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Abstract
Azolla filiculoides (AF) biomass has been tested for its performance as a biosorbent agent toward removing reactive black 
5 (RB5) dyes from polluted water. The morphology and structure of the AF was characterized using several advanced 
techniques. To understand the mechanism of the RB5 biosorption by AF, isotherm, kinetic, and thermodynamic analyses 
were performed. In addition, the biosorption capacity of AF was tested under various environmental conditions such 
as solution pH (3–11), biosorbent dosage (0.5–8.0 g/L), contact time (up to 150 min), initial pollutant concentration 
(25–200 mg/L), and solution temperature (273–333 K). The results demonstrated that the biosorption process of RB5 dye 
onto AF was quite rapid as the biosorption equilibrium status was attained within 60 min of reaction initiation. A nega-
tive effect on the removal efficiencies was noted with increase in the pH values from 3 to 11, while the removal efficiency 
increase by double with the AF dose increase from 0.5 to 2.0 g/L. The kinetic study revealed that the biosorption trend 
conformed to the kinetic reaction of the pseudo-second-order. The determined parameters of the thermodynamic studies 
demonstrated the endothermic and spontaneous of the biosorption nature. Complete compatibility of the biosorption 
isotherm process with the Langmuir model, with regards to this model the maximum biosorption capacity reached to 
41.73 mg/g under the optimized conditions (pH = 3, biosorbent dose = 4 g/L, initial concentration = 25 mg/L, and room 
temperature). The biosorption process occurred through both physical interactions and chemical reactions between the 
pollutant molecules and the biosorbent reaction sites. Our study thus revealed that AF biomass is a cheap and excellent 
agent with potential for application in the abatement of RB5 dye concentration in wastewater with acidic pH.
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1  Introduction

Reactive dyes are considered as one of the largest group 
of organic chemicals that are used in different industries, 
such as leather, tannery, textiles, cosmetics, food, print-
ing, and plastics [10, 12, 48, 51]. The bright colors, excep-
tional colorfastness, and the simplicity of use are some of 
the unique properties of these dyes that encourage their 
application across several industries [5, 48]. However, 

reactive dyes can also act as a source of danger if they 
persist in the environment. For instance, the carcinogenic, 
mutagenic, and allergic properties of synthetic dyes and 
their metabolites have been implied to be harmful to 
human health [19, 27]. The interference with light pene-
tration and photosynthesis are some other problems that 
are associated with the presence of dyes in water bodies 
[13, 25].
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Therefore, wastewater treatment plants make great 
efforts toward dye elimination from dye-containing influ-
ents as these efforts are essential for the preservation of 
our environment and public health [19]. Since reactive 
dyes are highly soluble and less biodegradable, they can-
not be treated by the conventional physicochemical meth-
ods [11, 29]. Often, the removal of this type of pollutant 
requires the application of advanced purification meth-
ods. Recently, it was proven that dyes removal through 
sorption treatment systems such as adsorption, biosorp-
tion, or ion exchange is highly effective [7, 18]. Several 
advantages such as lower operating cost, lower sensitivity 
toward toxic pollutants, simplicity of use during the design 
and operation stages, and the ability to operate at a wide 
range of pollutant concentrations have been reported 
for the sorption process [29]. Although several materials 
such as activated carbon are considered to be effective 
sorbents in the elimination of dyes, the problems associ-
ated with their practical application illustrate the neces-
sity to search for an eco-friendly, low-cost, and abundantly 
available alternative [45, 54]. Accordingly, various sorbents 
have been tested for their sorptive performance toward 
different types of pollutants [8, 20, 21, 26, 31, 36, 38, 47]. 
Among these sorbents, several researchers highly recom-
mended fern or aquatic plant biomasses as biosorbents 
for treating hazardous elements loaded wastewater in 
the biosorption treatment units [1, 40, 46]. The preference 
could be due to the good morphological properties, easy 
availability in huge quantities in the aquatic environment, 
cost-effectiveness, non-hazardous nature, and efficiency 
[49]. Recently, aquatic plants were exploited in numerous 
researches for the elimination of various pollutants [23, 
28, 58, 60]. In addition, aquatic plants cells consist of bril-
liant active sites that making them a potential agent for 
adhering various pollutants from the solutions carrying 

