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Abstract: The use of natural materials as adsorbents and the environmentally friendly
removal of pollutants and azo dyes from water are important topics today. The goal of
this research work was to assess the utility of Luffa cylindrica (L. cylindrica) as a natural and
non-conventional adsorbent for azo dyes in water on a large scale (2 L). An azo dye (AD)
at a concentration of 0.250 g/L was removed from the solution at a rate of 63.07% using
10.0 g/L doses of L. cylindrica, and the maximum adsorption capacity of L. cylindrica was
25.25 mg/g. L. cylindrica desorbed 95.8% of the AD in 0.1 M NaOH. Thermodynamically,
the adsorption occurs through pseudo-second-order kinetics and the behaviors adjust
better to the Langmuir isotherm. The analysis of variance (p-value < 0.05) shows that the
contact time and the concentration of AD significantly influence the adsorption capacity
and removal of AD. Few studies have examined the environmentally friendly removal of
azo dyes from water using a natural non-conventional adsorbent.

Keywords: Luffa cylindrica; environmentally friendly removal of pollutants; adsorption

1. Introduction
The pollution level observed in water today is alarming. The sixth Agenda 2030

Sustainable Development Goal is to “ensure availability and sustainable management of
water and sanitation for all”. In order to achieve this goal, there is a need to study and
apply environmentally friendly alternative technologies to remove pollutants from water.
Recently, it was mentioned that environmental pollution is the principal cause of illness
and premature death, especially in infants [1]. The low quality of wastewater produces
many changes in ecosystems and human health [2,3].

Likewise, anthropogenic activities produce a wide variety of pollutants, such as drugs,
solid wastes, microplastics, metals, and dyes, among others. Many of these pollutants
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are discharged into the sewer system, runoff, and rivers and reach bodies of water [3,4].
Industries are the principal source of pollutants. The oil and textile industries play an
important role in producing high volumes of toxic effluents. For instance, the textile
industry uses more than 10,000 tons of dyes annually [5,6].

Synthetic dyes are widely used because they provide clothing with bright and attrac-
tive colors. However, many are resistant to light, detergents, and some chemical products.
Currently, more than 3000 different dyes can be classified according to their chromophore
group—for example, azo (-N=N-), nitro (O–N=O), and carbonyl (>C=O), among others [5,7].
Many others have more than one azo group in their chemical structure. Around the world,
azo dyes represent more than 70% of the synthetic dyes used [8]. In addition, the presence
of amines and benzene rings reduces their degradability and increases their toxicity and
genotoxicity. Moreover, the widespread disposal of synthetic dyes in water increases the
risks to human health [6,9].

Wastewater with dye concentrations below 0.100 g/L shows high values regarding
the biological oxygen demand (BOD), chemical oxygen demand (COD), total suspended
solids (TSS), and alkalinity [10]. The upper limits on the permitted levels of dyes in
wastewater depend on the current standards of different cities and countries. However, the
dye concentration reported in wastewater ranges from 55.8 to 1680 µg/L [11].

Chemical processes, such as the Fenton reaction, ozonation, and electrocoagulation,
are used to produce colorless wastewater, but they generate high volumes of slurry, which
is frequently more toxic than their initial pollutants, requiring subsequent treatments for
its reduction [12]. The efficacy of biologically coupled processes for wastewater treat-
ment depends on reducing the dye concentration before introducing wastewater into
the bioreactors. Good and efficient pre-treatment ensures adequate biological cleaning
processes because the high carbon charge produces a loss of the biofilms and the system
efficiency reduces or changes. Some authors suggest that adsorption is a good coupling
technique as a pre-treatment in wastewater biotreatment to reduce BOD and COD and
eliminate TSS [13–15].

Adsorption is an efficient, easy, and promising process widely employed in engineer-
ing and cleaning up water [16]. Conventional adsorbents (Figure 1), such as active carbon
and clays, are used in wastewater treatments.

However, adsorbents from natural sources are limited and expensive [13,17]. There-
fore, non-conventional adsorbents from biomass, agro-industrial residues, and plants are
proposed as friendly, low-cost, and sustainable alternatives for treating wastewater [18,19].

