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ABSTRACT  

The azo dye removal from polluted water is vital from a sustainable viewpoint. In this study, we investigated the 

influence of chitosan molecular weight on the adsorptive removal of basic blue 41. For preparing nanocomposite 

containing medium-molecular weight chitosan (NC(M)), cross-linking of chitosan was done using 

diethylenetriaminepentaacetic acid, silica-modified magnetite nanoparticles and graphene oxide. Techniques 

including FT-IR, XRD, FESEM, TGA/DTG, VSM and N2 adsorption/desorption isotherm were applied for 

characterization of NC(M). The adsorption behavior of synthesized NC(M) was compared with as-prepared 

adsorbent containing low-molecular weight chitosan (NC(L)) (Asadabadi 2021). The experimental design was 

carried out using the Central Composite Design. The effect of initial pH, temperature and adsorbent concentration 

on the percentage of dye removal were examined and the optimum values of variables were determined. Despite 

NC(M) which had maximum 31% dye removal, NC(L) led to approximately 95% adsorptive removal at optimum 

conditions. An increase in the monomer number of chitosan caused to reduce hydrophilic property of NC(M), 

which in turn resulted in a repulsion force between adsorbent and dye. However, H-bonding, coulumbic attraction 

and pi-stacking interactions contributed in the adsorption mechanism of NC(L). The kinetics study showed that 

about 30 min necessitated reaching the equilibrium and the rate-limiting steps changed from film diffusion to intra-

particle diffusion as time passed. The kinetics data were satisfactorily fitted by the modified pseudo-n-order model. 

The maximum adsorption capacity of NC(L) was obtained 55.87 mg·g-1. The modified Langmuir-Freundlich 

isotherm was the best model to reproduce data. NC(L) was recovered seven times without dramatic changes in its 

adsorption efficiency. 

Keywords Chitosan molecular weight; Magnetic nanocomposites; DTPA; Graphene oxide; 

Basic blue 41, Central Composite Design 

 

Introduction 

Remarkable increase of the demand for treated water is resulted from the fast growth of 

population and industrial development [1, 2]. Discharging effluents of dyes from textile, leather, 
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paper and cosmetics industries is one of the most concerning issues [3, 4]. Most synthetic dyes 

are non-biodegradable producing colored water, absorb/reflect sunlight and produce 

carcinogenic bio-transformed intermediates thus they imperil the aquatic and human life [5]. 

Azo, indigoid and anthraquinoid are the major class of dyes. Among them, azo dye molecules 

have a conjugated system of aromatic rings and nitrogen double bonds with strong π→π* 

transitions in the UV-Vis region [5]. Aromatic amines can be formed because of azo bond 

cleavage and reduction creating severe environmental problems. Different techniques such as 

reverse osmosis, chemical oxidation, adsorption, coagulation, electrochemical methods and 

their combinations can be used for treatment of the industrial azo dyes [6–8]. Cost, efficiency, 

ease of operation, the amount of secondary waste and facile recovery make adsorption process 

as a suitable approach for effluent treatment [9]. Developing a cost-effective, biodegradable 

and efficient adsorbent has been a big challenge for researchers to remove dangerous azo dyes 

[10, 11]. Graphene-based materials, hydrogels and bio-polymers can be utilized for dye 

adsorption [12, 13].  

Chitosan (CS) is a natural polysaccharide (Poly-β-(1→4)-D-glucosamine with randomly 

distributed N-acetyl-D-glucosamine units) can be obtained from chitin and has been considered 

for tackling the problem of contaminated water [14, 15]. Although this bio-polymer has 

abundant functional groups, its application is limited by low adsorption capacity, inadequate 

hydrophilicity and poor recyclability [16]. Grafting and chemical cross-linking of chitosan is 

considered as a route to overcome the disadvantages of raw chitosan [17–19]. For instance, 

using aminopolycarboxylic acid such as nitrilotriacetic acid (NTA), ethylenediaminetetraacetic 

acid (EDTA) and diethylenetriaminepentaacetic acid (DTPA) can improve adsorption 

properties of chitosan [20–22]. However, the synergism effect is restricted since there is only a 

single adsorption mechanism, mainly electrostatic attraction. Thus, adding a compound 

possessing aromatic rings to the chitosan cause to have the π-π stacking and cation-π interaction 

between cationic azo dye and sorbent [23]. Graphene oxide (GO) with aromatic rings are a good 

candidate for this purpose. GO nanosheets have functional groups of carboxyl, hydroxyl and 

epoxy which give GO outstanding surface characteristics and attract researchers’ attention for 

improving the properties of chitosan [18, 24]. For example, Jiang et al. [18] synthesized a 

nanocomposite consisting thiol-modified chitosan and magnetic graphene oxide and used it for 

effective adsorption of methyl blue and crystal violet dyes. Adsorbent was successfully recycled 

five times. 

Technology of magnetic separation is one of the reasonable approach to efficient recovery 
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of chitosan. One of the best materials used for magnetization is magnetite nanoparticles (Fe3O4) 

because of its superparamagnetic property, biocompatibility and low toxicity [25]. In many 

cases, surface modification of Fe3O4 is important for two reasons; (I) protection of magnetite 

from oxidation and (II) generating surface functional groups for attaching to precursors of 

adsorbent [26]. In 2021, Liu et al. [27] synthesized a magnetic amphiphilic chitosan-based 

adsorbent having benzyl groups and applied it for removing azo dyes. The presence of benzyl 

groups and magnetic chitosan resulted in a high adsorption because of synergism effect. 

Another factor having influence on the adsorption efficiency is the molecular weight of 

chitosan. Commercial chitosan can be supplied in low (50-190 kDa), medium (190–310 kDa) 

and high-molecular weight (310-375 kDa). On the one hand, an increase in the monomer unit 

leads to the increase in the functional groups. On the other hand, hydrophilic property changes 

by molecular weight [7, 27, 28]. To show importance of functional groups and hydrophilicity, 

a magnetic medium-molecular weight chitosan adsorbent was prepared and used for adsorption 

of basic blue 41 (as an azo dye pollutant). A comparison was made with as-prepared adsorbent 

containing low-molecular weight chitosan [20]. Graphene oxide and DTPA were used for cross-

linking of chitosan and magnetization was done by silica-modified magnetite nanoparticles. 

Central Composite Design based on the Response Surface Methodology was applied for design 

of experiments and optimization. Kinetics and equilibrium studies were performed at optimum 

conditions and the rate limiting steps were determined. Different kinetics and isotherm models 

were used for fitting the experimental data. Cyclic recovery of nanocomposite was tested in 

different medium in the presence of ultrasonic waves. 

Materials and Methods 

Materials 

Basic blue 41 (BB41, known as cationic blue 41) was supplied from Alvan Sabet Company 

with 98% purity and was used as the contaminant. Basic blue 41 is an azo dye with the chemical 

formula of C20H26N4O6S2 (the color index of 11105). This dye allows strong transition of π→π* 

in the UV-Vis region with maximum absorption at 508 nm. The chemical structure and UV-

Vis absorption spectrum of BB41 is presented in Fig. 1.  

 
Fig. 1 Structure and UV-Vis absorption spectrum of basic blue 41 at concentration of 10.0 mg·L-1 and pH of 6.5 

 

Solutions were prepared with deionized water having electrical conductivity of 0.08 μS·cm-

1. Chemicals were purchased from Sigma-Aldrich and Merck companies and used without 
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further purification. Specifications of chemicals are summarized in Table 1.  