them [1]. For example, Azolla filiculoides (AF) is a floating 
aquatic blue-green fern that is widespread across in Asia, 
Australia and America continents [46, 57]. The ability of 
rapid colonization and growth is a significant character-
istic of AF that has led to serious problems regarding to 
their agglomeration in the irrigation canals and other 
hydraulic structures [59]. Moreover, the spreading of this 
type of aquatic plants in the rivers and other surface water 
resources raises the question of their disposal as a waste. 
Thus, the application of such materials in the treatment 
systems can be considered as an environmental-friendly 
approach. Therefore, this paper aimed to study the effec-
tiveness of AF as a biosorbent agent for RB5 dye removal. 
The biosorption efficiency was examined by varying the 
contact time among the solution pH, initial dye concen-
tration, biosorbent dose, and temperature. In addition, 
the parameters of isotherm, kinetic, and thermodynamic 
mechanisms were determined using brilliant models.

2 � Materials and methods

2.1 � Chemicals

The stock solutions of RB5 dye (analytical grade, concen-
tration = 1000  ppm) was provided by the Alvan Sabet 
Corporation of manufacturing textile dyes and printing 
paste, Hamadan, Iran. Table 1 lists some properties and 
chemical structure of RB5 dye. Notably, the working RB5 
dye solutions were prepared through dilution and then 
refrigerated. The prepared RB5 dye solutions were used in 
the experiments for a maximum period of 7 days. The pH 
value of the solutions was fixed by drop wise addition of 
0.1 M HCl and NaOH solutions.

Table 1   The properties of Reactive Black 5 dye used in this study [10, 29, 53]

Color index number 11170 Chemical structure:

Molecular weight 991.8 g/mole

λmax 597 nm
Molecular formula C26H21N5Na4O19S6
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2.2 � Biosorbent preparation

The required quantity of raw AF aquatic fern was col-
lected from the Anzali Lagoon, Iran, where it is present in 
abundance on water surface. The collected fern was oven 
dried at 60 °C for 2 days. Thereafter, the dried biomass was 
crushed and sieved into particles of size 1–2 mm. Next, the 
dried biomass was soaked in 0.1 M HCl solution for 5 h to 
remove any salts or impurities. Then, the AF biomass was 
washed with double distilled water until neutral value of 
pH was achieved, and then it was dried in the shade. The 
prepared biosorbent of AF aquatic fern was stored in a 
stopper glass flask until further analysis. The collection and 
preparation expenditure of AF aquatic fern in this study 
was approximately USD 1.5/kg, making this material a rela-
tively cheap biosorbent.

2.3 � Characterization of AF aquatic fern

The surface area value, morphology, structural charac-
terization, and the brilliant active group’s contents of the 
AF fern biomass were detected by several techniques 
using appropriate devices. To obtain information about 
the surface and pore characteristics of AF, a sample of 
this biosorbent was analyzed using the BET-N2 test based 
on N2 adsorption–desorption isotherms method at 77 K 
(ASAP 2000 apparatus). For this test, approximately 130 g 
of AF fern biomass sample was degassed under vacuum 
pressure for 4 h at 150 °C. Moreover, scanning electron 
microscope (SEM, Philips XL30 ESEM-TMP) was used to 
take microscopic images for the AF fern biomass before 
and after RB5 dye biosorption. In fact, these images 
provided important information about the variation in 
the surface morphology of the used AF biomass during 
biosorption process. The structural properties of the AF 
fern biomass were examined by X-ray diffraction spec-
trometer equipped with a generator of copper K-α radia-
tion of wavelength 1.5405 Å (Philips-X’Pert Pro MPD). An 
X-ray fluorescence spectroscopy (XRF) technique (LAB 
Center XRF-1800) was used to detect the elemental com-
position of raw AF fern biomass. In addition, the func-
tional group type of the used biosorbent were identified 
by detecting the FT-IR spectra (400–4000 cm−1) (Nicolet 
5700-FT-IRspectroscopy, Thermo Corp., USA).

