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This study investigated the potential application of dried powder from red
seaweed Pterocladia capillacea as an eco-friendly adsorbent for removing
Crystal Violet Dye (CV dye) from a synthetic solution. The adsorption
conditions for the adsorbent were determined, in batch conditions, by
changing different experimental parameters such as initial CV dye
concentrations (5, 10, 20, 30, and 40 mg L™, contact time (15, 30, 60, 120,
and 180 min.), adsorbent doses (0.025, 0.05, 0.1, 0.2, and 0.3 g), temperature (25,
35, 45, and 55°C), and pH (3, 5, 7, 9, and 11). The adsorption mechanisms of CV
dye onto the P. capillacea biomass were examined using various analytical
techniques such as FTIR, BET, UV-Visible, and SEM. These characterizations
suggest the average BET surface area of P. capillacea was 87.17 m? gt and a pore
volume of 0.10368 cc g~*. Moreover, according to the FTIR study, the dye has
been deposited inside the adsorbent’s pores after adsorption. The adsorption
behavior of the adsorbent was investigated by performing both kinetic and
equilibrium isothermal studies in batch conditions at 25°C. Also, the
thermodynamic factors showed the exothermic nature and physisorption of
the adsorption process, which tends to be spontaneous at lower temperatures.
In addition, Langmuir, Dubinin-Radushkevich, Freundlich, and Tempkin isotherm
models were selected to evaluate the adsorption of CV dye on P. capillacea. The
equilibrium adsorption data were best represented by the Freundlich, indicating
multilayer adsorption on the heterogeneous surface. The g. experiment and
calculation values for the Pseudo-Second-Order and interparticle diffusion
kinetic models were determined. The results showed that, under optimum
conditions P. capillacea exhibited 98% removal of CV dye from synthetic
wastewater. Moreover, it will help to regenerate the adsorbents that can be
reused to adsorb CV dye ions and develop a successful adsorption process.
Finally, this study concluded that the dried powdered form of P. capillacea is an
attractive source for adsorbing CV dye from aqueous solution.
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1 Introduction

The lack of clean water around the world is worsened by
pollution caused by the release of untreated industrial effluents
(Akin et al., 2022; Isik et al., 2022). The issue is exacerbated by the
growth of economies due to uncontrolled population growth and
the use of outdated techniques and equipment that require large
volumes of water in industrial and agricultural processes
(Bhatnagar et al, 2005). To produce completed goods, some
industrial processes contain hazardous chemicals, some of which
leak into the environment as industrial waste wash (Aksu, 2005).
Thus, the difficult issue of creating affordable and effective methods
for the treatment of various human activities challenges
environmental researchers worldwide (Lee et al.,, 1999). The
discharge of industrial effluents containing hazardous
contaminants, such as phenolics, toxic metals, and dyes, even at
low concentrations, harms the environment (Khattri and Singh,
2000). Among the most significant categories of pollutants are dyes,
which, once they enter water bodies, are harmful to the
environment and no longer serve any useful purpose
(Dawood, 2013).

Numerous industries, including those in the textile, carpet, food
pulp, leather, printing, plastics, cosmetics, and paper sectors,
require dyes to color their products. As a result, the wastewater
from these industries, which contains dyes, is discharged into water
bodies, contaminating them (Ergene et al., 2009). Dyes are generally
categorized into cationic, anionic, and non-ionic dyes. The world
produces more than 7 x 10 tones and 10,000 different types of dyes
every year (Machado et al, 2014). Discharging dyes into the
hydrosphere usually produces water of an undesirable color and
reduces sunlight penetration in addition to photosynthesis (Banat
et al., 1996).

Furthermore, crystal violet dye, also known as gentian violet or
methyl violet 10B, was chosen as the study’s adsorbate. CV dye can
be used as a biological stain, an antiseptic, an antimycotic, an
antibiotic, and other things in addition to being utilized as a
synthetic dye in the food and textile sectors (Balabanova et al,
2004). CV dye is one of the most commonly used in the textile
industry to dye silk and cotton (Sulyman, 2014). Despite its many
benefits, CV dye has some risks, including the fact that it may be a
clastogen, that digesting it may result in headache and dizziness,
and that it has been demonstrated to lower white blood cell count
(Docampo and Moreno, 1990). Additionally, studies using mice
confirmed the dye to be carcinogenic (Littlefield et al., 1985).
Moreover, CV dye in water bodies can have serious toxic effects
on humans, such as skin irritation, nausea, itching, gastrointestinal
discomfort, chest pain, methemoglobinemia, difficulty breathing,
diarrhea, profuse sweating, vomiting, cyanosis, severe headaches
(Miller and Miller, 1953; Akin et al., 2022; Erdogan et al., 2022).

Therefore, effluents contain organic dyes which need treatment
before being discharged into the environment (Lorenc-Grabowska
and Gryglewicz, 2007; Alprol, 2019; Abualnaja et al., 2021; Mansour
etal,, 2022d). Currently, numerous chemical and physical treatment
approaches, including electrochemical treatment, adsorption,
oxidation, chemical precipitation and flocculation, reduction,
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electrolysis, and ion-pair extraction, have been investigated for
the removal of various types of contaminants from water (Ng
et al., 2002; Sharma et al.,, 2014; Abate et al., 2020). These
approaches are appealing due to their efficiency, but they are
sophisticated and costly (Al-Garni et al., 2013). Biological
procedures have gained popularity as a viable option because of
their low cost, efficacy, capacity to create less sludge, and
environmental safety (Chen et al, 2003; Celekli et al., 2010;
Anand and Suresh, 2015; Alprol et al., 2019). These mechanisms
can convert or degrade this pollutant into water, carbon dioxide,
and different inorganic salts (Daneshvar et al., 2007).

The adsorption process is considered one of the most efficient
methods for removing synthetic contaminants from aqueous
effluents. This process transfers dyes from the aqueous effluent to
a solid phase, lowering dye bioavailability to living organisms
significantly (Amer and Abdel-Moneim, 2017).

Aquatic plant cells, including microalgae and macroalgae, are
regarded as one of the most biologically, ecologically, cost-effective,
and efficient applicable materials for bioremediation when
compared to terrestrial plants (Alprol et al, 2021a; Mansour
et al,, 2022¢; Mansour et al, 2022e). The diversity and living
habitat conditions of aquatic organisms, aquatic plants, or aquatic
animals (Mansour et al., 2022¢), make them rich sources of
biomaterials that may serve in many vital industries such as food
supplements, biofertilizers, bioenergy, fine biochemicals (EI-Shouny
et al, 2015), and effluent water treatments (phytoremediation)
(Shao et al., 2019; Alprol et al., 2021b; Ashour et al., 2021;
Mansour et al, 2022b). In the phytoremediation process, algal
cells form one of the most important factors that affect the
efficiency of the phytobioremediation mechanism, in general
(Mansour et al., 2022a; Alprol et al., 2023b). The biomass of
several algal species has many advantages, such as low cost, high
efficiency, regeneration of biosorbents, minimization of chemical
and biological sludge, and environmentally friendly adsorbent
materials (Ghoneim et al., 2014). The biosorption capacity of
algae is attributed to their relatively high surface area and high
binding affinity during biosorption (Kusvuran et al., 2011).
Nonetheless, adsorption has several disadvantages, including early
saturation, a small potential for improving the biological process
because cells are not metabolizing, and the absence of any chance
for biologically modifying the metal valency state (Ahluwalia and
Goyal, 2007). Additionally, using dead biomass requires energy for
drying; therefore, the usage of microalgae in batch systems is limited
(Brinza et al., 2007).

