
Citation: Fawzy, M.A.; Aloufi, A.S.;

Hassan, S.H.A.; Alessa, A.H.; Alsaigh,

A.A.; Koutb, M.; Abdel-Rahim, I.R.

Sustainable Use of Marine Macroalga

Sargassum muticum as a Biosorbent

for Hazardous Crystal Violet Dye:

Isotherm, Kinetic and

Thermodynamic Modeling.

Sustainability 2023, 15, 15064.

https://doi.org/10.3390/

su152015064

Academic Editor: Agostina Chiavola

Received: 8 September 2023

Revised: 9 October 2023

Accepted: 11 October 2023

Published: 19 October 2023

Copyright: © 2023 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/).

sustainability

Article

Sustainable Use of Marine Macroalga Sargassum muticum as a
Biosorbent for Hazardous Crystal Violet Dye: Isotherm, Kinetic
and Thermodynamic Modeling
Mustafa A. Fawzy 1,2 , Abeer S. Aloufi 3 , Sedky H. A. Hassan 4,*, Abdulrahman H. Alessa 5, Ahmad A. Alsaigh 6,
Mostafa Koutb 6 and Ismail R. Abdel-Rahim 1

1 Botany and Microbiology Department, Faculty of Science, Assiut University, Assiut 71516, Egypt;
mustafa.fawzy@aun.edu.eg or mafawzy@tu.edu.sa (M.A.F.); ismailramadan@aun.edu.eg (I.R.A.-R.)

2 Biology Department, Faculty of Science, Taif University, P.O. Box 11099, Taif 21944, Saudi Arabia
3 Department of Biology, College of Science, Princess Nourah bint Abdulrahman University,

P.O. Box 84428, Riyadh 11671, Saudi Arabia; asaloufi@pnu.edu.sa
4 Department of Biology, College of Science, Sultan Qaboos University, Muscat 123, Oman
5 Department of Biology, Faculty of Science, University of Tabuk, Tabuk 47512, Saudi Arabia;

alessiabdulrahman@gmail.com
6 Department of Biology, Faculty of Science, Umm Al-Qura University, Makkah 24381, Saudi Arabia;

aassaigh@uqu.edu.sa (A.A.A.); mmkoutb@uqu.edu.sa (M.K.)
* Correspondence: s.hassan@squ.edu.om; Tel.: +968-93879120

Abstract: The pollution of aquatic bodies by synthetic dyes is regarded as one of the most significant
environmental issues, which has prompted greater research into effective and sustainable removal
techniques. Even though there have been major efforts in the previous few decades, more study is
still necessary to fully examine the long-term performance and usable applicability of adsorbents
and different adsorption techniques for the removal of dye. In the present study, a brown marine
macroalga Sargassum muticum was used as an effective and sustainable biosorbent for the crystal
violet (CV) dye removal from aqueous solutions. The biosorbent was characterized by analysis
of SEM, EDX, and FTIR. In order to evaluate the optimum conditions of CV biosorption, several
parameters have been examined as a function of contact time, algal dose, initial concentration of
CV, and pH. The maximum CV removal was obtained at 60 min contact time, 10 g/L algal dosage,
30 mg/L initial concentration of CV, and pH 6. The isothermal models of Langmuir, Freundlich,
Dubinin-Radushkevich, and Temkin are best explained the equilibrium data obtained. At the
optimum conditions, the maximum biosorption capacity of the algal biomass achieved from the
Langmuir model was 39.1 mg/g. The kinetic adsorption models were also better explained using
the pseudo-second-order and Elovich model, and the effect of the boundary layer was indicated
using the intraparticle diffusion model as well as the chemisorption-controlled biosorption process.
Thermodynamically, the process of CV biosorption was shown to be random, spontaneous, and
endothermic. Furthermore, the proposed mechanism of CV dye biosorption onto algal biomass is
regulated by hydrogen bond formation, electrostatic interaction, and ion exchange. These findings
revealed that the biomass of S. muticum is a sustainable and promising material for the biosorption of
water pollutants.

Keywords: biosorption; crystal violet; kinetics and isothermal studies; Sargassum muticum;
thermodynamic analysis

1. Introduction

The contamination of aquatic ecosystems by synthetic dyes is considered to be one of
the most important environmental problems since dye-containing effluents from different
industries such as cosmetics, paper, plastics and textiles are constantly discharged into
the sea or the rivers [1,2]. On the other hand, due to their teratogenic, mutagenic, and
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carcinogenic properties, the non-biodegradable origin of dyes poses a significant danger
to human health and to marine biota [3]. In addition, the presence of dyes in the aquatic
ecosystem leads to a high decrease in the penetration of light and the quantity of oxygen
dissolved in water, resulting in further harmful effects on the photosynthetic activity of
plants [4]. The toxicological impact resulting from the release of dye effluents into the
aquatic environment is, therefore, a relevant issue worldwide.

