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KEYWORDS Abstract Crystal violet (CV) is one of the water pollutants that can cause potential harm to living
Waste management; beings and the environment. Different methods are applied for the removal of CV from wastewater,
Dyes; however, a cheap and environmentally friendly way is preferred. In this study, Hormophysa trique-
Macroalgae; tra (HT) and its silver-modified form (AgHT) were used for the removal of CV from synthetic and
Desorption; real wastewater. Both physical and chemical characterizations of HT and AgHT were carried out
Adsorption models using scanning electron microscopy — energy dispersive X-ray analysis (SEM-EDX), Transmission

electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), zeta potential (C-
potential), and Brunauer-Emmet-Teller (BET) analysis. Different parameters such as pH, temper-
ature, and concentration were studied for the adsorption process. The optimum pH of the adsorp-
tion process was 6 with a maximum adsorption capacity of 181.8 mg/g for HT and 312.5 mg/g for
AgHT at 45°C. The best-fitted adsorption isotherm model was the Langmuir model based on the
correlation coefficient (R?) however; the chi-square (3?) analysis indicated the Freundlich model
to be the best-fit model. Moreover, the thermodynamics studies indicated a spontaneous and
endothermic reaction with HT and the reverse with AgHT. The main functional groups contribut-
ing to the adsorption of CV on the adsorbents involve carboxyl, hydroxyl, carbonyl groups, and
aromatic rings. The adsorbent removed more than 98 % of CV from real wastewater with AgHT
being more efficient than HT. Desorption studies indicated that desorption agents such as NaOH
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and HCI reduced the electrostatic interactions between the adsorbate and the adsorbent, thereby
regenerating the adsorbent. This study proves the use of naturally abundant and available macroal-
gae as an eco-friendly and successful green technology for the removal of CV from real wastewater.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Due to rapid industrialization, the demand for life necessities has risen.
This has led to an increase in environmental pollution in one way or
the other. Not only the environment but also living beings are affected
by the industrial revolution. With increasing environmental issues,
water pollution is one of the major problems faced by the globe. Excess
discharge of both domestic and industrial wastewater into the water
bodies is anticipated to cause severe damage to the flora and fauna
of the environment (Oualid et al., 2020). Among different water pollu-
tants, the discharges from the textile industries are of major concern
because of the presence of dyes in them. Considering the textile indus-
try as one of the major contributors to water pollution, it is reported
that for coloring 1 kg of cotton, approximately 70 L-150 L of water
is required along with 40 L of dyes in their reactive forms. Moreover,
about 80,000 metric tons of dyes are produced annually of which 2 g/L
is wasted which is about 20-30 % of the total dye manufactured
(Allegre et al., 2006). One such dye is crystal violet (CV) (C5H30N3Cl),
also commonly known as gentian violet (MW: 407.98), belonging to
the group of triaryl methane dyes (Mittal et al., 2010). It is a recalci-
trant dye and stays in the environment for a long time. It has many
functions in different fields including medicine, industry, biological
laboratories, and others (Mittal et al., 2010). The immense use of
CV in multiple industries has raised concerns over its toxicity (Al-
Shahrani, 2020). With regards to health, CV is a well-known potential
carcinogenic, mutagenic, and irritant compound with the ability to
affect the endocrine system (Al-Shahrani, 2020; Nandhini et al.,
2019; Roy et al., 2018; Sharma et al., 2018). Once the effluent with
CV is discharged into water, smaller aquatic living organisms being
sensitive are exposed to the hazardous CV. These smaller organisms
are then targeted by higher organisms where the CV bioaccumulate.
In this way, the dye reaches the next trophic level and ends up affecting
human and other animal health (Lellis et al., 2019). Moreover, CV
decreases the photosynthetic activities of the plants in the aquatic envi-
ronment by inhibiting the light passing through it. Prevention or
decrease of light penetration in water bodies highly affect the produc-
tivity of aquatic plants whereas in soil, it decreases the germination
percentage of the seeds as well as the growth of the plants (Mani &
Bharagava, 2016).

To tackle the global issue of water scarcity and improve water qual-
ity, different technologies are introduced and implemented. They are
membrane filtration (Wang et al., 2021), chemical oxidation (Jana
et al., 2010), electro-coagulation (Ghosh et al., 2008), electrochemical
(El Brychy et al., 2021), and ion exchange (Xu et al., 2016). Almost
all the mentioned technologies have drawbacks that include but are
not limited to the use of unsafe chemicals, the generation of toxic
by-products, high cost, and time-consuming (Laskar & Kumar,
2022). Other innovative techniques such as the adsorbents are cur-
rently utilized and have advantages over other conventional methods
such as cost efficiency and a relatively easier system to develop
(Prasetyo et al., 2022).

Seaweeds or marine macroalgae are multicellular protists and are
found in the benthic zone. They resemble plants and attach themselves
to different surfaces like rocks, aquatic plants, and other species
(Bhuyar et al., 2020). They can produce many secondary compounds
or metabolites that are rich in carrying out enormous biological activ-
ities. Seaweeds are commercially significant and are harvested in large
amounts (32,000 tonnes wet weight) to meet the demand globally
(Ponnuchamy & Jacob, 2016). Marine macroalgae can be helpful in

removing pollutants because of their complex cell wall, which is com-
posed of gelatinous polysaccharides and carboxyl groups. Similarly,
marine macroalgae can survive in extreme environments with high
temperatures, salinity, acidity, and so on. Their survival in such
extreme conditions is mainly due to their ability to produce biologi-
cally significant metabolites. The use of algal biomass directly is not
very efficient due to its smaller size, lower density, nature of material
and other properties. To enhance the use of algae for treating wastew-
ater, it is recommended to modify it (Buhani et al., 2021; Guler et al.,
2016). Furthermore, the surface modification tends to activate the algal
biomass by producing a porous microstructure, hence, increasing the
surface area and accessibility to the chemical bonds of the algae
(M’sakni & Alsufyani, 2021). In this study, seaweed Hormophysa tri-
quetra (HT) and its Ag-modified form (AgHT) will be used as a biosor-
bent for the removal of CV from synthetic and real wastewater
considering different experimental conditions including pH, tempera-
ture, and concentration of CV. To the best of our knowledge, this is
the first study in Qatar where macroalgae are collected from the Qatari
coast and are used in wastewater treatment. In this study, adsorbents
from the collected macroalgae are made and used for the removal of
CV from synthetic and real waste water. This study investigates the
use of naturally abundant and available macroalgae as an eco-
friendly and successful green technology for the removal of crystal vio-
let from real wastewater.

