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ABSTRACT: In this study, novel adsorbents were developed by functionalizing multiwalled §

carbon nanotubes with frankincense (Fr-fMWCNT) and adding iron oxide (Fe;O,) to the @ +m_==>03].
adsorbent (Fr-fMWCNT-Fe;0,). The morphology, surface characteristics, and chemical nature of Py % |
the synthesized samples were analyzed by using various characterization techniques. The prepared = =z
adsorbents were then applied for the elimination of the toxic dye, crystal violet (CV), from water- ™
based solutions by employing a batch adsorption method. The effectiveness of materials for the
adsorption of CV was investigated by tuning various effective experimental parameters (adsorbent
dosage, dye quantity, pH, and contact time). In order to derive adsorption isotherms, the
Langmuir and Freundlich adsorption models were investigated and compared. The Fr-fMWCNT
and Fr-fMWCNT-Fe;0, were found to remove 85 and 95% of the CV dye within 30 min of the
adsorption experiment at pH 6, respectively. It was found that a pseudo-second-order reaction rate
was consistent with the experimental adsorption kinetics. The equilibrium data demonstrated that
the Langmuir model adequately explained the adsorption behavior of the CV dye on the Fr-
fMWCNT and Fr-fMWCNT-Fe;0, surfaces, respectively. According to the Langmuir study, the
highest adsorption capacities of the dye are 434 mg/g for Fr-fMWCNT and 500 mg/g for Fr-fMWCNT-Fe;O,. Remediation of the
CV dye using our novel composite materials has not been reported previously in the literature. The synthesized Fr-fMWCNT and
Fr-fMWCNT-Fe;0, adsorbents can be economical and green materials for the adsorptive elimination of CV dye from wastewater.

1. INTRODUCTION address the issue of its environmental discharge.'® Further-
more, CV’s resistance to biodegradation means it can persist in
the environment, posing a long-term threat to ecological
systems.17

In the treatment of effluent-containing synthetic dyes,
various biological, chemical, and physical methods (such as
photocatalysis, flocculation, coagulation, reverse osmosis, and
adsorption) can be employed.'® Advanced oxidation processes
and photocatalysis work together to use hydroxyl radicals
(OH’) under mild conditions to remove pollutants from water.
Heterogeneous photocatalysis can effectively degrade pollu-
tants into water and CO, using UV, visible, or solar light with

; e
difficult to treat with traditional techniques.g’9 Textile industry oxygen as the S(.)I? oxidant. Researéherﬁ found that t}:)e
effluents contain harmful chemicals and dyes that can chemically coprecipitated composite, which is made up of 60%

negatively impact the environment and human health. '3 g-C3N, and 5% Cr-ZnO, can absorb more solar energy than

