
sustainability

Article

Assessing the Plant Phytoremediation Efficacy for Azolla
filiculoides in the Treatment of Textile Effluent and Redemption
of Congo Red Dye onto Azolla Biomass

Sathish Sundararaman 1,*, Ponnusamy Senthil Kumar 2,* , Prabu Deivasigamani 1, Aravind Kumar Jagadeesan 1,
Marshiana Devaerakkam 3, Abdulrahman Al-Hashimi 4 and Dongjin Choi 5

����������
�������

Citation: Sundararaman, S.; Senthil

Kumar, P.; Deivasigamani, P.;

Jagadeesan, A.K.; Devaerakkam, M.;

Al-Hashimi, A.; Choi, D. Assessing

the Plant Phytoremediation Efficacy

for Azolla filiculoides in the Treatment

of Textile Effluent and Redemption of

Congo Red Dye onto Azolla Biomass.

Sustainability 2021, 13, 9588. https://

doi.org/10.3390/su13179588

Academic Editor: Antonio Zuorro

Received: 16 July 2021

Accepted: 19 August 2021

Published: 26 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Chemical Engineering, Sathyabama Institute of Science and Technology, Chennai 600119,
India; dprabhu78@gmail.com (P.D.); arvindhjsbu@gmail.com (A.K.J.)

2 Department of Chemical Engineering, Sri Sivasubramaniya Nadar College of Engineering,
Chennai 603110, India

3 Department of Electronics and Instrumentation Engineering, Sathyabama Institute of Science and Technology,
Chennai 600119, India; d.marshiana@gmail.com

4 Department of Botany and Microbiology, College of Science, King Saud University, Riyadh 11451,
Saudi Arabia; aalhashimi@ksu.edu.sa

5 Department of Materials Science and Engineering, Hongik University, 2639-Sejong-ro, Jochiwon-eup,
Sejong 30016, Korea; djchoi@hongik.ac.kr

* Correspondence: sathish.chemical@sathyabama.ac.in (S.S.); senthilkumarp@ssn.edu.in (P.S.K.);
Tel.: +91-(98)-84823425 (P.S.K.)

Abstract: In this work, Azolla filiculoides was used for the bioremediation of a textile effluent and
as a potential sorbent for the rejection of Congo red (CR9) dye from a synthetic aqueous solution.
The sorbent was characterized, and a pot culture test was carried out to assess the physiological
responses in a controlled environment. The response of the plants to the exposure to the emanating
pollutants was subordinate. The BOD, COD, and TDS removals were found to be 98.2%, 98.23%, and
90.29%, respectively. Moreover, the dried biomass was studied for the expulsion of CR9, and the
process variables were optimized. The maximum CR9 removal was 95% at the optimal conditions
of 2 g/L of the sorbent dose at acidic pH. Equilibrium data for adsorption were analyzed using
a two-parameter isotherm model. It was observed that the Langmuir isotherm fit with the data
(R2 = 0.98) and also had satisfactory lower error values, with its maximum sorption capacity reaching
243 mg/g. The pseudo-second-order kinetics were well fitted (R2 = 0.98). The mass transfer models
and the thermodynamic parameters of the system were evaluated. The regeneration studies also
showed that the uptake efficacy in the fifth cycle is reduced by 20% when compared with the first
cycle. The results show that the biomass was a capable sorbent for the removal of CR9.

Keywords: phytoremediation; Azolla filiculoides; adsorption; kinetics; toxic pollutants

