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Abstract
Fermentation process waste was used as an ideal alternative, with low cost and high efficiency, to the expensive methods of 
removing dyes from wastewater. In this study, granular particles of heat treated-lyophilized biomass of the fungi Neonectria 
radicicola were tested to remove the three acid dyes Acid Orange 51 (AO 51), Reactive Red 75 (RR 75) and Direct Blue 
86 (DB 86) from aqueous solutions and their adsorption was characterized in terms of adsorption isotherms and kinetics. 
Biosorption was investigated under different conditions of pH, contact time, temperature, adsorbent dosage and dye con-
centrations. The obtained results showed that optimum pH for dye adsorption was 2.0, the maximum uptake between 30 and 
60 min of contact time and the equilibrium was reached within 60 min. The adsorption kinetics of the three dyes followed a 
pseudo-first-order rate model and Redlich–Peterson model fitted well the adsorption isotherms. The maximum adsorption 
capacities determined from the Redlich–Peterson equation were 120.6, 75.37 and 200.5 L g−1 for AO 51, RR 75 and DB 86, 
respectively. FT-IR analysis indicates the involvement of various functional groups and SEM images showed morphological 
changes.

Keywords  Bio-sorbent · Adsorption · Azo-dyes · Kinetics · Isotherms · Modeling

1  Introduction

Dye wastewater is one of the most important water pollution 
sources associated with several industries such as textile, 
paper, plastic, etc. The amount of dyes discharged from vari-
ous processes in the environment cannot be exactly calcu-
lated. However, it is estimated that 100 tons/year of dyes are 
discharged into water streams with a use of more than 10,000 
tones/year in the textile industry worldwide [1]. Dyes, even 
at low concentration (less than 1 ppm for some dyes), are 
becoming a relevant environmental issue by reducing water 
transparency and oxygen solubility and being often toxic 
and mutagenic for the aquatic flora and fauna [2]. However, 
the removal of these dyes, especially at low concentrations, 
from wastewater is a difficult challenge.

Recently, many biological and chemical techniques have 
been studied to remove dyes from wastewater such as aero-
bic and anaerobic microbial degradation, adsorption [3], 
membrane separation, coagulation, chemical oxidation and 
photo-catalytic degradation [4]. In aerobic and anaerobic 
systems, the biological activity of the microorganisms can be 
inhibited by the harsh environment (pH, salt concentration) 
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while the physical and chemical treatments are usually tech-
nically or economically unfeasible [5, 6]. Also, the wide 
fluctuations in composition, pH and temperature of the dye-
containing wastewater, make their treatment still more dif-
ficult to design and control [6]. The chemical treatments 
(Fenton reagent oxidation, ozonation, photochemical deg-
radation and sodium hypochlorite addition) generate toxic 
compounds due the cleavage of the chromophoric groups 
[7]. In addition, anaerobic bioremediation can be affected by 
this phenomenon [8]. By contrast, adsorption is one of the 
most reliable and versatile physical methods for wastewater 
treatment characterized by high efficiency ease of operation 
and insensitivity to toxic pollutants. However, its effective-
ness and economic sustainability is strictly related to the 
type of adsorbent [9]. For example, activated carbon is the 
most used adsorbent to remove pollutants from wastewater 
due to its high adsorption capacity towards different com-
pounds [10]. However, regeneration of the used carbon is 
expensive (for example thermal regeneration costs about 1–2 
US dollar/kg) [11].

In the last 20 years, research has been focused in devel-
oping low-cost and high effective adsorbents such as those 
based on natural materials (e.g. clay minerals and zeolites), 
bio-sorbents (microbial biomass: bacteria, yeasts, filamen-
tous fungi and algae) and solid wastes from agriculture and 
industry (e.g. pine wood, corncob, bagasse, rice husk, chi-
tosan, etc.). A number of metabolism-independent phenom-
ena, like physical and chemical adsorptions, electrostatic 
interactions, ion exchange, complexation, chelation and 
macro precipitation, are involved in the process and mainly 
take place at cell wall level [12].

Since the 1980s, the use of live or dead biomass for 
adsorption studies has been successfully used, especially 
for the adsorption of heavy metals and some recalcitrant 
pollutants from effluents [13, 14]. Two main advantages are 
provided by dye adsorption on biomass: biomass is a cheap 
adsorbent, most of the time recovered as waste material [7] 
and the composition of the cell walls and the inactivation 
procedure (the disruption of cells after autoclaving) con-
duce to a wide diversity of the active sites and large specific 
surface.

To get a better understanding of the biosorption mecha-
nism, both isotherms and kinetics of dye removal by fungal 
biomass in batch system were studied. In addition, the effect 
of experimental conditions on maximum dye removal effi-
ciency was investigated. Thus, the aim of this study was to 
investigate not only the removal of different acid dyes under 
different experimental conditions by a new bio-sorbent pre-
pared from the fermentation process waste of the fungi Neo-
nectria radicicola, but also to characterize the biosorption 
equilibrium and kinetics towards the studied dyes.

