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a b s t r a c t
The research investigated the sorption efficiency of two dyes: Reactive Black 5 (RB5) and Basic 
Violet 10 (BV10), on the waste biomass of common mushroom (Agaricus bisporus). The scope of the 
study included: Fourier-transform infrared spectroscopy analysis of mushroom biomass, study 
on the effect of pH (pH 2–11) on the sorption efficiency of RB5 and BV10 on mushroom bio-
mass, determination of the sorbent’s pHPZC point, study on sorption kinetics (sorption equilib-
rium time, pseudo-first-order and pseudo-second-order, intramolecular diffusion model) as well 
as determination of the maximum sorption capacity of the tested sorbents (description of experi-
mental data with Langmuir 1, Langmuir 2, and Freundlich isotherms). Sorption of RB5 and BV10 
on mushroom biomass was most effective at pH 2. The sorption equilibrium time for RB5 ranged 
from 150 to 180 min, and for BV10 it reached 210 min. The data from the sorption kinetics stud-
ies were best described by the pseudo-second-order model. The intramolecular diffusion model 
indicated that the sorption of both RB5 and BV10 on mushroom biomass took place in three main 
phases, differing in sorption intensity and duration. The sorption capacity of mushroom biomass 
in relation to the anionic dye RB5 was – qmax = 180.6 mg/g and was several times greater than in 
relation to the cationic dye BV10 – qmax = 4.0 mg/g.

Keywords:  Sorption; Unconventional sorbents; Common mushroom biomass; Reactive Black 5; 
Basic Violet 10

1. Introduction

About 10,000 types of dyes are available on the global 
market, and their total annual production reaches over 
800,000 tons (Mg) [1]. Dyes are mainly produced for the 
needs of the textile, tanning, dyeing, and paper indus-
tries. Their considerable quantities are often lost during 
the process of materials dyeing. Depending on the dye-
ing technology deployed, from 5% to 50% of the weight of 
dyes used in the production may end up in the wastewater. 

The largest producer of colored wastewater is the textile 
industry, generating even 200,000 tons (Mg) of colored 
substances annually that end up in its post-production 
waters [2], thereby making them particularly hazardous 
to the environment.

The use of ineffective color wastewater decolorization 
technologies may result in the release of dyes into the nat-
ural environment. In natural water reservoirs, the colored 
substances limit the inflow of solar radiation to sub-
merged hydrophytes, contributing to their photosynthesis 
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inhibition [3]. In addition, many color substances reduce 
the efficiency of diffusion of atmospheric oxygen in waters, 
which, combined with low photosynthesis efficiency, may 
result in the risk of development of anaerobic conditions in 
the waters. Additionally, a significant part of dyes as well 
as products of their partial decomposition (e.g., aromatic 
amines) may be highly toxic to aquatic organisms [4]. In 
summary, the use of ineffective methods of wastewater 
decolorization may ultimately lead to the degradation of 
the ecosystem of nearby water reservoirs. Therefore, the 
development and improvement of the color wastewater 
treatment technology seems to be a priority.

It is commonly believed that sorption is one of the 
most effective and, at the same time, the most environ-
mentally friendly methods of wastewater decolorization 
[5–7]. Active carbons are popular and widely used sorbents 
for wastewater decolorization. Due to the large surface 
area (500–1,500 m2/g) [8], these materials have good sorp-
tion properties in relation to most of the dyes used in the 
industry. The main disadvantage of active carbons is their 
high price associated with their high production or regen-
eration costs. Hence, the search for a cheaper alternative 
is currently underway in order to make sorption-based 
technologies economically viable.

Currently, high hopes are fostered with the use of 
waste materials from the agri-food industry as a raw 
material for the production of sorbents. Examples of mate-
rials that can potentially act as sorbents are the stems and 
leaves of crops, seed shells, and vegetable and fruit peels 
[9]. These materials usually exhibit a fairly good binding 
efficiency of basic dyes. The sorption capacity of waste 
plant biomass is mainly due to the content of polysaccha-
rides in the biomass (cellulose, hemicellulose, starch) and 
lignins (tree wood) [10]. The advantage of this type of 
material is the wide availability and very low price.