Therefore, finding effective treatment methods is crucial for

Water is essential for drinking, agriculture, cleanliness,
industry, and energy. However, excessive harvesting and
population growth have increased the risk of freshwater
resource extinction. The rampant discharge of effluent from
various industries containing synthetic dyes, such as textiles,
paper, and paint, has led to significant environmental concerns
in recent years.l’2 Every year, approximately 10,000 pigments
and dyes are manufactured worldwide.”* Dyes, in contrast to
most organic substances, can gather visible spectrum light
because they have a conjugated structure.”~’ Removing color
from dye-bearing wastewater is a challenging issue since it is
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ZnO, g-C;N,, and the g-C;N,/ZnO composite. As a result, it
exhibited an impressive 93% degradation of methylene blue
dye within 90 min through photocatalytic degradation.”
Oxidative dye degradation refers to the breakdown of
macromolecules and dyes caused by the influence of oxygen
on the substrate, which leads to oxidation. This process gives
rise to free radicals, which then interact with oxygen to form
oxy- and peroxy-radicals.”’ In a study, Zhang et al. examined
the oxidation process of different dyes using alkaline-activated
peroxymonosulfate (PMS). The results showed that PMS
successfully removed various dyes (including MB, orange G,
and direct blue) under slightly alkaline conditions. The study
determined that the sulfate radicals were the primary oxidizing
agents accountable for the efficient degradation of colors in the
alkaline-activated PMS system.”> Although these methods
effectively remove organic and inorganic pollutants, they are
time-consuming, expensive, require many disposals, and
frequently fail to remove resistant chemicals.”>** Adsorption,
however, has proven to be the most adaptable and useful
technology for removing dyes from effluent. It has consistently
demonstrated excellent results in terms of its ability to remove
dyes from effluents, making it the preferred choice for many
industrial treatment processes.”*”° Its versatility, cost-effective-
ness, and wide applicability have also contributed to its
popularity in the field of effluent treatment.”” For the
adsorptive elimination of dyes in wastewater, a variety of
adsorbents and biosorbents have been used, including chitosan
nanoparticles, modified montmorillonite, palm kernel shell-
based activated carbon, and magnetic graphene oxide.”* ™'
Adsorbents are commonly derived from various sources,
such as agricultural and industrial waste, biomass, clay, and
carbonous materials. Natural zeolite was utilized by Maleha et
al. to remove CV dye. Most of the dye was removed at room
temperature at basic pH (pH = 10). Natural zeolite exhibited a
maximal dye adsorption of 177.75 mg/g as comgpared to 84.11
mg/g adsorption for Merck-activated carbon.”” Similarly, a
bentonite-alginate composite was created using microwave
heating and varying amounts of Na-alginate and bentonite.
The composite was then utilized for the adsorption-based
elimination of CV dye at 30, 50, and 70 °C in batch mode. The
composite with the largest percentage of bentonite mass was
determined to have the best adsorption capability.*® Santosh et
al. described the utilization of spirulina in the green production
of iron oxide nanoparticles. Subsequently, they modified using
ultrasonic waves, leading to an efficient adsorbent for cationic
CV dye removal. So, with remarkable efficiency, the adsorbent
was successful in removing CV dye. The ability of nano-
particles to decolorize CV dye from the solution was
established using some analytical tools.”* Carbon-based
materials have been applied as adsorbents for the elimination
of organic dyes due to their chemical stability and porous
morphology. The utilization of carbon nanotubes to adsorb
pollutants from effluents has been extensively investigated by
researchers. Specifically, multiwalled carbon nanotubes
(MWCNTs) have been employed by numerous scholars for
the elimination of dyes, as evidenced by various studies.”™*
MWCNTSs are a promising carbon-based material for
adsorption due to their excellent mechanical strength and
high surface area. These can be modified with various
materials, such as metal oxides, to enhance their adsorption
capacity.” Tron oxide (FeO,) is commonly used as a metal
oxide modifier due to its good magnetic and adsorption
properties.”” Pourzamani et al. reported the creation of the

MWCNTs-Fe;O, nanocomposite and its application in
eliminating diclofenac sodium. The nanocomposite showed
high adsorption capacity for diclofenac sodium and reusability
due to its magnetic nature.”’ The successful removal of ionic
dyes by the MWCNTs/Fe;0,/PANI composite has been
reported by Zhao. The composite exhibited excellent
adsorption toward methyl orange and cango red."” Toxic
heavy metal Hg (II) was removed via adsorption using a
MWCNTs-Fe;O, nanocomposite. Sadegh et al. determined
using the Langmuir model that the nanocomposite had a good
adsorption ability (238.78 mg g™').*> CV dye was quickly and
effectively removed from water solutions using activated
carbon and magnetic iron oxide adsorbents. The various
parameters, including thermodynamic factors affecting adsorp-
tion processes, were also examined. ™

The adsorption ability of the MWCNTs can be further
enhanced by modifying them with some natural resinous
material. In this investigation, we demonstrate the elimination
of CV dye using frankincense-based functionalized MWCNTSs
incorporating iron oxide, denoted as Fr-fMWCNT-Fe;0,. The
existing literature does not appear to address the utilization of
frankincense-based functionalized multiwalled carbon with iron
oxide as an adsorbent for removing organic dyes, specifically
CV. Frankincense, an aromatic resin derived from Boswellia
trees, contains several biologically active c0m4pounds that
exhibit antibacterial and antifungal properties.”™* In the
context of adsorption, frankincense-based materials have
demonstrated the potential to be effective adsorbents owing
to their porous morphology and high surface area. Addition-
ally, frankincense-based materials combined with other
substances, such as iron oxide, can further enhance their
selectivity for explicit pollutants and adsorption capacity.
Despite the presence of several adsorbents in the field of dye
remediation, researchers persist to search for better adsorbents
with enhanced activity, specificity, and other parameters.*®

Therefore, we proposed that using frankincense-based
functionalized multiwalled carbon nanotubes (Fr-fMWCNT)
and frankincense-based functionalized multiwalled carbon
nanotubes with iron oxide (Fr-fMWCNT-Fe;0,) as an
adsorbent for removing organic dyes, such as CV, could
potentially offer several advantages over other conventional
adsorbents, like lower cost, being more eco-friendly, and being
a natural and sustainable material. Moreover, our preparation
method also involves the use of no harsh chemicals and an
energy-efficient, eco-friendly approach, leading to a cost-
effective wastewater treatment solution.