An adequate adsorbent has micropores and free functional groups in its chemical
structure to realize physical or chemical interactions between the adsorbent and adsorbate,
such as π–π and Van der Waals or ionic interactions. Physical characteristics such as
porosity, surface area, and pore volume improve the adsorption capacity [13].

Removing toxic dyes from water has been a major goal of research for the last 10 years,
and efforts have employed algae, agro-industrial wastes, and plant tissues (Table 1). The
value of Qm depends on the type of dye, the initial concentration, and the microstructure
and chemical characteristics of the adsorbent. Some studies have reported the preparation
and evaluation of biochar (carbon) from agro-industrial residues or plants, in many cases
reporting a high adsorption rate (Table 1); however, the processes required to prepare
biochar employ high temperatures and require the consumption of high levels of energy,
making them less sustainable and unprofitable [16].
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Figure 1. General classification of adsorbents.

Table 1. Non-conventional adsorbents from agro-industrial waste, algae, and plants used to remove
azo dyes from water.

Dye Adsorbent Qm (mg/g) Reference

Acid Brown Rice husk biochar b 10.4 [20]

Acid Orange 7 Extracted coffee residues
biochar b 122.5 [21]

Alizarin Red S
Bamboo leaves biochar c

394.4
[22]

Brilliant Green 343.9

Direct Orange 26 Sunflower husks c 11.0 [23]

Basic Red 2 Leonurus cardiaca leaves c 714.0 [24]

Methylene Blue

Nizamuddinia zanardinii a 142.1

[25]Gracilaria parvispora a 87.8

Ulva fasciata a 143.9

Sugarcane bagasse b 66.4 [26]

Rice husk biochar b 11.8 [20]

Shells Powders of
Walnut and Peanut b

67.4
[27]101.4

Pine leaves c 140.8 [28]

Congo Red Desiccated coconut
waste b 0.07 [29]

Methyl Red Raw corncob b 4.3 [30]

Methyl Orange

Lychee and longan
pericarps b 349.4 [31]

Raw corncob b 7.5 [30]

Pine leaves c 136.9 [28]

Reactive Black 5
Eggshell membrane b 333.3 [32]

Poplar sawdust b 0.8 [33]

Reactive Red 195 Eggshell membrane b 76.9 [32]

Reactive Red Rice husk biochar b 11.8 [20]

Reactive Violet 5 Nannochloropsis a 115.0 [33]
a Algae, b Agro-industrial waste, c Plant.
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Meanwhile, examples of using natural adsorbents to remove dyes from water without
the requirement for expensive treatment include using Leonurus cardiaca leaves, which
remove Basic Red 2 with a Qm = 714.0 mg/g [24], and lychee (Litchi chinensis) and longan
(Dimocarpus longan) pericarps, which remove Methyl Orange with a Qm = 349.4 mg/g [31].

All of these dye removal studies have the same goal: to eliminate azo dyes from
water. Moreover, it is necessary to study systems similar to real effluents because they
frequently have high azo dye concentrations and contain mixtures of dyes. It is also
necessary to evaluate their removal efficiency in scaled-up processes because applying
non-conventional adsorbents on a large scale as treatment technologies with adequate
adsorption and desorption capacity, durability, and reuse capacity leads to the design of
better technologies [13]. However, the mechanisms by which natural and non-modified
materials eliminate azo dyes from water are not widely reported [34]. In this context,
non-conventional and non-modified L. cylindrica was studied regarding its physicochem-
ical properties for its possible ability to remove azo dyes from water on a large scale
via adsorption.

2. Materials and Methods
2.1. Non-Conventional and Low-Cost Adsorbent

L. cylindrica bulbs were collected from the town of Buenavista, Guerrero state, Mexico.
They were transported to the laboratory to be cleaned (peel and seeds were eliminated)
and then were cut into small pieces (1 cm3), washed, and dried at 40 ◦C for 24 h (Figure 2).

 

Figure 2. Preparation of non-conventional adsorbent.

