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Abstract 

As tighter regulations on color in discharges to water bodies are more widely implemented worldwide, the 

demand for reliable inexpensive technologies for dye removal grows. In this study, the removal of the basic 

dye, methylene blue, by adsorption onto low-cost sodium alginate-kaolin beads was investigated to 

determine the effect of operating parameters (initial dye concentration, contact time, pH, adsorbent dosage, 

temperature, agitation speed) on dye removal efficiency. The composite beads and individual components 

were characterized by a number of analytical techniques. Three models were developed to describe the 

adsorption as a function of the operating parameters using regression analysis, and two powerful intelligent 

modeling techniques, genetic programming and artificial neural network (ANN). The ANN model is best 

in predicting dye removal efficiency with R2 =0.97 and RMSE = 3.59. The developed model can be used 

as a useful tool to optimize treatment processes using the promising adsorbent, to eliminate basic dyes from 

aqueous solutions. Adsorption followed a pseudo-second order kinetics and was best described by the 

Freundlich isotherm. Encapsulating the kaolin powder in sodium alginate resulted in removal efficiency of 

99.56% and a maximum adsorption capacity of 188.7 mg.g-1, a more than fourfold increase over kaolin 

alone.  

Keywords: Methylene blue adsorption; Sodium alginate-kaolin beads; Intelligent approaches. 

 



4 
 

1. Introduction 

Dye-containing wastewaters are discharged from various industries such as textile, paper and food 

processing, dyestuff production, as well as from medical laboratories and households. Many dyes are 

complex organic compounds with high solubility in water and poor biodegradability, thus they are difficult 

to remove with conventional treatment methods [1,2]. The discharge of dyes to the environment can be 

harmful to the health of ecosystems and humans through direct effects due to the uptake of 

cancerogenic/mutagenic dyes or their byproducts, or indirectly through aesthetic impact or interference 

with photosynthesis in the receiving aquatic ecosystems [3]. Existing guidelines and regulations for the 

discharge of colored wastewater from the textile industry limit the spectral absorption coefficient (SAC) at 

three wavelengths (436, 525, 620 nm) to 7, 5, 3 m-1, respectively [4,5]. The recent voluntary standard by 

the global industry initiative Zero Discharge of Hazardous Chemicals Programme for discharges from the 

textile industry goes beyond regulatory compliance to ensure that the environment and surrounding 

communities are not adversely affected [6]. They propose reductions in the SAC down to 2; 1; 1 m-1, 

respectively. For a common basic dye such as methylene blue, these restrictions require concentrations as 

low as 0.025 ppm to achieve a SAC (620 nm) of 1 m-1. Methylene blue is often selected as a proxy for basic 

dyes in color removal studies. It can be found in wastewaters from the paper, silk, acrylics and cosmetics 

industries, as well as laboratory and medical procedures [7].  

The move for tighter regulations on dye concentrations in wastewater discharges requires inexpensive 

reliable technology for color removal. Much research and development activity has been carried out over 

the last decades to decolorize wastewaters containing organic dyes using biological reactors and different 

oxidation or reduction techniques to transform the dyes, using membranes or adsorption processes to 

remove the dyes [1,3,8,9]. 

Adsorption has been the focus of many studies since it does not produce metabolites [10,11]. Among the 

different types of adsorbents, activated carbon and carbon nanotube are widely studied for the removal of 

organic dye [12] and cationic heavy metals [13,14] due to their high adsorption capacity. However, the high 
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costs and difficulties in the recovery process have raised interest in the use of cheaper and more efficient 

adsorbent materials, such as clays [10,12,15]. Kaolin as a type of clay is a promising adsorbent [16]; 

however, its application has been restricted by the difficulties associated with its recovery from aqueous 

solution and low stability in fixed bed adsorption columns. Therefore, composites of powders such as kaolin 

with other materials that can facilitate their recovery and improve their applicability are being sought. 

Alginate is an inexpensive, nontoxic biopolymer that is known as an effective biosorbent due to the presence 

of carboxyl groups in its chains [17]. Sodium alginate has been shown to produce effective composite 

adsorbents with inorganic (zeolite/nickel ferrite) [18] and organic (rice husk) [19] components. Both 

composites were shown to be effective in the adsorption of methylene blue. Embedding clay in an alginate 

beads has a twofold benefit: the beads can be easily separated from the wastewater, while the rigid clay 

increases the mechanical resistance of the alginate [20]. 

Another important step in developing a low-cost adsorbent is being able to predict the required operating 

conditions for the desired dye removal. The initial dye concentration, contact time, pH value, adsorbent 

dosage, temperature and agitation speed can all play a role in determining the removal efficiency, and thus 

have to be predicted for efficient adsorption procedure. Regression models to describe the relationship 

between dye removal and many operating parameters can become quite complex and unwieldy to use [21]. 

