0.09 7 40 36.1

26 25 0.09 7 40 35.5

27 25 0.09 7 40 36.8

28 25 0.09 7 40 34.9

29 25 0.09  7 40 35.4

[0 TiO
2
 loading means Chi-Gly, 25% TiO

2
 loading means Chi-Gly/

TNC-25, and 50%  TiO
2
 loading means Chi-Gly/TNC-50].
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RO16 dye and the corresponding p-value are <0.0001, 
indicates the model is statistically significant [29]. These 
further appear that there is only a 0.01% chance for the 
model F-value that could happen due to noise. The ade-
quate precision tests the signal to noise ratio where a ratio 

greater than 4 is valuable [30]. Ratio of the model is 21.2, 
which indicate an adequate signal. Thus, this model can 
be applied to navigate of the design space. The model 
appears coefficient of determination (R2) value of 0.97 and 
an adjusted-R2 value of 0.95 which is high and indicates 
a high correlation between the actual and the predicted 
values. Based on Table 3, the values of model terms Prob 
> F < 0.0500 indicate that factors are significant under 
selected conditions. The linear terms of A, B, C and D, the 
quadratic term of C2, the interaction between AB, AD, BC 
and BD are significant model terms. However, the model 
terms with p-value > 0.05 is insignificant, therefore insig-
nificant terms were excluded from the model to enhance 
fitting of the model.

Graphical method can be utilized to validate model 
and also characterizes the nature of residuals distribu-
tion of the model. Plot of normal probability is generally 
utilized to test the distribution of the residuals of the 
model [31,32] as shown in Fig. 4. The normal probability 
plot of the residuals shows no serious violation from the 
assumptions underlying of the analyses, where points 
on this plot lie significantly close to a straight line. The 
perfect normal distributions of the residuals indicate 
the accuracy of the assumptions, as well as the indepen-
dence of the residuals. Fig. 5 demonstrates the relation-
ship between the predicted and actual values of RO16 
dye removal (%) by Chi-Gly/TNC-50. The predicted and 
actual values are close to each other on the straight line, 
which indicates the statistical validation of the model. 
This close correlation between the actual and predicted 
values of percentage dye removal was also exhibited by 
the values of R2 (0.97) and adjusted R2 (0.95) which are 
observed to be close to one.

Fig. 3. Perturbation plots for the dye removal efficiency of RO16. 
(A) TiO

2
 loading, (B) adsorbent dose, (C) pH, and (D) tempera-

ture.

Table 3 
Analysis of variance (ANOVA) of the response surface quadratic model for RO16 removal efficiency

Source Sum of Squares Df Mean Square F-value p-value Remarks

Model 19045.73 14 1360.41 37.45 <0.0001 Significant

A-TiO
2
 loading 3513.71 1 3513.71 96.73 <0.0001 Significant 

B-Adsorbent dose 2797.46 1 2797.46 77.01 <0.0001 Significant

C-pH 9991.33 1 9991.33 275.04 <0.0001 Significant

D-Temp. 904.80 1 904.80 24.91 0.0002 Significant

TiO
2
 loading × Adsorbent dose 252.65 1 252.65 6.96 0.0195 Significant

TiO
2
 loading × pH 22.71 1 22.71 0.6250 0.4424 Insignificant

TiO
2
 loading × Temp. 228.92 1 228.92 6.30 0.0250 Significant 

Adsorbent dose × pH 184.01 1 184.01 5.07 0.0410 Significant

Adsorbent dose × Temp. 320.05 1 320.05 8.81 0.0102 Significant

pH × Temp. 56.25 1 56.25 1.55 0.2338 Insignificant

TiO
2
 loading 2 110.39 1 110.39 3.04 0.1032 Insignificant

Adsorbent dose 2 0.0003 1 0.0003 8.95906 0.9977 Insignificant

pH 2 686.87 1 686.87 18.91 0.0007 Significant

Temp. 2 0.8194 1 0.8194 0.0226 0.8828 Insignificant

Residual 508.57 14 36.33

Cor Total 19554.30 28



A.S. Abdullhameed et al. / Desalination and Water Treatment 164 (2019) 346–360 351

3.1.4. Three-dimensional (3D) response surfaces 

 In order to get distinctive understanding of respon-
sive relationships between independent variables and 
RO16 removal (%) efficiency (response), three-dimen-
sional (3D) response surfaces for the RO16 removal (%) 
were determined based on the quadratic model. The sig-
nificant interaction between each two input variables (as 
given in Table 3) was investigated. The interaction effect 
of TiO

