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Abstract 
Ce was doped on TiO2 nanoparticles (NPs), and this association was loaded on activated carbon (Ce-
TiO2-NPs-AC). The characterization was completed by FE-SEM, TEM, and XRD, and finally these NPs 
were used for the ultrasonic-assisted adsorption of Basic Red 46 (BR 46) from aqueous solution. An 
experimental model suggested by the central composite design (CCD)—as a branch of response surface 
methodology (RSM)—provides insight into the influence of variables, such as BR 46 concentration, pH, 
adsorbent mass, and sonication time, on BR 46 removal. Experimental results revealed that setting 
conditions at 25 mg L−1 of BR 46, pH 5.0, 0.02 g of Ce-TiO2-NPs-AC and 4 min sonication resulted in a 
high coefficient of determination (R2 > 0.99) and low probability values. The difference in the values is 
likely due to the accumulation of more than 99% of BR 46, while equilibrium data described by 
Langmuir isotherm model with a high adsorption capacity of 58.61 mg g−1 and adsorption process were 
successfully correlated with pseudo-second-order kinetics model. 

Graphical abstract 
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1. Introduction 
Dyes—due to their extensive application in various activities—have a prominent role in industries such 
as textile, paint, and pigment manufacturing. However, dye waste can lead to the pollution of water 
and consequently induces skin irritation, respiratory problems, and cancer risk in humans and other 
living things. Accordingly, the removal of such waste from these media is highly recommended for 
maintaining high quality water resources [1], [2], [3]. 

Peer-reviewed literature reveals the ability of precipitation, coagulation, reverse osmosis, ozonation, 
and adsorption to achieve this requirement. Using these processes restricts their application, mainly 
due to their economic limitations and less effective generation of a large quantity of secondary 
sludge [4], [5], [6]; however, these drawbacks can be resolved. Adsorption methods provide benefits 
such as cost effectiveness, simplicity, and superiority in terms of operation and large 
capacity [7], [8], [9] and through using nanomaterials. It has extensively been denoted that the 
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performance of nanomaterials could significantly be improved via its high surface areas and the 
number of reactive unsaturated centers, which their combination with activated carbon (AC) results in 
the appearance of functional centers like OH, COOH, and NH and their cooperation with metallic nano-
centers strongly improves capacity and reduces process time. Additionally, reduction in the internal 
diffusion resistance and the large specific area and also the presence of porous structure assigned to 
nanoparticle (NP) sorbents causes higher efficiency, using a small amount over a short time 
period [10], [11], [12], [13], [14]. 

Combination of nanostructure-based adsorption with ultrasound assists in decolorization stage by 
enhancing mass-transfer efficiency, which is likely the result of secondary effects such as cavitation, 
defied as nucleation, growth, and transient collapse of tiny gas bubbles. This phenomenon induces 
microstreaming, micro-turbulence, acoustic or shock waves, and micro-jets without significantly 
changing the equilibrium features of the adsorption/desorption system. Sonication is an effectual tool 
for strengthen the mass process between adsorbate and adsorbent [15], [16]. 

Parameter optimization is generally achieved by the statistical design of experiment (DOE) methods, 
and response surface methodology (RSM) enables multivariable optimization [17], [18], [19], [20], [21]. 
In this study, Ce-TiO2-NPs-AC was synthesized and characterized using XRD, FE-SEM, and TEM and 
utilized for the ultrasound-assisted adsorption of Basic Red 46 (BR 46). Correlation among four 
response variables—pH, initial BR 46 concentration, adsorbent mass, and ultrasound time was 
investigated by using central composite design (CCD). 

2. Experimental 
2.1. Instruments and reagents 
All chemicals such as titanium isopropoxide, cerium nitrate, Basic Red 46 (BR 46, AC, NaOH, and HCl—
were acquired from Merck, Darmstadt, Germany. Each solution in double distilled water was diluted, 
and the subsequent stages were accomplished according to our previous publications [11], [13], [22]. 