Theoretically, waste mushroom biomass can also 
serve as the sorption material. One of the best known spe-
cies of cultivated mushrooms is the common mushroom 
(Agaricus bisporus). It is of great economic importance as 
its global production reaches about 2 million tons (Mg) 
annually (2019) [11]. In the process of selection and pro-
cessing of mushroom fruiting bodies, a significant part 
of the mushroom biomass becomes post-production 
waste. These are mainly: mushroom tails (lower part of 
fruiting bodies), broken fragments of fruiting bodies 
(cap, gills or stem) as well as out-of-class fruiting bodies. 
These production wastes must be managed.

Mushroom fruiting bodies are made in about 92% of 
water. Their dry matter is mainly composed of proteins 
and carbohydrates. The mushroom cell walls contain 
large amounts of chitin, which accounts for approximately 
6%–10% of mushroom dry weight [11,12]. Due to the high 
content of both proteins and chitin, the waste biomass of 
mushrooms can potentially be a very good sorbent for both 
anionic and cationic dyes. In addition, it is widely available 
in Europe and cheap. Therefore, it can be assumed that this 
material is an attractive alternative to conventional sorbents.

The study investigated the sorption efficiency of two 
dyes very popular in the industry: Reactive Black 5 and 
Basic Violet 10 on waste biomass of mushrooms (Agaricus 
bisporus).

2. Materials

2.1. Common mushroom biomass (Agaricus bisporus)

Waste mushroom biomass from the local cultivation 
of common mushrooms (Agaricus bisporus) (Warmian–
Masurian Voivodeship, Poland) was used in the research. 
The mushroom biomass consisted mainly of: mushroom 
stems (lower part of the fruiting body), broken pieces of 
fruiting bodies as well as non-class fruiting bodies. The 
standard dry matter composition of common mushrooms 
is as follows: carbohydrates (saccharides) – 53.1%–56.5% 
(including chitin – 5.9%–8.9%); proteins – 29.1%–36.2%; 
fats – 1.9%–3.6%; and ash – 9.2%–11.4% [13–15].

2.2. Dyes

Two dyes, very popular in the industry, were used in 
the research: Reactive Black 5 and Basic Violet 10. The dyes 
were purchased at the “BORUTA S.A.” dye production 
plant in Zgierz (Łódź Voivodeship, Poland).

Reactive Black 5 (RB5) is an anionic reactive dye. 
It belongs to the class of diazo dyes and possesses vinyl-
sulfone and sulfone functional groups. Its molecular mass 
is 991.8 g/mol, whereas its absorption maximum is reached 
at the wavelength of 600 nm. It is mainly used for dyeing 
cotton, wool, and polyamide fibers. It can be found under 
commercial names Remazol Black B, Begazol Black B or 
Black B. Basic Violet 10 (BV10) is a cationic dye belonging 
to the class of xanthene dyes. It owes its cationic charac-
ter to tertiary amine groups. It possesses a carboxyl func-
tional group capable of ionization. Its molecular mass is 
479.0 g/mol, and it exhibits absorption maximum at a wave-
length of 554 nm. BV10 is used to dye cotton, paper, and 
leather. Its other commercial names include Rhodamine B 
or Brilliant Pink B. Structural formulas of both dyes used in 
the study are depicted in Fig. 1.

2.3. Laboratory equipment

The following laboratory equipment was used during the 
experiments:

• pH-meter HI 221, Hanna Instruments (USA) – pH mea-
surement and regulation

• UV/VIS spectrophotometer UV-3100PC, VWR (China) – 
measuring the concentration of dyes in solutions

• multi-station magnetic stirrer MS-53M Magnetic Stirrers, 
GMI (USA) – sorption of dyes

• laboratory grinder A 11 basic, IKA (China) – grinding 
mushroom biomass

• FT/IR-4700LE, FTIR Spectrometer with single reflection 
ATR attachment, JASCO INTERNATIONAL (Japan) – 
preparation of sorbent Fourier-transform infrared (FTIR) 
spectra

3. Methodology

3.1. Preparation of sorbent based on waste biomass of common 
mushroom (CB)

Waste mushroom biomass (fragments of fruiting bodies 
and caps as well as unclassified fruiting bodies) was cleaned 
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of the remains of the subsoil and then washed on a sieve 
with distilled water. The purified mushroom biomass was 
crushed in a laboratory grinder and then sieved through 
laboratory sieves with a mesh size of 2 and 3 mm, respec-
tively. The selected fraction of waste common mushroom 
biomass with a particle diameter of 2–3 mm (CB) was stored 
in a sealed container in a laboratory refrigerator (at 4°C).