Crystal violet is a synthetic and cationic dye used as a purple dye in several industries
and a pH indicator, as well as in the Gram method to stain bacteria, as a bacteriostatic
agent, and in different medical fields [5]. It could cause extreme inflammation of the eyes
and renal failure that leads to cancer and permanent blindness [6]. The dye remediation
from wastewater has, therefore, become important for the environment, and various
methods are used for dye removal, such as membrane filtration, reverse osmosis, chemical
oxidation, flocculation, coagulation, precipitation and photodegradation [7–9]. These
processes, however, have some drawbacks, such as difficulties in efficiently disposing of
dye wastewater, high energy consumption, or high costs [10].

The biosorption process by low-cost biosorbent provides an appealing and sustain-
able method for dye removal. It involves physicochemical removal mechanisms such
as chelation, microprecipitation, complexation, ion exchange, and adsorption [11]. The
biosorbent can be used in the sorption method in living and non-living forms; the latter is
more favorable and realistic since the toxicity of dye molecules does not affect them. There
are numerous materials such as cotton waste [12], rice husks [13], algae [14], chitosan [15],
fungi [16], and plants [17] have been used for dye removal from wastewater. Algae have
been shown to be a possible material for dye adsorption among these materials due to their
availability, low cost, and widespread appearance in nature.

In recent years, researchers have drawn considerable interest to the uniqueness of
marine macroalgae as a renewable biosorbent [18,19]. These marine macroalgae are present
in abundance in several areas around the world. The high binding affinity as well as
high surface area and the existence of a specific chemical composition of these marine
macroalgae have become the essential features for them to become strong biosorbent.
Furthermore, marine macroalgae have rapid biosorption ability, with high uptake efficiency,
whereas the chief constituent of marine macroalgae is polysaccharide, which consists of
polycolloid, carrageenan, and alginate that are capable of binding surface contaminants [20].
In addition to the other functional groups, such as amine, carbonyl, carboxyl and hydroxyl;
alginate and sulfate are the primary active groups in brown macroalgae, which play a
crucial role in the water pollutants adsorption [21]. Previous investigations have shown
that brown macroalgae Laminaria japonica [22], Nizamuddina zanardini [23] and Sargassum
hemiphyllum [24] have been found to be possibly suitable biosorbents with high removal
rates of dyes. The ability of biosorption depends on the sorbate and biosorbent, as well as
many factors, such as initial ion concentration, contact time and pH of the solution [25].

The purpose of this work is to investigate the efficacy of marine brown macroalgae
Sargassum muticum for crystal violet dye removal from the aqueous solutions under various
conditions, such as biosorption time, biosorbent dosage, initial dye concentrations, and
pH. Moreover, kinetic, isothermal, and thermodynamics studies of biosorption have been
investigated. Finally, the performance of the S. muticum biomass was also studied for the
removal of crystal violet dye from real wastewater.

2. Materials and Methods
2.1. Collection and Preparation of Algae

Marine brown macroalga Sargassum muticum (Yendo) Fensholt was handily collected
from the coastal region of Jeddah (Red Sea), Saudi Arabia, at a depth of 0.3 m. The samples
of algae were taken to the laboratory, washed with tap water for removal of suspended
epiphytes, salts, and other contaminants, washed again with deionized water, and then
dried for 24 h at 60 ◦C. With a mortar, the dry samples were ground and sieved using
a 1.0 mm sieve. Every 1 g of powdered sample was added to 100 mL of 0.2% CaCl2 to



Sustainability 2023, 15, 15064 3 of 18

improve the biomass sorption potential. The samples were then cleaned several times with
deionized water, dried up to constant weight at 50 ◦C, and stored at room temperature [1].

2.2. Adsorbate Solution

Crystal Violet dye solutions (CV; molecular formula C25H30N3Cl; Figure 1) were
prepared using deionized water by diluting the CV dye stock solution (1000 mg/L). The
reagents obtained from Sigma-Aldrich and used as provided, such as CV dye, HCl, NaOH,
and CaCl2, are of analytical grade.
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2.3. Biosorption Experiments

The experiments of CV dye biosorption were done in 250 mL conical flasks containing
100 mL of CV dye solution. To optimize the experimental conditions, the impacts of contact
time of 0–150 min, algal dosage of 2–10 g/L, initial CV dye concentrations of 10–90 mg/L,
and pH of 2–10 were investigated, and pH of the solutions was adjusted by 0.1 M NaOH
and 0.1 M HCl. The samples were shaken at 170 rpm in a shaker at 25 ◦C, the samples
were filtered, and the CV dye concentrations were determined using a UV-vis spectrometer
(Unico UV-2100; (USA)) with a 590 nm wavelength using a calibration curve. All the
experiments were performed in triplicates.

The data obtained were evaluated for the estimation of the CV dye kinetic model at
different time intervals and for determining the isothermal adsorption model at different
initial dye concentrations. Thermodynamic analyses of biosorption of CV dye and the
effect of temperature have also been studied by testing the process of biosorption under
optimized conditions at various temperatures (25, 35, and 45 ◦C).

