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1. Introduction 

Organic dyes are widely used in various fields and seriously induce water pollution. Most of the industrial dyes 

are toxic, carcinogenic, and teratogenic [1] and unfortunately most of them are stable and resistance to photo 

degradation, biodegradation, oxidizing agents [2]. Conventional physicochemical and biological treatment 

methods are ineffective for removal these dyes due to their extreme stability. Hence, adsorption technique 

becomes one of the preferable choices to purify the waste water which containing dyes. In fact, 60-70% of all 

dyes stuff in use and production fall in this group [3]. According to a statistical data survey, one million tons of 

such dyes are produced annually worldwide. It can simply be defined as any class of artificial dyes that contains 

the azo group (-N=N-). When describing a dye molecule, nucleophiles are referred to as auxochromes, while the 

aromatic groups are called chromophores. Together, the dye molecule is often described as a chromogen [4]. 

Synthesis of most azo dyes involves diazotization of a primary aromatic amine, followed by coupling with one or 

more nucleophiles. 

 The industrial wastewater usually contains a variety of organic compounds and toxic pulp mills and 

dyestuff manufacturing discharge highly colored wastewater which has provoked serious environmental concerns 

all over the world. Several methods including adsorption, coagulation, membrane filtration and advanced 

oxidation [5], [6] have been employed to eliminate dyes from wastewaters. Among them, adsorption has been 

recognized as a promising technique due to its high efficiency, simplicity of design, ease of operation as well as 

the wide suitability for diverse types of dyes. Because the dye effluent may cause damage to aquatic biota and 

human by mutagenic and carcinogenic effects, the removal of dye pollutants from wastewater is of great 

importance [7]. 
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Magnetic sodium alginate beads (MSAB) was synthesized and used for the adsorption of 

hazardous azo pyrazole dye (AP). The effect of different variables in the batch method as 

a function of solution pH, contact time, concentration of adsorbate, adsorbent dosage and 
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Surface modification of MSAB using scanning electron microscopy (SEM) was obtained. 
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zero charge (pHPZC) of MCAB was determined and found to be 7.5. The molecular and 

electronic structure of the investigated dye was also studied using quantum chemical 
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endothermic and thermodynamically favorable. 

 

Received 27 June 2019, 

Revised 31 July 2019, 

Accepted 01 Aug 2019 
 

Keywords 

 Adsorption,  

 Magnetic beads,  

 Kinetics,  

 Thermodynamics.  
 
 

 

 

m.a_bindary@yahoo.com ; 

Phone: +2 01146126591 

 

http://www.jmaterenvironsci.com/
mailto:m.a_bindary@yahoo.com


El-Bindary et al., J. Mater. Environ. Sci., 2018, 10(7), pp. 604-617 605 

 

 Alginate is a natural polysaccharide extracted from brown seaweed. It has many advantages such as 

availability, low cost, non-toxicity, biocompatibility and biodegradability, and is also an efficient biosorbent due 

to the presence of carboxylate functions along its chains. Recently, composite sorbents like calcium alginate beads 

have attracted some attention because they combine the properties and advantages of each of their components 

[8].The adsorption properties of the sodium alginate beads containing magnetic nanoparticles in this study are 

assessed by using organic dye as model of pollutant: negatively charged azo pyrazole dye. Such dyes are also 

pollutants themselves: used in a lot of industries (textile, paper, food, etc.), their presence in the effluents reduces 

light penetration and photosynthesis, while some dyes prove toxic or carcinogenic: this makes their removal an 

important challenge. 

            Present study was designed to appraise the efficiency of magnetic sodium alginate beads as adsorbent for 

removal of hazardous azopyrazole dye from aqueous solution. Experimental parameters affecting the adsorption 

process such as initial adsorbate concentration, adsorbent dosage, contact time, solution pH and temperature were 

studied. The optimized bond lengths, bond angles and quantum chemical parameters of AP were calculated. The 

experimental equilibrium adsorption data was analyzed by kinetic and isotherm models. The thermodynamics of 

the adsorption indicated spontaneous and endothermic nature of the process. 

2. Materials and methods 
2.1. Physical measurements 

C, H and N were determined on Automatic Analyzer CHNS Vario ELIII, Germany. Spectroscopic data of the 

investigated dye were obtained using the following instruments: FT-IR spectra (KBr discs, 4000-400 cm-1) by 

Jasco-4100 spectrophotometer; the 1H NMR spectrum by Bruker WP 300 MHz using DMSO-d6 as a solvent 

containing TMS as the internal standard; Mass spectrum by Shimadzu GC-MS-QP2010 Plus instrument. The 

SEM results of the MSAB sample before and after the adsorption processes were obtained using (JEOL-JSM-

6510 LV) scanning microscope to observe surface modification. UV-visible spectrophotometer (Perkin-Elmer 

AA800 Model AAS) was employed for absorbance measurements of samples. An Orion 900S2 model digital pH 

meter and a Gallenkamp Orbital Incubator were used for pH adjustment and shaking, respectively.N2 

adsorption/desorption isotherms on MSAB at 77 K was measured on a Quantachrome Nova Instruments version 

10, from which the Brunauer-Emmett-Teller (BET) surface area and Barrett-Joyner-Halenda (BJH) pore volume 

were calculated. The molecular structures of the investigated dye (AP) were optimized by HF method with 3-21G 

basis set. The molecule was built with the Perkin Elmer ChemBio Draw and optimized using Perkin Elmer 

ChemBio3D software [9]. 