Among all algae species, red algal species are the most
important and economical species in the bioremediation process
(Alprol et al., 2023b). Pterocladia capillacea is a marine red alga that
contains chlorophyll, as well as contains phycoerythrin, an
accessory photosynthetic pigment. (El-Sikaily et al., 2011). On
rocks close to the coast and in shallow water, they spend their
time in the Mediterranean Sea (Aksu, 2005). The various varieties of
seaweed may be a more effective and relatively inexpensive dye
absorption medium (Alprol et al., 2023a). The marine red alga P.
capillacea has hollowed, cartilaginous-textured leaves that are
typically tiny to moderate in size and multicellular. The
phycobioremediation potential of several forms of the red alga P.
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capillacea for several types of pollutants has been studied and
reported in several previous studies. The dried biomass and
activated carbon form of P. capillacea have the ability to remove
several metals from aqueous solutions such as the toxic chromium
(Cr®") (El Nemr et al., 2015) and copper, Cu(Il) (El-Sikaily et al.,
2011), respectively. El-Din et al. (2016) conducted a study on the
potential of phycobioremediation using the biomass form of P.
capillacea and Ulva lactuca, green seaweed, for the removal of
pharmaceutical pollutants including clofibric acid, nonylphenol,
bisphenol, chloramphenicol, and acetylsalicylic acid from aqueous
solutions. The study found that P. capillacea had a higher capacity
for the bioremoval of all five pharmaceuticals compared to U.
lactuca. Another study conducted by El-Agawany et al. (2023)
aimed to investigate the potential of phycobioremediation using
fresh and dried biomass of P. capillacea and Ulva lactuca for
removing four synthetic dyes (RB19, RB5RY2, and RR195) from
aqueous solutions. The study concluded that both seaweed species
were highly effective in the phycobioremediation of most of the
synthetic dyes tested. However, to the best of our knowledge, there
are no published data for the adsorption of CV dye on the dried
form of red seaweed P. capillacea.

This material was chosen for this investigation to test its
potential to remove hazardous dyes. Although there is literature
on the marine seaweed algae P. capillacea as an adsorbent for the
removal of heavy metal ions, where previous studies showed the
insufficiency of the use of this material in removing toxic dyes from
wastewater, this work shows an experimental study on the removal
of dyes, particularly CV dye, by using this novel material. Because it
significantly improved the adsorption efficacy of the required dyes,
it was chosen for the next experiment to fill a gap in the literature.
As a result, the current study’s main objective is to synthesize
powder adsorbent from culture for the removal of CV dye from an
aqueous solution that is ecologically friendly, effective, and high in
capacity (Alprol et al, 2023a). Furthermore, P. capillacea was
considered because of its novelty in comparison to agricultural
wastes, which may be easily regenerated and recycled, making it
suitable for treatment methods. Therefore, the current work was
conducted to investigate the effect of the dried red macroalga P.
capillacea on the removal of CV dye from synthetic contamination.
In addition, the kinetics and isotherms of interaction were
examined. Also, morphology, surface functionalization, and the
pore size of the P. capillacea were exposed by scanning electron
micrograph (SEM), The Fourier transform infrared spectroscopy
(FTIR), UV-vis absorption spectrum (UV), and Brunauer-
Emmett-Teller surface area analysis (BET). Moreover, the
application to real wastewater of the El-Nobaria drain,
Alexandria, Egypt was investigated.

2 Materials and methods
2.1 Biomass materials
P. capillacea samples were collected from the Mediterranean Sea

of Alexandria’s coasts, Egypt as previously described (Mansour
et al,, 2022¢). Collected samples were washed multiple times with
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seawater, tap water, and finally distilled water. The clean alga was
sun-dried in the air for one week, followed by air oven drying at 70°
C for 48 h. The obtained adsorbent was passed through various
sieve sizes. The particle fraction is between 0.85 and 1.0 mm. In
addition to, approximately 10 g of seaweed powder was mixed with
100 mL of dis. H,O and subjected to boiling for 30 min under
stirring conditions to prepare the algal aqueous extract.

2.2 Dye stock solution preparation

In this work, CV dye was utilized as a model molecule for
organic pollutants in general and basic dyes in particular. CV dye
has molecular formula C,5sH3oN3Cl with (a wavelength of 588 nm
and a C.I. of 42555), which is known as hexamethyl pararos aniline
chloride, in addition to CV dye was purchased from Merck
company. The pH of the CV dye solution was adjusted using
0.1 N HCl or 0.1 N NaOH. All of the experiments were carried
out with analytical-grade reagents. A stock solution of CV dye (1000
mg L") was prepared in distilled water. All working solutions (5-40
mg L") were prepared by diluting the stock solution with distilled
water at the appropriate amount. The adsorption experiments were
carried out at a temperature of 25 + 2°C.

2.3 Industrial wastewater
sampling protocol

A wastewater sample was collected from the El-Naboria drain in
Alexandria, Egypt (31° 09’ N and 29° 71’ E), which contains a
variety of industrial effluent and agricultural pollutants. The pH was
measured using a pH meter (model AD 1080). Turbidity was
measured using a LOVIBOND (TB 300 IR) portable turbidimeter.
Conductivity was measured with a (Senso Direct 150) probe. Also,
total suspended solids (TSS) and total dissolved solids (TDS) were
examined through a dry technique at 102-106°C. Because of the low
dye concentrations, a small quantity of CV dye was added to
produce 5 mg L' of this dye. The dye solution was filtered to
remove precipitates and suspended matter. Samples were collected
and stored at 20°C. Laboratory analyses of wastewater were carried
out according to the Standard Methods for Examination of Water
and Wastewater (Apha, 1926).

2.4 Characterizations

The functional groups of P. capillacea were identified by
different techniques, including FT-IR (Shimadzu FTIR-8400 S,
Kyoto, Japan), UV-Vis spectroscopy (UV-2550, Shimadzu,
OSLO, Kyoto, Japan), BET analysis (Micromeritics Instrument
Corporation, Model-3Flex, Norcross, GA, USA), and SEM (JSM
6360 LA, JEOL, Tokyo, Japan). The specifications of applied
techniques were described previously (Mansour et al., 2022d).
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2.5 Batch adsorption experiments

Batch sorption experiments were performed at a constant
temperature (25 £ 2°C) on a rotary shaker at 120 rpm using 250
mL capped conical flasks and agitated for the appropriate contact
period. CV dye adsorption was investigated using various weights of
dried red alga in 100 mL solutions containing 5, 10, 20, 30, and 40
mg L™ of initial CV dye concentration. The concentration of CV
dye ions in the solution was measured spectrophotometrically at
588 nm after and before adsorption. All experiments were
triplicated, and only the mean values were reported. The
following equations (Celekli et al., 2012; Ahmadi et al, 2020)
were used to calculate the quantity of CV dye adsorbed (mg g™")
at a time (t):

Removal (%) = [(C;- C;) / C] x 100 (1)

g.= [(Ci- C) x V] /W 2

where: C; and Cy are the liquid-phase concentrations of CV dye
mg L' at initial and final concentrations, respectively. While the
maximal adsorption at the monolayer (mg g ') is known as q.. The
volume of the solution is V (L), and the mass of the adsorbent is
W (g).