Table 1 Specifications of used chemicals 
Chemicals Chemical Formula Molecular 

weight 

(g·mol-1) 

Purity 

(%) 

Application 

Iron(III) chloride hexahydrate FeCl3·6H2O 271.33 99 Synthesis of 
Fe3O4  

Sodium sulfite Na2SO3 126.04 95.5 Synthesis of 
Fe3O4 

Fuming hydrochloric acid HCl 36.46 37 Synthesis of 
Fe3O4, adjusting 
pH 

Ammonium hydroxide NH4OH 35.04 28 Synthesis of 
Fe3O4 

Absolute ethanol EtOH 46.07 100 Modification of 
Fe3O4 

Tetraethyl orthosilicate (TEOS) SiC8H24O4 208.33 99 Modification of 
Fe3O4 

Sodium hydroxide  NaOH 40.00 99 Modification of 
Fe3O4, adjusting 
pH 

3-aminopropyltriethoxysilane 
(APTES) 

3)5H2Si(OC3)2N(CH2H 221.37 98 Modification of 
Fe3O4@SiO2 

Toluene C7H8 92.14 99.9 Modification of 
Fe3O4@SiO2 

Low-molecular weight chitosan 
(CS(L)) 

(C6H11NO4)n 50 to 190 
kDa 

75-85% 
deacetylated 

Synthesis of 
nanocomposite  

Medium-molecular weight 
chitosan (CS(M)) 

(C6H11NO4)n 190 to 310 
kDa 

75-85% 
deacetylated 

Synthesis of 
nanocomposite  

Diethylenetriaminepentaacetic 
acid (DTPA) 

C14H23N3O10 393.35 99 Synthesis of 
nanocomposite  

Sulfuric acid H2SO4 98.08 98 Synthesis of 
graphene oxide  

Orthophosphoric acid H3PO4 98.00 85 Synthesis of 
graphene oxide 

Graphite powder C - - Synthesis of 
graphene oxide 

Potassium permanganate KMnO4 158.03 99 Synthesis of 
graphene oxide 

Hydrogen peroxide H2O2 34.01 30 Synthesis of 
graphene oxide 

n-hexane C6H14 86.18 96 Solvent 
N-hydroxysuccinimide (NHS) C4H5NO3 115.09 99 Activation of 

carboxyl group  
N,N'-dicyclohexylcarbodiimide 
(DCC) 

C13H22N2 206.33 99 Activation of 
carboxyl group 

N,N-dimethylformamide 
(DMF) 

C3H7NO 73.09 99.8 Solvent 

Acetic acid CH3COOH 60.05 99.8 Solvent 
Sodium dihydrogen phosphate 
monohydrate 

NaH2PO4·H2O, 137.99 98 Buffer 
preparation 

 

Preparation of Nanocomposites 

Silica-modified magnetite, low or medium-molecular weight chitosan (CS(L) and CS(M), 

respectively), graphene oxide (GO) and diethylenetriaminepentaacetic acid (DTPA) were the 
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components of nanocomposites. 

The procedures for synthesis of Fe3O4, Fe3O4@SiO2, modified core-shell 

(Fe3O4@SiO2@APTES), GO and DTPA-CS(L) and the nanocomposite with low-molecular 

weight chitosan (denoted as NC(L)) were described in detail in our previous study [20]. Briefly, 

magnetite nanoparticles (Fe3O4) were prepared using acidic solution of FeCl3 (18.8 mL, 2.0 

mol·L1), Na2SO3 solution (12.5 mL, 1.0 mol·L1) and deionized water (18.8 mL). The mixture 

was quickly poured into NH4OH solution (500.0 mL, 0.85 mol·L1) and stirred. Fe3O4 

nanoparticles were obtained after 30 min, washed out with deionized water and ethanol and 

dried at 25.0 °C overnight [29]. Stöber method was used for modification of magnetite [30]. 

After mixing of absolute ethanol (160.0 mL), deionized water (40.0 mL) and Fe3O4 (2.0000 g) 

in ultrasonic bath, concentrated NH4OH solution (5.0 mL, 14.82 mol·L1) was promptly was 

added. TEOS (5.0 mL) was poured into the mixture very slowly and stirred at room temperature 

for 24 h. The particles of Fe3O4@SiO2 were rinsed with deionized water and ethanol and dried 

at room temperature for 12 h. The modified core (1.0000 g) was added into toluene (60.0 mL) 

and APTES (1.0 mL) was slowly poured into the vessel of reaction placed in the ultrasonic bath 

for 2 h. The mixture was refluxed for 24 h under temperature of 110.0 °C. The product 

(Fe3O4@SiO2@APTES) was washed out by n-hexane and ethanol, successively, and dried at 

room temperature [31]. For preparing GO, a cooled mixture of graphite (0.5000 g), H2SO4 and 

H3PO4 (8:2 volume ratio) was treated with KMnO4 (3.0000 g). After mixing, the reagents were 

transferred to the oil bath (65.0 °C) for 12 h. After cooling the mixture, deionized water (220.0 

mL) and H2O2 (3.0 mL of 30% w/w) were added and sonicated for 30 min. GO nanosheets were 

washed out by HCl (100.0 mL, 30% w/w), deionized water (100.0 mL) and ethanol, 

sequentially. N-hexane was used for coagulating GO sheets. The product was dried at 40.0 °C 

[32]. Low or medium-molecular weight chitosan was modified by DTPA. In this regard, 0.7000 

g CS(L or M) were dissolved in acetic acid (75.0 mL, 2.0 % v/v). Also, 3.6600 g DTPA and 

0.4000 g N-hydroxysuccinimide (NHS) were dissolved in NH4OH (2.0 mL, 28% w/w). Two 

solutions were slowly poured into the mixture of N,N-dimethylformamide (DMF, 50.0 ml) and 

N,N'-dicyclohexylcarbodiimide (DCC, 2.6200 g) placed in ice bath. Low temperature was 

crucial to prevent carboxylate anion formation. After mixing, temperature of mixture was set at 

60.0 °C and it was stirred for 12 h. DTPA-CS(L) and DTPT-(M) were washed out with 

deionized water and dried at 45.0 °C for 12 h. 

Nanocomposites having low and medium-molecular weight chitosan (NC(L) and NC(M)) 

were synthesized by adding Fe3O4@SiO2@APTES (0.5700 g), GO (0.6000 g), DCC (1.5000 
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g), NHS (0.2400 g) and DTPA-CS(L) or DTPA-CS(M) (0.3700 g) into DMF (50.0 mL). Mixed 

materials were heated up to 60.0 °C for 24 h. Temperature and time of reaction were optimized 

by trial. The products were rinsed with DMF and ethanol and dried at 25.0 °C for 12 h.  

Instrumentation 

FT-IR spectra were obtained by the Fourier Transform Infrared spectrophotometer (FT-IR, 

PerkinElmer Spectrum 65). Philips PW1730 was used for having XRD patterns. The field 

emission scanning electron microscopy was performed by TESCAN MIRA 3. Thermal 

decomposition data was obtained using gravimetric analysis (TA SDT Q600, at argon 

atmosphere). The Meghnatis Daghigh Kavir was used for obtaining the magnetic property of 

the composites. N2 adsorption/desorption isotherm was obtained by BEL BELSORP MINI II. 

