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ABSTRACT

This paper reports an investigation into the adsorption of methylene blue (MB - as representa-
tive of a group of potentially polluting chemicals) by modified Luffa cylindrica (LC). A simple and
efficient preparation was employed to treat LC which then successfully and rapidly adsorbed meth-
ylene blue in the presence of light. The combination of photodegradation and adsorption of MB
occurred simultaneously. The effects of contact time, solution pH, temperature, and initial adsor-
bate concentration are described. The LC was characterized by Brunauer-Emmett-Teller, Fourier
transform infra-red, and scanning electron microscopy with energy-dispersive X-ray analyses.
The treated LC adsorbed methylene blue dye from aqueous solution within 5 min at an optimum
pH of 7. The experimental data best fitted the Freundlich model, with R? = 0.998 and a maximum
adsorption capacity of 98.5% at pH 7. There is a difference in adsorption capacity in dark and
light conditions. The kinetic data was represented by the pseudo-second-order (PSO) model. This study
shows the potential of chemically modified LC to treat wastewater contaminated by methylene
blue dye and similar chemicals.

Keywords: Adsorption; Methylene blue; Luffa cylindrica (LC); Alkali treated Luffa cylindrica (ATLC);
HCl treated Luffa cylindrica (HTLC)

1. Introduction

Clean water is a valuable asset but achieving this is
an ever greater challenge due to increasing pollution.
Wastewater from the textile, printing, paper, leather, metal
plating, and food processing industries contain pollutants,
mainly dye. The toxicity of these pollutants poses an envi-
ronmental hazard to man and the ecosystem [1]. Dyes, due
to their complex aromatic structures, hydrophilic nature,
high stability against temperature, water, chemicals, and
light, are not easily degraded by conventional water treat-
ment processes [2].

Methylene blue (MB) is a common substance frequently
used to dye materials and can be used as a convenient
model of a group of potentially polluting chemicals. It is used
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in various applications such as in the medical field includ-
ing antimicrobial chemotherapy, cell staining, and cancer
research [3]. MB can be freely photo-sensitized by white light
to produce very reactive oxygen species. Methods utilized
to treat wastewater containing dyes include oxidation pro-
cesses, ultrafiltration, chemical precipitation, photocatalytic
degradation, nanofiltration, biological treatment, adsorp-
tion onto various types of carbon, and use of nanomaterials
[1,4-6]. The disadvantages of using these methods include
high cost, large production of sludge, membrane fouling,
and regeneration which increases power consumption and
low biodegradability, hence there is a need to develop an
efficient treatment method that uses low-cost materials [4].
Adsorption, a highly efficient, cost-effective, and envi-
ronmental friendly method, has been considered for dye
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removal [1]. The United States Environmental Protection
Agency (USEPA) has classified adsorption as a top control
method for wastewater treatment [3]. In the adsorption
process, adsorbents that effectively remove large quan-
tities of pollutants when used in small amounts are pre-
ferred. The advantages of liquid-phase adsorption are its
low cost, energy efficiency, absence of sludge formation,
and simplicity of design and operation. Adsorption mate-
rials are commonly prepared by pretreating with various
organic solvents and acid/basic solutions [3]. To determine
adsorption performance, the kinetics and the quantity of
dye retained on the adsorbent are the two most important
indices of the adsorption system.

Various biomaterials have been used as efficient adsor-
bents for the removal of methylene blue and other dyes.
Amongst the range of adsorbents, various biomaterials,
such as lignin and chitosan have been investigated for the
removal of dyes [4,7-9]. Lignin and chitosan have been
reported to remove dyes from aqueous solutions. Lignin
obtained from plants is considered a low-cost by-product.
Biosorbents have a high potential for pollutant removal
and remediation due to their high surface area and selec-
tive adsorption behavior toward cations giving a high
adsorption capacity, and loofa could be regarded as a
good adsorbent [2]. The adoption of adsorption processes
using loofa will help to curb environmental issues related
to aqueous pollutants and their removal [10-13].