Using Equation (1), the amount of CV molecules biosorbed per biosorbent mass unit
was calculated. The percentage of adsorbed CV by S. muticum biomass has been estimated
by Equation (2):

qe =
V

(
Ci − Ceq

)
W

(1)

Removal (%) =

(
Ci − Ceq

)
Ci

× 100 (2)

where qe (mg/g) is the CV dye concentration adsorbed per unit mass, Ci and Ceq (mg/L)
are the concentration of CV dye before and after the process of sorption, respectively, W (g)
is the biosorbent amount, and V (L): the solution volume.

2.4. Characterization of Algal Biomass
2.4.1. Scanning Electron Microscopy and Energy Dispersive Spectroscopy

Using a scanning electron microscope (SEM, JSM-6510 LV (JEOL; (USA)) combined
with energy-dispersive X-ray (EDX, JEOL JEM-2100 (USA)), the algal biomass was analyzed
before and after dye treatment.

2.4.2. Fourier Transform Infrared Spectra (FTIR)

The FTIR for optimized algal biomass was recorded on the Nicolet IS 10 FTIR spectrometer.
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2.5. Statistical Analysis

All experiments in this study were performed in triplicate, and the data were displayed
as mean ± standard error (SE). The SPSS software (version 16.0, Chicago, IL, USA) was
used to compare the means using Duncan’s multiple range tests.

3. Results and Discussion
3.1. Biosorbent Characterization
3.1.1. SEM

Scanning electron micrograph (SEM) has been used before and after the dye biosorp-
tion to study the distribution of CV ions on the S. muticum surface (Figure 2A,B). Algal cells
were smooth with a surface greatly porous, which was hole-like prior to CV dye exposure
(Figure 2A). The algal surface became meandrous and rough after treatment with CV dye
(Figure 2B). This is attributed to the dye ions accumulation along the algal cell surface.
The algal cell wall was very porous and readily permeable to CV ions. This can clarify
the greatest affinity of S. muticum biomass for the CV dye removal. Changes in the algal
surface porosity related to the biosorption of dyes were reported by Omar et al. [26] and
Vijayaraghavana and Shanthakumarb [27].
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3.1.2. Energy Dispersive Spectroscopy (EDX)

The elemental compositions of S. muticum biomass before and after CV biosorption
were determined using an EDX analysis (Figure 3A,B). The data showed that carbon and
oxygen were found to be the most abundant elements found in the algal biomass prior
to dye biosorption, followed by calcium and, ultimately, magnesium, silicon, sulfur, and
aluminum (Figure 3A). The increase in carbon weight percentage from 27.21% (before
dye biosorption) to 32.11% (after biosorption) and the presence of chlorine element as a
constituent of the dye structure after biosorption may be responsible for the biosorption
of CV by algal biomass. Moreover, some elements in the spectrum were undetectable or
reduced during dye biosorption, indicating that the process responsible for the biosorption
of CV dye is ion exchange [1].
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3.1.3. FTIR Analysis

The spectrum of FT-IR of S. muticum biomass before and after biosorption of CV dye
includes peaks distinguished by numerous functional groups (Figure 4A,B). The wide
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peak at 3416 cm−1 was recorded before and after biosorption of CV onto the algal biomass
due to groups of –NH and –OH. This suggests that the biosorption of CV dye onto the
S. muticum biomass is the responsibility of the hydroxyl and amine groups [18]. Intense
peaks allocated to the C–H group of phospholipids and lipid fractions were observed on
the biomass of S. muticum at 2925.35 cm−1 and 2924.78 cm−1 before and after biosorption
of CV dye [28]. The absorption band of 1632.57 cm−1 transferred to 1635.66 cm−1 may be
assigned to the C=O stretching vibration of alginic acid on the brown algae cell wall [29].
In addition, typical peaks at 1424 cm−1 and 1034 cm−1 belonging to alginate component
were recorded for the biomass of S. muticum before and after the biosorption process, along
with a new lipid peak containing the fraction of fucoidan (sulfated polysaccharides) was
occurred at 1260.30 cm−1 for the algal biomass after treatment with CV dye, previously
mentioned in the study of Pennesi et al. [30] and Marais and Joseleau [31]. As proposed
by Kumar and Ahmad [32], the presence of a new absorption band at 1540.66 cm−1 in
the S. muticum biomass may be due to the –CN group of the CV after biosorption. The
peaks present only in the algal biomass at 584.22 cm−1 and 594.16 cm−1 after biosorption
process may be attributed to the C–H stretching vibration [33]. According to the analysis of
FTIR spectra, shifts in the functional groups’ position in the biomass of S. muticum after
CV biosorption suggest that these groups are active in the removal of CV. A high quantity
of polysaccharides is found on the surface of the algal cell; some of them are linked to
proteins and other molecules [34]. These components have many active functional groups,
such as sulfate, phosphate, amino, carboxyl, amine, and carbonyl groups [35]. The CV dye
molecules were, therefore, incorporated with the algal biomass by association with the
functional groups, as suggested by Jayaraj et al. [36].
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3.2. Optimization of CV Biosorption Parameters

The optimization of different variables such as contact time, algal dose, initial concen-
trations of CV dye, and pH values was done at 25 ◦C for studying the CV biosorption onto
S. muticum biomass.

