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Single and competitive adsorption studies were performed to scrutinize the removal of two 

cationic dyes, namely, crystal violet (CV) and malachite green (MG) by adsorption onto 

activated carbon (BAC) derived from Balanites aegyptiaca seed shell. The BAC was 

characterized via scanning electron microscopy (SEM), Fourier transform infrared 

spectroscopy (FTIR) and pH of point of zero charge (pHpzc) analysis.  The physicochemical 

parameters influencing the adsorption process, namely, pH, contact time, adsorbent weight, 

initial concentration, temperature and ionic strength were examined. Moreover, Density 

Functional Theory (DFT) studies were performed to investigate the chemical reactivity of the 

dye molecules. Experimental results indicated that maximum adsorption of both dyes was 

achieved at pH 8.0 and equilibrium was attained after contact time of 50 min for MG and 60 

min for CV. The competitive adsorption results showed lower adsorption capacities as 

compared to the single adsorption results indicating antagonistic interaction. Isotherm and 

kinetic models were employed for fitting the experimental data. The sorption kinetics was 

found to obey the pseudo second order model. The equilibrium data suggests that Freundlich 

model could represent the dyes uptake onto the adsorbent. Thermodynamic analysis revealed 

that the adsorption is a spontaneous and endothermic process. The quantum chemical 

investigation performed on the tested dyes using DFT method have affirmed that the MG 

molecules are more reactive (∆E = 1.236 eV), electrophilic and have the capacity to adsorb 

strongly on the BAC surface compared to the CV (∆E = 1.476 eV). The results attested that 

BAC has great potential for cationic dyes adsorption from aqueous environment. 
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1. Introduction  

  The pollution of precious water sources with potentially 

harmful substances via natural and anthropogenic activities 

has become a global phenomenon requiring pressing 

scientific attention. In particular, the indiscriminate release 

of industrial effluent laden with synthetic dyes into water 

systems has become an alarming issue in recent years [1]. 

Synthetic dyes are extensively utilized in various 

application contexts, such as textiles, cosmetics, leather, 

pharmaceuticals, food processing, petroleum, rubber and 

printing [2]. Indeed, large amount of water are used in 

industrial operations leading to the released of 

contaminated water, and specifically dye-bearing 

wastewater. The synthetic dyes are considered unique 

among different water pollutants in the sense that they are 

noticeable to the bare eye even at low concentration [3]. 

Among all synthetic dyes used by the textile industry, 

cationic dyes are the brightest class with obvious coloration 

observed even at concentration as low as 1 ppm [4]. The 

stable structure and synthetic origin of most dyes confers 

high photostability and thus making their decolorization 

and degredation difficult [5]. The existence of these 

substances in aqueous systems has a major implication; 
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their toxicity, carcinogenicity and mutagenicity severely 

affect human health and the aquatic environment [6]. 

Therefore, the removal of dyes from effluents is essential 

to lessen their deleterious impacts on humans and the 

environment. 

To date, several treatment approaches like chemical 

precipitation, adsorption, membrane filtration, evaporation, 

reverse osmosis, ion exchange and coagulation have been 

explored for remediation of wastewater [7]. Among the 

aforementioned techniques, adsorption has gained 

prominence in wastewater treatment because of it operative 

and economic advantages [8]. A wide range of adsorbent 

materials have been explored for dye removal such as 

activated carbon [9], nanoparticles [10], layered double 

hydroxides [11] and polymer composite [12]. Activated 

carbon is the most prominent adsorbent and has been 

recognized as one of the best available alternatives in the 

evacuation of pollutants from wastewater [13]. Due to its 

distinct properties, activated carbon exhibit extremely high 

adsorption efficiency for many adsorbates including 

cationic dyes. However, its large-scale application in 

wastewater treatment is hampered by its relatively high 

cost [14]. In the search for low cost adsorbents, intensive 

efforts have been made in the fabrication of activated 

carbon from renewable, low-cost and locally available 

resources like waste materials. 

Balanites aegyptiaca seed shell (BASS) is an undesirable 

lignocellulosic waste, whose disposal has been an issue of 

concern in recent years [15]. A promising strategy to 

manage these wastes that is less explored is their utilization 

as raw material in the preparation of high value-added 

adsorbents. It was already proved that BASS was efficient 

adsorbent for removing atrazine from aqueous solution 

[16]. However, there are only a few published information 

about the dye adsorption capability of this material [17]. 