2. Materials and methodology

2.1. Materials

Potassium hydroxide (KOH) (99.9 %) and sodium hydroxide
(NaOH) (99.9 %) were purchased from Research-Lab Fine
Chem Industries, India. Silver nitrate (AgNO3) (99.9 %) and
37% hydrochloric acid (HCI) (99.9 %) were purchased from
Pharmpur, Scharlau, Spain. CV (99.9 %) was purchased from
Merck, Germany.

2.2. Methodology

2.2.1. Sample collection and drying

The macroalgae were collected from Al-Thakira 25° 44’ 3.12"
N, 51° 32’ 35.52” E and washed with seawater. After washing,
it was packed in a thermocol box with ice and was transferred
to the lab. In the lab, the samples were washed with distilled
water and then with Milli-Q water thrice to remove any debris
or unwanted material. After washing, the samples were dried
in an oven (Nabertherm, Germany) at 22 °C. After successful
drying, the samples were ground with a blender and then
ground to nano-size using Planetary Ball-Mill (Nanbei Instru-
ment Limited, China) at 870 rpm for 24 h as shown in Fig. 1
(A).

2.2.2. Modification of dried H. triquetra (HT) using AgNO3
(AgHT)

Dried 10 g of H. triquetra was reacted with 1 g of KOH dis-
solved in 100 mL of distilled water. The mixture was incubated
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at 60 °C for 1 h. After 1 h, the resulting solid was reacted with
1.698 g of AgNO; and was incubated at 60 °C for 10 h. Fur-
ther, the pellet was mixed with 1 g of KOH dissolved in
100 mL of distilled water at 60 °C for 10 h. After completion
of incubation, the pellet was washed with distilled water until
the pH was neutral. Finally, the pellets were dried at 105 °C in
the oven (Alhaddad et al., 2021). The process is summarized in
Fig. 1(B).
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AgO
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(A) Post-sampling washing and grinding of HT, and (B) Reaction of AgNO3 with HT to synthesize AgHT.

2.2.3. Preparation of synthetic CV stock preparation

A stock solution of CV was prepared with a concentration of
100 ppm by dissolving 0.1 g of CV in 1000 mL of distilled
water. Furthermore, a standard calibration curve was made
with different sample concentrations that were prepared by
diluting stock solution (Blank, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10)
mg/L. Ultraviolet—visible (UV—Vis) spectrophotometer (JEN-
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WAY, Illinois, USA) was used to measure the concentration of
the samples at the wavelength of 591 nm (Al-Ajji & Al-Ghouti,
2021).

2.2.4. Batch experiments

Batch experiments were performed in duplicates in 100 mL
bottles. The effect of both HT and AgHT was tested on differ-
ent parameters. To every 20 mL of CV, 0.02 g of adsorbents
were added. First, the effect of pH (2, 4, 6, 8, and 10) was stud-
ied. The pH of the solution was set using 0.1 M HCl and 0.1 M
NaOH respectively. The bottles were kept on a shaker (Bruns-
wick Innova® 2100/2150, New Jersey, USA) for 24 h at
160 rpm. After 24 h, the mixture was filtered using a syringe
filter (ISOLAB PES 0.45 um), and the absorbance was mea-
sured at 591 nm using UV-Vis spectroscopy. Further, after
obtaining the desired pH, different concentrations of CV (10,
20, 30, 40, 50, 60, 70, 80, 90, and 100 mg/L) and temperatures
(25 °C, 35 °C, and 45 °C) were also tested. The data analysis
was done by using the mean value of the two replicates. The
following Eqgs. (1) and (2) were used for data analysis.

% Removal = Ci_,cf* 100 (1)
mg. . Y
e (") = (ci- o+ (1) @

where C; is the initial CV concentration (mg/L), Cy is the final
CV concentration (mg/L), V is the solution volume (L), and W
is the weight of the adsorbent (g).

2.2.5. Characterization of HT and AgHT

Characterization of HT and AgHT adsorbents was done using
different techniques. Transmission electron microscopy (TEM)
(Tecnai G2 TEM, TF20, FEI, Oregon, USA) and scanning
electron microscopy with energy dispersive X-ray spectroscopy
(SEM-EDX) (Nova™ Nano SEM 50 series, Oregon, USA)
were used to study morphology, elemental composition, and
other features of the adsorbents. Fourier transform infrared
spectroscopy (FTIR) (SHIMADZU-IRSpirit, Germany)
between the range 400 cm ™' to 4000 cm ™' was used to analyze
the functional groups present on the surface of HT and AgHT.
Brunauer-Emmett-Teller (BET) (Quantachrome Corporation,
Nova 3000, Oregon, US) was used to determine the surface
area of the samples. Carbon, hydrogen, and nitrogen (CHN)
analyses were done using an elemental analyzer (Flash 2000,
ThermoFisher, Massachusetts, USA) to obtain their percent-
ages in each adsorbent. Zeta potential ({-potential) measure-
ments were done using Zetasizer Nano ZSP, Malvern, UK)
to analyze the charges on the adsorbents at different pH ranges
(2, 4, 6, 8, and 10) in water.