2
 loading (A) and adsorbent dose (B) was signifi-

cant (p-value = 0.019 as obtained from Table 3) on RO16 
removal efficiency. The other two input factors of solu-
tion pH ~ 7 and temperature at 40°C were simultane-
ously kept constant within the experimental range. The 
3-D surfaces and 2-D contours plots for AB interaction 
are presented in Figs. 6a and 6b respectively. Generally, 
it is found that the RO16 removal efficiency increases 
by increasing the TiO

2
 loading and adsorbent dose. The 

remarkable improvement in RO16 removal efficiency 
(from 10.93% to 93.23%) with increasing the loading of 

Fig. 4. Normal probability plot of residuals for RO16 removal 
efficiency.

Fig. 5. Plot of the relationship between the predicted and actual 
values of RO16 removal efficiency (%).

  

Fig. 6. (a) 3D response surface plot and, (b) contour plot for RO16 removal efficiency showing interaction between TiO
2
 loading (A)

and adsorbent dose (B).
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TiO
2
 nanoparticles into cross linked chitosan matrix up 

to 50% chitosan: 50% nano TiO
2
. In fact, loading of TiO

2
 

nanoparticles into polymeric matrix of Chi-Gly leads to 
enhance the surface area of Chi-Gly/TNC-50 and intro-
ducing new types of hydroxyl groups on the surface 
Chi-Gly/TNC-50. The terminal hydroxyl and bridging 
hydroxyl groups on the surface of Chi-Gly/TNC-50 will 
be protonated and converted to the positive oxonium 
ions especially in acidic aqueous environment [33]. On 
the other hand, the sulfonate group (–SO

3
H) in the molec-

ular structure of the RO16 can be converted in aqueous 
medium into active negative sulfonate group (–SO

3
–). 

Consequently, a strong electrostatic (columbic) attraction 
between positively charged oxonium ions on the surface 
of Chi-Gly/TNC-50 with negatively charged sulfonate 
groups of RO16 [27]. Regarding adsorbent dose (B), it is 
found that the RO16 removal efficiency increases from 
10.93% to 93.23% by increasing Chi-Gly/TNC-50 dose 
up to 0.09 g/50 mL, which can be ascribed to the greater 
availability of the exchangeable adsorption sites [34]. 

It was also found that the interaction effect of adsor-
bent dose (B) and solution pH (C) was significant (P = 
0.041) on RO16 removal efficiency. The other two input 
variables of TiO

2
 loading and temperature at 40°C were 

simultaneously kept constant within the experimental 
range. The 3-D surfaces and 2-D contours plots for BC 
interaction are presented in Figs. 7a and 7b, respectively. 
A positive charge of the Chi-Gly/TNC-50 can be obtained 
at pH ~ 4, preferring the adsorption of negatively charged 
species such as RO16 anionic species. As a result, a strong 
electrostatic (columbic) attraction between positively 
charged protonated amino groups on the Chi-Gly/TNC-
50 surface with negatively charged sulfonate group of 
RO16 can be obtained, thus increases RO16 removal effi-
ciency as describe in Eq. (5).

3 3 3 3R NH RO16 SO R NH SO RO16+ − + −− + − ↔ − − − −  (5)

From Eq. (5) it is observed that the does influences the 
availability of the exchangeable adsorption sites for adsorption 
and solution pH is responsible for surface charge of adsorbent, 
therefore their interaction effect is influential in the response.

 The interaction effect of temperature (D) with TiO
2
 load-

ing (A) and adsorbent dose (B) were significant on RO16 
removal efficiency as shown in the 3-D surfaces and 2-D 
contours plots of Figs. 8a and 8b and Figs. 9a and 9b, respec-
tively. The other two independent variables of adsorbent 
dose (0.09 g of Chi-Gly/TNC-50) and pH at ~ 7 were simul-
taneously kept constant within the experimental range for 
interaction of temperature (D) and TiO

2
 loading (A) (Fig. 

