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Abstract
With the significantly increasing pharmaceutical and antibiotics industry in Algeria, the elimination of biomass is of utmost 
importance since the latter represents a large part of waste from the manufacturing process. In this work, the elimination of 
hexavalent chromium Cr (VI) and Congo red dye is part of the Pleurotus mutilus biomass recovery process. Thus, biosorption 
has been studied in a discontinuous system. Optimal conditions were estimated by variations in contact time, temperature, 
initial pollutant concentrations, and simultaneous removal of both pollutants. The greatest uptake capacities achieved were 
36.68 mg/g of and 15.08 mg/g of Cr(VI). The initial concentrations of both pollutants being equal to 50 mg/l, for a dura-
tion time of 180 min and a temperature of 300 K. Based on the values of the coefficient of determination R2, χ2, and ARE, 
the isothermal equilibrium data were better represented by Freundlich, Temkin, and Dubinin-Radushkevich models. The 
kinetic biosorption of the two pollutants was well described using the pseudo-first-order model. The biosorption process is 
controlled by external mass transfer. The physical process in nature of Cr(VI) and (CR) biosorption has been justified based 
on the values obtained of ΔG° and ΔH°. Globally, this work demonstrates the considerable potential of Pleurotus mutilus for 
the elimination of anionic pollutants. Research results indicate that this biomass, a waste material, first destined for incinera-
tion, was recovered without any treatment. Due to its low cost, it could serve as an inexpensive source for recovering heavy 
metals and dyes from dilute contaminated water.
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Abbreviations
qt	� The instantaneous uptake capacity (mg/g)
qe	� Equilibrium uptake capacity (mg/g).
K1	� Constant of first-order rate (min−1).

K2	� Pseudo-second–order constant (g/(mg.min))
Ki	� The diffusion rate constant (mg/(g.min0.5)
t0.5	� Time square root of time (min0.5)
F	� The ratio of the instantaneous to the equilibrium 

solute adsorbed
Bt	� A function depending on F
qm	� The maximum uptake (mg/g)
b	� The equilibrium Langmuir constant (L/mg)
RL	� Langmuir distribution factor
Ct	� The solute concentration at time t (mg/L)
Ce	� The concentration at equilibrium (mg/L)
C0	� The concentration at the initial time (mg/L)
m	� Biosorbent weight (g)
V	� Volume solution (L)
KF	� Constant of Freundlich isotherm
KT	� The Temkin binding constant at equilibrium (L/g)
T	� Temperature (K)
B	� Temkin constant depending on the heat of biosorp-

tion (J/mol)
R	� The universal gas constant
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β	� Activity coefficient in the Dubinin-Radushkevich 
model (mol2/J2)

E	� Average free energy of biosorption
ε	� Polanyi potential (kJ/mol)
ΔS°	� Entropy variation (kJ/mol.K)
ΔG°	� The free enthalpy variation (kJ/mol)
ΔH°	� The enthalpy variation (kJ/mol)
KL	� The equilibrium constant equal qe/Ce

Introduction

Contamination of water sources with synthetic dyes and 
heavy metals from many industries has created major envi-
ronmental threats. Many of these dyes, namely Congo red 
(CR), are toxic and even carcinogenic. The total dye produc-
tion in the world is around 700 000 tons per year, 10% of 
which are lost in the effluents during the various stages of 
application and preparation (Bouras et al. 2017; Dawood 
and Sen 2012).

Azo dyes are largely used compared to many synthetic 
dyes. This type of dye reaches 70% of industrial colorants 
consumed annually (Schmidt et al. 2019). The Congo red 
which is classified in this category and used in many indus-
tries known as a popular anionic dye can be converted into 
benzidine which makes it carcinogenic (Zhang et al. 2011). 
Several studies have reported the toxicity of dyes in waste-
water according to (Bouras et al. 2017; Dawood and Sen 
2012; Panda et al. 2009). Effluents contaminated with dyes 
affect the ecosystem and aquatic health and inhibit sunlight 
penetration (Panda et al. 2009). They can affect plant life, 
as well as destroy flora and endanger natural ecosystems 
(Bouras et al. 2017). The increase in the concentration of 
dyes in the environment is very harmful due to mutagenic, 
genotoxic, and teratogenic effects on living organisms 
(Schmidt et al. 2019). Approximately 10–15% of the used 
dyes discharged in the enclosed state into water plans cause 
skin irritation, dermatitis, cancer, kidney, liver, and repro-
ductive system dysfunction in humans (Shaban et al. 2017). 
Besides, there are some processes employed to reduce the 
dye pollution such as biological treatment (Wanyonyi et al. 
2019), membrane filtration (Nadeem et al. 2019), photodeg-
radation (Zhu et al. 2019), biodegradation (Ortiz-Monsalve 
et al. 2017), catalytic ozonation (Ghuge and Saroha 2018), 
and electrochemical oxidation (Ramírez et al. 2016).

Heavy metals represent a colossal wastewater disposal 
problem. Among these heavy metals, hexavalent chromium 
Cr(VI) is widely used in metal finishing, paint, paper indus-
tries, electrical, and electronic equipments as well as cata-
lysts in chemical manufacturing (Mohagheghian et al. 2017). 
The two main oxidation forms of chromium are trivalent 
and hexavalent. The latter being much more toxic causing 
environmental pollution, directly affecting public health 

(Kavitha et al. 2016). Hexavalent chromium can be consid-
ered responsible for several health hazards (Ghaneian et al. 
2017). Human interventions are the main cause of elevated 
chromium levels in the aquatic environment, groundwater, 
and spring water (Dermatas et al. 2015; Khitous et al. 2016). 
It was noted by the International Agency for Research on 
Cancer that hexavalent chromium has been classified as 
a human carcinogen (Mohagheghian et al. 2017); it has a 
toxic effect even at diluted concentrations. The maximum 
allowable concentration for drinking water, as defined by 
(WHO) World Health Organization, is 0.05 mg/L (Fontana 
et al. 2016). However, the maximum limit for chromium 
content has been fixed to a value of 0.1 mg/L for drinking 
water according to the Environmental Protection Agency 
(Mohagheghian et al. 2017). Greater quantities of chromium 
are released to industrial wastewater, with concentrations up 
to 220 mg/L, contaminating soil and water. For this reason, 
many studies have recently focused on the elimination of 
heavy metals and dyes present in wastewater (Chang 2019). 
Consequently, traditional processes are used for the removal 
of chromium including electrochemical precipitation (Kong-
sricharoern and Polprasert 1996), ion exchange (Zhou et al. 
2018), solvent extraction (Pagilla and Canter 1999), and 
chemical precipitation (Zhoui et al. 1993) or membrane 
separation (Hafiane et al. 2000).

