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ABSTRACT

A research plans comprising comprehensive analytical, laboratory, and field trials were successfully
applied for precise exploration of a new facility to help in removing Congo red (CR) dye from indus-
trial effluent effectively. Zeolite/algae (ZLF) nanocomposite was prepared by applying wet impreg-
nation technique in order to incorporate one of the known Egyptian marine algae Liagora farinosa
(LF) within the lattice of natural zeolite. Each of alga (LF), zeolite (Z) and ZLF nanocomposite were
examined on the basis of structures, morphologies, and adsorption capacities using batch experiments
to clarify the effect of different experimental factors on the ability of all adsorbents to capture CR
dye from aqueous solutions. The preliminary results indicate superior adsorption capacity for the
newly synthesized ZLF nanocomposite over Z and LF adsorbents, especially at lower CR dye con-
centrations. At pH 7 and 25°C, the maximum adsorption capacities were found to be 19.01, 11.23, and
8.1 mg/g for ZLF, LF, and Z, in the same order, which confirms results of the preliminary results on
adsorption properties for the composite. Additionally, the Z, LF, and ZLF removal efficiency obtained
from batch experiments were 65%, 84.21%, and 97.37% respectively. The ZLF nanocomposite newly
synthesized in this study revealed a promising low-cost alternative adsorbent for holding and uptak-
ing anionic dyes from industrial wastewater stream especially at low CR dye concentrations. The iso-
therms of dye adsorption on Z, LF, and ZLF were in well agreement with the Langmuir isotherm
as well as pseudo-second-order kinetic model. In order to assess the sorption mechanism, Weber’s
intraparticle diffusion module was applied. The thermodynamic results showed that the adsorp-
tion of the CR dye onto Z, LF, and ZLF at 25°C is spontaneous, physical adsorption and exothermic
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process. Finally, a real field sample was tested and the results revealed that the newly synthesized
nanoadsorbent extracted dyes from industrial wastewater with a 90.97% efficiency, reaffirming the
cornerstone of modern eco-friendly materials that aid in the reuse of industrial wastewater.

Keywords: Liagora farinosa (marine algae); Zeolite; Nanocomposite; Congo red dye; Adsorption;

Wastewater treatment

1. Introduction

Dyes are produced annually worldwide with approx-
imately 1.3 million tons according to one of the latest esti-
mations. Nearly, 10,000 types of these dyes are utilized in
an industrial level to produce different industrial products,
which in turns causes a torrent of a significant amount of
this pollutant into wastewater streams [1,2]. More precise
estimate, revealed that from 40 to 65 L of wastewater is gen-
erated during 1 kg fabric production process. Thus, a notice-
able amount of dye-rich wastewater is directly discharged
into streams and/or rivers through aqueous effluent [3].
These kind of effluents compromise an issue that many of
these dyes have a toxic nature even in low concentrations
and have to be subjected to well-controlled operations. Dyes
are generally classified regarding their reactivity and/or their
charge into three classes: anionic: acid, direct and reactive
dyes; cationic: basic dyes; and non-ionic: disperse dyes [4,5].
Anionic azo dyes compromise several structures from dif-
ferent dyes classes. The latter is well-known with its high
toxicity and ingestion which can result in eye, skin, mucous
membrane, and upper respiratory tract irritation; severe
headaches; nausea; waterborne diseases [6]. Many years ago
and until now azo dyes gathered great attention in various
dyeing industries due to their high activity; therefore, these
types of dyes generally represent nearly 50%-70% of the
total dyes utilized by textile, plastic, and paper industries [2].
Congo red comes on the top of these dyes which composed
of a benzidine-based diazo anionic dye with a complicated
aromatic structure making it highly resistant to biodegra-
dation. After leaching to the surrounding environment, it is
metabolized into benzidine, a carcinogenic chemical for dif-
ferent organisms especially humans, which may cause some
mutations and respiratory problems, threatening humans
and aquatic animals [5,7]. Long-time subjection to Congo red
may poison many organisms with a suspected carcinogen
and mutagen [8]. Furthermore, its ability to affect directly
on human health. For example; a weakened digestive sys-
tem, appetite loss, and inflammation noticed to be common
side effects for exposure to Congo red dye [9]. Flocculation,
adsorption, Ion exchange, and ozonation, are all regarded as
the most techniques widely used in dye removal [3,10-15].
Much more focus on adsorption as one of the smartest ways
for improving quality of water [10,16-20]. Also bio sorbents
including aquatic plant biomasses or fern are encouraged
by several researchers for treating hazardous elements con-
taminating wastewater. Their non-hazardous nature, avail-
ability in huge quantities, good morphological properties,
efficiency, and cost-effectiveness made them a perfect can-
didate [21,22]. The process of adsorption is reported as very
vital technique as it is environmentally benign, cost-effective,
functional, easy to test, and regeneration for the adsorbent
[23]. Recently, synthetic adsorbents are introduced in order
to obtain high quality purification for aquatic environment