 

2.2. Azopyrazole dye (AP): 

The azo compound of 3-(2-hydroxy-5-(4-sulphonic acid phenylazo))-5-phenyl-4,5-dihydro-1H-pyrazole (AP) 

was prepared previously [10]. The investigated dye (AP) characteristics and its chemical structure is shown in 

Table 1. 

2.2. Preparation of magnetic sodium alginate beads 

Magnetic sodium alginate beads (MSAB) was prepared by precipitation of FeSO4 and FeCl3 in alkaline solution 

in the presence of sodium alginate. In a beaker, 25 mL of ammonium hydroxide solution was mixed with 15 mL 

of deionized water to obtain an alkaline solution. In another beaker, 9.36 g FeCl3 and 3.44 g FeSO4 were dissolved 

in 100 mL deionized water and then added to 40 mL of sodium alginate aqueous solution (2%, w/w) at room 

temperature for 2 hr with stirring. The obtained black precipitate was separated in a magnetic field and washed 

with deionized water. Finally, MSAB particles were dried at 80C. The coating of particles may occurs by 

electrostatic attraction between carboxylate groups of sodium Alginate, Fe2+ and Fe3+ ions of Fe3O4 particles. 

MSAB was characterized by FTIR and X-ray diffraction measurement (XRD). FTIR (KBr) (ν cm-1): 3390 (OH), 

1610 (COO)asym, 1410 (COO)sym, 580, 460 (Fe-O), 1095, 1035 (C-O); XRD, diffraction peaks of (220), (311), 

(400), (422), (511), and (440). Also, the surface area, pore volume and the point of zero charge were calculated. 

2.3. Determination of point of zero charge 

The point of zero charge (pHPZC) was determined by solid addition method [11]. A series of 0.1 M KNO3 solutions 

(50 ML each) were prepared and their pH values were adjusted in the range of 1.0 to 12.0 by addition of 0.1 mol.L-

1 HCl and 0.1 mol.L-1 NaOH. To each solution, 0.1 g of MSAB was added and the suspensions were shacked 

manually and the solution was kept for a period of 48 h with intermittent manual shaking. The final pH of the 

solution was recorded and the difference between initial and final pH (ΔpH) (Y-axis) was plotted against the initial 

pH (X-axis). The point of this curve yielded pHPZC. 
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Table 1: Properties of the adsorbate (AP) used in the study. 

Parameter Citrullus Colocynthis (%) 

Chemical name 
 

3-(2-hydroxy-5-(4-sulphonic acid phenylazo))-5-

phenyl-4,5-dihydro-1H-pyrazole 
 

Type color 
 

Anionic 
 

Chemical formula 
 

C21H18N4O4S 
 

Molecular weight (g/mol) 

 

422.47 

 

Wavelength of maximum absorption (nm) 
 

437 
 

Molar extinction coefficient, ε437 (M
-1 cm-1) 2000 

 

Chemical structure of color 

 

HN N
HO

N

N SO3H

 
 

2.4. Batch adsorption experiments 

Batch adsorption studies were carried out by shaking 50 mL conical flasks containing 0.02 g of (MSAB) 

and 25 mL of dye solutions of desired concentration with adjusted pH on an orbital shaker machine at 200 rpm at 

25 oC. The solution pH was adjusted with 0.1 mol.L−1 HCl and 0.1 mol.L−1 NaOH solutions. At the end of the 

adsorption period, the supernatant solution was separated magnetically. Then the concentration of the residual 

dye was determined spectrophotometrically by monitoring the absorbance at 437 nm for dye using UV–Vis 

spectrophotometer. Percentage of dye removal (R) was calculated using Eq. (1): 

R  =  100 (C0  -  Ct) / C0                       (1) 

where C0 (mmol.g-1) and Ct (mmol.g-1) are dye concentration initially and at time t, respectively. For adsorption 

isotherms, dye solutions different concentrations (4x10-5–1x10-3M) were agitated with known amounts of 

adsorbents until the equilibrium was achieved. Equilibrium adsorption capacity, qe (mmol dye per g adsorbent) 

was calculated from the following Eq. (2): 

qe  =  V (C0  -  Ct) / W                          (2) 

where Ct (mmol.g−1) is the dye concentration at equilibrium, V (L) is the volume of solution and W (g) is the 

weight of adsorbent. 

The procedures of kinetic experiments were identical with those of equilibrium tests. At predetermined moments, 

aqueous samples (5 mL) were taken from the solution, the liquid was separated from the adsorbent magnetically 

and concentration of dye in solution was determined spectrophotometrically at a wavelength of 437 nm. The 

amount of dye adsorbed at time t, qt (mmol.g−1) was calculated by following Eq. (3): 

qt  =  V (C0  -  Ct) / m                             (3) 

where C0 (mmol.g−1) is the initial dye concentration, Ct (mmol.g−1) the dye concentration at any time t, V (L) the 

volume of the solution and m (g) is the mass of the adsorbent. 

