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ABSTRACT 
Saraca asoca bark has long been used in traditional Indian medicine. Considering its low cost and 

non-toxic nature, it can find application as a biosorbent. This article explores the application of Saraca 

asoca bark powder (SABP) for biosorption of hexavalent chromium. Various analytical techniques 

including Field emission scanning electron microscope (FESEM) attached with energy dispersive 

spectrometer (EDS), Fourier transform infrared spectroscopy (FTIR) and point of zero charge (pHpzc) 

were adopted in order to identify the physico-chemical features of SABP. Factors such as pH (2-8), 

contact time (for 3 hours), initial Cr (VI) concentration (10 – 250 mg/l) and temperature (15 - 35°C) 

were examined for their influence on Cr (VI) biosorption via batch studies. Biosorption data clearly 

followed Redlich-Peterson isotherm model as compared to Langmuir and Freundlich models. The 

Langmuir monolayer adsorption capacities (Qm) at 15, 25 and 35°C were 123.4, 125.0 and 175.4 mg/g 

respectively. Biosorption followed pseudo-second-order kinetics and the mechanism of diffusion was 

governed by both surface sorption and pore diffusion as demonstrated by the plot for Intraparticle 

diffusion model and the pore diffusion coefficient (Dp~10
-9

 cm
2
/s). The nature of biosorption was 

found to be spontaneous and endothermic as reflected through various thermodynamic parameters 

such as the free energy change (ΔG = -3.0 to -3.7 kJ/mol), entropy change (ΔS = 37.8 J/K/mol) and 

enthalpy change (ΔH = 7.9 kJ/mol). The study recommends that SABP may be utilized as a potential 

biosorbent for Cr(VI) ions. 
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INTRODUCTION 
 

Heavy metal contamination of water resources is one of the world’s major challenges, posing 

significant environmental risk. Since chromium is involved in a number of industrial 

processes, including leather tanning, textile dyeing, wood processing, metal refining as well 

as in cement and steel industries, it is often responsible for contamination of surface water 

(Hadjmohammadi et al., 2011). Chromium occurs in aqueous environments in trivalent 

(Cr
3+

) as well as hexavalent (Cr
6+

) states, amongst which the former is less toxic. At lower 

concentrations Cr(III) serves as an important micro-nutrient for mammals, however the 

Cr(VI) form is nearly 500-fold more hazardous than Cr(III). Chromium (III) sulfate is 

frequently used in leather tanning industries, because it is relatively cheap and facilitates high 

operative speed, enhanced stability and higher mechanical strength. (Gebrehawaria et al., 
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2014). The Cr(III) ions thus released as tannery waste, easily oxidize to Cr(VI) form, posing 

significant environmental concern (Sarin & Pant, 2006).  

Cr(VI) is carcinogenic, mutagenic and teratogenic in nature (Alemu et al., 2018). 

Consumption of Cr(VI) contaminated water has been associated with increased onset of 

several ailments in human beings including nausea, diarrhea, vomiting, gastrointestinal ulcers, 

liver damage and various carcinomas (Gebrehawaria et al., 2014). Therefore Cr(VI) has 

been recognized by the United States Environmental Protection Agency (USEPA) as a high 

priority hazardous pollutant (Ma et al., 2014; Zhou et al., 2016). As per the World Health 

Organization (WHO), the permissible limit for Cr(VI) in drinking water is 0.05 ppm (Alemu 

et al., 2018). Similarly, the maximum threshold for Cr(VI) discharge in industrial effluents 

has been restricted to 0.1 ppm by the Indian government (Bhattacharya et al., 2008). In order 

to comply with these permissible limits, the industrial effluents must be suitably treated so as 

to ensure adequate reduction in chromium concentration.  

Although, several  techniques such as membrane separation, ion exchange, microbial 

action, chemical precipitation and adsorption have been used for mitigation of Cr(VI) 

contamination, the adsorption method provides an effective and flexible approach due to high 

selectivity, economic effectiveness and ease of implementation (Mutongo et al., 2014; Zhou 

et al., 2016). Recently immense interest has emerged towards use of different biomaterials as 

adsorbents. Commonly used biosorbents include inexpensive agricultural wastes and 

byproducts such as wheat bran, tobacco stem, rice husk, coffee husk, citrus peels and potato 

peels etc. (Sud et al., 2008; Yuvaraja et al., 2014; Saxena et al., 2017). Such materials 

contain lignin, cellulose and hemicellulose as major components which are known to form 

complexes with metal ions (Ofomaja & Ho, 2007).  