2.2. Determination of Point Zero Charge

A total of 1.0 g of L. cylindrica was immersed for 48 h in 0.100 L of 0.01 M KNO3

solution previously adjusted to different pH values from 3 to 11 using 0.1 M HCl and 0.1
M NaOH. Finally, the solution’s pH was measured, and the difference in pH between the
final and initial solution (Equation (1)) was plotted to determine the point zero charge as
the intercept point on the abscissa axis, as described and suggested by Boudechiche [35]
and Oun [36].

∆pH = pH Inicial − pH f inal (1)

where the ∆pH = 0 that is a pHpzc.



Sustainability 2025, 17, 4816 5 of 18

2.3. Azo Dye Solution (Pollutant)

The azo dye (AD) mixture employed to develop all removal experiments was acquired
at a local supermarket because it is extensively used as a textile dye at home to renew
the color of blue jeans. The AD included nine different azo dyes (Disperse Blue 102 and
200; Direct Blue 71, 86, 151, and 201; Direct Yellow 50; Direct Red 23; and Direct Black
22) [37]. The AD was dissolved in distilled water (1000 mg/L), and different concentrations
of AD, from 125 to 500 mg/L, were prepared. The solutions of AD were scanned using an
ultraviolet–visible (UV-VIS) spectrophotometer from 320 to 700 nm, and one broad pick
showed the maximum absorption at λmax = 550 nm. This wavelength was used to measure
the calibration curves in all adsorption experiments.

2.4. Adsorbent Dose Effect

L. cylindrica was studied at three doses (2.5, 5.0, and 10 g/L) using a solution of AD
(250 mg/L) at 28 ± 2 ◦C and pH 7.0 with a contact time of 24 h. The residual AD was
measured using spectrophotometric absorption (Agilent technology, Cary 100 UV–visible
Spectrophotometer. Santa Clara, CA 95051, USA) and then the removal percentage was
calculated using Equation (2).

R% =
C0 − C f

C0
∗ 100 (2)

where C0 and C f are the initial and final concentrations, respectively.

2.5. Adsorption Studies

Adsorption experiments were realized in 2.0 L of the AD solution. Three concen-
trations (125, 250, and 500 mg/L) of the pollutant dye were used, and the adsorbent
concentration was 10 g/L in all experiments. The conditions were 28 ± 2 ◦C and pH 7,
and the residual AD was measured over 120 h with spectrophotometry at λmax = 550 nm.
The removal percentage was calculated using Equation (2), and the adsorption capacity in
equilibrium was determined using Equation (3).

Qe =
(C 0 − Ce)V

m
(3)

where C0 is the initial concentration, Ce is the concentration in the equilibrium, V is the
volume, and m is the mass. All experiments were performed in triplicate, and the results
were processed using Origin Pro-8 2018 Designer Software® to analyze and the statistical
analysis of two factors was realized using Minitab 20 Statistical Software®.

2.6. Isotherm Models of Adsorption

Langmuir (Equation (4)), Freundlich (Equation (5)), and Temkin (Equation (6)) lin-
earized isotherm models were employed to observe the adsorption of AD on
L. cylindrica [31,38–40].

Ce

Qe
=

1
QmKL

+
1

Qm
Ce (4)

where Ce (mg/L) is the concentration and Qe (mg/g) is the adsorption capacity. Both are in
equilibrium. Qm(mg/g) is the maximum adsorption capacity, and KL(L/mg) is Langmuir’s
constant.

log Qe =
1
n

logCe + logKF (5)

where K f [(mg/g) (L/mg)1/n] is Freundlich’s constant.

Qe = B ∗ LnCe + B ∗ LnKT (6)
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where B (J/mol) is Temkin’s constant, which is obtained by B = RT/b, where R is the universal
gases constant (8.314 J/mol) and T is the temperature expressed in degrees Kelvin (◦K). b is the
adsorption energy variation and KT is Temkin’s equilibrium constant (L/mg).

2.7. Kinetic Models

The kinetic linearized pseudo-first-order (Equation (7)), pseudo-second-order
(Equation (8)), Elovich (Equation (9)), and intraparticle diffusion (Equation (10)) mod-
els were utilized to analyze all experimental data [41–43].