3.2.1. Influence of Contact Time

The influence of contact time (0–150 min) on the removal of CV onto the biomass of
S. muticum at constant conditions of 10 g/L algal dose, 50 mg/L initial concentration of
CV, and pH 5 was investigated (Figure 5A). It could be noticed that CV dye biosorption
is relatively rapid. The biosorption rose very rapidly in the first 40 min, then achieved
equilibrium after 60 min and ultimately approached a constant at 60–150 min. The contact
time was thus determined at 60 min as the optimum contact time, and the highest CV
removal percentage at this time was 98.01%. These findings agree with the results of Aditiya
and Al Kausar [37], who found that methylene blue and crystal violet dye biosorption onto
Spirulina sp. biomass increased rapidly within the first 30 min and reached equilibrium at
60 min. On the other hand, Daneshvar et al. [38] found that dye removal by marine brown
macroalgae increased rapidly within the first 10 min and reached equilibrium at 90 min.
The disparity in removal rates of dyes among the algal biomasses could be attributed
to variations in the composition and characteristics of the algal cell wall, surface charge
density, and surface area [39]. At the outset, great numbers of the available free sites on the
algal surface were definitely responsible for the high rate of CV biosorption, whereas the
subsequent deceleration was found as the available free sites were saturated [23].

3.2.2. Influence of Algal Dosage

Figure 5B indicates the influence of the algal dose (2, 4, 6, 8, and 10 g/L) on the CV
removal at an optimized contact time (60 min), as well as a fixed initial concentration of CV
(50 mg/L) and pH 5. As the algal dosage increased, the efficiency of CV removal increased,
and the highest removal of CV was 94.9% at an algal dose of 10 g/L. Similar results were
observed with the biosorption of MB by Sargassum hemiphyllum [24]. The high removal
efficiency could be due to the increased biosorption sites available with the high dose
of biosorbent [40].

3.2.3. Influence of Initial Concentrations of CV Dye

Under optimal conditions of 60 min contact time, 10 g/L of biosorbent dosage, and
fixed pH 5, the influence of initial CV concentrations (30–90 mg/L) on the removal per-
centage of CV (%) and CV biosorption capacity (qe mg g−1) by S. muticum biomass was
assessed as indicated in Figure 5C,D. With a rise in the initial concentration of the CV, the
dye removal percentage decreased (Figure 5C). The highest removal percentage of CV by
S. muticum biomass was 94.6% at 30 mg/L of CV dye concentration. The reduction in the
CV removal percentage can be due to the absence of adequate free-binding sites for the
biosorption of CV. All the CV molecules in the aquatic solution may be associated with the
free binding sites at lower concentrations, and so the percentage of CV removal was higher
than those at higher concentrations of CV dye. On the other hand, the biosorption capacity
(mg g−1) increased by raising dye concentration due to the rise in driving force generated
by the rising concentration gradient (Figure 5D). This minimizes any mass transfer resis-
tances between CV dye molecules, increasing the biosorption capacity [41]. Furthermore,
the increment in driving force speeds up the possibility of dye molecules colliding with the
biosorbent, which raises the biosorption capacity of CV dye [42].
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3.2.4. Influence of pH Values

The influence of different pH (2–10) on the removal of CV under the optimum condi-
tions of contact time (60 min), algal dose (10 g/L), and initial concentration of CV (30 mg/L)
was investigated. Figure 5E indicates a rise in biosorption of CV with an increase in pH
to the optimum value of pH 6 (92.8%), after which a small decrease in the CV biosorption
rate was found. The dye of CV is a cation-based coloring agent, while the S. muticum cell
wall consists predominantly of fucan, alginate, and proteins containing various negatively
charged functional groups, such as hydroxyl, amine, sulfate, and carboxyl [43]. The surface
charge of a biosorbent can change when the pH changes. Thus, the algal biomass’s point of
zero charge (pHZPC) was evaluated according to the method of Rivera–Utrilla et al. [44]
(The details are shown in Supplementary Materials). The biomass of S. muticum was found
to have a pHZPC of about 5.6 (Figure S1). This shows that above this pH (pH > pHZPC),
a negative charge occurs on the biomass surface due to the deprotonation of functional
groups such as amino, hydroxyl, carboxyl, and sulfate, which increases the capability of CV
biosorption by electrostatic attractions [45]. Nevertheless, below this pH (pH < pHZPC), the
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algal biomass acquires a positive charge because of the protonation of functional groups,
inducing hydrogen ions for competition with the cations of CV dye, causing a reduction in
biosorption of dye. Despite this, CV dye still adsorbs, showing that dye biosorption is not
solely caused by electrostatic interaction. The active binding sites, however, were limited;
hence, the percentage of CV removal was not consistently raised as the pH was higher (>6).