The UV-Vis spectrophotometry was done using Jasco V-630.  

Modeling 

In general, in multiple regression model, response (R) can be related to f predictor variables 

(xi) with considering interaction terms according to Eq. (1): 

𝑅 = 𝛽0 + ∑ 𝛽i𝑥i + ∑ 𝛽ii𝑥i2 + ∑ ∑ 𝛽ij𝑥i𝑥j + 𝜀𝑓
j=2

𝑓−1
i=1

𝑓
i=1

𝑓
i=1  

(1) 

where, 𝛽0  is the intercept,  𝛽i is the regression coefficient for the linear terms, 𝛽ii corresponds 

to the quadratic terms and 𝛽ij shows the interactions terms. Also, 𝜀 is a statistical error. It is 

assumed that error has a normal distribution. 

Hypothesis testing in regression is helpful for measuring the adequacy of the model and 

determining the important predictors. In this regard, the null (H0) and alternative hypothesizes 

(Ha) are: 𝐻0: 𝛽i = 𝛽ii = 𝛽jj = 𝛽ij = 0 𝐻a: 𝛽i ≠ 0  and/or  𝛽ii ≠ 0   and/or  𝛽ij ≠ 0 

(2) 

Rejection of H0 implies that at least one of the predictors has significant contribution to the 

model. To conduct hypothesis, error must have normal distribution with zero mean and constant 

variance. 

Analysis of variance (ANOVA) is used as a test procedure for testing H0 at 95% confidence 

interval (with significant level of α = 0.05). F statistic is calculated by Eq. (3): 
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𝐹0 = SSmodel 𝑘⁄SSresidual (𝑛 − 𝑝)⁄  
(3) 

in which, SSmodel and SSresidual are sum of square for model and residual, respectively, n is the 

number of observation, k is number of linear, quadratic and interaction terms in the model and 

p (= k+1) is the number of all terms including the intercept. 

If F0 is greater than Fα,k,n-k-1, then H0 is rejected. Alternatively, when the p-value of model 

is less than α, H0 is rejected. 

There are some statistics in order to select and evaluate the adequacy of the model. Table 2 

contains the formula for residual, sum of squares of residual, model and total (SSresidual, SSmodel, 

SStotal), prediction error sum of squares (PRESS), coefficient of determination (𝑅2), adjusted 

coefficient of determination (𝑅Adj.2 ), predicted coefficient of determination (𝑅Pred.2 ), standard 

deviation (s), coefficient of variation (C.V.%), adequate precision (A.P.) and root mean square 

error (RMSE) [33].  

Table 2 Statistic for testing the adequacy of model 
Statistic Formula 

Residual residual = 𝑅exp,i − 𝑅cal,i 
Sum of squares of residual SSresidual = ∑(𝑅exp,i − 𝑅cal,i)2𝑛

i=1  

Sum of squares of model SSmodel = SStotal − SSresidual 
Sum of squares of total SStotal = ∑(𝑅exp,i − �̅�)2𝑛

i=1  

Prediction error sum of squares PRESS = ∑(𝑅exp,i − 𝑅cal,(i))2𝑛
i=1  

Coefficient of determination 𝑅2 = 1 − SSresidual(SSmodel + SSresidual) 

Adjusted coefficient of determination 𝑅Adj.2 = 1 − SSresidual (𝑛 − 𝑝)⁄(SSmodel + SSresidual) (𝑛 − 1)⁄  

Predicted coefficient of determination 𝑅Pred.2 = 1 − PRESS(SSmodel + SSresidual) (𝑛 − 1)⁄  

Standard deviation 𝑠 = √∑ (𝑅exp,i − �̅�)2ni=1 n − 1  

Coefficient of variation C.V. = 𝑠�̅� × 100% 

Adequate precision  A.P. = SignalNoise  
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Root mean square error RMSE = √SSresidual𝑛 − 𝑝  

𝑅exp,i and 𝑅cal,i are experimental (observed) and calculated (predicted) responses, respectively. SS stands for 

sum of squares. Also, �̅� represents the mean of response and PRESS shows how well the model fits every points 
in the design. 

 

Design of Experiments 

Central Composite Design (CCD) based on the Response Surface Methodology was used 

for design of experiments. The selected factors were initial pH, temperature (T) and 

nanocomposite concentration (CNC). The initial concentration of BB41 was kept constant (C0 = 

10.0 mg·L1, 10.0 ml). The percentage of dye removal (Re%) was selected as the response of 

the design and obtained by Eq. (4) [34]:  

𝑅𝑒% = (𝐶0 − 𝐶res.)𝐶0 × 100% 
(4) 

where Cres. was the dye residual concentration. 

Five levels were considered for each factor in CCD. The factorial, axial and center points 

were coded as “±1”, “0”, and “±α”, respectively. The levels of factors are presented in Table 3. 

Table 3 Levels of factors used in CCD 

Factor Level 

-α -1 0 +1 +α 

pH 4.14 5.50 7.50 9.50 10.86 
T (°C) 17.8 28.0 43.6 58.0 68.2 
CNC (g·L1) 0.12 0.60 1.30 2.00 2.48 

 

Synthesized nanocomposites (NC(L) and NC(M)) were used for each set of design. Twenty 

experiments were carried out in order to identify the effect of factors on the response and 

interactions between factors along with optimum conditions. The contacting time was 60 min 

for all runs.  

Kinetics Experiments 

The results of CCD optimization were used for kinetics and equilibrium studies. In this 

regard, pH and temperature of solutions were set at 9.02 and 47.1 °C, respectively. Then 0.0198 

g of nanocomposite was added into the solution. Then, each mixture was shaken at 150 rpm. 

Initial concentration of BB41 were 8.0, 15.0, and 30.0 mg·L1 (10.0 ml) for kinetics 

experiments. The residual concentration (Ct) was obtained using the UV-Vis spectrophotometer 

(at λmax = 608 nm) at different time intervals and the amount of BB41 adsorbed per unit mass 
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of nanocomposite (qt as mg·g1) was calculated by Eq. (5) [35]: 

𝑞t = 𝑉(𝐶0  − 𝐶t)𝑚  
(5) 

in which, V was the volume of dye solution (as L) and m was the nanocomposite mass (as g). 

The maximum standard deviation was calculated ± 0.4 mg·g1 for qt by repeating the 

experiments three times. 

Equilibrium Experiments 

Dye concentrations ranging from 50.0 to 600.0 mg·L1 were used for doing equilibrium 

experiments. The amount of 0.0198 g nanocomposite was dispersed in 10.0 ml of dye solutions 

with pH of 9.02 and temperature of 47.1 °C. All mixtures were placed into the water bath shaker 

for 4 h (at 150 rpm). According to Eq. (6), the equilibrium concentrations (Ce) were used for 

calculating the amount of adsorbed dye per unit mass of nanocomposite at equilibrium (qe as 

mg·g1) [34]: 

𝑞e = 𝑉(𝐶0  − 𝐶e)𝑚  
(6) 

All experiments were repeated three times and the maximum standard deviation was ± 3.0 

mg·g1 for qe. 