2. MATERIALS AND METHODS

2.1. Materials. The MWCNT (purity: 99%, internal
diameter: 5—10 nm, outer diameter: 10—30 nm, length: >10
um, CNT content: 95—99%, surface area: 110—350 m*/g) was
obtained from Adnano Technologies Private Limited, India.
These were chemically modified and then used as adsorbents
for the elimination of dyes. The frankincense gum (100%)
utilized in this work was of the Hojari kind and was procured
from a nearby marketplace (Gurgaon, Haryana, India). The
chemical formula of the components of frankincense has been
provided in Supporting Information. While nitric acid and CV
were bought from Merck, HC) and NaOH with a
concentration of 98% was procured from SD Fine Chemical,
a supplier based in India. Sulfuric acid (H,SO,, 98%) and nitric
acid (HNO,;, 71%) were bought from Thomas Baker, a
chemical supplier based in India.

https://doi.org/10.1021/acsomega.3c08011
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2.2. Methods. 2.2.1. Modification of MWCNTs and
Synthesis of Fr-fMWCNTs-Fe;0, The acid reflux method
was used for functionalization of MWCNTs, as reported by
Jeon et al. and Chen et al.*”*° To prepare the Fr-fMWCNT-
Fe;O, composite, 0.4 g of frankincense gum was dispersed in
an ethanol—water mixture, filtered to remove any suspended
impurities, and mixed with 1.0 g of fMWCNT by sonication
and stirring. The resulting composite was then washed, filtered,
and dried. Next, the composite was coupled with magnetic
Fe;0,-nanoparticles using a coprecipitation method described
by Gharibshahi et al.’' The resulting Fr-fMWCNT-Fe,0,
composite was washed with water and dried. The yield of
the composite obtained was 1.2 g (80%, the yield was
calculated based on FMWCNT and Fe;O,), and it was
characterized using FTIR SEM, EDX, XRD, and HRTEM
spectroscopy.

2.2.2. Dye Solution Preparation. The CV dye was dissolved
in distilled water to produce a stock solution, which was then
diluted to produce working solutions ranging from 20 to 120
mg/L. A UV—visible spectrophotometer (Hitachi-2800) was
utilized to find the absorbance of these solutions at A,,,, = 580
nm.
2.2.3. Adsorption Experiment. The study employed a 50
mL working volume of dye solution with diverse dilutions (20,
40, 60, 80, 100, and 120 mg/L) for batch adsorption
experiments. The adsorbent dosages from 0.01 to 0.05 g/L
at pH values of 2, 3, 6, 7, 8, and 10 were tested. The residual
CV concentration was measured every S5 min at A, = 580
until equilibrium was reached. At equilibrium, eqs 1 and 2 were
used to determine the % dye elimination and the quantity of
dye adsorbed/unit mass of adsorbent (mg/g).

Percentage removal(%) = [(C, — C,)/C,] X 100 (1)
Adsorption capacity(mg/g) = [(C;, — C,) X V]/m (2)

The variables C; (mg/L), C, (mg/L), and C, (mg/L)
represent the concentrations of the dye at the initial time, time
t, and equilibrium, respectively. V (L) stands for the dye
solution’s volume, while m (g) stands for the adsorbent’s mass.
The study of the adsorption isotherm was conducted by
employing the Langmuir and Freundlich adsorption isotherm
models. Additionally, both the pseudo-first-order (PFO) and
pseudo-second-order (PSO) models were utilized for the
investigation of the adsorption kinetics.”

3. RESULTS AND DISCUSSION

3.1. Characterization of Fr-fMWCNT and Fr-fMWCNT-
Fe;0,. FTIR is an essential method for doing functional group
analysis.””*®> The FTIR of the various samples was performed
to confirm the existence of the corresponding functional
groups (Figure 1). The peaks at 2406.10, 2373.86, 2156.37,
2162.37, 2071.07, 2028.31, and 1971.24 cm™!, 1964.11 cm™!
are likely due to the stretching vibrations of C=C, C=N, C=
O, C=C, and C—C bonds which are present in both Fr-
fMWCNT and Fr-fMWCNT-Fe;O, samples due to carbon
nanotubes, Boswellic acid derivatives, and some terpenes found
in frankincense gum.**™*° The peak at 1006 cm™' is likely
associated with the C—O bond stretching vibration, which is
present in Boswellic acid derivatives and some terpenes found
in frankincense gum.”” The peaks appearing at 3400—3500
cm™! are due to the moisture.