6), while for interaction of temperature (D) and adsorbent 
dose (B) the other two input variables of TiO

2
 loading (50% 

TiO
2
: 50% chitosan known as Chi-Gly/TNC-50) and pH at 

~7 were simultaneously kept constant within the experi-
mental range (Fig. 7). From Figs. 8 and 9, reactive orange 
16 removal efficiency increases with increasing tempera-
ture up to 50°C. This can be attributed to the increasing in 
diffusion process of the RO16 molecules across the internal 
structure of the adsorbent [35], and also indicates that the 
adsorption process is an endothermic process in nature [36]. 

3.1.5. Model validation for RO16

In order to test the accuracy of the optimization process, 
the model was validated by two groups of different combi-
nation of variables (TiO

2
 loading, adsorbent dose, pH and 

temperature) each within their experimental ranges. The 
model predicted values and actual values were utilized to 
check the validity of BBD model (Table 4). In accordance 
with Table 4, the maximum removal (%) obtained from 
actual values were 96.1 and 94.46, which is in good agree-
ment with the predicted values of the BBD model. This 
indicates that the BBD model can be successfully applied 
to optimize the removal efficiency of the RO16 dye using 
Chi-Gly/TNC-50.

    

Fig. 7. (a) 3D response surface plot, and (b) contour plot (b) of RO16 removal efficiency showing interaction between  adsorbent dose 
(B) and pH (C).
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3.2 Adsorption study

The adsorption study of RO16 by Chi-Gly/TNC-50 
was performed at different initial RO16 concentration (20–
200 mg/L) and contact time as shown in Fig. 10, by keeping 

other input variables that given in Table 2 (Run or experi-
ment 18) simultaneously constant within this experiment. 
As depicted in Fig. 10, the experimental data reveal that the 
adsorption capacity at equilibrium increases from 21.8 to 
254.4 mg/g, with increase in the initial RO16 concentration 
from 20 to 200 mg/L. This was attributed to a greater colli-
sion rate between RO16 molecules and Chi-Gly/TNC-50 by 
increasing the initial RO16 concentration. Furthermore, the 
time to reach equilibrium also increased with the increase in 
initial RO16 concentration. 

3.3. Kinetic modeling 

In order to figure out the adsorption mechanism, the 
non-linear pseudo-first-order (PFO) model and pseudo-sec-
ond-order (PSO) models were used to test the experimental 

   

Fig. 8. (a) 3D response surface plot, and (b) contour plot of RO16 removal efficiency showing interaction between TiO
2
 loading (A) 

and temperature (D).

 

Fig. 9. (a) 3D response surface plot, and (b) contour plot of RO16 removal efficiency showing interaction between adsorbent dose (B)
and temperature (D).

Table 4  
The model predicted values and actual values of the validity of 
BBD model

Run TiO
2
 

loading 

(%)

Adsorbent 

dose (g)

pH Temp. 

(°C)

RO16 removal (%)

Predicted Actual

1 50 0.11 4.16 37.73 99.24 96.1

2 50 0.13 7.34 49.79 93.45 94.46



A.S. Abdullhameed et al. / Desalination and Water Treatment 164 (2019) 346–360354

data of initial concentration. The Lagergren [37] PFO model 
is expressed by Eq. (6).

( )11 exp k t
t eq q −= −  (6)

The non-linear form of the PSO model [38] is described 
by Eq. (7).

2
2

21
e

t

e

q k t
q

q k t
=

+
 (7)

q
e
: amounts of RO16 adsorbed by Chi-Gly/TNC-50 at equi-

librium (mg/g); q
t
: amounts of RO16 adsorbed Chi-Gly/

TNC-50 at time t (mg/g); k
1
: PFO rate constant (1/h); k

2
: 

PSO rate constant (g/mg h); t: Time (h)
The kinetic data was fit using the nonlinear form of the 

PFO and PSO models. The kinetic parameters are recorded 
in Table 5. From Table 5 it was found that the adsorption 
of RO16 by the Chi-Gly/TNC-50 follows the PFO model in 
terms of higher correlation coefficient values R2. Moreover, 
the q values calculated (q

cal
) from PFO model were more 

consistent with the q values experimental (q
exp

) than those 
calculated from the PSO. Generally, the k

2
 values decrease 

with the increase in initial dye concentrations from 100 to 

400 mg/L. The decreased k
2
 values indicates a decrease in 

the adsorption rate, thereby prolonging the time to attend 
equilibrium. This result is in a good agreement with adsorp-
tion of methyl orange dye (MO) by composite crosslinked 
chitosan [27]. 