2.4 � Experiments

All the experiments of RB5 dye biosorption onto AF fern 
biomass were conducted in a batch experimental system. 
Therefore, several 500-mL Erlenmeyer flasks were filled 
with100 mL of RB5 dye solution of specific concentrations. 
The dye-removal efficiency, in addition to biosorption 
capacity of AF fern biomass, were examined for diverse 

experimental conditions such as pH of 3–11, doses of AF 
fern biomass of 0.5–8.0 g/L, initial RB5 dye concentration 
of 25–200 mg/L, and contact time of up to 150 min. These 
experiments were performed by shaking the mixture of AF 
fern biomass–dye solution at 180 rpm. At a specific con-
tact time, 3 mL aqueous samples were suctioned from the 
reacted solutions with a syringe, centrifuged at 3600 rpm 
for 5 min, and then tested for RB5 dye residual with UV/
VIS spectrophotometer (DR5000) at a wavelength peak of 
597 nm. To ensure high accuracy, the RB5 dye concentra-
tion was analyzed thrice for each collected sample, and 
the averaged value was determined. The performance of 
AF fern biomass toward RB5 dye was evaluated by calcu-
lating the removal efficiency (R%) (Eq. 1) and the biosorp-
tion capacity ( qt , mg/g) (Eq. 2) values. Moreover, the equi-
librium biosorption capacity represents the biosorption 
capacity values at the equilibrium condition ( qe , mg/g) 
(Eq. 3) [41, 56].

where, C0 , Ct , and Ce are the three concentrations of RB5 
dye (mg/L): initially, at a specific contact time of biosorp-
tion process, and at the equilibrium time, respectively, 
while m∕V  represents the AF fern biomass dose in the 
aqueous solution (g/L).

The isotherm experiments of RB5 dye biosorption onto 
AF fern biomass were conducted using the same experi-
mental procedure as mentioned above but with varying 
of the temperature from 273 to 333 K. The other experi-
mental parameters were fixed based on the results of the 
effects study. In addition, the thermodynamic param-
eters were determined by varying the solution temper-
ature (273–333 K) at an initial RB5 dye concentration of 
200 mg/L. The kinetic study was based on the calculations 
and findings of the effect of initial RB5 dye concentration.

2.5 � Isotherm, kinetic, and thermodynamic models

2.5.1 � Isotherm models

The sorption treatment systems involve two important 
parameters: affinity constants of the targeted pollutants 
and the maximum capacity of biosorption of the used 
biosorbent material [3, 32]. These two parameters are 

(1)R% =

(
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)

× 100
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essential in designing the sorption system and they can 
be determined from the isotherm study [16, 42, 43]. There-
fore, the experimental equilibrium isotherm curves of Ce 
versus qe at different temperatures should be analyzed and 
modeled using isotherm models. In the present study, the 
obtained equilibrium data were treated and analyzed via 
several isotherm models that have been widely used in 
previous studies for the modeling of the isothermal data 
and have been much exploited for designing the sorption 
treatment system [3, 35, 40, 44]. These models include 
Langmuir, Freundlich, and Temkin equations. The Lang-
muir model describes the mono-layer reaction of the pol-
lutant molecules onto homogeneous sites over the sorb-
ent surface. The linearized mathematical form of Langmuir 
isotherm model is shown below [61]:

where KL (L/mg) represents the Langmuir sorption con-
stant, which reflects the affinity degree of the active sites 
for the pollutant molecules under equilibrium condition, 
and qm (mg/g) is an important parameter in the isotherm 
studies that displays the maximum sorption capacity of 
the used sorbent for targeted pollutant molecules.

In addition, Eq. 5 demonstrates the linearized form of 
Freundlich model [14]. The Freundlich model, unlike the 
Langmuir model, assumes that the sorbent surface com-
prises of multi-layered and heterogeneous active sites. This 
model consists of two parameters: n (g/L) and Kf ((mg/g)(L/
mg)1/n), which represent the sorption intensity and capac-
ity, respectively. In addition, the desirability case of the 
sorption reactions can be specified when nis greater than 
1, as follows:

The Temkin model is a complex isotherm model that 
counts for the indirect interactions between biosorbent 
active sites and pollutant molecules. If this model was 
applicable, then the heat of pollutant molecules biosorp-
tion onto the layer of sorption sites of a biosorbent would 
linearly decrease with an increase in the surface cover-
age. Since this model ignores the effects of low and high 
concentrations, it is perfect for application in intermedi-
ate pollutant concentrations. Equation 6 represents the 
linearized form of Temkin isotherm model [24], as given 
below:

where KT is the equilibrium constant (L/mg) related to the 
maximum binding energy and B1 is a constant that cor-
responds to the heat of biosorption.