The observed peak at 766 cm™" can be attributed to the Fe—
O stretching vibrations of the Fe;O, nanoparticles, suggesting

90
2071.07 cm™ 2156.37 em'™
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Figure 1. FTIR spectra of Fr-fMWCNT and Fr-fMWCNT-Fe;0,.

the presence of Fe;O, on the surface of the carbon
nanotubes.”® Based on the FTIR peaks, it appears that both
composites contain functional groups associated with carbon—
carbon and carbon—nitrogen triple bonds, carbon—oxygen
double bonds, and various organic functional groups. In
addition, the composite containing iron oxide also exhibits a
peak associated with Fe—O bonds.”

The SEM images of Fr-fMWCNT showed that the
frankincense coating was well-distributed on the surface of
the fIMWCNT, which led to an improvement in the dispersion
of the nanotube in a polymer matrix (Figure 2). SEM images of
Fe;0,-coated frankincense-based MWCNTSs (Fr-fMWCNTs-
Fe;0,) revealed the uniformity of the Fe;O, coating on the
surface of the nanotubes as well as the overall structure of the
nanocomposite. The images also show the uniform dispersion
of the Fe;O, and MWCNTs polymer matrices.

The EDX analysis of frankincense multiwalled carbon
nanotubes Fr-fMWCNT, as shown in Figure 3a, indicates
that these nanotubes are primarily composed of carbon (C)
and oxygen (O). MWCNTs are cylindrical tubes made of
multiple layers of graphene sheets rolled into a tube-like
structure. The high carbon content observed in the EDX
analysis is consistent with the expected composition of the
MWCNTSs. The presence of oxygen in the nanotubes can be
attributed to the residual functional groups containing oxygen
that are found on their surface. The EDX analysis of Fr-
fMWCNT-Fe;O, indicates the appearance of three elements:
carbon (C), oxygen (O), and iron (Fe). The weight percentage
of C and O indicates (Figure 3b) that “C” is the highest
percentage element present in the sample, accounting for
25.98% of the total weight. The weight percentages of O and
Fe indicate that oxygen is also present in the sample,
accounting for 13.58% of the total weight. The weight
percentage of Fe and O is the highest among the three
elements, accounting for 60.44% of the total weight. This
suggests that Fe;O, is the dominant component in the sample.
Fe;0, is a compound of iron (Fe) and oxygen (O), also known
as magnetite. Finally, the EDX analysis of multiwalled carbon
with Fe;O, revealed the existence of “C”, “O”, and “Fe”, with
Fe;O, being the dominant component.

In the case of frankincense-based MWCNTs (Figure 4a) and
their composites with iron oxide, the TEM images helped to
reveal the dimension and distribution of the Fe;O, nano-

https://doi.org/10.1021/acsomega.3c08011
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Figure 2. SEM image of (a) Fr-fMWCNT and (b) Fr-fMWCNT-
Fe;0,.

particles on the carbon nanotube surface (Figure 4b). The
observed size of the Fe;O, nanoparticles in TEM images
ranges between 11 and 15 nm. The uniform distribution and
size of the iron oxide nanoparticles can affect the properties of
the composite material, such as its magnetic and catalytic
behavior. Furthermore, the addition of iron oxide nanoparticles
to carbon nanotubes can enhance their properties, such as
thermal conductivity, mechanical strength, and magnetic
behavior. "%

In summary, the TEM analysis of frankincense-based
MWCNTs and frankincense-based MWCNTs with iron
oxide composites can provide important insights into their
structural properties, which can influence their functional
properties. The reported diameter and interlayer spacing of the
carbon nanotubes, as well as the size and distribution of the
iron oxide nanoparticles, can affect the properties of the
composite material.