TABLE 1 The equations of the isotherm models.

10.3389/fmars.2023.1202362

2.6 Isotherm models investigation

To select a suitable model for the design process, equilibrium
data should be carefully fitted into various isotherm models as
shown in Table 1. Batch adsorption experiments were conducted at
room temperature by mixing a solution of 5- 40 mg L™" with 50 mL
of CV dye for 3 h at pH 3, and then analyzing the reaction mixture
for residual CV dye content.

2.6.1 Langmuir adsorption isotherm

The Langmuir adsorption isotherm assumes that all adsorption
sites have a similar affinity for the adsorbate (Langmuir, 1916). The
non-linear form of the Langmuir isotherm is described by Equation
(3), as presented in Table 1.

2.6.2 Freundlich adsorption isotherm

Freundlich model is an exponential equation that exhibits
adsorption on heterogeneous surfaces and it is also used for
examining adsorption equilibrium in non-monolayer surfaces
(Freundlich, 1906). The Freundlich isotherm model is an
empirical relationship describing the adsorption of solutes from a
liquid to a solid surface and assumes that different sites with several
adsorption energies are involved. The relation between the CV dye

Equations
Eq. :
Equation
No. q
1/qe vs. 1/
1/4:=(1/K,Qu) 1/C. + (1/Qm) o
Langmuir 3)
Where: C, is the equilibrium concentration of dye ion (mg L), K, is the Langmuir constant (L mg"), and Q,,, = maximum
monolayer coverage capacity (mg g™).
Ln q. vs.
Log q, = Log Kp + (1/n) Log C, InC.
Freundlich = (4)
Where: the intercept, log Ky, is a measure of adsorbent capacity, the slope 1/n is the adsorption intensity, K = Freundlich isotherm
constant ((mg g™")(L mg™')1/n), and n = adsorption intensity.
Qe vs. Ln
q.= BLnA + BLnC, C
Tempkin (5)
Where: A (L g™') is the Temkin constant and B = (RT)/b while T is the absolute temperature in Kelvin and R is the universal gas
constant, 8.314 ] mol™! K. The constant b is related to the heat of adsorption.
1/2
qe Vs.
Harkins- o 1/q; = (B/A) - (1/A) Log C, Log C.
Jura
Where: A (gZ L") and B (mg” L") is two parameters characterizing the adsorption equilibrium.
Ln qc vs.
Lng, = [(1/n) Ln K] + [(1/n) Ln C,] Nn G
Halsey 7) n Ce
Where: K (mg L") and n are the Halsey isotherm constants.
. qe vs. Ln
Smith (8) qe = Wps— Wsln (1 - C,) (1-c,)
- Ve

Where: Wgg and Wy are the Smith model parameters.
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uptake capacity q. (mg g™') of the adsorbent and the residual CV
dye concentration C, (mg L™') at equilibrium is given by
Equation (4).

2.6.3 Temkin adsorption isotherm

The Temkin adsorption isotherm posits that the heat of
adsorption reduces with the sorption coverage due to adsorbent-
adsorbate interactions (Temkin, 1940). The Temkin isotherm can
be simplified to Equation (5) (Table 1).

2.6.4 Harkins—Jura and Halsey models

The HJ model takes into consideration multilayer adsorption, as
well as the presence of heterogeneous pore distribution in the
adsorbent. The Harkins-Jura adsorption isotherm (Harkins and
Jura, 1944) can be expressed in Equation (6). Moreover, the Halsey
adsorption isotherm (Halsey, 1952) can be given as described in
Equation (7) (Table 1).

2.6.5 Smith model

Smith’s model (Smith, 1947) is appropriate for multilayer
adsorption. The fitting of Smith equations is particularly visible in
heterosporous materials. The Smith model is frequently used in the
following form Equation (8) (Table 1).

2.7 Adsorption kinetic investigations

2.7.1 Pseudo-first-order kinetic model
The pseudo-first-order kinetic model (Lagergren, 1898) is
expressed as the following Equation (9):

&)
where: q; (mg g™') is the amount of adsorbed CV dye on the

Log (q,— q;) = logq,— kit /2.303

adsorbent at time t and k; (min™") is the rate constant of first-order
sorption and 2.303 is the constant in the pseudo-first-order
equation. A straight line of log (q. — q,) vs. t was obtained with
experimental data determined from the intercept and slope of the
plot, respectively.

2.7.2 Pseudo-second-order kinetic model

The pseudo-second-order kinetic model as previously described
by Ho et al. (Ho and Mckay, 1999) is calculated as the following
Equation (10):

t/q = 1/kq + t/q, (10)

where: K, (g mgf1 min™") is the rate constant of second-order
adsorption. If the Pseudo-Second-Order kinetics were applicable,
the plot of t/q; vs. t of the experimental data should provide a
straight line, and q. and K, may be deduced from the slope and
intercept of the plot, respectively:
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2.7.3 Intraparticle-diffusion kinetic model
The intraparticle diffusion equation [82] is explored by
Equation (11):

q: = Kd,-ftl/z + C (11)

where: Kgi¢ (mg g”' min™""?) is the intraparticle diffusion rate
constant and C (mg g’l) is related to the thickness of the boundary
layer, and Ky and C values are calculated from the slope and
intercept of q, versus t/% plots, respectively.

2.8 Adsorption thermodynamics
investigations

The apparent equilibrium constant (K4) (L g’l) of the
adsorption is defined according to Potgieter et al. (Potgieter et al.,
2018), where R is the universal gas constant (8.314 ] mol ™ K)and T
is the absolute temperature in K. The changes in the enthalpy AH®
and entropy AS°® parameters should be considered to calculate the
Gibbs free energy for adsorption techniques at various temperatures
(e.g., 25, 35, 45, and 55°C) using the following (Babarinde et al.,
2007; Potgieter et al., 2018; Alardhi et al., 2020) nonlinear Equations
(12)-(14):

Ky = q./C, (12)
AG = - RTLnK, (13)
AG® = AH® — TAS® (14)

Ce (mg L) is the equilibrium concentration of CV dye. The
value uses of AH® and AS°® were calculated from the intercept and
slope of the plotted curve of T vs. AG® of Equation (14) in addition
to AG®, which can be obtained from Equation (12).