1. Introduction

The rapid growth of industrialization has led to the disposal of various types of
organic and inorganic pollutants into water bodies. Over recent decades, dyes have been
used in industrial and commercial applications for coloring products such as foodstuffs,
cosmetics, fabrics, pharmaceuticals, and tannery products [1]. Now, there are more than
10,000 dyes being used commercially. These recalcitrant dyes cause a threat to human
health and aquatic ecosystems, and the adverse environmental impact of textile effluents
has drawn significant attention from researchers [2]. The textile and dyeing industries are
considered to be a major source of pollution, since the effluent they produce is characterized
by excessive quantities of BOD and COD. There is an extensive use of synthetic dyes in
the current scenario, but it is the pollutants that raise concerns due to their impact on the
environment and their toxic effect on living things. Textile effluents are highly complex,
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with high contents of organic and inorganic sulfides and solids, of which the color is
the most visible pollutant. The presence of color in the effluent is highly visible, even
in very low-level contamination. The water sources where dyes are discharged exhibit
low BOD and high COD. Furthermore, the dyes can affect the aquatic ecosystem, since
they can hinder photosynthetic activity. Some of the synthetic dyes are hazardous, toxic,
carcinogenic, and non-biodegradable and are more persistent because of their aromatic
structure [3]. Consequently, the expulsion of dye from wastewater turns into a noteworthy
test in treating wastewaters by ordinary techniques [4]. Currently, many techniques are
utilized for wastewater treatment, including mechanical, thermal, and chemical oxidizing
processes, as well as the use of reducing agents and physical and biological methods
(bacteria, fungi) [5]. Phytoremediation alludes to innovations involving the utilization
of living plants to treat hazardous wastewater. Phytoremediation attempts to use plants
for the expulsion of toxins as natural and inorganic wastes to protect the environment [6].
Phytoremediation is a savvy approach of remediation that exploits the capacity of plants to
concentrate the pollutants and to process them in their tissues [7]. Adsorption processes
are also the most common processes used in the effluent treatment process. Eco-friendly,
low-priced adsorbents [8] are used to eradicate pollutants from wastewater. Biosorbents
have also taken on a great significance in designing sorbents for wastewater treatment.
Based on their biological origin (or where they are derived from), these materials have
more similar reactive groups than those found on ion exchange or chelating resins [9]. The
present objective was to utilize the waste biomass Azolla filiculoides as an adsorbent. The
importance of this examination is to create a discourse about the variety in the system
of sorption and the enhancement of system parameters. Azolla is small and floats but
can be abundant and form large mats, and it may, in fact, restore nitrogen from the air
by using symbiotic cyanobacteria [10]. It can survive in water, where optimum growth
has been observed at temperatures of 25–35 ◦C. This has led to a plant that can easily
colonize areas and grow at great speed, doubling its biomass every two to three days.
Azolla shows a remarkable capacity to concentrate heavy metals and toxins or sewage
water, and it is also used for fish, poultry, and cattle as fodder. Moreover, it can also
be used for the production of hydrogen fuel and the production of biogas [11]. There
are currently more than 100,000 dyes and colorants commercially available, and more
than 7 × 105 tons are produced annually worldwide. Their presence in effluents is a
cause for great concern because they change the spectrophotometry of wastewater from
industries and textiles. Upon reduction of azo groups, aromatic amines are produced,
which are more toxic compared to the original compounds. Further azo dyes are designed
to resist breakdown attributable to time and exposure to sunlight, water, soap, and other
parameters such as bleach and perspiration. Once their metabolites and by-products come
into contact with surface effluents such as lakes and rivers, they can cause carcinoma, as
well as damage to the nervous system and urinary systems of living beings. In this study,
Azolla was grown on a textile effluent to analyze the percentage deduction of BOD and
COD. The adsorption ability of Azolla was estimated for the treatment of CR9, while the
materials were characterized using SEM, FTIR, and EDX. For a clear understanding of the
biosorption dynamics in relation to time, the calculated results were analyzed by employing
intraparticle diffusion and kinetics models [12]. The influences of process parameters and
isotherm studies were examined, and the efficiency of the adsorbent was determined.

2. Materials and Methods
2.1. Chemicals and Reagents

Glassware was washed with a detergent solution [13] and rinsed with chromic acid
solution (10% potassium dichromate in 25% sulfuric acid) followed by a demineralized
water wash. Glassware was dried and sterilized in an autoclave at 121 ◦C at 15 psi for
20 min. Azolla filiculoides was collected from the Aduthurai Rice Institute. The chemicals
were of AR grade and high purity. Effluents were collected from a common effluent
treatment plant (CETP) in Iyyampet, Kanchipuram, and stored at 4 ◦C for further analysis.
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2.2. Physiochemical Methodology for Estimation of Properties
2.2.1. Estimation of Phosphate and Sulfates

The phosphate level in the water was estimated by a UV spectrophotometric method.
An amount of 20 mg/L of phosphate standard solution was produced by dissolving 0.877 g
of KH2PO4 in 0.8 L of distilled water and making it up to 1 L. For the detection of phosphate,
conditional reagents were prepared by mixing appropriate quantities. Dilute H2SO4 and
some conditional reagents were added to a known quantity of a wastewater sample using
phenolphthalein as an indicator. The absorbance of each sample at 880 nm was measured,
using the reagent blank as the reference solution.

The sulfate concentration in the sample was estimated using a spectrophotometric
method. An amount of 4.438 g of sodium sulfate in 0.5 L of distilled water was used as
a standard solution. Amounts of 5 mL of the conditioning reagent and 10 mg of barium
chloride were added and made up to 100 mL. The solutions became turbid and were then
measured with a UV–visible spectrometer at 420 nm. The sulfate concentration in the
wastewater sample was determined with reference to the graphical representation obtained
for the standard solutions.

2.2.2. Estimation of TDS and TSS

TDS and TSS in the wastewater sample were determined by a gravimetric method.
A clean Petri dish was subjected to a temperature of 100 ◦C in an oven, cooled, and then
weighed. The collected effluent sample was filtered into a clean conical flask using a
pre-weighed filter paper. A known volume of the filtrate was poured into the Petri dish
and heated in an oven at a temperature of 180 ◦C. The obtained residue was then cooled in
the desiccator and weighed to a constant weight.

The effluent sample was filtered through a pre-weighed filter. The filter was dried in
the oven at a temperature of 105 ◦C overnight. The increase in mass of the dry filter paper
was recorded and used for calculating TSS.

2.2.3. Estimation of Chlorides

The concentration of chloride ions in the sample was determined by using Mohr’s
method. The Mohr method uses chromate ions as an indicator in the titration of chloride
ions with a silver nitrate standard solution. The concentration of chloride in the wastewater
was determined from the stoichiometry and moles consumed at the end point.