Furthermore, there is no documented report on the use of 

BASS as adsorbent for the simultaneous adsorption of dyes 

in multi-adsorbate systems. However, the actual industrial 

effluents customarily contain more than one kind of 

pollutant. So it is imperative to examine the simultaneous 

adsorption of dyes because sole pollutant rarely exist in 

effluent.  

Density functional theory (DFT) has become a powerful 

and informative theoretical tool for studying the chemical 

reactivity of organic substances and for describing 

intermolecular interactions [18,19]. It offers a remarkable 

level of accuracy and precision compared to other existing 

approaches. Although DFT-based molecular descriptors 

have been extensively applied in drug design and corrosion 

inhibition studies, their usefulness in adsorption studies is 

gradually been appreciated [20]. Recently, quantum 

chemical calculations using DFT are used in adsorption 

studies to deduce the influence of molecular structure on 

adsorption efficiency as well as determine the interactions 

between the examined adsorbate and the target adsorbent. 

 The purposes of the present study distributed into five 

parts were: (i) to prepare activated carbon from BASS 

using a zinc chloride (ZnCl2) chemical activation approach; 

(ii) to characterize the adsorbent using Fourier transform 

infrared spectroscopy (FTIR), scanning electron 

microscopy (SEM) and pH at point of zero charge (pHpzc) 

analysis; (iii) to assess its removal performance for CV and 

MG from their respective individual and combined 

aqueous solutions; (iv) to investigate the kinetics, 

isotherms and thermodynamics of the dye adsorption 

process (v) to carry out quantum chemical studies of 

theoretical reactivity of CV and MG molecules using DFT-

based descriptors in order to justify the experimental 

results of the adsorption.  

2. Materials and Methods 

2.1. Chemicals and Materials 

Crystal violet (C25H30N3Cl, 407.98 g mol-1, CI 42555) and 

Malachite green (C23H25N2Cl, 364.92 g mol-1, CI 42000) 

were procured from E. Merck (Mumbai, India). Analytical 

grade hydrochloric acid, zinc chloride, sodium hydroxide 

and sodium nitrate were bought from Sigma-Aldrich. All 

chemical reagents were utilized as received throughout the 

adsorption studies. Balanites aegyptiaca seed shells were 

sourced from a local market in Gashua-Yobe, Nigeria. The 

activated carbon was synthesized with zinc chloride as 

activating agent using a two-step chemical activation 

procedure [21]. Briefly, the dried sample was initially 

subjected to pyrolysis at 700oC in a muffle furnace (SXL-

1008) for 90 min. A certain amount of the resulting char 

was mixed with zinc chloride (ZnCl2) with the mass ratio 

set at 2:1 (ZnCl2: char). This was followed by further 

thermal treatment at 750°C and for 90 min. The activated 

product was subsequently cooled, leached with 250 mL 

dilute hydrochloric acid and then repeatedly washed with 

distilled water until the washing solution pH attained a 

neutral value. 

2.2. Characterization Methods 

The surface morphology and chemical characteristics of 

the sample was examined using different analytical 

techniques including SEM and FTIR. The FTIR spectra of 

the adsorbent in the range of 4000-600 cm-1 were recorded 

with FTIR spectrophotometer (Agilent Technologies; Cary 

630). SEM images of samples were obtained using 

scanning electron microscope (PRO: X: Phenonm World 

800-07334). The images were captured at 10 kv and 1000x 
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enlargement. With regard to distribution of charges on 

BAC surface, the pH of zero charge point (pHpzc) of the 

adsorbent was determined according to the salt addition 

method reported by Bakatula et al. [22]. 

2.3. Preparation of Single and Binary Dye Solutions 

Stock solutions of CV and MG (1000 mgL-1) were 

prepared by dissolving 1 g (each) of the respective dyes in 

100 mL beaker and made up to 1000 mL in a graduated 

flask with distilled water. Binary dye solution (CV + MG) 

was prepared the same way with a mass ratio of 1:1. 

Experimental solutions of lower concentrations were 

subsequently prepared from the stock solution by 

successive dilution. These solutions were used for 

constructing the calibration curve and for adsorption 

studies. 