(4)
Ce

qe
=

1

qmKL
+

Ce

qm

(5)log qe =
1

n
logCe + logKf

(6)qe = B1Ln KT + B1Ln Ce

2.5.2 � Kinetic models

Kinetic study provides an essential information on the 
mechanism of the sorption process (i.e., chemical, physi-
cal, as well as dominant rate-limiting step and mass trans-
fer) [16]. In this context, it was referred that the design and 
operation activities for the biosorption treatment process 
are highly dependent on the results of the kinetic study [37, 
40]. Therefore, it is important for kinetic data to be prop-
erly analyzed and accurately fitted with the most relevant 
kinetic equations in order to obtain a mathematical model 
that accurately represent the treatment system [33, 49]. In 
this study, the well-known pseudo-first-order and pseudo-
second-order (Eqs. 7 and 8) kinetic equations were used to 
model the data of evolution curves of Fig. 4b [34, 39]. Each 
of these two models expressed the kinetic biosorption 
reactions under different mechanism that is the physical or 
chemical process. In addition, to assess the mechanism that 
dominated and contributed to the control of kinetics capac-
ity as well as to verify whether it is the diffusion is a step that 
limits the rate, the experimental kinetic data were analyzed 
using the intra-particle diffusion model (Eq. 9) [15].

where k1 and k2 (min−1) are the kinetic rate constants of 
the pseudo-first-order and pseudo-second-order reac-
tions, respectively; C (mg/g) is an important constant that 
provides information about the thickness of the boundary 
layer of the used bisorbent; and Kp (mg/g min0.5) repre-
sents the rate constant of the intra-particle diffusion.

2.5.3 � Thermodynamic models

The parameters related to thermodynamic, that is enthalpy, 
variation ( ΔH◦ ), entropy variation ( ΔS◦ ), and change in Gibbs 
free energy 

(

ΔG◦
)

 were determined from the curve relating 
the distribution coefficient (k) as a function of different tem-
perature values, using the equations [2, 9]:

(7)qt = qe
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e
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3 � Result and discussion

3.1 � Characterization study

The BET analysis demonstrated that the average sur-
face area of AF fern biomass particles was 36.11 m2/g. 
This value is considered superior when compared with 
the results of similar previous studies that used other 
types of aquatic plants biomasses rather than AF fern 
as biosorbents [1, 17, 40, 50]. In fact, biosorbents with a 
large surface area are known as desirable and excellent 
agents in the treatment processes, because they provide 
several active sites that are ready to interact with pollut-
ant molecules [10]. In addition, the pore volume of the 
used AF fern biomass was determined to be 0.113 cm3/g.

Figure 1 exhibits the high-resolution SEM images of 
the AF fern biomass before and after the biosorption of 
RB5 dye. The SEM image of the AF fern biomass before 
the biosorption process (Fig. 1a) reveals that the surface 

of this biosorbent is coarse in nature and there are sev-
eral fragments spread onto its surface. Furthermore, 
there were several deep pores and big ravines on the 
wall of this biosorbent material. These morphological 
properties represent a positive sorptive property for 
the used material, as these properties indicate that the 
biosorbent has a high surface area and, therefore, have 
a large number of reactive locations for capturing the 
pollutant molecules. Clearly, the morphological proper-
ties of AF fern biomass after contacting with RB5 dye 
(Fig. 1b) were completely changed. Clearly, the surface 
of AF fern biomass becomes smoother, where several 
pre-separated fragments are coalesced. In addition, the 
previously detected pores have almost disappeared. This 
can be reasoned to theRB5 dye covering on the surface 
of the AF fern biomass. More important, this phenom-
enon gives the first impression of the tendency between 
the biosorbent particles and pollutant molecules.

The FT-IR spectra of AF fern biomass are depicted 
in Fig.  2. The functional groups observed in the FT-IR 

Fig. 1   SEM images of AF fern 
biomass before (a) and after 
(b) RB5 dye biosorption