3.4. Isotherm modeling

The adsorption isotherm is the most meaningful 
information which describes how the adsorbate mole-
cules distribute between the solid-liquid phases when the 
adsorption process reaches an equilibrium state. Various 
isotherm models such as Langmuir, Freundlich, and Tem-
kin were used to explain the equilibrium characteristics of 
adsorption. The Langmuir isotherm model Langmuir [39] 
describes the monolayer adsorption process on uniform 
adsorption sites and is expressed by Eq. (8).

max

1
a e

e

a e

q k C
q

k C
=

+
 (8)

q
e
: Adsorbed amount of RO16 at equilibrium (mg/g); C

e: 

RO16 concentration at equilibrium (mg/L); q
max

:
 
Langmuir 

maximum adsorption capacity (mg/g); K
a
: Langmuir con-

stant (L/mg).
The equilibrium data were also fitted to the Freundlich 

isotherm model [40], which is expressed by Eq. (9). 

1/n
t f eq K C=  (9)

K
f
: Freundlich constant ((mg/g) (L/mg)1/n)

1/n: adsorption intensity of the system. 
Temkin isotherm model takes into account the heat of 

adsorption of all molecules in the layer would decrease lin-
early rather than logarithmic with coverage [41]. The model 
is given by Eq. (10).

( )lnt T e

T

RT
q K C

b
=  (10)

K
T
: Temkin isotherm constant (L/mg); R: universal gas con-

stant [8.314J/(molK)]; T: (K) is the absolute temperature 
(K); b

T
: Heat of adsorption (J/mol). 

The nonlinear plots of the tested isotherms mod-
els relate to Eqs. (8), (9) and (10) are shown in Fig. 11, 

Fig. 10. Effect of contact time and initial concentration on the ad-
sorption of RO16 dye by Chi-Gly/TNC-50 (initial pH of solution 
= pH 4, adsorbent dose = 0.09 g, temperature = 313 K, agitation 
speed = 100 strokes and volume of solution = 200 mL).

Table 5 
PFO and PSO kinetic parameters for RO16 adsorption on Chi-Gly/TNC-50

Concentration 
(mg/L)

q
eexp

. (mg/g) PFO PSO

q
ecal

 (mg/g) k
1 
(1/h) R2 q

ecal
 (mg/g) k

2
×10–4 (g/mg h) R2

20 21.6 21.8 4.32 0.97 22.4 33.0 0.88

40 40.3 40.9 3.05 0.99 42.3 12.0 0.94

60 58.8 61.4 1.7 0.99 64.3 4.0 0.98

80 75.4 76.8 0.95 0.98 81.9 2.0 0.93

100 146.6 144.1 0.22 0.90 161 0.20 0.93

150 209.4 210.6 0.13 0.89 253.8 0.05 0.91

200 254.9 241.4 0.14 0.89 286.3 0.05 0.92
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and other isotherm parameters are recorded in Table 
6. According to high R2 values (Table 6), the adsorp-
tion equilibrium follows Langmuir and Freundlich 
isotherms indicates homogeneous and heterogeneous 
mode of adsorption [42]. The Chi-Gly/TNC-50 shows 
good adsorptive property toward RO16 with relatively 
high adsorption capacity of 390.5 mg/g. The adsorption 
capacity of RO16 by Chi-Gly/TNC-50 was compared 
with various adsorbents as given in Table 7. From Table 7, 
it can be concluded that the Chi-Gly/TNC-50 possesses 
a relatively high adsorption capacity, suggesting that it 
may be a promising material for the removal of reactive 
dyes from aqueous solutions. 

3.5. Proposed adsorption mechanism 

The proposed adsorption mechanism of RO16 by 
Chi-Gly/TNC-50 is sketched in Fig. 12. Based on the var-
ious functional groups available on the surface of Chi-
Gly/TNC-50, the adsorption mechanism of RO16 can 
be assigned to the various interactions e.g., dipole-di-
pole hydrogen bonding interactions (Fig. 12a), Yoshida 
H-bonding (Fig. 12b) and n-π stacking interactions (Fig. 
12c). In fact, there are two types of hydrogen bonding 
can be occurred between Chi-Gly/TNC-50 and molecu-

Table 6 
Parameters of the Langmuir, Freundlich and Temkin isotherm 
models for RO16 adsorption on Chi-Gly/TNC-50 at 40°C

Adsorption 
isotherm

Parameter Value

Langmuir

q
m 

(mg/g) 390.5

K
a
 (L/mg) 0.021

R2 0.98

Freundlich

K
f
 (mg/g) (L/mg)1/n 20.1

n 1.7

R2 0.99

Temkin

K
T
 (L/mg) 0.24

b
T
 (J/mol) 58.6

R2 0.82

Table 7 
Comparison of the adsorption capacity of reactive orange 16 dye by various adsorbents

Adsorbents Dose pH T (°C) q
max

 (mg/g) Ref.