2.4. Adsorption Experiments 

The experiments were conducted in batch mode by 

contacting specified dose of adsorbent with 100 mL of 

dyes solution in Erlenmeyer flasks. These flasks were 

shaken at 150 rpm at 30°C (room temperature) using 

incubator shaker (New Brunswick Scientific; Innova 

4000). The initial solution pH was adjusted to the desired 

value using 0.1 M HCl and 0.1 M NaOH. The impact of 

operating variables such as weight of adsorbent (0.15, 0.25, 

0.35, 0.45, 0.55 and 0.65 g), initial dye concentration (50, 

100, 150, 200 and 250 mg L-1), contact time (5, 10, 20, 30, 

60, 90 and 120 min), pH (3, 4, 5, 6, 7, 8 and 9), ionic 

strength (0, 0.1, 0.2, 0.3, 0.4 and 0.5 M) and temperature 

(30, 40, 50 and 60°C) were examined in individual 

experiments. After predecided time interval, the adsorbent 

was separated via filtration using filter paper (Whatman 

No. 1). The unadsorbed dye concentration in the filtrate 

was analyzed using UV-Vis spectrophotometer (Perkin 

Elmer; Labda 35) at absorption maxima of 590 and 617 nm 

for CV and MG, respectively. For the binary dye system, 

the experimental protocol and conditions used were as 

described for monocomponent dye systems. The 

experiments were replicated three times and only the 

average results have been presented. The deviation in the 

results were about 3%. The uptake amount for each dye at 

equilibrium, qe (mgg-1) was computed from the relation: 

       
       

 
                                                        (1) 

where Co and Ce (mgL-1) represent the initial and final dye 

concentration, respectively. V (L) represent the dye 

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

2.5. Quantum Chemical Studies. 

The reactivity of CV and MG was elucidated by DFT 

calculations using the materials studio 8.0 software 

(BIOVIA, Accelrys). The geometrical optimizations of CV 

and MG structures was performed with the DMol3 module 

using B3LYP/PWC/DND level of theory to conduct 

electronic structure calculations. The quantum chemical 

parameters were obtained from energies associated with 

the highest occupied molecular orbital (HOMO; EH), 

lowest unoccupied molecular orbital (LUMO; EL), and an 

energy gap (∆E = EH – EL). The general behavior of CV 

and MG molecules was analyzed using the global reactivity 

parameters like chemical potential (µ), chemical hardness 

(ή), chemical softness (σ) and electrophilicity power (ɷ), 

which can be linked with the Frontier orbital energies as 

depicted by the following equations [23]: 

   
       

 
                                                                 (2) 
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                                                                         (5) 

3. Results and Discussion 

3.1. Characterization of the BAC 

The SEM is an important technique for examining the 

surface texture and porosity of the adsorbent material. 

SEM observation depicted in Fig. 1a illustrated the 

irregular and porous structure of BAC. However, 

diminished porous surfaces were visualized after CV and 

MG adsorption (Figs. 1b and 1c) which signifies the 

accommodation of the dye molecules in the adsorbent 

pores. The surface functionalities of the activated carbon as 

obtained from FTIR are presented in Fig. 2a. The presence 

of stretching for –OH, aromatic C-H, and –CSH are 

indicated by peaks at 3327, 1447 and 870 cm-1, 

respectively [24]. However, the spectra after adsorption 

(Figs. 2b and 2c) revealed appreciable changes in the 

occurrences or position of some peaks. These changes may 

be taken as confirmation of some sort of interaction 

between the dye molecules and the adsorbent surface [25]. 

3.2. Adsorption Studies 

3.2.1. Impact of contact time and adsorption kinetics 

Since the adsorption process is time-dependent, it is crucial 

to investigate the sorption rate in process design. The faster 

the adsorption rate, the lesser are the operational costs that 

favor the adsorbent for large-scale application [26]. For, 

this reason, the impact of contact time of adsorbates with 

BAC was studied to ascertain the equilibrium time to 

maximally remove dye molecules and the adsorption 

kinetics.  Fig. 3a illustrates a rise in adsorption capacity in 
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both individual and binary system with increase in contact 

time between the adsorbates and adsorbent. This is because 

more time familiarizes the dye molecules to bond with the 

adsorbent [27].   

 

 

 

 
 

Fig 1. SEM images of BAC (a) before adsorption; (b) after 

CV adsorption; (c) after MG adsorption. 