3.3. Biosorption Kinetics

The data of biosorption kinetics provide useful knowledge about the reaction rate of
a given system and allow for assessing the efficiency of the biosorbent and the process
of adsorption underlying it. Biosorption kinetic studies are therefore important in order
to well understand the process of biosorption. For this purpose, pseudo-first order [46],
pseudo-second-order [47], Elovich [48], and intraparticle diffusion [49] have been used,
and their equations are provided below:

Pseudo-first order model: Log(qe − qt) = Log qe −
K1t

2.303
(3)

Pseudo-second order model:
t
qt

=
1

K2q2
e
+

t
qe

(4)

Elovich model: qt =
1
β

ln(αβ) +
1
β

ln(t) (5)

Intraparticle diffusion model: qt = Kit1/2 + Ci (6)

where qe and qt (mg/g) are the adsorbed quantity of CV dye at equilibrium and at any time
(t). K1, K2, and Ki: the pseudo-first order, pseudo-second order, and Intraparticle diffusion
rate constants, respectively. β (g/mg) and α (mg/g min): the surface coverage and initial
rate constant of the Elovich model, respectively. Figure 6A–D displays the linear plots of
log (qe − qt) vs. t, t/qt vs. t, qt vs. t0.5, and qt vs. lnt, respectively, and has been used for
verifying the model validity and for determining the model parameters (Table 1).

As seen in Figure 6A and Table 1, the high coefficient of determination value (R2 = 0.988)
shows that the pseudo-first-order model supports the experimental data of CV biosorption
kinetics. However, the experimental qe value (12.26 mg/g) is higher than the calculated
value (7.39 mg/g). Thus, the pseudo-first-order model might not be appropriate to illustrate
the CV dye biosorption onto the biomass of S. muticum. On the contrary, Fawzy and
Gomaa [50] reported that the pseudo-first-order model was fit implemented for estimating
the biosorption behaviors of Congo red dye onto the Cystoseira trinodis biomass.

The value of the determination coefficient (R2) achieved by the pseudo-second-order
model was 0.992 (Figure 6B; Table 1). In addition, the value of calculated qe (12.55 mg/g)
was close to the value of experimental qe (12.26 mg/g), revealing that the kinetic model
of pseudo-second order was a satisfactory way of explaining the CV biosorption onto
S. muticum. The pseudo-second-order rate constant (K2) for CV dye was 0.047 min−1

(Table 1), which promotes the more appropriate and rapid CV molecules biosorption by the
biomass of S. muticum from aqueous solution. It was therefore suggested that the model
of pseudo-second order is more fitting than the pseudo-first-order model for describing
the CV biosorption onto the biomass of S. muticum, and the chemisorption controlled the
biosorption process. These results were in agreement with the findings of Liang et al. [24],
who indicated that the methylene blue biosorption onto Sargassum hemiphyllum biomass
was followed by the pseudo-second order.
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Table 1. Sorption kinetic parameters obtained by CV biosorption onto S. muticum.

Kinetics Model Parameters Values

qe (exp.) (mg/g) 12.26

Pseudo-first order
qe (cal.) (mg/g) 7.39
K1 (min−1) 0.047
R2 0.988

Pseudo-second order
qe (cal.) (mg/g) 12.55
K2 (g/mg min) 0.02
R2 0.992

Elovich
α (g/mg min) 17.3
β (g/mg) 0.508
R2 0.991

Intra-particle diffusion
Ki (mg/g min0.5) 0.235
Ci (mg/g) 6.05
R2 0.867

In order to analyze the CV biosorption process, more kinetic data were fitted to
the Elovich kinetic model (Figure 6C). This model proposes that the active sites of
biosorbents are heterogeneous and, hence, have different energies of sorption [51]. The
high coefficient of determination value (R2 = 0.991) shows that the experimental results
were fitted by the Elovich kinetic model. The data in Table 1 indicated that α and β
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constant values (17.3 g/mg min and 0.508 g/mg, respectively) were high, proposing that
more biosorption sites are available on the biomass of S. muticum for CV dye biosorption.

The model of intraparticle diffusion is depicted in Figure 6D, which displays a linear
relationship between the qt against t1/2. From Figure 6D, it is clear that the kinetic results
are not well associated with the model of intraparticle diffusion because the linear plot does
not pass through the origin (i.e., it is not the rate-limiting step) [49]. Furthermore, the low
value of the determination coefficient (0.867) also showed that the model of intraparticle
was not sufficiently suited for CV dye removal by S. muticum. The high intercept value (Ci,
6.05 mg/g; Table 1) may be clarified that a high number of smaller particles produced a
greater surface area for removal of CV dye onto the algal biomass and a greater surface for
biosorption process and thereby improved the effect of boundary layer [52].