3.2. Preparation of dye solutions

Stock solutions of dyes (1,000 mg/L) were prepared by 
dissolving the appropriate amounts of dyes in the pow-
dered form in deionized water. Dye working solutions 
were prepared by diluting stock solutions with deionized 
water. The pH of the dye solutions was adjusted by dos-
ing 0.1/1.0 M HCl or 0.1/1.0 M NaOH with continuous pH 
measurement.

3.3. Research on the influence of pH on the effectiveness of dye 
sorption

CB (1.0 gDM; assumed dose of sorbent – 2.0 gDM/L) was 
weighed on a precision balance into a series of beakers 
(600 mL capacity each). Then, 500 mL of previously pre-
pared working solutions were added to the beakers with 
dyes at the following concentrations: 10 mg/L (for BV10) 
or 50 mg/L (for RB5) and subsequent pH values: 2, 3, 4, 5, 
6, 7, 8, 9, 10, and 11. The beakers with the solutions were 
placed on a multi-station magnetic stirrer (200 rpm; the 
dimensions of the stirrers 8 mm × 40 mm) for 120 min 
(the assumed mixing parameters guaranteed the mixing 
of the sorbent in the entire volume of the solution). After 
the appointed time, samples of the solutions (10 mL) were 
collected with an automatic pipette into the previously 
prepared polypropylene test tubes (12 mL volume each). 
The concentration of dyes in the collected solutions was 
determined using the spectrophotometric method. The pH 
of the solutions after sorption was measured as well.

3.4. Studies on the kinetics of dye sorption

CB (2.0 gDM) was weighed to a series of beakers 
(1,000 mL each) and then dye solutions with the optimal 
pH (determined based on the results from point 3.3) with 

a concentration of 10/50 mg/L (for BV10) or 50/500 mg/L 
(for RB5) were added to the beakers. The beakers were 
then placed on multi-station magnetic stirrers (200 rpm). 
Samples of the solutions (5 mL each) were collected by 
an automatic pipette at intervals of 0, 10, 20, 30, 45, 60, 90, 
120, 150, 180, 210, 240, 270, and 300 min into the previously 
prepared test tubes (vol. 12 mL). The concentration of dyes 
was determined spectrophotometrically in all samples 
at the end of the experiment.

3.5. Research on the maximum dye sorption capacity

Dye solutions with concentrations of: 5, 10, 25, 50, 75, 
100, 150, and 200 mg/L (for BV10) or 10, 50, 100, 200, 300, 
400, 500, and 600 mg/L (for RB5) and optimal pH (point 
3.3) were added to beakers (vol. 600 mL) with weighed CB 
(1.00 gDM each). Then, the beakers were placed on multi- 
station magnetic stirrers (200 rpm) for the sorption equilib-
rium time (determined in point 3.4). After the equilibrium 
time had elapsed, samples (10 mL) were taken from the 
beakers for spectrophotometric determination of the con-
centration of the dye remaining in the solution.

All stages of the research and analyses were carried out 
at 22°C. The different range of the initial dye concentra-
tions resulted from obvious differences between the sorp-
tion efficiency of anionic and cationic dyes on mushroom 
biomass. However, when planning the research, the series 
with the concentration of 50 mg/L common for both dyes 
(point 4.3) was prepared.

3.6. Calculation methods

The amount of dye adsorbed onto CB was determined 
using Eq. (1):

Q C C V
mS = − ×( )0  (1)

where QS – mass of sorbed dye (mg/gDM); C0 – initial dye 
concentration (mg/L); C – the concentration of dye left in 
the solution after the sorption process (mg/L); V – solution 
volume (L); m – sorbent mass (gDM).

The kinetics of dye sorption onto CB was described using 
the pseudo-first-order model (2) [16], the pseudo-second- order 

Fig. 1. Structural formulas of Reactive Black 5 and Basic Violet 10 dyes.
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model (3) [16], and the intramolecular diffusion 
model (simplified intraparticle diffusion model) (4) [17].