 

The graph indicates that the rise in adsorption capacity was 

insignificant during contact times after 50 minutes in case 

of MG and 60 minutes in case of CV. Thus, 50 and 60 min 

contact period were defined as the equilibrium time. Also, 

the equilibrium time for the respective dyes are the same in 

both systems. It is clear from Fig 3a that the dyes sorption 

obey a three step mechanism. During the early rapid 

predominant step, large number of sites are vacant and 

accessible for dyes uptake on the adsorbent. During the 

later slower step, the movement of dyes into the pores 

creates repulsion between the dye molecules on the solid 

and the bulk phases. During the final equilibrium step, the 

removal process almost ceases due to unavailability of 

vacant sites on the adsorbent to accommodate the 

adsorbates [28]. 

To study the dynamic sorption behavior of the adsorbates 

on BAC, the pseudo first order [29] and pseudo second 

order [30] models were employed to simulate the kinetic 

data and their linear forms are expressed by Eqs. 6 and 7, 

respectively. 

      –            –                                     (6)       

 

  
   

 

      
  

 

  
                                                (7)  

where, qt and qe represent the amount of dyes adsorbed on 

adsorbent at any instance t and at equilibrium, respectively, 

k1 and k2 are the corresponding rate constants. 

In the light of interrelationship coefficient (R2), the kinetic 

data fit properly to pseudo second order model (Fig 3b) 

than pseudo first order (Fig 3c) in all the dye systems and 

the kinetic parameters were summarized in Table 1. It can 

be observed in Table 1 that the predicted qe values are in 

close agreement with the experimental values for pseudo 

second order model. The applicability of the pseudo second 

order model hints chemisorption as the rate controlling 

step. The rate constant, k2, of CV and MG in binary dye 

systems are lower than those for mono-adsorbate systems 

which is likely due to antagonistic effect in the adsorption 

system. The rate constant for MG are higher than those for 

CV in both single and binary dye systems. The results 

intimate that the MG adsorption process is faster than CV 

adsorption in both mono- and binary-dye solutions [31]. 

3.2.2. Impact of solution pH 

CV and MG are cationic dyes that exist in the form of 

positively charged ions in aqueous medium. Therefore, as 

ionic species, the extent of their adsorption is basically 

controlled by the net surface charge on the adsorbent, 

which in turn is influenced by the solution pH. The 

influence of solution pH on the dyes uptake is depicted in 

Fig. 4a. The adsorption capacity was found to increase with 

the increasing solution pH. The maximal CV and MG 

uptake in both single and binary systems was observed at 

pH 8.0. This implies that the basic pH condition favors the 

sorption of dye ions. This phenomenon can be interpreted 

in a better way by an adsorbent characteristic known as the 

pH of point of zero charge (pHpzc).  

a 

b 

c 
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Fig 2. FTIR spectrum of (a) BAC; (b) CV-loaded BAC; (c) MG-loaded BAC 

 

 

 

 

 

 

 

Fig 3a. Impact of contact time on dyes uptake by BAC (Conditions: Co = 100 mg L-1, adsorbent weight = 0.15 g, 

temperature = 30°C). 

a 

b 
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Fig 3b. Pseudo second order kinetic fit for dyes adsorption onto BAC 

 

Fig 3c. Pseudo first order kinetic fit for dyes adsorption onto BAC 

Table 1. The parameters of different kinetic models for dyes adsorption onto BAC 

System qe,exp (mgg-1) Pseudo first order Pseudo second order 
qe,cal (mgg-1) k1 R2 qe,cal (mgg-1) k2 x 10-3    R2 

CV single 50.99 35.62             0.058    0.9897 54.34                   2.97                      0.9990 

CV binary 45.87 40.70             0.075    0.9755 49.50                   2.70                      0.9976 

MG single 54.01 38.91             0.072    0.9890 56.82                   3.64                      0.9991 

MG binary 48.12 59.14             0.095    0.9021 51.54                   3.10                      0.9981 

 

 

 

Fig 4a. Impact of solution pH on dyes uptake by BAC (Conditions: Co = 100 mg L-1, adsorbent weight = 0.15 g, contact 

time = 60 min, temperature = 30°C). 
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Fig 4b. Determination of pHpzc of BAC 

The pHpzc of ACBA was found to be 6.5 (Fig 4b). This 

value signifies that at pH > pHpzc (6.5), the adsorbent 

surface becomes deprotonated due to excess hydroxyl ions, 

thus leading to enhanced affinity between the dye cations 

and the negatively charged surface of the adsorbent 

through electrostatic attraction and result in maximum 

uptake. Conversely at pH < pHpzc, relatively low dye 

sorption has been observed which is majorly attributed to 

the protonation of the adsorbent surface which hampers the 

uptake of dye cations due to electrostatic repulsive forces 

[32]. A similar trend of pH influence was previously 

reported for the sorption of CV onto wood apple shell 

carbon [33] and MG onto durian seed carbon [34]. 