2.2.6. Adsorption isotherms

The relationship between the concentration of adsorbents
adsorbed on the adsorbent and the concentration of the adsor-
bate in the liquid/dissolved at equilibrium (Panahi et al., 2020)
is obtained by using adsorption isotherms. The isotherm
curves provide information about the retention capacity of
the target adsorbent. These models are used to study the adsor-
bate movement from liquid to solid medium at a particular
temperature and pH. The details of adsorption isotherms used
in this experiment are shown in Table 1.

2.2.7. Adsorption thermodynamics of CV

Thermodynamic parameters that include enthalpy change
(AH®), entropy change (AS°), and Gibbs free energy (AG®)
along with the temperature (K) effect were determined to
understand the spontaneity of the processes. The reaction
tends to be spontaneous if the process has a negative value
for AG® at a given temperature. The parameters were calcu-
lated based on the following Egs. (3)—(5):

AG = —RTInb (3)

AG = AH - TAS’ (4)
AS"  AH

b= = RT (5)

2.2.8. Desorption studies

Desorption of saturated adsorbents HT and AgHT were done
using three desorption agents: 0.1 M NaOH, 0.1 M HCL, and
70 % Ethanol. Spent adsorbents weighing 0.02 g in 20 mL of
each of the desorption agents were kept in a shaker for 24 h at
160 rpm. The recovery of CV was then calculated in percentage
(%).

3. Results and discussion

3.1. Characterization of HT and AgHT

Fig. 2 shows TEM analysis of the HT and AgHT showed dis-
tinct differences at different magnifications: 100 nm, 50 nm,
10 nm, and 5 nm respectively. The Ag-modified TEM pictures
show spherical Ag-NPs (circled red). On the other hand, there
is no specific shape seen in the non-modified H. triguetra,
which confirms the success of the modification and synthesis
of NPs. The spherical shape is an indicator of the capping
and stabilization phenomenon during the synthesis of
nanoparticles. Most stable macroalgae-derived NPs are
reported to have a spherical shape (76%), followed by an oval
shape (14%), then hexagonal (6%), or triangular (4%) corre-
spondingly (Sahayaraj et al., 2019; Trivedi et al., 2021). The
SEM analysis of HT and AgHT is shown in Fig. 3(A) with evi-
dent differences at two magnifications (25,000x and 10,000x).
The major difference between them is the irregular and rough
surface of HT as compared with AgHT, which appears to be
smooth, rod-like, prominent trapezoid and rhomboid-shaped
structures concentrated at one region as indicated with red
arrows.

EDX analysis and the atomic percentages (%) of the ele-
ments found are shown in Fig. 3(B) shows a strong peak at
3 keV which confirms the presence of Ag elements in the mod-
ified adsorbent. Our results are further confirmed by compar-
ing with other studies where a similar strong peak indicating
the presence of Ag elements in the modified adsorbent is found
(Hashemi & Hadi Givianrad, 2018; Kaidi et al., 2021; Kannan
et al., 2013; Vijayan et al., 2014).

BET analysis showed that the surface area of HT is
3.977 m?jg and a single point total pore volume of
0.009864 cm’/g. For AgHT, the surface area was reduced to
2751 m?/g with a single point total pore volume of
0.005922 cm®/g. It is evident from the results that the surface
area and pore volume reduced which could be attributed to
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Table 1 Linear equations and details of parameters of the Adsorption isotherm models used in this study.

Model Linear and Non-linear equations Details Reference
Freundlich In(q,) = (%) In (C,) + In(Ky) q. = Amount of adsorbate adsorbed per gram of adsorbent at (Dabhade et al.,
! equilibrium (mg/g), 2009)
andg, = KCe K; = Freundlich constant for adsorption capacity ((mg/g)(L/
2",
1 = Freundlich constant for intensity,
. = Concentration of adsorbate at equilibrium (mg/L),
n = adsorption intensity
Langmuir q&: ql 5 + (qL) . C, = Concentration of adsorbate at equilibrium (mg/L), (Nwabanne &
and " g, = Amount of adsorbate adsorbed per gram of adsorbent at  Mordi, 2009)
. equilibrium (mg/g).
e = 145C, b = Langmuir constant for the rate of adsorption (L/mg).
¢,, = maximum adsorption capacity (mg/g)
Dubinin- Inq,= Ing, -Kp&* ¢, = D-R constant for adsorption capacity (mg/g), (Chen & Yao,
Radushkevich (D-R)  and Kpe? = constant for the mean of adsorption free energy (mol?/ 2015)
qe= q537KD£2 sz)’

Temkin

g =L indr+ XL nC,

q. = Amount of adsorbate adsorbed per gram of adsorbent at
equilibrium (mg/g),

Kp = adsorption energy constant,

¢ = D-R isotherm constant

e= RTIn[l1+4],

R = gas constant (8.314 J/mol.k),

T = absolute temperature

br = Temkin constant for the heat of adsorption (J/mol),
Ar = Temkin binding constant at equilibrium (L/g),

C, = Concentration of adsorbate at equilibrium (mg/L)

(Dada et al., 2021)

HT

AgHT

———— 100 1m

100 nm 50 nm

Fig. 2 TEM analysis of HT (top) and AgHT (bottom). Magnification (left to right): 100 nm, 50 nm, 10 nm, and 5 nm.