∆
∆
q
t
k q qe= × −( )1  (2)

∆
∆
q
t
k q qe= × −( )2

2
 (3)

q k t= ×id
0 5.  (4)

where qe – equilibrium amount of sorbed dye (mg/gDM); 
Q – instantaneous mass of adsorbed dye (mg/gDM); k1 – 
sorption rate constant in the pseudo-first-order model 
(1/min); k2 – sorption rate constant in the pseudo- second-
order model (g/(mg min)); kid – sorption rate constant in 
the intramolecular diffusion model (mg/g·min0.5); t – sorp-
tion time (min).

Experimental data from research upon maximum 
sorption capacity of waste biomass of mushrooms are 
described by the Langmuir 1 isotherm (5) [18], Langmuir 2  
isotherm (dual-site Langmuir) (6) [19], and Freundlich 
isotherm (7) [20].
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qe – equilibrium amount of sorbed dye [mg/g DM]; 
qmax – maximal capacity of the monolayer [mg/g DM]; 
b1 – maximal capacity of the monolayer (mg/gDM); b1 – 
maximal capacity of type I active sites in the monolayer 
(mg/gDM); b2 – maximal capacity of type II active sites in 
the monolayer (mg/gDM); K1/K2 – constants in the double 
Langmuir equation (L/mg); K – constant of the sorption 
equilibrium in the Freundlich equation; C – the concentra-
tion of dye left in the solution after the sorption process 
(mg/L); n – heterogenicity parameter (Freundlich model).

4. Results and discussion

4.1. FTIR analysis of mushroom waste biomass

The FTIR spectrum of Agaricus bisporus waste bio-
mass is typical for mushroom fruiting bodies (Fig. 2). The 
“stretching vibration” of the O–H bond is responsible for 
the wide band in the area of 3,500–3,000 cm–1. The peaks 
at 3,270 and 3,100 cm–1 indicate “N–H stretching vibra-
tion” of amides A and B of proteins present in the sorbent 
structure [21]. The peaks at 1,624, 1,546 and 1,260 cm–1 
indicate the presence of first, second, and third order 
amides, which also indicates the presence of proteins in the  
sorbent [22].

The presence of carbonyl groups is confirmed by the peak 
at 1,420 cm–1, corresponding to the stretching vibration of C=O 

[21]. The peaks at 2,850 and 2,920 cm–1 represent the symmet-
ric and asymmetric stretching of the CH2 group of fatty acids 
or unsaturated lipids contained in the sample [22] (Fig. 2).

A series of peaks in the 1,240–900 cm–1 range are char-
acteristic of polysaccharides [23]. The saccharide ring 
stretching vibrations are responsible for the very pro-
nounced peaks at 1,009 and 1,021 cm–1. The peaks at 1,201 
and 1,154 cm–1 indicate glycosidic C–C and C–O–C bonds, 
while the peaks at 1,106; 1,059; 951 and 895 cm–1 can be 
attributed to the bending of the C–O–H bond of β-glucans 
(chitin, mannans, galactans and xylans) [23]. The peak at 
1,372 cm–1 suggests the presence of an ether bond of the 
polysaccharides. The peak at 1,309 cm–1 is characteristic for 
the acetamide group of chitin present in the sorbent and is 
attributed to the stretching of the C–N bond [24,25] (Fig. 2).

4.2. Influence of pH on the sorption effectiveness of dyes on CB

The sorption efficiency of anionic reactive dye RB5 on 
CB was the highest at pH 2 and decreased with the increase 
of the initial pH, up to pH 11. The greatest decrease in 
the efficiency of RB5 binding to CB was noted in the pH 
range of 3–4 (Fig. 3A).

A similar tendency was observed in the research on 
RB5 sorption on sawdust [26], cotton fibers [27], chicken 
feathers [28] or activated carbon [29]. This indicates a sim-
ilar dye binding mechanism, mainly related to electrostatic 
interactions between the sorbent surface and the functional 
groups of the dye.