2 � Experimental

2.1 � Preparation of the dye solutions

Three different dyes were investigated in this study, namely 
Acid Orange 51 (AO 51), Reactive Red 75 (RR 75) and 
Direct Blue 86 (DB 86). Stock solutions of each dye were 
prepared by dissolving 50 mg of dye in 50 mL of distilled 
water. Different concentrations ranged between 25 and 
1000 mg L−1 of each dye were obtained by appropriate 
dilution of the stock solutions. The maximum absorbance 
(λmax) of each dye was determined by UV–Visible spectro-
photometry (JENWAY 7315 Spectrophotometer). In Table 1 
the chemical structure and some characteristics of the above 
mentioned dyes are shown.

2.2 � Fungal strain, culture conditions 
and bio‑sorbent material preparation

The fungal strain used in this study was isolated from decay-
ing acacia wood in the northwest of Tunisia and identified 
as Neonectria radicicola [15]. The strain was maintained 
on Petri plates containing 2% malt extract agar (MEA) at 
4 °C and sub-cultured every month. Mycelia suspension of 
the fungal strain were obtained by inoculating four plugs 
(1 cm2), cut from the growing zone of a 5-day-old fungus 
grown on Petri plates, into 1000 mL cotton plugged Erlen-
meyer flasks containing 250 mL of malt extract medium 
(18 g L−1). After one week of incubation, fungal biomass 
was harvested and thoroughly washed with distilled water 
to remove the culture medium. The resulting biomass was 
autoclaved at 121 °C for 45 min in order to kill the fungal 
cells and finally lyophilized, powdered and sieved to obtain 
very fine particles. The average size of these particles, which 
will serve as the biosorbent, was evaluated to be in the range 
of 250 µm.

2.3 � Dye bio‑sorption assays

For dyes bio-sorption, a constant mass of the bio-sorbent 
was mixed with different concentrations of each dye in 
50 mL Erlenmeyer flasks containing 10 mL of dye solu-
tions. The flasks were incubated at 150 rpm and room tem-
perature (30 °C). In order to determine the optimum bio-
sorption conditions, experiments were performed by varying 
the following experimental parameters: pH values (2–12), 
bio-sorbent quantity (0.25–1.5 g), initial dye concentrations 
(25–1000 mg L−1) and contact time (0–120 min). The initial 
pH of the experiment was adjusted by adding 0.1 M HCl 
or 0.1 M NaOH. At the end of the contact time, the bio-
sorbent was separated by centrifugation, followed by the 
analysis of the supernatant for residual dye concentration. 
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All experiments were conducted in duplicate. Dyes removal 
efficiency was determined by Eq. (1):

where C0 and Cf are the initial and equilibrium dye concen-
tration (mg L−1), respectively.

The amount of dye adsorbed onto a unit weight of the 
adsorbent qe (mg g−1) was calculated using the mass balance 
equation given by Eq. (2):

where: qe is the quantity of adsorbed dye per unit mass of 
bio-sorbent (mg g−1), V is the solution volume (L), M is the 
bio-sorbent mass (g).

2.4 � Modeling of bio‑sorption kinetics

Among several kinetics models, pseudo-first order, pseudo-
second order, intra-particle diffusion and Elovich models 
were tested to describe the experimental data. Kinetics stud-
ies for adsorption of dyes were conducted at 50 mL Erlen-
meyers with 10 mL of initial dyes concentration of 50 and 

(1)% dye removal =

(

C0 − Cf

)

∗ 100

C0

(2)qe =
V ∗ (C0 − Cf )

M

100 mg L−1, containing 1 g L−1 of bio-sorbent at tempera-
ture of 30 °C and 150 rpm for 60 min.

2.4.1 � The pseudo‑first‑order model

The pseudo-first-order model equation is expressed as fol-
lows [16]:

After integrating by applying the boundary conditions, 
the following equation can be obtained:

 where qe and q (mg g−1) are the amounts of dyes adsorbed 
by the biomass at equilibrium and at any time t respectively, 
and k1 (min−1) is the pseudo first order rate constant.

2.4.2 � The pseudo‑second‑order model

The pseudo-second-order model proposed by [17] assumes 
that the adsorption process follows second-order chemisorp-
tions. It can be expressed as:

(3)
dq(t)

dt
= k1 ⋅

(

qe − q(t)
)

(4)q(t) = qe ⋅
(

1 − e−k1t
)

(5)
dq(t)

dt
= k2⋅

(

qe − q(t)
)2

Table 1   Physicochemical characteristic of Acid Orange 51, Reactive Red 75 and Direct Blue 86

Dye Class λmax (nm) Chemical structure

AO 51 Azoic 452

RR 75 Azoic 522

DB 86 Phthalocyanine 606
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After integrating for the same boundary conditions, the 
Eq. (5) becomes:

where k2 (g mg−1 min) is the pseudo-second order rate 
constant of the adsorption.

2.4.3 � The intra‑particle diffusion model

To elucidate the dye diffusion mechanism into biomass, the 
mathematical formula for the intra-particle diffusion model, 
as indicated in Eq. (7), was used [18]:

where: c is the intercept (mg g−1) and kp is the intra-
particle diffusion rate constant (mg g−1 min−1/2).

2.4.4 � The Elovich model

The Elovich model is one of the most used models to 
describe the chemo-sorption of a substrate into a solid sur-
face without product desorption. In this reaction, adsorp-
tion yield decreases with time due to the surface coverage 
increase. The Elovich model is generally described by the 
expression indicated in Eq. (8) [19]:

The integration of Eq. (8) gives the form presented in 
Eq. (9):

where: α is the initial adsorption rate (mg g−1 min−1) and � 
is the desorption constant (g mg−1).