Recovery of Nanocomposite  

Recovery of adsorbent had three stages. At saturation step, the amount of 0.0200 g of 

nanocomposite was added into 10.0 ml BB41 solution with concentration of 300.0 mg·L1. The 

nanocomposite was separated from solution after 24 h and dried. In the second stage (desorption 

step), the saturated nanocomposite was washed out with 10.0 ml of different eluents including 

hydrochloric acid, sodium hydroxide or sodium chloride solutions (0.1 mol·L1). The 

desorption step was repeated in the presence of ultrasonic waves for 5 min. At adsorption stage, 

a newly prepared solution of BB41 (10.0 mg·L1, 10.0 ml at pH of 9.02 and temperature of 47.1 

°C) was contacted with 0.0198 g of the nanocomposite. After 10 min of adsorption, the 

nanocomposite was separated, dried and reused for the next cycle [36]. Seven desorption - 

adsorption cycles were tested. 

Results and Discussion 
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Characterizations 

FT-IR spectra of materials used for synthesizing NC(M) are presented in Fig. 2. NC(M) 

spectrum had the characteristics peak of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2@APTES, DTPA-

CS(M) and GO. Relevantly, the peaks of Fe–O (≈ 640 cm-1), Si–O (≈ 1088 cm-1) and C–H 

(2930, and 2852 cm-1) were observed. Cross-linking was resulted from amide formation and 

chemical bonding between DTPA-CS(M) and/or CS(M)-APTES portion of modified magnetite 

and/or CS(M)-GO and/or DTPA-APTES portion [37]. Correspondingly, the peak for N–H 

(secondary amide) was overlapped with O–H and primary amine at 3327 cm-1 [38]. A peak at 

1575 cm-1 belonged to the N–H bending vibration and C–N (amine) had a peak at 1245 cm-1. 

The nanocomposite had aromatic C=C peaks at 1627 and 1437 cm-1. However, carbonyl 

vibration was too low (at ≈ 1715 cm-1) due to the formation of amide [39]. 

 

Fig. 2 FT-IR spectra of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2@APTES, GO, DTPA, CS(M), DTPA-CS(M), and 
NC(M) 
 

The XRD patterns are shown in Fig. 3. The peaks of Fe3O4 were observed at 2θ = 30.8°, 

36.2°, 43.7°, 54.1°, 57.6°, and 63.4° [40]. This pattern was repeated in Fe3O4@SiO2, 

Fe3O4@SiO2@APTES and NC(M). Also, nanocomposite had patterns of DTPA-CS(M). GO 

peak (at 2θ = 10.3°, corresponding to the interlayer spacing of 0.81 nm) was not clearly observed 

in NC(M). However, the distinguished peak of GO was in XRD pattern of NC(L) in our 

previous study [20]. It could be concluded that lesser GO sheets were attached to the surface of 

NC(M) due to lesser hydrophilicity property of DTPA-CS(M) [7].  

 

Fig. 3 XRD patterns of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2@APTES, GO, DTPA-CS(M), and NC(M) 
 

Fig. 4 shows FESEM images of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2@APTES, GO, DTPA-

CS(M), and NC(M). Cauliflower structure was found for Fe3O4, Fe3O4@SiO2, and 

Fe3O4@SiO2@APTES. The average size of Fe3O4 nanoparticles was 34 nm, based on the size 

distribution histograms (Supplementary Information, Fig. S1). Fe3O4@SiO2 and 

Fe3O4@SiO2@APTES had the average size of 56 and 83 nm, respectively. Sheets were 

distinguished in FESEM image of GO. Besides, DTPA-CS(M) had polyhedron and rod 

structures. The morphology of NC(M) was quite complex and contained sheets, cauliflower and 

rod shapes similar to NC(L) [20].  

 
Fig. 4 FESEM images of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2@APTES, GO, DTPA-CS(M), and NC(M) 
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The thermal stability of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2@APTES, GO, DTPA-CS(M), 

and NC(M) was evaluated by thermal gravimetric analysis (TGA). The steps in TGA plot 

represented mass loss due to evaporation, oxidation and decomposition. The results of TGA 

and its first derivative (DTG) are shown in Fig. 5 (a and b). Fe3O4 had a little change in mass 

(9.2%) in the whole range of temperature. The mass loos were 14 and 20% for Fe3O4@SiO2 

and Fe3O4@SiO2@APTES, respectively. The nanocomposite was approximately stable up to 

254 °C being a little more stable in comparison with NC(L) which was stable up to 248 °C [20]. 

The first mass loss was associated to the evaporation the water adsorbed at NC(M) surface 

(below 100 °C). Degradation and decomposition of organic components of APTES, DTPA, 

deacetylation of CS(M) and losing carbon monoxide and carbon dioxide were the major reasons 

for mass loss of NC(M) at temperature higher than 254 °C [22, 41, 42]. 

Fig. 5 (a) TGA and (b) DTG curves of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2@APTES, GO, DTPA-CS(M), and 
NC(M) 
 

The magnetization plots of magnetic materials are presented in Fig. 6. The saturation 

magnetization of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2@APTES were 42, 34 and 29 emu·g-1, 

respectively. The magnetic property of NC(M) decreased dramatically to 2.5 emu·g-1. However, 

the value of 9.2 was obtained for NC(L) in previous study [20]. The difference between 

saturation magnetization of NC(M) and NC(L) showed that the layer of chitosan with more 

monomer of D-amino glucose caused the magnetic property declined sharply. Although this 

value was low for NC(M), it surprisingly had an excellent magnetic property.  

 

Fig. 6 Magnetization measurements for Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2@APTES and NC(M) 
 

Nitrogen adsorption/desorption isotherm at 77 K is presented in Fig. 7 (a). NC(M) showed 

type IV isotherm with hysteresis loops proofing that it is a mesoporous adsorbent [43]. NC(M) 

exhibited H3 type hysteresis loop [44]. In the type H3 loop, there was no limiting adsorption at 

high relative pressure (p/p0). It confirmed aggregation of plate-like particles associate with slit-

shape pores. Estimation of pore size distribution was not reliable for type H3 loop. The 

Brunauer-Emmett-Teller (BET) plot is depicted in Fig. 7 (b). The specific surface area obtained 

by BET theory was too small (3.50 m2·g-1). Actually BET theory is just applicable for finely-

divided materials not for adsorbents with heterogeneous surfaces. Thus, the BET theory was 

not suitable for predicting the surface area and pore size of NC(M) [44]. 

 

Fig. 7 (a) N2 adsorption/desorption isotherm at 77 K, (b) BET plot of NC(M) 
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Central Composite Design and Statistical Analysis 

Experiments revealed that the amount of adsorbed dye was very low when NC(M) was 

used. The maximum percentage of dye removal was ≈ 31% at optimum conditions. Indeed, 

introduction of D-amino glucose monomers decreased hydrophilicity of NC(M) resulted in 

repelling the hydrophilic azo dye from the surface of adsorbent [27]. However, percentage of 

dye removal reached 93.41% in the presence of NC(L) with higher hydrophilicity. It can be 

concluded that hydrophilicity had more effect on the adsorption than the number of functional 

groups. In This regard, the result of CCD was just reported for NC(L) (Supplementary 

Information, Table S1). 

