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 This study investigates the effectiveness of oyster mushroom (Pleurotus 

platypus) for the removal of Cr(III) and Cr(VI) from aqueous solutions by 

conducting a series of batch adsorption experiments. Results from the 

adsorption pH envelope experiments show that while the adsorption of 

Cr(III) increases with increasing pH, the adsorption of Cr(VI) decreases as 

the pH rises. These two distinct pH envelope patterns for Cr(III) and Cr(VI) 

suggest that the adsorption processes are primarily driven by the 

electrostatic force of attractions followed by the ligand exchange process. 

Findings from the adsorption isotherm experiments demonstrate that 

chromium binding to the adsorbent surface is better described by the 

Freundlich model than the Langmuir model, underscoring the presence of 

multiple surface binding sites. The study highlights the significance of 

identifying dominant chromium species before they are subjected to 

adsorptive removal from contaminated waters. 
 

Introduction 
 
 

Heavy metals generally enter natural environments 

(e.g., water and soil) by weathering rocks and 

minerals (Bradl, 2005; Finlay et al., 2019). 

Nevertheless, anthropogenic activities including 

mining, smelting, combustion of fossil fuel, and the 

improper discharge of untreated industrial wastes can 

lead to excessive metal presence in various 

environmental compartments (Bradl, 2005; Wuana 

and Okieimen, 2011). Once heavy metals enter 

natural systems, the system's recovery becomes 

challenging, often relying on natural attenuation for 

restoration. Generally, organic and inorganic wastes 

often contaminate natural environments near 

industrial sites (Khan et al., 2011; Rahman et al., 

2014). Therefore, reusing treated water is another 

option for reducing environmental pollution.  

Conventional water treatment methods commonly used 

to remove heavy metals from contaminated waters 

include reverse osmosis, ion exchange, membrane 

filtration, electro-dialysis etc. (Azimi et al., 2017; 

Carolin et al., 2017). While ion exchange and 

membrane filtration methods are highly effective, they 

are costly and often impractical for commercial use. 

An alternative approach is the coagulation-

precipitation method, which can effectively remove 

organic and inorganic pollutants from contaminated 

water. This method offers relative affordability and 

ease of design but may generate a substantial volume 

of sludge. Additionally, metal ions from contaminated 

waters can be successfully removed by adsorption 

filtration techniques (Bhatnagar and Sillanpää, 2010; 

Bhatti et al., 2007; Kumari et al., 2006; Nuhoglu et al., 

2002; Reddy et al., 2011, 2010; Say      et al., 2001; 

Vimala and Das, 2009). 
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Besides the typical chemical adsorption methods, 

biosorption has emerged as an attractive and viable 

alternative for mitigating environmental pollution 

from industrial wastewater (Alluri et al., 2007; 

Bhatnagar and Sillanpää, 2010; Kanamarlapudi et 

al., 2018; Say et al., 2001). Typical biosorbents 

consist of lignin, cellulose, and proteins with 

various surface functional groups such as 

hydroxyl, carboxyl, and amide (Shakoor et al., 

2019). The presence of these functional groups on 

the surface of biological materials determines the 

potential binding capacity of biosorbents with a 

wide range of chemical contaminants, including 

cations and anions. Over the past two decades, 

numerous biosorbents have been investigated for 

their effectiveness in the removal of heavy metals 

from aqueous wastes (Alluri et al., 2007; 

Bhatnagar and Sillanpää, 2010; Kanamarlapudi et 

al., 2018; Say et al., 2001). Compared to other bio-

sorbents, mushroom powder has demonstrated 

promise and effectiveness in removing pollutants 

from diverse sources (Das, 2005; Mathialagan et 

al., 2003; Prasad and Sachin, 2013; Vimala and 

Das, 2009). 