an effect of the modification. The nitrogen adsorption iso-
therms and the pore size distribution curves are shown in
Fig. 4. These characteristics play a vital role in determining
the adsorption phenomenon (Al-Ajji & Al-Ghouti, 2021). Sim-
ilarly, as reported in another study, a sharp dip in the surface

area of silica-based adsorbents is due to functionalization pro-
cesses post-surface modification (Manyangadze et al., 2020).
Fig. 5 shows FTIR analysis with peaks at 666 cm™',
816 cm ™', 1020 cm™', 1030 cm ™', 1160 cm ™', 1419 cm™',
1600 cm™', 2366 cm™', 2911 ecm™', 3187 ecm ™', 3338 cm ™',
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and 3642 cm~'. The peaks observed in the FTIR analysis of
the HT and AgHT adsorbent showed the presence of different
functional groups. The peaks at different wavelengths are due
to C—C ring deformation, C—C ring stretching, C—N stretch-
ing, C—H bond deformation, C=O0 stretching, CONH stretch-

6 8 10 12 14 16 18
kev

(A) SEM images of HT (top) and AgHT (Bottom), and (B) EDX of HT (left) and AgHT (right).

ing, C=C stretching, and O—H stretching. Moreover, peaks
for spent HT and spent AgHT are also shown in the graph
along with pure CV peaks. It is evident that both HT and
AgHT were successful in adsorbing CV from the solution
based on the comparison of the peaks of spent HT, spent
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Fig.4 BET analysis of nitrogen adsorption and desorption isotherms and pore-size distribution curves (inserted graphs top left). (A) HT
(top) and (B) AgHT (bottom).

AgHT, and CV. The peaks and the related functional groups Region 1 in Fig. 5 shows the O—H stretching which is very
as well as their presence and absence in HT, AgHT, spent deep and broad in spent AgHT as compared to others thereby
HT, and spent AgHT are mentioned in Table 2. proving its involvement in the adsorption of CV. Region 2
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Fig. 5 FTIR spectra of HT, AgHT, spent HT and spent AgHT.

shows the differences between the peaks of HT and AgHT,
which corresponds to different functional groups with the
C—C ring. C—H stretching, COO group, CN bond, and
CONH group. The absence of peaks for C—C, C—N stretch-
ing, and C—H deformation indicates that these functional
groups are involved in reactions leading to modification. Sim-
ilarly, the decrease in intensity of peaks of some functional
groups in AgHT is also indicative of the involvement of those
functional groups in the functionalization process. For
instance, the reduction of peak size at 1600.42 cm ™' in AgHT
as compared to HT affirms the role of secondary amines in the
process of functionalization. Almost similar functional groups
and stretching vibrations of bonds such as O—H, C=C, C—N,
and C—O are reported to be present and involved in the syn-
thesis and stabilization of AgNPs from macroalgae (Shao
et al., 2018). On the other hand, the spent HT and spent AgHT

FTIR spectrums showed slight differences when compared
with the adsorbents before using them for CV treatment. In
both the spent adsorbents, peaks at 666.13 cm™!,
1019.87 cm ™', and 1600.42 cm ™' were absent from their orig-
inal position indicating a shift of peaks. It is highly likely that
the functional groups associated with those peaks were
involved in the removal of CV from the solution. Other peaks
also showed differences in intensity and depth such as peaks at
815.90 cm™"', 1159.66 cm ™', and 3337.77 cm ™' respectively. A
closer look at the peaks of spent HT and spent AgHT showed
a similarity in peaks specifically at 1146.82 cm™!,
1346.52 em™!, and 1566.18 cm™!, thereby confirming the
adsorption of CV on the adsorbents. It is reported in the liter-
ature that the C, N, and ring structures of CV have peaks at
1170 em™', 1350 ecm™!, and 1590 cm™' correspondingly

Table 2 Presence and absence of functional groups in HT, AgHT, spent HT and spent AgHT.

Frequency  Functional HT AgHT Spent HT Spent AgHT
(em™! Groups

666 C—C ring deformation/—=C—H Small peak Small peak Absent Absent

816 C—C ring stretching Sharp peak Absent Sharp peak Small peak

1020 C—H deformation/-C—0O—C Moderate broadband ~ Weak broadband  Absent Absent

1030 C—N stretching Sharp peak Absent Sharp peak Sharp peak

1160 C—oO stretching Small sharp peaks Small sharp peak  Deep small peak Deep small peak
1419 C—H deformation, C—N stretching Single sharp peak Absent Very small peak Very small peak
1600 C—C stretching/C—O/CONH, N—H  Single sharp peak Small peak Absent Absent

2366 C=C stretching Small peak Small peak Small peak Small peak

2911 C—H stretching Small broadband Small peak Small broadband Small broadband
3187 O—H stretching Strong broadband Weak broadband  Strong broadband  Strong broadband
3338 O—H stretching

3500 N—H stretching Strong slope Weak Strong slope Strong slope
3642 O—H stretching Small peak Small peak Small peak Small peak
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(Rytwo et al., 2015; Sulthana et al., 2022). The {-potential
analysis of HT and AgHT is shown in Fig. 6.

The C-potential analysis shows that both HT and AgHT at
all pH (2, 4, 6, 8, 10) have negative values indicating net neg-
ative surface charge due to which the isoelectric point could
not be determined, and thus the pH,,. was not determined
too (Bakatula et al., 2018). The surface charges on the adsor-
bent can be affected by the pH of the solution. A negative sur-
face charge can be suppressed by introducing H" ions, which
occurs with a decrease in pH. Similarly, a positive surface
charge can be suppressed by introducing OH™ ions, which
happens when the pH is increased. { -potential indicates the
stability of the system, if the values are greater than
—30 mV, the system behaves as strongly cationic. On the other
hand, if the values are less than +30 mV, the system tends to
be strongly anionic (Clogston & Patri, 2011). Smaller values of
{-potential between +5 mV to —5 mV signify an unstable sys-
tem (Ostolska & Wishiewska, 2014). Considering the (-
potential values of HT and AgHT, it can be seen in Fig. 6,
the system appears to be stable throughout the pH range with
values ranging between —5.34 to —18.37 for HT and —6.43 to
—11.82 for AgHT. Moreover, the charge density of HT is more
as compared to AgHT, which indicates that there is less inter-
action through electrostatic bonds, and most of the interaction
is by other bond types such as n — m«, n-to-n, hydrophobic, and
hydrogen bonds.