In recent studies, researchers predicted the removal efficiency of dyes using artificial intelligence models 

like artificial neural network (ANN). Tanzifi et al. used a multilayer feed forward neural network to model 

the adsorption of methyl orange adsorption onto polyaniline nano-adsorbent [22]. In a similar study, the 

adsorption of Amido Black 10B on polyaniline/SiO2 nanocomposite was modeled using ANN [23]. Based 

on the good agreement between the experimental and predicted results, both studies concluded that the 

ANN model can be used to predict the removal efficiency of dyes. The form of ANN models is not explicit 

and hard to use. Another powerful tool, genetic programming (GP), an evolutionary computing technique 

based on a tree representation of genes [24], has been used to develop predictive models in industrial 
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processing systems [25]. GP provides an explicit model to describe the relationship between the input and 

output variables. 

The purpose of the present work is to investigate the adsorptive properties of sodium alginate-kaolin beads 

in the removal of methylene blue from aqueous solution, in order to 1) determine equilibrium and kinetic 

adsorption models, 2) study how operating parameters affect dye removal efficiency, 3) develop a 

predictive model for the desired dye removal as a function of the operating conditions. The RSM Box-

Behnken method was used to design the experiments to explore the effect of changes in the operating 

parameters (initial dye concentration, contact time, pH value, adsorbent dosage, temperature and agitation 

speed) on dye removal and to model the adsorption process. In addition, two powerful smart models of GP 

and ANN were used to model the adsorption of methylene blue on the beads. The outcomes of the three 

models were compared with the experimental data in order to choose the best model.  

 

2. Materials and methods 

2.1. Preparation and characterization of adsorbent  

The sodium alginate was purchased from Acros Organics, USA with the reported purity of 19 to 25 % 

(carboxyl groups) (on dried substance) and viscosity of 500 mPa·s for 1wt.% (20 °C) corresponding to 

average molecular weight of 100,000 g/mol. In addition, the molecular weight (MW=108,000 g/mol) and 

number average were determined by the gel permeation chromatography (GPC) on PSS-SECurity-1260 

Agilent GPC System equipped with PSS-SUPREMA-VS+HS-30+HS-3000 Ä 10µm column using Pullulan 

(PSS-Mainz) standards. The 0.1 N NaNO3 in double-distilled H2O was used as an eluent at a flow rate of 

1.0 ml.min-1 at room temperature (Figure 1). 
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Figure 1. GPC trace of sodium alginate 

The M/G ratio of alginate was determined by the 1H NMR analysis following the standard procedure [26]. 

For this, alginate was hydrolyzed, and 1H NMR spectrum was recorded with Varian 600 spectrometer at 80 

°C. The characteristic parameters, such as mannuronate/guluronate (M/G) ratio, guluronic acid content (G-

content), and average length of blocks of consecutive G monomer were calculated from the 1H NMR 

spectrum (Table 1 and 2). 

Table 1. Characteristic parameters of the alginate calculated from the 1H NMR spectra 

G M GG MG MM GGM MGM GGG 

0.92 0.95 0.56 0.64 0.31 0.44 0.2 0.12 

FG FM FGG FMG FMM FGGM FGGM FGGG 

0.49 0.51 0.3 0.34 0.016 0.24 0.11 0.06 

 

Table 2. Number average of block length is calculated as previously reported by Grasdalen [25] 

NG NG > 1 NM 

1.44 1.58 1.5 

 

The rheological properties of the alginate were determined on the Physica MCR 301; Anton Paar rotational 

rheometer (Figure 2). The temperature was kept at 25 °C using a Peltier cooling module.   
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Figure 2. Dynamic viscosity of the water solutions of alginate with three different concentrations. 

Kaolin was supplied by an Iranian industrial clay company. The kaolin powder was analyzed using X-Ray 

Diffraction (PMD Philips X-Pert, Netherlands) to identify the main compounds of the kaolin as quartz and 

kaolinite (Figure 3).  

 

Figure 3. XRD of kaolin powder. 

Calcium chloride, sodium hydroxide, and hydrochloric acid, were purchased from Merck, Germany. 

Different kaolin to sodium alginate ratios (30:70, 40:60, 50:50, 60:40, 70:30, 80:20 and 75:25%) were used 

to synthesize the beads, and the goal was to use more kaolin in the beads. We should mention that the 

formed beads started to be fragmented at the percentage of more than 70% of kaolin. Therefore, the sodium 

alginate-kaolin beads were made by combining 70 wt% kaolin and 30 wt% sodium alginate powder. First, 

1.4 g of kaolin powder was added to 100 mL of deionized water and stirred vigorously to uniformly disperse 

kaolin in water. In a second solution, 0.6 g of sodium alginate powder was added to 100 mL of deionized 

water and stirred. Both solutions were then mixed and stirred together for an hour. The resulting suspension 

was added drop-wise to 200 mL of a 0.5 M calcium chloride solution to form the alginate encapsulated 
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kaolin beads. Since the size of the needle and the distance between needle and surface of calcium chloride 

film affect the shape and the diameter of produced beads [27], the distance was kept constant at 5 mm. Bead 

formation is caused by the development of cross-linkages in the alginate polymer chains due to the exchange 

of sodium for calcium cations [28]. 