Chitosan-glyoxal/TiO
2 
nanocomposite 0.09 g/100 mL 4 40 390.5 This study

Coagulation/activated carbon  0.25 g/L – 25 509 [43]

Chitosan-epichlorohydrine film 2.50 mg·cm–2/250 mL 4 25 356.50 [44]

Residual brewery yeast 0.7 g/200 mL 3 35 340 [45]

Polyaniline/bacterial extracellular 0.15 g/100 mL 3 50 293.2 [46]

Chitosan /Poly Itaconic Acid 0.015 g/50 mL 4 37 288 [47]

Brazilian-pine fruit activated carbon 0.05 g/50 mL 2–3 25 239 [48]

Cross-linked chitosan/sepiolite composite 0.2 g/100 mL 3 30 190.96 [49]

Paper sludge activated carbon 0.1 g/100 mL 2 30 178 [50]

Ananas Comosus leaves activated carbon 0.1 g/100 mL 2-3 30 147.05 [51]

Chitosan- EGDE biofilm 1 mg·cm–2/250 mL 4 30 131.2 [8]

Sewage sludge 0.4 g/40 mL 2 25 114.7 [52]

Carbonized fish scale 1 g/L 7 50 105.8 [53]

Aqai palm stalk 2.5 g/20 mL 2 25 62.9 [54]

Ethylenediamine modified rice hull 0.06 g/100 mL 4 25 60.24 [55]

Humin immobilized on silica 0.2 g/10 mL 1 25 19.45 [56]

Surfactant zeolites 10 g/10 mL 10 25 12.6 [57]

Fig. 11. Langmuir, Freundlich, and Temkin isotherm plots for 
the adsorption of RO16 dye on Chi-Gly/TNC-50 at 40°C.
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lar structure of RO16, the common type is dipole-dipole 
hydrogen bonding interactions that occurs between avail-
able hydrogen in the surface of Chi-Gly/TNC-50 with 
oxygen and nitrogen atoms available in the molecular 
structure of RO16 as shown in Fig. 12a, while the second 
type is Yoshida H-bonding that occurs between –OH in 
the surface of Chi-Gly/TNC-50 with aromatic ring of dye 
[58], as shown in Fig. 12b. Another possible interaction is  
n-π interaction which is generally occurred where the 
lone pair electrons on an oxygen atom are delocalized 
into the π orbital of an aromatic ring of dye [59], as shown 
in Fig. 12c. Electrostatic attractions between negatively 
charged sulfonate (SO

3
−) acid groups of RO16 and the 

positively charged functional groups available on the 
surface of Chi-Gly/TNC-50 as shown in Fig. 12d. Similar 
adsorption mechanism was proposed for adsorption of 
reactive red 120 and methyl orange by a biofilm of cross-
linked chitosan- ethylene glycol diglycidyl ether [8]. 

3.6. Characterization 

3.6.1. SEM-EDX analysis 

The surface morphology of the Chi-Gly/TNC-50 before 
and after R016 adsorption was investigated by SEM-EDX 
analysis. The SEM images at magnification power 3000× a 
company with EXD analysis are presented in Figs. 13a and 
13b for Chi-Gly/TNC-50 before and after RO16 adsorption, 
respectively. Fig. 13a shows the surface morphology of Chi-
Gly/TNC-50 was unsmooth and heterogeneous in nature 
with various visible cavities distributed randomly. The rep-
resentative EDX analysis indicates that the main elements 
presented in the polymeric matrix of Chi-Gly/TNC-50 were 
carbon, titanium and oxygen. On the other hand, the surface 
of Chi-Gly/TNC-50 after RO16 adsorption (Fig. 13b) was 
changed to be more compact with less visible cavities on the 
outer surface, which can be attributed to the RO16 molecules 
loaded on the adsorbent surface. As for representative EDX 

    

   