The amount of the dye adsorbed onto (MSAB) at equilibrium and at different temperatures 20, 25, 30, 35, 45 oC, 

have been examined to obtain thermodynamic parameters for the adsorption system. 

3. Results and discussion 
3.1. Molecular structure of AP 

The atomic numbering and molecular structures (HOMO & LUMO) of AP are calculated and presented 

in Fig. 1. The HOMO–LUMO energy gap, ΔE, which is an important stability index, is applied to develop 

theoretical models for explaining the structure and conformation barriers in many molecular systems. The smaller 

value of ΔE is the more stability the compound [12]. The calculated quantum chemical parameters are given in 

Table 2. Additional parameters such as separation energies, ΔE, absolute electro negativities, χ, chemical 

potentials, Pi, absolute hardness, η, absolute softness, σ, global electrophilicity, ω, global softness, S, and 

additional electronic charge, ΔNmax, have been calculated according to the following Eqs. (4–11): 

http://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C22H16N2Na2O11S3&sort=mw&sort_dir=asc
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Figure 1: The molecular structure (HOMO & LUMO) of AP. 

Table 2: The calculated quantum chemical parameters of AP. 

HOMOE 

(eV) 
LUMOE 

(eV) 

∆E 

(eV) 

Χ 

(eV) 

η 

(eV) 

σ 

)1-(eV 

Pi 

(eV) 

S 

)1-(eV 

ω 

(eV) 
maxN∆ 

-4.117 -3.559 0.558 3.838 0.279 3.58423 -3.838 0.1395 1.919 13.75627 

3.2. Brunauer-Emmett-Teller (BET) surface area. 

The Brunauer-Emmett-Teller (BET) [13] surface area and Barrett-Joyner-Halenda (BJH) pore size of 

MSAB have been investigated using N2 adsorption/desorption measurements at 77 K. The adsorption isotherm is 

classified as type IV according to IUPAC exhibiting an H1 hysteresis loop that closes at P/Po=0.987. This type of 

hysteresis which contains two branches that almost vertical and nearly over an appreciable range of gas uptake 

arises from the existence of cylindrical pores open at both ends. The specific surface area (ABET) of the prepared 

sample (MSAB) is 111 m2/g which was estimated by using the BET equation in its normal range of applicability 
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and adopting a value of 16.2 Å for the cross-sectional area of N2. However, the total pore volume (Vp) taken at a 

saturation pressure and expressed as liquid volume = 0.148 cm3/g and the average pore radius= 26.6 Å. Porosity 

detection is accomplished by constructing the Va-t plot in which the reference value of statistical thickness, t, are 

those of Lecloux and Pirard which fulfilled the criteria for their proper choice based on BET C-constant. The t-

curve of the prepared solid shows an upward deviation revealing the mesoporosity of sample. The closure point 

of the hysteresis loop of the adsorption isotherm agrees with the starting point of the upward deviation. The pore 

size distributions of the samples were assessed by the Barret, Joyner, and Halenda (BJH) method and formed two 

peaks, the first one is centered at 13.3 Ǻ that belongs to super micropores and the second one is broad centered at 

18.6Ǻ reveals a sample mesoporosity. 

 

3.3. Determination of point of zero charge (pHPZC) 

pH was one of the most important parameters for AP sorption, as it determined which ionic species were 

present in the adsorbate solution and the surface charge of the sorbent. Surface charge of the MSAB was 

determined by the PZC, which is defined as the pH (pHPZC) at which the positive charges on the surface equal the 

negative charges [14]. The pHPZC of MSAB was found to be 7.5. This shows that below this pH, the MCAB 

acquires a positive charge due to protonation of functional groups and above this pH, negative charge exists on 

the surface of MSAB. The adsorption of anionic dyes is favored at pH <pHPZC where the surface becomes 

positively charged. 

3.4. SEM analysis 

Scanning electron microscopy (SEM) has been a primary tool for characterizing the surface morphology 

and fundamental physical properties of the adsorbent surface. It is useful for determining the particle shape, 

porosity and appropriate size distribution of the adsorbent. Raw MSAB has considerable numbers of pores where, 

there is a good possibility for dyes to be trapped and adsorbed into these pores. MSAB adsorbed with tested dye 

show very distinguished dark spots which can be taken as a sign for effective adsorption of azopyrazole dye 

molecules in the cavities and pores of this adsorbent [15]. 