Na (Alginate) + CaCl2 → 2 NaCl + Ca (Alginate) 

The beads were separated and washed with deionized water. To avoid the collapse of the internal structure, 

adsorbent beads were stored in deionized water until used. 

 Thermogravimetric investigation of pure kaolin and sodium alginate, and alginate-kaolin were carried out 

using a thermo microbalance TG 209 F1 Libra (Netzsch, Selb, Germany) on well ground samples in flowing 

air atmosphere. Each measurement was performed on 10 ± 1 mg of sample, which was placed in aluminium 

crucible and heated from 25° C to 600° C at a heating rate of 10° C/min. Zeta potential measurements were 

carried out on a Zetasizer Nano ZS, Malvern Instruments (Malvern Panalytical, United Kingdom). The 

measured electrophoretic mobility was converted to Zeta potential using Smoluchowski’s approximation. 

The samples for the measurement was prepared by stirring 30 mg of sodium alginate beads in 50 ml of 

bidistilled water for 12 hours at room temperature. The obtained suspension was centrifuged for 3 min to 

precipitate the large particles and supernatant was measured for zeta potential. ATR-IR spectra of sodium 

alginate, kaolin and sodium alginate-kaolin beads before and after the adsorption were recorded on the 

Nicolet iS5 spectrometer from Thermo Fisher Scientific (Whaltham, Massachusettes, USA) equipped with 

iD5 ATR crystal. The spectra were recorded with a resolution of 0.5 cm-1. Furthermore, scanning electron 

microscopy (Phenom ProX Desktop SEM, USA) was used to study the surface morphology of sodium 

alginate, kaolin, and the sodium alginate-kaolin beads. 

 

2.2. Preparation of dye solutions  

The basic dye methylene blue, a heterocyclic aromatic compound (MW= 319.85 g/mol, C16H18ClN3S), was 

purchased from Uni-Chem Company. A stock solution of 1 g L-1 was prepared by dissolving 1 g of 
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methylene blue in 1 L of deionized water and diluted with deionized water to achieve the specific 

concentrations required. 

 

2.3. Adsorption studies 

Adsorption experiments were designed using the response surface methodology in order to study the effects 

of the parameters such as temperature, agitation speed, time, initial dye concentration, pH value and 

adsorbent dosage. Based on preliminary experiments, three levels were chosen for the operating parameters: 

adsorbent dosage (0.2, 0.6 and 1 g. L-1), initial dye concentration (4, 18 and 32 mg L-1), agitation speed 

(100, 145 and 190 rpm), contact time (20, 70 and 120 min), solution temperature (20, 27 and 34 °C) and 

pH (3, 6 and 9). The pH was adjusted by adding the proper amount of 0.1 M HCl and 0.1 M NaOH. The 

concentration of methylene blue in the solution was measured by a UV-Vis spectrophotometer 

(RAYLEIGH UV-2601 double beam, China) at the maximum adsorption wavelength (λmax=665 nm). 

Removal efficiency of methylene blue by sodium alginate-kaolin beads was determined using Eq. (1): 

𝑀𝐵 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) = (
𝐶𝑖−𝐶𝑓

𝐶𝑖
) × 100                                                             (1) 

where Ci and Cf are the initial and final dye concentration (mg L-1) in the solution, respectively. 

 

2.4. Modeling and optimization 

In this study, we used RSM, GP and ANN to predict the adsorption of MB on the beads. To evaluate the 

accuracy of the models, two metric errors were utilized. They are root mean squared error (RMSE) and 

coefficient of determination (R2) that can be given by: 

RMSE =  √
1

n
∑ (Xc − Xe)2n

i=1                                                                          (2) 

where 𝑋𝐶 is the calculated value by the model, 𝑋𝑒 is the experimental value and n is the number of values. 

𝑅2 =  (1 −
∑ (Xe−X𝑐)2𝑛

𝑖=1

∑ (Xe−Xe̅̅̅̅ )2𝑛
𝑖=1

) × 100                                                                     (3)   

where 𝑋𝑒
̅̅ ̅ is the average of experimental values. 
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2.4.1. Response surface methodology (RSM) 

The Box-Behnken design of response surface methodology for 6 factors at 3 levels was selected in order to 

develop a second-order predictive equation. The experimental design was set up using JMP 14. The six 

operating parameters (temperature, agitation speed, contact time, initial dye concentration, pH and 

adsorbent dosage), their symbols used throughout the text (A-F) and the coded and real values for the three 

levels studied are listed in Table 3. A total number of 54 tests, including 6 central points, were designed. 