 3.2.3. Impact of adsorbent weight 

The amount of adsorbent employed in the adsorption 

process is essential because it dictates the adsorbent-

adsorbate ratio in the process and also in cost projection 

[35]. The variation of the amount of dyes adsorbed with 

adsorbent weight in both single and binary solutions is 

presented in Fig 5. Results demonstrated that the 

adsorption capacity decreased as the adsorbent dose was 

increased. Similar trend of adsorbent weight effect was 

reported for the simultaneous adsorption of dye and Pb(II) 

onto activated carbon [36]. The decline in adsorption 

capacity with an increase in adsorbent weight implies that 

available active sites for lower dosages were adequately 

occupied by sorbate molecules in solution [37]. 

3.2.4. Impact of ionic strength 

The industrial effluents are typically associated with 

various ionic substances such as inorganic salts. A major 

limitation resulting from the non-selectivity of adsorbent is 

that it also interacts with non-target components present in 

the wastewater. This in turn leads to higher adsorbent 

dosage demand to achieve the needed maximum adsorption 

efficiency [38]. Since sodium chloride is frequently used as 

stimulator in dyeing processes [39], the effect of ionic 

strength on the removal of CV and MG in mono-

component solution was tested, as shown in Fig 6. The 

results revealed that the increase in ionic strength of 

solution causes a decrease in the amount of CV and MG 

adsorbed onto BAC. However, this decrease reached a 

plateau at NaCl concentration of 0.3 M. It is worthy of 

noting that the influence of ionic strength was tested at pH 

8.0 where the adsorbent and adsorbates were oppositely 

charged. The decrease in amount of dyes adsorbed with an 

increase in salt concentration could be attributed to 

competition for available active sites between the cationic 

dye ions and the positively charged Na+ 
(aq) being 

introduced. Furthermore, Na+ 
(aq) ions being smaller in size 

would easily access anionic sites on surface of adsorbent 

compared to the larger cationic dye ions. These findings 

are consistent with those reported previously by other 

researchers for the adsorption of dyes [40,41]. 

 

3.2.5. Impact of initial concentration and adsorption 

isotherms 

The initial adsorbate concentration is a significant 

parameter that influences the diffusion and mass transfer 

dynamics of the sorption of dyes onto adsorbent. The 

influence of initial concentration on the sorption capacity 

of adsorbates is displayed in Fig 7. When Fig 7 is 

observed, the amount of adsorbed dyes per unit gram of 

BAC is increased by the increase of the initial 

concentration of sorbates. This is because the initial sorbate 

concentration provided the needed driving force to 

overwhelm mass transfer resistance for dye transport 

between the aqueous phase and the surface of the BAC. In 

addition, the increase in initial concentration improves the 

interaction between the dyes and adsorbent [42]. 

The adsorption isotherms are crucial for analyzing the 

interaction of sorbate molecules on the adsorbent surface. 

In the present study, the isotherm models of Langmuir [43] 

and Freundlich [44] were utilized to model both the 

systems and their linear forms are represented by the 

following equations: 
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where, qe (mg g-1) and Ce (mg L-1) represent the dye 

uptake and concentration at equilibrium, respectively. qmax 

(mg g-1) and KL (L mg-1) are Langmuir isotherm constants 

which express the maximum adsorption capacity and 

adsorption free energy, respectively. The KF (L mg-1) and n 

are Freundlich isothermic constants furnishing information 

on adsorption capacity and adsorption yield, respectively. 