Least squares method was used for introducing a multiple regression model and estimating 

the regression coefficients (𝛽). A quadratic model was suggested by Design-Expert software 

according to Eq. (7): 𝑅𝑒% = 83.12 + 1.60𝑝𝐻 + 6.59𝑇 + 16.06𝐶NC(L)+ 0.2913𝑝𝐻 ∙ 𝑇 + 2.32𝑝𝐻 ∙ 𝐶NC(L)− 3.44𝑇 ∙ 𝐶NC(L) − 0.9868𝑝𝐻2− 4.26𝑇2 − 8.4𝐶NC(L)2  

(7) 

Fig. 8 confirms that the cumulative normal distribution of residuals is approximately a 

straight line implying the error (𝜀) has a normal distribution [33].  

 
Fig. 8 Normal plot of residuals 

 

Analysis of variance (ANOVA) for quadratic model is presented in Table 4 at 95% 

confidence interval. 

Table 4 Analysis of variance for quadratic model at 95% confidence interval 
Source Sum of Square DF Mean Square F-value p-value  

Model 3615.62 9 401.74 45.22 < 0.0001 significant 
pH 22.42 1 22.42 2.52 0.1508  
T 592.76 1 592.76 66.72 < 0.0001  
CNC(L) 2251.83 1 2251.83 253.47 < 0.0001  
pH·T 0.6788 1 0.6788 0.0764 0.7892  
pH·CNC(L) 42.88 1 42.88 4.83 0.0593  
T·CNC(L) 94.74 1 94.74 10.66 0.0114  
pH2 7.30 1 7.30 0.8221 0.3911  
T2 241.93 1 241.93 27.23 0.0008  
CNC(L)

2 530.51 1 530.51 59.72 < 0.0001  
Residual 71.07 8 8.88    

Lack of Fit 44.84 3 14.95 2.85 0.1444 not significant 
Pure Error 26.23 5 5.25    

Corrected Total 3686.69 17     
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As can be seen, the p-value were greater than 0.05 for terms of pH, pH·T and pH2 which 

implied that they were not significant in the model. However, the term of pH·CNC(L) had little 

effect on the response. As well, the p-value for Lack of fit (= 0.1444) showed that the model 

was adequate to predict the experimental data.  

Results of statistic for testing the adequacy of model are summarized in Table 5. 

Table 5 Results of statistic for testing the adequacy of model 𝐏𝐑𝐄𝐒𝐒 𝑹𝟐 𝑹𝐀𝐝𝐣.𝟐  𝑹𝐏𝐫𝐞𝐝.𝟐  𝒔 𝐂.𝐕. 𝐑𝐌𝐒𝐄 

818.26 0.9807 0.9590 0.7780 2.98 3.94 2.9806 

 

Difference between 𝑅Pred.2  and 𝑅Adj.2  was less than 0.2 which was reasonable. Since 

adequate precision (ratio of signal to noise) was greater than 4, the ratio was desirable. In this 

regard, the predicted values of response were consistent with observed results (Supplementary 

Information, Table S1). The values of the predicted response versus observed response is 

plotted in Fig. 9. As can be seen, the points lay along a straight line. This line was obtained by 

the least squares method. 

 

Fig. 9 Plot of predicted response versus observed response 
 

Influence of Nanocomposite Concentration-Initial pH on the Percentage of Dye Removal 

Central Composite Design gives opportunity to study the influence of variables on the 

response and obtain mutual interactions [45]. The 3D response surface plot for percentage of 

dye removal versus nanocomposite concentration and initial pH is depicted in Fig. 10. High 

levels of variables had positive influence on the response. 

 
Fig. 10 Response surface plot for percentage of dye removal as a function of nanocomposite concentration and 
initial pH at temperature of 43.0 °C 
 

The interaction between CNC(L) and pH was studied by plotting interaction graph in Fig. 11. 

When the level of nanocomposite dosage was low (0.6 g·L-1), there was no significant changes 

in response at any pHs. On the contrary, an increase in concentration (2.0 g·L-1) led to higher 

percentage of dye removal in the whole range of pH. Furthermore, the effect of alkaline medium 

was considerable when CNC(L) increased. For example, when pH was 5.50, the increase in the 

concentration resulted in a 27.7% growth in Re%. However, the growth of Re% was 36.7% at 

pH of 9.50. Point of zero charge pH (pHpzc) was 3.9 for NC(L) [20] and the charge of adsorbent 
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was negative at pHs greater than pHpzc. At high pHs, anions of carboxylate (-COO-) and 

hydroxyl (OH-) were produced on the surface of NC(L). Thus, there was an electrostatic 

attraction between active sites of adsorbent and cationic dye molecules [46]. Relevantly, more 

anions were accessible when the concentration increased [47]. 

 
Fig. 11 Percentage of dye removal versus pH at two different nanocomposite concentrations with 95% confidence 
interval and temperature of 43.0 °C 
 

Influence of Nanocomposite Concentration-Temperature on the Percentage of Dye 

Removal 

Fig. 12 shows the influence of nanocomposite concentration and temperature on the 

percentage of BB41 removal. By following the variations, it was concluded that the adsorption 

was endothermic and higher temperature was in favor of adsorption [22]. It implied that the 

adsorption process was controlled by the dye diffusion into the surface and pores of 

nanocomposite [48]. Dye removal increased when the concentration of NC(L) increased. The 

surface of nanocomposite is covered by different functional groups such as carboxyl, hydroxyl, 

amine and aromatic rings. When more functional groups were available (as a result of increased 

concentration), more interactions including electrostatic interaction, hydrogen bonding, cation-

π and π- π stacking between dye and adsorbent were possible. The interaction plot (Fig. 13) 

confirms that higher efficiency of adsorption needs elevated temperature and concentration. At 

low level of temperature (28.0 °C), the percentage of dye removal was 44.4% at concentration 

of 0.6 g·L-1 and Re% reached 83.4% at 2.0 g·L-1. However, at T = 58.0 °C, the difference 

between Re% was 31.8% when concentration changed from 0.6 to 2.0 g·L-1.  

 

Fig. 12 Response surface plot for percentage of dye removal as a function of nanocomposite concentration and 
temperature at pH of 7.50 
 

 

Fig. 13 Percentage of dye removal versus temperature at two different nanocomposite concentrations with 95% 
confidence interval and pH of 7.50 
 

Influence of Initial pH-Temperature on the Percentage of Dye Removal 

The impact of pH-temperature on the dye removal efficiency is illustrated in Fig. 14. The 

percentage of BB41 removal was not significantly changed by increasing the initial pH. 

However, rising temperature led to higher adsorption and Re%. For instance, Re% changed 

from 72.2% (at 28.0 °C) to 85.4% (at 58.0 °C) by rising temperature. Fig. 15 clearly presents 

the interaction between pH and temperature. The adsorption was not affected too much by pH 
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at constant temperature. However, warmer solution led to more dye adsorption at a specific pH 

[49]. It could be interpreted that more facile diffusion was possible at higher temperature [48]. 

 
Fig. 14 Response surface plot for percentage of dye removal as a function of pH and temperature at nanocomposite 
concentration of 1.30 g·L1 
 

 

Fig. 15 Percentage of dye removal versus pH at two temperatures with 95% confidence interval and nanocomposite 
concentration of 1.30 g·L1 

 

Optimization and Adsorption Mechanism 

Finding the conditions in which the process is optimized is one the important challenges in 

the industries. By using analytical and mathematical techniques, numerical optimization was 

done [45]. In this regard, maximum Re% was calculated 93.4% when pH was 9.02 at 

temperature of 47.1 °C and nanocomposite concentration of 1.98 g·L1. The experimental result 

of Re% was 95.4% which was consistent with the calculated value (93.4%).  