Fig. 2   The FT-IR spectrums of 
dried AF fern biomass before 
(a) and after (b) RB5 dye 
biosorption
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spectrum of the AF sample before biosorption include 
alkenes, esters, alcohol, hydroxyl, and carboxyl. These 
groups are considered as strong sites for adhering various 
pollutant molecules from the aqueous solution. The peak 
detected at 3424 cm−1 corresponded to the OH stretching 
vibration mode of OH− and H+ bonding functional groups. 
The peak observed at 2918 cm−1 can be attributed to the 
presence of aliphatic C–H stretching in the structure of 
AF fern biomass [1, 40]. The peaks at 1630 cm−1 corre-
sponds to the aromatic–oxygen bond in aromatic ether 
or stretching of conjugated C=C groups. The bands in the 
wave number range: 1200 and 1380 cm−1 are correspond-
ing to one of the following active groups: (i) OH bending 
vibration in the phenolic functional groups, (ii) symmetri-
cal bending of C–H bond due to the existence of methyl 
group, and (iii) or related to the vibration of –CH2 group. 
The latest group may be overlap with methyl group. In 
addition, the bands observed around 1000 cm−1 are due 
to in-plane bending of the aromatic ring C–H bond [1]. 
Comparison between the FT-IR spectrum of AF fern bio-
mass before and after RB5 dye biosorption revealed no 
big shift in the wave numbers of the functional groups of 
these two spectrums. In addition, no new peak was noted 
in the FTIR spectrum after biosorption. This finding sug-
gests that the biosorption process of RB5 dye by the AF 

fern biomass was physical in nature, where the chemical 
structure of the active groups of the biosorbent did not 
change after the biosorption. However, the slight changes 
that were recorded in the FTIR spectra before and after the 
biosorption process are due to the interaction between 
the pollutant molecule and the biosorbent particle.

To gather information about the variation in the crys-
talline structure of the AF fern biomass particles due to 
the biosorption of RB5 dye, XRD analysis was performed 
(Fig. 3). The appearance of the sharp peak at 2 θ = 22.8° in 
the XRD pattern of raw AF fern biomass in the figure can 
be related to the presence of a complex mineral salt in the 
structure of the fern biomass. Noticeably, this peak in the 
XRD pattern of the AF fern biomass detected after the RB5 
dye biosorption attained a high intensity, which can be 
attributed to the presentation of RB5 dye molecules due to 
biosorption onto the active sites of dried AF fern biomass.

XRF analysis (data not shown) revealed that the main 
elemental compositions of AF fern biomass were O 
(51.28%), C (32.45%), H (5.77%), K (3.9%), and N (3.5%). 
In addition, the following elements were also found in 
the internal structure of the fern biomass, albeit in lower 
percent: Ca (1.1%), Mg (0.8%), Si (0.5%), and P (0.7%). The 
above-mentioned elements are commonly found in natu-
ral substances such as surface water aquatic plants.

3.2 � Effects of experimental parameters

3.2.1 � Initial RB5 dye concentration and contact time

The biosorption performance of AF fern biomass was 
tested simultaneously as a function of the RB5 dye con-
centration (range 25–200 mg/L) and contact time (from 
inception point to 150 min). The results are depicted in 
Fig. 4. The other experimental parameters of pH, biosorb-
ent dosage, and temperature were, in principle, fixed at 
4, 4 g/L, and room temperature, respectively. Thus, the 
dye-removal efficiency decreased with increased initial 

Fig. 3   The XRD patterns of AF fern biomass before (a) and after (b) 
RB5 dye biosorption

Fig. 4   Effects of initial RB5 dye 
concentrations on its removal 
efficiency (a), and biosorp-
tion capacity (b) using AF fern 
biomass under the following 
conditions: contact time of up 
to 150 min; pH = 3; biosorb-
ent dose = 4 g/L, and room 
temperature
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concentration (Fig. 4a) probably because of the biosorbent 
quantity used in the experiment, which is the same for all 
initial RB5 dye concentrations. Thus, the number of bind-
ing sites was also the same. Therefore, as the concentration 
of the dye molecules increased while the biosorbent dose 
in the aqueous solution stayed the same, increased com-
petition was inevitable among the pollutant molecules at 
the specified binding sites on the biosorbent surface. This 
trend was also noted by several other researchers, such as 
the one who discussed the sorption of methyl blue using 
magnetic carbon nanotube [55]. In addition, the evolution 
curves of the biosorption capacity (Fig. 4b) demonstrated 
that the biosorption capacity values remarkably increased 
with an increase in the initial concentration of RB5 dye. 
This phenomenon can be reasoned to the high concentra-
tion gradients formed at higher pollutant concentrations 
with the constant biosorbent dosage in this experiment. 
Therefore, according to the calculations based on Eq. 2, 
the biosorption capacity values increased with increasing 
dye concentration. Contrary findings to our results were 
resulted in the study of Arami et al. [6].