2.5 � Biosorption isotherm modeling

The need to design low-cost adsorbents to treat industrial 
effluents has been an interesting concern for most environ-
mental researchers. So modeling of experimental data from 
adsorption processes is a very important means of predict-
ing the mechanisms of various adsorption systems modeling 
[20].

Equilibrium adsorption isotherms of AO 51, RR 75 and 
DB 86 on the studied biomass were analyzed according to 
the most studied models: Langmuir, Freundlich, Temkin 
(two parameters models), Redlich–Peterson and Toth (three 
parameters models), since they are among the most used 
models in the literature and each of them presents a different 

(6)q(t) =
k2 ⋅ q

2
e
⋅ t

1 + k2 ⋅ qe ⋅ t

(7)q(t) = kp ⋅ t
1∕2 + c

(8)
dq(t)

dt
= � ⋅ exp(−� ⋅ q(t))

(9)q(t) =
1

�
⋅ ln(� ⋅ �) +

1

�
⋅ ln(t)

theory of adsorption mechanism. These models suggested 
not only whether the adsorption is single-layer or multi-
layer, but also parameters involved in adsorption mechanism.

2.5.1 � Langmuir model

Langmuir proposed an isotherm model for gases adsorbed 
into solids, which explains adsorption by considering that 
an adsorbent behaves as an ideal gas at isothermal condi-
tions. Langmuir proposed his theory by making the follow-
ing assumption [21]:

where: qe is the equilibrium adsorbent concentrations in 
solution (mg g−1); qm is the maximum adsorption capacity 
of the adsorbent (mg g−1); KL is the Langmuir equilibrium 
constant (L mg−1) and Ce is the equilibrium dye concentra-
tion (mg L−1).

The validity of the Langmuir adsorption equation was 
tested by plotting the linear isotherm described by the fol-
lowing Eq. (11):

2.5.2 � Freundlich model

The Freundlich model is applied to describe adsorption 
on heterogeneous adsorbent surfaces and the interaction 
between adsorbed molecules [22]. Freundlich isotherm 
application suggests that the adsorption energy exponen-
tially decreases. This isotherm is an empirical equation and 
can be employed to describe multilayer adsorption as shown 
in the following expression Eq. (12):

where: KF is the Freundlich constant describing the adsor-
bent adsorption capacity (mg−1/n g−1 L1/n) and n is the het-
erogeneity factor related to the adsorption intensity.

2.5.3 � Temkin model

Temkin isotherm model considers the effect of some indirect 
adsorbate/adsorbate interactions and suggests that the heat 
of adsorption of all the molecules in the layer would linearly 
decrease with coverage [23]. It has been generally applied in 
the following form Eq. (13):

The equation can be linearized as:

(10)qe =
qm ⋅ KL ⋅ Ce

1 + KL ⋅ Ce

(11)
Ce

qm
=

1

qm ⋅ KL

+
Ce

qm

(12)qe = KF ⋅ Ce
1∕n

(13)qe =
R ⋅ T

b
ln
(

A ⋅ Ce

)

(14)qe = B ⋅ ln(A) + B ⋅ ln
(

Ce

)
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where: B =
R⋅T

b
 is the Temkin constant related to heat of 

adsorption (J mol−1); A is the Temkin isotherm constant (L 
g−1); R is the gas constant (8.314 J mol−1 K) and T is the 
absolute temperature (K).

2.5.4 � Redlich–Peterson model

Redlich–Peterson isotherm [24] incorporated the features of 
the Langmuir and Freundlich isotherms into a single equa-
tion and presented a general isotherm equation as indicated 
in Eq. (15):

where: KRP is the Redlich–Peterson model isotherm constant 
(L g−1); �RP is the Redlich–Peterson model isotherm constant 
(L mg−1) and �RP is the Redlich–Peterson model exponent. 
The exponent �RP lies between 0 and 1. There are two limit-
ing behaviors: Langmuir for βRP = 1 and Henry’s law from 
for βRP = 0.

2.5.5 � Toth model

The Toth isotherm model, derived from the potential the-
ory, was proven to be useful in describing the adsorption 
of heterogeneous systems, such as phenolic compounds on 
carbon [25]. It assumes an asymmetrical quasi-Gaussian 
energy distribution with a widened left-hand side, so most 
sites have adsorption energy lower than the mean value. It 
can be represented as:

where: qm is the maximum adsorption capacity of the 
adsorbent (mg g−1); bT is the Toth model constant and nT is 
the Toth model exponent.

It is obvious that for nT = 1 , the isotherm reduces to the 
Langmuir adsorption isotherm equation.

2.6 � Statistical analysis

All fitting tests were established using a Matlab 2010 
algorithm involving the nonlinear least-square regression 
method. The fitting quality was tested using the four usual 
statistical criteria which are: coefficient of determination 
(R2), adjusted coefficient of determination (R²Adj), root 
mean square error (RMSE) and sum of square errors (SSE). 
Model presenting the best fitting is characterized by high 
R² and R²Adj (~ 100%) and low RMSE and SSE (~ 0). All 

(15)qe =
KRP ⋅ Ce

1 + �RP ⋅ C
�RP
e

(16)qe =
qm ⋅ bT ⋅ Ce

[

1 +
(

bT ⋅ Ce

)nT
]1∕nT

model coefficients were determined with 95% confidence 
level (corresponding top < 0.05).