2.9 Reuse of regenerated adsorbents

According to (Dahri et al., 2014), the detailed process of the
regeneration experiment was described. Briefly, 0.04 g of adsorbent
was treated with 50 mg L' CV dye, and the suspensions were
shaken for 180 min at a temperature of 25°C using an agitation
speed of 180 rpm on a shaker that was exposed to 10 mg L™! of CV
dye at pH 3 and the amount of CV dye adsorbed was determined.
The dye-treated adsorbent was thoroughly washed using distilled
water to desorb the dye. The adsorption of red seaweed P. capillacea
was restored using 0.1 mol L™' of HNO3 as a solvent. The red
seaweed P. capillacea adsorbent was washed several times with
double distilled water as a solvent before being used for the next
adsorption cycle, using the same approach as in the adsorption
equilibrium studies (Kooh et al., 2016).
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3 Results and discussion
3.1 Characterization of adsorbent

3.11SEM

In the current study, SEM analysis was used to examine the
surface morphology of the adsorbents before and after CV dye
adsorption (Figures 1A, B, respectively). Following CV dye
adsorption, the adsorbents” surface shape changes significantly, as
does the creation of distinct aggregates on their surfaces. Figure 1
shows an example of SEM images of adsorbents before and after CV
dye uptake at x2000 magnification. P. capillacea had a thick and
extremely porous morphology with diverse sizes and forms of
surface texture (Figure 1A). P. capillacea’s interaction with CV
dye led to the production of flake-like deposits on its surface,
causing the surface to become irregular. Meanwhile, the porous
texture of the surface texture vanished, owing to dye adsorption.
After coming into contact with CV dye, swelling-like
deposits developed.

312 FTIR

The Fourier transform infrared spectroscopy (FTIR) is useful
for identifying functional groups that are capable of adsorbing CV
dye ions (Mansour et al., 2022d). Carbons of P. capillacea adsorbent
were measured using FTIR spectroscopy within the range of 500-
4000 cm™" wave number, as shown in Supplementary Figure I
Table 1. The bands observed at 3289, 2441, and 3729 cm ! in dried
red alga represent the bonded-OH group on their surface (Yeamin
etal, 2021). The Aliphatic C-H group is represented by the peak at
2854 and 2922 cm™". The band at 2129 and 2525 cm™" represents
C=C and thiol S-H stretch, respectively. These peaks disappeared
after adsorption. Meanwhile, the two bands created after adsorption
at 1576 and 1541 cm ™' could be assigned to C=C stretch aromatic
and N-H bending types of bonds of amide (II). These groups can be
conjugated or non-conjugated to aromatic rings (Villaescusa et al.,
2004; Padilha et al., 2005). The absorption band at 1418 cm™" split
into three peaks at 1462, 1421, and 1322 cm™' indicating the
presence of sp> C-H bend. A deformation related to C-O bond
was observed in the red alga at peaks 1255 and 1257 cm™". Also,

10.3389/fmars.2023.1202362

peaks observed at 1117 and 1159 cm™" after the adsorption of red
alga indicate the presence of alkoxy C-O. The absorption bands at
1035-1159 cm ™" can be attributed to the C-O stretching vibration
of cellulose, lignin, and hemicellulose. While, the peak between 850
and 800 cm™' was for out-of-plane bending of =C-H, i.e., 3=C-H.
Several bio-molecules, proteins, and extracellular polymers have
been shown to have these functional groups, such as carbonyl,
carboxyl, amino, and hydroxyl, which are mainly responsible for the
sorption of CV dye through chemical bonding (El-Sikaily
et al., 2011).

Furthermore, in this study, we can see the convergence of
functional groups, which could be owing to the mechanism of the
physical adsorption process related to the Van der Waals forces, and
thus the functional groups are comparable before and after
adsorption. As a result, there will be no major change in the
groups as a result of the surface stability caused by adsorption.
Furthermore, functional groups such as carboxyl, carbonyl,
hydroxyl, amino have been found within a variety of
biomolecules, proteins, and polysaccharides. Because the various
functional groups have a high affinity for CV dye, they can form
complexes with CV dye ions. According to FTIR analysis, the
generation of new absorption bands, changes in absorption
strength, and shifts in wave number of functional groups might
be caused by dye ion interaction with active sites of adsorbents. The
electrostatic affinity between these groups and the cationic dye
molecule (CV") may cause CV dye sorption on P.
capillacea adsorbent.

313 UV

The UV-visible absorption study is one of the most prominent
and easy methods to discover the adsorbent process (Kokabi et al.,
2017). Owing to the sharpness of the peaks, the UV-VIS spectrum
profile of P. capillacea biomass extract (Supplementary Figure 2)
was chosen between 200 and 800 nm (Mansour et al., 2022d). The
compounds were separated at 467.5, 425.5, 297, 269.5, 260, and 207
nm in the profile. The presence of phenolic and alkaloid chemicals
in the marine algal is revealed by the peak occurrence at 234-676
nm (Rajeswari and Jeyaprakash, 2019). The existence of phenolic
and alkaloid chemicals in P. capillacea is indicated by the peak
appearance at 234-676 nm (Rajeswari and Jeyaprakash, 2019). In

FIGURE 1
SEM of P. capillacea before (A) and after (B) adsorption process.
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addition, the extract possesses some comparable alkaloids and
glycoside chemicals described based on a comparison of the
spectra of seeds and flowers (Sahu and Saxena, 2013; Rajeswari
and Jeyaprakash, 2019).

3.1.4 BET

To investigate any changes in the porosity of the sample under
investigation, the specific surface area and pore volumes of the
adsorbent were investigated. Supplementary Figure 3;
Supplementary Table 2 show the nitrogen adsorption-desorption
isotherms of impregnated P. capillacea at 77.33 K. The textural
properties of P. capillacea were obtained using the instrument
(NLDFT Ads. model) analytical software and certain parameters
were obtained using BET, t-plot, and BJH-Des techniques. The
average BET surface area (87.1721 m? g™"), average particle radius
of 1.564 nm, and total pore volume of 0.10368 Cm’> g ' were
obtained. The desorption branch of the BJH method revealed that
the adsorbent contains micropores (1.62 nm) with a pore volume of
0.089 Cm’® g based on the pore radius distribution of P. capillacea.
This implies a variety of pore designs in the adsorbent, ranging from
micropores to mesopores to macropores that are helpful for
phenomena such as the adsorption process and the availability of
much more surface area for adsorption (Singh et al., 2022).

3.2 Adsorption studies

3.2.1 Effect of pH

The pH level of the solution is commonly regarded to be one of
the primary parameters determining the system’s sorption
effectiveness (Mansour et al., 2022d). The pH of the adsorbate
solution directly influences the dye removal ability of adsorbate. It
affects the stability and color intensity of the adsorbate solution. For
crystal violet, the color change occurs around pH 0 to 1 for the
yellowish-green color, and around pH 11 to 12 for the bluish-purple
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color. Therefore pH is a significant controlling feature in the
adsorption process. In the current work, five pH degrees were
carried out (3, 5,7, 9, and 11) to investigate the influence of solution
pH on the effective removal of CV dye by adsorption onto P.
capillacea (Figure 2). The present work showed that when the pH of
the solution was decreased, the efficiency of CV dye removal
percentages increased. It has been found that by increasing the
initial pH 3 to 11, the percentage removal of CV dye treatment
decreases. The high percentage efficiency of CV dye removal in an
acidic medium reached a high adsorption percentage of 94.5% at
pH 3, and then, the uptake declined with a further increase in pH
for the synthetic solution. This may be attributed to the electrostatic
interactions between the positively charged adsorbent and the
negatively charged dye anions (Bhatti et al, 2021). Both the dye
chemistry in water and the cell surface dye binding sites are
influenced by the solution pH. In solution, the dye releases
colored dye anions (Dawood and Sen, 2014). The complex
heteropolysaccharides and lipid components of red algae’s cell
wall composite produce various functional groups, including
carboxyl, hydroxyl, sulfate, and other charged groups (Foo and
Hameed, 2011). The biomass will have a net positive charge at lower
pH values. At acidic pH, it is expected that nitrogen-containing
functional groups, such as amines, will also be protonated,
increasing the concentration of H' ions and positively charging
the biomass’s surface (Mansour et al,, 2022c). The electrostatic
attraction between these negatively charged dye anions and the
positively charged cell surface may contribute to higher uptakes that
are observed at lower pH values, for which hydrogen ions function
as a ligand for bridging between the dye molecule and the algal cell
wall. Changes in surface properties and charge can be attributed to
the decrease in the dye’s ability to adsorb on algae as pH increases
(Salleh et al,, 2011). The different colors of CV dye are a result of the
different charged states of the dye molecule. In the yellow form, all
three nitrogen atoms carry a positive charge, of which two are
protonated, while the green color corresponds to a form of the dye