This study focuses on the fibrous dried fruit body of the
loofa plant, Luffa cylindrica (LC), one of a number of species
of loofa. Loofa becomes very fibrous when the fruit is fully
ripened. Various dishes of gilki, which are made from loofa,
are prepared and eaten in India. The fully developed fruit
is the source of the loofa scrubbing sponge, which is used
in bathrooms and kitchens. The LC was modified in both
acid and basic solutions and then used to remove methy-
lene blue from the aqueous solution. These conditions
included light and dark to study the co-effect of photodeg-
radation with the adsorption process, contact time, initial
pH, and dye concentration. The kinetics were calculated
to establish the efficiency of adsorption with the aim of
developing an effective specific water treatment process [3].

2. Experimental
2.1. Reagents and stock solutions

All chemicals utilized were of analytical grade. The stock
solution, 1 g/L of methylene blue was prepared by dissolv-
ing methylene blue dye powder (Sigma-Aldrich, United
Kingdom) in deionized water. The desired concentrations
were obtained by diluting the stock solution to set con-
centrations, varying from 5 to 40 mg/L. Solutions of 0.1 M
HCl and 0.1 M NaOH were used to adjust the solution pH.

2.2. Chemical modification of L. cylindrica

Dried fruit of LC were purchased in the United Kingdom.
The pale yellow L. cylindrica fiber was washed several
times with distilled water to remove surface impurities
and seeds, then alkali treated LC (ATLC) by soaking in 4%
NaOH at room temperature for 1 h. The same procedure

was used with 4% HCI to obtain HCI treated L. cylindrica
(HTLC). The material was repeatedly washed in distilled
water until the pH was neutral, and then oven-dried at 90°C
for 24 h. The dried samples were grinded and sieved to 1 mm
particle size and stored for utilization in experiments.

2.3. Characterization of LC
2.3.1. Surface analysis of ATLC, HTLC, and LC

The surface structure of LC was analyzed by an ana-
lytical scanning electron microscopy (Model JOEL JSM-
6010LA) coupled with energy-dispersive X-ray (EDX)
with an accelerating voltage of 10 kV at a magnification
of x550 SS60. Chemical characteristics were determined
using a Nicolet 6700 Fourier transform infra-red (FT-IR)
spectrometer (USA) to identify the functionality that inter-
acts with MB ions. 50 mg of dried LC and treated LC (<250
um thickness) were prepared for attenuated total reflec-
tance with Fourier transform infra-red (ATR-FTIR) analysis.
Measurements were made in transmittance mode using a
spectral resolution of 4 cm™ by 256 scans and approximately
150 s per step across the range 4,000 to 650 cm™. The surface
area of each sample of LC was determined from nitrogen
adsorption at 77.2 K in the range of relative pressure (p/p°)
of 0.05-1 by using a Micromeritics 3Flex instrument (United
Kingdom). The samples were degassed at 150°C for 24 h.
A three-parameter non-linear fitting procedure was used
and the LC samples were subjected to a 99-point Brunauer—
Emmett-Teller (BET) surface analysis and full adsorption
isotherms were collected for all samples. The conventional
single point method of relative pressure was used.

2.3.2. Point of zero charge determination

50 mL of 0.01 M NaCl solution was introduced into
250 mL Erlenmeyer flasks and 0.5 g of LC was added
to each of them. The pH value of each solution was
adjusted in the range of 2-12 by the addition of 0.1 M
HCl or NaOH solutions. Each flask was agitated for
48 h and the final solution pH measured by a pH meter.
The final pH was plotted against the initial pH. The point
of intersection of the curve was taken as the pHpzc [14].

2.3.3. Light intensity measurements

Batch adsorption studies were carried out under differ-
ent visible light intensities, 0.17 and 820 lux. Experiments
were carried out at a concentration of 10 mg/L at pH 7. The
treated LC (ATLC) and methylene blue were continuously
mixed for a period of 90 min at room temperature (21°C) on
a magnetic stirrer. The absorbance of the residual dye solu-
tions was analyzed using a spectrophotometer (Spectronic
TM 200E Thermo Scientific Version 4.04i, United Kingdom).