Saraca asoca is an evergreen tree which belongs to the family “Fabaceae” and is found in 

different parts of India, Bangladesh, Myanmar, Sri Lanka and Malaysia. In India, it is locally 

known as ‘Ashoka’ and is considered an important and sacred tree. Different parts of this tree 

including bark, leaves, flowers and seeds are often used in traditional Indian medicine 

(Smitha & Thondaiman, 2016). Its bark is dark brown in colour, bitter and astringent in 

taste, is non-toxic (Mukhopadhyay & Nath, 2011; Ahmad et al., 2016) and is used in 

several ayurvedic preparations for treating different feminine disorders and gynecological 

problems. To the best of our knowledge, Saraca asoca bark has not been reported to be used 

as an adsorbent for removal of heavy metal ions. This manuscript therefore examines the 

applicability of Saraca asoca bark powder (SABP) as a biosorbent for remediation of Cr(VI) 

contamination, discussing the nature and morphology of the adsorbent, its mechanism of 

interaction, adsorption kinetics, thermodynamics as well as equilibrium isotherms. 
 

MATERIALS AND METHODS 
 

The analytical grade reagents and chemicals used during the study were brought from E. 

Merck, India Ltd. Drying of the adsorbent was accomplished using Hot Air Oven (Model IIC-

101, Impact - Icon Instruments, New Delhi, India). The batch adsorption study was carried 

out using Orbital shaker – BOD incubator (Model IIC-119A, Impact - Icon Instruments, New 

Delhi, India). Similarly pH of the adsorbate solution was measured using pH meter 

(Labtronics, Panchkula, Haryana, India). 

2.829 g of potassium dichromate (Assay 99.8%) was dissolved in 1 liter double distilled 

water to obtain a stock solution of 1g/l
 
Cr(VI) ions (Campaña-Pérez et al., 2019; Tao et al., 

2020). This solution was further diluted to prepare chromium (VI) solutions of 10, 50, 100, 

150, 200 and 250 ppm concentrations. The pH of the solution was adjusted to desired value 

by adding 0.01M HCl or NaOH as per the requirement.   
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The Saraca asoca bark was procured from the premises of St. Andrew’s Church, 

Gorakhpur, Uttar Pradesh, India (26°45´46.674″N, 83°23´28.2012″E). The collected bark was 

thoroughly washed with distilled water, dried in sunlight and then cut into small pieces. These 

pieces were further completely dried in hot air oven followed by grinding in a hammer mill to 

obtain a powder which was sieved to particle size 90 – 125 μm. For avoiding the discharge of 

coloured matter in the aqueous medium, the water soluble components were removed by 

soxhlet extraction with hot water using solid-liquid ratio 1:10 (g/ml) at 50°C for 4 hours 

(Saliba et al., 2002; Litefti et al., 2019; Kavitha & Kandasubramanian, 2020). The 

obtained material was then dried in hot air oven at 70°C, cooled and stored in air tight plastic 

bottles till further study. 

The changes in surface morphology and elemental composition of SABP after Cr(VI) 

loading was explored using Field Emission Scanning Electron Microscope coupled with 

Energy Dispersive Spectrometer (FESEM-EDS) and Au Sputter Coater (JEOL JSM – 7610F 

Plus OXFORD EDS) with 15kV accelerating voltage and 5nA probe current using a back 

scattered electron detector. The characteristic functional groups over the surface of SABP, 

before and after the adsorption were identified with help of Fourier Transform Infrared 

Spectrometer (FTIR) with Diamond ATR (Perkin Elmer Spectrum 2) in the scan range 400 – 

4000 cm
-1

 with 1 cm
-1

 resolution and 32000:1 sensitivity. For this purpose, the adsorbent was 

mixed with KBr in 1:50 (mg/mg) ratio and pressed in the form of pellet (Litefti et al., 2019). 

The pH value at point of zero charge (pHpzc) for the SABP was determined using batch 

equilibrium study (Lazarević et al., 2007; Alemu et al., 2018; Mohebali et al., 2019). 0.5 g 

of SABP adsorbent was taken in each of 7 conical flasks and 50 ml of 0.01 M KNO3 solution 

was added to each flask. The initial pH (pHi) of the mixtures were adjusted to values 2 to 8. 

These flasks were then agitated at 140 rpm in a BOD incubator orbit shaker maintained at 

25°C for 8 hours. The final equilibrium pH values (pHf) were carefully recorded. The ΔpH 

(pHf – pHi) was plotted as a function of pHi and the intercept at x – axis was reported as pHpzc 

value. 