In the processes of the complete elimination of many 
types of dyes and heavy metals (Foroughi et al. 2014), con-
ventional biodegradation is ineffective (Afroze and Sen 
2018). These processes have high operational costs espe-
cially in maintenance and energy requirements and become 
ineffective at low concentrations of metal ions and dye 
(Bouras et al. 2017; Dawood and Sen 2012). Currently, in 
terms of cost, biosorption can be considered as one of the 
most widely used and attractive processes (Bouras et al. 
2017). Inexpensive and efficient biomaterials used in the 
purification of water, are an alternative for many environ-
mental research programs (Foroughi et al. 2014; Gupta and 
Suhas 2009). Groups in the fungal cell wall of biomass can 
form bonds toward heavy metals and dye, making biosorp-
tion more favorable (Cherifi et al. 2014). Waste from the 
antibiotics industry generates different types of fungal mate-
rial such as Pleurotus mutilus and Streptomyces rimosus. 
These materials are cheap, available, and abundant; for these 
reasons, they are used as biosorbents for the treatment of 
pollutants in wastewater, particularly dyes as well as heavy 
metals (Wu et al. 2018).

The overall objectives of the present study include the 
evaluation of the fungal biomass of Pleurotus mutilus, 
an industrial bioproduct available in large quantities, as a 
biosorbent for (CR) dye and Cr (VI) ions as target anionic 
pollutants in aqueous solutions.

Congo red dye and Cr (VI) both have significant impacts 
on the environment causing mutagenic and/or carcinogenic 
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effects as well as considerable damage to the ecosystem. 
They are resistant to biological degradation and quite dif-
ficult to eliminate.

In textile drainage, elevated levels of certain metals such 
as Cr (VI) are found along with dyes, as Cr metals are gen-
erally used as mordents (i.e., color fixing agents) (Kumari 
et al. 2018).

The research survey indicates that the simultaneous 
adsorption of hexavalent chromium and Congo red dye onto 
the Pleurotus mutilus biomass has not been yet investigated.

The characterization of this biomass and the influence 
of initial concentrations and initial pH were carried out. 
Thermodynamic, equilibrium, and kinetic models have been 
developed to assess the possibility, adsorption capacity, and 
the step controlling biosorption rate of Congo red and hexa-
valent chromium on the Pleurotus mutilus biomass. Com-
petitive adsorption capacity was used to evaluate the CR 
and Cr(VI) adsorption performance in the binary mixture.

Materials and methods

Pleurotus mutilus biomass preparation

This biomass, which is a fungal waste, was generated as a 
residue of non-living Pleurotus mutilus filamentous fungi 
biomass, produced during veterinary antibiotic Pleuromu-
tiline production. It was obtained from SAIDAL Antibiotical 
Complex (Medea, Algeria). Usually, this waste is destined 
for incineration; it can be recovered for wastewater treat-
ment. This waste was washed three times using distilled 
water and after that dried at 60 °C for 24 h. Finally, this bio-
mass was manually crushed and sieved before being stored 
for adsorption experiments.

Pleurotus mutilus biomass characterization

It is necessary to determine adsorbent’s physicochemical 
properties for their use in wastewater. The determination of 
characterization parameters helps to explain the phenomena 
that govern the capacity and efficiency of adsorption.

Determination of zero point charge

The zero charge point is defined as the pH where the number 
of positively charged centers is equal to the number of nega-
tively charged centers that correspond to a zero charge on 
the outer surface of a particle. The determination of the zero 
charge pH point (pHzpc) was performed by adding 0.1 g of 
biomass to 50 ml of 0.01 M KNO3 solution (1.01 g/L) whose 
initial pH was measured and adjusted with 0.1 M HCl or 
0.1 M NaOH solutions. The container was sealed and placed 
on a stirrer for 48 h at room temperature before measuring 

the pH of the solution. The zero charge point (pHzpc) is the 
value at which the curve pHinitial  pHfinal = f (pHinitial) inter-
sects the pHinitial axis (Blanes et al. 2016).

FTIR spectroscopy

Spectroscopy is an important technique used to identify 
the functional groups characteristic of the surface of the 
adsorbent. These groups are often responsible for the adsor-
bent–adsorbate bonds.

The absorption phenomenon in the infrared domain is 
linked to molecular vibration phenomena, which implies a 
variation of the dipole moment and therefore the creation 
of a magnetic field. Each group vibration gives rise to an 
absorption band corresponding to a certain intensity which 
generally varies from one group to another and which is used 
for the qualitative analysis of the functional groups present 
on the surface of the biomass.

Infrared spectra of powdered Pleurotus mutilus were 
obtained after drying the biosorbent mass at 343 K for 24 h. 
The principle of the analysis consists of recording the vibra-
tions of the functional groups between 200 and 4000 cm−1 
using a SHIMADZU spectrophotometer model FTIR-8400 
by mixing a finely powdered sample with potassium bromide 
(1:10). The characteristic functional groups at the adsor-
bent surface, which are frequently responsible for adsorb-
ant–adsorbate bonds, were identified by spectroscopy which 
is considered as an important technique (Zbair et al. 2018).