The high efficiency of RB5 sorption on CB at low pH 
was due to the anionic nature of the dye. At a very low 
pH (pH 2), the concentration of hydronium ions (H3O+) in 
the solution was so high that not only the basic functional 
groups of proteins and chitin (amino and acetamide), but 
also the hydroxyl groups of polysaccharides were inten-
sively protonated (–OH + H3O+ → –OH2

+ + H2O). The large 
total positive charge on the CB surface electrostatically 
attracted RB5 anions, which significantly intensified dye 
sorption.

As the pH of the solution increased, the concentration 
of hydronium ions decreased, which resulted in a decreas-
ing amount of protonated functional groups. At pH > 3, 
the hydroxyl groups practically did not undergo proton-
ation, while most of the acid functional groups of proteins 
(carboxyl groups) were deprotonated, which generated 
negative charges. The significantly reduced total posi-
tive charge on the CB surface in the pH 3–4 range explains 
the significant decrease in the sorption efficiency of 
RB5 observed in this range.

At pH > 9, most of the amine and acetamide func-
tional groups of CB existed in a non-ionized form, and 
at pH > 10 hydroxyl groups could be deprotonated 
(–OH + OH– → –O– + H2O). Under these conditions, the 
CB surface gained a strong total negative charge, which 
additionally inhibited the binding of RB5 on the sorbent’s 
surface.

The sorption efficiency of BV10 on CB, similar as in 
case of RB5, was the highest at pH 2 and decreased with 
increasing pH. However, the influence of pH on the bind-
ing efficiency of BV10 was not as significant as it was in the 
test series with anionic dye (Fig. 3B). A similar effect of pH 
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on dye sorption was noted in the research unto the sorption 
of BV10 on tea leaves, used coffee beans [30], sawdust [26] 
and pumpkin seeds [31].

Due to the presence of a carboxylic functional group, 
Basic Violet 10 is capable of generating a local negative charge 
in an aqueous solution (–COOH + H2O → –COO– + H3O+). 
Due to this property, despite its generally basic nature, 
BV10 was able to react similarly to an anionic dye and bind 
efficiently to the CB surface at low pH.

CB influenced the pH of the dye solution during sorp-
tion. In the initial pH range of 4–10, the pH value of the 
solutions after sorption was established in the range of pH 
4.94–6.89 for RB5 and pH 5.05–6.70 for BV10 (Fig. 3C and 
D). Changes in the pH of solutions during sorption are a 
phenomenon typical of most sorption processes. The sys-
tem always strives to obtain a pH at which the sorbent 
has a total zero charge on its surface (pHPZC). At low pH 
(below pHPZC), hydrogen cations attach to some func-
tional groups of the sorbent. For example:

(–NH2 + H3O+ → –NH3
+ + H2O)

(–COO– + H3O+ → –COOH + H2O)

(–OH + H3O+ → –OH2
+ + H2O)

This leads to a decrease in the concentration of hydro-
nium ions in the solution and therefore also to an increase 
in the pH in the system. On the other hand, at high pH 
(above pHPZC), protons detach from some of the CB 
functional groups. For example:

(–NH3
+ + OH– → –NH2 + H2O)

(–COOH + OH– → –COO– + H2O)

(–OH + OH– → –O– + H2O)

The released hydrogen cations attach to the hydroxyl 
anions, neutralizing the high pH of the solution.

The pH value of the zero charge point determined for 
CB with the Boehm titration method was pHPZC = 5.4 (Fig. 3E 
and F). This value suggests that the sorbent is quite acidic.

The next stages of the research were carried out at 
the optimal sorption pH for each dye (pH 2).

4.3. Sorption kinetics of dyes on CB

The equilibrium time of dye sorption on CB ranged from 
150 min (for C0 = 50 mg/L) to 180 min (for C0 = 500 mg/L) in 
the case of RB5 and reached 210 min (for C0 = 10–50 mg/L) 
in the case of BV10 (Fig. 4). Sorption of both dyes was 
the most intense in the first minutes of the process. 
Already after 30 min the amount of RB5 removed from 
the system ranged from 76.7% (C0 = 500 mg/L) to 82.8% 
(C0 = 50 mg/L) of the qe value, and in case of BV10 – from 
51.8% (C0 = 50 mg/L) to 72.9% (C0 = 10 mg/L) of the qe value 
(qe – equilibrium amount of sorbed dye).