Figure S shows the XRD pattern of Fr-fMWCNT-Fe;0, in
which peaks at 20 values of 26.26° and 43.10°, which match
the (002) and (110) Gplanes of the MWCNT’s structure
(JCPDS No. 01—-1061).°" In the XRD of Fr-fMWCNT-Fe;0,,
the MWCNTs exhibit faint diffraction peaks. This demon-
strates that the composite material retains the original CNT
structure.®” The diffraction peaks seen at 26 of 30.68°, 36.02°,
43.20°, 57.87°, and 63.38° may be ascribed to the existence of
Fe;O, nanoparticles (JCPDS No. 002—2321) inside the
respective (202), (311), (400), (511), and (404) crystallo-
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Figure 3. EDS of (a) Fr-fMWCNT and (b) Fr-fMWCNT-Fe;O,
composite.

graphic planes of the Fe;O, lattice. This demonstrates that the
composite contains pure Fe;O, nanoparticles without any
contaminants.”®

These two composites, Fr-fMWCNT and Fr-fMWCNT-
Fe304 (Figure 6), both lost weight in the same way because
they were made with the same gum material. Initial weight loss
at 121.8 and 1972 °C in Fr-fMWCNT and Fr-fMWCNT-
Fe;0,, respectively, is due to the loss of oxygenated groups and
water from the MWCNTs and from the gum surface. Further
weight loss (425.5 °C) in Fr-fMWCNT and in Fr-fMWCNT-
Fe;0, (359.2 and 462.5 °C) could be ascribed to the
degradation of the gum material on the surface of the
MWCNTSs particularly the removal of CO, and CO (due to
degradation of COOH groups).®* It could be clearly seen that
the percentage of gum material in the Fr-fMWCNT-Fe;0,
composite is lower than the Fr-fMWCNT. Moreover, the Fr-
fMWCNT-Fe;O, composite shows greater thermal stability
compared to the Fr-fMWCNT composite.”®

3.2. Study of Various Factors on the Dye Adsorption
by Fr-fMWCNT and Fr-fMWCNT-Fe;0,. 3.2.1. Effect of pH.
The impact of pH changes in dye on the adsorption
effectiveness of produced samples was examined, and the
findings are revealed in Figure 7. The outcomes in Figure 7
indicate that the Fr-fMWCNT-Fe;O, nanocomposite displays
superior performance compared to Fr-fMWCNT alone for pH
values ranging from 2 to 12 in terms of removing cationic dyes.
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Figure S. XRD pattern of Fr-MWCNT and the Fr-MWCNT-Fe;0,
composite.
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Figure 6. TGA study of Fr-fMWCNT and Fr-fMWCNT-Fe;0,
composite.

The optimal pH for removing CV dye with both Fr-fMWCNT
and Fr-fMWCNT-Fe;0, adsorbents is 6.

As the pH increases, both types of adsorbents demonstrate a
rise in removal efficiency. The electrostatic attraction between

—s— Fr-fMWCNT
—a— Fr-f]MWCNT- Fe,0,

% Removal efficiency
2

20

pH

Figure 7. pH effect on dye adsorption by Fr-fMWCNT and Fr-
fMWCNT-Fe;0,.

charged adsorbent surfaces and the cationic dye increases as
the pH rises, indicating an increase in the removal efficiency
for both adsorbents. However, the rate of adsorption exhibits a
slower incline for pH values exceeding 7, suggesting that other
adsorption mechanisms such as ion-exchange absorption,
hydrogen bond, and n—7 interactions might supersede the
electrostatic mechanism (Figure 7). This finding corroborates
prior studies that have reported an improvement in cationic
dye removal competence by using carbon-based adsorbents
with an increase in pH. For instance, Wang et al. reported an
optimal pH of 8.0 for removing malachite green dye with
graphene oxide-based adsorbents, while Sulyman et al. found a
pH of 6 to be optimal for removing CV dye with activated
carbon-based adsorbents.*>**®” Moreover, at the active sites of
the adsorbents, the OH group competes with the CV dye,
leading to a decline in adsorption beyond a pH of 7.

In conclusion, the pH of the solution has a considerable
impact on how well carbon-based adsorbents can absorb
cationic dyes. Electrostatic contact is the main process that
removes cationic dyes, and it becomes stronger as the pH rises.
However, the slower adsorption rate increases for pH values
higher than 7, suggesting the presence of additional adsorption
mechanisms.
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3.2.2. Adsorbent Dosage Effect. Figure 8 shows the effect
of different amounts of Fr-fMWCNT and Fr-fMWCNT-Fe;0,

100
| .
. .
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5 }
T 60 4 e
3 /
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/
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Figure 8. Variation of dye removal by changing the F-MWCNT and
Fr-MWCNT-Fe;0, dosages.

adsorbents on the removal of CV when the analyte
concentration was 100 mg/L. Adsorbent dosages ranging
from 0.01 to 0.08 g were utilized individually for this aim. The
dye concentration dropped as the quantity of adsorbents
increased. While the dosage of adsorbents increased, so did the
number of accessible active sites and the removal efficiency of
the studied dye. After looking at the test results, it was
discovered that using 0.040 g of Fr-fMWCNT and 0.050 mg of
Fr-ftMWCNTs-Fe;O, was the best way to remove the dye. No
significant improvements were observed beyond these
concentrations of the composites. Therefore, it was decided
that 0.040 and 0.050 mg are the optimal concentrations for Fr-
fMWCNT and Fr-fMWCNT-Fe;0,, respectively.