Boehm titration

Acid and base sites on the biosorbent were determined using 
the acid–base titration method proposed by (Boehm 1994). 
Samples of 0.5 g of biomass in triplicate were stirred with 
50 ml solution of NaHCO3 (0.1 M), Na2CO3 (0.05 M) and 
NaOH (0.1 M) for the acid groups and 0.1 M HCl for the 
basic groups, respectively, at room temperature (24 ± 2 °C) 
for 72 h in closed centrifuge tubes. The stock solution was 
prepared from an analytical grade product (Merck, Darm-
stadt, Germany) in deionized water. The equilibrium Boehm 
reagents were separated from the biomass by filtration (Fidel 
et al. 2013). The isolated solution underwent acidification 
followed by boiling to remove CO2. To determine the quan-
tity of the equilibrium Boehm reagents that were neutralized 
during the initial equilibrium Boehm equilibrium with the 
solid, aliquots of the isolated solutions are titrated back with 
a standardized solution of NaOH (Fidel et al. 2013).

Scanning electron microscopy

The surface characteristics of the Pleurotus mutilus biomass 
were examined by scanning electron microscopy (Zeiss EVO 
40 EP microscope).
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Thermogravimetric and X‑ray fluorescence analyses.

A NETZSCH TG 209F3 Thermogravimetric Analyzer 
was used to perform a thermogravimetric examination of 
the biosorbent particles. Samples of 5 mg were analyzed 
from 26 to 350 °C under an inert atmosphere (nitrogen flow 
20 ml/min) to avoid side reactions such as oxidation. The 
spectrometer used for µXRF is A Shimadzu RF-1501 XRF; 
it has a rhodium X-ray source.

The mineral residue quantitative elemental analyses 
resulting from TGA were carried out under the following 
operating conditions: a voltage of 30 kV, a current of 0.02 to 
1.00 mA (with a minimum increment of 0.02 mA).

Congo red dye and hexavalent chromium 
preparation

Congo red dye (CR) and hexavalent chromium have been 
used in this study as target pollutants to estimate the removal 
capacity of Pleurotus mutilus biomass. Stock solutions of 
the two synthetic pollutants have been prepared by adding 
the appropriate quantities of powdered dye and potassium 
dichromate to distilled water. For all experiments, succes-
sive dilutions were made to have different concentrations. In 
Fig. 1 it can be seen the developed molecular structure for 
Congo red (Chauhan et al. 2017).

Batch experiments

Erlenmeyer flasks containing biomass and 100  ml of 
biosorbent solution were used to perform experiments. The 
stirring speed has been fixed at 250 rpm. Samples were taken 
in predefined periods; biosorbent recovery for (CR) was 
done using centrifugation (EZ Swing 3 k) at 12,000 rpm. 
Liquid solutions were analyzed using an ultraviolet UV–Vis-
ible spectrophotometer (OPTIZEN 1412 V) at wavelengths 
of 500 nm.

For the chromium analysis, sampling was followed by fil-
tration to remove the biomass from the solution. The resid-
ual chromium concentration was determined by adding 
1,5-diphenylcarbazide (DPC) to the liquid phase and analyz-
ing it at 540 nm under acidic conditions (Ajmani et al. 2019; 
Chatterjee et al. 2019). The uptake capacities of Cr(VI) ions 
and (CR) dye have been obtained by the equation as follows:

Several solutions containing 100 mg of Pleurotus muti-
lus biomass were prepared by changing the initial concen-
trations for (CR) dye and Cr(VI) ions. At equilibrium, the 
uptake capacities can be expressed using Eq. (2).

A binary adsorption assay was performed with a total 
concentration of 100 ppm in aqueous solutions at differ-
ent ratios of Cr (VI) and (CR). In order to investigate their 
simultaneous elimination, biomass (0.1 g) was added to 
250 ml of Erlenmeyer flasks containing a mixture of (CR) 
and Cr (VI) in 200 ml of an aqueous solution. The flasks 
were stirred at room temperature at 250 rpm. The solutions 
used were prepared accordingly: solution 1 (30% (CR) and 
70% Cr(VI)), solution 2 (50% (CR) and 50% Cr(VI)), solu-
tion 3 (70% (CR) and 30% Cr(VI)).

To identify the adsorption behavior of Cr(VI) and (CR) 
in the binary mixture, the competitive adsorption capacity 
was used. Adsorption was carried out close to optimum 
adsorption conditions at a fixed pH and contact time. Equa-
tion (3) is used for estimating the percentage of removal of 
the Cr(VI) ions or (CR) dye attached to the biomass.

To assess the adequacy of the isothermal equations, the 
Chi-square (χ2) and mean relative errors (ARE) were calcu-
lated from the following equations (Rasool and Lee 2013):

(1)qt =

(
C0 − Ct

)
V

m

(2)qe =

(
C0 − Ce

)
V

m

(3)R% =
C0 − Ce

C0

× 100

Fig. 1   Congo red molecular 
structure
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where n is the number of experimental data points, qe, exp is 
the measured ion concentration, and qe, calc is the calculated 
ion concentration with models.

Results and discussion

Characteristics of Pleurotus mutilus biomass

The point of zero charge (pHzpc)

The pH value of the solution, where the surface charge 
density is zero, corresponds to the zero charge point 
(pHzpc). If the pH is inferior to pHzpc, the surface of the 
sorbent becomes positively charged. If the pH is higher 
than pHzpc, a negative charge will be applied to the sur-
face of the biosorbent. The pHzpc (zero charge point) is 
defined as the value at which the curve pHinitial  pHfi-
nal = f (pHinitial) intersects the pHinitial axis (Blanes 
et al. 2016) (figure not shown here). The pHzpc value 
obtained was 7.94. Therefore, at a pH value below 7.94, 
the surface of the Pleurotus mutilus biomass is positively 
charged. For this pH value, the negatively charged species 
such as Cr(VI) ions and the (CR) dye are strongly attracted 
to the biomass.

(4)�2 =
∑

(
qe,calc − qe,exp

)2

qe,exp

(5)ARE =
100

n

n∑

i=1

|
|
|
|
|

qe,calc − qe,exp

qe,exp

|
|
|
|
|

Infrared spectra

The results of the physical and chemical analysis of this 
biomass were enhanced by FTIR spectroscopy. The infra-
red spectroscopic analyses of Pleurotus mutilus are shown 
in Fig. 2. The most intense bands and their corresponding 
groups existing on the biomass surface are explained as 
follows:

•	 The groups (–OH) or (–NH) match the first vibration 
recorded at 3438.23 cm−1 (wide peak of O–H stretching 
overlapped with N–H stretching).