3.4. Isothermal Biosorption Study

Different concentrations of initial CV dye (10, 30, 50, 70, and 90 mg/L) were used in
the biosorption isothermal assay under previously optimized conditions (60 min contact
time, 10 g/L algal dose, and pH of 6) at 25 ◦C.

In order to comprehend the mode of interaction between the biosorbent and CV
dye, the isothermal models, as well as biosorption parameters determined according to
the linearized isotherm forms for the models of the Langmuir, Freundlich, Temkin, and
Dubinin–Radushkevich (D–R) are essential. Table 2 includes the isothermal parameters
calculated from the linearized plots of the isotherm.

Table 2. Isotherm parameters for the CV biosorption onto the S. muticum biomass.

Isotherms Parameters Values

Langmuir

qmax (mg/g) 39.1
b (L/mg) 0.12
RL 0.09–0.33
R2 0.954

Freundlich
n 1.27
Kf (mg/g) 4.21
R2 0.977

Temkin

B 6.49
A (L/mg) 2.18
b (J/mol) 381
R2 0.970

Dubinin and Radushkevich

qo (mg/g) 15.3
β × 10−7 (mol2/J2) 3.0
E (kJ/mol) 12.9
R2 0.915

The Langmuir isotherm model refers to sorbate monolayer formation on the adsorbent
surface with a homogeneous surface [53].

The Langmuir equation’s linearized form is expressed as:

Ceq

qe
=

1
qmaxb

+
Ceq

qmax
(7)

where b (L/mg) is the adsorption constant of Langmuir associated with the sorption of
free energy, and qmax (mg/g) is the maximum sorption capability of the algal biomass. The
values of qmax and b can be estimated from the slope and intercept, respectively, of the Ceq/qe
against Ceq linear plot, as indicated in Figure 7A.
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The data indicates that the maximum adsorption capability of CV dye (qmax) on
S. muticum biomass of 39.1 mg/g was accomplished with a biosorption constant b of
0.12 L/mg, as well as a high coefficient of determination value (R2 = 0.954; Table 2) indicated
that the process of CV dye biosorption suits the Langmuir isotherm model.

This means that the S. muticum biomass could be used for the removal of CV dye from
aqueous solutions as a potential biosorbent.

A dimensionless separation factor (RL) gives valuable facts about the sorption nature.
The Equation can be found as follows:

RL =
1

1 + bC0
(8)

where Co (mg/L): the initial concentration of the CV dye. RL values suggest that the isother-
mal shapes are either favorable (0 < RL < 1), unfavorable (RL > 1), or linear (RL = 1) [54].
The RL values ranged from 0.09 to 0.33, suggesting a desirable process of biosorption.

Reversible and non-ideal sorption is defined by the Freundlich isotherm. It is not
limited to monolayer forming and could be used in heterogeneous sites for multilayer
sorption [55]. The Equation’s linearized form of Freundlich model is found as follows:

Ln qe = Ln K f +
1
n

Ln Ceq (9)

where Kf is the adsorption constant of Freundlich (mg/g), showing the magnitude capability
of sorption, and n is the intensity of adsorption that is used for the description of the surface
heterogeneity or sorption strength [18].
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The values of n and Kf were deduced from the slope and intercept of the lnqe against
lnCeq linear plot, respectively (Figure 7B).

The findings revealed that the adsorption constant (Kf) was 4.21 (mg/g) with a high-
value R2 (0.977), and the value of sorption intensity (n) was 1.27, indicating a higher CV
dye/biosorbent interaction (Table 2). The multilayer biosorption processes were thus
dominant, and the isothermal Freundlich model is well used for the description of CV
dye biosorption by the biomass of S. muticum. Similar results were recorded for the CV
dye biosorption onto Rhizophora mucronata stem barks [56] and the Congo red removal
by Cystoseira trinodis [50]. The slight variation between the isotherms of Langmuir and
Frendulich models in the values of R2 indicated that both models were suitable for the
biosorption of CV dye onto S. muticum biomass.

The Temkin isotherm model implies that the energy of adsorption for all molecules is
decreased linearly rather than logarithmic with surface coverage, taking into account the
adsorbate-adsorbent interaction effect [57]. The Equation’s linearized form is expressed as:

qe= B lnA + B lnCeq (10)

where B is a constant related to the energy of sorption, and A (L/mg) is Temkin isothermal
constant (the constant of equilibrium binding associated with the maximum binding energy)
and given by Equation (11):

B =
RT
b

(11)

where T (K) is the absolute temperature (298.15), R is the gas constant (8314 J/mol K), and
b (J/mol) is the sorption energy-related constant of the Temkin model.

The values of B and A were estimated by the plotting of qe vs. lnCeq from the slope (B)
and intercept (B lnA), respectively (Figure 7C; Table 2). A higher biosorbent-dye potential
was revealed by the high Temkin isothermal constant (A = 2.18 L/mg). Moreover, the
high value of the Temkin constant (b = 381 J/mol) showed a strong interaction between
algal biomass and CV dye molecules [58]. The high value of the determination coefficient
(R2 = 0.970; Table 2) indicates that the Temkin isotherm model suits well with the CV dye
biosorption onto the biomass of S. muticum.