Previous studies have extensively examined the 

capabilities of common biosorbents in removing 

chromium and other heavy metals (Gupta et al., 

2011; Kanamarlapudi et al., 2018; Michalak et al., 

2013; Sag and Kutsal, 2001; Vimala and Das, 

2009). However, mechanisms governing the 

binding of both cationic and anionic chromium to 

the mushroom surface remain relatively 

unexplored (Chen et al., 2005; Das, 2005; Ertugay 

and Bayhan, 2008; Jing et al., 2011; 

Kanamarlapudi et al., 2018; Suseem and Mary 

Saral, 2014). Here, we use ground mushroom 

biomass to evaluate the potential mechanisms and 

optimal conditions for the adsorptive removal of 

Cr(III) and Cr(VI) using batch adsorption 

experiments. This study highlights the significance 

of understanding chromium speciation before their 

adsorptive removal from contaminated waters. 

Materials and Methods 

Preparation of biosorbent 

Fruit bodies of oyster mushrooms (Pleurotus 

platypus) were collected from the National 

Mushroom Development and Extension Centre, 

Savar, Bangladesh. Mushrooms were washed 

thoroughly with deionized water to remove the dirt 

and other undesirable materials. Subsequently, the 

mushrooms were turned into smaller pieces and 

dried in an oven at 80 °C for 24 h. After drying, the 

fruit bodies were finely ground using a mortar and 

pestle. 

Preparation of stock solution 

Individual stock solutions of 1000 mM of Cr(III) and 

Cr(VI) were prepared separately by dissolving the 

solid powder of CrCl3 (Merck, India, 158.35 g/mol) 

and K2Cr2O7 (Guangdong Guanghua Chemical 

Factory Co, Ltd, China, 294.185 g/mol), respectively, 

in deionized water. The solutions were subsequently 

diluted to the appropriate concentrations based on the 

type of adsorption experiments. 

Adsorption experiment 

Batch adsorption experiments were conducted in Cr(III) 

or Cr(VI) solutions containing solid mushroom powder 

at 28±1°C on an orbital shaker. The effect of pH on the 

adsorption of chromium to adsorbent was investigated 

within the pH range from 2.0 to 8.0. Before starting the 

adsorption pH envelope experiment, pH in the chromium 

solutions (0.2 mM) was adjusted between pH 2.0 and 8.0 

using HCl and NaOH solutions. The chromium solutions 

(100 mL each) with suitable pH adjustment were then 

equilibrated separately with the adsorbent (1.0 g/L) for 6 

h in reagent bottles. 

Kinetic studies for the adsorption of chromium with the 

adsorbent were conducted. Solutions of both chromium 

species (0.2 mM each) were agitated with the adsorbent 

(1.0 g/L) in six individual reactors. This experiment's 

initial pH (before adsorption) was adjusted separately 

for each chromium species based on the maximum 

adsorption pH condition, as revealed from the 

adsorption pH envelope experiment. The reactors were 

sacrificially removed at 10, 20, 30, 60, 120, 180, 240, 

and 300 min, respectively.  
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The effects of initial chromium concentrations (0.2 to 

2 mM) for chromium adsorption on the mushroom 

surface were conducted for 180 min. The initial pH 

levels (before adsorption) for assessing the effect of 

adsorbent dosages and the initial concentrations were 

adjusted separately based on the maximum 

adsorption pH condition obtained from the pH 

envelope and adsorption kinetic studies. 

After the adsorption experiments, the suspension 

samples from each reactor were filtered using 0.45 

µM (Whatman) filter paper, and the filtrate was 

stored at 4 °C until analysis. Chromium 

concentrations in the samples were determined using 

atomic absorption spectroscopy before and after each 

adsorption experiment (AA-7000, Shimadzu, Japan) 

equipped with air acetylene flame. The adsorption 

data are presented in terms of surface coverage and 

removal percentage. The surface coverage     by 

Cr(III) and Cr(VI) is estimated from the difference 

between the initial    ) and final (Ce) concentration 

of chromium and the amount of adsorbent (in grams) 

used in the adsorption experiments. 