•	 The second vibration recorded between 2924 and 
2820.8 cm−1 corresponds to (C–H stretching).

•	 The vibration is observed at 1640.03 and 1500  cm−1 
corresponds to (amide II band, N–H bending, and C=O 
stretching of acetyl groups).

•	 A band relative to the carboxylic acid groups is mani-
fested at 1085.96 cm−1(bridge C–O–C stretching and 
C–O stretching).

Boehm titration

According to the experimental data obtained by the Boehm 
method, the quantities of acidic sites matching the carbox-
ylic, phenolic, and lactonic sites and basic sites for Pleurotus 
mutilus biomass are presented in Table 1.

According to the analysis of experimental data using 
the Boehm method, which showed the existence of acidic 

Before adsorption After (CR) adsorption After  Cr (VI) adsorption
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Fig. 2   Infrared spectrum of Pleurotus mutilus biomass

Table 1   Functional groups determined by Boehm method (Daoud 
et al. 2019)

Basic sites Total acidic sites Carboxylic Phenolic Lactonic

2.32 meq/g 4.33 meq/g 3.35 meq/g 0.46 meq/g 0.52 meq/g
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and basic sites with the characteristics presented in Table 1 
(Daoud et al. 2019), we concluded that the surface of Pleu-
rotus mutilus biomass contains acidic and basic sites.

3.1.4. SEM micrographs observations

The SEM micrographs of the particles of the dried biosorb-
ent reveal an outer microstructure of spherical shape hav-
ing an almost smooth surface with the presence of cracks 
allowing easy adsorption of the solute, thereby improving 
the phenomenon of diffusion toward the active sites, Fig. 3.

TGA and XRF analyses

The µXRF spectrum of the mineral content, which repre-
sents 13.5% of the total weight of the sample, indicates the 
presence of metallic elements (Fe, Zn, Mo, Si) and calcium, 
phosphorus, and potassium. The residual elements are 
shown in Table 2. The three main elements (Ca, P, and K) 
are macronutrients, usually found in mushrooms (Guardia 
et al. 2005; Gençcelep et al. 2009). However, the existence 
of silicon with high calcium content is most probably due 
to contamination by the filtering agent that is used in the 
process of extracting Pleuromutiline which contains calcium 
carbonate powder and silica from diatomaceous soil.

Three peaks appear on the thermogram resulting from 
the TGA of the dried particles. The first peak at 50 °C is 
caused by the evaporation of the retained physisorbed water, 
involving a weight decrease of approximately 6%. Between 
the temperatures of 200 °C and 340 °C, appear the other 
remaining peaks, which correspond to the degradation of 

organic matter, that has the effect of losing 80% of the total 
weight of biomass according to (Moussous et al. 2012).

Effect of initial pH on metal ion biosorption

One of the important parameters affecting the biosorption 
capacity for the removal of metal ions and dye from aqueous 
solutions is pH values. Experiments were carried out in a pH 
range from 3 to 8 while maintaining the initial concentration 
of Cr (VI) ions and (CR) dye equal to 50 mg / L, a sorbent 
dose of 1 g/L. As shown in Figure 4, the optimal pH values, 
for the removal of Cr (VI) ions and (CR) dye, estimated are 
at pH 5.4 and 3.5, respectively.

The decreased sorption of Cr (VI) ions and the (CR) 
dye in alkaline media could be due to the decrease in 

Before adsorption After Congo red adsorption After  Cr (VI) adsorption

Fig. 3   Microphotographs of biosorbent particles for magnifications 100

Table 2   µXRF analysis of 
the mineral fraction of the 
biosorbent

Element Ca Si P Fe K Zn Others

% (w/w) 42.9 36.9 13.4 4.1 2.3 0.2 0.2
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Fig. 4   Effect of initial pH
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electrostatic attraction and the competitive biosorption 
between the OH− ions and the anionic dye and (HCrO4

−) 
(CrO4−2) ions at the biosorption sites. In acidic environ-
ments, the low concentration of OH− could be favorable to 
the biosorption of the negative ions on the biomass. A high 
electrostatic attraction could exist between the positively 
charged surface of the biosorbent and the anionic dye and 
(HCrO4

−) (CrO4−2) ions.
Furthermore, this result can be explained by the zero 

charge point (pHpzc) of the Pleurotus mutilus biomass, at 
which the electrical charge on the surface of the biosorbent 
is neutral. The overall charge of the biomass was positive 
in the acid pH values (pH < pH pzc). At pH < 7.94, the 
adhesion mechanism between biomass and pollutants is 
achieved by the electrostatic attraction of the -NH2 amino 
groups present on the biomass’ surface that come in the 
form of -NH3+ (positively charged) and the Congo red and 
chromium ions pollutants charged negatively.

Study of initial concentration effect

Experimental adsorption capacities obtained are shown 
in Fig. 5, and the initial concentration for both pollutants 
varies between 25 and 150 mg/L. According to (Biswas 
et al. 2019) it is evident that increasing the initial concen-
tration increases the adsorption capacity until a plateau is 
reached (C0 = 50 mg/L, qe,max Cr(VI) = 15.08 mg/g, and 
qe,max(CR) = 36.68 mg/g). This plateau is possibly due 
to the saturation of the binding sites (Bendjeffal et al. 
2018). After occupying the active sites on the adsorbent, a 
dynamic equilibrium is established between the chromium 
ions, the Congo red dye, and the adsorbent surface (Rai 
et al. 2016). For the next phase of our tests, we have set at 
50 mg/L as the initial concentration of Cr(VI) and (CR).

Kinetic studies

Many kinetic models have been proposed to elucidate the 
mechanism of adsorption and its potential rate-control-
ling steps that include mass transfer and chemical reaction 
processes.

Several  kinetic models  such  as  pseudo-first-order, 
pseudo-second-order, intraparticle diffusion, and Boyd 
models were commonly used to test the experimental data.