Ln(Qe − Qt) = LnQe − k1t (7)

t
Qt

=
1

k2Qe
2 +

1
Qe

t (8)

Qt =
Ln (αβ)

β
+

1
β

Ln t (9)

Qt = kid t
1
2 + C (10)

where Qt (mg/g) corresponds to the AD amount adsorbed at time t, k1 is the adsorp-
tion rate (min−1), t (min) is the time, k2 is the second-order adsorption rate (g/mg min),
kid (mg/min g) is the intraparticle diffusion rate, and C is a constant.

2.8. Characterization of Luffa cylindrica
2.8.1. FTIR Spectroscopy

Fourier transformed infrared (FTIR) spectroscopy was measured on an Infrared Spec-
trophotometer FTIR-7600 Lambda Scientific Pty. Ltd (Edwardstown, Australia) equipped
with an attenuated total reflectance (ATR) accessory. The samples were analyzed from 500 to
4000 cm−1 with 16 scans at 4 cm−1 resolution and a 1 cm−1 interval at room temperature.

2.8.2. FESEM Image of Natural Adsorbent

The morphology of the adsorbent was characterized using a field emission scanning
electron microscope (FE-SEM), JSM-6390 LV JEOL.

2.9. Desorption Experiments

The determination of desorption pollutants and regenerating adsorbents was carried out us-
ing the thermal regeneration method with different solutions [44]. L. cylindrica
(10 g/L) was immersed in 125 mL of AD solution (125, 250, and 500 mg/L) at pH 7.0 for
24 h (Figure 3). The L. cylindrica + AD material was dried at 80 ◦C for 1 h. The L. cylindrica + AD
dried material (0.5 g) was immersed in 125 mL of H2O, HCl (0.1 M), NaOH (0.1 M), and NaCl
(0.1 M) for 4 h at 28 ± 2 ◦C. The desorption percentage (Equation (11)) and amount of AD
desorbed (Equation (12)) were determined the following equations [45].

Desorption(%) =
CD
CA

∗ 100 (11)

Desorbed amount =
CDs

m
∗ V (12)

where CD (mg/g) is the concentration of AD desorbed, CA (mg/g) is the concentration
adsorbed (mg/g), CDs (mg/L) is the concentration of AD in the solution, m (g) is the mass
of the adsorbent, and V (L) is the volume of the desorbing solution.
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Figure 3. Desorption process of AD from L. cylindrica.

3. Results
3.1. Point Zero Charge Determination

Figure 4 shows the variation in the pH induced by L. cylindrica with respect to the
initial pH solution. In acidic solutions (pH 3.0 to 5.0), the difference in pH (∆pH) was
negative. The pHpzc to L. cylindrica was 6.5.

Figure 4. Determination of pHpzc of L. cylindrica.

3.2. UV-VIS Spectroscopy of Azo Dye

The AD solution was analyzed using UV-VIS spectroscopy and showed a wide peak
at 380 to 720 nm (Figure 5). The maximum peak observed for AD was observed at
550 nm. The calibration curve used in all experiments was realized at 550 nm to calculate
the removal percentage and adsorption capacity (Q).
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Figure 5. UV-VIS adsorption curve of AD [500 mg/L].

3.3. Effect of Adsorbent Doses

First, the adsorbent doses were determined using a single AD concentration
(250 mg/L). Figure 6 shows the removal percentage produced by 2.5, 5.0, and 10.0 g/L of
L. cylindrica as an adsorbent. The removal percentages after a contact time of 24 h were 20,
30, and 60%, respectively.

Figure 6. Removal percentage of AD [250 mg/L] using different doses of L. cylindrica (Lc). Conditions:
2.0 L, 28 ± 2 ◦C, and pH 7.0.