from harmful dyes and metals [24-27]. But due to their poi-
sonous nature and pollution that may be directed to the envi-
ronment, much more interest focused recently in colors and
heavy metal removal using natural adsorbents such zeolite,
algae, clay, rice husk, orange peel, and jujube stone [28-31].
Zeolite, the aluminosilicate clay mineral that occurs widely
in nature can be applied in various purposes, including
water purification and catalysis [32-34]. Because of its poros-
ity and high surface area, zeolite possesses a considerable
absorption capacity [20,35,36]. Zeolite is almost modified fol-
lowing the well-known techniques including dealumination,
desilication, and templating [37,38]. In this research article,
a comprehensive research plan comprising experimental,
and field studies to explore the best adsorbent technology
for effective uptaking and holding waste dyes, particularly
Congo red (CR) dye, from industrial wastewater. The ability
of Liagora farinosa (LF) to influence the adsorption capacity
of Z was investigated by comparing the adsorption perfor-
mance of Z, LF, and zeolite/algae (ZLF) nano-composite for
CR dye removal from wastewater under various experimen-
tal settings. The novelty in this paper appears in the impact
of natural alga LF on the performance of natural zeolite as an
adsorbent besides the usage of an easy mixing and stirring
impregnation method without a complicated chemical reac-
tion or traditional nano structuring procedures to prepare a
nanostructures composite. Z and LF were selected for this
study for more than one reason, availability, natural occur-
rence, and affordability. Much more added values, the cost
of Z, LF, and ZLF regeneration for reusability is considered
much lower than many other adsorbents, which may play
a major economic role in making this a viable dye removal
option. In batch style tests, different variables including
initial CR dye concentration, adsorbent dose, contact time,
pH, and temperature were investigated on CR dye removal.
Moreover, adsorption kinetics, isotherms, and thermody-
namics were calculated from experimental results.

2. Materials and methods
2.1. Raw materials, dyes, and reagents

The (LF) alga sample was successfully collected from the
inter-tidal area of Egyptian Red Sea shores near the distance
between Marsa Alam and Quoseir cities. The collected parts
of LF were carefully washed with tap and distilled water
more than one time in order to remove the undesired mate-
rials and dried near room temperature. The air-dried alga
was well-grinded by blender into a powder phase to increase
its surface area. Congo red dye was purchased from Sigma-
Aldrich (Cairo, Egypt) and dissolved in distilled water.
Zeolite ore was given by El Nasr Company (Cairo, Egypt)
for mining and utilized as is without further modification.
Sigma-Aldrich (Cairo, Egypt) was selected to purchase the
CR dye with high purity (99%). For pH correction, sodium
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hydroxide granules with a purity of 99.99% and hydrochlo-
ric acid with a purity of 36% were purchased from Sigma-
Aldrich (Cairo, Egypt).

2.2. Preparation of zeolite/algae composite

In the current research article wet impregnation tech-
nique was chosen in order to produce the zeolite/algae (ZLF)
nanocomposite [39]. The procedure was as follows: in 20 mL
distilled water 1 g of zeolite and 1 g of alga were mixed and
stirred at 500 rpm for 60 min on a magnetic stirrer, then
in ultra-sonicated for 60 min and repeated three times fol-
lowed by filtration and washing with distilled water for sev-
eral times, and finally dried using a vacuum oven at 60°C
during 24 h. All adsorbents (Z, LF, and ZLF nanocomposite)
under investigations in this study were subjected to differ-
ent characterization techniques including Fourier-transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), and
field-emission scanning electron microscopy.

2.3. Preparation of the adsorbate

CR, which known as sodium salt of 3,30-([1,10-bipheny]l]-
4,40-diyl)bis(4-aminonaphthalene-1-sulfonic acid) and with
general chemical formula: C,,H, N/NaO,S, following the
IUPAC system for nomenclature of organic compounds, is
displayed in Fig. S1. A 1,000 mg/L stock solution was made

by dissolving 1 g of CR dye in 1 L of distilled water. The stock

x500 50pm

%500

Fig. 1. SEM micrographs of (A) Z, (B) LF, and (C) ZLF adsorbents.
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solution was diluted using with distilled water to prepare the
different working solutions with different concentrations.
The pH of the working solutions was altered to 3, 5, 7, and
10 by adding either 0.1 M NaOH or 0.1 M HCl solutions.

2.4. Samples characterizations

The XRD measurements were carried out with an
Empyrean PANalytical diffractometer that used a Cu
source with a wavelength of Aa = 0.154045 nm and operated
at 40 kV, 35 mA with a scan step of 0.02° between 20° and
70°. The average crystallite sizes, D, of the produced
nanoadsorbents, were calculated using the Scherer formula,
D, =094 Aa/B -Cosg; where B and ¢ are the corrected
full width at half maximum and diffraction angle, respec-
tively [40]. Scanning electron microscopy (SEM) micro-
graphs were measured using a Quanta FEG-250 microscope
(Switzerland). A Bruker VERTEX 70 FTIR spectrophotom-
eter (Billerica, Massachusetts, USA) was used to measure
FTIR spectra using the dry KBr pellet technique.

2.5. Adsorption studies

Four adsorption experiment series shown in Table S1
were conducted on Z, LF, and ZLF adsorbents under dif-
ferent conditions of adsorption, including initial dye con-
centration, adsorption temperature, adsorbent dose, and
initial pH of the solution. Batch mode style was chosen as a

50pm
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laboratory scale style for testing for all CR adsorption tests
keeping in continuous shaking. The experimental variables
such as dye starting concentrations (5-25 mg/L), adsorbent
dose (0.01-0.05 g per 20 mL of CR solution), contact time
(480 min), temperature (25°C-90°C), and pH 3-10. Each of
time and solution volume were fixed to be 480 min and 20 mL
respectively during the whole experiments. The variance in
CR concentration was determined by following the absorp-
tion peak with a UV/Vis spectrophotometer. The reusabil-
ity of Z, LF, and ZLF adsorbents was tested five times with
0.02 g of each, 20 mL of 10 mg/L beginning CR concentra-
tion, and 480 min contact time at 25°C and pH 7. After each
run, the Z, LF, and ZLF adsorbents were removed from the
solution, rinsed with DI water, and ready for the next run.

In order to calculate the amount of CR uptake by the syn-
thesized nanocomposite at equilibrium g, (mg/g) and time ¢
(9,), Egs. (1) and (2) were used as well as the CR dye removal
efficiency [41-43].

v .
q; —(CO—CI.);, i=e,t 1)
(CO—C,)
CR dye removal%:cixloo )

0

where C, C, and C, are the concentrations of CR in mg/L at
the start, after time ¢, and at equilibrium, respectively. V is
the CR volume in mL and m is the Z, LF, and ZLF masses
in mg. The presented results were the mean values of three
independent experiments.