200 ml of Cr(VI) solution of desired concentration was taken in conical flasks. The pH of 

the solutions in each of these flasks were adjusted to required values followed by addition of 

100 mg of SABP. These flasks were then placed in a BOD incubator orbit shaker at 140 rpm 

speed and suitable temperature. Different sets of batch experiments were performed by 

varying different parameters including pH, Cr(VI) concentration, contact time and 

temperature. Finally the mixtures were filtered using Whatman filter paper no. 42 and the 

concentration of Cr
6+

 ions in the filterate solution was determined with help of Atomic 

Absorption Spectrophotometer (Analytic Gena, Model AAS 5EA) at 357.9 nm using 0.7 nm 

slit width. The adsorption capacity at any instant time t (Qt) and percentage removal (%R) 

were calculated with help of following equations: 

 

   
(     )    

 
                            

(     )      

  
 

 

where C0 and Ct are Cr(VI) ion concentrations initially and at any particular instant of time t 

respectively. Similarly W and V are the amount of adsorbent used in grams and the volume of 

solution being tested in liters.  

The obtained adsorption data was examined using Langmuir, Freundlich and Redlich-

Peterson adsorption isotherms as well as pseudo – first order, pseudo – second order and intra 

particle diffusion kinetic models. The deviation between the predicted model data and the 

observed experimental data was evaluated using Pearson’s Chi – square test for goodness of 
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fit which reflects the sum of squared differences between the experimental and predicted data 

(Dada et al., 2020). The χ
2
 value was calculated using following formula:  

 

      
(                              ) 

               
 

 

RESULTS AND DISCUSSION 

 

Field emission scanning electron microscope (FESEM) is utilized as an important tool to 

analyze variations in the surface morphology of the adsorbent. It identifies the possible active 

sorptive sites and reveals important data regarding the porosity and the overall surface texture. 

Figure 1 displays the FESEM micrographs of SABP before and after loading Cr
6+

 ions at 

3000 magnification.  

 

 
(a) 

 
(b) 

Fig 1. FESEM images of SABP adsorbent (a) before and (b) after adsorption of Cr6+ ions. 

 

It is clear from the figure that the Cr
6+

 adsorption altered the morphology of the SABP 

surface. Initially the SABP surface exhibited an uneven and irregular texture with multiple 

pores of varied shapes and sizes. However after Cr
6+

 adsorption, the surface appears to be 

covered with layer of Cr
6+

 ions covering all the pores, implying that the pores had sufficient 

dimensions to ensure penetration of Cr
6+

 ions. 

The analytical technique Energy dispersive x – ray analysis (EDS) uses X – ray excitation 

of a substance so as to examine its chemical composition. Each element produces a unique set 

of peaks in the x – ray emission spectrum. Figure 2 shows the EDS spectra and 

corresponding elemental loadings of SABP before and after Cr
6+

 adsorption.  
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(a) 

  

(b) 

  

Fig 2: EDS spectra and elemental loadings of (a) SABP adsorbent and (b) SABP adsorbent loaded with Cr6+ 

ions. 

 

The EDS analysis suggests that SABP contains C, 64.78% and O, 35.22% (%w/w) as 

major elements which is characteristic for lignocellulosic materials (Litefti et al., 2019). The 

biosorption of  Cr
6+

 was revealed by appearance of peaks at 0.57, 5.4 and 5.9 keV (Karthik 

& Meenakshi, 2014; Ajmani et al., 2019).  

Fourier Transform Infrared Spectra (FT-IR) helps in examining the organic functional 

groups of the biosorbent surface which interact with the metal ions (Wang & Chen, 2009; 

Chen et al., 2010). Figure 3 depicts the FTIR spectra of SABP before and after Cr
6+

 loading. 

The corresponding assignment of peaks has been illustrated in Table 1.  
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Fig 3: FTIR spectra of (a) SABP adsorbent and (b) SABP adsorbent loaded with Cr6+ ions. 

 
Table 1: Assignment of FTIR peaks for adsorbent SABP before and after adsorption of Cr6+ ions.  

Frequency (cm
-1

) 
Assignment of peak Reference 

SABP Cr(6+) loaded SABP 

3328 3336 O-H stretching Mustapha et al., 2019 

2926 2924 methyl C-H asymmetric stretching Fuks et al., 2006 

1607 1608 conjugated C꞊C  Coates, 2000 

1382 1380 methyl C-H symmetric bending Politi & Sidiras, 2020 

1318 1320 O-H in plane bending Coates, 2000 

1030 1029 C-O stretching Chen et al.,2010 

 

It is evident from the table that the major surface functional group appears to be the –OH 

group with absorption peaks at 3328 (broad), 1318 and 1030 cm
-1

 representing the O-H 

stretching (Mustapha et al., 2019), O-H in plane bending (Coates, 2000) and C-O stretching 

(Chen et al., 2010) respectively. Similarly, the peaks at 2926 and 1382 cm
-1

 reveal C-H 

asymmetric stretching (Fuks et al., 2006) and C-H symmetric bending (Politi & Sidiras, 

2020) respectively, suggesting the existence of methyl group. The peak at 1607 cm
-1

 may 

indicate conjugated C꞊C bond (Coates, 2000). Biosorption of Cr
6+

 ions caused a major blue 

shift in O-H stretching frequency from 3328 to 3336 cm
-1

 and O-H in plane bending 

frequency from 1318 to 1320 cm
-1

 which may be associated with the presence of hydroxyl 

groups in lignin, cellulose and hemicellulose (Politi & Sidiras, 2020). Similarly red shift was 

observed in frequencies from 2926 and 1382 cm
-1

 to 2924 and 1380 cm
-1

 respectively. 