3.2.3. Effect of Contact Time. The term “contact time”
pertains to the period during which the adsorbent and the
target substance (in this case, CV) are in contact with each
other. The findings indicate that with a rise in contact time, the
removal efficiency of both adsorbents increases (Figure 9).
When the contact time was 5 min, the removal efficiency of Fr-

90

80
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—&— Fr-fMWCNT

60 —o— Fr-fMWCNT- Fe,0,

50

% Removal efficiency

40

30
0 5 10 15 20 25 30 35 40 45 50

Time (mint.)

Figure 9. Change in dye removal by Fr-fMWCNT and Fr-fMWCNT-
Fe;0, with contact time variation.

fMWCNT was 35%, while that of Fr-fMWCNT-Fe,O, was
40%. However, as the contact time increased to 25 min, the
removal efficiency of Fr-fMWCNT reached 70%, while that of
Fr-fMWCNT-Fe;0, increased to 85%. The improved removal
efficiency with an increase in contact time can be attributed to
the increased opportunity for the adsorbent to interact with the
target substance, leading to more adsorption. At the initial
contact time, only a small numbers of adsorption sites on the
surface of the adsorbent were available for the target substance
to interact with. However, as contact duration increased, more
sites became available, resulting in higher removal efficiency.®”

After 25 min, the elimination efficiency of both adsorbents
was found to be constant and then progressively returned to
equilibrium. The study found that the optimal contact time for
Fr-ftMWCNT was 15 min, while that for Fr-fMWCNT-Fe;0,
was 20 min, after which no substantial variations in removal
efficiency were found.

3.3. Adsorption Isotherm Study. Adsorption is a process
of accumulating molecules or ions on the surface of a solid
material from the liquid or gas phase. The study of adsorption
isotherms provides crucial information about the adsorption
mechanism, surface properties, and sorbent affinities. Three
commonly used adsorption isotherm models are Freundlich’s,
Langmuir’s, and Temkin’s equations.70 Freundlich’s model is
suitable for describing heterogeneous multilayer adsorption
systems. The equation relates the Ki (L/mg) and adsorption
intensity (1/n) to the equilibrium concentration of the
adsorbate (C,) as follows:

Ing, = [1/n X InC.] + InK

where g, is the equilibrium adsorbed quantity on the adsorbent
(mg/g).

Langmuir’s equation makes the assumption that there are
only a small number of comparable adsorption sites on a
uniformly distributed adsorbent surface. The equation relates
the equilibrium concentration of the adsorbate (C,) to the
adsorbed amount (gq,, in mg/g) as follows:

I/qe = [1/K X qmax] + [l/qmax X CJ

The Langmuir constant, denoted as K, is a parameter that
characterizes the adsorption capacity of a substance, measured
in units of L/mg. ¢, represents the maximum capacity of the
adsorbent material.

UV—visible spectroscopy is commonly used to quantify and
identify the amount of adsorbate in the liquid phase. The
Langmuir and Freundlich adsorption models usually work in
elucidating the adsorption characteristics of molecules onto a
solid surface. According to the Langmuir model, adsorption
happens at particular locations on the surface and once a site is
occupied, no more adsorption can happen at that site. The
Freundlich model shows that adsorption happens via a
heterogeneous process, leading to the creation of several layers
of adsorbate on the surface.

In the cases of Fr-fMWCNT and Fr-fMWCNT-Fe;0,, both
the Langmuir and Freundlich models were utilized to examine
the adsorption behavior of the molecules onto the carbon
nanotubes with and without Fe;O, nanoparticles. The
Langmuir model reveals that the maximum adsorption capacity
(Qmex = 500 mg/g) of Fr-fMWCNT-Fe;0, (Figure 10a) is
slightly more than that of Fr-fMWCNT (Q,,. = 434 mg/g),
which suggests that the Fe;O, nanoparticles enhance the
adsorption of the Fr-fMWCNT molecules onto the CNT
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Figure 10. Langmuir adsorption isotherms for (a) Fr-fMWCNT-Fe;O, and (b) Fr-fMWCNT.