2.2.4. Estimation of Oil and Greases

A partition gravimetric method was used to determine the oil and grease in the
samples. This was carried out through an extraction technique with hexane as a solvent.
The sample and the solvent were poured into a separating funnel. The aqueous layer was
collected through the top of the separating funnel while the organic phase was poured into
a conical flask. The solvent extracts were collected together and evaporated to dryness at
ambient temperature. The difference in weight is equivalent to the oil and grease in the
sample.

2.2.5. Estimation of BOD and COD

BOD is basically determined by the difference in the dissolved oxygen (DO) levels of
samples prior to incubation and after 5 days of incubation. The BOD of the sample was
determined by the dilution method. Reagents such as phosphate buffer, magnesium sulfate,
calcium chloride, ferric chloride, sodium sulfite, and ammonium chloride were added to
10 L of distilled water as the dilution water. Two 300 mL amber bottles were completely
filled with the diluted water. One of the bottles was incubated at 20 ◦C for 5 days.

COD of the sample was obtained through the open reflux method. This was carried
out by the addition of mercuric sulfate and sulfuric acid to the sample in a reflux flask.
On cooling, the obtained solution was reacted with potassium dichromate and a known
volume of sulfuric acid. The solution was refluxed for 2 h and cooled. The obtained
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solution was diluted to twice its volume and cooled, and excess K2Cr2O7 was determined
by titrating with ferrous ammonium sulfate using the ferroin indicator.

2.2.6. Total Metal Analysis

Samples were digested by nitric acid, and the digests were analyzed using atomic
absorption spectrophotometry. Calibration curves were plotted for each of the metals sepa-
rately, by running various concentrations of standard solutions at specified wavelengths.
A reagent blank sample was also analyzed. The concentration of the metal was obtained
from the difference between the readings of the samples and that of the blank [14].

2.3. Phytoremediation

A. filiculoides was taken from the pots and washed with distilled water. Initially, Azolla
was weighed at about 5 g and was allowed to grow in wastewater. The growth of Azolla
was observed daily. After 20 days, the grown Azolla was collected, air dried, and then
positioned in a dehydrator for three days and dried in an oven for 4 h at 80 ◦C [15]. The
dried biomass had been powdered and preserved in an airtight container for further studies.
The morphology and nature of the adsorbent were characterized.

2.4. Batch Experiments

CR9 decolorization tests were administered in a 100 mL sample of pH 7 ± 0.2 which
was adjusted using 1 M sodium hydroxide and 1 M hydrochloric acid solution [16]. In
each flask, the sorbent was charged and kept for agitation. At regular time intervals, the
aliquots were drawn, which were centrifuged to separate the biomass. The supernatant
was assessed for the removal of color by measuring absorbance at 530 nm by using a
UV–Vis spectrophotometer. The decolorization rate was determined from the difference
between the initial and the final absorbance [17].

3. Results and Discussion
3.1. Phytoremediation Studies

The effluent was kept at the atmospheric temperature, humidity, and sunlight for
a period of 20 days, and it was observed daily. The Azolla growth can be observed in
the effluent from the 10th day; before the 10th day, some of the Azolla decomposed, thus
reducing the mass, but after the 10th day, we can observe the spores spreading from the
Azolla, which is cause for sexual reproduction (Figure 1).
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Figure 1. Phytoremediation for the treatment of a textile effluent by Azolla filiculoides.

On the 20th day, the growth was significant, and the spores were still visible, meaning
growth was continuously happening, and the change in the turbidity of the effluent could
be observed by the naked eye [18]. The wet biomass of Azolla after 20 days was about 25 g.
The leaves and roots of Azolla are visible in Figure 2.

The roots were healthy, and the growth of Azolla gradually increased in the tannery
effluent. The tannery effluent before and after phytoremediation was analyzed to assess
the change in properties. The results are summarized and tabulated in Table 1. The BOD,
COD, and TSS removals were found to be 98.2%, 98.23%, and 90.29%, respectively. The
removals of sulfates and phosphates were found to be 83.68% and 79.67%, respectively.
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On average, the removal efficiency of pollutants from the effluent was found to be more
efficient by the phytoremediation technique (Figure 3).
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adsorbent. These active sites enhance the adsorption of the dye. After the adsorption
experiments, the SEM image confirms that the pores were occupied by the solute molecules,
showing the capacity of Azolla for the sorption of CR9 dye from an aqueous feed (Figure 4).
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3.2.2. Effect of Process Variables

The biosorption equilibria of the CR dye were tested in this study using the dried
mass of Azolla as a biosorbent. Figure 5a depicts the impact of the Azolla dosage on the
sorption of CR9. Figure 5a shows that the expulsion of CR9 became elevated with the rise
in the sorbent dose. However, the adsorption capacity (qe) was decreased. The effect of
the Azolla dosage (2.0 g/L) displayed adequate transferable sites for the removal of CR9.
Further, it was noticed that there are no significant changes upon further addition of Azolla
biomass. The quantity of vacant regions enhances with the increments in the adsorbent
dosage which encourages the sorption of the CR dye. Nevertheless, the rate of adsorption
diminishes after a certain point, and this may be because the increase in the dosage might
cause aggregation that decreases the available vacant sites for the dye.