The experimental data from the research on the sorption 
of dyes on CB have been described by pseudo-first-order and 
pseudo-second-order models (Fig. 4 and Table 1). In each 
research series, the best fit to the obtained data was shown 
by the pseudo-second-order model, which is typical for the 
sorption of organic dyes on biomass-based sorbents [32,33].

Fig. 2. FTIR spectra of CB.
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Table 1
Kinetic parameters of RB5 and BV10 sorption onto CB determined from the pseudo-first-order model and pseudo-second-order 
model

Dye Dye  
conc.

Equilibrium 
time

Exp. data Pseudo-first-order model Pseudo-second-order model

qe,exp k1 qe,cal R2 k2 qe,cal R2

(mg/L) (min) (mg/g) (1/min) (mg/g) (–) (g/(mg·min)) (mg/g) (–)
RB5 50 150 23.82 0.0924 22.96 0.9663 0.0066 24.43 0.9946

500 180 149.53 0.0681 144.56 0.9668 0.0007 156.24 0.9965
BV10 10 210 0.98 0.0451 0.96 0.9899 0.0591 1.07 0.9967

50 210 5.24 0.0214 5.27 0.9914 0.0034 6.47 0.9939
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The values of k2 and qe determined from the pseudo- 
second-order model, in the case of both RB5 and BV10 
sorption, were very highly dependent on the initial dye 
concentration. This may indicate a relatively low affinity of 
both dyes to the CB functional groups (Table 1).

The experimental data was also described with the intra-
molecular diffusion model. The graphs presented in Fig. 5 
show that the sorption process of RB5 and BV10 on CB took 
place in 3 main phases (Fig. 5 and Table 2).

In the first, the most intense and the shortest phase, 
the dye molecules probably diffused from the solution 
onto the sorbent’s surface and the sorbate occupied the 
most accessible active sites. When most of the sorption 

centers in the CB top layers had been saturated, the 
second phase began. At this stage, dye molecules com-
peted with each other for the last free sites on the sor-
bent’s surface and began to penetrate into the deeper CB 
layers. Phase 2 was much less intense than phase 1 and 
was also longer. In phase 3, the last available active sites 
in the sorbent’s structure were occupied. This sorption 
phase was characterized by the lowest efficiency due to 
the small number of free sorption centers and the strong 
interaction between the dye molecules (Table 2).

The strong relationship between the initial dye concen-
tration and the constants kd1, kd2 and kd3, determined from the 
intramolecular diffusion model, confirms the relatively low 

Fig. 5. The intramolecular diffusion model of sorption of: (A) RB5 (50 mg/L), (B) RB5 (500 mg/L), (C) BV10 (10 mg/L), and (D) BV10 
(50 mg/L) onto CB. Temp. 22°C. Experiments were performed in triplicate. Markers denote the mean value and error bars – min. and 
max. values.
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affinity of both dyes to CB sorption centers. This suggests 
that CB’s dye sorption capacity will increase along with an 
increasing dye concentration in the solution.

The much higher efficiency of RB5 sorption on CB 
compared to BV10 was due to the anionic nature of the 
Reactive Black 5 dye. At pH 2, RB5 anions were much more 
electrostatically attracted by the positively charged sor-
bent surface than the BV10 cations. The stronger electro-
static interaction of RB5 with the CB surface also explains 

the shorter sorption equilibrium time (Fig. 4 and Table 1)  
and the shorter duration of the first two key sorption 
phases on CB (Fig. 5 and Table 2).

4.4. Maximum dye sorption capacity

Experimental data from studies on the maximum dye 
sorption capacity of CB were described by the Langmuir 1, 
Langmuir 2 and Freundlich isotherms (Fig. 6 and Table 3). 

Table 2
Rate constants of RB5 and BV10 diffusion determined from a simplified intramolecular diffusion model

Dye Dye conc. 
(mg/L)

Phase 1 Phase 2 Phase 3

kd1 Duration R2 kd2 Duration R2 kd3 Duration R2

RB5
50 5.028 ~10 0.9999 1.271 ~50 0.9648 0.393 ~90 0.9168
500 24.592 ~20 0.9904 7.651 ~40 0.9960 3.830 ~120 0.9674

BV10
10 0.133 ~30 0.9983 0.043 ~90 0.9507 0.007 ~90 0.9412
50 0.529 ~60 0.9586 0.254 ~90 0.9533 0.097 ~60 0.9999

Units: kd1, kd2, kd3 = (mg/g·min0.5); duration (min); R2 (–).
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Fig. 6. Isotherms of sorption of: (A) RB5 and (B) BV10 onto CB. Temp. 22°C. Experiments were performed in triplicate.