2.6. Adsorption isotherm

Each of Freundlich, Langmuir, and Temkin isotherms
were used individually in order to explain isotherms of the
reaction for the developed ZLF, LF, Z and nanocomposite for
the tested CR [44—46]. All linear isotherm equations as well
as their parameters are discussed in detailing in the sup-
plemental data. Eq. (3) can be used to determine the degree
of favorability of the Langmuir isotherm for equilibrium
data using the value of the dimensionless separation factor
(R) [47).

L™~ max

1
Re=like) @

where C__ denotes the maximum initial CR concentration.

2.7. Adsorption kinetics and mechanism

Theoretical calculations including intraparticle diffusion,
pseudo-first-order, pseudo-second-order, and simple Elovich
kinetic model were applied in order to identify the adsorp-
tion mechanisms as well as kinetics models that best match
the adsorption of CR onto Z, LF, and ZLF adsorbents [48-50].
In the supplemental data, all linear kinetics equations and
their parameters are discussed. In triplicates, the average
values of all adsorption findings were measured. OriginPro

2018’s statistical functions were used to calculate regression
coefficients (R?) for several kinetic and isotherm models.

2.8. Thermodynamic study

The adsorption of CR dye was studied at different tem-
perature range of 20°C-90°C under constant pH of 7, con-
centration 10 mg/L and Z, LF, and ZLF adsorbents dose of
0.02 g per 20 mL of dye. Several thermodynamic parame-
ters such as AG (Gibbs’ free energy change), AH (enthalpy
change) and the change in entropy (AS) were determined
in order to understand the adsorption nature of dispersed
red 60 dye. The thermodynamic parameters AG, AH and
AS were calculated from the slope and intercept result-
ing from plotting of 1/T vs. Ink_ using Van't Hoff equation
which can be represented by Eq. (4).

_AS_AH

Ink =—
¢ R RT

(4)

where k= ¢ /C, and (AG) Gibbs’ free energy change can be
calculated using Eq. (5).

AG=-RTInk, )

where T is the absolute temperature in K° and R is the uni-
versal gas constant (8.314 J/mol K).

2.9. Field experiments

The novel nanoadsorbent system newly fabricated in
this study was subjected to a real case study and tested as
an effective, environmentally acceptable adsorbent that
could be used on a broad scale to remove industrial waste
dye from wastewater. Wastewater containing waste dye was
received from clothes dying plant in Beni-Suef City for this
purpose and used as received without further treatment
or dilution. The best adsorbent system was chosen based
on our improved theoretical and experimental results.

3. Results and discussion
3.1. Adsorbent characterization
3.1.1. SEM characterization

Fig. 1 reveals the SEM photo-shots for each of Z, LF,
and ZLF adsorbents. In Fig. 1A on the surface of the zeolite
you we can notice that agglomerated rounded regular form
particles, a rough surface, varied particle sizes, and porous
spaces are very clear. While Fig. 1B displays the SEM photo-
shots of LF, which reveals that LF has a less porous surface,
which in turns impacts the surface area of LF and hence
reduces its adsorption capacity. Following-up the changes
demonstrated in Fig. 1C which indicate that treatment of
zeolite with LF algae resulted in coating the pores on zeo-
lite surfaces with LF particles and turned into agglomerated
particles, as shown in the SEM photo-shots of the nanocom-
posite. The creation of the ZLF nanocomposite might be
validated by comparing the morphological topographies of
the nanocomposite to those of Z and LF.
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Hydrodynamic diameter as well as particle size distri-
bution of the nanoadsorpent under investigation (Z, LF,
and ZLF) were calculated using DLS analyzer technique.
The data obtained confirmed the nanostructure of all
adsorbents at which Z, LF and ZLF showed particle sizes
were 82.5, 90.4, and 89.1 nm in the same order. Moreover,
Brunauer-Emmett-Teller surface areas were 91.6, 118.6,
and 114.5 m?/g, respectively.

3.1.2. X-ray diffraction characterization

XRD peaks of Z, LF, and ZLF adsorbents are demon-
strated in Fig. 2A. The main XRD peaks that characterize
natural zeolite minerals exist at 20 of ~ 9.85°, 22.41°, 26.15°,
26.84°, 28.12°, 30.075°, and 32.04°, which are consistent with
those described by other researchers [51,52]. The main zeolite
peaks at 22.41° and 28.12° had d-spacing values of 3.96809
and 3.17323 A. While the main XRD peaks of LF appear at
about 26.11°, 27.14°, 29.80°, 31.59°, 33.03°, 36.00°, 37.81°,
38.30°, 42.84°, 45.77°, 48.25°, 50.10°, and 52.34°. Following-up
the changes in XRD pattern of ZLF nanocomposite showed
main characteristic peaks nearly at 9.87°, 11.14°, 22.40°,
26.21°, 27.23°, 29.92°, 31.99°, 33.12°, 36.11°, 37.85°, 38.59°,
45.91°, and 48.41°. The average crystallite sizes were cal-
culated using the Scherer equation and were found to be
29.6, 42.7, and 63.9 nm for Z, LF, and ZLF, in order, which
is considered a proof for the presence of the nanostructure
nature of the newly synthesized composite.