The Dubinin–Radushkevich isotherm model is used for determining the mechanism
of pore filling and assessment of the chemical or physical nature of the sorption process [59].
The isotherm of D–R model is found as follows:

Lnqe = lnq0 − βε2 (12)

where ε is the potential of Polyani, β (mol2/J2) is the coefficient of activity correlated with
the mean energy of adsorption, and qo (mg/g) is the maximal sorption capacity. From the
intercept and slope of the plotting of lnqe against ε2, the values β and qo were determined
(Figure 7D). The value of ε has been calculated from the following Equation:

ε = RTln
(

1 +
1

Ceq

)
(13)

In order to explain the sorption type, whether physical (E < 8 kJ/mol) or chemical
sorption (E = 8–16 kJ/mol), the model of D–R utilizes the mean sorption energy (E) [60]. It
is calculated from Equation (14) as follows:

E =
√

1/2β (14)

The value of the mean free adsorption energy of CV biosorption by S. muticum was
more than 8 kJ/mol (12.9 kJ/mol; Table 2), suggesting chemisorption was involved in the
process of adsorption. The high calculated R2 value (0.915) indicates that the data of the
CV dye biosorption by S. muticum were fitted by the D–R isotherm model.
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3.5. Effect of Temperature and Thermodynamic Studies

The removal of CV dye was assessed for varied temperature values of 25, 35, and
45 ◦C under optimized conditions of 60 min contact time, 10 g/L algal dosage, 30 mg/L
initial CV concentration, and pH 6. Figure 8A shows that the removal percentage of CV
dye increased with increasing temperature. The increased biosorption may be a result of
both the higher kinetic energy of the CV dye molecules and the increased activity of the
adsorbent surface [61]. The enhanced mobility of dye molecules and the presence of pores
on the algal surface may also possibly contribute to this effect. According to Rajasimman
and Murugaiyan [62], the increased temperature causes dye molecules to diffuse faster on
the surface and inside the pores of algal biomass.
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For achieving the thermodynamic parameters at optimal conditions of 60 min contact
time, 10 g/L algal dose, 30 mg/L of initial concentration of CV dye, and pH of 6, the impact
of different temperature values (25, 35 and 45 ◦C) on the adsorption process of CV dye by
the S. muticum biomass was studied.

Thermodynamic parameters, including Gibbs free energy (∆Go), entropy change (∆So),
and enthalpy change (∆Ho), may provide considerable details on the energy variations in
the adsorption process of CV dye on the algal biomass. The following equations could be
used to determine the thermodynamic parameters [63,64].

KC =
Cs
Ceq

(15)

lnKC =
∆So

R
− ∆Ho

RT
(16)

∆Go = ∆Ho − T∆So (17)

where KC is the distribution ratio of the adsorbed CV dye concentration (Cs) to the CV dye
concentration in the solution (Ceq), the linear plot of lnKC against 1/T produces the ∆So and
∆Ho values of the intercept and slope, respectively (Figure 8B).

The results in Table 3 showed that the values of ∆Go were negative, indicating that the
biosorption process is spontaneous and that the energy required is given by the decrease in
temperature. The positive value of enthalpy change, ∆Ho (4.91 kJ/mol), verified that the
biosorption of CV dye onto the S. muticum biomass was an endothermic process such that
by raising the adsorbate-adsorbent system temperature, the biosorption efficiency of CV
dye can be increased. The endothermic nature of biosorption was described in different
studies. Jafari [65] stated an increase in CV and MB biosorption onto magnetic Fucus
vesiculosus with a rise in temperature. Additionally, Fawzy [42] found that increasing the
temperature from 298 to 318 ◦K increased the biosorption of Cu2+ ions by dried biomass of
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Codium vermilara. The positive value of entropy change, ∆So (0.022 kJ/mol), on the other
hand, indicated an increase in randomness at the solid/solution interface by biosorption of
CV dye onto S. muticum biomass [66].

Table 3. Thermodynamic parameters for the CV biosorption onto S. muticum biomass.

Temperature (K) ∆Go (kJ/mol) ∆Ho (kJ/mol) ∆So (kJ/mol) R2

298 −1.54

308 −1.72 4.91 0.022 0.974

318 −1.98

3.6. Application in Real Wastewater Treatment

A biosorption experiment was performed on real wastewater obtained from agricul-
tural wastewater at Wady Al-Arj, Taif, Saudi Arabia (21◦19′ N and 40◦32′ E, and altitude of
1591 m), where the temperature = 21.8 ◦C, pH = 8.92, total dissolved solids = 751.4 mg/L
and conductivity = 1174 µS/cm to test the efficacy of S. muticum as a biosorbent for the
removal of crystal violet dye from agricultural effluents. Because the crystal violet con-
centration was low, a high quantity of CV was added to the wastewater to attain a final
concentration of 30 mg/L.