2.4. Batch extraction experiments

All batch extractions as a function of acid concentration
were carried out as single contacts with the contact of 1 g of
each treated L. cylindrica (ATLC, HTLC, and LC) with 100 mL
of dye solution at MB concentrations of 5, 10, 15, 20, 30, and
40 mg/L. To determine the effect of pH a set of experiments
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was carried out at pH 4, 5, 6, 7, and 8 at an MB concentration
of 10 mg/L. To determine the effect of temperature, ATLC and
dye solution were continuously mixed for a period of 24 h
at temperatures of 21°C, 35°C, 45°C, and 55°C. Distribution
behavior was determined using the following:

c-C.) V.,
D, - x M

Caq My gta

where D, is the weighted distribution of the analyte where
C, is the initial aqueous activity of the analyte before con-
tact and C_ is the aqueous activity of the analyte after
equilibration. V, ~is the volume of the aqueous phase
(mL) and m, . is the mass of the LC and treated LC (g).
The extraction percentage was determined by difference
(Eq. (2)) and the concentrations of the MB determined
using a spectrophotometer:
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where C, is the initial MB concentration before contact and
C,, is the concentration of the MB in the aqueous phase after
contact with the LC and treated LC. Error was determined by
triplicate measurements.

2.5. Determination of loading behavior

All loading isotherms were carried out as single con-
tacts using 1 g of ATLC, HTLC, and LC with 100 mL of dye
solution. The adsorbent and dye solution were continu-
ously mixed for 24 h at room temperature (21°C). A widely
researched and commonly used two-parameter fitting model
was used to determine the fitting ability due to its quantita-
tive criteria for evaluation [15,16]. The 3-parameter model
which gives a clearer evaluation of the data was also utilized.
The data were fitted to Langmuir, Dubinin—-Radushkevic
[17], Temkin, and Sips models, Egs. (3)-(10). The fitting was
carried out by using linear regression and by non-linear
least-squares analysis using SOLVER [18].

Langmuir:

K,C
9.=7
+a,C
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where g, is the adsorption capacity, C is the concentration at
equilibrium and 4, and K, are constants. The monolayer satu-
ration capacity, g, (g/L, ), was calculated from the Langmuir

wsr-

equation using Eq. (4).

K, =q,a, 4)

Dubinin—Radushkevich:

q,=4, exp[—BD{RTln[l+éﬂ J )

where ¢, is a constant in the Dubinin-Radushkevich
model which is related to adsorption capacity and B, is a

constant which relates to the mean free energy of adsorp-
tion; R (J/mol K) is the gas constant; and T (K) is the absolute
temperature.

Where the mean free energy of sorption, E, can be calculated
using B, in Eq. (6):

E=— L (6)
2B,
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where K_(dm®/mmol) is associated with energy of adsorption
and {3, indicates the system heterogeneity (3).

Temkin:

g,=BInA+BInC, 8)
RT

B= o )

where R is the universal gas constant, T is the absolute tem-
perature (K), b, is heat of adsorption, and A is equilibrium
binding constant. A plot of g, vs. InC, enables the determina-
tion of constant b, and A.

Error in the isotherm constants was calculated from
the linearized form of the model using the SOLVER calcu-
lated values using the deviations of the experimental data
from the best-fit line.

2.6. Determination of the kinetics of extraction

Batch kinetics were determined by contacting 0.5 g
adsorbent with 100 mL of dye solution, continuously
mixed for a period of 24 h at 21°C. 5 mL of samples were
extracted at preset time intervals. The pseudo-first-order was
not used to fit the data because this model does not show
the involvement of two species, which best describes the
adsorption process. The data were fitted using a linear fit of
pseudo-second-order models which do not take into account
the mechanism of reaction.