Besides the shift in frequencies, a substantial decrease in peak intensities was observed in 

FTIR spectra of SABP after Cr
6+

 loading (Chen et al., 2010).  

At a particular pH, the overall charge on the biosorbent surface may be realized in terms of 

the point of zero charge (pzc). At point of zero charge, the pH value (pHpzc) represents the 

condition, when the magnitudes of positive and negative charges over the adsorbent’s surface 

become equal. Typically the surface functional groups of adsorbent acquire an overall charge 

which is contingent on the pH of the solution (Omorogie et al., 2016). It is known that at pH 

< pHpzc, an overall positive charge is induced over the adsorbent surface however at pH > 

pHpzc the surface acquires a negative charge (Alemu et al., 2018; Gómez-Aguilar et al., 

2021). The pHpzc for SABP was obtained as 5.5 via batch equilibrium study by plotting 

change in pH (∆pH) as a function of initial pH (pHi) (Figure 4a). 
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Fig 4. (a) Plot of change in pH (∆pH) versus initial pH (pHi) and (b) Effect of pH on adsorption of Cr6+ ions 

on SABP adsorbent. 

 

It is eminent that in acidic conditions, Cr
6+

 mainly exists as negatively charged hydrogen 

chromate ion (HCrO4¯), while at higher pH, it forms chromate ion (CrO4
2-

) (Pakade et al., 

2017). Figure 4b displays the plot of equilibrium adsorption capacity (Qe) versus pH of the 

solution. The figure clearly denotes that as the pH decreases (from pH = 5 to 2), Qe increases 

gradually, however it decreases sharply as the pH increases (from pH = 5 to 8). This 

observation can be interpreted with help of pHpzc. At pH < 5.5 (pHpzc), the SABP surface is 

predominantly positively charged, causing substantial electrostatic attraction towards HCrO4
¯
 

ion, resulting in enhanced adsorption capacities. However at pH > 5.5 (pHpzc), the adsorption 

capacities are significantly reduced because of electrostatic repulsion between negatively 

charged chromium species and the SABP surface. Additionally, the competition between the 

hydroxyl ions and the negatively charged chromium species may also have a major 

contribution (Alemu et al., 2018). 

Table S1 illustrates complete data for biosorption of Cr
6+

 over SABP at varied conditions 

including changes in pH, initial chromium concentration, contact time and temperature. 

Figure 5 displays plot of adsorption capacity versus contact time at different initial Cr(VI) 

concentrations as well as plot of adsorption capacity versus initial Cr(VI) concentration at 

varied temperatures. Initially due to availability of vacant sites, the adsorption capacity 

increased rapidly with time; however as the sites began to fill, it gradually decreased till it 

reached the equilibrium (Yuvaraja et al., 2014). Similarly, the equilibrium adsorption 

capacity increased with increase in metal concentration because of augmented exposure of 

active sites to excess Cr
6+

 ions. 

 

   
Fig 5: Effect of change in (a) adsorbate concentration and (b) contact time on adsorption of Cr6+ ions on 

SABP adsorbent. 
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Adsorption isotherm provides a mathematical expression which relates the variation in 

equilibrium metal loading over adsorbent as a function of concentration of metal solution. It is 

a powerful tool which helps in understanding the interaction between metal ions and 

adsorbent surface (Medhi et al., 2020). Adsorption isotherm study was carried out using 0.1g 

of SABP adsorbent in 200ml of Cr(VI) solutions having concentrations 10, 50, 100, 150, 200 

and 250 ppm respectively at pH = 2. The obtained experimental data was fitted to Langmuir, 

Freundlich and Redlich-Peterson isotherm models. Graphical representations of these 

isotherms have been depicted in Figures 6 and 7. The values of corresponding isotherm 

parameters have been listed in Table 2.  

 

    
Fig 6: (a) Langmuir and (b) Freundlich isotherms for adsorption of Cr6+ ions on SABP.  