2.2. Ultrasound-assisted synthesis of Ce-TiO2-NPs-AC 
Typical synthesis procedure based on ultrasound was as follows: a mixture of 50 mL of 2-propanol and 
5 mL of titanium isopropoxide was taken in a 250-ml beaker, which was then put in a constant 
temperature bath. Sonication process was conducted by using a direct immersion titanium horn in the 
sonication cell, in order to retain the ratio (2% mole) of Ce to TiO2 in distilled water (20 mL). 
Subsequently, sodium hydroxide (5 mL) and cerium nitrate (2 mL) solutions were added at the same 
time every 30 s until the achievement a final volume of 70. This resultant solution transferred to an 
ultrasound reactor and sonicated for additional 30 min. After irradiation for 30 min, the solution was 
kept constant to settle the precipitate, which was later centrifuged, filtered, dried, and calcined at the 
temperature of 450 °C for a time period of 3 h [23]. Finally, the prepared Ce-TiO2-NPs mixture was 
agitated with AC (1:10), set in a thermo-bath at the temperature of 80 °C for 8 h and left at room 
temperature to be dried. 
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2.3. Ultrasound-assisted adsorption procedure 
Ultrasound-assisted adsorption experiments were employed to investigate the influence of different 
parameters on Ce-TiO2-NPs-AC for the adsorption of BR 46; the procedure has been described in detail 
in our previous publications [21], [24]. 

2.4. Rsm 
In the field of water and waste water treatment, RSM was used for the optimization of process, which 
its detailed description is available in our previous publications [25], [26]. 

3. Results and discussion 
3.1. Characterization of Ce-TiO2-NPs 
FE-SEM results of surface morphology of Ce-TiO2-NPs, as represented in Fig. 1(a), indicated that 
particles had uniform distribution, spherical morphology, and slight agglomeration. The peaks and 
relative intensities in Fig. 1(b) reveal that Ce-TiO2-NPs are matched to the standard pattern (JCPDS card 
no. 21-1272). Besides, the 2-theta at 25.28°, 36.88°, 37.80°, 38.51°, 48.05°, 53.76°, and 54.5° 
correspond to the crystal forms of (1 0 1), (1 0 3), (0 0 4), (1 1 2), (2 0 0), (1 0 5), and (2 1 1) of the 
anatase, respectively. Fig. 1(c) showing the TEM image of Ce-TiO2-NPs displays their aggregation with 
porous nature. The TEM measurement of NPs size is ~20 nm, which agrees well with the Debye-Scherer 
calculation from FWHM of the (1 0 1) peak. 

 
Fig. 1. FE-SEM (a), XRD (b), and TEM (c) of Ce-TiO2-NPs. 
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3.2. Modeling the process and statistical analysis 
Optimum conditions for BR 46 adsorption onto Ce-TiO2-NPs-AC were determined through conducting 
experiments with the following parameters: BR 46 concentration (A: 15–35 mg L−1), pH (B: 2–10), 
adsorbent mass (C: 5–25 mg), and sonication time (D: 1–5 min) (Table 1). To estimate the importance 
of each parameter, it is required to determine the significance of the quadratic model developed by 
the analysis of variance (ANOVA) from F-test and p-value. The large F-value, which is explained by the 
developed regression equation, suggests most variations in the output. The p-value was employed to 
evaluate whether F is large enough to show the statistical significance. As a result, if p-value is lower 
than 0.05, it denotes that the developed model and variables are statistically significant of [27]. The 
significance and adequacy of the regression model and the results were justified by ANOVA (Table 2). 
The F- and p-values in this Table display that the individual, second-order, and all the interaction 
variables are significant. The p-value of the reduced quadratic model was less than 0.0001, 
corroborating the excellent adjustment of the experimental data. 

Table 1. Design matrix for the CCD. 

Factors Levels      
−α Low (−1) Central (0) High (+1) +α 

A: BR 46 concentration (mg L−1) 15 20 25 30 35 
B: pH 2 4 6 8 10 
C: Adsorbent mass (g) 0.005 0.01 0.015 0.020 0.025 
D: Ultrasound time (min) 1 2 3 4 5 
Run A B C D Adsorption (%) 
1 25 6 0.015 3 97.475 
2 30 4 0.010 4 96.210 
3 20 4 0.010 2 86.914 
4 25 6 0.015 3 97.424 
5 25 6 0.015 5 91.644 
6 20 8 0.010 4 90.216 
7 25 6 0.005 3 89.062 
8 25 10 0.015 3 90.540 
9 30 8 0.020 2 82.958 
10 20 4 0.020 4 99.479 
11 30 6 0.020 2 83.433 
12 25 6 0.015 1 71.741 
13 15 6 0.015 3 96.078 
14 25 6 0.015 3 97.201 
15 20 8 0.010 2 86.389 
16 30 4 0.020 4 97.822 
17 20 4 0.010 4 95.784 
18 20 8 0.020 2 92.271 
19 30 8 0.010 4 94.033 
20 25 6 0.015 3 97.707 
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21 20 4 0.020 2 94.326 
22 35 6 0.015 3 88.323 
23 25 6 0.015 3 98.011 
24 25 6 0.025 3 97.728 
25 30 4 0.010 2 76.762 
26 30 8 0.020 4 94.883 
27 30 8 0.010 2 79.283 
28 25 2 0.015 3 95.318 
29 25 6 0.015 3 97.961 
30 20 8 0.020 4 93.810 

 

Table 2. Analysis of variance (ANOVA) for adsorption of BR 46. 