Table 3
Constants determined from the Langmuir 1 model, Langmuir 2 model and Freundlich model

Dye Langmuir 1 Langmuir 2 Freundlich

qmax KC R2 qmax b1 K1 b2 K2 R2 K n R2

(mg/g) (L/mg) (–) (mg/g) (mg/g) (L/mg) (mg/g) (L/mg) (–) * (–) (–)

RB5 159.88 0.078 0.9919 180.59 121.66 0.124 58.93 0.058 0.9967 31.98 0.299 0.9381
BV10 4.00 0.049 0.9858 4.00 2.44 0.049 1.56 0.049 0.9858 0.67 0.338 0.8898

*Unit for “K” (Freundlich model) ((mg/g)(L/mg)1/n).
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Based on the value of the determination coefficient (R2), it 
was found that the sorption of RB5 on CB was best described 
by the Langmuir double isotherm (Langmuir 2 model) 
(Table 3). This suggests that at least 2 types of sorption cen-
ters play an important role in RB5 sorption. Presumably, 

the key active sites for the anionic dye RB5 were ionized 
(protonated) amino functional groups of proteins as well as 
protonated acetamide and amino chitin groups. Probably, at 
pH 2, the protonated hydroxyl groups of polysaccharides 
also played a significant role in RB5 sorption on CB.

Table 4
List of sorption capacities of various sorbents against RB5 and BR46 (literature data)

Dye Sorbent qmax (mg/g) Sorption pH Eq. time (min) Source

RB5

Chitosan 566.82 4 1,440 [26]
Chitin 235.65 2 180 [34]
Common mushroom biomass 180.6 2 180 This work
Activated carbon in the form of a powder 125.79 2 240 [29]
Laminaria sp. seaweed biomass 101.5 1 180 [35]
Tobacco stalk waste biomass 92.84 2 120 [35]
Activated carbon modified with surfactant 69.9 2 <60 [36]
Activated carbon (commercial, powder) 58.8 – – [37]
Cotton stems (plant waste) 35.7 1 360 [38]
Rape stalks 32.8 2.5 120 [39]
Walnut wood activated carbon 19.3 5 405 [37]
Wheat straw 15.7 7 195 [40]
Beech sawdust 13.9 3 1,440 [26]
Cotton seed shell 12.9 2 30 [41]
Hen feathers 5.19 2 210 [28]
Compost 4.8 3 120 [42]
Fly ash 4.4 5.6 1,440 [43]
Sunflower seed peel 2.89 3 150 [43]
Macadamia seed husks 1.21 3 510 [44]
Sunflower biomass 1.1 2 210 [45]
Pumpkin seed husks 1 3 60 [31]
Coconut shells 0.82 2 60 [46]

BV10

Pumpkin seed husks 96 3 60 [31]
Commercial active carbon powder 72.5 4 1,440 [29]
Spent coffee grounds 59.3 3 240 [30]
Active carbon from palm bark 30 3 – [47]
Beech sawdust 28.99 3 1,440 [26]
Coconut shells 28.5 3 180 [46]
Active carbon from jute fiber 28 8 220 [48]
Spent green tea leaves 26.7 3 240 [30]
Baker’s yeast 25.2 6.5 72 [49]
Banana peels 20.6 6 1,440 [50]
Active fiber from walnut shell 18.7 – – [51]
Coconut fiber 16.5 7 90 [52]
Sugar cane fiber 10.4 – – [53]
Chitosan 5.9 4 1,440 [29]
Lemon peel 5.66 3 240 [54]
Mandarin peel 5.03 3 240 [54]
Cedar cones 4.6 N.A. 720 [55]
Common mushroom biomass 4.0 2 210 This work
Mango leaves (powder) 3.3 N.A. 48 [56]
Orange peels 3.2 4 – [50]
Coffee powder 2.5 2 180 [57]
Fly ash 1.9 N.A. 72 [43]
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In the case of BV10 sorption on CB, the coefficient of 
determination (R2) calculated from the Langmuir 1 model 
had the same value as in the case of Langmuir 2. The same 
values were also computed for the constants K1/K2 and KC as 
well as the qmax capacity (Table 3). This may suggest the exis-
tence of one main sorption center for BV10 or a very sim-
ilar sorption mechanism common to all types of sorption 
centers (acetamide, amine and hydroxyl functional groups).