The pseudo-first-order kinetic model was proposed by 
Lagergren which is expressed using Eq. (6), according to 
(Ho and McKay 1999; Lagergren 1898):

The pseudo-second-order model is proposed by (Ho 
and McKay 1999), and based on the assumption that 
the adsorption follows second-order chemisorption, the 
pseudo-second-order model has the following form as pre-
sented in Eq. (7):

The experimental curves of Cr(VI) ions and (CR) dye 
uptake are shown in Fig. 6, and these results indicate that 
the uptake capacity stabilizes and reaches equilibrium 
after a time of 150 min for both pollutants. After this time, 
the equilibrium values obtained were qe = 15.08 mg/g for 
chromium ions and qe = 36.68 mg/g for Congo red dye.

The ionic form of Cr(VI) in solution and the biomass 
ionization degree are significantly related to the pH solu-
tion. Ionic forms of chromium, i.e., HCrO4

−, Cr2O7
2− and 

CrO4
2−, are present for the range of 3.5 < pH < 5.5 accord-

ing to (Rangabhashiyam and Balasubramanian 2018). 
Congo red is known to be an anionic dye. The pHzpc value 
obtained was 7.94.

(6)ln
(
qe − qt

)
= ln

(
qe
)
− K1t

(7)
t

qt
=

1

K2q
2
e

+
t

qe
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Fig. 5   Initial concentration effect on equilibrium biosorption capacity 
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Therefore, at a pH value below 7.94, the surface area of 
Pleurotus mutilus biomass is positively charged. The binding 
of the negatively charged chromium ions and Congo red dye 
to the surface of the positively charged Pleurotus mutilus 
biomass takes place by electrostatic attraction.

The adsorption of (CR) dye and the Cr(VI) ions on the 
biomass is rapid up to 150 min, according to the experi-
mental kinetic curves shown in Fig. 6. In later phases, after 
150 min adsorption became slower and it took longer to 
adsorb the two pollutants due to the decrease in these active 
sites (Dautoo et al. 2017). After this time, the curve reaches 
a plateau, indicating that the biosorption equilibrium has 
been achieved for both pollutants. The pseudo-first-order 
parameters, qe and K1, were calculated based on Fig. 7, 
while those of pseudo-second-order, qe and K2 were esti-
mated from another figure, using the formula t/qt = f(t), not 
presented in this paper. These values are summarized in 
Table 3.

The pseudo-first-order model well describes the experi-
mental kinetic data indicated by the analysis of the experi-
mental results shown in Table 3 where R2 > 0.95 for both 
(CR) dye and Cr(VI) ions.

Intraparticle mass transfer (Weber and Morris)

Weber and Morris (Weber 1963) proposed a model rep-
resented by Eq.  (8). This model will be applied to the 

experimental kinetic data to estimate the intraparticle dif-
fusion coefficient. It can describe the mechanisms and steps 
for controlling the rate that influences adsorption kinetics 
(Nakkeeran and Selvaraju 2017).

Taking into account only the initial period in Weber and 
Morris model, the diffusion coefficient Dw in the solid phase 
can be estimated by using Eq. (9) according to (Selatnia 
et al. 2004)

The value of the diffusion coefficient can be calculated 
by using the first line in Fig. 8, which gives values in the 
range of 4.81 10–14 m2/s for Cr(VI) ions and 1.11 10–13 m2/s 
for (CR) dye. The intraparticle diffusion coefficient can be 
estimated by using another model as Urano and Tachikawa 
model.

Intraparticle mass transfer (Urano and Tachikawa 
model)

It has been proposed by (Urano and Tachikawa 1991) which 
is an intraparticle diffusion model, where external diffusion 
has been neglected due to the low adsorption rate, and the 

(8)qt = Ki.t
0.5

(9)Ki =

(
12qe

dp

)(
Dw

�

)0.5
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e-
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Fig. 7   Application of the pseudo-first-order model to experimental 
kinetic results

Table 3   Kinetics parameters for 
biosorption

Pseudo-first-order Pseudo-second-order

Parameter qe (mg/g)
(experimental)

qe (mg/g)
(model)

K1
(min−1)

R2 qe (mg/g)
(model)

K2
(g.mg−1 min−1)

R2

(CR) dye 36.68 42.14 0.035 0.977 62.50 2.28 10–4 0.936
Cr(VI) 15.50 17.32 0.015 0.954 66.66 3.41 10–5 0.423
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Fig. 8   Application of Weber and Morris model



International Journal of Environmental Science and Technology	

1 3

agitation is considered independent of the adsorption rate 
(Anirudhan and Suchithra 2008), biosorption kinetics were 
modeled by Eq. (10):

The mean diffusion coefficient in solid Di (m2/s) has been 

calculated by plotting − ln

[

1 −
(
qt
/
qe

)2
]

 versus time (t). 

The intraparticle diffusion coefficient may be calculated 
according to Fig. 9, which gives values in the range of 
4.93.10–12 m2/s for Cr(VI) ions and 1.48.10–11 m2/s for (CR) 
dye. These values are lower than the diffusion coefficient of 
the species in solution (10–9 m2/s), suggesting that intrapar-
ticle diffusion can be considered negligible compared to the 
external mass transfer from the liquid film onto the solid 
particle.