The elemental CHN percentages help in determining the
composition of the macroalgae in terms of the presence of car-
bohydrates, proteins, and lipids, however, the values vary in
each type of macroalgae. The percentage differences are not
very high and fall in a range between 22 % and 36 % for C,
3.5 % to 6 % for H, and 0.5 % to 2.8 % for N as reported
in Table 3. There are many factors, which affect the elemental
percentages and the overall composition of the seaweeds. Some
of the factors are the environmental parameters (habitat, tem-
perature, and seawater salinity), the productivity rate of the
seaweeds, and the genetic diversity (Biris-Dorhoi et al.,
2020). In our study, we compared the elemental CHN of HT
(CHN (%): 35.64, 5.77, 1.07) and AgHT (CHN (%): 26.97,
4.17, 0.79). There is a decrease in percentages of all three ele-
ments, which could be due to the reaction of macroalgae with

Ag. There is a possibility that the Ag is bonded with functional
groups containing N, C, and H, thereby decreasing their
percentages.

3.2. Effect of pH

The pH of the system did not affect the adsorption process sig-
nificantly as shown in Fig. 7(A). For HT, the maximum
removal of CV was 99.90 % at pH 4 while the maximum
removal of CV for AgHT was 98.97 % at pH 2. For both
the adsorbents, the adsorption of CV at other pH values was
also not significantly different with all the removal percentages
higher than 99% and 97% for HT and AgHT respectively.
Considering the cost related to the experimental analysis and
minimum pH modification of the solutions, pH 6 was selected
as the optimum pH for the experiments.

CV is a cationic dye and is readily adsorbed on surfaces
that have negative charges. Hence, an increase in pH would
create a basic environment, thus, promoting the adsorption
of CV over the adsorbent (Sharbaf Moghadas et al., 2020).
When the pH is low, the environment is acidic in nature, mean-
ing that the number of H™ ions is more as compared to the
negative charges; hence, the surface of the seaweed gets proto-
nated, thereby reducing the available negative sites for binding
of cationic CV. On the other hand, with an increase in pH, the
H™" ions tend to decrease, and the surface charge of the sea-
weed becomes negative, allowing the CV to bind (Jegan
et al., 2016). The point of zero charges (pH,,.) plays a critical
role in determining the interaction between adsorbent and
adsorbate. It is reported that if the pH of the solution is less
than the pH,,. (pH < pHp,), the net charge on the biomass
would be positive, which eventually decreases negative binding
sites hence, low interaction and electrostatic binding between
the pollutant and the biosorbent (El Haddad et al., 2012). In
cases where pH > pH,,., the net charge on biomass is nega-
tive, making an excess of negative binding sites available for
the cationic pollutant to bind, consequently, higher interaction
and electrostatic bonds will be formed. Theoretically, in our
case, it can be assumed that the pH of the solution exceeds
the pH,,., thereby allowing maximum interaction between
adsorbate and adsorbent. However, validation was done

0.00 T T r . . )
-5.00 7 12
-10.00 A Slightly negative
— -15.00 Average [-potential
E (mV)
= -20.00 pH HT AgHT
'E 2 -5.34 -6.43
$ -25.00 4 -33.07 -13.97
i}
° . . 6 3357 1453
‘; -30.00 Highly negative . e
E -35.00 1 10 -18.37 -11.82
-40.00 -
pH
——HT —l— AgHT
Fig. 6 Zeta potential ({-potential) (mV) of HT and AgHT at pH 2, 4, 6, 8, and 10.
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Table 3 Elemental CHN analysis (%) of different macroalgae.
Sample C% H % N % References
Caulerpa lentifilla 35.76 3.63 2.71 (Ong et al., 2019)
Gracillaria coronopifolia 23.08 4.01 1.76
Chaetomorpha linum 27.81 5.69 3.19
Ulva rigida 22.74 4.61 0.63 (Shomron et al., 2022)
Sargassum sp. 34.1 3.90 1.30 (Maciej et al., 2012)
Sargassum thunbergi 32.38 5.4 4.9 (Yang et al., 2021)
Mastocarpus stellatus 33.5 6 5.49
HT 35.64 5.77 1.07 This study
AgHT 26.97 4.17 0.79

through a {-potential analysis where the isoelectric point will
help in determining pH,.

It can be seen in the Table. 4 that each of the studies has
different experimental conditions including the modification
of biomass, temperature, pH, and adsorbate concentration.
All these factors play a role in determining the adsorption
capacity, some being favored by low temperature while some
by high temperature.

3.3. Effect of temperature on initial concentrations of CV

The highest percentage removal of the dye was obtained at a
temperature of 45 °C for both HT and AgHT adsorbents.
All the concentrations of the dye were efficiently removed at
this temperature except 100 ppm. However, at 25 °C and
35 °C, the differences between adsorbed CV are not significant
except for concentrations of 70 mg/L, 80 mg/L, and 90 mg/L
with the removal of 99.38 %, 99.07 %, and 99.65 % for HT
and 99.8 %, 99.7 %, and 99.31 % for AgHT adsorbent. These
removal percentages are not low but make a significant differ-
ence when compared to each other. Similarly, the removal per-
centages are not significant between 25 °C 35 °C, and 45 °C till
60 mg/L whereas the higher concentrations showed a signifi-
cant difference between the 3 tested temperatures as shown
in Fig. 7(B-C). The same trend was observed for the AgHT
adsorbent. The adsorption capacities increased with an
increasing temperature from 25 °C to 35 °C and then to
45 °C. Almost all the concentrations were removed with
removal starting from 90%. For concentration of 90 mg/L
and 100 mg/L, the removal is almost the same at 25 °C
(97.37%, 97.82%) and 45 °C (95.36 %, 95.93 %) but are sig-
nificantly greater than removal at 35 °C (95.14%, 93.63%).