The linear form of the pseudo-second-order kinetic
model [19] is given in Eq. (10):

i—i+lt

= (10)
g ki q,

where k is the pseudo-second-order reaction constant (h™).
Eq. (11) is the non-linear form for the pseudo-second-order
kinetics:

kq’t

= 11
1+kq,t (1)

9

The non-linear form was fitted using the minimization
of the sum of square errors (SSE) using SOLVER [19].
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3. Results and discussion
3.1. Chemical modification of LC

The LC morphology as shown in Fig. 1a appears dry
and flaky with many loose particles on the surface. In
Fig. 1b, the morphology of the NaOH treated LC (ATLC)
is more broken up with few loose particles on the sur-
face. This may result in the exposure of the pores for fur-
ther adsorption [20]. In Fig. 1c, the morphology of meth-
ylene blue loaded ATLC shows a smooth surface which
indicates adsorption into the pores of the LC. FTIR (Fig. 2)
was used to determine the nature of the functional groups
present on the LC, ATLC, and HTLC surface. Treating LC
fibers with 4% NaOH leads to a higher crystallinity index
and to an improvement in adhesion capacity [20,21]. It has

WD13mmSS60

Feb 11, 2015

(b)

SEl 20kV WD22mm SS60

Sep 07, 2017

(c)

Fig. 1. Electron microscope surface morphology of loofa. Struc-
tural morphology of (a) raw loofa (untreated), (b) 4% NaOH
treated loofa, and (c) MB loaded 4% NaOH treated loofa.
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also been reported that HCI chemical treatment greatly
enhances the adsorption capacity of adsorbents [22].

Treatment with acids and alkalis has been widely used
to enhance the sorption properties of biomaterials [21].
Alkali treatment has been used to enhance the properties
of loofa [21] and the maximum percentage of NaOH to treat
loofa without damage to the crystalline region is reported
to be 8% [23]. Modification of loofa with 4% NaOH bestows
additional functionality of OH- groups onto its surface
[24]. Modification of loofa with 4% HCI gives an increased
surface area as compared to untreated loofa (Fig. 1b). The
higher the pKa (deprotonation constant) the greater the
adsorption preference on the ATLC surface [25]. Table 1
presents the BET results for the modified and unmodified LC.

The BET surface area of NaOH treated loofa (43.10 m?/g)
is higher than untreated loofa (25.32 m?/g. BET surface area
of HCI treated loofa is 2.14 m?/g higher than the untreated
loofa. This shows an increased surface area which accounts
for the broken up and rougher loofa surface. The increase in
surface area after alkali and acid treatment by 70.22% and
8.49%, respectively, and the resulting increase in adsorp-
tion indicates the involvement of the loofa surface and
pores in enhancing the adsorption process.

The FT-IR spectra of LC, ATLC, and HTLC loaded with
MB are shown in Fig. 2.

The change in the adsorption bands between untreated
and treated loofa indicate characteristic functional groups
on the adsorbent and a change in the bands across the range
800-4,000 cm™, and also a change in the surface chemistry
of the alkali and acid-treated loofa is observed at various
points as shown in Table 2.

The peak at 3,330 cm™ is attributed to bonded groups
of the O-H group. The bands observed at 2,300 cm™
are assigned to C=N group and the shift in the bond at
2,800 cm™ is attributed to the aliphatic C-H group in the
methyl group. A shift in peak intensity (Fig. 2) indicates
a change in the binding energy pattern [23,25,28,29]. This
indicates the involvement of O-H, C-H, and C-O bonds
(wavenumber range of 1,000-3,300 cm™) in the adsorption
of MB onto loofa. A similar change in peak intensity occurs
with the untreated, NaOH and HClI treated loofa. The new
peaks formed at 1,610 and 1,235 cm™ after the adsorption of
MB onto untreated loofa can be attributed to the stretching
of the carbonyl groups and bending vibrations of the C-H
of the methyl group [30]. For the HCI treated MB loaded