The experiments repeated twice (108 tests) and the average values were used to evaluate the removal 

efficiency (%) of methylene blue as the response (dependent variable).  

Table 3. The six factors (operating parameters) used for the Box-Behnken design of experiment, the 

symbols used to represent them, and the coded and real values of each factor. 

Factor Symbol Level -1 Level 0 Level 1 

Temperature (°C) A 20 27 34 

Agitation speed (rpm) B 100 145 190 

Contact time (min) C 20 70 120 

Initial dye concentration (ppm) D 4 18 32 

pH of solution E 3 6 9 

Adsorbent dosage (g/L) F 0.2 0.6 1 

 

2.4.2. Genetic programming 

In the present study, the GP was performed using eureqa toolbox [29] to develop predictive correlations 

based on temperature (˚C), agitation speed (rpm), contact time (min), initial dye concentration (ppm), pH 

of solution and adsorbent dosage (g/L) as input variables and removal percentage as output. Figure 4 shows 

the GP flowchart used in this research.  
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Figure 4. Flowchart of the GP algorithm used to determine the model for methylene blue removal 

as a function of six operating parameters. 

It contains the first population (i.e. initial population) that has several equations called individuals. By 

combining the selected individuals of the previous population, the next population is generated. The 

combination uses two main operations that are called crossover and mutation to manipulate individuals and 

generate the next individuals of the new generation (i.e. Crossover combines two selected individuals and 

the mutation works on the individuals generated by crossover). GP is stopped when one of the individuals 

of the next generation satisfies the criteria. More details about GP can be found elsewhere [25]. 

 

2.4.3. Artificial neural networks 

In the last decade, the ANN models have been used to find the nonlinear relationship between input 

variables and removal efficiency of dye adsorption process [30]. The different layers of ANN models are 

considered as an input layer, one or more hidden layers and an output layer [31]. The ANN modeling was 
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performed using JMP 14 to predict the adsorption efficiency of methylene blue. The training and validation 

sets are created by subsetting the data in two parts. The Holdback method with the proportion of 0.333 was 

used. Therefore, the data were randomly divided into 36 and 18 samples as training and validation subsets, 

respectively. Six neurons (Temperature (˚C), agitation speed (rpm), Contact time (min), Initial dye 

concentration (ppm), pH of solution, and Adsorbent dosage (g/L)) were considered as input layer, one to 

twenty neurons in the hidden layer and one neuron (removal percentage) in the output layer were applied.  

According to Table 4, the optimum number of neurons in the hidden layer, as 5 neurons, was chosen based 

on the minimum RMSE and maximum R2. Figure 5 shows the structure of neural network used in this 

study. 

Table 4. Number of neurons and their corresponding RMSE and R2. 

Number of neurons Stage Sample RMSE R2 

1 Training 36 7.21 0.87 

Validation 18 13.73 0.52 

2 Training 36 6.27 0.90 

Validation 18 8.95 0.80 

3 Training 36 6.20 0.91 

Validation 18 11.69 0.65 

4 Training 36 4.14 0.95 

Validation 18 8.32 0.84 

5 Training 36 2.90 0.98 

Validation 18 5.68 0.93 

6 Training 36 6.87 0.88 

Validation 18 8.35 0.82 

7 Training 36 7.61 0.86 

Validation 18 3.56 0.97 

8 Training 36 6.10 0.91 

Validation 18 5.37 0.93 

9 Training 36 3.63 0.97 

Validation 18 7.31 0.86 
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10 Training 36 3.77 0.96 

Validation 18 6.45 0.89 

15 Training 36 7.91 0.84 

Validation 18 3.53 0.97 

20 Training 36 9.85 0.76 

Validation 18 10.08 0.74 

 

 

Figure 5. Structure of neural network in the present study 

 

2.5. Adsorption kinetics  

The adsorbed amount of MB was calculated in terms of mass of adsorbed material per unit mass of the 

adsorbent using the Eq. (4). 

𝑞𝑒 =  
V(C𝑖−C𝑓)

M
                                                                                                                         (4) 

Where, Cf and Ci are the final equilibrium concentration and the initial concentration (mg L-1), respectively, 

V is the volume of solution (L), and M denotes adsorbent weight (g).  
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In this study, the pseudo-first-order and pseudo-second-order kinetic models were used to investigate the 

dynamic behavior of the adsorption process [32]. The equation for the pseudo-first-order kinetic model is: 

ln(qe − qt) = lnqe − K1t                                                                              (5) 

where 𝑞𝑒 (mg g-1) and 𝑞𝑡  (mg g-1) are the adsorption capacity at equilibrium and the adsorption capacity at 

an arbitrary time, t (min), respectively. 𝐾1 (min-1) is the pseudo-first-order constant rate. 

The pseudo-second-order kinetic model is defined as: 

t

qt
=

1

K2qe
2 +

t

qe
                                                                                                 (6) 

where 𝐾2 (min-1) is the pseudo-second-order constant rate. 