3.1.3. FTIR analysis

The FTIR spectra of Z, LF, and ZLF nanoadsorbent are
displayed in Fig. 2B. Generally, all broad bands in the FTIR
spectrum appeared at 3,452; 3,432 and 3,442 cm™ wave-
lenghts ascribed as the stretching hydroxyl (OH) group
[53,54]. More specificity, peak appeared at 1,029 cm™ related
to vibration mode of Si—-O-Al found in the structure of zeo-
lite. The last mentioned peak was shifted to 1,039 cm™ in
case of ZLF [55], 603 cm™ (S5i-O-Al). While peak appared
at 1,029 cm™ belongs to octahedral aluminum (Al-OH")
[56], and the peak at 464 cm™ belongs to the Si-O-5i bend-
ing of zeolite which was shifted to 461 cm™ for ZLF [56].
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All peaks that appeared in the region from 400 to 800 cm™
belong to the metal oxides [57]. While, spectra obtaind from
FTIR for LF algae revealed a band at 3,700 cm™ charac-
teristics of an amine group (-NH) stretching, the band at
3,422 cm™ characteristics of a hydroxyl group (-OH) of phe-
nolic groups. The peak at 2,935 cm™ were allocated to the
stretching vibration of alkyl (-CH) groups, while the peak
located at 1,647 cm™ was corresponding to (-C=O). The
band at 1,475 cm™ was attributed to the (C-H) band [58,59].
The sulfate group or the C-O bond may be responsible for
the bands around 1,069 cm™ [60], while the bands between
3,300 and 3,500 cm™ are caused by amine N-H stretching
vibrations, and the band around 2,915 cm™ is caused by car-
boxylic group O-H stretching [61]. Either peak shift and/
or peak disappearance agreed with the results from other
characterization techniques, confirm that a novel com-
pound with either chemical and/or physical bond has been
formed. The positions of the distinctive FTIR bands for Z,
LF, and ZLF adsorbents are listed in Table S2.

3.2. Factors influencing the adsorption process
3.2.1. Effect of initial CR dye concentration

The amount of dye disappeared from the solutions
under test by adsorption is strongly dependent on the start-
ing dye concentration. Fig. 3A-F illustrate the variations in
the removal efficiency and amount of CR adsorbed using
Z, LF, and ZLF adsorbents at varying beginning concen-
trations. Either the amount of dye removed and/or the dye
removal efficiency were elivated during the first stage of the
adsorption process, then a gradual decrease with noticed
until equilibrium reached. Another noticable observation,
that after equilibrium has been reached, contact time had no
valuable effect on the adsorption process utilizing new sor-
bents. The rapid removal rate at this stage could be ascribed
by the fact that the presence of a large number of uncovered
active adsorption sites on the adsorbent’s surface early in
the adsorption process. This uncovered sites converted to
be fully occupied by the adsorbed CR molecules as the time
of contact between adsorbent and adsorbate increases, and
the repulsion force that arises between the CR molecules
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Fig. 2. (A) XRD and (B) FTIR charts of Z, LF, and ZLF adsorbents.
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Fig. 3. Effect of CR dye concentration and contact time on the removal % and the amount of CR dye adsorbed at 25°C and pH 7 by

20 mg of (A,D) Z, (B,E) LF, and (C,F) ZLF.

on the surface of adsorbents and dye molecules in the bulk
liquid phase is responsible for reduction rate in the CR dye
adsorption [41]. Additionally, dye removal % was reduced
as the initial CR dye concentration increased. The increased
amount of dye absorbed by the adsorbent with raising the
initial CR dye concentration is due to the greater driving
force for mass transfer at a raised starting dye concentration.

General trend was noticed for all concentrations, the
ZLF nano-composite revealed superior efficiency for Congo
red adsorption, and the CR elimination percent was in the
order ZLF > LF > Z. The more the initial CR concentration,
the more the amount of CR adsorbed which may be inter-
pretted by the evolution of the concentration gradient when
the initial CR dye concentration rises, as seen in Fig. 3D-F.
And hence, in increase in the driving force was noticed for
the point which is sufficient enough to overcome the mass

transfer resistance of the CR adsorbate as well as the Z, LF,
and ZLF adsorbents [62,63]. At pH 7 and 25°C, the max-
imum adsorption capacities of ZLF were found to be 4.88,
9.56, 10.5, 14.4, and 19 mg/g for CR dye with initial concen-
trations of 5, 10, 15, 20, and 25 mg/L, respectively. In the same
order, the maximum adsorption capacities for LF adsor-
bent were 4.25, 6.93, 9.66, 10.9, and 11.23 mg/g, while for Z
adsorbent were 3.1, 5.9, 7.25, 7.6, and 8.1 mg/g. The results
revealed that modification of Z pores and surface with LF is
a viable method for improving Z’s CR removal performance.

3.2.2. Effect of adsorbent doses

In order to determine the optimal adsorbent dosage for
the greatest efficiency, the influence of adsorbent mass on
Congo red dye removal efficiency was examined. Fig. 4A
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demonstrates the amount of CR dye removed in percent as a
function of adsorbent dose. The doses of adsorbent usually
varied from 0.01 to 0.05 g. Fig. 4A demonstrates that the more
the adsorbent dose increases from 0.01 to 0.05 g the more the
dye removal efficiency. A general trend was noticed for all
adsorbents where an increasing from 46.15% to 64.62% in
the case of Z adsorbent, from 70.00% to 92.40% in the case of
LF adsorbent, and from 80.00% to 97.60% in the case of ZLF
adsorbent. This finding could be ascribed by the fact that as
the adsorbent mass increases, so do the number of active sites
[41,48,62,64]. In the case of ZLF and Z, increasing the adsor-
bent dose from 0.01 to 0.03 g results in a significant increase
in removal efficiency. In the case of ZLF and Z, increasing
the adsorbent dose over 0.03 g resulted in a minor change
in the removal efficiency. The formation of a dense screen-
ing layer over the surface of the adsorbent which resulted
from the accumulation of adsorbent particles and a reduc-
tion in the distance between the adsorbent molecules, known
as the screening effect, which is familiar usually at higher
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adsorbent doses, could explain this phenomenon. The bind-
ing sites were hidden from CR molecules by the condensed
layer on the adsorbent’s surface. Additionally, due to Z and
ZLF overlapping, CR molecules fight for a limited number
of accessible binding sites. Agglomeration or aggregation at
higher Z and ZLF dosages lengthens the diffusion channel
for CR adsorption, lowering the adsorption rate [49,65,66]
and it also led to the overall reduction in the sorbent-sorbate
contact [64].