3.4. Adsorption Study

This study considered scaling up to remove three different concentrations of AD (125,
250, and 500 mg/L) and used 10.0 g/L of L. cylindrica for 5 days as the contact time. Figure 7
shows the results of adsorption study at the end of the resident time of 2 days (48 h), using
the same doses of L. cylindrica [10 g/L] in all used AD concentrations. The maximum
removal percentage was 62.07% for C0 = 125 mg/L of AD, the removal rate reached 63.45%
using AD at C0 = 250 mg/L, and the removal rate was 58.61% in AD at C0 = 500 mg/L. After
5 days the AD removal was stable without significant change. The adsorption capacity at
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equilibrium (Qe) occurred at 24 h as contact time (Figure 8) for all systems, as a significance
of many free functional groups and the disposable contact sites [6]. The analysis of variance
(p-value < 0.05) of two factors shows that contact time and concentration of AD have a
significative influence on the Qe and the removal of AD.

Figure 7. Removal of AD by L. cylindrica. (Conditions: 2.0 L working volume, 10 g/L of L. cylindrica,
28 ± 2 ◦C, and pH 7).

Figure 8. Effect of contact time on adsorption capacity of L. cylindrica. (Conditions: 2.0 L working
volume, 28 ± 2 ◦C, and pH 7).

3.5. Isotherm of Adsorption

Langmuir, Freundlich, and Temkin isotherms were modeled for all adsorption experi-
ments at a residence time of 24 h. The experimental data were adjusted to the Langmuir
isotherm (Figure 9), and they did not fit the isotherm of the Freundlich and the Temkin
models. Table 2 demonstrates that the maximum adsorption capacity (Qm) of L. cylindrica
obtained was 25.25 mg/g for C0 = 500 mg/L of AD.
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Figure 9. Langmuir isotherms for the adsorption of AD on L. cylindrica.

Table 2. Maximum adsorption capacity of AD using L. cylindrica.

AD C0 [mg/L] Qm (mg/g)

125 5.76

250 11.51

500 25.45

3.6. Adsorption Kinetics

The kinetic models studied were the pseudo-first-order model, the pseudo-second-
order model, and the intraparticle diffusion model of Weber and Morris, which are shown
in Figure 10. According to the linear correlation, the thermodynamic model with the best
fit was the pseudo-second-order model (Figure 10b). Table 3 shows the kinetic parameters
obtained for the adsorption of AD on L. cylindrica.

Figure 10. Kinetic models of the adsorption of AD on L. cylindrica. Pseudo-first-order model (a),
pseudo-second-order model (b), Elovich model (c), and intraparticle diffusion model (d).
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Table 3. Kinetic model parameters of AD adsorption on L. cylindrica.

AD [mg/L] 125 250 500

Pseudo-first-order model

R² 0.983 0.953 0.949

k1 (min−1) 0.005 0.003 0.002

Qe, exp (mg/g) 6.705 14.325 31.566

Qe, cal (mg/g) 9.083 16.693 35.981

Pseudo-second-order model

R² 0.997 0.994 0.991

k2 (g min/mg) 0.001 0.000 0.000

Qe, exp (mg/g) 6.705 14.325 31.566

Qe, cal (mg/g) 7.310 14.620 26.110

Intraparticle diffusion model

R² 0.904 0.892 0.935

Kid 0.485 1.265 3.021

C 0.983 1.870 1.829

Elovich model
R² 0.989 0.991 0.992

β (g/mg) 0.780 0.380 0.211

3.7. Characterization of L. cylindrica Before and After Adsorption of AD
3.7.1. FTIR Analysis Spectroscopy

Figure 11 shows the FTIR spectra of L. cylindrica and AD before and after the adsorption
experiments. The L. cylindrica FTIR spectrum (green line) shows the characteristic bands of
lignin and cellulose fibers at 3282.82 cm−1. This dominant peak is attributed to the stretching
vibration of the -OH bond due to free hydroxyl groups. The peak at 2919.7 cm−1 is attributed
to the -C-H bonds due to alkyl groups. The vibrations at 1627 and 1502 cm−1 are attributed
to double bonds on aromatic carbons, as well as different types of carbohydrates such as
cellulose, hemicellulose, and lignans [46,47].

Figure 11. FTIR of L. cylindrica and AD before and after adsorption experiments.