The simultaneous impact of the initial concentration on the elimination of the CR
dye was studied in the range of 100 to 500 mg/L (Figure 5b). The decolorization level
was elevated from 90.68 ± 3% to 95.15 ± 3% with increments in the concentration of CR9
from 100 to 200 mg/L. Additional expansion in the concentration led to a decrement in the
percentage of CR9 decolorization from 95.2% to 80% owing to the substrate inhibition [20].

Figure 5c represents the impact of the system temperature, where an increase in the
temperature results in a decrease in decolorization from 95% to 85%. An enhancement
in the rate of color was observed in the range of 30–35 ◦C. This represents the process
of adsorption being exothermic [21]. According to Le Chatelier’s principle, the lower
temperature favors elevated removal rates compared to the higher temperature.

The adsorption of the CR dye onto the dried mass of Azolla was studied at various pH
ranges from 2 to 12. An amount of 200 mg/L of the sample was investigated at different
pH values and examined at 303K. An amount of 0.1 N of HCl/NaOH [22] was used to
adjust the pH of the sample. The results demonstrate that the optimum pH was acidic.
The rate of decolorization [23] decreased for strongly alkaline pH values (Figure 5d). Since
CR9 is an anionic dye at pH 2 to 4, an electrostatic attraction exists between the Azolla and
CR9. If the system reaches alkalinity, the removal rate decreases due to the electrostatic
repulsion [24].

The point of zero discharge was evaluated for Azolla filiculoides, and the inferences
depict that the PZC was 6.2. Such factor can be utilized to determine the impact of the pH
on CR dye adsorption. The convergence point of the plotted curve at which the change in
pH reaches towards zero denoted the PZC of Azolla filiculoides [25]. The intersection point
was examined to be 6.2, which predicted that the biosorbent surface occluded a positive
ion accumulation which thereby attracted CR9 on its surface (Figure 6).
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3.3. Adsorption Isotherms

CR9–Azolla interactions were assessed using isotherm studies. Two-parameter models
(Langmuir/Freundlich/Temkin) were utilized to calculate the adsorption equilibrium [26].
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The Langmuir model explains monolayer adsorption, and it can be predicted based on the
separation factor [27].

qe =
qmKLCe

1 + KLCe
(1)

RL =
1

1 + KLCi
(2)

qe = KFC1/n
e (3)

qe = B(ln Ce + ln A) (4)

where RL is the separation factor, KL is the Langmuir adsorption constant, Ci is the initial
concentration of CR9, Ce is the equilibrium concentration of CR9 in solution, KF is the
Freundlich adsorption constant, n is the adsorption intensity, A is the equilibrium binding
constant (L/g), and B= RT/b where b is the Temkin constant (J/mol).

The RL values are used to envisage whether the process is favorable or not. The RL
values determined were between 0.56342 and 0.205, which portrayed a favorable adsorption
of CR9 onto the biomass adsorbent, where 243.9 mg/g for the qm value was obtained,
which is very close to the investigated qm. Anyhow, the R2 value of 0.98 showed the best
fitting of this isotherm to the trial data. The Freundlich model describes the heterogeneous
adsorption mechanism. The Freundlich adsorption constant (n) depicts the sorption nature.
The value obtained for n was 1.656, which highlights the physisorption. The positivity of
‘b’ represents the adsorption being exothermic (Figure 7).
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Different error functions such as the root mean square error (RMSE), chi-square, and
R2 error were calculated for the optimization of the isotherm models. The smallest values
of the error functions were taken as the criteria for the selection of the best fitting model as
they had a minimum error distribution between the experimental and predicted values.

RSME =

√
1

n − 1

n

∑
i=1

(
qe − predictedqe

)
(5)

Chi Square = χ2 =
n

∑
i=1

(qe − Predicted qe)
2

Predicted qe
(6)

R2 Error =
SSR
SST

=
Sum of Squares Regression

Sum of Squares Total
(7)
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In these equations, n represents the number of observations in the isotherms. In order
to identify the best fitting adsorption model, nonlinear models were considered. Although
the degrees of determination values were close to 0.9 (Table 2) in the isotherm models, the
error functions for the three models varied considerably. Lower values of error functions
were obtained for the Langmuir isotherms. The results also suggest that the R2 values
provide us with an indication about the better fitting Langmuir model.

Table 2. Isotherm constants.

Model Parameters Values R2

Langmuir

Maximum adsorption capacity (mg/g) 243.9

0.98
Langmuir adsorption constant (L/mg) 0.0016

RSME 0.8812
R2 error 0.7343

X2 (chi-square) 0.2219

Freundlich

Adsorbent capacity ((mg/g)(L/mg)(1/n)) 1.04

0.95
Freundlich constant (g/L) 1.656

RSME 1.7185
R2 error 1.3608

X2 (chi-square) 1.2813

Temkin

Equilibrium binding constant (L/g) 0.18406

0.941
Heat of adsorption constant (J/mol) 6.074

RSME 2.5934
R2 error 1.7574

X2 (chi-square) 1.8867

3.4. Adsorption Kinetics

The kinetics were examined to assess the rate and mechanism of adsorption [28].
The linear form of the pseudo-first-order adsorption kinetic equation is

ln
(
qe − qt

)
= ln qe − k1t (8)

The linear form of the pseudo-second-order adsorption kinetic equation is

t
qe

=
1

k2q2
e
+

t
qe

(9)

where qt—amount of dye removed at any time ‘t’ (mg/g); qe—equilibrium adsorption
capacity (mg/g); and k1 and k2—rate constants. As it can be seen in Table 3, k1 and k2
decremented with an increment in the CR9 concentrations [29]. The elucidated values
of qe were well matched with the qe values predicted experimentally [30]. The pseudo-
second-order kinetic model fits the adsorption process for CR9 on Azolla better than the
pseudo-first-order kinetic model (Figure 8a,b) [31].