3.2.3. Effect of pH

The pH is considered one of the most important factors
that regulates the CR dye removal capacitance of adsorbent
during conducting a wastewater treatment. More and more,
adsorption efficiency is well-controlled by controlling the
pH of the solution under investigation as any variation in
pH will be reflected directly on the ionization degree of
the adsorptive molecules as well as the adsorbent surface
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Fig. 4. Effect of (A) adsorbent dose, (B) initial pH of the solution, (C) adsorption temperature, (D) reusability test on the removal
% of 20 mL CR solution of 10 mg/L by Z, LF, and ZLF, and (E) Zeta potential as a function of pH.
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characteristics. The effect of pH on the percent of CR dye
captured by the adsorbent is demonstrated in Fig. 4B. A
pH range from 3 to 10 was investigated for the dye with
an initial concentration of 10 mg/L, sorbent dosage 0.02 g
of Z per 20 mL of CR solution. At pH values of 3, 5, 7, and
10, the Z adsorbent displays removal efficiency of 51.02%,
38.78%, 53.06%, and 48.98% respectively, while the LF
adsorbent exhibits removal efficiency of 56.00%, 64.42%,
73.21%, and 70.40%, and finally the ZLF adsorbent shows
removal efficiency of 71.56%, 81.45%, 83.93%, and 80.54%.
Zeta potential of composites in the solution was evaluated,
in order to investigate the effects on Z, LF, and ZLF. The
effect of pH on the zeta potential of Z, LF, and ZLF in an
aqueous solution was shown in Fig. 4E which revealed that
Z, LF, and ZLF acquired a negative surface charge in the
pH range of 2-10 and its zeta potential became less nega-
tive at higher pH values. The surface charge of Z, LF, and
ZLF changed from lower to higher values as the pH value
increased from 2 to 10, which resulted in a gradual increase
in electrostatic attraction between the adsorbent and the
negatively charged CR. In case Z, a larger fluctuation of
adsorption capacity was observed at a pH ranging from 2
to 7 reflect a large change in zeta potential. Generally, the
more the shift in the zeta potential value to the positive val-
ues the more the removal %. The lower zeta potential indi-
cates that the adsorbents surface were partially negatively
charged at a pH of 2 to 10 and that the electrostatic force
between Z, LF, and ZLF and CR through the sulfonic acid
group (SO;) was mainly repulsive during the experiment
[67,68]. On other words, when the system’s pH increase,
the population of negatively charged sites in the surface
of adsorbent decreases, and the population of positively
charged sites on the surface of adsorbent increases. So in
higher pH, the A positively charged surface has a consid-
erably high electrostatic interaction with anionic dyes that
increase adsorption. Also, at lower pH, ionic repulsion
between the negatively charged surface and the anionic
dye molecules decreases adsorption [69]. The pH values
at which the adsorbent has zero-point charge (pH, ) were
not detected in case of Z, LF, and ZLF under the investi-
gated pH ranges. The gradual increase of the adsorption
capacity at pH from 2 and 10 in case of Z and ZLF adsor-
bent could be related to the shift on zeta potential to less
negative values.

The irregular behavior of zeolite in zeta potential results
could be ascribed by partial dissolution of zeolite com-
ponents during the measurement followed by re-adsorp-
tion of dissolved species at elevated pH values as reported
previously by Nosrati et al. [70]. Moreover, the lack of uni-
formity on zeolite surface which resulted in presence of vari-
ous active sites with different strengths and chemical nature
affected directly on values of zeta potential which lies in
line with the data explained by Hasse et al. [71]. Much more
explanation, the presence of multivalent cations like Al + 3
which upon leaching to the solution during measurement
causes subsequent hydrolysis followed by precipitation on
zeolite surface which alters surface free charges as well as
ionic strength [70]. Finally, presence of alkali metals as well
as SiO,, AL O, ration in zeolite framework have their own
contribution to the irregularity in zeta potential values as
stated by Liu et al. [72].

3.2.4. Effect of temperature

Temperature effects on CR dye adsorption are another
important physico-chemical parameter as it directly affects
adsorption capabilities of the adsorbent’s [73]. As it is clear
from Fig. 4C, adsorption trials were conducted at tem-
peratures of 25°C, 40°C, 50°C, 60°C, 70°C, 80°C, and 90°C.
The more the temperature rises, the less the percentage of
CR removed. This might be attributed to the fact that the
adsorption forces diminishes between active binding sites
of the adsorbent and the CR adsorbate species, which were
responsible for the adsorption of CR dye molecules on the
adsorbent surface [74-77]. And hence, 25°C is considered
the temperature of choice for CR adsorption onto all inves-
tigated adsorbents. The adsorption of CR onto Z, LF, and
ZLF is an exothermic reaction, as seen by the decrease in CR
removal efficiency as temperature rises.

3.2.5. Reusability test

Fig. 4D demonstrates that the Z, LF, and ZLF re-usage
tests for the removal of CR dye were repeated four times
keeping the same conditions. The data obtained revealed
that the removal capability of all utilized adsorbents var-
ied across the four adsorption cycles. The recorded dye
removal % was 53.06%@1st cycle, 40.82%@2nd cycle,
34.69%@3rd cycle, and 28.57%@4th cycle for Z while LF
adsorbent recorded a decreased from 73.21%@1st cycle to
45.00@4th cycle, whereas ZLF nanoadsorbent recorded
a decreased from 83.93%@1st cycle to 50.00%@4th cycle.
The drop in CR removal efficiency could be related to the
agglomeration of CR molecules on the surface of Z, LF,
and ZLF adsorbents, which hinders the adsorbent surface
and pores from dissolved CR molecules, resulting in a
noticeable decrease in adsorption capacity [78].