1004
-+ NaQH lreated loaded MB
90 -+= Untreated loaded MB
— HCl treated MB
£ 8
704
0 1000 2000 3000 4000 5000

Wavelength (cm™)

Fig. 2. FT-IR spectra of ATLC, HTLC, and untreated loofa loaded
with MB at 21°C (256 scans).
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Table 1
BET results for modified and unmodified LC

Data Untreated NaOH treated HCl treated
Surface area (m*/g) 25.32 43.10 27.47
Specific surface area (m?) 5.75 7.00 6.45
Total pore volume (cm®/g) 0.01 0.02 0.01
Table 2
Change in transmission FTIR results at specific regions of absorbance
Region AT% Corresponding absorbance Reference
1,265-1,460 cm™ (fingerprint region) +0.6 to +1.1 O-H bending [11,12]
1,540 cm™ -0.85 N-H bending [13]
1,735 cm™ +0.6 C=0 stretching (carbonyl group of ketone) [11]
2,890 cm™ +0.8 C-H stretching [25,26]
3,340 cm™ +1.6 O-H bonding [11,25,27]
loofa, the band shift is also in the wavelength range of 100 -
1,000-3,300 cm™. The FT-IR vibrations of all the loofa used _ ATLC = -O>-
are altered and both NaOH and HCI treated loofa loaded == 80 - -
with MB show a significant change at 3,300 cm™ which T
indicates a strong bond of the carboxylic group as the dom- 2 601 e -
inant group in adsorption leading to a higher adsorption =] JromRee R N s
capacity as compared to untreated loofa loaded with MB. S 401 o
The peak shift from 3,300 to 3,322 cm™ indicates that ‘E _‘,-’
an adsorption has occurred, and in this case, the adsorbed o 204 Pid
species is OH" (additional OH- group). On the other hand, & "

NaOH treatment disrupts the hydrogen bonding of OH~
functional groups, ripping off H" and allowing adsorption
to occur [31,32]. Carboxyl groups are the dominant func-
tional groups of ATLC in adsorption. Therefore, the dif-
ference in the binding energy of the functional groups as
shown by the spectra peaks indicates the important role
of O-H in the adsorption of MB ions onto ATLC [33]. The
characteristic bands on the loofa surface show the structure
of the loofa to include lignin, cellulose, and hemicellulose.

3.2. Adsorption studies onto ATLC as a function
of acid and anion concentration

The effect of time on the extraction of MB onto LC
and ATLC are shown in Fig. 3. There is an enhancement
in the removal capacity of loofa after treatment when
compared to LC.

3.3. pH effect

pH is the most important controlling factor in the
adsorption process of cations [34]. At equilibrium pH lower
than 5 the lower adsorption is attributed to the competi-
tion of H* for the binding sites on ATLC thereby reducing
the adsorption capacity. At pH above 6, the decrease in
MB uptake is most likely due to the hydrolysis of the MB
ion in solution. This shows the difference in MB species
and their ability to be adsorbed at different solution pH.
Furthermore, optimum adsorption of MB ions occurs below

0 20 40 60 80 100 120 140 160 180

Time (mins)

Fig. 3. Effect of time on the percentage extraction of MB after
3 h contact; 50 mg/L MB initial concentration; agitation at
200 rpm; at a temperature of 21°C, 5 g/L biosorbent dosage
(LC=--©—, ATLC=-$).