 

3.5. Effect of pH 

The pH value of aqueous solution is an important parameter in the adsorption study of anionic dyes 

because of its effect on both ionization of dye molecules and surface binding sites. The removal of the tested dye 

(AP) by MSAB at different pH values (1–10) was studied at initial concentrations of 1x10-3 M of the dye, 25 oC 

and 0.02 g adsorbent dosage. MSAB has proved to be an effective adsorbent for the removal of the dye and the 

most effective pH was 2 and it was used in further studies (Fig. 2). The investigated dye was of anionic in nature, 

so they release colored dye anion on dissolution. The percentage of color removal decreased when the pH 

increased from 2 to 9. It may be considered for two possible mechanism of adsorption of dye on the adsorbent: (i) 

electrostatic interaction between the adsorbent and the dye molecule, (ii) a chemical reaction between the dye and 

the adsorbent. At pH 2, the concentration of H+ ion increased and the adsorbent surface acquires positive charge 

by absorbing H+ ions. As the adsorbent surface is positively charged at low pH, there may be a high electrostatic 

attraction exists between the positively charged surface of the adsorbent and the anionic dye molecule, a maximum 

dye adsorption takes place. The experimental determination of pHPZC of MSAB revealed that this composite has 

pHZPC 7.5. As the pH of the system increases, the number of negatively charged sites increases and the number of 

positively charged sites decreases. Negatively charged surface sites on the adsorbent surface do not favor the 

adsorption, due to the electrostatic repulsion. Also lower adsorption of the selected anionic dye at alkaline pH is 

due to the presence of excess −OH ions, which destabilize anionic dye and compete with the dye anions for the 

adsorption sites. 
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Figure 2: pH effect on AP adsorption using the adsorbent (MSAB): (T: 25 oC; C0: 1x10-3 M). 

3.6. Effect of adsorbent dosage  

The uptake of dye with change in adsorbent dosage (0.01–0.1 g) at adsorbate concentrations of 2x10-4 M 

at 25 oC and pH 2 was tested. Adsorption of dye shows that the uptake of dye per gram of adsorbent increases 

with increasing adsorbent dosage from 0.01 to 0.1 g. The increase in adsorbent dose, did not cause any significant 

increase in % removal of dye. This was due to the concentration of AP reached at equilibrium status between solid 

and solution phase. The dye removal increased up to a certain limit and then it remains almost constant in all the 

cases. This was due to the availability of more adsorbent sites and high specific surfaces of the adsorbents. The 

decrease in amount of dye adsorbed qe (mmol.g−1) with increasing adsorbent mass is due to the separation of the 

concentration gradient between solute concentration in the solution and the solute concentration in the surface of 

the adsorbent. 

3.7. Effect of contact time 

The AP removal increases with time and attains saturation in about 5-90 mins. Basically, the removal of 

adsorbate is rapid, but it gradually decreases with time until it reaches equilibrium. The AP dye showed a fast rate 

of sorption during the first 60 mins of the adsorbate/adsorbent contact and the rate of amount removal becomes 

almost insignificant due to a quick exhaustion of the adsorption site. The rate of amount dye removal is higher in 

the beginning due to a larger surface area of the adsorbent being available for the dye adsorption. 

 

3.8. Effect initial concentration (C0) 

The removal of azopyrazole dye (AP) by adsorption on the adsorbent (MSAB)was shown to increase with 

time and attained a maximum value at about 70 mins, and thereafter, it remained almost constant. On changing 

the initial concentration of dye solution from 4x10-5–3x10-3 M at 25 ºC, pH 2 and 0.02 g adsorbent dosage the 

amount of removed dyes was decreased. It was clear that the removal of the dye was dependent on the initial 

concentration of the dye because the decrease in the initial dye concentration increased the amount of dye 

adsorbed. This is very clear because, for a fixed adsorbent dose, the number of active adsorption sites to 

accommodate adsorbate ions remains unchanged but with increasing adsorbate concentration, the adsorbate ions 

to be accommodated increases and hence the percentage of adsorption goes down. At higher concentrations, lower 

removal percentage was observed because of the saturation of the adsorption sites. 
 

3.9. Effect of temperature 

Temperature dependence of the adsorption process is associated with several thermodynamic parameters. 

The plot of amount of adsorbate per amount of adsorbent of adsorption as a function of temperature shows a small 

increasing trend with rise in temperature from 20 to about 45 oC. Equilibrium capacity can be changed by 

temperature of the adsorbent for a particular adsorbate. In our case the experimental data obtained at pH 2, 

adsorbent dosage 0.02 g, and initial concentration of 2x10-4 M show that increase in the adsorption capacity at 

temperature from 20 to 45 oC. 
 

3.10. Adsorption isotherms 
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Isotherm studies give significant insights by clarifying the adsorbate distribution between solid and 

solution phase during the adsorption equilibrium, and adsorption isotherms reveal the behavior of adsorbate how 

to interact with adsorbent. Equilibrium studies that give the capacity of the adsorbent and adsorbate are described 

by adsorption isotherms, which is usually the ratio between the quantity adsorbed and that remained in solution 

at equilibrium at fixed temperature. Various isotherm models have been used for considering the equilibrium 

adsorption of compounds from solutions such as Langmuir [16], [17], Freundlich [18], Dubinin–Radushkevich 

[19] and Temkin [20]. The Langmuir isotherm model assumes the uniform energies of adsorption onto the 

adsorbent surface. It is based on assumption of the existence of monolayer adsorption onto a completely 

homogeneous surface with a finite number of identical sites and with negligible interaction between adsorbed 

molecules [17]. The Freundlich model is an empirical equation based on adsorption of heterogeneous surface or 

surface supporting sites of varied affinities. It is assumed that the stronger binding sites are occupied first and that 

the binding strength decreases with the increasing degree of site occupation [18]. Dubinin–Radushkevich isotherm 

is an empirical model initially for the adsorption of subcritical vapors onto micropore solids following a pore 

filling mechanism. It is applied to distinguish the physical and chemical adsorption for removing a molecule from 

its location in the sorption space to the infinity [19]. The Temkin isotherm assumes that the heat of adsorption of 

all molecules in the phase decreases linearly when the layer is covered and that the adsorption has a maximum 

energy distribution of uniform bond [20]. 