Results and discussion 

Adsorption pH envelope 

The effect of initial pH (before adsorption) on the 

adsorption of both Cr(III) and Cr(VI) onto the 

mushroom surface was evaluated within the pH 

range of 2.0 to 8.0. pH plays a vital role in 

determining the degree of ionization of sorbates, 

influencing the speciation of sorbent surfaces, and 

affecting the solubility of metal ions (Langmuir, 

1997; Michalak et al., 2013). For instance, the 

adsorption of anions generally decreases with 

increasing pH, although the adsorption pH envelope 

depends on the sorbent's point of zero charge (PZC). 

Conversely, the adsorption characteristics of cations 

grow with increasing solution pH (Langmuir, 1997; 

Sabur, 2019). The calculation of aqueous speciation 

for Cr(III) and Cr(VI) relies on the reactions and their 

respective constants listed in Table 1, which are 

comparable to those documented in existing literature  

(Papassiopi et al., 2014; Szabó et al., 2018). Aqueous 

speciation of Cr(III) and Cr(VI) are computed by 

PHREEQC 3 (Parkhurst and Appelo, 2013) with the 

minteq.dat database (Fig. 1). 

Table 1. Cr(III) and Cr(VI) speciation reactions 

and the corresponding reaction constants at 25 

°C used to construct Fig. 1.  

Species Reaction logK 

 

 

 

Cr(III) 

Cr(OH)2+ + 2H+ = Cr3+ + 2H2O 9.84 

Cr(OH)2
+ + H+ = Cr(OH)2+ + H2O 6.27 

Cr(OH)2+ + H2O = Cr(OH)3 + H+ -7.36 

Cr(OH)2+ + 2H2O = Cr(OH)4- + 2H+ -16.18 

Cr(OH)2+ = CrO2- + 2H+ -17.74 

 

Cr(VI) 

CrO4
2- + H+ = HCrO4- 6.51 

CrO42- + 2H+ = H2CrO4 5.65 

2CrO42- + 2H+ = Cr2O7
2- + H2O 14.56 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. The speciation of Cr(III) (a) and Cr(VI) 

(b) in aqueous solutions as a function of pH at 

25°C. The speciation diagrams were constructed 

using 0.2 mM solutions of CrCl3 and K2CrO7 for 

Cr(III) and Cr(VI), respectively. The diagrams 

were generated with the PHREEQC 3 computer 

program, incorporating reaction constants from 

the minteq.dat database, consistent with previous 

studies (Papassiopi et al., 2014; Szabó et al., 2018). 
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In an aqueous solution of CrCl3, Cr
3+

 undergoes 

hydrolysis, and the hydrolytic products of chromium 

mostly exist as cations within the pH range of 2.0 to 

8.0 (Fig. 1a). However, under alkaline conditions, 

typically above pH 8.0, the hydrolyzed product of 

Cr
3+

 transforms into negatively charged Cr(OH)
4-

. 

When potassium dichromate (K2Cr2O7) is dissolved 

in water, it forms several stable ions (Fig. 1b) 

contingent upon the concentration and pH in the 

solution. Notably, HCrO4
-
 predominates under acidic 

conditions, while CrO4
2-

 prevails under alkaline 

conditions. K2Cr2O7 can also generate Cr2O7
2-

, 

however, the presence of this ion may be 

insignificant in our experimental system based on the 

concentration range used in the adsorption pH 

envelope experiments. 

Fig. 2 shows the results of the adsorption pH 

isotherm studies reveal that the adsorption of 

chromium (III) on mushroom surface increases as the 

initial pH of the solution rises (Fig. 2). A similar 

adsorption isotherm pattern was found in the 

adsorption of Cr(III)  on lichen biomass (Uluozlu 

et al., 2008) and is consistent with the adsorption 

of other metal cations on mushroom surface 

(Ertugay and Bayhan, 2010; Vimala and Das, 

2009). Cr(III) ions exist primarily as positively 

charged ions with free Cr
3+

 ions or as hydrated 

Cr
3+

 ions with coordinated hydroxyl groups (OH
-
) 

in aqueous solutions. Therefore, the speciation of 

the Cr(III) ion changes with the variation of pH in 

the solutions due to the changing coordination states 

of the metal ion (Fig. 1b). Increasing pH (e.g., 

increasing OH
-
 ion concentration) in the solution 

initially results in the neutralization of the positive 

charge carried by the Cr
3+

 ion. Subsequent rise of 

pH results in the negative charge buildup on the 

metal ion, primarily due to the binding of 

negatively charged OH
-
 groups. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2. Effect of pH on Cr(III) and Cr(VI) 

adsorption on the mushroom surface.  