Boyd model

As a result of the dual dependence of the adsorption rate on 
the uptake mechanism (Khalid et al. 2017) which is either 
film or intraparticle diffusion (Rangabhashiyam and Selva-
raju 2015), Boyd’s model has been applied to the experi-
mental data for identifying the limiting step (Khalid et al. 
2018; Boyd 1947). According to (Aravindhan et al. 2009), 
the kinetic expression of this model has been reported as 
follows:

The rate of biosorption consists of three stages, namely, 
the diffusion in the film surrounding the solid particle of 
the adsorbent (external mass transfer), followed by an 
intraparticle mass transfer (inside the pores of the par-
ticle), and finally the adsorption on the solid which is 

(10)−ln

[

1 −
(
qt
/
qe

)2
]

=
4�2Dit

d2
p

(11)Bt = −0.4977 − ln(1 − F)

generally assumed to be rapid. The application of the Boyd 
model to experimental kinetic data makes it possible to 
conclude whether intraparticle mass transfer or external 
mass transfer controls the biosorption rate according to 
(Khalid et al. 2018; Boyd 1947). After fitting the equi-
librium data to Boyd’s model by plotting (Bt) versus time 
(t), according to Fig. 10 we can see that the line obtained 
does not pass through the origin (John Babu et al. 2019); 
this allowed us to verify that the rate-controlling step is 
governed by film diffusion. The given relation presented in 
Eq. (10) is used to determine the value of diffusion coef-
ficient Dj according to (Khalid et al. 2017):

where rp is the radius of biomass particles, and the value of 
diffusion coefficient (Dj) for both pollutants is of the order of 
1.79 10–13 m2/s for Cr(VI) ions and 4.79 10−13m2/s for (CR) 
dye. Otherwise, these values are lower than the diffusion 
coefficient of species in solution (10–9 m2/s).

Therefore, we can conclude that the intraparticle mass 
transfer (internal mass transfer) is negligible compared 
to external mass transfer and consequently the diffusion 
through the liquid film surrounding the particle (external 
mass transfer) controls the biosorption rate (Aravindhan 
et al. 2009).

Adsorption isotherms

Different models of adsorption isotherms, namely Lang-
muir, Freundlich, Temkin, and finally Dubinin-Radushk-
evich, were used for simulating the experimental equilib-
rium values of adsorption equilibrium of (CR) dye and 
Cr(VI) ions onto Pleurotus mutilus biomass.

(12)Bt =

(
�2

r2
p

Dj

)

× t
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Fig. 9   Application of Urano and Tachikawa model to experimental 
data
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Langmuir model

Removal of Cr(VI) and (CR) was described by this model as 
single-layer adsorption on a uniform surface, where there are 
no adsorbate interactions at adjacent sites (Langmuir 1918). 
The Langmuir isotherm is presented by a linear model as 
follows:

The coefficient b, as well as the maximum capacity qm, 
may be determined according to the graph representing Ce

qe
 

versus Ce (not shown here). The distribution factor RL pre-
sented in Eq. (14) can describe the characteristics and type 
of the Langmuir isotherm.

Further analysis can be made according to the RL value. 
A favorable adsorption process is dominant for RL varying 
between 0 and 1. While adsorption is linear when RL = 1, 
unfavorable is for RL > 1, it will be irreversible, in the case 
where RL = 0, (Dubey and Gopal 2009; Rai et al. 2016; 
Rezaei 2016).

Given the results of the Langmuir parameter calcula-
tion shown in Table 4, we can conclude that the Langmuir 

(13)
Ce

qe
=

1

qmb
+

Ce

qm

(14)RL =
1

1 + bC0

model inadequately predicts the experimental equilib-
rium values for (CR) dye and Cr(VI) ions according to the 
obtained values of R2, χ2 and ARE. The adsorption process 
is favorable (0 < RL < 1) for both pollutants (Mohagheghian 
et al. 2017; Yang et al. 2016).

Freundlich model

Different energies of the active sites are involved, accord-
ing to the hypothesis of heterogeneity of the adsorption 
surface (Qu et al. 2015). The Freundlich isothermal model 
is applied to experimental data, which is expressed accord-
ing to the following equation:

The plot of lnqe versus lnCe shown in Fig. 11 gives a 
straight line with a slope (1/n) which represents the inten-
sity of adsorption for the Freundlich model. This expo-
nent is lower for more heterogeneous surfaces (Doke et al. 
2013). The results presented in Table 4 illustrate clearly 
that the Freundlich model represents the experimental 
equilibrium values for Cr(VI) ions and the (CR) dye based 
on R2, χ2, and ARE values.

(15)lnqe = lnKF +
1

n
lnCe

Table 4   Isothermal parameters 
for (CR) dye and Cr(VI) ions 
biosorption onto Pleurotus 
mutilus biomass

Isotherm model Equation Parameter Unit (CR) Cr(VI)

Langmuir Ce

qe
=

1

qmb
+

Ce

qm

qm (mg/g) 83.33 90.9
b (L/mg) 0.050 0.039
R2 – 0.975 0.930
RL – 0.591 0.286
χ2 – 38.86 338.04
ARE – 25.96 189.07

Freundlich lnqe = lnKF +
1

n
lnCe

1/n – 0.642 0.720

Kf – 5.387 1.221
R2 – 0.934 0.988
χ2 – 16.33 2.33
ARE – 14.92 7.76

Temkin qe = (RT∕B)lnKT + (RT∕B)lnCe KT (L/g) 0.464 0.114
B (J/mol) 127.84 195.77
R2 – 0.929 0.963
χ2 – 3.78 1.54
ARE – 8.37 8.75

Dubinin-Radushkevich lnqe = lnq
max

− � ∈2

E =
1

√
2×�

qmax (mg/g) 40.44 17.63

β (mol2/J2) 1.10–5 6.10–5

E (kJ/mol) 0.111 0.168
R2 – 0.944 0.992
χ2 – 35.81 21.33
ARE – 32.35 37.26
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Temkin model

The adsorbant–adsorbate interactions are the basis of the 
Temkin isotherm hypothesis. The decrease in biosorp-
tion heat changes linearly with the coverage (Liu and Liu 
2008). This model can be presented using the linearized 
form in Eq. (16) as follows:

We deduce the values of KT and B from the straight 
line representing (qe) as a function of ln(Ce). Temkin 
parameters are presented in Table 4. It can be concluded 
that increasing biosorbent coverage leads to a decrease in 
biosorption heat.

From the results obtained, we can see that the value of 
B (J/mol) is less than 8 kJ/mol. This leads us to conclude 
that the adsorption process of chromium ions and (CR) dye 
is a physical process in nature (physisorption).