The linear and nonlinear forms of Langmuir, Freundlich, Dubinin–Radushkevich and Temkin isotherm 

models and their parameters are shown in Table3, where qe the adsorbed amount of dye at equilibrium 

concentration (mmol.g-1), qm is the maximum sorption capacity (corresponding to the saturation of the monolayer, 

mmol.g-1) and KL is the Langmuir binding constant which is related to the energy of sorption (L.mmol-1), Ce is the 

equilibrium concentration of AP dye in solution (M). KF (mmol.g-1) (L.mmol-1)1/n and n are the Freundlich 

constants related to the sorption capacity and intensity, respectively. KDR (J2 mol-2) is a constant related to the 

sorption energy, QDR (mmol.g-1) is the theoretical saturation capacity, ε (J2mol-2) is the Polanyi potential. R (8.314 

Jmol-1K-1) is the gas constant, T is the temperature where the adsorption occurs, KT (L.mmol-1) is the Temkin 

isotherm constant, βT (J.mol-1) is Temkin constant in relation to heat of adsorption. 

Table 3:.Isotherms and their linear forms for the adsorption of AP onto MSAB. 

Isotherm Equation Value of parameters 

Langmuir 
𝐶𝑒

𝑞𝑒
=  

1

𝑞𝑚𝐾𝑙
+

𝐶𝑒

𝑞𝑚
 

are  land K mThe constants q

 vs. e/qecalculated by the plot of C

and intercept  mwith slope 1/q eC

)lKm1/(q 

)1-(mmole g mexpq 0.1875 

)1-(mmole g mq 0.19925 

)1-(L mg LK 90438.7825 

2R 0.99 

Freundlich ln 𝑞𝑒 = ln 𝐾𝐹 +
1

𝑛
 𝑙𝑛𝐶𝑒 

and n can be calculated from a  FK

eC ln vs. elinear plot of ln q 

n 2.627707 

)1-(L mg FK 1.85255 

2R 0.85324 

Dubinin–

Radushkevich 
ln 𝑞𝑒 = ln 𝑄𝐷𝑅 − 𝐾𝐷𝑅𝜀2 

 vs. eq The slope of the plot of ln

) and the 1-)2(kJ 2(mol DRKgives 2 ɛ

intercept yields the adsorption 

)1-(mg g DRQcapacity,  

DRQ -0.15606 

DRK -2.878E-09 

Ea 16.75 
2R 0.8941 

Temkin 
𝑞𝑒

=  𝛽𝑇 ln 𝐾𝑇 + 𝛽𝑇 𝑙𝑛𝐶𝑒 

are the  TThe parameters β and K

Temkin constants that can be 

ln  vs. edetermined by the plot of q

eC 

Tβ 71051.68 

)1-(L mgT K 14.3146 

2R 0.86118 

 

The Langmuir isotherm model was found to be the most suitable model for describing the isotherm for 

the adsorption of the AP dye into the MSAB sorbent (Fig. 3). However, from the isotherm fitting, the Freundlich 

lines deviated from the experimental data points. The isotherm fitting was plotted on the basis of the nonlinear 

equations using the model constant parameters obtained from the linear equation plot analysis. The Langmuir 
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model presented the high correlation coefficient R2= 0.995) may giving an indication that chemisorptions 

(Evidenced by kinetic studies). In addition, the qm calculated from the Langmuir isotherm was close to the 

experimental qmax. Analysis of isotherm parameters proposed by Dubinin-Radushkevich were calculated (Table 

3). This isotherm was developed taking into account the effect of the porous structure of the sorbent, and the 

energy involved in the sorption process. The results of Dubinin-Radushkevich isotherm are reported in Table 3 

and Fig. 4. The value of the mean energy of sorption is 16.75 kJ.mol-1: this is consistent with the proposed 

mechanism of chemisorption. Indeed, it is generally admitted that 8 kJ.mol-1 is the limit energy for distinguishing, 

physical (below 8 kJ.mol-1) and chemical sorption (up 8 kJ.mol-1). 

A comparison of the correlation coefficient values obtained from the Langmuir, Freundlich, Dubinin-

Radushkevich and Temkin isotherm models (Table 3), reveals that the correlation coefficients for the Langmuir 

isotherm are higher than those for the Freundlich, Dubinin-Radushkevich and Temkin isotherm models. This 

result suggests that the binding of dye ions may occur as a monolayer on the surface of the sorbent and that the 

uptake occurs on a homogenous surface by monolayer sorption. This should be confirmed by experimental 

observation for confirmation. The uptake can be described in terms of chemisorption as ion exchange mechanism.  
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Figure 3: Linearized plots for sorption isotherms:(a) Langmuir equation, (b) Freundlich equation. 