 

2.6. Adsorption isotherms  

Three widely used isotherm models of Langmuir, Freundlich, and Temkin were employed to study the 

adsorption mechanism [29]–[32]. The linear form of the models was used (equations 7 to 9). Langmuir 

isotherm model: 

C𝑒

 𝑞𝑒
=

C𝑒

q𝑚
+

1

K𝐿𝑞𝑚
                                                                                               (7) 

where qe (mg g-1) is the amount of dye adsorbed on the adsorbent at equilibrium, qm (mg g-1) is the maximum 

adsorption capacity, KL is the equilibrium constant and Ce (mg L-1) is dye concentration at equilibrium. 

Freundlich isotherm : 

Ln qe = Ln kF +
1

n
Ln Ce                                                                                 (8) 

where 𝑘𝐹 and n are Freundlich constants related to the adsorption capacity and its intensity, respectively. 

Temkin isotherm: 

qe = BLnKT + BLnCe                                                                                      (9) 
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Where B=RT/𝑏𝑇, 𝐾𝑇 (L mol-1) is the equilibrium constant with maximum graft energy. R (8.314 J mol-1 K-

1) is the gas constant, T (K) is the absolute temperature, and 𝑏𝑇 (J mol-1)  is the constant for the nature of the 

adsorption energy. 

 

3. Results and discussions 

3.1. Adsorbent characterization 

The sodium alginate-kaolin beads and their individual components were subjected to various analytical 

methods to better understand their structure. Comparative thermogravimetric analysis performed on the 

pristine materials and prepared beads (Figure 6) reveals strong interaction of the alginate with the kaolin 

carrier. Namely, pure kaolin shows in the TGA ca. 7% mass loss, which occurred at temperatures above 

400° C and can be attributed to the loss of interstitial water [37]. The thermal decomposition of pure alginate 

is in agreement with the literature [38], with considerable water loss at temperatures below 100°C (13% 

mass loss), and intensive weight loss at 240 °C indicating the rupture of the alginate structure, destruction 

of chains into monomers and fragments, loosing up to 50% of mass. Further gradual mass loss at higher 

temperatures is related to the decomposition of the generated fragments. The thermal behavior of the 

alginate-kaolin beads is qualitatively and quantitatively different from the pure components. Water loss at 

temperatures below 100° C is not pronounced in the composite. The large mass loss (7% in accordance 

with the composition of the beads where the content of alginate reach 30wt%) that corresponds to the 

alginate degradation occurs at slightly lower temperature (235° C), though a second mass loss of almost 

same value occurs at 300° C. This could point to stabilization of the alginate bonded to kaolin.  
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Figure 6. Thermogravimetric analysis (TGA) of kaolin, alginate and alginate- kaolin beads 

performed under air atmosphere. 

The sodium alginate beads have a neat negative charge of average value -18.2 mV. Figure 7 shows the zeta 

potential measurement graph obtained for sodium alginate dispersed in water.  

 

Figure 7. Zeta potential of sodium alginate. 

The vibrational spectroscopy was performed on pristine materials and prepared beads before and after the 

adsorption in order to evaluate the interaction of alginate with kaolin upon formation of the beads and to 

determine functional groups responsible for adsorption of methylene blue (Figure 8). On the FT-IR 

spectrum of pristine kaolin, vibrational modes at 682 cm-1 and 909 cm-1 correspond to Al-OH vibrations, 

the Si-O-Al groups appeared at 588 cm−1 and 780 cm−1. The bands at 996 cm-1 and 1115 cm-1 are 

characteristic of Si-O bond. The bands between 3618 and 3695 cm-1 are attributed to the OH stretching 

mode [39]. On the spectra of sodium alginate, the absorption bands of the hydroxyl group appeared between 

3000–3600 cm−1, aliphatic C–H was observed at 2929 cm−1 and the asymmetric and symmetric stretching 
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vibrations of the carboxyl group were observed at 1594 and 1407 cm−1, correspondingly. The band at 1296 

cm-1 corresponds to stretching vibrations of the C-OH bond [40]. On the spectra of the beads (Figure 8c) 

vibrational modes of kaolin and alginate overlap, though a considerable shift of the vibrational modes of 

alginate is observed. Namely higher vibrational frequency of hydroxyl groups appearing at 3420 cm-1 due 

to the weakening of the strength of the O-H bond when involved in hydrogen bonding [41]. The frequencies 

of stretching vibrations in carboxyl groups are occur at 1610 and 1437 cm-1 comparatively to pristine 

alginate. The high wavenumbers shift indicates involvement of the OH and COOH groups of alginate in 

hydrogen bonding to the hydroxil groups of kaolin. On the FTIR spectra of the beads after the adsorption, 

vibrational modes of methylene blue are clearly distinguishable: bands at 1492 cm-1 (νhet(C-C)), 1390 cm-1 

(νhet(C=S+)), 1356 cm-1 (δas(CH), δs(CH)), 1336 cm-1 (ν(C-N) in N-CH3)), 1254 cm-1 (δ(CH), γ(C-H)) [42] 

of the methylene blue dye appear. Simultaneously the vibrational modes of OH and COOH groups of 

alginate shift to the lower wavelengths. This behavior might reveal the weakening of the interaction of 

alginate with kaolin due to the competitive interaction with the dye molecules via hydroxyl and carboxyl 

groups [33, 34].  