(Figure 10b). The experimental data and projected values for
both models exhibit a high degree of correlation (R?),

demonstrating a strong fit of the models to the data (Table
1).7]

Table 1. Langmuir and Freundlich Adsorption for Fr-
fMWCNT-Fe;0, and Fr-tMWCNT

Langmuir model Fruendlich model

adsorbent Qunax R* K¢ n R?
Fr-fMWCNT-Fe;0, 500 0.999 10.02 1.23 0.997
Fr-fMWCNT 434 0.998 4.89 1.08 0.998

The adsorption phenomenon of molecules onto carbon
nanotubes may be explained well by using the Freundlich
model. The surface’s adsorption capacity is represented by the
value of K while the adsorption intensity is shown by the
value of n. In this case, it is observed that the K; of Fr-
fMWCNT-Fe,;0, (Figure 11a) is higher than that of the Fr-
fMWCNT (Figure 11b). However, the adsorption intensity
(n) of Fr-fMWCNT-Fe;0, is slightly higher than that of Fr-
fMWCNT, representing that the existence of Fe;O, may
enhance the affinity of the carbon nanotube surface for Fr-
fMWCNT molecules.”

To examine the correlation between the amount of
adsorption and the equilibrium adsorption amount at a specific
period, the PFO and PSO models were employed. The
mathematical expression for the PFO model is as follows:

log(q, — q,) = log(q,) — k; X £/2.303

where g, and ¢, represent the equilibrium adsorption amounts
and adsorption at different time (t), k; is the PFO rate
constant, and 2.303 is the conversion factor for the natural
logarithm to the logarithm with base 10.7

Similarly, the equation for the PSO model is

t/q, =1/(ky;x q) + t/q,

where k, is the PSO rate constant.

The CV adsorption results, using two different adsorbents,
Fr-fMWCNT and Fr-fMWCNT-Fe;O, were evaluated using
the PFO and PSO models, and then corresponding kinetic
parameters were calculated.”*

From Table 2, it can be observed that Fr-fMWCNT-Fe;0,
has a higher PFO rate constant (k;) of —0.0001 min~’,
compared to Fr-fMWCNT with a k, value of —0.0006 min™".
This suggests that the existence of Fe;O, nanoparticles on the
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Figure 11. Freundlich adsorption isotherms for (a) Fr-fMWCNT-Fe;0, and (b) Fr-fMWCNT.
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Table 2. Kinetic Modeling Results

pseudo-first-order

pseudo-second-order

adsorbent k, qe1 R? k, Ger R*
Fr-fMWCNT-Fe;0, —0.0001 25.58 0.900 0.02 85.1 0.99982
Fr-fMWCNT —0.0006 6.5 0.899 0.012 80.9 0.99991
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Figure 12. Pseudo-first-order reaction for (a) Fr-fMWCNT-Fe;0, and (b) Fr-fMWCNT.
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Figure 13. Pseudo-second-order reaction for (a) Fr-fMWCNT-Fe;O, and (b) Fr-fMWCNT.

surface of the Fr-fMWCNT enhances the adsorption kinetics
of CV (Figure 12a,b).

Similarly, the PSO rate constant (k,) of Fr-fMWCNT-Fe;O,
is higher than that of Fr-fMWCNT representing that the
adsorption of CV onto Fr-fMWCNT-Fe;0, is more favorable
and occurs at a rate faster than that onto Fr-fMWCNT.

The determination coefficient (R*) for PSO models is high
for both adsorbents, signifying that the data fit the PSO models
well. The g, and g, values indicate the equilibrium adsorption
capacity of each adsorbent, with Fr-fMWCNT-Fe;O0, showing
a higher value than Fr-fMWCNT for both models (Figure
13a,b). These results are consistent with earlier research’>”®
which have shown that the incorporation of metal oxides onto
carbon nanotubes can enhance their adsorption performance
for various dyes and pollutants, including CV. Finally, the
findings demonstrate that Fr-fMWCNT-Fe;O, has a higher
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adsorption capacity and faster adsorption kinetics for CV than
Fr-fMWCNT.