The predominant functional groups found in the 

typical biosorbents are hydroxyl, carboxylic acid, 

and amide (Shakoor et al., 2019). These functional 

groups at the surface may undergo acid-base 

reactions and can transform the biosorbent's 

surfaces with a negative charge under alkaline 

conditions (Michalak et al., 2013). The positively 

charged Cr(III) ions experience a greater 

electrostatic attraction with the solid surface, and 

this attraction increases with increasing pH, 

enhancing Cr(III) removal from the aqueous 

solution. Apart from the adsorptive removal of 

cationic chromium species, chromium removal 

from the aqueous phase might also occur via 

Cr(OH)3 precipitation on the adsorbent surface 

(Guimarães et al., 2020). The later process will 

likely be thermodynamically favorable at near 

neutral to alkaline conditions with increasing 

solution pH, e.g., pH > 6.0 (Fig. 1a).  

The maximum adsorption for Cr(VI) was observed 

under strongly acidic conditions, followed by a 

sharp decline as the pH increased further (Fig. 2). 

This trend is consistent with prior research, 

including studies involving surfactant-modified 

mushroom and other biosorbents (Fernández-

López et al., 2014; Jing et al., 2011). Additionally, 

Cr(VI) adsorption becomes minimal at or above a 

pH of approximately 6.0. This phenomenon can be 
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elucidated by the fact that Cr(VI) primarily exists 

as negatively charged chromate ions (HCrO4
-
 and 

CrO4
2-

) under the specified experimental 

conditions (Fig. 1b).  

As the pH shifts from acidic to alkaline conditions, 

there is a notable increase in the concentration of 

singly deprotonated chromate species (HCrO4
-
), 

leading to the formation of CrO4
2-

 (Fig. 1b). 

Therefore, the limited adsorption Cr(VI) at or 

above the pH 6.0 suggest that the adsorption of 

HCrO4
- 

on the mushroom surface primarily 

occurred from pH 2.0 to 6.0. The sharp decrease of 

Cr(VI) adsorption with further pH elevation beyond 

6.0 implies that the mushroom surface undergoes a 

negative charge modification, likely attributed to 

either the deprotonation of the surface-active groups 

or the adsorption of hydroxyl (OH
-
) groups onto the 

solid surface. These findings collectively suggest that 

an increase in solution pH leads to the deduction in 

electrostatic attraction between the deprotonated 

chromate ion (CrO4
2-

) and the negatively charged 

surface, resulting in diminished Cr(VI) adsorption 

onto the solid surface.  

Effect of equilibrium time 

Kinetic studies for the adsorption of Cr(III) and 

Cr(VI) are conducted using identical 

concentrations (0.2 mM each) and fixed chromium 

solution volume (100 mL). The amount of 

adsorbent also remained the same, with the only 

variation being the pH levels, set at 6.5 and 2.0 for 

Cr(III) and 2.0 for Cr(VI). Results show that the 

adsorption of Cr(III) and Cr(VI) progressively 

increases as the equilibration time lengthens (Fig. 

3). The removal of chromium occurs rapidly, 

mostly within 100 min of the adsorption period. 

This rapid adsorption may be attributed to the 

higher availability of surface binding sites on the 

biomass. However, the adsorption rate gradually 

diminishes as the equilibration time extends. This 

deceleration in adsorption suggests a potential 

depletion of surface-active sites due to the 

continued adsorption process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. The kinetic data (symbol) for the adsorption 

of Cr(III) and Cr(VI) on the mushroom surface. 