Simultaneously, Fig. 4b presents the biosorptive behav-
ior of AF biomass toward RB5 dye removal as a function 
of the prolonged contact time of up to 160 min. Clearly, 
the biosorption process reached an equilibrium status 
at 80 min. In addition, the biosorption process occurred 
palpably fast, where the greatest part of the biosorption 
removal occurred in the first 30 min. This phenomenon can 
be attributed to the fact that, at the initial contact time, the 
sorption sites were uncovered or unreacted with the RB5 
dye molecules. In fact, this is a positive value that can be 
added for AF biomass to score as a good biosorbent agent 
for the removal of RB5 dye molecules from wastewater. 
Notably, the results displayed in Fig. 4b were used in the 
present study as the input data in the modeling process 
of the kinetic models.

3.2.2 � Effect of pH

The biosorption process of RB5 dye onto AF fern biomass 
was studied at a range of pH 3–11, and the results of this 
test are depicted in Fig. 5 (the other experimental param-
eters are mentioned in Fig. 5 caption). The solution pH can 
affect the removal efficiency of the treatment process via 
several ways. In general, at different values of solution pH 
the pollutant molecule may have different surface charges. 
From another side, the surface characteristics or the ioni-
zation degree of the used sorbent greatly depend on the 
pH value of solutions [56]. It can be notice from Fig. 5 that 
the dye-removal efficiency and uptakes were decreased by 
increasing the pH. As can be observed, the acidic pH (espe-
cially pH = 3) was obtained as the most suitable pH for the 
maximum RB5-removal efficiency, which is in agreement 

with the report by other studies [28, 57]. An increase in 
the electrostatic attraction between pollutant molecules 
and the sorption sites on the biosorbent surface at lower 
pH was expressed as a reason for this event by various 
studies [56].

3.2.3 � Effect of biosorbent dose

The effect of biosorbent dosages for RB5 dye removal was 
performed using AF biomass dosages of 0.5–8 g/L and at 
the optimum pH and dye concentration, and the results 
are shown in Fig. 6. The RB5-removal efficiency was 41.40 
and 92.81% for the biosorbent dosages of 0.5 and 8.0 g/L, 
respectively; it highlights that the dye-removal efficiency 
was increased by increasing the AF biomass dosage. It is 
apparent that the further increase in the AF biomass dos-
age had a reverse effect on the dye biosorption capacity. 
Moreover, an increase in the AF biomass dosage had a 
reverse effect on the dye biosorption capacity. This finding 
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thoroughly agree with the findings of [4, 30, 52] studies. 
The availability of greater biosorption site was announced 
for increasing the dye-removal efficiency and the pres-
ence of unsaturated biosorption sites was attributed the 
reason for decreased dye biosorption efficiency [22, 53]. 
In addition, the addition in the AF biomass dose greater 
than 4 g/L has no or minimal improvement on the removal 
efficiencies of RB5 dyes. The reason behind this behavior 
is the agglomeration of some biosorbent particles in the 
aqueous solution at high doses, owing to the aggregation 
of the available sorption sites of the AF biomass used.

3.3 � Isotherm studies

The results of the parameters of the three applied models 
with their corresponding regression of coefficient (R2) val-
ues are listed in Table 2. The determined R2 values of the 

Langmuir model were estimated to be > 0.995 at different 
temperatures. In addition, comparison of the results with 
those of other two models revealed that the Langhamir 
isotherm was more accurate in representing the experi-
mental data. These results demonstrate a single layer of 
reaction of RB5 dye molecules onto the homogeneous 
surfaces of AF fern biomass. Figure  7 was prepared in 
accordance with the linear plot of the Langhamir isotherm 
results presented in Table 2 and the experimental isotherm 
data. Notably, the obtained maximum capacities of AF fern 
biomass for RB5 dye biosorption was found to be 33.14, 
35.63, 38.48, and 41.73 mg/g at temperatures 273, 293, 
313, and 333 K, respectively. On the other side, the n values 
of Freundlich model were determined to be > 1, which is 
considered as a physical biosorption for RB5 dye reaction 
onto the active sites of AF fern biomass [3]. 

3.4 � Kinetic studies

The results of the parameters of each kinetic model are 
given in Table 3. These results indicate that, the kinetic 
model of the pseudo-second-order was best-fit with the 
kinetic data wherein the highest R2 values were deter-
mined (also see Fig.  8, which shows high regression 
between the theoretical data of the second-order-kinetic 
model and the kinetic data). Since the assumption of the 
mechanism of second-order kinetic model that is based 
on chemical biosorption in addition to the isotherm study 
that exhibited physical biosorption, it can be deduced that 
the major reaction of RB5 dye molecules on the surface 
of the AF fern biomass particles occurred through both 
chemical and physical/ion exchange reactions.