The AD FTIR spectrum (blue line) shows the stretching vibration of the -OH bonds at
3453 cm−1, which is a dominant peak. The two stretching vibrations at 2360 and 2331 cm−1

are attributed to -CH3 and -CH2-, respectively. The characteristic vibration at 1600 cm−1 is
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attributed to the double carbon to carbon bonds (-C=C-) of aromatic rings. The important
stretching vibration at 1481 cm−1 is attributed to an azo group (-N=N-), and at 1045 cm−1,
the vibration is assigned to the carbon–nitrogen bond (-C-N-), with both of them being
dominant peaks. Another characteristic stretching vibration at 1174 cm−1 is attributed to
the -S=O bonds. Finally, at 848 cm−1, the stretching vibration is attributed to C-H aromatics
and characteristic bonds in the chemical structure of diverse azo dyes [48,49].

The L. cylindrica + AD FTIR spectrum after the adsorption experiments (orange line)
evidences the interactions between the functional groups of L. cylindrica and the AD
molecules. The dominant peaks at 3328, 2894, and 1732–1482 cm−1 indicate the stronger
interactions between the hydroxyl and carbonyl groups of L. cylindrica and the methylene
hydrogens of the aromatic ring of the AD on the natural material surface.

3.7.2. FESEM Natural Adsorbent Analysis

L. cylindrica fibers were recorded by means of field emission scanning electron mi-
croscopy (FESEM) and analyzed regarding their microstructure and morphology before
and after the adsorption experiments. Microimages are shown in Figure 12. Figure 12A
corresponds to the L. cylindrica fibers before the experiment, and Figure 12B shows the
L. cylindrica + AD after adsorption. At 10,000 and 50,000X, the morphological aspects are
observed in both fibers. In L. cylindrica (Figure 12A), the surface looks smooth, rugose, and
porous. These factors favor the adhesion of pollutants. In Figure 12B, the L. cylindrica + AD
looks slightly softened due to the adhesion of AD [50,51].

 

Figure 12. SEM images of L. cylindrica fibers before (A) and after (B) dye adsorption [0.500 mg/L at
24 h contact time].

3.8. Desorption Studies

Figure 13 shows the desorption efficiency of L. cylindrica at different pHs. A higher
desorption of 95.8% was obtained in a basic pH (NaOH), while in a nearly neutral pH
(distilled water), the desorption percentage was 63.3%. In contrast, in an acidic pH (HCl),
the desorption was minimal, while in NaCl, it was null.
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Figure 13. Desorption of AD on L. cylindrica in different pH solutions.

4. Discussion
The point zero charge (pHpzc) represents the pH value in which the number of positive

and negative charges between the internal and external surface of the adsorbent is zero [52].
pHpzc is an important parameter to determine for lignocellulosic materials due to their
amphoteric behavior. The pH affects adsorption processes because the functional groups
can suffer ionization [53]. Theoretically, if the pH of the solution is close to 6.5 (pHpzc), the
surface of L. cylindrica is charged positively by protonation. It thus has a favorable tendency
to attract and retain anionic molecules. However, if the solution’s pH is below 6.5, the
L. cylindrica surface is charged negatively by deprotonation and attracts and easily retains
cationic molecules [53,54]. Some studies have reported that L. cylindrica-based adsorbents
have a pHpzc between 5.9 and 7.9 [54–56].

The maximum peak observed through UV-VIS spectroscopy for AD at 550 nm between
380 and 720 nm encompasses all individual absorbances that each azo dye contained. The
individual absorbances reported for the single azo dyes included in the AD are 584 nm for
Blue Azo dye 71 [57], 610–620 nm for Blue Azo dye 86 [58–60], 554 nm for Blue Azo dye
151 [57], 397 and 412 nm for Yellow Azo dye 50 [61,62], 550 nm for Red Azo dye 23 [63],
and 481 nm for Black Azo dye 22 [64].