3.4. Mechanism of Adsorption. Earlier studies have
pointed out several probable mechanisms for the adsorption of
CV on the oxidized surface of MWCNTSs.”” Among them is
71— interaction between the aromatic rings of the CV and the
double bonds on the hexagonal structure of the carbon rings,
which is likely possible with many adsorbents having exposed
MWCNT surfaces.”® However, in our study, there is gum
material (with organic functional groups) covering the
MWCNTs surface, as evidenced by the FTIR study showing
functional groups (COOH/COOR) on the surface of
MWCNTSs. The other possible mechanism is the irreversible
amidation reaction between the amino group of the CV and
the carboxyl or lactonic groups of the adsorbents.”” However,
this mechanism is not possible because the amino group
present in the CV is a tertiary group and the amidation
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Table 3. Comparative Study of MWCNTs-Based Adsorbents for CV Elimination

maximum adsorption

composite capacity mg/g
MWCNTs and oxidized MWCNTSs 37.17 and 42.1
MWCNTs-montmorillonite clay 467.3
microwave-synthesized MWCNT 2.6
CoFe,0,/MWCNTs and ZnFe,0,/MWCNTs 310.2

alginate/poly(acrylamide)/carbon nanotubes

L-tyrosine/ MWCNT's 440

hexachlorocyclotriphosphazene cross-linked sodium 662
alginate/MWCNT's

sulfonic acid/MWCNTs 384

Gaur gum/MWCNTSs 269

Fr-fMWCNT-Fe;0, and Fr-fMWCNT 500 and 434

“L = Langmuir; F = Freundlich; T = Temkin; B = BET isotherm.

time

(min)  isotherm” preparation method references
L, F, T hydrothermal 50
25 L F hydrothermal 80
25 L F microwave 8t
30 L, F, T  grafting by hydrothermal 8
L F cross-linking by phase transfer 8
method
7 L, E, T reaction of amino acids by chemical **
methods
25 L, F, B catalytic methods for hydrogel 8
preparation
20 L, F, T chemical methods 36
30 L grafting methods 86
20 and L F sonication current
1S study

reaction is not possible without hydrogen attached to the
nitrogen group. Therefore, now the most probable mechanism
is only 77— interaction between the gum organic molecules
and the aromatic ring of the CV.”" Since the gum material is
porous, it exposes more active sites for adsorption, leading to
an enhancement in adsorption with temperature. At low value
pH, the protons compete with CV for the active sites.

3.5. Comparative Study of Fr-fMWCNT and Fr-
fMWCNT-Fe;0, with Other MWCNT Adsorbents. Table
3 shows the removal capacities of other MWCNTs-based
adsorbents for the adsorptive elimination of CV dye. It is
evident that the surface-modified MWCNTS are more efficient
with higher removal capacities due to their active functional
groups. This is the main reason for continued research in the
field for more efficient and specific adsorbents. Adsorbents (Fr-
fMWCNT and Fr-fMWCNT-Fe;0,) in the current study
show comparatively better removal capacities and a shorter
time period as compared with other MWCNTs-based
adsorbents. Moreover, the adsorbents are based on natural
plant gum, which is a cheaply available, harmless, and eco-
friendly material. In comparison, some of the other adsorbents
mentioned in Table 3 were based on the functionalization of
MWCNTs with heavy metals, proteins, or nondegradable
polymers. Similar to earlier studies, the current study utilized
Langmuir and Freundlich isotherm models.

4. CONCLUSIONS

In this investigation, researchers developed new adsorbents by
adding frankincense to the MWCNT, with or without iron
oxide (Fe;0,). The adsorbents’ ability to remove CV dye from
aqueous solutions was evaluated under various conditions,
including pH and dye concentration. According to the
investigation, the Langmuir model best described the data.
The highest amounts of adsorption that Fr-fMWCNT-Fe;0,
and Fr-fMWCNT could hold were 500 and 434 mg/g,
respectively. During the adsorption process at 25 °C, Fr-
fMWCNT-Fe;O, and magnetic Fr-fMWCNT performed best
at a pH of 6, with optimum doses of 40 and 50 mg,
respectively. The TGA clearly showed the high thermal
stability of Fr-fMWCNT-Fe;O, compared to the other
composite. These findings suggest that Fr-fMWCNT-Fe;0,
could be an economical and eco-friendly material for
eliminating organic pollutants from water-based solutions.
The composites prepared are made from an economical and
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natural plant-based material that is used as a local medicine for
various ailments in humans and animals. Therefore, it could be
considered nontoxic and eco-friendly. Moreover, the process
employed for the preparation of the composite materials is
energy-efficient and rapid.
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