 

(a) (b) 

 

(c) 

 
 

Fig 7: Redlich Peterson isotherms for adsorption of Cr6+ ions on SABP at (a) 15°C (b) 25°C and (c) 35°C 
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Langmuir isotherm model is mainly suitable for establishing chemical interactions between 

the functional groups over the biosorbent surface and the metal ions, resulting in monolayer 

adsorption. It assumes homogeneous nature of adsorbent surface with no mutual interactions 

between adsorbed ions on adjacent sites (Mustapha et al., 2019).  
 

Table 2: Isotherm parameters for the adsorption of Cr6+ ions over SABP. 

Isotherm models 15°C 25°C 35°C 

Langmuir Isotherm    

Qm (mg/g) 123.4 125.0 175.4 

b (l/mg) 0.076 0.068 0.136 

RL 0.181 0.194 0.122 

R2 0.9737 0.9775 0.9981 

χ2 12.4237 32.9113 6.5078 

Freundlich Isotherm     

Kf (mg/g)(1/mg)1/n 20.76 22.94 31.16 

n 2.82 3.04 2.69 

R2 0.9251 0.9736 0.9295 

χ2 10.5083 4.5351 24.0450 

Redlich-Peterson     

A (l/g) 29.2796 58.6326 43.7396 

B (l/mg) 0.4569 1.3927 0.4100 

β 0.8868 0.8038 0.9027 

R2 0.9572 0.9817 0.9997 

χ2 3.6518 1.4806 0.0929 

 

Following linear equation can be used to mathematically express the Langmuir isotherm 

model:  
  
  

  
 

    
 

  
  

 

 

where the variables Qm and Qe denote the maximum monolayer adsorption (mg/g) and the 

adsorption capacity (mg/g) at equilibrium respectively. Similarly ‘b’ represents a constant 

which is related to the heat of adsorption. Values of these parameters were evaluated using the 

slope and intercept of the plot Ce/Qe versus Ce (Figure 6a). The feasibility of the biosorption 

process may be reflected by a dimensionless separation factor RL which may be computed 

using following equation: 

   
 

      
 

 

where C0 is the initial concentration of metal solution. Value of RL within the range 0< RL<1 

indicates favorable biosorption while the values RL = 1, RL = 0 and RL>1 suggest linear, 

irreversible and unfavorable biosorption respectively. It is evident from Table 2 that in the 

current study, the range of RL values (0.122 – 0.194) lie well within 0 to 1, thus revealing 

favorable biosorption of Cr
6+

 ions over SABP.  

The Freundlich Isotherm model is an empirical relation between the adsorption capacity 

(Qe) and the metal ion concentration (Ce) at equilibrium. It is suitable for modeling adsorption 

over heterogeneous surface having different active sites with varied energies (Mustapha et 

al., 2019). This model may be expressed by following linear equation:  
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where Kf and n are Freundlich constants related to biosorption capacity and the degree of 

heterogeneity of the biosorbent respectively (Medhi et al., 2020). These parameters were 

obtained from slope and intercept of  the plot lnQe versus lnCe (Figure 6b). The feasibility of 

the model may be indicated by values of n within the range 1< n < 10 (Pandey & Mishra, 

2020; Medhi et al., 2020). The range of values obtained for n (2.69 – 3.04) in the current 

study (Table 2) reflect favorable nature of adsorption.  

Several studies suggest that adsorption process can be better explained by the Redlich-

Peterson (R-P) isotherm model which incorporates three parameters (Kumara et al., 2014; 

Morales-Barrera et al., 2020). This model can be expressed mathematically as follows:  

 

    
    

      
  

 

 

where A (l/g) and B (l/mg) are constants, while β is the exponent having values between 0 and 

1. Thus the R-P model combines the characteristic features of Langmuir and Freundlich 

isotherm models and the equilibrium adsorption capacity (Qe) depends linearly and 

exponentially on concentration (Ce) in numerator and denominator respectively. Depending 

on the values of β, the adsorption may follow Langmuir model (when β = 1) and Freundlich 

model (when the β value tends to zero). The R-P model is thus applicable to both 

homogeneous and heterogeneous adsorbent surfaces and the adsorption process may not 

ideally follow formation of monolayer as in case of Langmuir model (Pakade et al., 2017). 

The model can also be expressed by following linear equation:  

 

  (   
  
  

  )              

 

Since the equation involves three parameters, the values of these parameters cannot be 

obtained from linear plot of    (   
  

  
  ) versus ln Ce (Kumar, 2007). Therefore, the data 

was analyzed using non-linear regression method with help of CAVS – Adsorption 

Evaluation Software, version 2.0 (Federal University of Paraná, Curitiba, Paraná, Brazil). 