The Dubinin‑Radushkevich model

The physical or chemical character of the biosorption is 
identified by applying the Dubinin-Radushkevich model 
(Fontana et al. 2016) as indicated in Eq. (17)

where β is a constant that depends on E (adsorption energy 
in J/mol). Equation (18) may be used for the calculation of 
the parameter ε as follows:

(16)qe = (RT∕B)lnKT + (RT∕B)lnCe

(17)lnqe = lnqmax − � ∈2

(18)� = RTln

(

1 +
1

Ce

)

The plot of ln(qe) versus (ϵ2) not shown here allows 
the calculation of β and therefore the value of E by using 
Eq. (19):

The adsorption process is predicted by calculating the 
value of the adsorption energy E (Liu and Liu 2008). For the 
physisorption process, the value of the average adsorption 
energy is between 0 and 8 kJ/mol. For the chemisorption 
process, the value is in the range of 8 to 16 kJ/mol; in case 
this energy is higher than 16 kJ/mol the particle diffusion 
dominates the adsorption process (Daoud et al. 2019). The 
Dubinin-Radushkevich parameters can be seen in Table 4.

Adsorption energy values E for chromium ions and Congo 
red dye are below 8 kJ/mol, indicating that the adsorption 
mechanism is physical in nature according to Temkin and 
Dubinin-Radushkevich models. By comparing the maxi-
mum of biosorption capacity on Pleurotus mutilus biomass 
obtained for the removal of (CR) dye and Cr(VI) ions with 
our results on other biosorbents (Table 5), it appears that 
Pleurotus mutilus biomass has an acceptable potential for 
recovery (CR) dye and Cr(VI) ions from dilute solutions 
(Co < 50 mg/L).

Study of the temperature effect

The biosorption of chromium ions and Congo red dye on 
Pleurotus mutilus biomass was investigated under optimal 
conditions of pH and initial concentration for both pollut-
ants. This was done for different temperatures from 308 to 
318 K. To assess the feasibility of the process from a ther-
modynamic point of view, the values of the free energy ΔG◦ , 
entropy ΔS◦ , enthalpy ΔH◦ were calculated using Eq. (20) 
and Eq. (21) (Selmi 2018).

where KL = qe/Ce is the equilibrium constant (Jayakumar 
et al. 2014; Khelaifia et al. 2016). From Eq. (20) and by 
plotting the curve ln KL versus 1/T, we can deduce the val-
ues of ∆H° and ΔS◦ as presented in Table 5. The obtained 
results suggest that the binding processes for Cr(VI) ions 
are endothermic 

(
ΔH

◦

> 0
)
 according to (Jayakumar et al. 

2014; Khelaifia et al. 2016) and exothermic for (CR) dye. 
The increase in temperature facilitates the adsorption of 
Cr(VI) ions according to (Jayakumar et al. 2014; Khelaifia 
et al. 2016), whereas the uptake will be not favored by an 
increase in temperature for (CR) dye removal and there is 
an increase in disorder (ΔS◦

> 0 ) according to (Wang et al. 

(19)E =
1

√
2 × �

(20)lnKL = −
ΔH

◦

RT
+

ΔS
◦

R

(21)ΔG
◦

= ΔH
◦

− TΔS
◦
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Fig. 11   Freundlich model plot
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2012). The adsorption process of hexavalent chromium ions 
and Congo red dye is spontaneous according to the negative 
values of ΔG◦ presented in Table 6.

Desorption study

The recycling of the adsorbent through the desorption pro-
cess is the most important aspect from an economic point of 
view. Desorption is an indispensable part of the adsorption 
process. The aim is to estimate the reuse of any adsorbent 
industrially, for ecological interests and sustainable develop-
ment (Bessaha et al. 2019).

In addition, the process allows the adsorbents to be regen-
erated each time so that they can be used in several adsorp-
tion–desorption cycles. The recovery of the metal or dye 
extracted from the liquid phase can be made through the 
desorption process which significantly reduces the cost of 
treatment (Jayakumar et al. 2014; Pathania et al. 2016). After 
the adsorption process, the biomass is recovered by filtra-
tion. The desorption was achieved by introducing a known 
amount of biomass loaded with Cr(VI) ions or (CR) dye into 
a 50-mL beaker. The Cr(VI) ions were treated with HNO3 
and (CR) dye with C2H5OH (Bessaha et al. 2019). The con-
tents are kept under stirring for 1 h. After the desorption 
process, the liquid solution is separated from the biomass 

Table 5   Comparison of 
hexavalent chromium and 
Congo red biosorption capacity 
for different biosorbents

Biosorbent Biosorbent capacity 
qmax(mg/g)

References

Hexavalent chromium Cr (VI)
 Pleurotus mutilus 15.08 This study
 Pleurotus mutilus 29.40 (Alouache et al. 2017)
 Natural foxtail millet shell 11.70 (Peng et al. 2018)
 Agave sisalana fibers 58.60 (Bendjeffal et al. 2018)
 Powdered Cotton Stalk 35 (Doke et al. 2013)
 Rutin resin 41.6 (Fathy et al. 2015)
 Marine green algae Halimeda gracilis 55.55 (Jayakumar et al. 2014)
 Gracilaria corticata (Red Algae) 4.98 (Kavitha et al. 2016)
 Acacia nilotica 8.20 (Khalid et al. 2018)
 Raw biomaterial waste-date stones 70 (Khelaifia et al. 2016)
 Scallop shell-Fe3O4 nanoparticles 34.48 (Mohagheghian and Vahidi-Kolur 2017)
 Strychnine tree fruit shell 142.85 (Nakkeeran and Selvaraju 2017)
 Magnolia leaf biomass 3.96 (Kumar et al. 2019)

Congo red dye (CR)
 Pleurotus mutilus 36.68 This study
 Wheat bran 22.73 (Wang and Chen 2009)
 Pine cone 40.19 (Dawood and Sen 2012)
 Sugarcane bagasse 38.2 (Zhang et al. 2011)
 Aspergillus carbonarius 99.01 (Bouras et al. 2017)
 Penicilium glabrum 101.01 (Bouras et al. 2017)
 Orange peel 22.4 (Namabsivayam et al. 1996)
 Peniclliumsp.YW01 411.53 (Yang et al. 2011)
 Cabbage waste powder 1.6 (Wekoye et al. 2020)
 Cattail root 38.79 (Hu et al. 2010)