Percentage of BB41 removal is reported in Table 6 when CS(L), DTPA-CS(L), GO and 

NC(L) were used as the adsorbent at optimum conditions. The data confirmed that there was a 

synergism effect when different functional groups were attached to the surface of the NC(L) 

The active groups were carboxyl (originated from GO and DTPA), hydroxyl (originated from 

APTES, GO and CS(L)), amine (in the CS(L) structure) and aromatic rings (in the GO sheets). 

Thus, the possible adsorption mechanisms could be electrostatic interactions between 

functional groups of NC(L) and cationic dye. When pH was much greater than pHpzc, the 

carboxyl and hydroxyl groups were negative in the surface of adsorbent resulted in the attracting 

BB41 [50]. Besides, there were cation-π interactions as a noncovalent bonding between cationic 

dye and π system, along with π-π stacking resulted from π electrons in the aromatic portions of 

BB41 and conjugated aromatic rings of GO [18]. H-bonding could serve as other factors in 

adsorption mechanism [51]. 

Table 6 Percentage of BB41 removal using 
ingredients and NC(L) at optimum conditions 

Adsorbent Re% 

CS(L) 36.0 
DTPA-CS(L) 52.0 
GO 81.4 
NC(L) 95.4 

 

Kinetics Adsorption Studies 

In order to design an adsorption reactor, it is crucial to obtain the constant of adsorption 
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rate. In this regard, the uptake rate of dye is studied at optimum conditions (pH of 9.02, 

temperature of 47.1 °C and NC(L) concentration of 1.98 g·L1). The results of kinetics studies 

are presented in Fig. 16, Fig. 17 and Fig. 18 for concentration of 8.0 mg·L-1, 15.0 mg·L-1 and 

30.0 mg·L-1, respectively.  

 

Fig. 16 Experimental and fitted kinetics data for adsorption of BB41 with concentration of 8.0 mg·L-1 under 
optimum conditions 
 

 

Fig. 17 Experimental and fitted kinetics data for adsorption of BB41 with concentration of 15.0 mg·L-1 under 
optimum conditions 

 
Fig. 18 Experimental and fitted kinetics data for adsorption of BB41 with concentration of 30.0 mg·L-1 under 
optimum conditions 
 

For all concentrations, the dye adsorption was quite fast. For example, about 65.93% of dye 

with the initial concentration of 8.0 mg·L-1 was removed within the first 20 min. The percentage 

of BB41 removal was 61.49 and 47.15% after 20 min when the initial concentrations were 15.0 

and 30.0 mg·L-1, respectively. The dye removal was followed by a mild-slope adsorption and 

equilibrium was achieved at 30 min. Some kinetics models were listed in Table 7 and used for 

fitting the experimental data. 

Table 7 Different kinetics models used for fitting the experimental data 
Kinetics model Equation Reference 

Two parameters models 

Pseudo-first-order (PFO) 𝑞t = 𝑞e(1 − exp(−𝑘1𝑡)) [52] 

Pseudo-second-order (PSO) 𝑞t = 𝑞e2𝑘2𝑡 (1 + 𝑞e𝑘2𝑡⁄ ) [53] 
Elovich 𝑞t = (1 𝑏E⁄ )ln(1 + 𝑎E𝑏E𝑡) [54] 

Three parameters models 

Mixed 1, 2-order (MOE) 𝑞t = 𝑞e(1 − 𝑒𝑥𝑝(−𝑘1𝑡)) (1 − 𝐹2𝑒𝑥𝑝(−𝑘1𝑡))⁄  [55] 
Pseudo-n-order (PnO) 𝑞t = 𝑞e − ((𝑛 − 1)𝑘1𝑡 + 𝑞e1−𝑛) 11−𝑛 

[56] 

Modified pseudo-n-order (MPnO) 𝑞t = 𝑞e(1 − exp(−𝑛𝑘′𝑡))1𝑛 
[57] 

Fractal-like pseudo-first-order 
(FL-PSO) 

𝑞t = 𝑞e(1 − exp(−𝑘1′  𝑡 α)) [58] 

Fractal-like pseudo-second-order 
(FL-PSO) 

𝑞t = 𝑞e2𝑘2′ 𝑡α (1 + 𝑞e𝑘2′ 𝑡α)⁄  [59] 

 

The adequacy of the models was checked by 𝑅Adj.2 , corrected Akaike information criterion 

(AICc, ), chi-square (𝜒2 ) and RMSE. The AICc and 𝜒2  were calculated by the following 

equations, respectively [60, 61]: 

AICc = 1 + ln (SSresidual𝑛 ) + 2(𝑝 + 1)𝑛 − 𝑝 − 2 
(8) 
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𝜒2 = ∑ (𝑞exp,i − 𝑞cal,i)2𝑞cal,i
𝑛

i=1  

(9) 

in which, n was the number of experimental data and p was the parameters number. 

The parameters and goodness of fit for each model were obtained by non-linear regression. 

The results are presented in Table 8. 

Table 8 Model parameters along with 𝑹𝐀𝐝𝐣.𝟐 , AICc, 𝝌𝟐 and RMSE obtained by non-linear regression  

Model 𝑪𝟎 (𝐦𝐠 · 𝐋−𝟏) Parameter Goodness of Fit 

PFO  𝒒𝐞 (𝐦𝐠 · 𝐠−𝟏) 𝒌𝟏 - 𝑹𝐀𝐝𝐣.𝟐  𝐀𝐈𝐂𝐜 𝝌𝟐 RMSE 

8.0 2.77 0.101  0.9901 -2.7915 0.0688 0.1082 
15.0 6.16 0.073  0.9927 -1.5455 0.2834 0.2017 
30.0 9.27 0.131  0.9743 0.4419 1.0059 0.5448 

PSO  𝒒𝐞 (𝐦𝐠 · 𝐠−𝟏) 𝒌𝟐 - 𝑹𝐀𝐝𝐣.𝟐  𝐀𝐈𝐂𝐜 𝝌𝟐 RMSE 

8.0 3.24 0.035  0.9898 -2.7631 0.0952 0.1097 
15.0 7.40 0.011  0.9954 -2.0073 0.1394 0.1601 
30.0 10.50 0.015  0.9944 -1.0834 0.2491 0.2541 

Elovich  𝒂𝐄 𝒃𝐄  - 𝑹𝐀𝐝𝐣.𝟐  𝐀𝐈𝐂𝐜 𝝌𝟐 RMSE 

 8.0 0.592 1.36  0.9653 -1.5407 0.2766 0.2022 
 15.0 0.842 0.548  0.9824 -0.6610 0.2697 0.3139 
 30.0 3.524 0.478  0.9872 -0.2588 0.1681 0.3838 

MOE  𝒒𝐞 (𝐦𝐠 · 𝐠−𝟏) 𝒌𝟏 𝑭𝟐 𝑹𝐀𝐝𝐣.𝟐  𝐀𝐈𝐂𝐜 𝝌𝟐 RMSE 

 8.0 2.85 0.058 0.49 0.9918 -2.6193 0.0666 0.0986 
 15.0 11.47 0.040 1.78 0.9962 -1.8237 0.1459 0.1467 
 30.0 10.50 0.000 1.00 0.9937 -0.6072 0.2491 0.2541 