It is evident from Table 2 that all three models exhibited good correlation at temperatures 

15°C, 25°C and 35°C with R
2
 values > 0.9, thus the actual mechanism of adsorption may be 

better expressed by Redlich-Peterson model as a combination of Langmuir and Freundlich 

models. In order to validate the suitability of Redlich-Peterson model, the deviation between 

the predicted model data and the experimental data was observed using Chi-square goodness 

of fit test as follows:  

    
  (        )

 

    
 

 

where Qe and Qe,m are the adsorption capacities (mg/g) at equilibrium, obtained through 

experiment and isotherm models respectively. Among Langmuir and Freundlich models, the 

value of χ
2
 static was lower for Langmuir model at 35°C, however at temperatures 15°C and 

25°C, the Freundlich model exhibited a lower value of χ
2
 static. On the other hand, compared 

to other models, the Redlich-Peterson model showed lowest values for χ
2
 static at 
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temperatures 15°C, 25°C as well as 35°C. This reveals that the experimental data accurately 

follows the Redlich-Peterson isotherm model. However since the values of the exponent β 

(0.8038 – 0.9027) lies close to 1, the adsorption is more inclined towards Langmuir model.  

The adsorption kinetic study illustrates the time progress of the solute uptake by the 

adsorbent, which is essential for providing an insight into the actual mechanistic pathway of 

the adsorption process (Unuabonah et al., 2019). Pseudo first order and pseudo second order 

models were employed to examine the obtained data and the corresponding graphs have been 

represented in Figure 8 (a) and (b) respectively. The kinetic parameters associated with these 

models have been illustrated in Table 3. 

In case of pseudo first order kinetics, assuming reversible adsorption of non-dissociable 

species over the adsorbent surface, the adsorption may be explained by Lagergen (1898) as 

follows: 
   

  
    (      ) 

 

where k1 is the rate constant (min
-1

). Similarly Qe and Qt are the adsorption capacities (mg/g) 

at equilibrium and time t respectively. The linear equation for this model may be obtained by 

integration followed by application of boundary conditions t = 0 to t and Qt = 0 to Qt as 

follows:    (      )         
    

     
 

 

    
 

 
Fig 8: (a) Pseudo- first order (b) Pseudo- second order and (c) Intra-particle diffusion kinetic models for 

adsorption of Cr6+ ions on SABP 
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Table 3: Kinetic parameters for the adsorption of Cr6+ ions over SABP. 

Kinetic models 10 ppm 50 ppm 100 ppm 

Pseudo First Order    

Qe (observed) (mg/g) 18.6 69.4 88.0 

Qe (calculated) (mg/g) 104.5 1715.9 957.19 

k1 (min-1) 0.042 0.076 0.076 

R2 0.8181 0.8764 0.7045 

χ2 0.7824 0.2595 0.2990 

Pseudo Second Order    

Qe (observed) (mg/g) 18.6 69.4 88.0 

Qe (calculated) (mg/g) 19.3 70.4 88.5 

k2 (g/mg/min) 0.00646 0.00551 0.00778 

R2 0.9986 0.9988 0.9994 

χ2 0.3276 0.1134 0.0366 

Intraparticle diffusion    

kid (mg/g/min1/2) 0.2716 0.4635 0.4519 

C (mg/g) 14.848 63.484 82.432 

t1/2 (s) 499.2 476.4 87.6 

DP (cm2/s) 1.736 x 10-9 1.819 x 10-9 9.894 x 10-9 

R2 0.9156 0.9570 0.7151 

χ2 0.0162 0.0061 0.0409 

 

The kinetic parameters for this model were obtained by plot of log(Qe – Qt) versus t 

(Figure 8 a). The y-intercept corresponds to the theoretically predicted value of equilibrium 

adsorption capacity (Qe,m) for this model. Large deviations of Qe,m from the experimental 

adsorption capacity (Qe) suggests that the adsorption of Cr
6+

 ion on SABP does not follow 

pseudo first order kinetics.  

Several studies have also reported that the adsorption process may follow a pseudo second 

order kinetic model which may be expressed as: 

  
   

  
    (      )

  

 

where k2 is the rate constant (g/mg/min) (Yasemin & Zeki, 2007). Integrating this equation 

for boundary conditions t = 0 to t and Qt = 0 to Qt yields a linear form given by: 

  
 

  
  

 

  
 
  

 

  
 

 

Plotting t/Qt as a function of t, the kinetic parameters for this model were obtained from the 

values of slope and intercept. The predicted values of equilibrium adsorption capacity (Qe,m) 

for this model were close to the experimental values (Qe) which indicates that the data 

followed pseudo second order kinetic model. This observation was further confirmed by the 

fact that the coefficients of determination (R
2
 values) for pseudo second order model were 

greater than 0.9, in contrast to the pseudo first order model.  