 

Figure 8. FTIR - spectrum of: a) kaolin, b) sodium alginate, c) sodium alginate-kaolin beads before 

the adsorption, d) sodium alginate-kaolin beads after the adsorption, e) methylene blue. 
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A simple adsorption mechanism is shown in Figure 9. The negative charge of the beads is responsible for 

the adsorption of the cationic dye, methylene blue. 

 

Figure 9. Schematic of adsorption mechanism of methylene blue by sodium alginate-kaolin beads 

The sodium alginate-kaolin beads were analyzed by scanning electron microscopy (SEM), which gives an 

overview of surface morphology. The SEM images (Figure 10), of kaolin, sodium alginate, and sodium 

alginate-kaolin beads, show the uniform surface coating of kaolin by alginate without the separate phase of 

alginate particles which result in a homogeneous structure of the beads. This implies that the synthesized 

adsorbents have a significant surface which are corresponding to initial surface of kaolin available for the 

adsorption of methylene blue. 

 

Figure 10. SEM analyses - sodium a) Kaolin, b) Sodium alginate, c and d) sodium alginate-kaolin 

beads. 

3.2. Statistical analysis of the effect of the operational parameters on removal efficiency  
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The dye removal was found to vary depending on the operational parameters. Values ranging from 36.59 

to the maximum dye removal of 99.56% were achieved. (All results can be found in supplementary 

materials.) The relationship between the removal efficiency of MB and the 6 independent operational 

factors (A to F) was first analyzed within the framework of RSM. A regression equation was obtained by 

fitting the experimental data obtained from the Box-Behnken design with a second-order polynomial 

equation (Table 5). The R² of 0.87 shows reasonable agreement between the model and the data.  

Table 5. 

An ANOVA was conducted to study the effects and importance of the factors in the RSM regression model. 

The results are summarized in Table 5. The value of the F Ratio for the model of 15.5882 shows that the 

model is significant, while the lack-of-fit is not significant so that the model adequately explains data. The 

p-values for three of the six factors and their quadratic terms are less than 0.05 and indicate that these 

factors, C- contact time, D- initial dye concentration and F- adsorbent dosage, are significant. None of the 

terms for interaction among process parameters were significant. In addition, the terms with P-values of 

over 0.44 were removed and not reported in Table 6 to reduce and improve the model.  

Table 6. 

The response surface plot showing the effects of temperature and initial dye concentration on MB removal 

efficiency is shown in Figure11a. The other four factors were held constant at their central values (agitation 

speed =145 rpm, contact time=70 min, pH=6, adsorbent dosage =0.6 g/L). Removal efficiency was highest 

at 27 °C for most the initial dye concentrations. Temperature increases from 20° to 34°C had only a small 

effect on removal efficiency, as already seen from the regression analysis. This may be an important 

characteristic since the temperature of dye-containing wastewaters can vary widely. In contrast, by 

increasing the initial dye concentration, the dye removal efficiency was decreased. Increasing the initial 

dye concentration from 4 to 18 ppm at 20 °C, decreased the removal efficiency from 90 to 75%. However, 

further increases to 32ppm showed little effect. Increasing the adsorbent dosage from 0.2 to 0.6 g L-1, raised 
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removal efficiency from 40 to 80% (Figure 11b). The temperature had only a slight effect on the dye 

removal at the different adsorbent dosages.  

 

Figure 11. Effect on MB removal efficiency by a) changes in initial dye concentration and 

temperature (agitation speed =145 rpm, contact time =70 min, pH =6, adsorbent dosage =0.6 g/L), 

b) changes in adsorbent dosages and temperature (agitation speed =145 rpm, contact time =70 min, 

pH =6, initial dye concentration =18 ppm). 

3.3. Comparison of models 

The RSM regression model developed in the previous section can be used to predict the removal efficiency 

as a function of the operating conditions. However, trials were made with other powerful modeling 

techniques, GP and ANN, to see whether less complex models are possible. The accuracy of RSM, ANN 

and GP for prediction of removal efficiency are compared in Figure 12. The ANN with relatively good 

values of R2 of 0.97 and RMSE of 3.53 is the most appropriate method for prediction of MB removal (Table 

2S in supplementary materials). However, the correlation offered by ANN is very complex to be used for 

future prediction.  
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Figure 12. Comparison between experimental data and those predicted by RSM, GP and ANN. 