The presence the same type of functional groups is comforting the hypothesis of homogeneous surface 

(or homogeneous energies of sorption). The ranking of the models as follow: Langmuir > Dubinin-Radushkevich 

> Temkin > Freundlich. 
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Figure 4: Linearized plots for sorption isotherms: (a) Dubinin–Radushkevich equation, (b) Temkin model. 
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3.11. Adsorption kinetics and mechanism studies 

The study of adsorption kinetics describes the solute uptake rate and evidently this rate controls the 

residence time of adsorbate uptake at the solid-solution interface. The rate of removal of tested dye by adsorption 

was rapid initially and then slowed gradually until it attained an equilibrium beyond which there was significant 

increase in the rate of removal. The maximum adsorption was observed at 70 min. and it is thus fixed as the 

equilibrium time. 

Aiming at evaluating the adsorption kinetics of tested dye onto MSAB, the pseudo-first-order and pseudo-

second-order kinetic models were used to fit the experimental data, according to the below kinetic model 

equations. The pseudo-first-order rate expression of Lagergren [21] is given as: 

log (qe–qt) = log qe – k1t                                                                       (12) 

The pseudo-second-order kinetic model [22] is expressed as: 

t/qt = 1/k2q2
2  +  1/q2 t                                                                          (13) 

where qt is the amount of dye adsorbed (mmol.g−1) at various times t, qe is the maximum adsorption capacity 

(mmol.g−1) for pseudo-first-order adsorption, k1 is the pseudo-first-order rate constant for the adsorption process 

(min−1), q2 is the maximum adsorption capacity (mmol.g−1) for the pseudo-second-order adsorption, k2 is the rate 

constant of pseudo-second-order adsorption (gmol−1min−1). The straight-line plots of log (qe − qt) vs.t for the 

pseudo-first-order reaction and t/qtvs.t for the pseudo-second-order reaction (Fig. 5) for the adsorption of tested 

dye onto (MSAB) have also been tested to obtain the rate parameters. The k1, k2, qe, q2, and correlation 

coefficients, r1
2 and r2

2 for the dye under different temperatures were calculated from these plots and are given in 

Table 4. 

Since neither the pseudo-first-order nor the pseudo-second-order model can identify the diffusion mechanism, the 

kinetic results were further analyzed for diffusion mechanism by using the intra-particle diffusion model. The 

effect of intra-particle diffusion constant (internal surface and pore diffusion) on adsorption can be determined by 

the following equation. 

qt = kid t1/2 + I                                                                                       (14) 

where I is the intercept and kid is the rate constant of intra-particle diffusion (mg.g-1.h-1/2) which is determined 

from the linear plot of qt vs. t1/2 (Fig. 6), and it is usually used to compare mass transfer rates. According to this 

model, the plot of uptake, qt, vs. the square root of time, t1/2 should be linear if intra-particle diffusion is involved 

in the adsorption process and if these lines pass through the origin, then intra-particle diffusion is the rate 

controlling step. The intra-particle diffusion rate constant and intercept values are displayed in Table 4. 
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Figure 5: Modeling of uptake kinetics with: (a) pseudo-first-order rate expression, (b) pseudo-second-order rate expression. 
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Table 4: Kinetic parameters and their correlation coefficients for the adsorption of AP onto MSAB. 

Model Equation Value of parameters 

Pseudo-First-

order kinetic 

log(𝑞𝑒 − 𝑞𝑡)

= log 𝑞𝑒 − (
𝐾1

2.303
) 𝑡 

The plot of ln (qe - qt) vs. t 

gives a straight line with the 

slope -K1 and intercept ln qe 

K1(min-1) -0.0259 

qe (mmole g-1) 0.30110 

R2 0.90795 

Pseudo-second-

order kinetic 

𝑡

𝑞𝑡
=

1

𝐾2𝑞𝑒
2 +

𝑡

𝑞𝑒
 

Values of K2 and qe for 

different initial concentrations 

of dye were calculated from 

the slope and intercept of the 

linear plot of t/qt vs. t 

K2(min-1) 12.91180 

qe (mmole g-1) 1.97328 

R2 0.9999 

Intraparticle 

diffusion 𝑞𝑡 =  𝐾𝑖𝑡
1

2⁄ + 𝑋 

The parameters Kdif and C 

were determined from the 

linear plot of qt vs. t1/2 

Ki (mg g-1 min-

1/2) 
0.00109 

X (mg g-1) 1.96344 

R2 0.85955 

Elovich 𝑞𝑡 =  
1

𝛽
ln(𝛼𝛽) +

1

𝛽
 𝑙𝑛𝑡 

The constants α and β were 

obtained from the slope and 

intercept of a line plot of qt vs. 

ln t 

β (g mg-1) 336.7 

α (mg g-1 min-

1) 
7.0979 

R2 0.91341 

Experimental 

data 
  

qe (exp) 

(mmole g-1) 
1.97216 

The Elovich equation is used for general application to chemical adsorption [23]. The equation has been 

applied satisfactorily to some chemical adsorption processes and has been found to cover a wide range of slow 

adsorption rates. The same equation is often valid for systems in which the adsorbing surface is heterogeneous, 

and is formulated as:  

qt = (1/β) ln (αβ) + (1/β) ln t                                         (15) 

Where α is the chemical adsorption rate (mg/mg min) and β is a coefficient in relation with the extension of 

covered surface and activation energy of chemical adsorption (g/mg). Plot of qt vs. ln t gave a linear relationship 

with slope of (1/β) and an intercept of (1/β) ln (αβ). The 1/β value reflects the number of sites available for 

adsorption whereas the value of (1/β) ln (αβ) indicates the adsorption quantity when ln t equal to zero. 
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Figure 6: Modeling of uptake kinetics with (a) simplified model of resistance to intraparticle diffusion (Morris and Weber 

equation), (b) Elovich equation. 