The dotted solid and dotted lines represent 

simulated kinetic data for Cr(III) and Cr(VI), 

respectively, according to the pseudo-first-order (a) 

and second-order (b) kinetic models. 

Adsorption kinetic data are often fitted to first 

and second-order kinetic models to gain insights 

into the adsorption mechanism. Kinetic parameters 

for the adsorption of Cr(III) and Cr(VI) are extracted 

by fitting the experimental data using first and 

second-order adsorption kinetic models. The 

mathematical representation of pseudo first and 

second-order adsorption kinetics (Lima et al., 2015) 

can be expressed by Equation 1 and Equation 2.  

                                 

     
    

     
                    

 

Where,      is the amount of Cr(III), or Cr(VI) 

sorbed onto the adsorbent surface (in mmol/g) at 

time t (h) with rate constants    and    for the first 

and second-order adsorption models, respectively.  
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Table 2. Kinetic parameters were extracted for the 

adsorption of Cr(III) (at pH 2.0) and Cr(VI) (at pH 

6.5) by fitting the experimental data to Equation 1 

and 2 with a 95% confidence limit. Chi-square (χ2) 

values illustrate the quality of the fit.  

First-order 

Species    

(mmol/g) 

  

(h-1) 

   

Cr(III) 0.18±0.03 0.01±0.00 7.83±10-4 

Cr(VI) 0.16±0.01 0.01±0.00 2.35±10-4 

Second-order 

Species   

(mmol/g) 

  

g/(mmol×h) 

   

Cr(III) 0.25 ± 0.07 0.04 ± 0.03 1.27±10-3 

Cr(VI) 0.22 ± 0.04 0.04 ± 0.03 4.88±10-3 

 

Table 2 shows that the    values derived from the 

pseudo-first-order kinetic model for Cr(III) and 

Cr(VI) adsorption are aligned closely with the 

data point obtained at or near the equilibrium. 

Notably, the pseudo-second-order adsorption 

kinetic model estimates slightly higher    values 

than the measured values (Table 2). Furthermore, 

the pseudo-first-order kinetic model better fits the 

experimental data than the pseudo-second-order 

adsorption kinetic model, as evident from the 

respective chi-square values. 

This result indicates the importance of available 

active sites on the adsorbent surface for binding 

both chromium species.  

Effect of initial concentration 

The initial concentration of sorbate, the 

adsorbent, and sorbate-to-adsorbent ratios play a 

significant role in shaping adsorption isotherm. 

The surface coverage increases with sorbate 

concentration for a given amount of sorbent. 

Adsorption mechanisms and the binding strength of 

surface species are often described in terms of 

Langmuir and Freundlich models (Lima et al., 2015). 

The Langmuir model assumes the homogeneous 

distribution of the surface-active sites by sorbate 

species, whereas the Freundlich predicts the 

heterogamous distribution of potentially active sites 

on surfaces (Lima et al., 2015). Equations 3 and 4 

represent the mathematical models describing the 

nonlinear Langmuir and Freundlich adsorption 

isotherms (Langmuir, 1997; Lima et al., 2015) can be 

shown by Equations 3 and 4. 

      

     

       
                 

        
 

 ⁄                    

Where,   in Equations 3 and 4 represents the quantity 

of chromium adsorbed onto the adsorbent surface 

(mmol/g) at a specific chromium concentration of     

and      in Equation 3 is the maximum surface 

coverage of mushroom biomass by chromium.    and  

   denote the Langmuir and Freundlich adsorption 

constants, while ‘n’ in Equation 4 stands for the order 

of the surface reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Effect of initial concentration on removing 

Cr(III) and Cr(VI) by mushrooms. Experimental 

data and the predictions by Langmuir (a) and 

Freundlich (b) models are shown by the markers 

and dotted lines, respectively. 
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Experimental data in Fig. 4 shows that the adsorption 

of Cr (III) and Cr (VI) ions strongly influenced their 

initial concentrations. As observed in Fig. 4, the 

adsorption of chromium increases with rising initial 

chromium concentrations (Fig. 4), reaching a plateau 

near 0.5 mM of chromium, as anticipated. The 

experimental data are fitted to the Langmuir and 

Freundlich adsorption models in Fig. 4a and 4b, 

respectively, and the resulting adsorption isotherm 

parameters are presented in Table 3. 