The effect of parameters such as temperature, agitation speed, contact time, initial dye concentration, pH 

of the solution and adsorbent dosage on dye removal is shown in Figure 13. The contact time showed a 

significant effect on measured and predicted dye removal, and by increasing the contact time, dye removal 

was constantly increased until the experimental time of 120 minutes. Moreover, dye removal was reduced 

by increasing the initial dye concentration. The pH of the solution had the smallest effect on the adsorption 

process, and increasing the pH was in favor of the adsorption process. The adsorbent dosage shows the 

most significant enhancing effect, over 30%, on the dye removal process. 
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Figure 13. Effect of operating conditions on %removal of MB.   

Figure 13 also shows that the temperature and agitation speed have no influence on predicted % removal 

using GP. Table 7 shows sensitivity analysis of the GP model. The % positive is the likelihood that 

increasing this variable will increase the MB removal variable. Therefore, the increase in adsorbent dosage, 

contact time and pH leads to increases in the MB removal. The comparison of the positive magnitude of 

these variables shows that the adsorbent dosage has the most significant effect on the metylene blue 

removal.  

Table 7. Sensitivity analysis of correlation offered by GP.   

Variable  Sensitivity % 
Positive 

Positive 
Magnitude 

% 
Negative 

Negative 
Magnitude 

Adsorbent dosage 0.58224 100% 0.58224 0% 0 

time 0.45641 100% 0.45641 0% 0 

Initial dye 
concentration 

0.26113 0% 0 100% 0.26113 

pH 0.055445 100% 0.055445 0% 0 

 

The initial dye concentration has a 100% negative effect and increase of this variable leads to a decrease in 

the removal efficiency. In contrast to ANN, the GP offers an explicit correlation which can be used for 

prediction of MB. Table 8  shows the correlations offered by different models. The ANN model correlation 
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is reported in table 2S of supplementary material. To use this correlation for prediction of %removal, the 

Model NTanH(5) need to be copied and paste into the JMP software as column properties. 

Table 8. Summary of correlations 

Model Correlation 

RSM %removal =  

84.30 + 1.66  (
𝑨−𝟐𝟕

𝟕
) +3.11 (

𝑩−𝟏𝟒𝟓

𝟒𝟓
) +15.8 (

𝑪−𝟕𝟎

𝟓𝟎
) – 8.19 (

𝑫−𝟏𝟖

𝟏𝟒
) +2.63 (

𝑬−𝟔

𝟑
) +18.15 (

𝑭−𝟎.𝟔

𝟎.𝟒
)+  3.56 

(
𝑨−𝟐𝟕

𝟕
)(

𝑩−𝟏𝟒𝟓

𝟒𝟓
) -3.72 (

𝑩−𝟏𝟒𝟓

𝟒𝟓
) (

𝑪−𝟕𝟎

𝟓𝟎
) + 3.30 (

𝑨−𝟐𝟕

𝟕
) (

𝑫−𝟏𝟖

𝟏𝟒
) 4.49(

𝑨−𝟐𝟕

𝟕
)(

𝑭−𝟎.𝟔

𝟎.𝟒
) -3.48(

𝑬−𝟔

𝟑
)(

𝑭−𝟎.𝟔

𝟎.𝟒
)- 6.6(

𝑨−𝟐𝟕

𝟕
) 𝟐-

7.74(
𝑪−𝟕𝟎

𝟓𝟎
) 𝟐 +6.70 (

𝑫−𝟏𝟖

𝟏𝟒
) 𝟐 -3.73(

𝑬−𝟔

𝟑
) 𝟐 -6.55 (

𝑭−𝟎.𝟔

𝟎.𝟒
)𝟐 

GP % Removal =  15.71 +  pH + (34.75 × Adsorbent dosage )

+ (0.8439 × time × adsorbent dosage) +  (72.4 +  time 

−  0.8439 × time × adsorbent dosage)

− (
0.1257 × time × pH × Adsorbent dosage2)

Initial dye concentration
 

− (0.004167 × time2 × adsorbent dosage3) 

ANN In supplementary materials 

a A: Temperature (C·); B : Mixer velocity (rpm); C :Contact time(min); D :Initial dye concentration(mg/L); E : PH; F :Adsorbent 

dose(g/L). 

 

One advantage of GP over RSM is the automatic removal of unimportant variables in the final correlation. 

This process must be manually performed in RSM correlations by comparing the p-value of each element 

in the correlation. From the experimental data, the optimized operating conditions offering the highest 

measured MB removal (99.56%) are T=27 °C, agitation speed of 100 rpm, time of 120 min, initial dye 

concentration of 18 ppm, pH of 9, adsorbent dosage of 0.6 g. However, under these conditions the RSM, 

ANN and GP under predicted the removal efficiency as 91.66%, 98.52% and 97.96% respectively. It can 

be concluded that under most of the operating conditions, the ANN shows the better agreement with 

experimental data compared to GP and RSM models for prediction of MB adsorption by sodium alginate-
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kaolin beads. In a similar study, Tanzifi et al. [44] modeled the adsorption of Congo Red using RSM, GP 

and ANN and reported that the ANN offered the closest agreement with measured values.  