2.7 � Biosorbent characterization

The average size of bio-sorbent particles was measured by 
the mean of the Laser Particle Sizer (LPS) ANALYSETTE 
22 NanoTec.

In order to identify the functional groups responsi-
ble for the adsorption phenomena, FT-IR spectroscopy 
analyses of the bio-sorbent materials before and after dye 
removal were performed. FT-IR spectra, within the range of 
650–4000 cm−1 of bio-sorbent, were recorded using a Cory 
630 FT-IR, Agilent technologies spectrophotometer.

SEM micrographs were taken to investigate textural 
changes on the bio-sorbent surface before and after dye 
adsorption. Analysis were conducted by a scanning elec-
tron microscope JEOL (JFC-1100 E) using an accelerating 
voltage of 15 kV.

3 � Results and discussion

3.1 � Effect of initial pH on dye removal efficiency

Previous studies on dye bio-sorption by heat-treated fungal 
biomass have shown that initial pH has a significant effect 
on dye adsorption capacity of the fungus [26, 27]. In this 
study, the effect of pH on dye removal was studied at pH 
values ranging from 2 to 12 for each fungal biomass-dye 
system. For each pH value, experimental conditions were 
kept constant: dye concentration (50 mg L−1), bio-sorbent 
quantity (1 g L−1), temperature (30 °C) and shaking speed 
(150 rpm). In Fig. 1 is shown that for AO51, the dye removal 
rate decreased from 92 to 42% by increasing the pH from 2.0 
to 12.0. On the other hand, the removal of the dyes RR75 
and DB86 declined sharply above pH 2.0 from 95 to 4% and 
from 98 to 2%, respectively.

The pH of the medium affects not only the surface charge 
of the biomass and the solubility of dye, but also the adsorp-
tion mechanism. The surface of the fungal biomass is gen-
erally charged at different pH values due to the presence 
of ionized groups such as carboxyl, phosphate and amino, 
so an electrostatic attraction could be created between the 
biomass charged positively and the anionic dyes charged 
negatively [28–31]. At alkaline pH conditions, adsorption 
decreased due to the competition between the dye anions and 
the hydroxyl anions for the positively-charged binding sites 
[32]. However, low pH has been found to enhance anionic 
dyes uptake by the biomass of yeast and fungi [33] and also 
by other adsorbent materials such as almond shells used to 
remove the anionic dye Direct Red 80 [34] and beech wood 
sawdust used to remove anionic direct dyes [35]. Since the 
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maximum removal of the three dyes occurred at pH 2.0 after 
1 h of contact time, all further studies were carried out at 
this pH value.

3.2 � Effect of contact time

In order to examine the kinetics of dye binding capacity, 
the three dyes were incubated with the bio-sorbent for 
120 min at different pH values. Samples were withdrawn 
each 30 min and analyzed for residual dye concentration. 
Results presented in Fig. 2 show that the rate of dye uptake 
was very quick at the beginning, with a maximum removal 
in the first 30 min of over 80%, 81% and 96% for AO 51, 
RR 75 and DB 86, respectively. After this initial fast phase, 
the adsorption rate slowed down and reached a plateau after 
60 min, which indicates the equilibrium state of the system. 
An important quantity of all three dyes was removed within 
the first 10 min of the beginning of the interaction. Then, the 
uptake rate gradually decreased until reaching the equilib-
rium at about 60 min after which no appreciable increase in 
the removal efficiency was detected.

This rapid rate of dye removal by fungal biomass has 
significant practical importance for applications in reac-
tors of small volume, so ensuring efficiency and economy 
[10]. During the first phase of adsorption, the fast uptake 
of the dyes might be due to high availability of adsorption 
sites on the bio-sorbent. After that, the significant decline 
in the adsorption capacity was caused by the reduction in 
the available adsorption sites in addition to the repulsive 
forces between the dyes molecules on the biomass and the 
bulk phase [36].

On the other hand, the variation in molecular structure 
and ionic radius between dye molecules has been considered 

as the main reason for different bio-sorption of dyes onto 
fungal and algal biomasses [26, 37].

Fig. 1   Effect of pH on dye removal efficiency by heat-treated biomass 
(bio-sorbent quantity = 1.0  g L−1, dye concentration = 50  mg L−1, 
contact time = 60 min, temperature = 30 °C, shaking rate = 150 rpm). 
“Diamond”: AO 51; “Triangle”: RR 75; “Square”: DB 86

Fig. 2   Kinetics of dye removal by heat-treated biomass at different 
pH values (bio-sorbent quantity = 1 g L−1, dye concentration = 50 mg 
L−1, temperature = 30 °C, shaking rate = 150 rpm) for AO 51 (a), RR 
75 (b) and DB 86 (c). “Diamond”: pH 2; “Square”: pH 4; “Triangle”: 
pH 6; “Times”: pH 8; “Asterisk”: pH 10; “Circle”: pH 12
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3.3 � Effect of bio‑sorbent dosage

The relationship between the amount of bio-sorbent and dye 
adsorption was investigated for six different biomass con-
centrations, ranging from 0.25 to 1.25 mg L−1. Increasing 
biomass loading from 0.25 to 1 g L−1 increased the removal 
percentage for the three dyes (Fig. 3).