 

Upon comparison among the kinetic models, the R2 values of the pseudo-second-order kinetic model 

(0.999) are much higher than those of pseudo-first-order kinetic model (0.907), implying that the kinetics of AP 
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adsorption follows the pseudo-second-order kinetic model. This consideration is confirmed by the correlation 

coefficients and the qe (calc.) value from the pseudo-second-order kinetic model are in good agreement with the 

experimental results. The rate-limiting step in these adsorption processes may be chemisorption involving strong 

forces through the sharing or exchanging of electrons between sorbent and sorbate [15]. The intra-particle 

diffusion curve gives multi linearity, it does not pass through the origin. The intra-particle diffusion kinetic model 

(R2 = 0.859) was calculated from the slope of the corresponding second linear region (Fig. 6).It is assumed that 

the external resistance to mass transfer surrounding the particles is significant only in the initial stages of 

adsorption (initial sharp increase). The second linear portion is the gradual adsorption stage with controlling 

intraparticle diffusion. When the plots do not pass through the origin, indicates that the pore diffusion is not the 

sole rate-limiting step but also other kinetic models may control the rate of adsorption, all of which may be 

operating simultaneously [24]. The Elovich equation assumes that the active sites of the adsorbent are 

heterogeneous and therefore, exhibit different activation energies for chemisorption. When increasing the 

concentration of dye, it was observed that the constant α (related to the rate of chemisorption) increased and the 

constant β (related to the surface coverage) decreased (Table 4), which is due to the decrease in the available 

adsorption surface for the adsorbates. Therefore, by increasing the concentration, within the range studied, the 

rate of chemisorption can be increased [25]. 

Therefore, the adsorption kinetics can be satisfactorily approximated by the pseudo-second-order kinetic 

model, based on the assumption that the rate-limiting step may be chemisorption involving electrostatic forces 

through the sharing or exchange of electrons between the adsorbent and the adsorbate. 

The adsorption mechanism can be explained by the electrostatic interactions between the negatively 

charged dye ion and the positively charged sites on the MSAB surface. AP is anionic mono azo dye which contains 

one sulfonic acid group (-SO3H). In aqueous solution the dye dissociates to the hydrogen ions (H+) and the 

sulfonate anion (-SO3
-). At acidic pH, the sulfonic groups can be protonated to the neutral form (-SO3H) however, 

sulfonic groups exhibit negative charge even at higher acidic solutions, due to their pKa values lower than zero 

[15]. The surface of MSAB contain some oxygen groups such as carboxylic groups (-COOH) and hydroxylic 

groups (-OH). At basic pH the carboxylic and hydroxylic groups are deprotonated to anionic form (-COO- and -

O-) and generates electrostatic repulsion force with dye anions. Therefore, the adsorption capacity of AP onto 

MSAB is quite low in basic media. At acidic pH, carboxylic and hydroxylic groups are protonated to the cationic 

form (-COOH2
+ and -OH2

+) [25]. Thus, when the pH of the dye solution decreases, the number of negatively 

charged sites on MSAB decreases and the number of positively charged sites increases which favor the adsorption 

of negatively charged dye ions because of the electrostatic force of attraction. Therefore, the adsorption capacity 

of AP onto MSAB surface is more favorable at lower pH. 

 

3.12. Thermodynamic parameters 

The thermodynamic parameters reflect the feasibility and spontaneous nature of the adsorption process. 

Values of thermodynamic parameters are the actual indicators for practical application of a process. The amount 

of the dye adsorbed onto (MSAB) at equilibrium and at different temperatures 20, 25, 30, 35, 45 oC, have been 

examined to obtain thermodynamic parameters for the adsorption system. The pseudo-second-order rate constant 

of tested dye adsorption is expressed as a function of temperature by the following Arrhenius type relationship 

[26]: 

ln k2 = ln A  –  Ea/RT                                                       (16) 

where Ea is the Arrhenius activation energy of adsorption, A is the Arrhenius factor, R is the gas constant and is 

equal to 8.314 J.mol−1K−1 and T is the operated temperature. A linear plot of ln k2 vs. 1/T for the adsorption was 

constructed to generate the activation energy from the slope (–Ea/R). The chemical (chemisorption) or physical 

(physisorption) adsorption mechanism are often an important indicator to describe the type of interactions between 

tested dye and MSAB. The magnitude of activation energy gives an idea about the type of adsorption which is 

mainly physical or chemical. Low activation energies (5–40 kJ.mol−1) are characteristics for physisorption, while 

higher activation energies (40–800 kJ.mol−1) suggest chemisorption [27].  