Table 2   The obtained 
parameters and the coefficient 
of regression of the applied 
isotherm models of the RB5 
dye biosorption onto AF fern 
biomass at temperatures: 
273–333 K

Model Langmuir Freundlich Temkin

Parameter qm (mg/g) KL (L/mg) R2 n Kf ((mg/g)
(L/mg)1/n)

R2 B1 KT R2

273 33.141 0.084 0.961 1.951 12.420 0.885 19.411 0.120 0.829
293 35.632 0.069 0.978 2.460 10.281 0.864 26.592 0.470 0.796
313 38.483 0.048 0.986 2.831 7.832 0.902 31.111 0.681 0.845
333 41.731 0.027 0.992 3.570 4.964 0.927 36.220 0.930 0.861
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Fig. 7   Langmuir model plots with the experimental isotherm data 
of the RB5 dye biosorption onto AF fern biomass

Table 3   The values of kinetic 
studies obtained for RB5 
removal with dried AF

Model Pseudo-first-order Pseudo-second-order Intra-particle diffusion

Initial 
conc. 
(mg/L)

K1
(min−1)

R2 qe
(mg/g)

k2
(min−1)

R2 qe
(mg/g)

Kp
(mg/g min0.5)

C

(mg/g)
R2

25 0.074 0.924 4.540 0.0054 0.995 6.411 0.545 3.450 0.845
50 0.056 0.941 9.850 0.0096 0.997 11.920 0.712 2.173 0.905
100 0.034 0.952 17.450 0.0741 0.999 21.150 1.040 4.251 0.842
200 0.021 0.933 24.640 0.0461 0.998 33.540 1.380 1.971 0.894
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3.5 � Thermodynamics studies

The variation of temperature between 273 and 333 K were 
considered to comprehend the effect of this parameter on 
the biosorption of RB5. The result obtained from this section 
of study clarified the negative effect of it on the biosorp-
tion of RB5 onto AF biomass. The estimation of ΔH◦ and ΔS◦ 
were conducted through the slope and y-intercept of the 
straight line acquired by plotting Ln K against 1/T (K). The 
values calculated for ΔH◦ , ΔS◦ , and ΔG0 are given in Table 4. 
The positive value of ΔH◦ is indicative of the endothermic 
biosorption nature of the RB5 onto the AF biomass. The 
negative value obtained for ΔG0 , at various temperatures, 
portends the viability and spontaneity of the studied pro-
cess [6, 55]. Increasing the ΔG◦ by raising the temperature 
hints the favorability of biosorption at higher temperatures. 
Additionally, the positive value of ΔS◦ manifests the incli-
nation of AF biomass for RB5 as well as authenticates the 
increase in the randomness at the solid–solution interface 
during the studied process.

4 � Conclusion

The biosorption of RB5 dye using AF biomass was 
perused in this study. The results obtained demonstrated 
the dependency of the biosorption of RB5 dye on the 

parameters studied, such as the initial RB5 dye concen-
tration, contact time, and temperature. Moreover, it was 
recognized that the highest RB5 dye removal efficiency 
for the dye concentration of 25 mg/L was achieved using 
the biomass dosage of 4 g/L. Isotherm studies admitted 
the aptness of the Langmuir model for the elucidation 
of equilibrium biosorption data; this aspect ascertains 
that the studied process was of the type of monolayer 
biosorption onto a homogenous surface. In addition, 
with regards to the results, the biosorption capacity of 
the prepared biosorbent was 35.63 mg/g at the room 
temperature (298°K). In addition, the most effective 
model for representing the biosorption kinetic was 
accredited to be the pseudo-second-order model, while 
the intra-particle diffusion did not act as the only rate 
controlling step of the biosorption process. According 
to the thermodynamic studies, the negative value were 
obtained for ΔG0, while the values of ΔH0 were positive; 
these results support the fact that the RB5 dye biosorp-
tion on AF biomass has the spontaneous and endother-
mic nature. Thus, we found that the AF fern biomass can 
be applied as an effective biosorbent for the lowering of 
RB5 dye concentration in polluted water and wastewater 
effluents.
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