There was no significant difference in dye adsorption 
when the bio-sorbent dosage was higher than 1  g L−1. 
Therefore, the optimum biomass dosage for a maximum dye 
bio-sorption was 1 g L−1 for each dye for a contact time of 
60 min. Thus, maximum dye removal efficiencies were 94.9, 
97.3 and 99.6% for AO 51, RR 75 and DB 86, respectively. 
This fact could be explained by the higher the amount of bio-
sorbent used, the higher the number of available adsorption 
sites, there by the higher the adsorbed dye molecules.

3.4 � Effect of initial dye concentration

In this study, the effect of initial dye concentration on dye 
removal was studied at different concentrations ranging from 
12.5 to 1000 mg L−1 at 30 °C, 1 g L−1 biomass dosage and 
pH 2.0. As shown in Fig. 4, color removal by the biomass 
was high for all dyes at initial dye concentrations between 
12.5 and 50 mg L−1 (> 98% for AO 51, > 97% for RR 75 
and > 99% for DB 86) and sharply decreased from 100 mg 
L−1 onwards.

Mohan et al. [38] reported that the initial dye concentra-
tion provides an important driving force to overcome the 
diffusive mass transfer resistance of all molecules between 
the adsorbate and the adsorbent. Moreover, the adsorption 
process is enhanced by the increasing of the number of colli-
sions between the dye anions and the bio-sorbent. However, 
the adsorption yield decreased significantly at higher dyes 
concentrations (> 100 mg L−1). This can be explained by the 
saturation of the available binding sites on the bio-sorbent 
[39].

3.5 � Effect of temperature on dye removal by fungal 
biomass

The effect of temperature on dye removal by Neonectria 
radicicola dead biomass was investigated for different 
temperature values (30–60 °C) under static conditions at 
pH = 2.0 and a contact time of 60 min. As illustrated in 
Fig. 5, the removal percentage increased slightly from 91 to 
95% for AO 51 and from 92 to 97% for RR 75, on the con-
trary for DB 86 the removal percentage decreased slightly 
from 99.9 to 98.6%, when the temperature increased from 
30 to 60 °C.

The removal efficiency of the three dyes at different stud-
ied temperatures showed that the bio-sorption is independent 
on this factor. This result makes this bio-sorbent suitable for 

use at industrial-scale for treatment of dye wastewater via 
bio-adsorption technology.

Fig. 3   Effect of bio-sorbent dosage on dye removal efficiency (dye 
concentration = 50  mg L−1, pH = 2.0, temperature = 30  °C, shaking 
rate = 150 rpm) for AO 51 (a), RR 75 (b) and DB 86 (c). “Diamond”: 
0.25; “Square”: 0.5; “Triangle”: 0.75; “Times”: 1.0; “Asterisk”: 1.25; 
“Square”: 1.5 g L−1
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3.6 � Bio‑sorption kinetics modeling

To compute the bio-sorption capacity of the bio-sorbent 
at equilibrium, samples were collected at various times 
(10–60 min). The kinetics results for the three defined dyes 
and for initial concentrations of 50 and 100 mg L−1 are given 
in Tables 2 and 3, respectively. Also, the statistical (R², R2

adj, 
RMSE and SEE) and models parameters are presented in 

Tables 2 and 3 in order to compare the different fitting qual-
ity of models.

As it can be shown, both the pseudo-first and pseudo-sec-
ond order models fitted well the experimental data, with R2 
and R2

adj ≥ 0.998. In Fig. 6a, b, the comparison between the 
experimental data and the calculated ones by the pseudo-first 
order model, with the identified parameters for the two initial 
concentrations of 50 and 100 mg g−1, is shown. Moreover, 
the bio-sorption capacities (qe) estimated by the models 
were also very close to those obtained by the experiments 
(~ 50 mg L−1).

In fact, most of the bio-sorption studies reported the 
pseudo-second order model is widely adopted to describe 
such as mechanism while it gives a reasonably good fit of 
data, over the entire fractional approach to equilibrium [36]. 
In contrast, the intra-particle diffusion and Elovich models, 
all the determination and adjusted determination coefficients 
found were lower than 0.78. From all results, it could be 
presumed that dye adsorption by all biomass systems were 
controlled by chemo-sorption in which the valence forces, 
as covalent bonds and/or ion exchange, between the adsor-
bent and the adsorbate exist until the surface active sites 
were occupied. Then, the dyes molecules were diffused into 
the bio-sorbent for other interactions [36]. The applicabil-
ity of the intra-particle diffusion model suggested that the 
adsorption process of dyes was a complex mechanism in 
which boundary layer and intra-particle diffusion co-exist. 
However, dye diffusion within the biomass seemed to be 
much slower than dye transfer from the bulk solution to the 
outer biomass surface [40, 41].