Table 6   Thermodynamic 
biosorption values of hexavalent 
chromium ions and Congo red 
dye

Congo red biosorption Chromium biosorption

Temperature 
(K)

ΔG
◦

ΔH
◦

ΔS
◦

ΔG
◦

ΔH
◦

ΔS
◦

300 − 2.61 − 46.44 146.00 − 0.23 24.40 82.10
308 − 1.44 − 0.88
313 − 0.71 − 1.30
318 − 0.02 − 1.70
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by filtration; then, the biomass was regenerated without 
any load on the environment in terms of disposal (Fathy 
et al. 2015). The resulting filtrate containing (CR) dye or 
Cr(VI) ions shows that 80% of the adsorbed (CR) dye and 
90% of the adsorbed Cr(VI) ions have been recovered after 
regeneration; this operation enables reduction of volumes 
of pollution. These satisfactory preliminary results allow us 
to plan further tests on the adsorption–desorption cycle to 
define how many cycles the Pleurotus mutilus biomass can 
be reused. The results obtained will be reported in another 
work.

Simultaneous adsorption of hexavalent chromium 
and Congo red dye

The adsorption mechanism of (CR) and Cr(VI) on biomass 
has been complicated and affected by various interactions, 
such as ion exchange, functional groups, and π–π interaction 
between biomass and adsorbates (Mahmoudi et al. 2020). 
The attractive force between the negatively charged con-
taminants and the positively charged biomass according 
to the pHzpc value can further explain the adsorption of 
(CR) and Cr(VI). The binary adsorption potential of Pleu-
rotus mutilus toward CR and Cr(VI) is illustrated in Fig. 12. 
The percentage of removal for solution 1 (30% (CR) and 
70% Cr(VI)) for (CR) and Cr(VI) was estimated 28.4% and 
30.2%, respectively. When passing from solution 2 to solu-
tion 3 of the binary mixture, the percentages of dye removal 
(CR) increased from 51.8 to 73.0%, while those of Cr (VI) 
decreased from 26.7 to 24.0%, respectively.

However, contrary  to the Congo red removal, the 
removal of hexavalent chromium was not as high, and the 
same observations have been reported by (Kumari et al. 
2018; Mahmoudi et al. 2020).

In the binary mixture solution, a competition was 
observed between (CR) and Cr(VI) to be adsorbed on the 
Pleurotus mutilus biomass. (CR) can efficiently be more 

adsorbed by free sites and adsorbent functional groups. But 
there was no race between (CR) and Cr(VI) in the adsorp-
tion batch of the single solution, while the free functional 
groups were linked with the single adsorbate (Mahmoudi 
et al. 2020).

The biomass of Pleurotus mutilus was capable of simul-
taneously removing both pollutants CR and Cr (VI). In this 
experiment, CR was more effectively eliminated than Cr 
(VI). Neither CR nor Cr(VI) have been completely removed 
in the case of simultaneous removal. Under the operating 
conditions adopted, i.e., room temperature, 20 °C and a pH 
value equal to 5, the maximum elimination percentages were 
of the range of 73% for (CR) dye and 30.2% for Cr (VI) ions. 
The results obtained for the simultaneous mixing of the two 
pollutants are comparable with the case of a single treatment 
of each pollutant, in which the elimination percentages were 
73.4% and 31.4% for (CR) and Cr (VI), respectively.

Conclusion

This research aimed first and foremost to evaluate the capac-
ity of Pleurotus mutilus biomass to be a natural, environmen-
tally friendly, and inexpensive biosorbent for the treatment 
of pollutants in wastewater. The removal of hexavalent chro-
mium ions and Congo red dye using pharmaceutical indus-
try waste, substituting the very expensive process of pollut-
ant removal, showed prominent results as the biosorption 
capacities were 36.68 mg/g for the dye (CR) and 15.08 mg/g 
for Cr(VI) ions. This biomass has been successfully able to 
remove both Congo red and chromium simultaneously with 
higher efficiency of Congo red elimination.

Modeling of these experimental kinetic data indicated 
that the pseudo-first-order kinetic model matched well with 
the experimental results for Cr(VI) ions and (CR) dye.

Experimental data applied to diffusion models such as 
Weber-Morris, Urano-Tachikawa, and Boyd models demon-
strate that external mass transfer is the dominating process 
controlling the biosorption rate of (CR) dye and Cr(VI) ions 
on the Pleurotus mutilus biomass.

The adsorption is multilayer and physical in nature 
according to adsorption isotherms models of Freundlich, 
Temkin, and Dubinin-Radushkevich. The values of ΔGo 
and ΔHo indicated a spontaneous and physical biosorption 
in nature. The (CR) dye and Cr(VI) ions biosorption are 
exothermic and endothermic, respectively, according to the 
obtained ΔHo values.

The results of this research are glaring evidence that 
Pleurotus mutilus biomass (waste originally destined for 
incineration) can be considered as a cost-effective source for 
the removal of (CR) and Cr(VI) from contaminated waters. 
Low-cost adsorbents used in biosorption and might be sus-
tainable, feasible, and economically exploitable technology.
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Fig. 12   Binary adsorption of (CR) and Cr(VI) by Pleurotus mutilus at 
different ratios of solution concentration
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The recycling process using C2H5OH and HNO3 solutions 
has achieved regeneration rates of approximately 80% for 
(CR) dye and 90% for Cr(VI) ions, respectively. It reduces 
the cost and opens the capability of recovering the metal or 
dye extracted out of the liquid phase.

Therefore, the importance of these studies for the practi-
cal and economical use of biosorbents that prohibit the treat-
ment of dilute wastewater containing (CR) dye and Cr(VI) 
ions is quite clear.

The increase in the removal of Cr(IV) ions and (CR) 
dye by chemically modified Pleurotus mutilus biomass or 
biochar would be the next step in our research and prelimi-
nary results so far exhibited satisfactory results and will be 
reported on other works.
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