The removal percentages of AD by L. cylindrica after a contact time of 24 h were
20, 30, and 60%, respectively. A better removal percentage was obtained using 10.0 g/L
of L. cylindrica. A similar effect was observed in small bath reactors, as previously re-
ported by [37]. The concentration of azo dyes reported in wastewater varied from 100 to
500 mg/L [65] and L. cylindrica removed more than 50% of AD at 125, 250, and 500 mg/L
until the system reached equilibrium. The adsorption capacity at equilibrium (Qe) occurred
after a contact time of 24 h (Figure 8) for the different systems as a result of there being
many free functional groups and disposable contact sites [6]. The analysis of variance
(p-value < 0.05) of the two factors shows that contact time and the concentration of AD
have a significative influence on the adsorption capacity and removal of AD. After waiting
for 5 days, the removal was stable without significant changes.

Some previous studies have evaluated the extraction of only one azo dye: for instance,
Direct Blue 71 was removed at a rate of 21% using organic-rich compost [57]; Direct Blue
86 was removed using a rice-husk-based adsorbent, with a percentage removal of 40% using
an initial dye concentration of 80 mg/L and a adsorbent dosage of 20 g/L [60]; and Direct
Blue 151 was removed using compost, with 23 mg/g as the maximum sorption [57]. Using
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20 g/L of cotton to remove Direct Yellow 50 at an initial concentration of 113.336 mg/L
produced 20 mg/g as the maximum sorption [55]. Removing Direct Red 23 at an initial con-
centration of 150 mg/L using 10 g/L of activated carbon from Cynara cardunculus produced a
maximum sorption of 14 mg/g [66]. The maximum adsorption capacity of eco-friendly spent
mushroom waste was 15.46 mg/g for Direct Black 22 [67]. The removal percentages and max-
imum sorption values reported in these studies appear higher than our results. However, our
AD contains nine azo dyes, and the natural adsorbent did not undergo previous chemical or
thermal treatment. The Langmuir isotherm (Figure 9) describes the chemisorption behavior
required to make Van der Waals interactions, hydrogen bonds, and π–π interactions [68,69].
The Qm values reported for L. cylindrica using different dyes are between 9.6 mg/g and
49.46 mg/g, including Alphacide Blue [70], Trypan Blue [7], Methylene Blue [54], Reactive
Yellow [71], and Malachite Green [72].

The Langmuir isotherm and the thermodynamic pseudo-second-order model pro-
duced the best linear correlation fits. Some reports have shown that in thermodynamic
adsorption studies for azo dyes using L. cylindrica, better adjustment can be seen for
the Langmuir isotherms and the pseudo-second-order model, for instance when using
L. cylindrica sponge [70–72], L. cylindrica peel [54], and even a magnetic L. cylindrica
sponge [7].

The interactions between the functional groups of L. cylindrica and the AD molecules
are demonstrated on the L. cylindrica + AD FTIR spectrum after the adsorption experi-
ments (Figure 11, orange line), and these results indicate that the adsorption of AD on the
L. cylindrica surface occurs via physical adsorption following a Langmuir isotherm. There-
fore, the changes in the intensity and displacement of some of the characteristic peaks
showed that they were influenced by the electron environment and affected the bond
vibration through formed interactions such as π–π interactions, van der Walls interactions,
and hydrogen bonds [73–75].

The desorption results show that an alkaline environment favors the desorption of
the AD onto L. cylindrica for its removal. A similar result was reported by Oliveira who
mentioned a L. cylindrica desorption capacity of 72% for azo dye in a basic environment [71].

5. Conclusions
Luffa cylindrica, without treatment, removes between 58% and 63% of AD in a large-

scale solution with concentrations of 125 mg/L and 500 mg/L, respectively. The maximum
adsorption capacity was 25.45 mg/g. The analysis of variance (p-value < 0.05) shows that
the contact time and concentration of AD have a significative influence on the adsorption
capacity and removal of AD. L. cylindrica desorbed 95.8% of the AD in 0.1 M NaOH. This
study examined the environmentally friendly removal of a nonary mixture of azo dyes from
water using a natural, non-conventional, and low-cost adsorbent. This study shows that
L. cylindrica removes diverse azo dyes from water on a large scale, resulting in an promis-
ing, environmentally friendly alternative to reducing organic material from wastewater.
L cylindrica could therefore be incorporated in coupled wastewater treatments.
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