The values of characteristics parameters of Freundlich and 

Langmuir models were summarized in Table 2. By judging 

the interrelationship coefficients, one can deduce that the 

Freundlich model matched the experimental data quite well 

for all the dyes implying that; (a) the BAC surface is 

heterogeneous; (b) the adsorption sites on BAC are not 

energetically equivalent; (c) the adsorbed dye molecules 

are organized as a multilayer and; (d) there are interactions 

between adsorbed dye molecules. It is worth noting that 

removal of CV by waste active sludge [45] and MG by 

banana peel [46] have also been found to obey Freundlich 

isotherm. The Freundlich constant, n, gives information 

about the favorability of the process. When the value of n > 

1 or n < 1, this signifies that the adsorption is linked to a 

favorable physical or chemical process, respectively. The 

value of n in all the systems is > 1, indicating a convenient 

physical adsorption. 

3.2.6. Impact of temperature and adsorption 

thermodynamics 

Temperature is an important parameter influencing 

adsorption. It was observed that the amount of dyes 

adsorbed increased as the temperature was raised (Fig. 8a). 

This might probably be due variations in the activation 

energies of the adsorbent active sites. Hence, at a low 

temperature, only the active sites with low activation 

energy participated in adsorption, while those with higher 

activation energy might participate only at elevated 

temperatures. Another reason for the improved adsorption 

at higher temperature is the increase in kinetic energy of 

the sorbate molecules which enhance their collision 

frequency and mobility within the pores of the adsorbent 

[47]. Similar phenomenon was also observed for 

adsorption of CV by clay [48] and MG by activated carbon 

[49]. 

Standard changes in enthalpy (∆H°), entropy (∆S°) and 

Gibbs free energy (∆G°) are important thermodynamic 

parameters that must be investigated for proper assessment 

of the nature of any adsorption process. These parameters 

were calculated to provide insights regarding the 

spontaneity, thermal character and favorability of the 

sorption. The following equations were used to evaluate 

their values under the experimental conditions employed: 

           –                                         (10) 

                                                       (11) 

      
    

                                                                                   (12) 

Where, CADS and Ce (mg dm-3) represent the equilibrium 

concentration of dyes on the adsorbent and in the liquid 

phase, respectively, Kc is the equilibrium constant of 

adsorption, R is the gas constant (8.314 J K-1 mol-1) and T 

is the temperature (K). Eq. 6 was used to obtain the values 

of ∆G° at different temperatures. 

The plot of ∆G° against T displayed in Fig. 8b was used for 

the evaluation of magnitude of ∆S° and ∆H°.  The 

estimated values of ∆G°, ∆H°, and ∆S° for adsorption of 

dyes by BAC are listed in Table 3. The values of ∆G° were 

negative signifying the spontaneity and thermodynamic 

favorability of the sorption process. In addition, the degree 

of spontaneity of the process was observed to increase with 

increasing temperature. The ∆G for physisorption and 

chemisorption processes are in the range of -20 to 0 kJ mol-

1 and -80 to 400 kJ mol-1, respectively [50].  ∆G values 

obtained in this study are within the range of -20 to 0 kJ 

mol-1, implying that the adsorption of the sorbates onto the 

surface of the BAC occurred primarily through a 

physisorption mechanism. The positive value of ∆H° 

reflects the endothermicity of the process. The positive 

value of ∆S° was a reflection of high affinity of the BAC 

for the dyes.  Similar trend in thermodynamics has also 

been reported for the adsorption of CV onto bambusa tulda 

[51] and MG onto malt bagasse [52]. 

3.2.7. Co-adsorption behavior of dyes 

The adsorption of dyes in binary solution was studied to 

gain insight about the impact presented by one sorbate to 

another when they coexist in a medium. Fig 9 illustrates 

the relationship between residual and initial dye 

concentrations. From the plot, it is clear that the residual 

dyes concentration in the binary solutions are higher than 

in single systems probably due to competitive effect of the 

co-adsorbate for the available adsorption sites. This implies 

that the presence of one sorbate in solution suppresses to an 

extent the adsorption of the other. The effect of CV 

presence on MG or vice versa can also be examined using 

relative adsorption capacity expressed as [53]: 

     
      

     
                                                       (13) 

where qm,i and qs,i represent the adsorption capacity of 

adsorbate i in the binary and single dye systems with the 
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same operating condition, respectively.  