the point of zero charges, which is concentrated at the inter-
face. The pH , was determined to be at 7.2 for LC (Fig. 4).
Since, ata pH _of 7.2, the ionic charge is positive at a lower
pH and negative at a higher pH, the electrostatic attraction
is opposed as the maximum uptake occurs between pH 5
and 7. Therefore, the adsorption process is dominated by
ionic exchange and other adsorption mechanisms [34-38].
The effect of pH is shown in Fig. 5. It can be seen that the
percentage extraction passes through a maximum between
pH 6 and 8. A closer observation of Fig. 5 reveals that the
adsorption of MB between acidic pH 4 and 6 has an irreg-
ular pattern for both modified LC which may be as a result
of how the loofa binds differently as compared to untreated
LC which shows a steady increase in MB adsorption as pH
increases. This is explained by an uneven distribution of
MB cations on the surface and pores of the loofa. The differ-
ence in percentage removal between the varying pH 5 and
6 is -3. As the rate constant (K — pseudo-second-order) of
MB adsorption increases, the amount of OH" in solution is
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Fig. 4. Point of zero charges (pHpzc) determination for the (a) untreated loofa and (b) alkali-treated loofa.
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Fig. 5. Effect of solution pH conditions on the percentage
extraction of MB after 60 min contact; MB ion concentration:
50 mg/L; agitation at 200 rpm; at temperature 21°C and 5 g/L
biosorbent dosage.

increased leading to an increase in pH. The rate of adsorp-
tion increases as pH increases over time.

The potential effect of MB ion speciation as a func-
tion of pH is presented in Fig. 6 as carried out using the
Hyss2009 program and stability constants from the NIST
database. The solution pH has a prominent effect on MB
speciation in solution. MB exists as a cationic species (MB")
and undissociated molecules (MB’) in an aqueous solution
[26]. Different aggregation forms of MB occur when MB
is dissolved in aqueous solutions. Using the equilibrium
aggregation constants, an attempt was made to determine
the speciation of MB in water solution as the pH changes.
As shown in Fig. 6, at a pH = 3, the MB cationic species
and the undissociated MB molecules coexist. As the pH
increases, the undissociated MB molecule decreases and
the cationic species increases until it is the only available
MB form [26]. As the pH increases over pH 6, the cationic
species of MB is 100% and therefore dominates the adsorp-
tion process. The MB free ions (cationic species) are the
dominant species on the loofa in an alkaline medium [26].

Fig. 7 shows the effect of temperature on MB extraction
from an aqueous solution. It is clear from the figure that
as temperature increases from 21°C to 55°C, the percent-
age removal of MB is decreased by approximately 3% at
equilibrium (60 min). This indicates that the adsorption
on alkali-treated loofa is not favored by an increase in
temperature (Fig. 7). This confirms that the binding of the
MB adsorbed to the alkali-treated LC decreases with the
increase in temperature.

3 o
I“l
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'I
1 o
’J
T e —
1 ? “e&_ 4 5 6 _D 8 9 10 11 12
T -0 -5
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100 ' . A
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8 8 ;
S .
£ 60{ % .
2 =
e H
S a0d - % |
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] = - *
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Fig. 6. Distribution of MB species in aqueous solution as a
function of pH.
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Fig. 7. Effect of temperature on MB extraction from aqueous
solution at pH 7; MB concentration 10 mg/L; agitation speed:
200 rpm; temperature range: 21°C-55°C, 1 h contact time, 5 g/L
alkali-treated loofa dosage. Data from three replicate measure-
ments.

3.4. Isotherm behavior of adsorption

The isotherm fitting parameters for all the isotherm
models tested on ATLC are given in Table 3 based on lin-
ear regression and non-linear regression using SOLVER
[26,39]. The isotherms are used to determine the best-fit in
order to explain and suggest the model that best predicts
the biosorption that occurs [40].



A. Emene et al. | Desalination and Water Treatment 216 (2021) 379-388 385

Table 3

Parameters obtained for various isotherm models for MB
adsorption onto ATLC using non-linear and linear least-squares
fitting using SOLVER

Freudlich Sips

Constant Value Constant Value

K, 89+0.2 K 2.8+0.01

n, 1.9+05 n 0.5+0.02
q, (mg/g) 42+0.05

R? 0.998 R? 0.689

Dubinin-Radushkevich Temkin

Constant Value Constant Value

B, (x10°) 2002 K, 10.3+0.05

q, (mol/g) (x10%)  3.8+0.2 b, (x10°) 20+05

E, (kJ/mol) 15.8+0.7 R? 0.671

R? 0.667

Experimental conditions: the temperature at 21°C, 24 h contact
time, 20 mg/L initial concentration, and pH 7.