6

7 10 11 12

pH values

FIGURE 2

The impact of different pH values of P. capillacea on CV dye removal (initial concentration of CV dye 5 mg L™ : temperature 25 + 2 °C; adsorbent

dose 0.05 g; initial volume: 50 mL; contact time: 180 min)
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with two of the nitrogen atoms positively charged. At neutral pH,
both extra protons are lost to the solution, leaving only one of the
nitrogen atoms positively charged. The pKa for the loss of the two
protons is approximately 1.15 and 1.8 (Mbacke et al,, 2016).

3.2.2 Doses of adsorbent biomass

The biomass amount is important because it indicates a
material’s capacity for a specific initial concentration under
operating conditions (Sart and Tuzen, 2009). The influence of
adsorbent dosage on the adsorption process was examined by
altering the adsorbent amount of 0.025, 0.05, 0.1, 0.2, and 0.3 g at
a temperature of 25 + 2°C, and pH 3 and adsorbate concentration of
5 mg L' at various contact times for 180 min. Figure 3
demonstrates that the percentage removal was gradually increased
with increasing the adsorbent dosage of P. capillacea from 75. 7% to
96.1% at 0.025 to 0.3 g for the synthetic solution. The development
in removal efficiency can be ascribed to an increase in the
adsorbent’s total surface area and active adsorption sites (Lee
et al,, 2019). If all other parameters stay constant, the adsorption
capacity rises marginally with increasing doses of adsorbent at 0.025
to 0.3 g. This trend is to be expected because increasing the
adsorbent dose increases the number of adsorbent molecules
available, which led to augmented surface area and thus leads to
more opportunities for dye ions to adhere to the adsorbent (Cusioli
et al,, 2020). Therefore, the trend of increasing the removal capacity
occurs because more adsorption sites will be provided for the dye
ions (Cusioli et al., 2020).

10.3389/fmars.2023.1202362

3.2.3 Temperature

Another important factor to consider is the effect of
temperature on adsorption, which impacts the adsorbent’s
adsorption capacity (Abate et al., 2020). To investigate the effect
of temperature on the adsorption of the adsorbent biomass P.
capillacea, four different temperature levels (25, 35, 45, and 55°C)
were utilized with a CV dye level of 5 mg L™" (Figure 4). The
increase in temperature gradually improves the adsorption removal
capacities of adsorptive pollutants such as dyes, due to increased
surface activity and kinetic energy of the adsorbate, while it may
damage the physical structure of the adsorbent (Abdi and Kazemi,
2015). In the current study, the results show that the adsorption
efficiency varies in the selected temperature range, and dye
adsorption efficiency decreases as temperature increases. The
higher removal percentage was shown at 25°C with 78.9% for
synthetic wastewater. As a result, it indicated that the adsorption
process was exothermic due to the equilibrium uptake of CV dye
reduced with increasing temperature, in addition to the mechanism
being mostly physical sorption, governing at lower temperatures. At
high temperatures, the weakening of interactions between dye ions
molecules and P. capillacea of adsorbents may result in a reduction
in red algae adsorption (Meena et al., 2005; Cheraghi et al., 2016).
Adsorption is always exothermic due to the adsorption leads to a
reduction in the residual forces on the outside of the adsorbent.
Adsorption is an exothermic process since surface particles of the
adsorbent are unstable and when the adsorbate is adsorbed on the
surface, the energy of the adsorbent decreases, and this results in the
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FIGURE 3

The impact of different initial doses (g) of P. capillacea on CV dye removal (%) (initial concentration of CV dye 5 mg L™ temperature 25 + 2°C; pH:

3; initial volume: 50 mL; contact time: 180 min).
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FIGURE 4

The impact of temperatures (°C) of P. capillacea on CV dye removal (initial 38 concentration of CV dye 5 mg L™*: concentration of 5 mg L™%; at pH:

3; initial volume: 50 39 mL; contact time: 180 min).

evolution of heat. Therefore, adsorption is always exothermic.
Moreover, higher temperature can deactivate active sites resulting
in reduced dye adsorption (Tahir et al,, 2016).

3.3 Kinetic study

3.3.1 Effect of initial contact time

The equilibrium adsorption of P. capillacea was studied at
several contact time intervals to examine the effect of various
contact times on adsorption. As presented in Figure 5, contact
times ranging between 15 and 180 min on the removal of CV dye
have been carried out with an initial dye concentration of 5 mg L™
at pH 3. When the maximum CV dye adsorption onto P. capillacea

was obtained, the equilibrium was determined to be about 30 min.
The adsorption of CV dye was increased as the quantity of P.
capillacea and contact duration increased. It was found that the rate
of removal is extremely rapid in the first 15 min, with percentage
removal of approximately 73% and 75% for both synthetic solution
and effluent wastewater, respectively, and gradually increasing up to
the equilibrium rate of adsorption, for which the results indicate
that the adsorption removal of CV dye increased from 73 to 86.9%
in the range of 15-30 min and then decreased from 85-82% in the
range of 60-180 min for the synthetic solution. This was most
probably caused by the processes of adsorption and desorption that
follow the saturation of adsorbent surfaces with CV dye (Azizi et al.,,
2017). The availability of the positively charged surface of P.
capillacea resulted in the fast electrostatic attraction of the anionic
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FIGURE 5

The impact of different contact times (min.) of P. capillacea on CV dye removal (initial concentration of CV dye 5 mg L™ 25 + 2°C; pH: 3; initial

volume: 50 mL; adsorbent dosage 0.05 g).
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CV dye from the solution, explaining the rapid adsorption at the
initial contact time. Also, the change in adsorption rate might be
attributed to the fact that all sites are initially occupied and the
gradient in solute concentration is very high (Ghaedi et al., 2012).
As a result, the reduced adsorption rate is caused by a decrease in
the number of vacant sites and lower dye concentrations. The low
adsorption rate, particularly near the end of the examinations,
suggests that a monolayer of CV dye might form on the
adsorbing surface (Pathania et al., 2017). This might be owing to
a shortage of available active sites for further dye adsorption after
achieving equilibrium (Liang et al., 2010).