Source Sums of squares Dfa Mean squares F-value p-value 
Model 1433.9 14 102.42 798.50 <0.0001 
A 106.79 1 106.79 832.58 <0.0001 
B 23.911 1 23.911 186.41 <0.0001 
C 98.488 1 98.488 767.83 <0.0001 
D 604.59 1 604.59 4713.5 <0.0001 
AB 8.3595 1 8.3595 65.172 <0.0001 
AC 5.4975 1 5.4975 42.860 <0.0001 
AD 112.00 1 112.00 873.18 <0.0001 
BC 0.83375 1 0.83375 6.5001 0.02222 
BD 16.706 1 16.706 130.24 <0.0001 
CD 9.0437 1 9.0437 70.506 <0.0001 
A2 48.735 1 48.735 379.94 <0.0001 
B2 36.020 1 36.020 280.82 <0.0001 
C2 29.377 1 29.377 229.03 <0.0001 
D2 428.99 1 428.99 3344.5 < 0.0001 
Residual 1.9240 15 0.12827 

  

Lack of Fit 1.4131 10 0.14131 1.3829 0.37869 
Pure Error 0.51092 5 0.10218 

  

Corr. Total 1435.8 29 
   

Model Summary Statistics    
Standard deviation (SD) 0.35815 R-square 0.99866 
Mean 91.693 Adj R-square 0.99741 
Coefficient of variation (CV%) 0.39059 Pred R-square 0.99377 
PRESSb 8.9393 Adequate precision 110.56 

aDegrees of freedom. 
bPredicted residual error sum of squares. 
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The correlation coefficients (R-square, adjusted (Adj) and predicted (Pred) R-square) are a good 
indication of model accuracy. Accordingly, an R-square value of 0.9998 for the quadratic model 
confirms the excellent ability of the model to fit the experimental data, which fully agrees with the Adj 
R-square value of 0.9991. The value of Pred R-square for the current model was 0.8547 (Fig. 2(a)), 
which shows acceptable agreement between predicted versus actual data. The adequate precision 
value was observed to be 114.75 (signal to noise ratio). This value is much greater than the critical 
value of 4, which obviously shows a strongly adequate signal it. The lack of fit (0.345) was not 
significant, and this insignificant result is favorable for the fitness of the data in the model. Regression 
analysis was utilize for the development of the best-fit model by using the collected data and empirical 
polynomial quadratic model, which is applicable to the predication of BR 46 adsorption as follows: 

(1) 

BR46adsorption = 25.34 + 0.54A + 3.0B + 2847.7C + 21.0D + 0.08AB − 23.73AC + 0.54AD − 24.20BC
− 0.54BD− 152.16CD− 0. 053A2 − 0. 29B2 − 41479C2 − 3. 96D2  

 
Fig. 2. Correlation of experimental and predicted values (a) and Pareto chart (p = 0.05) of CCD, which 
represents the estimated effects of parameters and interactions on adsorption of BR 46 (b). 

Fig. 2(b) shows the analysis of the results by using standardized main effect Pareto chart (P = 95%) and 
also displays the quadratic and interaction effects of the variables. The analysis of results by Pareto 
chart was also confirmed by mathematical equation, which showed that the ultrasound time has the 
largest influence on the adsorption of BR 46. These observations support that sonication after the 
lateral formation of cavitation causes a high contact area and higher concentration gradient. Hence, 
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enhancement in the diffusion coefficient, as well as in the rate and magnitude of mass transfer via 
diffusion leads to the improvement of the migration. 