Fig. 4   Effect of initial dye concentration on dye removal efficiency 
(bio-sorbent quantity = 1 g L−1, pH = 2.0, temperature = 30 °C, shak-
ing rate = 150 rpm) for AO 51 (a), RR 75 (b) and DB 86 (c)

Fig. 5   Effect of temperature on dye removal efficiency by heat-treated 
biomass (bio-sorbent quantity = 1.0 g  L−1, dye concentration = 50 
mg  L−1, contact time = 60  min, pH = 2.0, shaking rate = 150  rpm). 
“Diamond”: AO 51; “Square”: RR 75; “Triangle”: DB 86
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3.7 � Bio‑sorption isotherm modeling

To design the adsorption system, the investigation of the 
equilibrium bio-sorption is very important in order to deter-
mine the capacity of the bio-sorbent. In the present study, 
the previously presented five isotherm models were applied 
to the equilibrium adsorption data of AO 51, RR 75 and DB 
86 dyes on N. radicicola heat-treated biomass. As 400 mg 
L−1 was the concentration of saturation for fungal biomass, 
the evaluation of bio-sorption kinetics and isotherms was 
studied for concentrations ranging from 12.5 to 400 mg 
L−1. In Table 4, the values of the identified isotherm model 
parameters and their correlation coefficients are presented.

The modeling of adsorption experimental data of the 
three dyes led to good values of correlation coefficients for 
almost all the studied models. Results show that for AO 
51 and DB 86, all models gave a high R2 > 0.94, and for 

RR 75, only the Freundlich and Temkin models have a low 
R2 (~ 0.70). In fact, the Readlich–Peterson model was the 
best one to describe the adsorption mechanism for all dyes, 
according to the comparison of the statistical parameters 
with maximum adsorption capacities of 120.6, 75.37 and 
200.5 L g−1 for AO 51, RR 75 and DB 86, respectively. 
Dyes’ βRP values are less than 1 (except for RR 75). In fact, 
large molecule adsorption, as the case of dyes, is not easy in 
accordance with the theory of monolayer adsorption upon 
which the Langmuir isotherm equation is based. This is 
because impediments exist between pores and adsorbate, 
so the βRP value is usually less than 1 [42]. In Fig. 7, the 
graphical results obtained by the Readlich–Peterson model 
are shown.

The calculated results fitted well the experimental data for 
the three dyes. Moreover, values of R2 and R2

adj obtained by 
the Freundlich model were higher than those obtained by the 

Table 2   Kinetic models parameters for the bio-sorption of the dyes 
Acid Orange 51, Reactive Red 75 and Direct Blue 86 on N. radicicola 
biomass at an initial dye concentration of 50 mg L−1

Models parameters Dyes

AO 51 RR 75 DB 86

Pseudo-first order
 qe (mg L−1) 47.629 48.927 49.791
 k1 (min−1) 0.074 0.099 0.127
 R2 1 1 1
 R2

adj 1 1 1
 RMSE 0.261 0.090 0.012
 SSE 0.204 0.024 0.0004

Pseudo-second order
 qe (mg L−1) 49.364 49.823 50.165
 k2 (g mg−1 min) 0.005 0.010 0.024
 R2 0.998 1 1
 R2

adj 0.998 1 1
 RMSE 1.020 0.342 0.201
 SSE 3.122 0.351 0.121

Intraparticle diffusion model
 Kp (mg g−1 min−1/2) 3.424 3.479 3.509
 c (mg L−1) 11.202 12.455 13.229
 R2 0.729 0.695 0.674
 R2

adj 0.639 0.594 0.565
 RMSE 12.490 13.770 14.610
 SSE 467.6 569.1 640.7

Elovich model
 α (mg g−1 min−1) 234.814 4570 9.358·104

 β (g mg−1) 0.100 0.168 0.231
 R2 0.712 0.818 0.342
 R2

adj 0.712 0.727 0.012
 RMSE 1.377 0.642 0.540
 SSE 5.691 0.824 0.584

Table 3   Kinetic models parameters for the bio-sorption of the dyes 
Acid Orange 51, Reactive Red 75 and Direct Blue 86 on N. radicicola 
biomass at an initial dye concentration of 100 mg L−1

Models parameters Dyes

AO 51 RR 75 DB 86

Pseudo-first order
 qe (mg L−1) 97.378 97.359 99.516
 k1 (min −1) 0.202 0.132 0.256
 R2 1 0.998 1
 R2

adj 1 0.998 1
 RMSE 0.634 1.400 0.525
 SSE 2.412 11.760 1.656

Pseudo-second order
 qe (mg L−1) 102.675 108.288 102.705
 k2 (g mg−1 min) 0.005 0.002 0.010
 R2 0.999 0.999 1
 R2

adj 0.999 0.998 1
 RMSE 1.207 1.350 0.807
 SSE 8.739 10.930 3.905

Intraparticle diffusion model
 kp (mg g−1 min−1/2) 12.287 12.815 12.321
 c (mg L−1) 27.316 20.931 30.219
 R2 0.713 0.813 0.674
 R2