3.3.2 Kinetic models

To assess the potential adsorptive mechanism of pollutants,
many kinetic models have been presented. The mechanism of
adsorption is determined by the sorbent’s physical and/or
chemical properties, as well as the mass transport process. Three
models (Pseudo-first-order kinetic (Supplementary Information),
Pseudo-second-order kinetic, and Intraparticle diffusion model
were utilized to examine the mechanism of CV dye adsorption
(Figures 6A-C, respectively).

3.3.2.1 Peudo-second-order kinetic model

Plotting t/q, versus t for the adsorption of CV dye by dried red
alga was investigated and given a straight line, and the second-order
rate constant (k,) and q. values were determined (Table 2;
Figure 6B). The pseudo-second-order kinetic model was used to
describe the adsorption of CV dye from synthetic wastewater by red
algae with (R* > 0.952). The values of q. estimated using the PSO
model (1.08 mg g ' for the synthetic solution) agreed with the
values of q., exp (1.190 mg g~ ' for the synthetic solution). This
implies that the CV dye adsorption system follows the pseudo-
second-order kinetic model throughout the adsorption period and
reveals that the adsorption process conforms to a pseudo-second-
order model, as well as that it appears to be chemically
controlled (Figure 6B).

3.3.2.2 Intraparticle-diffusion model

Due to the low adsorbate concentration that is already in the
solution, the intraparticle diffusion model is divided into three
phases: the fast external surface adsorption phase, the intraparticle
diffusion phase, and the slow equilibrium phase (Kooh et al., 2016).
The overall adsorption rate in a porous adsorbent must consider the
three steps of external mass transfer, intraparticle diffusion
(Figure 6C), and adsorption on an active site inside the pores.
The following mathematical equation is used to characterize the
therapy of CV dye using the intraparticle diffusion model (type 2)
(Weber and Morris, 1963). Where C is the intercept and ki is the

1/2), which can be

1/2
/as

intraparticle diffusion rate constant (mg g min
evaluated from the slope of the linear plot of q, versus t
presented in Figure 6C. This investigation demonstrates that
straight lines did not pass through the origin, and the R* value
was 0.383. The curve did not pass through the origin indicating that
intraparticle diffusion was not the sole rate-determining step and
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that boundary layer diffusion controlled the adsorption to some
(Cheung et al., 2007). The deviation of the diagram from the path
may be due to the rate-limiting step dictated by boundary layer
diffusion (El-Said et al., 2018). Nevertheless, the ky;r value was 0.096
mg g~ min'% The external surface adsorption may have happened
quickly within the first 15 min of agitation. No region had a C value
equal to zero, as seen in (Supplementary Table 3; Figure 6C),
indicating that these lines do not pass through the origins, which
indicates that intraparticle diffusion is not the rate-limiting step.
Ozacar and Sengil (2004) found a similar observation regarding the
adsorption of dispersion dye into alunite. In addition, Kooh et al.
discovered the elimination of Rhodamine B dye from an aqueous

solution by Casuarina equisetifolia needles (Kooh et al., 2016).

3.4 Equilibrium and isotherm
adsorption study

3.4.1 Initial CV dye concentrations

The impact of initial dye concentration is determined by the
direct relationship between the initial dye concentration and the
availability of adsorbing sites on the adsorbent’s surface (Mashkoor
and Nasar, 2020). CV dye solution concentrations between 5-40 mg
L ™" were used to study the effect of initial CV dye concentration on
the removal percentage of P. capillacea (Figure 7). In general, the
increase in the initial concentration of the dye enhances the
interaction between the dye molecules and the surface of the
adsorbent (Lee et al., 2019). Kareem et al. (Kareem et al., 2016)
cited that, during the initial adsorption stage, high amounts of
vacant surface sites are obtainable for the adsorption process. The
adsorption behavior clearly showed a reduction in the percentage of
adsorption on P. capillacea as the initial concentration increased,
and so increased the adsorption capacity. It was observed that the
amount of CV dye adsorbed by a unit weight of P. capillacea is
decreased with increasing CV dye concentration. The percentage of
removal of CV dye in the synthetic solution reduced from 91% to
49.9% as the initial concentration of CV dye grew from 10 to 40 mg
L', while the adsorbent capacity (q.) increased from 37.4 to 52.6
mg g " as the initial concentration of CV dye increased from 5 to 40
mg L', These results may be explained on the basis that the
increase in the number of ions competing for the available
binding sites and also because of the lack of active sites on the
adsorbent at higher concentrations (Surchi, 2011). Initial dye
concentration offers a considerable driving power to overcome all
dye mass transfer resistances across the aqueous and solid phases,
implying that initial dye concentration influenced both dye
decolorization percentages (Nassar et al., 2015).

3.4.2 Isotherm models

Isotherms are a basic and crucial necessity for the study of
adsorption systems; moreover, isotherms are employed for design
purposes (Abdel Wahab, 2007). In addition, fitting the isotherm
data to multiple isotherm models is a critical step in determining a
suitable model that may be utilized for design purposes.
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FIGURE 6
Pseudo-second-order-kinetic (A), Pseudo-second-order-kinetic (B), and Interparticle-diffusion-kinetic (C) models for the elimination of CV dye onto
P. capillacea (pH 3 with 0.05 g of adsorbent; 5 mg L™* of dye concentrations at 25 + 2 °C; initial volume: 50 mL; contact time 10, 20, 30, 60, 120,
and 180 min).

TABLE 2 Thermodynamics factors for the sorption of CVD onto P. capillacea.

Temperature (°C) AG® (kJ mol™) AH° (kJ mol™) AS° (J mol™)
25 -7.29
35 —9.91
~0.1125 254
45 -11.06
55 -10.66
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FIGURE 7

The impact of different initial CV dye concentrations on their adsorbent onto P. capillacea (adsorbent amount: 0.05 g; temperature 25 + 2°C; initial

volume: 50 mL; pH: 3; contact time: 180 min).

3.4.3 The Freundlich isotherm

Using the same set of dried red alga experimental data, the
applicability of the experimental Freundlich isotherm was
investigated based on sorption on heterogeneous surfaces by
graphing Log (qe) vs. Log (qe) (Ce). As demonstrated in Figure 8B,
the CV dye sorption isotherm followed the Freundlich model
(Freundlich, 1906). For synthetic wastewater, the isotherm data fit
the Freundlich model well (R*> = 0.995). This might be because the
adsorbent surface is nonhomogeneous and there could be more than
one type of sorption site on the surface (Diquarternasi, 2009).
Moreover, the Freundlich model constants Ky and n are determined
from the intercept and slope of the plot, respectively (Figure 8). The
constant Kr can be defined as the adsorption coefficient which
represents the quantity of adsorbed CV dye for a unit equilibrium
concentration, while 1/n is a measure of the adsorption intensity or
surface heterogeneity. The values of the constants Kr and n were
calculated to be 7.19 (mg g’l) and 3.63, respectively, for synthetic
wastewater solution. The adsorption intensity or surface heterogeneity
is measured by the calculated 1/n factor. Meanwhile, Table 3
demonstrates that 1/n > 1 indicates favorable adsorption, which
requires significant interactions between the adsorbate molecules.
Therefore, the adsorption manner is reversible and not just limited
to monolayer formation. Multilayer dye adsorption onto the adsorbent
is possible, with non-uniform heat and affinity distributions across the
heterogeneous surface. The Freundlich constant n tends to be in the
range of 1 to 10 for favorable adsorption. While 1/n = 1 suggests
adsorption leading to similar adsorption energies for all sites, larger
values of n indicate stronger interactions between the adsorbed and dye
(Foo and Hameed, 2010). The n value in this study was 3.63;
consequently, the interaction between the adsorbent and CV dye
surface is heterogeneous.
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3.4.4 Temkin isotherm

As a result, the Temkin adsorption isotherm model Tempkin
isotherm model considered the effects of indirect adsorbate-
adsorbate interaction isotherms which explained that the heat of
adsorption of all the molecules on the adsorbent surface layer
would decrease linearly with coverage due to adsorbate-adsorbate
interactions. The Temkin isotherm graphs for the adsorption data
are shown in Figure 8. The low correlation coefficients, which are
reported in Table 2, suggest that the Temkin isotherm is suitable
for the synthetic solution for the adsorption of CV dye by
P. capillacea.