The relationship between the equilibrium concentra-
tion and adsorption capacity (a gradual increase in uptake
capacity) is shown in Fig. 8. The Temkin, Freundlich, Sips,
and Dubinin-Radushkevich were the isotherm models
used to fit the experimental data because Langmuir model
was not sufficient to explain the adsorption behavior of the
methylene blue uptake. The adsorption behavior of MB
ions is best fitted by the Freudlich model (Fig. 8) with a R?
value of 0.998. This indicates multilayer adsorption.

In column testing, MB adsorption equilibrium was
found to occur faster for LC (30 min) compared to ATLC
(60 min). This indicates a longer breakthrough time for the
modified LC.

The model fitting of MB ion biosorption behavior of
LC indicates a heterogeneous surface. The Freundlich
isotherm model shows the best fit which suggests a het-
erogeneous distribution of adsorption sites [41]. The
value of 1/n at 0.52 measures the surface heterogeneity,
which becomes more heterogeneous with a value closer
to 1 [17]. The K, values at 8.9 L/mg relate to higher bind-
ing energy of adsorption which leads to higher adsorption
capacity [27,41]. Modification of the loofa with 4% HCI
and 4% NaOH improves the adsorption capacity of MB
by 3.6% and 6.5%, respectively. Compared to other treated
loofa adsorbents (Table 4), NaOH modified loofa (ATLC)

qe (mig/g)
e

Ce (mgfL)

won Mode!daa [ Exper mental daa

Fig. 8. MB isotherm at pH 7 + 0.1, 21°C, and 24 h. contact time.
Freundlich model fit is shown by the dashed line.

shows the highest percentage removal of MB over a short
period of time at room temperature.

3.5. Determination of the kinetics of adsorption

The modeling of batch kinetics helps in explaining the
mechanism of adsorption and the potential controlling
steps of mass transport. The adsorption behavior of MB in
this study best fits the pseudo-second-order kinetic model
(Fig. 9). Other models, Elovich, Boyd, liquid film diffusion,
and intraparticle diffusion, do not show a good fit.

Among the models tested, pseudo-second-order fits the
experimental data better than other kinetic models, indicat-
ing the involvement of two species in the sorption process.
In agreement with the literature, a pseudo-second-order
model best describes the adsorption of divalent ions [29].
The rapid exchange rate, shown to occur in 5 min may mean
that exchange positions are, initially at least, on the surface.

3.6. UV-vis spectra investigation

The adsorption of 20 mg/L MB by LC for 40 min results
in a change of the blue color of MB to violet. Therefore, to
gain insight into the adsorption process, the UV-vis spec-
trum of MB was subjected to adsorption for 1 h by LC and
ATLC. A clear examination of the spectra showed a prom-
inent peak at 560 nm, indicating a shift from the peak of
650 nm. This is an indication that when LC is used for the
adsorption of MB, an intermediary product is formed.
When ATLC is used, there is a consistent and rapid change
in color from blue to colorless during adsorption. It has
been reported that the mechanism of the discoloration
of MB involves the formation of the reduced form of MB

Table 4

Maximum percentage removal of MB ions by other biosorbents
Adsorbent Initial pH Time Percentage Reference

concentration (g/L) (min) removal (%)

Lignocelluslosic biomatter 10 4 5 >95 [4]
Activated lignin-chitosan 1 7 n/a 87.7 [3]
Modified biochar composites 0.1 12 20 >95 [11]
ATLC (Luffa cylindrica) 5 7 5 95.8 This study
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Fig. 9. Non-linear regression pseudo-second-order model;
(R* = 0.997) for MB adsorption at concentration of 20 mg/L,
pH 7, and 5 g/L ATLC dosage). Pseudo-second-order model
fit is shown by the dashed line.
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Fig. 10. UV-vis spectra of MB adsorption onto alkali-treated
LC (NLFC) and untreated LC (ULFC) at 40 min at pH 7 + 0.1
at 21°C and 5 g/L alkali-treated and untreated LC dosage);
Data from three replicate measurements.