Table 3. Adsorption kinetics constants.

Kinetics Parameters
Initial Concentration (mg/L)

100 200 400 500

Pseudo-first order
k1 (min−1) 0.02 0.013 0.008 0.003
qe, (mg/g) 3.521 3.884 14.86 136.317

R2 0.9372 0.90927 0.9662 0.79823

Pseudo-second order
k2 (g/mg·min) 0.0216 0.0099 0.0059 0.0034

qe, (mg/g) 10.012 19.782 29.425 45.127
R2 0.983 0.98 0.906 0.84
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Figure 8. Kinetics of CR9 adsorption: (a) pseudo-first order; (b) pseudo-second order.

The rate constants and the kinetic parameters were determined and are listed in
Table 3. The pseudo-second-order kinetics better described the experimental data with
an R2 of 0.98. The equilibrium rate constant for the pseudo-second-order model was
0.0102 g/mg min. This reveals that the adsorption rate (k2qe2) increases with an increase
in the initial CR9 concentration. When there was a lower concentration of CR9 in solution,
the chance of collision was lower between the species, hence the faster sorption onto the
active sites of the adsorbent [32].

3.4.1. Weber and Morris Model

Biosorption of CR9 occurs mainly through interactions such as complexation, adsorp-
tion by physical forces, precipitation, and entrapment in inner spaces [33]. This can be
enlightened by the fact that decolorization by Azolla involves several complex mechanisms.
CR9 is first adsorbed on the Azolla biomass surface, and the second stage, intraparticle
diffusion, occurs.

The intraparticle diffusion is

qt = kit0.5 + C (10)

where ki is the diffusion rate constant (mg/g min0.5). ki was determined through the slope
evaluated in the qt vs. t0.5 plot. Figure 9 shows that the CR9 adsorption follows three
stages. The primary linear segment showcases the boundary diffusion. The next segment
represents intraparticle diffusion. The final linear segment demonstrates the equilibrium
between adsorption and desorption. It was concluded that the adsorption processes follow
both intraparticle and film diffusion [34].

3.4.2. Boyd Plot

The kinetic expression is given by

Bt = −0.4977 − ln(1 −
qt
qe

) (11)

The Bt values at different contact times were plotted against the time t (Figure 10). It
was found that the adsorption of CR onto the adsorbent follows a linear plot. This implies
that if particulate diffusion is a rate-limiting step, then the mass transfer was governed by
external mass transport.



Sustainability 2021, 13, 9588 11 of 20

Sustainability 2021, 13, x FOR PEER REVIEW 12 of 24 
 

Table 3. Adsorption kinetics constants. 

Kinetics Parameters 
Initial Concentration (mg/L) 

100 200 400 500 

Pseudo-first order 
k1 (min−1) 0.02 0.013 0.008 0.003 
qe, (mg/g) 3.521 3.884 14.86 136.317 

R2 0.9372 0.90927 0.9662 0.79823 

Pseudo-second order 
k2 (g/mg.min) 0.0216 0.0099 0.0059 0.0034 

qe, (mg/g) 10.012 19.782 29.425 45.127 
R2 0.983 0.98 0.906 0.84 

3.4.1. Weber and Morris Model 
Biosorption of CR9 occurs mainly through interactions such as complexation, ad-

sorption by physical forces, precipitation, and entrapment in inner spaces [33]. This can 
be enlightened by the fact that decolorization by Azolla involves several complex mecha-
nisms. CR9 is first adsorbed on the Azolla biomass surface, and the second stage, intra-
particle diffusion, occurs. 

The intraparticle diffusion is q୲ =  k୧t଴.ହ +  C (10)

where ki is the diffusion rate constant (mg/g min0.5). ki was determined through the slope 
evaluated in the qt vs. t0.5 plot. Figure 9 shows that the CR9 adsorption follows three stages. 
The primary linear segment showcases the boundary diffusion. The next segment repre-
sents intraparticle diffusion. The final linear segment demonstrates the equilibrium be-
tween adsorption and desorption. It was concluded that the adsorption processes follow 
both intraparticle and film diffusion [34]. 

0 2 4 6 8 10 12 14 16
0

10

20

qt

t0.5

 100ppm
 200ppm
 300ppm
 400ppm
 500ppm

 

 
Figure 9. Intraparticle diffusion studies of adsorption of CR dye onto Azolla biomass. 

3.4.2. Boyd Plot 
The kinetic expression is given by 

Figure 9. Intraparticle diffusion studies of adsorption of CR dye onto Azolla biomass.

Sustainability 2021, 13, x FOR PEER REVIEW 13 of 24 
 

B୲ =  −0.4977 − ln(1 − q୲qୣ ) (11)

The Bt values at different contact times were plotted against the time t (Figure 10). It 
was found that the adsorption of CR onto the adsorbent follows a linear plot. This implies 
that if particulate diffusion is a rate-limiting step, then the mass transfer was governed by 
external mass transport. 