PnO  𝒒𝐞 (𝐦𝐠 · 𝐠−𝟏) 𝒌𝟏 𝒏 𝑹𝐀𝐝𝐣.𝟐  𝐀𝐈𝐂𝐜 𝝌𝟐 RMSE 

 8.0 2.89 0.076 1.34 0.9919 -2.6352 0.0629 0.0978 
 15.0 6.70 0.029 1.51 0.9958 -1.7440 0.1528 0.1527 
 30.0 11.87 0.002 2.78 0.9951 -0.8557 0.1395 0.2380 
MPnO  𝒒𝐞 (𝐦𝐠 · 𝐠−𝟏) 𝒌′ 𝒏 𝑹𝐀𝐝𝐣.𝟐  𝐀𝐈𝐂𝐜 𝝌𝟐 RMSE 

 8.0 2.80 0.083 1.10 0.9928 -2.7438 0.0629 0.0926 
 15.0 6.28 0.045 1.23 0.9982 -2.5805 0.0771 0.1005 
 30.0 9.81 0.030 1.83 0.9994 -3.0175 0.0112 0.0808 
FL-PFO  𝒒𝐞 (𝐦𝐠 · 𝐠−𝟏) 𝒌𝟏′  𝒂 𝑹𝐀𝐝𝐣.𝟐  𝐀𝐈𝐂𝐜 𝝌𝟐 RMSE 

 8.0 2.82 0.119 0.90 0.9907 -2.4958 0.0778 0.1048 
 15.0 6.31 0.093 0.87 0.9981 -2.5451 0.0889 0.1023 
 30.0 10.00 0.209 0.67 0.9990 -2.4440 0.0202 0.1076 
FL-PSO  𝒒𝐞 (𝐦𝐠 · 𝐠−𝟏) 𝒌𝟐′  𝒂 𝑹𝐀𝐝𝐣.𝟐  𝐀𝐈𝐂𝐜 𝝌𝟐 RMSE 

 8.0 3.00 0.029 1.23 0.9926 -2.7248 0.0466 0.0935 
 15.0 7.14 0.010 1.07 0.9953 -1.6285 0.1813 0.1618 
 30.0 11.31 0.016 0.83 0.9968 -1.2797 0.0641 0.1926 

 

The best model to describe the adsorption rate of BB41 was MPnO kinetics model which 

had 𝑅Adj.2  close to unity, lesser AICc, 𝜒2 and RMSE.  

Many steps are involved in the adsorption process such as external mass transfer of dye 

from the bulk of solution, film diffusion and internal diffusion of dye into the composite sites, 

and eventually the adsorption itself [62]. Weber and Morris showed [63] that if the intra-particle 
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diffusion stage was the main rate-limiting step, the plot of qt versus t0.5 could be linear passing 

through the origin according to Eq. (10): 

𝑞t = 𝐾dif𝑡0.5 + 𝐶 
(10) 

where, Kdif was to the intra-particle diffusion rate constant and C was the intercept. 

However, a multi-linear plot indicates that the adsorption process is divided into different 

steps [64]. The profile presented in Fig. 19 has two linear segments. This kind of variation 

implied that there was an immediate and external surface adsorption at stage (I) followed by a 

gradual sorption at stage (II). Indeed, the process was controlled by film diffusion at stage (I) 

and the line with the lower slope (stage (II)) was attributed to the lower adsorption rate and 

intra-particle diffusion was the rate limiting step [65, 66]. 

 

Fig. 19 Intra-particle diffusion plot for BB41 adsorption at different concentrations under optimum conditions 

 

Equilibrium Adsorption Results 

The distribution of BB41 between solution and NC(L) can be demonstrated by isotherms 

at equilibrium. The experimental results were fitted by different isotherms. The most common 

adsorption isotherms are listed in Table 9. 

Table 9 Different isotherms used for fitting the experimental data 
Isotherm Equation Reference 

Two parameters models 

Langmuir 𝑞e = 𝑞m𝐾L𝐶e (1 + 𝐾L𝐶e)⁄  [67] 
Freundlich 𝑞e = 𝐾F𝐶ec [68] 
Temkin 𝑞e = (𝑅𝑇 𝑏T)⁄ ln(𝐾T𝐶e) [69] 
Modified Langmuir 𝑞e = 𝑞m𝐾ML𝐶e ((𝐶s − 𝐶e) + 𝐾ML𝐶e)⁄  [70] 

Three parameters models 

Redlich-Peterson 𝑞e = 𝐾RP𝐶e (1 + 𝛼RP𝐶e𝛽)⁄  [71] 

Toth 𝑞e = 𝑞m𝑎T𝐶e (1 + (𝑎T𝐶e)c)1 c⁄⁄  [72] 

Extended Langmuir 𝑞e = 𝑞m𝐾EL𝐶e (1 + 𝐾EL𝐶e + (𝑎(𝐾EL𝐶e)1 2⁄ ))⁄  [73] 

Langmuir-Freundlich 𝑞e = (𝑞m(𝐾LF𝐶e)c) (1 + (𝐾LF𝐶e)c)⁄  [74] 
Modified Langmuir-Freundlich 𝑞e = 𝑞m(𝐾MLF𝐶e)c ((𝐶s − 𝐶e)c − (𝐾MLF𝐶e)c)⁄  [70] 

 

The adsorption isotherms for BB41 on NC(L) are depicted in Fig. 20. An increase in 

adsorption capacity was observed as the equilibrium concentration of dye increased until NC(L) 

was saturated.  

 

Fig. 20 Adsorption isotherms for adsorption of BB41 under optimum conditions 
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The parameters and goodness of fit are presented in Table 10.  

Table 10 Isotherm parameters along with 𝑹𝐀𝐝𝐣.𝟐 , AICc, 𝝌𝟐 and RMSE obtained by non-linear regression  

Isotherm Parameter Goodness of Fit 

Langmuir 𝒒𝐦 (𝐦𝐠 · 𝐠−𝟏) 𝑲𝐋 - 𝑹𝐀𝐝𝐣.𝟐  𝐀𝐈𝐂𝐜 𝝌𝟐 RMSE 

46.48 -1261773  0.6712 6.3854 17.2714 1.1070 
Freundlich 𝑲𝐅 𝒄 - 𝑹𝐀𝐝𝐣.𝟐  𝐀𝐈𝐂𝐜 𝝌𝟐 RMSE 

19.15 0.17  0.9702 3.8496 1.5797 2.8190 
Temkin 𝒃𝐓 𝑲𝐓 - 𝑹𝐀𝐝𝐣.𝟐  𝐀𝐈𝐂𝐜 𝝌𝟐 RMSE 

351.17 2.72  0.9897 3.0393 0.6220 2.0098 
Modified 

Langmuir 
𝒒𝐦 (𝐦𝐠 · 𝐠−𝟏) 𝑲𝐌𝐋 - 𝑹𝐀𝐝𝐣.𝟐  𝐀𝐈𝐂𝐜 𝝌𝟐 RMSE 

46.48 -890953  0.6712 6.3856 17.2743 10.0180 
Redlich-

Peterson 

𝑲𝐑𝐏 𝒂𝐑𝐏  𝜷 𝑹𝐀𝐝𝐣.𝟐  𝐀𝐈𝐂𝐜 𝝌𝟐 RMSE 

11390440 594921 0.83 0.9702 4.4496 1.5797 2.8119 
Toth 𝒒𝐦 (𝐦𝐠 · 𝐠−𝟏) 𝒂𝐓 𝒄 𝑹𝐀𝐝𝐣.𝟐  𝐀𝐈𝐂𝐜 𝝌𝟐 RMSE 