cations (colorless) [41]. This indicates the rapid adsorption
of MB without the formation of an intermediary product.
This process is initiated by light intensity and indicates
the involvement of MB monomer forms for ATLC and the
involvement of MB dimer forms for LC [42]. Figs. 10 and
11 present the UV-vis spectra of loofa. The complex for-
mation of methylene blue with untreated loofa and NaOH
treated loofa differ over time. This complexation mecha-
nism is explained on the basis of steric hindrance which led
to color change. Discoloration of MB (with NaOH treated
loofa) is from blue to colorless which involves the forma-
tion of the reduced form of MB cations. For untreated loofa,
the discoloration occurs from blue to violet and then color-
less. This can be explained by chemical variations of MB.
Fig. 10 epitomizes that there is an intermediate product that
is formed during the adsorption process for untreated loofa
at an absorbance at 580 nm wavelength at 40 min [41]. The
higher binding constant of NaOH treated loofa indicates
the involvement of monomer forms of MB molecules.
Comparing the adsorption of MB under dark and light
conditions using HTLC (Fig. 11), there is a difference in
MB adsorption in the presence or absence of light. This
indicates the effect of light on MB adsorption. A lower
MB adsorption capacity (by 2.8%) was found under dark
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Fig. 11. UV-vis spectra of MB adsorption on acid-treated
LC at 5 min under dark and light conditions at pH 7 + 0.1
at 21°C, 5 g/L HTLC, and 1 h contact time.
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Fig. 12. MB adsorption capacity onto alkali-treated LC at dif-
ferent light intensities overtime at pH 7 + 0.1, 21°C, 1 h contact
time, and 5 g/L alkali-treated LC dosage.

conditions than under light conditions at equilibrium (1 h
contact).

3.7. Effect of light intensity on MB adsorption by ATLC

Fig. 12 shows the calculated uptake capacity at a visi-
ble light intensity of 0.17 and 820 lux on MB adsorption on
alkali-treated loofa (ATLC).

In the presence of light, the overall adsorption capacity
of MB onto LC is improved which indicate the involve-
ment of a photodegradative process (Fig. 12). Such photo-
degradative enhancement of adsorption under different
light intensities has also been reported elsewhere [43].

4. Conclusion

The results show that modified loofa is a potentially
good biosorbent for the removal of MB (and, by inference, a
range of other dyes, and similar compounds) from aqueous
solutions. Alkali treatment of loofa enhances the adsorp-
tion mechanism by indicating additional free hydroxyl
groups. The reactive oxygen species from MB reacts with
the free hydroxyl species to form complexes on the loofa
surface that optimizes the adsorption of MB. The data
show the feasibility of the modified loofa in the removal
of MB from aqueous solutions. The FT-IR study indicates
the functional groups on the loofa that are involved in MB
adsorption. MB uptake efficiency significantly depends on
MB ion concentration and pH, but not so much on tempera-
ture. The optimum pH of the adsorption was pH 7 at room
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temperature (21°C). The removal of MB ions from an aqueous
solution is changed by the presence of light. The Freundlich
isotherm model predicts the adsorption process better than
other models. The pseudo-second-order model is the best-
fit to the kinetics. As compared to other recently reported
adsorbents, modified loofa has a higher percentage removal,
it is economically viable, requires no expensive modification
of its properties, utilizes no extensive technological applica-
tions for its production, can be acquired in large quantities,
and should be regarded as a sustainable adsorption mech-
anism on a global scale. Loofa could be a good adsorbent.
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Fig. S1. Adsorption isotherm of HCI treated loofa showing the quantity absorbed onto the pores vs. the relative pressure
(monolayer complete adsorption between 0.05 and 0.3).
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