0 50 100

0

3

6
 100ppm
 200ppm
 300ppm
 400ppm
 500ppm

bt

t
 

Figure 10. Boyd plot. 

3.4.3. Transport Number and Dumwald–Wagner (DW) Model q୲qୣ =  k୫t୬    (12)

where km—interaction coefficient, and n—transport number. In Figure 11, the km and 
n values are calculated. The average n value was found to be n = 0.352, which represents 
Fick’s mechanism (Table 4) [35]. The DW model was used to figure out the adsorption 
parameter which included the corrections for diffusion effects (Table 5). At a lower tem-
perature and the initial concentrations, the rate of adsorption is high. Thus, the experi-
mental data are concordant with the model (Figure 12). 
 

Figure 10. Boyd plot.

3.4.3. Transport Number and Dumwald–Wagner (DW) Model

qt
qe

= kmtn (12)

where km—interaction coefficient, and n—transport number. In Figure 11, the km and n
values are calculated. The average n value was found to be n = 0.352, which represents
Fick’s mechanism (Table 4) [35]. The DW model was used to figure out the adsorption
parameter which included the corrections for diffusion effects (Table 5). At a lower temper-
ature and the initial concentrations, the rate of adsorption is high. Thus, the experimental
data are concordant with the model (Figure 12).
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Table 4. Transport number.

Concentration (mg/L) Slope Intercept R2

100 0.238 −0.527 0.909
200 0.298 −0.681 0.913
300 0.298 −0.681 0.913
400 0.457 −1.041 0.914
500 0.607 −1.372 0.919

Table 5. Mass transfer models.

Initial Concentration
(mg/L)

Weber–Morris Model Dumwald-Wagner Model

ki (mg/g min0.5) R2 k (min−1) R2

100 0.282 0.865 0.008 0.851
200 0.575 0.884 0.002 0.811
300 0.857 0.914 0.007 0.789
400 1.195 0.929 0.001 0.651
500 1.353 0.899 0.002 0.853
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3.5. Thermodynamic Parameters

The thermodynamic parameters were estimated through the extent of the adsorption
process by using the rate law. The ∆H◦ and ∆S◦ values were calculated from the Van’t Hoff
plot [36].

ln K =
∆S◦

R
+

−∆H◦

RT
(13)

KD =
qe
Ce

(14)

kD =
qem
CeV

(15)

KC =
Cs

C0
=

C0 − Ce

C0
(16)

KL = 55.51 × molecular weight of CR9 × 1000 × kL (17)

where Kd is the distribution constant (L/g), qe is the sorption capacity (mg/g) at equilib-
rium, and Ce is the equilibrium concentration (mg/L); kd is the dimensionless form of
the distribution constant; KC is the dimensionless form of the equilibrium constant, Cs is
the concentration of the solid phase (mg/L), and C0 is the initial adsorbate concentration
(mg/L); KL is the best isotherm model obtaining the equilibrium constant, and kL is the
Langmuir equilibrium constant (L/mol) [37].

In Table 6, it is noted that the concentration measure units implicitly define the selected
standard states. It follows that ∆G◦ varies accordingly [38]. ∆G◦ < 0 indicates that sorption
occurs spontaneously in a system in its standard states (Table 7). The negativity of the
∆H◦ value indicates the complete adsorption of CR onto the biomass, which signifies an
exothermic nature. The ∆H◦ values show that the CR9 adsorption capability increments
with a decrement in the temperature. The negativity of ∆S shows that the process was
enthalpy-driven (Table 8). There was decreased randomness of CR9 during adsorption
onto the Azolla adsorbent. This was confirmed by the negative value of ∆S◦ [39].

Table 6. Constants’ estimation applying equations for them to become dimensionless. The adsorbent
dosage utilized was 2 g/L.

Initial Concentration Co (mg/L) Kc = Co−Ce
C0

ln ( Co−Ce
C0

) kd = qe m
CeV ln( qe m

CeV )

100 0.87 −0.13926 6.6931 1.9009
200 0.88 −0.12783 7.3333 1.9924
300 0.87 −0.13926 6.6923 1.9009
400 0.84 −0.17733 5.1538 1.6397
500 0.82 −0.19845 4.0100 1.3863

Table 7. Equilibrium constants based on Langmuir isotherm and after applying an equation to become dimensionless. The
adsorbent dosage utilized was 2 g/L.

Temperature K ln Kc ∆G◦ J/mol lnkd ∆G◦ kJ/mol ln KL ∆G◦ kJ/mol ln KD ∆G◦ kJ/mol

303 −0.139 350.1607 6.62 −16.677 6.9 −17.384 6.9077 −17.401
313 −0.125 325.2853 7.3 −18.997 6.5 −16.917 7.256 −18.882
323 −0.177 475.3197 5.6 −15.034 6.2 −16.652 6.25 −16.784
333 −0.198 548.1753 4.9 −13.566 6.1 −16.885 5.2 −14.397

Table 8. Values of change in enthalpy and entropy obtained from the plots.