3.4.5 Harkins—Jura, Halsey, and Smith models

The Harkins-Jura model can be defined as having multilayer
adsorption and dispersion of heterogeneous pores, while the Halsey
isotherm equations are appropriate for multilayer adsorption. In
particular, hetero-porous solids can fit these equations. Table 4
shows the isotherm parameters of the Harkins-Jura and Halsey
models (Figures 9A, B, respectively). In this study, the correlation
coefficients for the Harkin-Jura and Halsey equations were 0.952
and 0.959, respectively. This may indicate that the Harkins-Jura
and Halsey models are applicable. The Smith model applies to
hetero-porous solids and multilayer adsorption, as well as helping
describe the adsorption isotherm of a biological substance. Table 4
shows the isotherm parameters of all the evaluated isotherm
models. The constants of the Smith model can be determined
from the linear plot of g. vs. Ln (1 - C.) as shown in Figure 9C.
The adsorption isotherms were effectively described by Smith
models. The Smith equations, on the other hand, were less
successful in modeling the CV dye isotherms onto P. capillacea
because the Smith Model had lower R? values.
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FIGURE 8

The fitting plot of the (A) Langmuir, (B) Freundlich, and (C) Temkin isotherm equations.

3.5 Thermodynamic study

Thermodynamics is used to determine whether a process is
chemical or physical, endothermic or exothermic, and spontaneous or
non-spontaneous. Batch experiments were conducted at various
temperatures to measure the activation energy (Ea), Gibbs free energy
(AG®), enthalpy (AH®), and entropy (AS°) of the process. Table 5 shows
the calculated thermodynamic parameters for the adsorption system,
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such as AH®, AS°, and AG®. In general, the range of AG® values for
physisorption is between -20 and 0 kJ mol™'; however, the
chemisorption process is between-80 and-400 kJ mol™'. The
activation energy measurements obtained in this investigation show
that the CV dye was absorbed into the adsorbent via a physisorption
process. Table 2 reveals that the obtained AH® values were negative,
demonstrating that the adsorption process was exothermic and the
mechanism was mainly physical adsorption. This showed that when the
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TABLE 3 Correlation coefficients and adsorption isotherm models
constants of CV dye onto P. capillacea.

Model Isotherm Parameters Value
Qum (mg g™ 5714
K, (Lg™) 87.5
Langmuir
Ry 0.016
R’ 0.673
n 3.63
Kg ((mg g’l)(L mg’l)l/n) 7.19
Freundlich
1/n 0.524
R? 0.959
Ar (Lmg™") 2318.50
Tempkin by (J mol™) 0.68
R’ 0.945
1/ny 0.2759
Halsey isotherm Ky 0.729
R? 0.959
Agy 4x107°
Harkins-Jur
iszther:nIu ’ Buy 09
R’ 0.952
Wi 1.816
Smith isotherm Wy 24.79
R? 0.841

10.3389/fmars.2023.1202362

temperature increases, the adsorption of dye onto the adsorbent
decreases. These results were similar to Srinivasan and Viraraghavan
(2010) that adsorption onto algae is typically an exothermic process.
Moreover, the positive values of AS°® suggest that the system is becoming
more disordered as a result of a potential loss of water that surrounded
the CV dye ions during their adsorption to the adsorbent active sites
(Yan et al,, 2013). Similarly, the negative values of AG® suggested that the
adsorption was spontaneous, and the increase in the value of AG® with
increasing temperature indicates that the reaction was less favorable at
higher temperatures (Azizi et al., 2017).

3.6 Regeneration study of P. capillacea

The regeneration of P. capillacea for reuse in CV dye removal was
investigated and the adsorption efficiency of each cycle was calculated
according to Equation (1) and reported in Figure 10. The number of
regeneration cycles increased from one to three. The regeneration result
shows that the P. capillacea loses only 38% of its adsorbing capacity after
three cycles for the synthetic solution. the effectiveness of CV dye
adsorption from P. capillacea in synthetic solution decreased from
69.59% to 61.97%. The adsorption removal of this absorbent was
slightly decreased during the reusability cycles. After 3 cycles the
adsorption removal was still more than 61.97% which was probably
due to the drop of adsorption sites due to the accumulation of
adsorbents (Uyar et al., 2010). Some of the dye molecules may have
been trapped deep inside the aggregates of P. capillacea particles. Thus,
this adsorbent is suitable for toxic dye removal with ease of reusability.
Moreover, the red alga P. capillacea can be regenerated and maintain
high adsorption effectiveness even after being used three times.

TABLE 4 A summary of different adsorbent materials for the removal of CV dye from real wastewater and synthetic solutions.

Adsorbent Pollutant Type Optimized Conditions * References
Natural zeolite Real wastewater pH 10, 1 g L', 25°C, 24 h, 200 mg L™ 106.67 (Sarabadan et al., 2019)
Lemongrass leaf synthetic solution pH5,30¢g L', 25°C, 4 h, 60 mg Lt 36.1 (Putri et al., 2020)
Solid waste of rosewater -1 . 1 . -
X Real wastewater pH 4,2 gL, 30°C, 320 min, 30-100 mg L 168.61 (Falaki and Bashiri, 2021)

extraction
Lignin copper ferrite Synthetic solution pH 8, 0.05 g, 27°C, 5 min, 50 mg L™ 34.12 (Ali et al., 2022)
Apple stem Synthetic solution pH 10, 20 mg L™, 35°C, 20 min, 100 mg L™ 153.85 (Takabi et al., 2021)
Chitosan-AC ** Real wastewater pH 9,10 g L™}, 70°C, 25 min, 20-100 mg L™ 12.50 (Kumari et al., 2017)
Chitosan-CS-NDIO ** Synthetic solution pH 7.5, 7 mg, 35°C, 25 min., 20 mg L' 104.66 (Nasab et al., 2019)
Cyanobacteria, . . -1 . -1

L Synthetic solution pH 2,500 g L™, 35°C, 180 min, 25-300 mg L 101.87 (Guler et al., 2016)
Spirulina sp.
Brown seaweed, Synthetic solution H 7,02 g 30°C, 60 min, 80 mg L 3306 (Jayganesh et al, 2017)
Sargassum wightii s L ’ ’ & ’ V8 v
Red d, -
Gia;le:::ecommm Synthetic solution PpH 8, 5 g 25°C, 360 min, 100 mg L' 181.0 (Jegan et al., 2016)
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TABLE 4 Continued

Adsorbent Pollutant Type Optimized Conditions * 1 References

Red d, -

sz;:;x:m varesii Synthetic solution pH 8, 5 g, 25°C, 360 min, 100 mg L™ 1719 (Jegan et al., 2016)

Red seaweed X . N . = . .