 

3.4. Adsorption kinetics study 

The experimental data was analyzed using Eqs. 5 and 6 to determine the kinetics of the adsorption. The 

corresponding kinetics parameters are reported in Table 9. The higher correlation coefficient of R2 = 0.99 

for the pseudo-second-order kinetic model and the very close values for qe,expt and qe,cal of the pseudo-second 

order model suggest that the chemical adsorption was limiting stage of the adsorption process. 

Table 9. Kinetics parameters for adsorption of MB by sodium alginate-kaolin beads. 

Initial dye 
concentration 
(mg.L-1)  

qe,expet(mg.g-1) Pseudo-first-order kinetic Pseudo-second-order kinetic 

  qe,cal(mg.g-1) K1(min-1) R2 qe,cal(mg.g-1) K2(g.mg-1 min-1) R2 

12 11.57 3.46 0.04 0.98 11.60 0.01 0.992 

 

3.5. Adsorption isotherms study 

The experimental isotherm results were compared to three adsorption isotherm models, Langmuir, 

Freundlich and Temkin (Table 10). The parameters obtained from the linear curve fitting of the three 

adsorption models to the experimental data show that the adsorption process is best modeled with the 

Freundlich isotherm model, which indicates the adsorption process of methylene blue was via forming 

multi-layers of adsorbed molecules influenced by the non-uniform surface of the beads.  

 

Table 10. Isotherm parameters for adsorption of MB by sodium alginate-kaolin beads. 

Isotherm Parameter Values 

Langmuir   

 qm(mg.g-1) 188.67 

 KL(L.mg-1) 0.046 

 R2 0.88 

Freundlich   

 KF 10.29 

 n 1.28 
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 R2 0.992 

Temkin   

 B 89.174 

 KT(L mol-1) 0.0143 

 R2 0.91 

 bT 25.46 

 

The maximum adsorption capacity determined by the Langmuir isotherm model was found equal to 188.67 

mg g-1. This value is compared in Table 11 to literature values for the adsorption capacities of methylene 

blue by various adsorbents.. While two complex composites, the calcium alginate–bentonite–activate 

carbon composite bead [45] and magnetic alginate/rice husk bio-composite [19], had significantly higher 

adsorption capacities compared to the adsorbent used in our study, the simple to prepare sodium alginate-

kaolin beads have a relatively high adsorption capacity compared to the other composite adsorbents. 

Encapsulating the kaolin powder in sodium alginate beads increased the adsorption capacity by over a factor 

of four higher than that measured for kaolin alone [16], [46].  

Table 11. Maximum adsorption capacity values of different adsorbents for MB removal from 

aqueous solutions.   

Maximum adsorption 
capacities(mg/g) 

Adsorbent 

188.67 Sodium alginate –kaolin biocomposite 

65.81 
36.25 

pyrolytic tire char  

Activated lignin-chitosan 

210.97 Loofah Sponge-Based Porous Carbons 

90.7 Polydopamine microspheres 

20.49  NaOH-treated pure kaolin 

45; 22 Kaolin; zeolite 

725 
20.55 
 
142.850 
994.06 
102.23 

Citric acid treated carbonized bamboo leaves powder 
Seaweed-ZnO-PANI hybrid composite 
hydroxyapatite-sodium alginate 
Calcium alginate–bentonite–activate carbon composite bead  
Carbon aerogel 

References: [16-19],[23-28],[46],[47] 

 

4. Conclusions  



27 
 

Sodium alginate-kaolin beads were shown to be effective for the removal of methylene blue from aqueous 

solutions. The kinetic and isotherm studies showed that the adsorption of MB by the adsorbent used in this 

work followed the pseudo-second-order kinetic and Freundlich isotherm models, respectively, both with 

consistency coefficient of R2>0.99. A relatively high value for the maximum adsorption capacity of the 

adsorbent was found, 188.67 mg g-1  at 27 °C, by implementing the Langmuir isotherm model. Dye removal 

efficiencies of almost 100% were found in the investigation of six operating parameters at three levels by 

the Box-Behnken method. The statistical analysis of the results showed that two parameters, contact time 

and adsorbent dosage, had the most influence on the adsorption properties of the adsorbent. The adsorptive 

capacity of the beads was relatively independent of pH, agitation speed and temperature, so that the 

adsorbent functioned well over a wide range of values likely to be found in dye-containing wastewaters and 

equipment. The results of modeling revealed that ANN is the best model to predict the removal efficiency 

of MB. It can be used to determine the operating conditions necessary to achieve a desired removal 

efficiency. Finally, the synthesized adsorbent was found to be a promising tool for removal of methylene 

blue from aqueous solutions. 
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