3.3. Three-dimensional (3D) response surface plots 
The 3D response surfaces plots, as the functions of two variables at the center level of other variables, 
are demonstrated in Fig. 3 and reflect the presence of interactions among variables. As seen in Fig. 3a, 
BR 46 adsorption is strongly dependent on adsorbent mass, while the opposite trend was found in its 
concentration (lower adsorption percentage at higher BR 46 value). The BR 46 residual concentration 
sharply increased at higher pH, which is due to pH changes from 2.0 to 10.0. The lower pH (between 
2.0 and 5.0; Fig. 3b) is proportional with lower adsorption efficiency in comparison to higher pH. At 
lower pH values, the H+ ions compete with the cationic form of BR 46, which reduces the adsorption 
efficiency. Despite the negative charge of the adsorbent due to the compromise of different forces like 
hydrogen bonds and π-π bonding in addition to electrostatic interaction, higher pH values led to the 
improvement in removal percentage [28]. Maximum dye adsorption achieved at 4.0 min sonication 
directly denotes quick equilibrium (Fig. 3b), which is likely related to the improvement in mixing, 
porosity, and diffusion coefficient. 

 
Fig. 3. The 3D response surfaces plot for the ultrasound-assisted adsorption of BR 46 dye. 

3.4. Optimization of CCD by desirability function for BR 46 adsorption 
Maximum BR 46 removal (99.86%) by Ce-TiO2-NPs-AC occurs when experimental conditions (Fig. 4) are 
set at 25 mg L−1 of BR 46, pH 5.0, 0.02 g of Ce-TiO2-NPs-AC in the presence of 4 min sonication. 
Suitability of these conditions was checked experimentally through the replication of five similar runs, 
which have an efficiency of 99.31% ± 1.64 of BR 46, and according to t-test, they do not statistically 
differ from each other. 

 
Fig. 4. Optimization plot for the adsorption of BR 46 by Ce-TiO2-NPs-AC. 
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3.5. Adsorption kinetics 
An ideal pollution control and removal must simultaneously be large capacity, based on adsorbent that 
is able to remove large content of pollutants in a short time. Therefore, the adsorption rate has a 
significant contribution on selection of adsorbent, and adsorption kinetics must be taken into account 
due to its ability to explain how fast the chemical reaction occurs and provide information on the 
factors affecting the reaction rate [29]. Kinetic modeling simultaneously represents adsorption rates 
and enables the evaluation of suitable rate expressions, while also guiding and justifying efficient 
reaction mechanisms [30]. In this respect, conventional previous models are applied to evaluate 
experimental data at 25 mg L−1 of BR 46. Pseudo first-order model is represented as [31]: 

(2) 

log�qe − qt� = logqe − �
k1

2.303
� t 

Pseudo second-order model is represented as [32]: 

(3) 

t
qt

=
1

k2qe2
+

t
qe

 

The Elovich model is represented by [33]: 

(4) 

qt =
1
𝛽𝛽

ln(𝛼𝛼𝛼𝛼) +
1
𝛽𝛽

lnt 

and, finally, intra-particle diffusion model is represented by [34]: 

(5) 

qt = Kdifft1 2⁄ + C 

The results corresponding to the above model (Table 3) is depicted. Respective constants 
corresponding to each model is calculated and judgment determines that the pseudo second-order 
kinetic model best fits the BR 46 adsorption. 

Table 3. Kinetic parameters for adsorption of BR 46. 

Model Parameters Value 
Pseudo-first-order kinetic k1 (min−1) 2.18  

qe (calc) (mg g−1) 7.04  
R2 0.826 

Pseudo-second-order kinetic k2 (min−1) 5.83  
qe (calc) (mg g−1) 53.91 
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R2 0.999 

Intraparticle diffusion Kdiff (mg g−1 min−1/2) 6.52  
C (mg g−1) 24.52  
R2 0.986 

Elovich β (g mg−1) 0.638  
α (mg g−1 min−1) 1857.42  
R2 0.851 

Experimental data qe (exp) (mg g−1) 48.63 
 

3.6. Adsorption isotherms 
Adsorption isotherms, which represent interaction among species, are the best choice to assess 
mechanism of process [29], and Langmuir isotherm as monolayer adsorption has the following 
relationship [35]: 

(6) 

Ce
qe

=
1

QmkL
+

Ce
Qm

 

This equation well defines the slope and intercept of line corresponding to drawing Ce/qe vs. Ce, which 
is applied for estimation of Qm and KL. 

The Freundlich equilibrium adsorption curves has unique properties. Based on parameters like 1/n, 
KF and qe [36], each research can understand mechanism and ability of model for good representation 
of experimental data. 