When the adsorption capacities increase with temperature,
the adsorption reaction is considered as endothermic (Al-
Ghouti & Al-Absi, 2020). A similar reaction was observed in
a study where the dye CV was removed using a brown algae
Laminaria japonica (Wang et al., 2008). Moreover, another
study also showed similar results where green algae Codium
decorticatum adsorbed CV in an endothermic process
(Oualid et al., 2020).

3.4. Adsorption mechanisms

The mechanism governing the reaction between the pollutant
and the adsorbents is controlled by different factors including

but not limited to the functional and structural characteristics,
pH, particle size, and surface charges. CV being a cationic dye
will be adsorbed onto negatively charged sites on the surface of
the adsorbate. Macroalgae are rich in compounds such as
polysaccharides, phenols, terpenoids, fatty acids, carotenoid,
polyols, and many more which plays a major role in adsorp-
tion processes by providing a variety of binding sites (Anwar
et al., 2021; Mahmood Ansari et al., 2021; Ruiz et al., 2017).

The adsorption mechanism of CV onto HT and AgHT is
composed of specific interaction types that include electrostatic
interactions, hydrogen bonding, hydrophobic, n — = interac-
tions, and w to « stacking (Fig. 8(A)). The presence of conju-
gated electrons in CV is significant because of which the CV
is successfully adsorbed on the surface of macroalgae. The
main functional groups contributing to the adsorption of CV
on the adsorbents involve carboxyl, hydroxyl, carbonyl
groups, and aromatic rings. Hydrogen bonds, also known as
dipole—dipole hydrogen interactions are formed between the
hydrogen from the hydroxyl groups donating hydrogen, with
the nitrogen atoms of CV accepting the hydrogen (Dinh
et al., 2019). Furthermore, n — = interactions are mainly
developed between the electron-donating groups such as oxy-
gen, and the electron-accepting groups such as aromatic rings
(Newberry & Raines, 2017). Similarly, Ag present on the sur-
face of the AgHT would bind with the benzene ring through
Ag — minteraction (Maier et al., 2015). Hydrophobic interac-
tions occur between the non-polar entities, in our case,
between the rings of CV and macroalgae (Watrelot &
Norton, 2020). Another interaction that involves the bonding
of rings of adsorbent and adsorbate is through 7 to = stacking
which is a type of non-covalent binding between the pi bonds
of rings also known as orbital overlap (Chen et al., 2018).
Lastly, electrostatic interactions happen between a negatively
charged and a positively charged particle (Lim et al., 2021).
Nitrogen being positively charged in CV results in bonding
with different negatively charged groups like carboxyl, hydro-
xyl, and carbonyl.

3.5. Adsorption isotherms and chi-square analysis (3°)

Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich
(D-R) were all applied to find out, which is the best-fit model
for the modified and non-modified adsorbents. Similarly, they
were used to study the interaction between the adsorbent and
the adsorbate. From Table 5(A) and Fig. 9, it is evident that
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Table 4 Adsorption capacities of different macroalgae (ND: Not Defined).
Macroalgae Modification Adsorption Experimental Adsorbate, Adsorption References
capacity Conditions Adsorbate Isotherm
(mg/g) (Temp (°C), pH) Concentration Model
(mg/L)
Sargassum muticum Ag ND 26.5, ND MB, 20 ND (Trivedi et al., 2021)
Fucus vesiculosus None 166.66 45, 4 RB, 100 Langmuir (Yadav et al., 2022)
200 45, 8 MB, 100
Codium decorticatum  None 278.46 ND, 11.8 CV, 20 Langmuir (Oualid et al., 2020)
191.01 ND, 2.1 CR, 20
Ulva lactuca L None 0.294 29.85-44.85, 7 Basic dye/ND  Langmuir (Tahir et al., 2010)
Gracilaria edulis None 181.0 ND, 8 CR, 100 SIPS (Langmuir-Freundlich) (Jegan et al., 2016)
Kappaphycus alvarezii  None 171.9
HT None 181.8 35,6 CV, 100 Langmuir This study
AgHT Ag 312.5