adj 0.665 0.782 0.619
 RMSE 19.51 15.36 21.440
 SSE 2283 1415 2757

Elovich model
 α (mg g−1 min−1) 4.035 × 104 2.552 × 104 5.720 × 104

 β (g mg−1) 0.100 0.100 0.100
 R2 0.592 0.367 0.770
 R2

adj 0.592 0.367 0.770
 RMSE 2.977 7.246 1.350
 SSE 53.17 315.1 10.930
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Langmuir one in almost all cases, indicating the acceptabil-
ity of the model of heterogeneous adsorption mechanism for 
the fungal-dye system. Results showed that the removal effi-
ciency of three dyes by the same biosorbent is different from 
each other (RR 75 < AO 51 < DB86). The important value 
of Freundlich constant (KF = 71.18 mg−1/n g−1 L1/n) for DB 
86, can be explained by the high capacity of the fungal bio-
mass to uptake this dye rather than the other two dyes due to 
structural differences [36]. In fact, DB 86 (780.16 g mol−1), 
which is a phthalocyanine dye, owns two negative charges, 
four benzene rings in a non-linear structure, an atom of Cu 
in the center and has the lowest molecular weight. However, 
AO 51 (860.795 g mol−1) and RR 75 (990.779 g mol−1), 
which are azo dyes, has six benzene rings in a fairly linear 
structure with three and four negative charges, respectively. 
It likes that due to negative charges, linear structure 463 
to line, high molecular weight and lot of side chains, dye 
molecules are less attractable by heat treated biomass of 
Neonectria radicicola [22].

Many studied shows a great potential to remove dyes 
by native, treated or modified fungal biomass. Depending 
on the nature of the interaction between biomass and dyes 
molecules, different isotherms were applicable and describe 
more the equilibrium of biomass-dye system. The native and 
treated fungal biomass of Phanerochaete chrysosporium 
was used for the biosorption of a textile dye (i.e., Reac-
tive Blue 4). The dye uptake capacities of the biosorbents 
at 600 mg L−1 dye concentration were found to be 132.5, 
156.9, 147.6 and 81.1 mg g−1 for native and heat-, acid- and 
base-treated dry fungal preparations, respectively. The dye 
uptake capacity order of the fungal preparations was found 
as heat-treated > acid-treated > native > base-treated. The 
Freundlich and Temkin models were able to describe the 
biosorption equilibrium of Reactive Blue 4 on native and 

treated fungal preparations [43]. A previous study reported 
that the biosorption capacities of the native and heat-treated 
fungal biomass were found to be 101.1 and 152.3 mg g−1 for 
DB-1 and these were 189.7 and 225.4 mg dye/g biomass for 
DR-128, respectively. The Freundlich and Temkin models 
were able to describe the biosorption equilibrium of DB-l 
and DR-128 on the native and heat-treated fungal. The Fre-
undlich model also showed that the small molecular weight 
dye (i.e., DR-128) had a higher affinity of adsorption that 
than of the higher molecular weight dye (i.e., DB-1). Others 
studies focused on using cetyl trimethyl ammonium bromide 
(CTAB) modified Aspergillus versicolor biomass (AVB) as 
biosorbent to remove reactive black 5 (RB5). Biosorption 
isotherm data followed Langmuir isotherm model and the 
maximum biosorption capacity was 227.27 mg g−1 [44]. 
Aspergillus niger biomass also show a high capcity uptake of 
the textile dye Acid yellow 99 with a maximum adsorption 
capacity of 544.30 mg g−1. The isotherm data can best be 
explained by Redlich–Peterson model suggesting a possible 
physical and chemical adsorption of the dye molecules on 
the surface of the biomass [45]. Industrial microbial waste of 
Aspergillus niger was utilized as novel adsorbent to remove 
two cationic dyes (crystal violet, CV; methylene blue, MB). 
The Langmuir model provided a good fit of the experimen-
tal data with the maximum monolayer adsorption (qm) of 
175.4 mg g−1 and 92.6 mg g−1 for CVs and MBs, respec-
tively in the single dye system [46].

Fig. 6   Modeling results of adsorption kinetics experimental data of the three dyes with initial concentrations of 50 mg L−1 (a) and 100 mg L−1 
(b). “Open circle”: AO 51; “Open triangle”: RR 75; “Asterisks”: DB 86 and “Dash”: Pseudo-first order model
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3.8 � FT‑IR and SEM analyses of the bio‑sorbent 
before and after adsorption of dyes

3.8.1 � FT‑IR analyses

FTIR spectra in the range of 4000–600 cm−1 of fungal 
biomass before dye adsorption were conducted to identify 

potential functional groups that may be responsible for the 
dyes binding (Fig. 8 spectrum a).

The band at 3262 cm−1 corresponded to the stretching 
vibration of bonded and non-bonded hydroxyl groups and 
water. Peaks at 2921 and 2854 cm−1 indicated the presence 
of both symmetrical and asymmetrical C-H stretching, cor-
responding to aliphatic methylene groups. The sharp peak 
at 1630 cm−1 is attributed to the stretching vibration of the 
C=C, C=O and COO− groups of cyclic alkenes, ketones, 
aldehydes and carboxylic acids. The peak at 1533 cm−1 
can be explained by the presence of amide I and amide II 
stretching, corresponding to the cell proteins. The band at 
1416 cm−1 describes the CH2 binding of lipids. The peak 
observed at 1319 cm−1 reflects the vibration of C–O groups 

Table 4   Modeling results of the bio-sorption isotherms of the dyes 
Acid Orange 51, Reactive Red 75 and Direct Blue 86 on N. radicicola 
biomass (T = 30 °C)