Properties Kc kd KD KL

∆H◦ (J/mol) −1900.91 −56,768 −50,640.6 −22,793.7
∆S◦ (J/mol) −7.31299 −127.977 −106.203 −18.3507

R2 0.7557 0.6737 0.7431 0.953
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3.6. Mechanism of Adsorption

In the context of the above stated findings, the probable physicochemical and ionic
interactions between the surface functional groups of the various Azolla adsorbents and
CR macromolecules during adsorption are summarized in Figure 13. Biosorption of
CR9 occurs mainly through interactions such as complexation, adsorption by physical
forces, precipitation, and entrapment in inner spaces. In the initial stages, there is surface
adsorption or transport of the CR9 molecules from the bulk phase to the adsorbent surface.
Then, intraparticle diffusion of the CR9 anions into the pores of the adsorbent particles
occurs. Finally, the equilibrium stage shows gradual adsorption dominated by porous
diffusions. Therefore, diffusion between particles intervened in the adsorption process but
cannot control the CR molecules’ overall adsorption [40].
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3.7. FT-IR

The FT-IR spectrum of the Azolla sample before adsorption recorded peaks in the
range of 3600–400 cm−1. The Azolla adsorbent revealed a few absorption bands of fly ash at
3341 cm–1 and 1017 cm–1 corresponding to the O–H stretching and Si–O bending vibrations,
respectively. The dye before adsorption experiments displayed peaks at 3406, 2141, 1675,
1156, 1077, and 776 cm−1 for -NH (primary or secondary amine) stretching, -C=N, alkene
stretching, -N=N- stretching, and -S=O, respectively. However, the CR9-loaded adsorbent
displayed supplementary peaks around 1625 cm–1 of an aromatic ring vibration. The C≡N
stretch was confirmed at 2932 cm–1, which precluded the attachments of aromatics from
the CR9 dye (Figure 14).

3.8. Energy-Dispersive X-ray Spectroscopy (EDX)

The chemical components of the sample were characterized using EDX. The EDX
spectrum in Figures 15 and 16 shows the elements present in the sample and their weight
percentage before and after adsorption. The extent of the carbon increase shows that
adsorption occurred and the potassium present in Azolla was exchanged with the adsorbent
(Table 9). The adsorbent efficiency was compared with other adsorbents, and the results
are tabulated in Table 10.
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Table 9. Composition of elements present before and after adsorption.

Element
Line

Before Treatment After Treatment

Weight% Error Weight% Error

C 25.21 ±1.22 33.75 ±0.98
O 71.16 63.13
Si 1.42 ±0.21 1.10 ±0.15
K 1.43 ±0.19
Al 0.95 ±0.10
Ca – 1.07 ±0.09
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Table 10. Comparison with other studies.

Adsorbate Adsorbent Maximum Capacity
of Adsorption (mg/g) Reference

Congo red (CR9) Azolla filiculoides biomass 243.9 This study
Congo red Fe2O3/C magnetic nanocomposite 270 [41]
Congo red Pine bark 0.3–1.6 [42]
Congo red Organo-attapulgite 189.39 [43]
Congo red Activated carbon/surfactant 769.48 [44]
Congo red Raw pine 32.65 [45]
Congo red Acid-treated pine 40.19 [45]
Congo red Roots of Eichhornia crassipes 4.8 [46]
Congo red Cattail root 38.79 [47]
Congo red N,O-carboxymethyl-chitosan 330.62 [48]

3.9. Regeneration Studies for CR Dye Desorption

The reusability of Azolla filiculoides biosorbents after several cycles is a crucial factor
determining the efficiency of the entire sorption process [49]. In the present study, eluents
such as ethanol and basic water were utilized for CR dye elution from the Azolla filiculoides
biosorbent. The percentage elution (E) was determined using

Percentage Elution =
amount of desorbed CR dye
amount of adsorbed CR dye

× 100 (18)

The utilized biosorbent was mixed with ethanol and basic water for 40 min in an agi-
tator shaker, and the CR dye that was desorbed was evaluated to better analyze the eluent.
The higher desorption was about 98% for the basic solution, whereas lower desorption was
achieved for ethanol, at 30%, under similar working conditions [50]. Since good claims
resulted from the basic solution, further regeneration cycles were performed using basic
water as an eluent. As it is portrayed in Figure 17, the uptake efficiency of Azolla filiculoides
was reduced from 220.37 mg/g in the first cycle to 176.25 mg/g in the fifth cycle. The
uptake efficiency in the fifth cycle was reduced by 20% when compared with the first cycle.
The elution percentage was marked to reduce from 98% in the first cycle to about 89% in
the fifth cycle. The procured inferences allow us to conclude on the reusability efficiency of
the Azolla filiculoides biosorbent in CR dye removal from an aqueous sample.
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4. Conclusions

The efficacy of Azolla filicolides as a potential biosorbent for the treatment of CR9
dye was investigated in a batch system. The optimum conditions for such adsorption
were found to be 200 mg/L for the initial dye concentration with 2 g/L of the biosorbent
dosage at acidic pH ranges. Anyhow, the pH was hardly adjusted in further experiments
as the adsorptive removal of the CR dye between pH ranges of 4 and other ambient pH
values was comparable. The objective of finding the optimal pH emphasized the impact of