the best-fit model for HT is Langmuir while AgHT fitted both
Langmuir and Freundlich models. The R? values of HT and
AgHT for the Langmuir models are 0.75 and 0.98, respectively
while the R? value of AgHT for the Freundlich model is 0.95
correspondingly. Langmuir model indicates that the adsorp-
tion has occurred in monolayers (Liu et al., 2019) and the dis-
tribution of CV is homogenous on the available active sites of
the adsorbent (Mohammadzadeh Kakhki et al., 2019). More-
over, the Langmuir model also provides a quantitative inter-
pretation of the distribution of the solute phase between the
solution and the adsorbent (Atugoda et al., 2021). The Fre-
undlich isotherm model is indicative of the processes of
adsorption that occur heterogeneously on the surfaces. Fur-
thermore, the active sites of the adsorbent are exponentially
distributed in Freundlich models (Ayawei et al., 2017). The
adsorption capacity of HT increased from 90.09 mg/g to
181.8 mg/g when the temperature was changed from 25 C to
35 °C, however, upon further increase of temperature to
45 °C, the adsorption capacity decreased to 0.25 mg/g. A sim-
ilar trend was observed for AgHT where the adsorption capac-
ity increased from 263.16 mg/g (25 °C) to 312.5 mg/g (35 °C)
and then dipped to 250 mg/g (45 °C). In Freundlich isotherm
model for HT, K, observed a similar trend for HT while AgHT
had the lowest adsorption capacity at a temperature of 35 °C,
unlike others. The exponent # in Freundlich isotherm is indica-
tive of the adsorption favorability, Generally, values of n have
different ranges of 2-10, 1-2, and less than 1; indicating good,
moderately difficult, and poor adsorption characteristics (Bibi
et al., 2022). With an increase in temperatures (25 °C—45 °C),
the n values of HT remained in the range of 2-10 hence, there
was good adsorption whereas for AgHT the n values were in
the range of 1-2 indicating moderate difficult adsorption char-
acteristic. Similarly, 1/n can also be used to determine the
favorability of adsorption with values less than 1 as an indica-
tor of a favorable adsorption process (Mukherjee et al., 2019).
Temkin isotherm model considers the effects of indirect inter-
actions of adsorbate in the adsorption process (Ringot et al.,
2007), however, our study, was not able to explain the adsorp-
tion process well due to a smaller correlation coefficient. The
D-R isotherm model is considered to study adsorbate concen-
trations with intermediate ranges. This model assumes a
multilayer process with weak Van Der Waal’s forces and is
temperature dependent (Giinay et al., 2007; Israel & Eduok,

2012). Like the Temkin isotherm model, the D-R model also
had smaller correlation coefficients meaning that it was not
able to explain the adsorption process. Recently for the best-
fit adsorption isotherm model, nonlinear chi-square analysis
is preferred over R? (Hadi et al., 2012). In our study, we also
used y> to further develop the best-fit adsorption isotherm
model. Smaller x> values indicate that the experimental
adsorption capacity were similar to the predicted or calculated
values (Alshuiael & Al-Ghouti, 2022). The smallest values for
HT were for Freundlich isotherm model with 235.88, 33.47,
and 807.59 for 25 °C, 35 C, and 45 °C, consecutively
(Table 5A), which could also be confirmed by the plots with
experimental data and all the four isotherm models fitting at
all the studied temperatures (Fig. 10C—H). Temkin isotherm
model in Fig. 10 E, and Temkin and D-R isotherm models
in Fig. 10F-H are not shown as they were not favorable to
compare with the experimental value due to huge differences.

3.6. Adsorption thermodynamics

The thermodynamic parameters of CV adsorption onto HT
and AgHT are shown in Table 5(B). All the values of AG®
are negative for HT while for AgHT, at 298 K, it is negative
and at 308 K it is positive. The value at 318 K for AgHT could
not be obtained due to an undefined natural logarithm. The
results indicate that the adsorption reaction is spontaneous
with HT while the spontaneity decreases with an increase in
temperature with AgHT. On the other hand, AH® is positive
for HT (78.87 kJ/mol) and negative for AgHT (-55.13 kJ/
mol) indicating that the reactions are endothermic for HT
and exothermic for AgHT respectively. Based on different
studies, AG° and AH® could also be used to indicate the type
of adsorption process as it could either be dominated by
physisorption or chemisorption. Physisorption happens due
to molecular interactions such as the van de Waals forces, n-
to-m interaction, and hydrogen bonding; all of them are
formed due to the physical changes on the surface of the adsor-
bent that include surface area, pore volume, and the functional
groups present on the surface. Chemisorption, on the other
hand, occurs due to the electrostatic interactions between the
adsorbent and the adsorbate (Wathukarage et al., 2019). Cer-
tain studies report that if the value of AG® is less than 18 kJ/-
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mol then the reaction is happening through physisorption
(Cantu et al., 2014) while some report it to be in a range

between —20 kJ/mol to 0 kJ/mol (Bibi et al., 2022). In our
study, depending on the values of AG®, it can be said that
the process is mainly dominated by physisorption. Considering

by OH- ions.
(A) Predicted interactions between macroalgae (HT and AgHT) and CV, and (B) Surface charge of macroalgae at pH range 2-10

AH® to determine the mode of the adsorption process, studies
suggest that between —20 kJ/mol to 40 kJ/mol is physisorption
while values between —400 kJ/mol and — 80 kJ/mol are
chemisorption (Khan et al., 2010). In terms of AS®, a positive
value means that there is randomness at the interface of the



14 S. Bibi et al.
Table 5 (A) Adsorption isotherm models and their parameters for adsorption of CV on HT and AgHT, and (B) Thermodynamic
parameters of the adsorption process of CV onto HT and AgHT.