By comparing least square fits (chi-square values) for 

the experimental data, it is evident that the 

Freundlich adsorption model better fits the 

experimental data than the Langmuir model. 

However, the adsorption constant obtained by fitting 

the experimental data using the Langmuir and 

Freundlich models greatly depends on the 

experimental conditions. This implies that the values 

of    and    obtained from the present study cannot 

be compared with adsorption processes involving 

Cr(III) or Cr(VI) on different biosorbents, nor are 

they applicable to various other sorbates (e.g., lead, 

cadmium, arsenic, etc.) when considering the 

mushroom surface as the adsorbent. Even these 

values cannot be directly compared to the adsorption 

processes of Cr(III) or Cr(VI) on the same mushroom 

surface under different pH conditions. Notably, the 

values of    are similar for both Cr(III) and Cr(VI) 

adsorptions, accounting for the respective error bars 

(Table 3). This result indicates that the adsorption of 

Cr(III) and Cr(VI) to the mushroom surface occurs 

with similar chromium binding strengths, also 

reflected in    values (Table 3).  

As discussed earlier, the values of reaction quotients 

for the adsorption of Cr(III) or Cr(VI) obtained by 

the two different adsorption models cannot be 

compared, but the respective chi-square values can 

demonstrate the relative performance of the models 

to explain the experimental data. Thus, the 

significance of adsorption constants (  and   ) for 

comparing the binding strength of Cr(III) and Cr(VI) 

with the mushroom surface is limited, primarily 

because the adsorption isotherm experiments are  

Table 3. Adsorption isotherm parameters were 

extracted by fitting the experimental data to the 

Langmuir (Equation 3) and Freundlich (Equation 

4) adsorption models, respectively. The chi-square 

values (  
  = 4.87) represent the goodness of fit.  

Langmuir model 

             

Cr(III) 224±14 0.26±0.01 1.85×10-3 

Cr(VI) 88±43 0.26±0.00 1.31×10-3 

Freundlich model 

         

Cr(III) 0.26±0.00 12.22±1.25 1.03×10-4 

Cr(VI) 0.26±0.00 10.08±0.98 1.05×10-4 

 

conducted under distinct pH conditions. Nonetheless, 

the potential binding mechanisms can be partially 

elucidated for the adsorption of both Cr(III) or 

Cr(VI) by comparing the corresponding   and    

values derived from the Langmuir and Freundlich 

models. Compared to the Langmuir model, the lower 

chi-square values obtained from fitting experimental 

data with the Freundlich model suggest that 

mushroom powder will likely provide multiple 

surface-active sites for adsorbing chromium species 

from aqueous solutions. The potential diffusion of 

chromium from the mushroom surfaces to the 

interior of the soil is also possible.  

Conclusion 

Here, we evaluate mushroom surfaces' adsorption 

behavior for removing Cr(III) and Cr(VI) from 

aqueous solutions. The results from the pH envelope 

studies show that Cr(III) and Cr(VI) adsorption occur 

with two distinct pH envelope patterns. While anionic 

Cr(VI) removal is favored under acidic conditions, the 

maximum cationic Cr(III) removal occurs under 

alkaline conditions. These results indicate that 

removing aqueous chromium is primarily driven by the 

electrostatic attraction between the sorbate ions and the 

active functional groups on the adsorbent surface, 

followed by the surface complexation reactions. 

Adsorption isotherm studies for both chromium 
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species show that the experimental data align better 

with the Freundlich model than the Langmuir model. 

This result implies that mushroom surfaces possess 

multiple active sites for binding cationic and anionic 

chromium species. Therefore, mushroom powders hold 

potential as a low-cost adsorbent for removing 

chromium from contaminated waters with a prior 

understanding of the oxidation states of dissolved 

chromium.  
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