3.3. Adsorption isotherm

The correlation coefficient known as statistical signifi-
cance of R* was calculated from the linear plots of C/q, vs.
C, log(g,) against log(C), and g, against In(C). This func-
tion was used to fit the data to Langmuir, Freundlich, and
Temkin isotherms, respectively. The computed values of K,
K, K, Q, n, B, and R* were derived from the linear plots in
Fig. 5 and recorded in Table 1. Table 1 shows that CR adsorp-
tion on Z and LF adsorbents almost follows the Langmuir
isotherm model with the highest R* value; the adsorp-
tion process almost follows the Langmuir isotherm model
[22,79]. Accordingly, a multilayer adsorption process of CR
dye molecules occurs at surface of the adsorbent especially
at the active sites with uneven accessible heterogeneous
sites, varied adsorption energies, and interactions between
adsorbed molecules. At 25°C, the R? values calculated by
the Langmuir isotherms of Z and LF adsorbents were 0.965
and 0.997 respectively. The value of R, is less than one, indi-
cating that CR adsorption in the studied case is advanta-
geous [80]. The adsorption isotherm mechanism of CR onto
ZLF was found to follow the Temkin isotherms after Z was
replaced with LF to generate the ZLF composite. As a result,
the dye is removed from a single surface layer at the active
sites of ZLF adsorbents, and the adsorbed CR molecules do
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Fig. 5. Plots of (A) Langmuir, (B) Freundlich, and (C) Temkin adsorption isotherms for the adsorption of CR dye by 20 mg of Z, LF,

and ZLF at 25°C and initial pH 7.

Table 1
Isotherm parameters for CR adsorption on Z, LF, and ZLF at
25°C and initial pH 7

Langmuir isotherm

Constant Q, K, R, R?
Adsorbent (mg/g) (L/mg)
ZLF 16.07 1.88 0.10 0.851
LF 14.50 0.44 0.04 0.997
Z 6.96 0.89 0.12 0.965
Freundlich isotherm

Constant 1/n K, R?
Adsorbent
ZLF 0.25 9.58 0.815
LF 0.40 4.81 0.982
Z 0.30 3.06 0.777
Temkin isotherm

Constant B (J/mol) K, (L/ R?

Adsorbent mol)
ZLF 2.84 40.02 0.892
LF 2.39 6.33 0.968
Z 2.21 2.70 0.936

not react with one another. At 25°C, the R? value calculated
by the Temkin isotherms of ZLF adsorbent was 0.892. The
value of R, is 1, indicating that in the study scenario, CR
adsorption is beneficial [80]. This means that the adsorp-
tion process is preferred, the surface is heterogeneous, and
there are fewer contacts between the adsorbed ions. It also
means that CR adsorption happens via multi-molecular and
multi-anchorage adsorption mechanisms [81,82].

3.4. Adsorption kinetics

Under varied beginning dye concentrations, the CR dye
adsorption process on Z, LF, and ZLF was studied in order
to determine the best effective adsorption kinetics model.
Each of first-order, second-order, and Elovich kinetics linear
graphs were represented by In(q, — q,) vs. t, t/q, vs. t and g,
vs. Int, respectively, as demonstrated in Fig. 6. The adsorp-
tion kinetics parameters k,, k,, g, B, and a of the evaluation
model in addition to R? were calculated from the linear
graph and depicted in Table 2. The linear fit and regres-
sion coefficient values in Table 2 for all of the tested kinetic
models revealed that CR adsorption onto Z is adequately
handled by the second-order kinetics model at all dye con-
centrations which indicates chemical adsorption, and the
chemical reaction is limiting the process [8,83]. This is also
confirmed by the good approximation between the esti-
mated g, and experimental Dyexp [84]. All dye concentrations
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Fig. 6. (A-C) Pseudo-first-order, (D-F) pseudo-second-order, and (G-I) Elovich sorption kinetics of CR dye at 25°C and pH 7 by 20 mg
of Z, LF, and ZLF, respectively.

Table 2

Parameters of the kinetic models for CR dye adsorption on Z, LF, and ZLF at 25°C and initial pH 7

Adsorbent  Conc., First-order Second-order Elovich kinetic model
PP ey G K R gk R B(gmg) a(mg/min) R

Z 5 3.10 2.75 0.0028  0.960 3.82 0.0023 0.975 1.316 0.08 0.959
10 5.90 5.75 0.0043  0.968 6.94 0.0019 0992 0.714 0.20 0.957
15 7.25 7.95 0.0041 0.984 9.71 0.0007 0.992 0.454 0.14 0.983
20 7.60 8.50 0.0042  0.935 9.80 0.0009 0.985 0.476 0.18 0.963
25 8.10 9.50 0.0043  0.979 11.36 0.0006 0.989 0.385 0.15 0.983

LF 5 4.25 0.86 -0.0002  0.005 471 0.0047 0.824 1.079 0.25 0.939
10 6.94 1.65 0.0014 0.337 3327  1.44E-5 0.887  0.395 0.11 0.973
15 9.66 1.78 0.0016 0415 -21.59  3.93E-5 0.930 0.270 0.13 0.984
20 10.91 1.74 0.0017  0.135 58.16 0.00036 0.958 0.232 0.12 0.958
25 11.23 2.59 0.003 0.488 38.91 2.62E-05  0.960 0.236 0.13 0.952

ZLF 5 4.89 0.77 -0.0005  0.023 5.22 4.889 0.813 1.204 0.86 0.932
10 9.56 2.19 0.003 0.070 29.11 9.561 0.871 0.292 0.14 0.957
15 10.50 13.22 0.005 0974  -17.90 10.5 0.949 0.241 0.12 0.976
20 14.44 10.45 0.005 0.960 16.79 14.44 0.957 0.299 0.59 0.978
25 19.01 2.97 0.003 0.433 20.04 19.01 0954  0.430 19.83 0.984
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are efficiently handled by the Elovich kinetics model for
CR adsorption onto LF and ZLF, demonstrating that adsor-
bent surfaces are not energetically homogenous.