The other thermodynamic parameters, change in the standard free energy (ΔGo), enthalpy (ΔHo) and entropy (ΔSo) 

were determined by using following equations: 

KC =  CA/CS                                                                                                                (17) 

ΔGo =  –RT ln KC                                                                                                  (18) 

ln KC  =  ΔSo/R  – ΔHo/RT                                              (19) 

where KC is the equilibrium constant, CA is the amount of dye adsorbed on the (MCAB) of the solution at 

equilibrium (mmol.L-1), CS is the equilibrium concentration of the dye in the solution (mmol.L-1). The q2 of the 

http://www.sciencedirect.com.scopeesprx.elsevier.com/science/article/pii/S0304389405002967#bib40
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pseudo-second-order model in Table 4 was used to obtain CA and CS. T is the solution temperature (K) and R is 

the gas constant. ΔHo and ΔSo were calculated from the slope and the intercept of van’t Hoff plots of ln KC vs. 

1/T. 

The negative values of the change of free energy (ΔGo) are 8.23, 9.11, 9.99, 10.88 and 12.64 at 20, 25, 

30, 35, 45 oC, respectively. These values confirms the feasibility of the adsorption process and also indicates 

spontaneous adsorption of tested dye onto MCAB in the temperature range studied. The positive value of the 

standard enthalpy change (ΔHo) is (43.45 kJ.mol-1) indicate that the adsorption is chemical in nature involving 

strong forces through the sharing or exchanging of electrons between sorbent and sorbate and is also endothermic, 

thereby demonstrating that the process is stable energetically[28]. The high positive value of standard entropy 

change (ΔSo) which is (176.41 J.mol-1.K-1) suggests increased randomness at the solid/solution interface with 

some structural changes in the adsorbate and the adsorbent and an affinity of the adsorbent [29]. 
 

3.13. Effect of ionic strength (addition of NaCl) 

The effect of chloride ions on AP removal was examined, by addition of increasing concentrations of 

NaCl (from 10 to 40 g L−1; C0: 2 x 10-4 M; sorbent dosage: 0.02 g 25 mL). For the studied adsorbents increasing 

the amount of NaCl slightly decreases the sorption capacity: the sorption capacity decreases by 20%, when NaCl 

concentration reaches 20 g.L−1. This is probably due to the competitor effect of chloride anions against AP anions 

for interaction with the sorption sites. It is noteworthy, that when even NaCl concentration reaches 40 g.L−1 the 

reduction in the adsorption capacity deceases by 1.5%, this indicates that even under these drastic conditions a 

high adsorption capacity is maintained.  
 

3.14. Desorption studies 

Desorption of anionic dyes is generally operated by pH change. In most cases, desorption is performed 

under basic conditions. Regeneration of the investigated sorbent (MSAB) was carried by placing 0.02 g of MSAB 

in the flask and then washed carefully by flowing distilled water. The adsorbent loaded by AP was then subjected 

for regeneration using 0.1 M NaOH. After regeneration the sorbent was again carefully washed with distilled 

water to become ready for the second run of uptake [30]. The regeneration efficiency for each 

adsorption/desorption cycle was found to be 98.6, 96.6, 94.5%. This indicates that Composite has good 

performance for repeated use up to at least 3 cycles. The efficiency of regeneration was calculated using the 

following equation: 

 100  
runfirst  in thecapacity  adsorption Total

run second in thecapacity  adsorption Total
  (%) efficiencyon Regenerati   (20) 

Sorption/desorption process was carried out for three cycles. Also, the higher efficiency upon reuse suggests 

recyclability and that basic medium is very suitable in the extraction of the AP from the spent adsorbent. 

 

Conclusion 

In conclusion, the magnetic sodium alginate beads (MSAB) is an effective adsorbent for the removal of 

azopyrazole dye (AP) from aqueous solution. The high adsorption capacity of AP onto MSAB in highly acidic 

solutions (pH=2) is due to the strong electrostatic interactions between its adsorption site and dye anion. More 

than 80 % removal efficiency was obtained within 70 min. at adsorbent dose of 0.02 g for initial dye concentration 

of 4x10-5–1x10-3 M at pH 2. The Brunauer-Emmett-Teller (BET) surface area and Barrett-Joyner-Halenda (BJH) 

pore volume were calculated and found to be 111.061 m2g-1 and 0.148 cm3g-1, respectively. The pHPZC of the 

adsorbent (MSAB) was found to be 7.5. The optimized bond lengths, bond angles and quantum chemical 

parameters of AP were calculated. For the application of Langmuir, Freundlich, Dubinin–Radushkevich and 

Temkin adsorption models, the experimental results shows that the Langmuir model was the best. The kinetic data 

tends to fit very well in the pseudo-second-order kinetic model with high correlation coefficients, suggesting a 

chemisorption process. The activation energy of adsorption was also evaluated and found to be +16.75 kJ.mol−1. 

The ΔGo values were negative; therefore the adsorption was spontaneous in nature. The positive value of ΔHo 

reveals that the adsorption process was endothermic in nature. The positive value of ΔSo implies that the increased 

randomness at the solid/solution interface. Increasing the concentration of NaCl hardly affects the sorption 

capacity. AP anions can be efficiently desorbed from loaded MSAB with alkaline solution and that sorbent can 

be reused. 
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