Gracilaria corticata-AC *** Synthetic solution pH 5, 1 g, 30°C, 50 min, 80 mg L 16.477 (Duraipandian et al., 2017)
Red d, . ) . - .

Pteer:cel:;,ie‘: capillacea Synthetic solution pH 3, 0.4 g, 25°C, 60 min, 0.3 g L™ 5.714 This work

*The optimized conditions ordering as the following: pH, adsorbent dose (g), temperature (°C), contact time (min or h), and CV dye concentration (mg L™"). **Chitosan/nanodiopside
nanocomposite (CS-NDIO), ***AC, Activited carbon.

A 400 -
350 +
300 +
250 +
mS 200 +
X
a 150 =
= * N\
0 -
-2'5 -2'0 -1'.5 -1.0 -0'5 0'0
Log C,
B
1.4 =
1.2 +
= : 1.0 +
E’ 0.8 =
0.6 =
0.4 =
0.2 =
-6 -5 -4 -3 -2 -1 0
. Ln(C,)
4.00
3.50 - S
3.00 - 0]
2.50
S 200 A
1.50 - ©
1.00 -
0.50 -
0.00 T T T
-0.08 -0.06 -0.04 -0.02 0
Ln(1-C,)
FIGURE 9
The fitting plot of Harkins—Jura (A), Halsey (B), and (C) Smith isotherm equations.
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TABLE 5 The characteristics of real wastewater before and after treatment of CVD.

Parameters* Before Treatment After Treatment Removal (%)
pH 7.62 7.07 7.21

Cond. (ms) 0.462 0.601 nd

Turb. (NTU) 77 11.81 84.66

TOC (mg L") 7784.0 nd -

TSS (mg L™ 2710 328 87.89

TDS (mg L) 2541 1011 60.21

Nitrate (mg LY 1.4 1.5 nd

Sulfate 2900 1819 37.27
Phosphate 5.7 22 61.40

*nd, Not detected; Cond,: Conductivity (ms); Turb, Turbidity (NTU); TOC, Total organic carbon (mg L-1); TSS, Total Suspended Solids (mg L—-1); TDS, Total Dissolved Solid (mg L-1).

100

Removal (%)
6] D N @ \O
S & © & o

B
(@]

FIGURE 10

2
No. of Regeneration

The regeneration cycles of P. capillacea and the removal percentages of CV dye (10 mg L™ of CV at pH 3 and 25 °C, for 180 min on a shaker at

150 rpm).

3.7 Comparison with other adsorbents

Table 4 summarizes previous studies, as well as the present
work, that uses a range of agricultural waste products to remove CV
dye ions. According to the literature, many types of adsorbents have
been investigated for their ability to remove CV dye. These
adsorbent materials were widely available and less expensive than
synthetic resins. These adsorbent materials include microalgae,
seaweeds, extractives, hemicellulose, lignin, proteins, lipids,
aqueous hydrocarbons, simple sugars, and starch, which include a
variety of functional groups that help in ions complexation and dye
sequestration (Shah et al., 2016). According to the data presented in
Table 4, the studied agricultural natural adsorbents showed great
effectiveness and selectivity for complexation with dye ions for the
following reasons: (1) large numbers of hydroxyl and amino groups,
(2) primary amino groups have a high degree of reactivity, and (3)
polymer chains give suitable configurations. Because of the high
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adsorption capacity of the investigated adsorbents, it is a preferred
and extremely appealing alternative adsorption material.

3.8 Quality of the treated wastewater and
optimum conditions

To evaluate the impact of P. capillacea as an adsorbent, wastewater
mixed well with simulated dye samples was collected to examine the
removal of CV dye by the adsorbent under optimized conditions.
Researchers should consider all characteristics of synthetic wastewater
when designing an experiment that will employ it. The optimization
parameters applied were 25°C, 0.4 g, pH 3, and 30 min contact time. The
results confirmed that the highest removal was achieved for inorganic
contaminants. The efficiency of the adsorption process increased for
TSS, TDS, Sulphate, and Phosphate, with ranges of 2710-238 (mg L),
1.254-1011 (mg L"), 2900-181 (mg L"), and 2.7-22 (mg L),
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respectively, with a percentage elimination of 87.89, 60.21, 37.27, and
61.40%, respectively. Meanwhile, Nitrate dropped from 2900 to 1819 mg
L', The wastewater effluents employed in this study contained
significant concentrations of mixed effluents as pollutants from pond
effluents from aquaculture, industrial, and textile processes, which
competed with ammonia ions at the active sites and reduced removal
efficiency. Several pollutants, including dyes and others of some which
are not biodegradable, are present in textile effluent. Algae biomass can
change several forms of inorganic nitrogen in wastewater into organic
nitrogen. The primary mechanisms for nitrogen removal in algal
systems have been demonstrated in prior research to be nitrification
or denitrification, as well as biological nitrogen uptake by distributed
biomass. A treated sample under these optimum operating conditions
was used and is displayed in Table 5.

4 Conclusions

This study aims to remove different initial concentrations of toxic
crystal Violet a textile dye, which pollutes the marine environment
from aqueous solutions using red algae P. capillacea. The maximum
sorption of CV dye onto P. capillacea was achieved at 25°C, 0.3 g, pH 3,
for 30 min. With just 0.05 g of P. capillacea, a significant quantity of dye
can be removed from wastewater in as little as 15 min (approximately
87.21% for synthetic wastewater). The average BET surface area
(87.1721 m? g ') and total pore volume of 0.10368 cm’ g were
obtained. FTIR analyses showed that functional groups such as
carboxyl, carbonyl, and hydroxyl, amino have been found within a
variety of biomolecules, proteins, and polysaccharides. Meanwhile the
UV-visible absorption confirmed the presence of phenolic and alkaloid
chemicals in the marine algal. The experimental results were analyzed
using several isotherm equations, including Langmuir, Freundlich,
Tempkin, Harkins-Jura, Halsey, and Smith models. From the
Freundlich equation, the adsorption intensity (1/n) parameter had a
small value of 0.959, including favorable adsorption. However, the
kinetics of CV dye adsorption onto red alga followed the Pseudo-
Second-Order model, which considers rates of ion exchange adsorption
during the beginning of adsorption. Also, the thermodynamic
parameters of AH® and AG® parameters showed exothermic as well
as spontaneous adsorption processes. Additionally, for economic use,
P. capillacea can be reused and it was found that the percentage
removal decreased to 61.97% after three cycles of regeneration for
synthetic wastewater. This mechanism entraps CV dye ions in
materials with adsorptive features, such as active functional groups,
highly porous structures, and large surface area, through physical or
chemical interactions. Therefore, this study offer new insights into the
effectiveness of the red algae P. capillacea, which may have great
promise for crystal violet dye applications in wastewater treatment.
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