Models parameters Dyes

AO 51 RR 75 DB 86

Langmuir
 qm (mg g−1) 199.158 112.823 227.1
 KL (mg g−1) 0.113 0.880 0.402
 R2 0.952 0.865 0.943
 R2

adj 0.946 0.849 0.936
 RMSE 16.520 15.310 22.52
 SSE 2456 2111 4566

Freundlich
 KF (mg−1/n g−1 L1/n) 48.636 53.783 71.180
 N 3.538 6.952 3.790
 R2 0.981 0.664 0.956
 R2

adj 0.979 0.626 0.951
 RMSE 10.39 24.130 19.69
 SSE 971.2 5242 3488

Temkin
 A (L g−1) 7.842 55.260 9.310
 B 95.864 201.2 73.898
 R2 0.950 0.730 0.984
 R2

adj 0.944 0.700 0.982
 RMSE 16.860 21.63 12.060
 SSE 2558 4210 1309

Redlich–Peterson
 KRP (L g−1) 120.6 83.606 200.5
 αRP (L mg−1) 1.836 0.584 1.767
 βRP 0.778 1.050 0.839
 R2 0.991 0.876 0.984
 R2

adj 0.988 0.846 0.980
 RMSE 7.754 15.510 12.51
 SSE 481 1925 1252

Toth
 qm (mg g−1) 532.1 108.5 680.8
 bT 3.370 0.561 1.349
 nT 0.223 30.796 0.330
 R2 0.991 0.890 0.980
 R2

adj 0.989 0.863 0.975
 RMSE 7.485 14.610 14.19
 SSE 448.2 1708 1610

Fig. 7   Modeling results of adsorption isotherm experimental data 
of the three dyes. “Open circle”: AO 51; “Open triangle”: RR 75; 
“Asterisks”: DB 86 and “Dash”: Redlich–Peterson model

Fig. 8   FT-IR spectra of biomass before (a) and after adsorption of RR 
75 (b), DB 86 (c) and AO 51 (d)
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from carboxylate ions. Nucleic acid and phospholipids are 
described by the asymmetric stretching of PO2− groups at 
1233 cm−1. The peak at 1020 cm−1 is due to the stretching 
vibration of C–O–C, C–O, C–O–H, C–O–P groups of esters, 
phosphodiesters and polysaccharides. Therefore, the heat-
treated biomass of N. radicicola revealed the presence of all 
the typical peaks corresponding to the main biochemical cell 
components (i.e. lipids, proteins, nucleic acids and carbohy-
drates) with a variety of functional groups such as carboxyl, 
hydroxyl, aldehydes, ketones amide, and phosphate on its 
surface which may improve dye uptake by the biomaterial.

The FTIR spectra of biomass after dye adsorption pre-
sented some shifts in the in the range of 3200–2800 cm−1 
suggesting the involvement of both carboxyl and hydroxyl 
groups in the AO 51, RR 75 and DB 86 uptake (Fig. 8, spec-
tra b, c and d). Spectra in the range of the 1600–1000 cm−1 
presented significant changes in peak intensity and wave 
values in the dyes-loaded biomass compared to the ini-
tially used biomaterial. Peaks interestingly shifted after AO 
51, RR 75 and DB 86 uptake, suggesting an interaction of 
dyes molecules with the previously described functional 
groups in this region. New peaks were identified at 1505 
and 1199 cm−1 respectively in AO 51 and RR 75 spectra 
after adsorption, while peak at 1416 cm−1 disappeared in the 
AO 51 containing biomass. The shift of various adsorption 
bands to a higher or lower frequency after dye adsorption 
confirmed that these functional groups were responsible for 
the uptake of the three dyes. After AO 51 adsorption, a peak 
at 1505 cm−1 appeared which was attributed to aromatic ring 
vibration while the peaks appeared at 1199 cm−1 after RR 
75 adsorption, were attributed to C–O formation. Figure 9 
illustrates the mechanism of interaction between the bio-
sorbent and AO 51, RR 75 and DB86.

3.8.2 � SEM analyses

Morphological analyses of the used adsorbent before and 
after dye adsorption were conducted to illustrate morpho-
logical changes on the surface resulting by dyes binding 
(Fig. 9).

Morphological analysis of N. radicicola heat-treated 
biomass before dye adsorption showed that the biomaterial 
was an agglomerate of filamentous particles with irregular 
and broken edges. The presence of cavities and differences 
in the particle shape and size conferred the bio-sorbent its 
ability to accumulate adsorbate molecules (Fig. 10a). After 
biosorption, the three used dyes clearly affected the surface 
morphology of the biomass. Dye molecules were trapped 
into the particle pores and masked the edged relief character-
izing the bio-sorbent surface. The adsorbed dyes decreased 
the whole surface porosity and roughness the initial material 
(Fig. 10a–d).

4 � Conclusion

The present study revealed that the bio-sorbent material 
prepared from the biomass of Neonectria radicicola could 
be used to remove efficiently three textile dyes (AO 51, RR 
75 and DB 86) from aqueous solutions. pH of the solution, 
bio-sorbent dosage, contact time and initial dye concentra-
tion affected the bio-sorption capacity of the biomass. The 
bio-sorption capacity of the three dyes onto fungal biomass 
increased in the following order DB 86 > AO 51 > RR 75 
because of the difference in the size and the chemical struc-
ture of the different dyes. The kinetics studies of the three 
dyes were fitted well by the pseudo-first order rate equa-
tion and the bio-sorption equilibrium isotherms were well 
described by the Redlich–Peterson model.

Fig. 9   Mechanism of interaction 
between the bio-sorbent and AO 
51, RR 75 and DB86
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