The maximum RB5 sorption capacity of was 180.59 mg/g, 
and that of BV10 sorption capacity was 4.00 mg/g.  
The K1 and K2 constants determined from the Langmuir 2 
model also indicate a greater degree of RB5 affinity to CB 
compared to BV10.

The high sorption capacity of mushroom biomass in 
relation to the anionic dye Reactive Black 5 was due to 
the high content of proteins and chitin in the tested sor-
bent, which were rich in basic, easily protonated functional 
groups (amine, acetamide). The much lower sorption 
capacity of CB relative to BV10 compared to RB5 was 
probably due to the basic nature of Basic Violet 10. At 
pH 2, diffusion of BV10 from the solution near the sor-
bent’s surface was hindered by electrostatic repulsion 
between the protonated CB functional groups and the 
dye’s cations. Presumably, sorption of BV10 on the sor-
bent’s surface occurred only when the deprotonated car-
boxyl group of the dye approached close enough to the 
protonated amino, acetamide or hydroxyl group of CB.

Table 4 lists the sorption capacities of various sor-
bents in relation to the RB5 and BV10 dyes tested in this  
study.

Mushroom biomass had a greater sorption capacity 
of the anionic dye RB5 than most unconventional sorbents 
based on plant biomass (Table 4). Interestingly, the sorption 
of RB5 onto CB was more efficient than on some types of 
activated carbons. CB had a similar sorption capacity to the 
much more expensive pure chitin (Table 4).

CB proved to be an inefficient sorbent of the cationic 
dye BV10. Much higher BV10 sorption capacity is achieved 
by sorbents based on waste plant lignocellulosic biomass 
(Table 4). It should be noted, however, that chitosan, which 
is one of the best sorption materials for anionic dyes, has a 
similar BV10 sorption capacity to that of CB.

The study results and the analysis of literature data 
suggest that mushroom biomass may show better sorp-
tion capacity than activated carbons. Theoretically, CB can 
be successfully used in wastewater treatment from anionic 
dyes, which are the most common type of contamination of 
colored industrial wastewater [58].

5. Conclusions

Mushroom biomass can be a very efficient sorbent 
of the anionic dye RB5 (qmax = 180.6 mg/g). However, it 
proves ineffective in the sorption of the cationic dye BV10 
(qmax = 4.0 mg/g). The study result is presumably due to the 
high protein and chitin content in the sorbent. The amino 
groups present in proteins as well as the amino and acet-
amide groups present in chitin are the key sorption centers 
for anionic dyes.

Sorption of dyes on mushroom biomass was based on 
electrostatic interactions between dye ions and ionized 

functional groups of the sorbent. For this reason, the pH of 
the solution played a significant role in the process of dyes 
binding to CB. In the case of both RB5 and BV10, sorption 
was most effective at pH 2.

Mushroom biomass caused pH to change during 
dye sorption. The system always tended to reach the pH 
value close to the pHPZC of the tested sorbent (pHPZC = 5.4).

Sorption of RB5 and BV10 took place in three main 
phases, differing in intensity and duration. At pH 2, 
the equilibrium time of RB5 sorption (150–180 min) on 
the tested sorbent was shorter than in the case of BV10 
(210 min). Presumably, this was due to the strong electro-
static attraction between the positively charged sorbent sur-
face and the RB5 anions.

The better fit of the Langmuir 2 model to the experi-
mental data of RB5 sorption on mushroom biomass com-
pared to the Langmuir 1 model confirms that more than 
one type of sorption center plays a key role in dye sorption. 
At pH 2, apart from the aforementioned protonated amino 
and acetamide groups, also the protonated hydroxyl groups 
could be important sorption centers.
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