Validation of pseudo second order kinetic model was further performed with help of Chi-

square test for goodness of fit as follows: 
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  (        )

 

    
 

 

where Qt and Qt,m are the adsorption capacities obtained via experiments and kinetic models 

respectively. Significantly low values of χ
2
 for pseudo second order model clearly indicates 

that the data correlates well with the pseudo second order kinetic model.  

The metal ions may undergo diffusion from solvent phase to the adsorbent surface in a 

number of ways including either film diffusion, pore diffusion, surface diffusion or a suitable 

combination of these steps (Arris et al., 2016). The exact mechanism of diffusion may be 

revealed by the intraparticle diffusion model given by following equation:  

 

Qt = kid .t
1/2

 + C 

 

where kid is the rate constant (mg/g/min
1/2

) while C is a constant which decides the boundary 

layer thickness involved in the process (Doke & Khan, 2017). Plot of Qt versus t
1/2

 gives 

significant information regarding the actual rate determining step. Usually a multi-linear plot 

suggests involvement of two or more than two diffusion pathways, however a straight line 

plot passing through the origin indicates that the adsorption mechanism is entirely controlled 

by intraparticle diffusion (Arris et al., 2016; Medhi et al., 2020).  

The role of intraparticle pore diffusion may further be investigated by evaluating the pore 

diffusion coefficient Dp (cm
2
/s) which is given by the following equation:  

 

    
        

 

    
 

 

where r0 is the radius (cm) of biosorbent particle while t1/2 is the half-life period (s) for the 

adsorption process (Sathishkumar et al., 2009). Dp values within the range 10
-11

 to 10
-13

 

cm
2
/s suggest that the rate determining step involves intraparticle pore diffusion (Doke & 

Khan, 2017). In the present study, the Dp values were evaluated assuming the average particle 

diameter as 107.5µm which gives the r0 value equal to 5.375 x 10
-3

 cm. Similarly the t1/2 value 

was calculated with help of pseudo second order rate constant (k2) using the equation 

(Karthikeyan et al., 2010):  

      
 

      
 

 

Figure 8(c) depicts the plots obtained for intraparticle diffusion model. The corresponding 

parameters including the t1/2 and Dp values have been listed in Table 3. Although the plots 

obtained for Qt versus t
1/2 

were fairly linear (R
2
> 0.7), these plots deviated from the origin and 

exhibited large values of the intercept (C). Such observation clearly indicates that the process 

was not entirely controlled by pore diffusion mechanism and there exists significant 

contribution of the surface sorption (Arris et al., 2016; Doke & Khan, 2017; Medhi et al., 

2020). This observation was further validated by the Dp values which lie in the order 10
-9

 

cm
2
/s.  

Thermodynamic study was conducted by evaluating various thermodynamic parameters 

such as free energy change (∆G), change in enthalpy (∆H) and the change in entropy (∆S) 

during the adsorption process. Determination of these parameters gives important information 

regarding the feasibility and mechanism of the adsorption process (Liu et al., 2007). As 

evident from Table 2, the increase in temperature from 15°C to 35°C enhanced monolayer 
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adsorption capacity (Qm) from 123.4 to 175.4 mg/g which reflects the endothermic nature of 

the process. 

Thermodynamic parameters were evaluated with help of the thermodynamic equilibrium 

constant K, which was estimated using the method adopted by Liu et al. (2007) and Yasemin 

& Zeki (2007). Figure 9a displays plots of ln(Qe/Ce) as a function of Qe at temperatures 

15°C, 25°C and 35°C respectively, where Qe and Ce represent adsorption capacity (mg/g) and 

the adsorbate concentration (mg/l) at equilibrium. The y-intercept of these plots yields K at 

respective temperatures. Using these values of K,the thermodynamic parameters were 

evaluated from the intercept and slope of the plot ln K versus 1/T (Figure 9b) with help of 

following Vant Hoff equation (Liu et al., 2018):  

 

            

 

     
  

 
  

  

  
 

 

where the gas constant R = 8.314 x 10
-3

 kJ/K/mol and T is the temperature in kelvins. The 

parameters thus computed have been listed in Table 4.  

 

   
Fig 9: (a) Plot of ln(Qe/Ce) versus Qe and (b) Vant Hoff plot for adsorption of Cr(VI) ions on SABP 

 

Table 4: Thermodynamic parameters for the adsorption of Cr6+ ions over SABP. 

Temperature (K) K ∆G (kJ/mol) ∆H (kJ/mol) ∆S (J/K/mol) 

288 3.4971 -3.0 

7.9 37.8 298 3.9216 -3.4 

308 4.3314 -3.7 

 

∆H and ∆S values for Cr
6+

 adsorption over SABP were 7.9 kJ/mol and 37.8 J/K/mol 

respectively. Positive values of ∆H further support the endothermic nature of the adsorption. 