(7) 

logqe = logKF +
1
n

logCe 

This isotherm dose does not predict any saturation of nitrogenous adsorbent surface. The Freundlich 
constants viz. KF and 1/n can be determined from intercept & slope of the linear plot of log qe vs. log 
Ce. To evaluate heat of adsorption and coverage magnitude over adsorbent, the adsorption data is 
analyzed through following linear equation (eq. (8)) [37], [38]: 

(8) 

qe = B1ln k2 + B1lnCe 

The most useful model from Dubinin–Radushkevich [39] is given as: 

(9) 

lnqe = lnQs − K𝜀𝜀2
1
n
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where ε can be correlated: 

(10) 

𝜀𝜀 = RT𝑙𝑙𝑙𝑙 �1 +
1
Ce
� 

The isotherm parameters obtained from fitting the curves to the Langmuir, Freundlich, Temkin and 
Dubinin-radushkevich models are given in Table 4. However, according to judgment based on 
correlation coefficients (R2), the Langmuir model is superior to the others models to describe 
understudy system. The results suggest that the adsorbent is homogeneous and the adsorption film 
has monolayer coverage, since its reasonable maximum monolayer adsorption capacity is 
recommended for further study. The adsorption capacities of Ce-TiO2-NPs-AC obtained from Langmuir 
isotherm model is found to be moderately higher than that of many adsorbents reported in the 
literature (Table 5). 

Table 4. Isotherm constant parameters and correlation coefficients calculated for adsorption of BR 46. 

Isotherm Parameters Value 
Langmuir Qm (mg.g−1) 58.61  

Ka (L mg−1) 9.57  
R2 0.999 

Freundlich 1/n 0.362  
KF (L mg−1) 4.12  
R2 0.925 

Temkin B1 5.85  
KT(L mg−1) 2618.66  
R2 0.884 

Dubinin-radushkevich Qs (mg g−1) 50.94  
B × 10-9 6.0  
E 4751.94  
R2 0.947 

 

Table 5. Comparison of adsorption performance of Ce-TiO2-NPs-AC for ultrasound-assisted adsorption 
of BR 46 with other adsorbents. 

Adsorbent Adsorption capacity 
Qm (mg g−1) 

pH Time 
(min) 

Ref. 

NiO-NPs-modified diatomite 72.46 8 60 [40] 

Princess tree leaf 43.10 8 70 [41] 

Pine tree leaves 71.94 6 75 [42] 

Boron industry waste 74.73 9 60 [43] 

Thin phosphate 28.57 8 <90 [44] 

Raw phosphate 14.70 8 <90 [44] 
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Coarse phosphate 16.62 8 <90 [44] 

Natural sugarcane stalks powder 20.96 7.2 60 [45] 

Moroccan clay 54.00 – 20 [46] 

Activated carbon 26.41 5 4 This work 
TiO2- NPs-AC 49.05 5 4 This work 
Ce-TiO2-NPs-AC 58.61 5 4 This work 

 

3.7. Reusability of Ce-TiO2-NPs-AC 
The regeneration of Ce-TiO2-NPs-AC is checked for several consecutive applications in adsorption 
experiments, following washing with ethanol. The experimental results—according to t-test—confirm 
good reusability up to four consecutive cycles, as shown in Fig. 5. The good reusability of Ce-TiO2-NPs-
AC is due to the nanometer-sized structure with a high surface area, which, in combination with its 
lower cost, lead to reduction of the overall cost of the adsorption process. 

 
Fig. 5. Reusability of Ce-TiO2-NPs-AC for BR 46 adsorption. 

4. Conclusion 
The primary goal of this work is the ultrasound-assisted synthesis of Ce-TiO2-NPs-AC and verification of 
its applicability for BR 46 removal from aqueous solution. The effect of different parameters (e.g. BR 46 
content, pH of solution, adsorbent mass, and ultrasound time) was studied using CCD. The 3D surface 
plots showed that BR 46 adsorption had a maximum value with a higher content of adsorbent; 
nonetheless, the same conditions and higher concentration of BR 46 led to decrease in removal 
percentage. The very rapid adsorption rate at lower time was because of the high surface area as well 
as the vacant adsorbent sites, which allow for increasing contact between dye and adsorbent after 
exposure to ultrasound power. The Langmuir, in comparison to other models, has more ability to fit 
and represent experimental data with monolayer adsorption capacity of 58.61 mg g−1. The BR 46 
adsorption onto Ce-TiO2-NPs-AC efficiency was predicted by pseudo second-order model. The 
adsorbent presented here is a constant, an effective, an inexpensive, a green, and an eco-friendly 
material. The equilibrium was achieved in a much shorter time, and a significant amount of BR 46 was 
adsorbed on Ce-TiO2-NPs-AC compared to other adsorbents reported in the literature. 
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