The batch method was used to investigate the biosorption efficacy of crystal violet
under optimal conditions (60 min contact time, 10 g/L algal dosage, and pH 6) using
100 mL of wastewater. The removal efficiency of crystal violet was found to be high, up
to 91.81 ± 1.58%, indicating that algal biomass could efficiently remove harmful dyes
from wastewater.

3.7. Comparison of Crystal Violet Dye Biosorption Capacity with Other Sorbents

Table 4 compares the maximum biosorption capacity determined in this research to
various sorbents examined in the literature for crystal violet dye removal. The maximum
uptake capacity of CV dye by S. muticum in the current study was determined to be
39.1 mgg−1, which was compared to qmax obtained from other studies on CV dye removal.
The findings demonstrate the high capacity of S. muticum for crystal violet dye biosorption.

Table 4. The comparison of the maximum adsorption capacity of crystal violet by different sorbents.

Adsorbents
Biosorption Conditions qmax

(mg/g) ReferencesContact Time (min) pH

Skeletonema costatum diatom 120 3 10.77 [33]
Rhizophora mucronata stem-bark 60 7 1.18 [56]
Zeolite from bottom ash 10 6.5 17.6 [67]
Leaf biomass of Calotropis procera 60 - 4.14 [68]
Lignin-rich Isolate from Elephant Grass 30 - 24.99 [69]
Pineapple crown leaves - - 6.49 [70]
Iridaea cordata macroalga 90 7 36.5 [71]
Gracilaria corticata macroalga - 8 28.9 [72]
Laminaria japonica macroalga - 10 14.5 [73]
Sargassum muticum 60 6 39.1 Present study

3.8. Biosorption Mechanism

The cell walls of Brown algae contain a variety of functional groups, including amine,
carboxyl, carbonyl, amino, hydroxyl, and sulfate, as indicated by the analysis of FT-IR,
which are in charge of removing harmful substances from industrial wastewater [1].

In the sorbent/sorbate systems, the interactions of hydrogen bonding primarily occur
between the hydrogen surface of −OH, −COOH, −NH, and CH2 groups (which are
considered as hydrogen donor groups) on the S. muticum surface and the nitrogen atom
(H-acceptor group) of CV dye (dipole–dipole H-bonding). Additionally, it occurs between
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the aromatic rings in the molecules of CV dye and the hydrogen donor groups of the algal
biomass (Yoshida H-bonding). As an alternative method of CV dye biosorption, use the
aromatic rings of the CV dye as the electron acceptor and the oxygen groups of the algal
surface as the electron donor; these interactions of hydrogen-bonding in this mechanism
are known as n-π interactions (electron acceptor-donor interactions). The binding of CV
molecules is significantly influenced by the functional groups formed from oxygen (such
as COOH and OH) that are present on the sorbent surface.

The mechanism of CV dye biosorption can also take place via an ion exchange and
electrostatic interaction process because the biosorbent surface is negatively charged at
pH ≤ 6; this simplifies the binding of the algal surface to the positively charged molecules
of CV dye. The ion exchange mechanism can take place by exchanging the sodium, mag-
nesium, and calcium ions found on the algal cell wall with the ions from the CV dye [74].
In addition, the electrostatic interaction occurs between negatively charged functional
groups, like –COOH, –OH, and –NH, found on the surface of biosorbent and the positively
charged CV dye ions. Therefore, it can be inferred that hydrogen bonding, ion exchange,
and electrostatic interaction mechanisms can all contribute to biosorb CV dye onto the
biomass of S. muticum.

4. Conclusions

It was clearly seen in the present study that S. muticum could effectively be used
as a low-cost biosorbent for the removal of crystal violet dye. Several factors have been
examined, such as contact time, algal dosage, initial concentration of the CV dye, and
pH. In modeling the process of biosorption, four isotherms and kinetic equations were
used. The isotherm fits the models of Langmuir, Freundlich, Dubinin-Radushkevich,
and Temkin, while the kinetics fit the pseudo-second-order and Elovich models with a
higher determination coefficient. To assess the progress rate of the CV biosorption process,
the model of intraparticle diffusion has been found. This revealed that smaller particles
had a greater impact on the boundary layer. Thermodynamic parameters demonstrated
endothermic, randomness, and spontaneous biosorption of CV and the mechanism of
biosorption. Ultimately, the analysis of FTIR verified that the major groups involved in
the biosorption process of CV dye were the sulfate, carbonyl, amine, and hydroxyl groups.
Moreover, the formation of hydrogen bonds, electrostatic interaction, and ion exchange all
played a role in the biosorption mechanism of CV dye onto the algal biomass. As a result,
S. muticum was found to be a good low-cost biosorbent for removing textile toxic dye from
aqueous solutions and real wastewater via the adsorption process.
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