Fig. 12. Illustration of the possible interaction between Chi-Gly/TNC-50 and RO16: (a) dipole-dipole hydrogen bonding interactions, 
(b) Yoshida H-bonding, (c)  n-π stacking interactions, and (d) electrostatic attraction.
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Fig. 13. SEM images and EDX spectra for (a) Chi-Gly/TNC-50 before adsorption, and (b) Chi-Gly/TNC-50 after RO16 adsorption.
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analysis, it was also observed that the Chi-Gly/TNC-50 con-
sist mainly of C, N, O, and Ti. The slight increment in the 
C and O content of Chi-Gly/TNC-50 after RO16 adsorption 
(Fig. 13b) can be attributed to the RO16 loaded on the surface 
of Chi-Gly/TNC-50. The appearances of the Au peaks in all 
spectra are attributed coating process with gold in order to 
improve electric conduction and enhance the images quality. 

3.6.2. FTIR analysis

FTIR spectroscopy was used to identify the functional 
groups that are responsible for adsorption of RO16 from 
aqueous solution. FTIR spectrum of crosslinked chi-
tosan-glyoxal/TiO

2
 nanocomposite –50 was obtained in 

the range of 450–4000 cm–1, and it is shown in Fig. 14a. 
Various peaks can be observed in FTIR spectrum of Chi-
Gly/TNC-50. The peak at ~3500 cm–1 can be ascribed to 
intermolecular hydrogen bonds and the overlap between 
O-H and N-H stretching vibration, while characteristic 
peak at ~2900 cm–1 was attributed to the C-H stretching 
of –CH and –CH

2
 groups [60]. The peak appearing at 1150 

cm–1 corresponded to the stretching vibration of C-O in 
chitosan molecule on C-3 and C-6 position, while peaks at 
~1320 cm−1 and ~1260 cm−1 can be attributed to C-N amide 
I stretching vibration and amide II stretching vibration, 
respectively [61]. The peak at ~1650 cm−1 is attributed to 
the imine bond (C=N) result from the Schiff-base reaction 
between carbonyl groups of glyoxal and amino groups of 
chitosan [62]. The band located at 770 cm−1 is attributed 
to the Ti-O-Ti stretching while bands at 2851 and 3429 
cm–1 are attributed to surface hydroxyl groups O-H of 
TiO

2
 [22,27]. These bands indicate incorporation of nano-

TiO
2 

into polymeric matrix of Chi-Gly. Finally, the FTIR 
of Chi-Gly/TNC-50 after RO16 adsorption is presented 
in Fig. 14b. After RO16 adsorption (Fig. 14b), a new band 
appears at~1500 cm−1 (C=C stretch in aromatic ring) can be 
assigned to the poly aromatic ring of RO16 dye loaded on 
Chi-Gly/TNC-50 surface. Moreover, a clear reduction of 
some bands can be observed of the C=N band and obvious 

shift can be observed of the amide II stretching vibration, 
which may reconfirm the involvement of the Chi-Gly/
TNC-50 functional groups with RO16 molecules. 

4. Conclusion

In the lab scale study, 4-level Box–Behnken design 
(BBD) in response surface methodology (RSM) was used 
to optimize the loading of TiO

2
 nanoparticles into chi-

tosan-glyoxal (Chi-Gly) polymeric matrix to be a poten-
tial biosorbent for reactive orange (RO16) from aqueous 
solution. Various input variables, viz., loading of TiO

2
 

nanoparticles into Chi-Gly matrix (A: 0-50%), adsorbent 
dosage (B: 0.04–0.14 g/50 mL), solution pH (C: 4–10), and 
temperature (D: 30–50°C) were optimized by using BBD 
for efficient removal for RO16. The highest RO16 removal 
efficiency was observed by simultaneous interactions 
between AB, AD, BC and BD. The optimum TiO

2
 loading, 

adsorbent dosage, solution pH, and temperature were 
(50% TiO

2
: 50% chitosan), 0.09 g/50 mL, 4.0, and 40°C. The 

adsorption of RO16 from aqueous solution under opti-
mum operation conditions was investigated. The adsorp-
tion kinetic results were well described by the pseudo-first 
order kinetic, and the equilibrium data were best fitted 
to Langmuir and Freundlich isotherm models with max-
imum adsorption capacity of 390.5 mg/g. The adsorp-
tion mechanism included mainly dipole-dipole hydrogen 
bonding interactions, Yoshida H-bonding, n-π stacking 
interactions, and electrostatic attractions. 
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