Similarly positive values of ∆S reveal randomness of the adsorption process at the adsorbate – 

adsorbent interface. On the other hand, ΔG exhibited negative values which further decreased 

with increase in temperature, indicating spontaneous nature of the process. 

Thus, the adsorption of Cr
6+

 ions over SABP may be attributed mainly to the interaction of 

functional groups specifically, the hydroxyl group with Cr
6+

 ions. Several components of 

Saraca asoca bark including cellulose, hemicellulose and lignin may provide a number of 

hydroxyl groups directly attached to the surface of SABP particle. The biosorption of Cr
6+

 

over SABP occurs mainly in acidic medium. Since in acidic medium, Cr
6+

 exists in the form 

-1

0

1

2

3

4

5

0 50 100 150 200

15°C 25°C 35°C

ln
 (

Q
e

/C
e

) 

Qe 

y = -949.34x + 4.5495 
R² = 0.9985 

1.2

1.25

1.3

1.35

1.4

1.45

1.5

0.00320.003250.00330.003350.00340.003450.0035

ln
 K

 

1/T 

9(a) 9(b) 



Pollution 2022, 8(1): 249-267 263 

of HCrO4
¯
 anion, the electrostatic attraction between HCrO4

¯
 and the protonated hydroxyl 

groups of SABP results in biosorption of Cr
6+

 ions. This interaction was clearly revealed by 

the FTIR spectra which displayed shifting of O-H stretching frequency in Cr-loaded SABP. 

The isotherm study suggests that the adsorption process may not be limited to formation of 

monolayer. Moreover, the diffusion mechanism involved substantial roles of surface diffusion 

as well as pore diffusion. The schematic representation of the overall biosorption mechanism 

has been depicted in Figure 10.  

 

 
Fig 10: Schematic representation of the mechanism for biosorption of Cr(VI) over SABP 

 

Table 5 compares the adsorption capacities of various biosorbents reported in literature for 

Cr(VI) remediation. The dissimilarities in various treatment procedures and related 

experimental set-up complicate the comparison of biosorbents. Therefore the Langmuir model 

monolayer biosorption capacities (Qm) were used for comparison of biosorbents. In the 

present study, at pH 2.0 and 25
°
C temperature, the observed Qm value = 125.0 mg/g which is 

comparable to those reported in other studies.  
 

Table 5: Comparison of adsorption capacities for various biosorbents reported in literature 

Biosorbent 
Maximum adsorption 

capacity (mg/g) 
Optimum pH Reference 

Pine needles 5.36 2.0 Dakiky et al.,2002 

Coconut husk fibers 29.0 2.1 Tan et al.,1993 

Eucalyptus bark 45.0 2.0 Sarin & Pant., 2006 

Cross-linked chitosan 78.0 5.0 Schmuhl et al.,2001 

Portulaca oleracea 54.95 2.0 Mishra et al., 2015 

Gum kondagogu 129.8 2.0 Vinod et al.,2010 

Bagasse fly-ash 260 1.0 Gupta et al.,1999 

Cupressus lusitanica bark 305.4 1.5 Netzahuatl-Mǔnoz et al., 2015 

Saraca asoca bark 

powder (SABP) 
125.0 2.0 Present Study 
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CONCLUSION 

 

Saraca asoca trees are found in different parts of South Asia. The bark powder of Saraca 

asoca tree (SABP) may prove to be useful as a low cost biosorbent. The biosorption of Cr(VI) 

over SABP was found to be dependent on various experimental conditions such as pH, 

contact time, initial Cr(VI) concentration and temperature. SABP is reasonably good for 

Cr(VI) adsorption in acidic medium. The hydroxyl groups on the biosorbent surface easily 

acquire positive charge in acidic medium and thus are able to interact electrostatically with 

negatively charged chromium species. The shifts in –OH peaks of FTIR spectra confirmed 

this interaction. At pH 2.0 and temperature 25°C, using adsorbent dose 0.5 g/l, the maximum 

Cr(VI) biosorption capacity was 125.0 mg/g. Modeling of biosorption equilibrium revealed 

that the data efficiently followed the Redlich-Peterson isotherm model. Similarly the 

biosorption kinetics was well explained by the pseudo-second order model and the diffusion 

of solute was influenced by surface as well as pore diffusion mechanisms. The 

thermodynamic parameters demonstrated endothermic and spontaneous nature of biosorption. 

Thus considering its non-toxic nature and low cost, the Saraca asoca bark powder may be 

useful as a potent cost-effective Cr(VI) biosorbent.  
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