63.53 0.18 0.54 0.9954 2.5808 0.2265 1.1838 
Extended 

Langmuir 
𝒒𝐦 (𝐦𝐠 · 𝐠−𝟏) 𝑲𝐄𝐋 𝒂 𝑹𝐀𝐝𝐣.𝟐  𝐀𝐈𝐂𝐜 𝝌𝟐 RMSE 

64.63 0.18 1.66 0.9953 2.5981 0.2270 1.1941 
Langmuir-

Freundlich 
𝒒𝐦 (𝐦𝐠 · 𝐠−𝟏) 𝑲𝐋𝐅 𝒄 𝑹𝐀𝐝𝐣.𝟐  𝐀𝐈𝐂𝐜 𝝌𝟐 RMSE 

61.88 0.045 0.64 0.9958 2.4956 0.2063 1.1345 
Modified 

Langmuir-

Freundlich 

𝒒𝐦 (𝐦𝐠 · 𝐠−𝟏) 𝑲𝐌𝐋𝐅 𝒄 𝑹𝐀𝐝𝐣.𝟐  𝐀𝐈𝐂𝐜 𝝌𝟐 RMSE 

55.87 41.77 0.70 0.9972 2.0713 0.1469 0.9176 

 

Among models, the modified Langmuir-Freundlich isotherm was the best one to fit the 

experimental data. This equation takes into account the heterogeneity of the adsorbent surface 

which is in agreement with the structure of NC(L) [70]. The maximum capacity of adsorbent 

was calculated 55.87 mg·g-1 which was comparable with other investigations [75, 76]. Table 

11 represents the amount of qm obtained by different adsorbents for BB41 removal.  

Table 11 Comparing the maximum adsorption capacity of adsorbent used for BB41 removal 
Adsorbent T 

(°C) 

qm 

(mg·g1) 

Reference 

Biochar derived from bio-wastes of rice husk 35 17.60 [75] 
Saccharomyces cerevisiae 20 23.5 [76] 
Dispersed carbon particles 25 41.40 [35] 
Pistachio shell 50 41.77 [49] 
Titanium (IV) oxide/calcium alginate 20 141.92 [77] 
Zeolite tuff 50 192.31 [78] 
NC(L)  47.1 55.87 Present work 

 

The synthesized NC(L) had reasonable maximum adsorption capacity and was able to 

adsorb dye in 30 min. Also, adsorbent with magnetic property was separated from treated 

solution within a few seconds.  

Cyclic Regeneration of Adsorbent 

Not only are the value of maximum dye uptake and the rate of adsorption important but 

also, adsorbent recovery is crucial for scale-up purposes. The experiments showed that the 
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acidic medium associated with ultrasonic waves caused to achieve a desirable desorption. 

Actually, the adsorbent was protonated in acid solution and BB41 was desorbed from the 

surface of NC(L) [36]. A facile desorption was obtained using ultrasonic waves since waves 

weakened the interaction between adsorbent and BB41. Fig. 21 shows the percentage of dye 

removal (Re%) after recovery cycles. The desorption-adsorption cycle was repeated seven times 

and the efficiency of NC(L) decreased only 12%. 

 
Fig. 21 Percentage of dye removal after recovery 

 

Conclusions 

In this study, the effect of molecular weight of chitosan on the efficiency of nano-magnetic 

inorganic-organic adsorbents was studied. The silica-modified magnetite nanoparticles were 

treated with medium-molecular weight chitosan, graphene oxide and 

diethylenetriaminepentaacetic acid. Techniques including FT-IR, XRD, FESEM, TGA/DTG, 

VSM and nitrogen adsorption/desorption isotherm were applied for characterization of 

adsorbent (NC(M)). The adsorption behavior of synthesized nanocomposite was compared with 

as-prepared adsorbent containing low-molecular weight chitosan (NC(L)). NC(L)) was a better 

adsorbent due to having more hydrophilic property and the basic blue 41 was successfully 

removed from aqueous solutions. Central Composite Design based on the response surface 

methodology was used for investigating the effective parameters on the adsorption and 

obtaining the optimum conditions. The maximum dye removal was achieved at pH of 9.02, 

temperature of 47.1 °C and NC(L) concentration of 1.98 g·L1. H-bonding, coulumbic attraction 

and pi-stacking interactions were the major factors of adsorption. The dye adsorption was 

completed within 30 min at optimum conditions. The film and intra-particle diffusions were 

rate-limiting steps sequentially. The modified pseudo-n-order equation was the best kinetics 

model to recreate the kinetics data. The equilibrium experimental data were fitted by modified 

Langmuir-Freundlich isotherm and the maximum adsorption capacity was 55.87 mg·g-1. Due 

to the physiosorption of dye, the acidic medium associated with ultrasound caused the adsorbent 

to recover even after seven cycles. 
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Figures

Figure 1

Structure and UV-Vis absorption spectrum of basic blue 41 at concentration of 10.0 mg·L-1 and pH of 6.5

Figure 2



FT-IR spectra of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2@APTES, GO, DTPA, CS(M), DTPA-CS(M), and NC(M)

Figure 3

XRD patterns of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2@APTES, GO, DTPA-CS(M), and NC(M)



Figure 4

FESEM images of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2@APTES, GO, DTPA-CS(M), and NC(M)

Figure 5

(a) TGA and (b) DTG curves of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2@APTES, GO, DTPA-CS(M), and NC(M)



Figure 6

Magnetization measurements for Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2@APTES and NC(M)

Figure 7

(a) N2 adsorption/desorption isotherm at 77 K, (b) BET plot of NC(M)



Figure 8

Normal plot of residuals

Figure 9

Plot of predicted response versus observed response



Figure 10

Response surface plot for percentage of dye removal as a function of nanocomposite concentration and
initial pH at temperature of 43.0 °C

Figure 11



Percentage of dye removal versus pH at two different nanocomposite concentrations with 95%
con�dence interval and temperature of 43.0 °C

Figure 12

Response surface plot for percentage of dye removal as a function of nanocomposite concentration and
temperature at pH of 7.50

Figure 13



Percentage of dye removal versus temperature at two different nanocomposite concentrations with 95%
con�dence interval and pH of 7.50

Figure 14

Response surface plot for percentage of dye removal as a function of pH and temperature at
nanocomposite concentration of 1.30 g·L-1

Figure 15



Percentage of dye removal versus pH at two temperatures with 95% con�dence interval and
nanocomposite concentration of 1.30 g·L-1

Figure 16

Experimental and �tted kinetics data for adsorption of BB41 with concentration of 8.0 mg·L-1 under
optimum conditions



Figure 17

Experimental and �tted kinetics data for adsorption of BB41 with concentration of 15.0 mg·L-1 under
optimum conditions

Figure 18

Experimental and �tted kinetics data for adsorption of BB41 with concentration of 30.0 mg·L-1 under
optimum conditions



Figure 19

Intra-particle diffusion plot for BB41 adsorption at different concentrations under optimum conditions

Figure 20

Adsorption isotherms for adsorption of BB41 under optimum conditions

Figure 21



Percentage of dye removal after recovery
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