Sustainability 2021, 13, 9588 18 of 20

hydrophobic and electrostatic interactions in acting as a driving force for such biosorption.
The pseudo-second-order mechanism was found to be the best fitting mechanism for such
CR dye treatment, and it also proved the chemical nature of the chosen adsorption process.
The Weber–Morris kinetic model accounted for a meager contribution of intraparticle
diffusion, and there was more dominance of complexation, precipitation, and entrapment in
the inner spaces of Azolla filiculoides in governing the rate-limiting step of the adsorption
process, whereas the Boyd model highlighted the impact of film diffusion as the rate-
limiting factor for CR dye biosorption. The Langmuir > Freundlich > Temkin isotherm
proved to be the optimum isotherm that matches the experimental value. Moreover,
the Langmuir model was best fitted to such experimental results, with qm of 243 mg/g
at ambient conditions. Thermodynamic analysis revealed the extent of adsorption to
be physisorption as well as exothermic. The regeneration studies possibly validate the
benefit of ethanol and basic water in effectively regenerating the biosorbent with maximum
retention of the selective adsorptive efficiency, which almost coincides with that of the
unused biosorbent after five cycles. Hence, the future goal should be to focus on the
treatment of industrial discharges as well.

Author Contributions: Conceptualization, methodology, S.S. and P.S.K.; software, M.D.; validation,
S.S., P.D., A.K.J. and P.S.K.; formal analysis, P.S.K., A.A.-H. and D.C.; investigation, S.S.; resources,
S.S.; data curation, S.S.; writing—original draft preparation, S.S.; writing—review and editing, P.S.K.;
visualization, P.D. and A.K.J.; supervision, P.S.K.; project administration, S.S. and P.S.K.; funding
acquisition, A.A.-H. and D.C. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We are grateful to the management of the Sathyabama Institute of Science
and Technology for providing the research facilities that greatly assisted in this work. The authors
extend their appreciation to the Researchers Supporting Project number (RSP-2021/219), King Saud
University, Riyadh, Saudi Arabia.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ho, Y.S.; McKay, G. Kinetic models for the sorption of dye from aqueous solution by wood. Process. Saf. Environ. Prot. 1998, 76,

183–191. [CrossRef]
2. Fakhri, A.; Behrouz, S. Assessment of SnS2 nanoparticles properties for photocatalytic and antibacterial applications. Sol. Energy

2015, 117, 187–191. [CrossRef]
3. Gupta, V.K.; Mittal, A.; Krishnan, L.; Gajbe, V. Adsorption kinetics and column operations for the removal and recovery of

malachite green from wastewater using bottom ash. Sep. Purif. Technol. 2004, 40, 87–96. [CrossRef]
4. Hameed, B.H.; El-Khaiary, M.I. Malachite green adsorption by rattan sawdust: Isotherm, kinetic and mechanism modeling. J.

Hazard. Mater. 2008, 159, 574–579. [CrossRef]
5. Elgarahy, A.M.; Elwakeel, K.Z.; Akhdhar, A.; Hamza, M.F. Recent advances in greenly synthesized nanoengineered materials for

water/wastewater remediation: An overview. Nanotechnol. Environ. Eng. 2021, 6, 1–24. [CrossRef]
6. Bahadar, A.; Khan, M.B. Progress in energy from microalgae: A review. Renew. Sustain. Energy Rev. 2013, 27, 128–148. [CrossRef]
7. Anastasakis, K.; Ross, A.B. Hydrothermal liquefaction of the brown macro-alga Laminaria saccharina: Effect of reaction conditions

on product distribution and composition. Bioresour. Technol. 2011, 102, 4876–4883. [CrossRef]
8. Kumar, J.A.; Amarnath, D.J.; Sathish, S.; Jabasingh, S.A.; Saravanan, A.; Hemavathy, R.V.; Anand, K.V.; Yaashikaa, P.R. En-

hanced PAHs removal using pyrolysis-assisted potassium hydroxide induced palm shell activated carbon: Batch and column
investigation. J. Mol. Liq. 2019, 279, 77–87. [CrossRef]

9. Elwakeel, K.Z.; Shahat, A.; Khan, Z.A.; Alshitari, W.; Guibal, E. Magnetic metal oxide-organic framework material for ultrasonic-
assisted sorption of Titan Yellow and Rose Bengal from aqueous solutions. Chem. Eng. J. 2019, 392, 123635. [CrossRef]

http://doi.org/10.1205/095758298529326
http://doi.org/10.1016/j.solener.2015.04.016
http://doi.org/10.1016/j.seppur.2004.01.008
http://doi.org/10.1016/j.jhazmat.2008.02.054
http://doi.org/10.1007/s41204-021-00104-5
http://doi.org/10.1016/j.rser.2013.06.029
http://doi.org/10.1016/j.biortech.2011.01.031
http://doi.org/10.1016/j.molliq.2019.01.121
http://doi.org/10.1016/j.cej.2019.123635


Sustainability 2021, 13, 9588 19 of 20

10. Bhatnagar, A.; Sillanpää, M. Utilization of agro-industrial and municipal waste materials as potential adsorbents for water
treatment—A review. Chem. Eng. J. 2010, 157, 277–296. [CrossRef]
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