From Eq. 13, the following deductions can be made; (a) 

antagonistic interaction occurred when the adsorption 

capacity of an adsorbent is suppressed in a solution 

containing other components (qr < 1), (b) synergistic 

interaction occurred when the adsorption capacity of an 

adsorbent is improved in a solution containing other 

components (qr > 1), and (c) there is non-interaction if the 

adsorption capacity of an adsorbent is independent of the 

presence or absence of  co-adsorbate in solution (qr = 1) 

[54]. The experimental results indicate that the relative 

adsorption capacities (qr) for both CV and MG are < 1 

indicating that there was inhibitive interference of one 

component on the other during adsorption (antagonistic 

effect). Similar antagonistic trends were reported in the 

binary solutions of basic yellow and maxilon red [55], 

remazol brilliant blue and disperse orange [56], and basic 

blue and basic yellow [57]. 

3.2.8. Selectivity analysis for binary system 

Selectivity analysis was performed to investigate the 

adsorbent preference towards a particular component in the 

binary solution. Usually the selectivity factor (α) is utilized 

to ascertain the molecular selectivity and affinity of 

adsorbent and is defined as follows [58]:  

 (
  

  
)  

     

     
                                          (14) 

where, qMG,b and qCV,b represent adsorption capacity of the 

MG and CV in the binary component system, respectively. 

The value of α(MG/CV) being greater than unity signifies that 

the adsorbent has more affinity towards MG than CV [59]. 

According to experimental results, α(MG/CV) is greater than 

unity indicating preferential adsorption of MG onto the 

BAC as compared to CV. The factors that influence the 

preference of adsorbent for different types of adsorbates 

may be linked to the characteristics of the active sites 

(functional groups, structure and surface properties), the 

solution chemistry (pH and ionic strength) and the 

properties of the adsorbates (molecular structure, molecular 

weight, concentration, solubility and ionic nature) [60].  

The higher affinity of BAC towards MG can be explained 

by its lower solubility (3 g L-1) compared with CV (16 g L-

1). In addition, the lower molecular weight of MG enables 

it to diffuse faster into the pores of the adsorbent than CV. 

This hints that porosity played vital role in the adsorption 

process. Similar phenomenon was reported for the 

preference of Thiourea-modified polymer adsorbent 

towards methylene blue dye compared to MG in a binary 

system [61].  This outcome will be further justified by the 

following quantum chemical study.

 

 

Fig 5. Impact of adsorbent weight on dyes uptake by BAC (Conditions: Co = 100 mg L-1, contact time = 60 min, pH = 8.0, 

temperature = 30°C). 

 

Fig 6. Impact of ionic strength on dyes uptake by BAC (Conditions: Co = 100 mg L-1, contact time = 60 min, pH = 8.0, 

temperature = 30°C). 
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Fig 7. Impact of initial concentration on dyes uptake by BAC (contact time = 60 min, pH = 8.0, adsorbent weight = 0.15 g, 

temperature = 30°C). 

Table 2. The parameters of different isotherm models for dyes adsorption onto BAC 

 

Isotherm parameters CV single CV binary MG single MG binary 

Langmuir qmax  (mg g-1) 

KL (L mg-1) 

RL 

R2 

138.88 

0.03 

0.24 

0.9698 

113.64 

0.02 

0.30 

0.9771 

140.85 

0.02 

0.29 

0.9709 

136.98 

0.05 

0.20 

0.9817 

Freundlich KF (L mg-1) 

n 

R2 

11.55 

2.00 

0.9974 

8.29 

2.02 

0.9978 

16.11 

2.22 

0.9956 

9.07 

1.88 

0.9999 

 

 

Fig 8a. Impact of temperature on dyes uptake by BAC (Conditions: Co = 100 mg L-1, contact time = 60 min, pH = 8.0, 

adsorbent dose = 0.15 g). 

 

Fig 8b. Gibbs plot for estimation of thermodynamic parameters 
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Table 3. The thermodynamic parameters for dyes adsorption onto BAC 

System ∆H (kJ mol-1) ∆S (kJ mol-1K-1) ∆G (kJ mol-1) 

303K 313K 323K 333K 

CV single 16.03 0.063 -3.055 -3.876 -4.590 -4.929 

CV binary 

MG single 

MG binary 

12.92 

25.97 

11.92 

0.050 

0.099 

0.048 

-2.024 

-4.197 

-2.566 

-2.735 

-5.307 

-3.286 

-3.265 

-6.674 

-3.762 

-3.504 

-7.136 

-4.014 

 

 

Fig 9. Variation of initial with residual dyes concentrations

3.3. Quantum Chemical Studies 

In the current work, the quantum chemical computations 

using DFT were performed to examine the influence of the 

molecular structure on the adsorption of CV and MG onto 

the BAC surface. The optimized geometries, electron 

density, HOMO and LUMO orbitals of the dye molecules 

are exposed in Fig. 10. Molecular orbitals play a vital role 

in the understanding of reactivity at the atomic level. It can 

be seen from Figs. 10b and 10c that both HOMO and 

LUMO orbitals are widely spread on the area of both the 

sorbate molecules. Thus, both dyes have a high electron-

attracting capacity signifying their cationic nature [62]. 