3.5. Sorption mechanism

The experimental results were fitted for Weber’s intra-
particle diffusion kinetics model to recognize the CR dye
adsorption process and rate-controlling Steps impacting
adsorption kinetics. Fig. 52 shows a straight line in the chart
of g, vs. t'2. The values of the intraparticle propagation model
rate constant (k,) and border thickness constant (I) in Table 3
were calculated using the slope and intercept of the linear
fitting of Fig. S2. The value of intercept I is not zero, indi-
cating that the intraparticle diffusion model may not be the
only rate-controlling mechanism in determining adsorp-
tion kinetics [85]. The boundary layer effect is reflected in
the intercept in Fig. S2. The larger the intercept, the more
important surface adsorption is in the rate control step [85].

3.6. Thermodynamic study

All thermodynamic parameters obtained from the
adsorption process of CR dye onto Z, LF, and ZLF were
demonstrated clearly in Fig. 7 and Table 4. Table 4 reveals
that the negative values of AG indicates that the adsorption
of the CR dye is spontaneous process and this noticeable
shift in the value of AG to higher positive value at elevated
temperature considered a proof that the adsorption pro-
cess is not favorable at higher temperature. The values of
AG at 298 K in this study are -0.3037, —2.4912, and —4.0953
for Z, LF, and ZLF adsorbents which found in the physi-
cal adsorption range of AG (AG for physical adsorption is
in the range —20-0 k] mol) revealing that the adsorption of
CR dye onto Z, LF, and ZLF adsorbents is a physio-sorption

Table 3
Intraparticle diffusion constants for different initial CR concen-
trations at 25°C and initial pH 7

Adsorbent  Conc., Intraparticle diffusion kinetic model
ppm I k, (mg/g min'?) R?
5 -1.60 0.589 0.912
10 -0.50 0.505 0.946
V4 15 -1.50 0.514 0.886
20 -0.10 0.357 0.956
25 -0.60 0.191 0.895
5 1.52 0.143 0.824
10 -0.73 0.398 0.887
LF 15 -1.97 0.594 0.930
20 -3.25 0.709 0.958
25 -2.87 0.702 0.962
5 2.47 0.128 0.813
10 -0.89 0.539 0.871
ZLF 15 —2.93 0.673 0.949
20 3.61 0.546 0.957
25 11.53 0.377 0.954

process. This result is also confirmed by the “n” value that
was determined by Freundlich isotherm model which is
more than unity which refer to a physical adsorption pro-
cess [86]. Also the value of R, that falls in the range between
0 and 1, which indicate that the adsorption of dispersed red
60 dye is promising at the experimental conditions [80].
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Fig. 7. Van't Hoff plot for CR dye adsorption onto Z, LF, and ZLF
at initial pH 7.

Table 4
Thermodynamic parameters for adsorption of CR dye onto Z,
LF, and ZLF

Adsorbents Temperature AG AH AS
(K) (kJ/mol)  (kJ/mol) (J/mol K)
298 —-0.3037
313 -0.1062
323 0.10958
V4 333 1.26451 -26.87 —86.46
343 2.33361
353 4.37784
363 493167
298 -2.4912
313 -2.3984
323 -0.8329
LF 333 -0.5955  -47.75 -146.32
343 0.43957
353 5.97806
363 6.89843
298 —4.0953
313 —4.1468
323 -2.8877
ZLF 333 -1.2513  -39.87 -116.39
343 0.12675
353 1.60398
363 3.01877
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Table 5

Comparison of the optimized conditions, removal %, and adsorption capacity of different CR adsorbents relative to our Z, LF,

and ZLF nanoadsorbents

Adsorbent Conditions Adsorption Removal Reference
capacity (mg/g) efficiency (%)
Ulva lactuca biomass Contact time: 90 min; dose: 3 g; concentration: - 97.89% [88]
100 mg/L ; pH: 7.0; temperature: 24°C
Modified zeolite A (MZA) Contact time: 120 min; dose: 3 g/L; concentration: 21.11 99.24% [89]
60 mg/L; pH: 6.0; temperature: 30°C
Polyvinyl alcohol/sodium Contact time: 180 min; dose: 1.875 g; concentration: ~ 19.00 94.3% [90]
alginate/ZSM-5 10-50 mg/L; pH: 3.0; temperature: 24°C
Na-zeolite@chitosan concentration: 800 ppm; pH: 5; time: 60 min 0.00428 mmol/g 98.019% [91]
Cu(Il)-incorporated zeolite Y Dose: 1.5 g/L; concentration: 10 mg/L; temperature: - 90% [92]
30°C
ZLF Contact time: 480 min; dose: 0.02 g; concentration: 19.01 97.37%
LF 10 mg/L; pH: 7.0; temperature: 25°C 11.23 84.21% This study
zZ 8.1 65.00%

The negative value AH proves that, the adsorption of CR
dye onto Z, LF, and ZLF is an exothermic process. The —ve
AS value indicates that the degree of randomness decreased
at the solid/liquid interface due to CR dye adsorption onto
Z, LF, and ZLF surfaces [87].