A Adsorption isotherm models, parameters, and chi-square analysis for adsorption of CV onto HT and AgHT
Langmuir Freundlich
HT Temp () g, (mg/g) b (L/mg) R? Chi- Ky (mg/g)(L/9)" n 1 R? Chi-
Squarey? Squarey?
25 90.09 1.37 0.757  3355.48 119.02 2.2 0.45 0.6768 235.88
35 181.8 27.5 0.8151 2268.02 209.64 2.53 0.395 0.7841 33.47
45 0.257 10.85 1% 47554.21 48.80 2.79 0.358 1* 807.59
Temkin Dubinin-Radushkevich (D-R)
Temp () A7 (L/mg)  br (J/mol) R? Chi- q, (mg/g) Kp R? Chi-
Squarey’ Squarey?
25 1.616 x 10> 79.114 0.6595 2029.89 75.56 -2 x 10 0.7326 ND
35 9.7 x 10 18.012 0.9604 163286.72 126 —1 % 10° 0.8666 ND
45 1 0 1% ND™ 28.38 —1 x 10% 1% ND™
Langmuir Freundlich
AgHT Temp () g,,(mg/g) b (L/mg)  R? Chi- K(mg/g)(L/g)" n 1 R? Chi-
Squarey? Squarey?
25 263.16 4.22 0.9892 5165.38 92.55 1.119 0.894  0.9575 14.05
35 312.5 0.31 0.9963 2268.02 72.31 1.187 0.842  0.9862 33.47
45 250 —0.15 0.9572  —2943.99 85.52 1.53 0.653  0.8799 23.74
Temkin Dubinin-Radushkevich (D-R)
Temp () Ar(L/mg) br(J/mol)  R? Chi- q,(mg/g) Kp R? Chi-
Squarey? Squarey?
25 145 x 10** 34216 0.8393  7513.69 87 —7 x 10° 0.8945 1720.93
35 224 x 10 33.53 0.9433  163286.72 85.05 —8 x 10 0.9359 ND**
45 2.54 x 10> 23.56 0.6839 31286.83 66.87 -3 x 10 0.696 ND**
B Thermodynamic parameters of CV adsorption onto HT and AgHT
Temp (K) 1 In(b) AG AG (kJ/mol) AH(kJ/mol) AS
(J/mol.K)
HT 298 0.0034 0.3148 —779.97 —0.78 78.87 —0.28
308 0.0032 3.3142 —8486.68 —8.49
318 0.0031 2.3842 —6303.38 —6.30
AgHT 298 0.0034 1.4398 —3567.30 —3.57 —55.13 0.18
308 0.0032 —1.1712 2999.06 3.00
318 0.0031 = =

* The value of R? is 1 because the model only had two points to get the line equation.

™ Values too large to be included:
"™ The natural log of a negative b is not defined.

solid-liquid, however, a negative value means that the state of
randomness is no longer there and there is an increase in
orders during the process. In our results, the adsorption pro-
cess of CV on HT is random while the adsorption on AgHT
is ordered. Considering the values of AG® for AgHT, the value
moves from a highly negative to highly positive with an
increase in temperature from 25 to 35 °C, while at 45 °C, the
value was not determined. To evaluate and justify this abrupt
change in AG°®, a plot between experimental adsorption capac-
ity (¢, (mg/g)) and concentration at equilibrium (C, (mg/L))
were developed for both HT and AgHT. For HT, as shown
in Fig. 10A, the adsorption process appears to be monolayer
based on the typical plateau (Fig. 10A (1)) except after the sat-
uration of adsorbent occurs (Fig. 10A (2)), after which the
molecules tend to adsorb in multilayers (Fig. 10A (3)). Lang-
muir isotherm model assumes the adsorption to be monolayer

with homogeneous sites with constant adsorption energy and
no interaction of adsorbed molecules laterally with others.
On the other hand, AgHT undergoes similar 3 stages of
adsorption with a linear relationship between maximum
adsorption capacity and equilibrium concentration, however,
the process is very clear as shown in Fig. 10B (1, 2, and 3).
There is a clear difference between the adsorption with HT
and AgHT, despite having similarities in stages of adsorption;
the stages are prolonged in AgHT with saturation and multi-
layer adsorption being the lengthiest. The process could also
be explained based on the surface modification with Ag lead-
ing to heterogeneity. The plot for AgHT also indicates the
adsorption and desorption process at the same time. In the
Freundlich isotherm model, the adsorption occurs on hetero-
geneous sites with non-uniform heat distribution and affinities
(Kalam et al., 2021).
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3.7. Desorption

Fig. 9 Adsorption isotherm models of HT (top) and AgHT (bottom).

Regeneration or reusability of the biosorbent was assessed
concluding that the desorption of CV was achieved by two
of the three tested desorption agents. Desorption of CV from
HT was 99.84% with NaOH and 99.87% with HCI while des-
orption of the dye from AgHT was 99.99% with NaOH and
99.71 % with HCI (Fig. 11(A)). Ethanol did not desorb the
dye successfully with 74.39% from HT and 58.05 % from
AgHT respectively. Our study confirmed that the use of acidic
and basic desorption agents reduced the electrostatic interac-

tions between the adsorbent and the adsorbate thereby, regen-

erating the adsorbent (Sultana et al., 2022). Other studies
validated the desorption of CV by 82 % with HCl as a desorp-

tion agent (Mirza & Ahmad, 2020).

3.8. Effect on real wastewater

The capability of HT and AgHT was determined on real
wastewater obtained from the laundry at three different con-

centrations (25%, 50%, and 100%). Both HT and AgHT suc-

cessfully removed up to 99.85% and 99.88% of CV from
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wastewater consecutively Fig. 11(B). In other studies, cellulose
was able to remove CV by 90.4 % while lignin removed up to
91.9 % of CV from real wastewater (Moawed et al., 2019).

4. Conclusion

In this study, the effect of surface modification of macroalgae was
examined by the removal of CV from synthetic and real wastewater
under different experimental conditions. Based on the analysis, it is
concluded that both HT and AgHT are efficient in the removal of
CV, however, after surface modification, AgHT removal capability
improved. The optimum experimental conditions obtained were at
pH 6 and a temperature of 35 'C. The adsorption isotherm model based
on R? that best fitted in explaining the adsorption process and mech-
anisms was the Langmuir model, however, this conclusion was ruled
out after doing x> analysis, which ensured that the best-fit model is
the Freundlich isotherm model. Furthermore, thermodynamic studies
revealed the spontaneous nature of HT while a non-spontaneous pro-
cess for AgHT. Similarly, the process involving HT adsorbent was
endothermic while AgHT was exothermic. Moreover, desorption stud-
ies showed that the adsorbent can be regenerated by using basic and
acidic desorption agents indicating a cost-effective and low-waste
adsorbent, which can highly be opted for the removal of CV from
wastewater. This study proves the use of naturally abundant and avail-
able macroalgae as an eco-friendly and successful green technology for
the removal of crystal violet from real wastewater.
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