  The computed energies of orbitals and energy gap EH, EL, 

and ∆E in addition to chemical potential (µ), global 

hardness (ή), global softness (σ), electrophilicity power 

(ɷ), surface area (SA) and surface volume (SV) data of the 

tested CV and MG dyes are displayed in Table 4. As 

reported, the EH is basically associated to the capacity of a 

molecule to donate electrons, while the EL reflects the 

ability of the molecule to capture electrons. Consequently, 

a low value of ∆E designates a high reactivity of a 

molecule. The values of energy gap (∆E) computed for 

studied molecules are CV (∆E = 1.476 eV), and MG (∆E = 

1.236 eV). The results signify that MG is more reactive 

because of the low energy gap value [63]. The reactivity 

and stability of dye molecules can be assessed by the 

values of global hardness and softness. Generally, lower 

values of global hardness (ή) and higher values of global 

softness (σ) of molecules can promote their adsorption to a 

surface [64].  The CV molecule (ή = 0.738 eV) has a high 

hardness value relative to MG (ή = 0.618 eV). The 

electrophilicity power (ɷ) depicts the ability of molecules 

to gain electrons. The value of ɷ for CV (ɷ = 4.086 eV) is 

lower than MG (ɷ = 6.016 eV) which hints that CV is 

weak electrophile when compared with MG, consequently 

the MG dye will be adsorbed first in a binary system [65]. 

A reactive electrophile is exemplified by high values of 

electrophilicity index (ɷ) and chemical potential (µ) [66].  

The values µ for the molecules are MG (µ = 2.727 eV) and 

CV (µ = 2.454 eV). Thus, MG has a higher value of µ and 

ɷ compared to CV, accordingly, the MG molecule is more 

reactive electrophile than CV. Better adsorption of MG dye 

than CV dye on BAC is also favored by lower values of 

surface area (SA) and surface volume (SV). The lower the 

surface volume and area of the adsorbate, the more easily it 

will compete to fit into the adsorption matrix of the 

adsorbent [67].  According to theoretical results from 

computed quantum descriptors, MG molecule present high 

reactivity, softness and electrophilicity compared to CV 

molecules. These outcomes are in concurrence with 

adsorption experiments and proved the experimental results 

associated to the high uptake of MG by BAC compared to 

CV.
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Fig 10. (a) optimized geometry; (b) HOMO; (c) LUMO; (d) electron density of the dyes using DFT 
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Table 4. Computed quantum chemical parameters for CV 

and MG dyes using B3LYP/PWC/DND level of theory 

Descriptor CV MG 

EH (eV) -3.192 -3.345 

EL (eV) -1.716 -2.109 

∆E (eV) 1.476 1.236 

ή (eV) 0.738 0.618 

σ (eV) 1.355 1.618 

ɷ (eV) 4.086 6.016 

µ (eV) 2.454 2.727 

SA (Å2) 446.346 397.008 

SV (Å3) 480.781 428.011 

4. Conclusion 

The adsorption of CV and MG onto BAC in single and 

binary systems was scrutinized. The optimum conditions 

for maximum dyes uptake were pH: 8.0, adsorbent weight: 

0.15 g, contact time: 60 min and temperature: 333K. The 

sorption kinetics was found to obey the pseudo second 

order model. The equilibrium data suggests that Freundlich 

model could represent the dyes uptake onto the adsorbent. 

Thermodynamic analysis revealed that the adsorption is a 

spontaneous and endothermic process. Relative adsorption 

capacity for the binary system indicated antagonistic 

adsorption. The quantum chemical studies of the reactivity 

of the tested dyes are in good agreement with the 

experimental observations. Overall, the results affirmed the 

suitability of BAC as alternative adsorbent for cationic 

dyes removal from aqueous medium. 
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