3.7. Field experiments

The newly manufactured nanoadsorbent, ZLF, was opti-
mized with the following parameters: adsorbent weight
(0.02 g), room temperature, no changes in the pH of the
wastewater containing waste dye, and a contact period
of 420 min. The presence of different wavelengths corre-
sponding to different dyes was discovered by scanning
wavelengths detected in the as-received industrial efflu-
ent. Absorbance at different wavelengths was measured at
the end of the contact time to calculate the dyes’ removal
effectiveness from industrial effluent. The findings from the
field testing showed that the newly synthesized nanoad-
sorbent was capable of extracting dyes from industrial
wastewater with a 90.97% efficiency, confirming the foun-
dation for new eco-friendly materials that aid in the reuse of
industrial wastewater.

3.8. Comparison of adsorption capability of Z, LE, and ZLF with
other adsorbents

Table 5 compares the adsorption capacity, q,, and dye
removal efficiency of various adsorbents reported in the lit-
erature with those of Z, LF, and ZLF for CR dye adsorption.
It demonstrates that g, values for various adsorbents vary
significantly. In comparison to other adsorbents [88-92],
the results showed that Z, LF, and ZLF had a satisfactory
adsorption capability for CR dye from aqueous solutions.

4. Conclusion

Surface and in pores modification of Z and LF yielded
a novel alga/zeolite composite ZLF, which was employed
as a new adsorbent for CR dye from aqueous solutions. The

experimental results demonstrated that decreasing the ini-
tial concentration of CR improved the removal efficiency of
CR, and that the CR removal rate is high during the early
stages of the adsorption experiment. By raising the dosage
of Z, LF, and ZLF from 0.01 g to 0.05 g, the elimination per-
cent rose. The temperature has a significant impact on the
percentage of CR removed. Changing the initial pH of the
CR solution from 3 to 10 affects the CR removal efficiency
for all adsorbents, with maximum adsorption occurring
at pH 7. The reusability test for Z, LF, and ZLF adsorbents
revealed that none of them were preferred for CR removal
reuse. The adsorption isotherms of CR onto Z, LF, and ZLF
demonstrate that the Langmuir isotherm models are the
best fit by Z and LF adsorbents, whereas the Temkin iso-
therm model is the best fit by ZLF. The Elovich model well
handles CR adsorption onto LF and ZLFE, while Z follows
second-order kinetics. Finally, field tests demonstrated that
the newly synthesized ZLF adsorbent had a 97.36% effi-
ciency in removing dyes from industrial wastewater, con-
firming the basis of new eco-friendly materials that aid in the
reuse of industrial wastewater. The thermodynamic results
showed that the adsorption of the CR dye onto Z, LF, and
ZLF is spontaneous and exothermic adsorption process.
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Supporting information
S1. Adsorption isotherms

Langmuir, Freundlich, and Temkin isotherms have been
applied to explain the reaction isotherm of the designed Z,
Liagora farinosa (LF), and zeolite/algae (ZLF) nanocompos-
ite for the tested Congo red. The three models can be repre-
sented by Eqs. (51)—(S3), respectively [1-4]:

e _ 4= (S1)
qL KLQo Qo
1
logg, =logK, +—logC, (52)
n
g, = BInK, + BInC, (S3)

where, Q is the maximum amount of dye removed by Z,
LF and ZLF adsorbents (mg/g); K, K, and K, indicate to
Langmuir constant, Freundlich constant, and Temkin bind-
ing constant, respectively. B(=RT/b) is a constant associated
with the adsorbed heat, # is the adsorption density, T is the
absolute temperature, and R is the universal gas constant.

S2. Adsorption kinetics and mechanism

Different adsorption mechanisms and kinetics models
such as intraparticle diffusion, pseudo-first-order, pseu-
do-second-order, and simple Elovich kinetic model are used
for identifying the adsorption mechanisms and kinetics
models that best match with the adsorption of Congo red
onto Z, LF and ZLF adsorbents.

Egs. (4)—(7) are used to represent the pseudo-first-order,
pseudo-second-order, simple Elovich kinetic, and intra-
particle diffusion models, respectively [5-11].

In(q, —q,)=Ing, -kt (S4)
t 1 t
LA LS (S5)
a kg 4,
1 1
g, =—=Inof+-Int (S6)
"B B
g =kt +1 (57)

Fig. S1. Structure of Congo red.

where k,, k,, and k, represent rate constants of the pseudo-
first-order, pseudo-second-order, and intraparticle propa-
gation models. [ refers to a constant related to the boundary
thickness. a implies the adsorption rate at time = 0 min
(mg/min) and B represents the extent of surface coverage

(g/mg).
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Fig. S2. Intraparticle sorption kinetics of Congo red dye at 25°C
and pH 7 by 20 mg of (A) Z, (B) LF, and (C) ZLF.
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S3. Characteristic wavenumbers and function groups
of FTIR bands for Z, LF and ZLF adsorbents

FTIR peaks (cm™) Assignment References
V4 LF ZLF
- 3,700 3,300-3,500 Amine group (-NH) stretching [12]
3,452; 3,432 and 3,442 3,422 2,915 Hydroxyl group (-OH) [13-15]
- 2,935 1,475 (-CH) group [16,17]
- 1,647 1,069 (-C=0) group [18]
1,029 - 1,039 Si-O-Al [19]
464 - 471 Si-O-Si bending [20]
400-800 - 400-800 Metal oxides [21]
Table S1
Conditions of experimental adsorption tests
Series Dye concentration, ppm Z, LF and ZLF weight, g Temperature, °C pH value
1 5,10, 15, 20 and 25 0.02 25 7
2 10 0.01, 0.02, 0.03, 0.04 and 0.05 25 7
3 10 0.02 40, 50, 60,70, 80 and 90 7
4 10 0.02 25 3,4,5,7,8and 10
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