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ABSTRACT

Novel results in this study showcase the utilization of sunlight-dried, ground Lablab purpureus husk (LLPh),
treated with water and alkali, as a highly efficient bio-adsorbent for the removal of cationic dyes from
aqueous solutions. Methylene blue (MB), malachite green (MG), and crystal violet (CV) were effectively
adsorbed onto NaOH-activated LLPh (NaOH-LLPh) as bio-adsorbent. Employing the Chromatrap method
within a column, successfully removed these dyes, while the surface morphology of the bio-adsorbent
was elucidated through scanning electron microscopy (SEM) analysis. FTIR spectrometric data revealed
valuable insights into the extent of adsorption. The impact of factors including adsorbate concentration,
adsorbent dose, pH, contact time, and flow rate on the adsorption process was systematically studied
and optimized. Up to 1000 pug/mL of MB and MG and 50 pg/mL of CV were found to be effectively
removed by adsorption at pH 4-5, 3, and 2, respectively, at the flow rate of 1 mL/min. The results of
kinetic studies and adsorption isotherms of the above-mentioned dyes indicate that all three dyes follow
the pseudo-second-order kinetics. The adsorption of MB and MG are well fitted with the Langmuir
isotherm model. The other dye CV suits with the Freundlich isotherm model. Based on the results,
NaOH-LLPh, as an inexpensive and eco-friendly adsorbent, is suitable for the removal of cationic organic
dyes from aqueous samples.

Keywords: Lablab Purpureus Husk, Chromatrap, Methylene Blue, Malachite Green, Crystal Violet,
Scanning Electron Microscope.
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INTRODUCTION

Dyes are widely used to colorize the products in
textile, leather, paper, wood, wool, pharmaceutical,
cosmetic as well as in food industries [1, 2]. The
effluents discharged straight into the water bodies
from these industries are largely responsible for
endangering aquatic life and creating carcinogenic
effects. Long-term contact with dyes causes itching
and irritation in humans; however, children are
affected more quickly [3]. Thus, it is inevitable to
make sure that industrial effluent is rendered less
contaminated by removing harmful compounds
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by utilizing removal processes. Various techniques,
including physical, chemical, and biological
methods, can be employed to address significant
contaminants such as organic compounds or dyes.
The utilization of nanocatalysts [4-6], Fenton
catalysts [7], and artificial neural networks [8] for
eliminating these pollutants has gained increasing
attention in research. Conversely, adsorption
is on the rise in popularity due to its efficiency,
environmental friendliness, and straightforward
interpretability [9].

Methylene blue (MB), malachite green
(MG) and crystal violet (CV) are familiar
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Fig. 1. Chemical structures of (a) MB, (b) MG, and (c) CV

with the IUPC names: [7-(dimethyl- amino)
phenothiazin-3-ylidene]-dimethyl-azanium,
chloride (Fig. 1la), [4-[[4-(dimethylamino)
phenyl]-phenylmethylidene]cyclohexa-2,5-dien-1-
ylidene]- dimethyl-azanium, chloride (Fig. 1b) and
tris(4-(dimethylamino)phenyl)methylium chloride
(Fig. Lc), respectively.

Among the many synthetic dyes, MB, MG, and
CV are the most widely used organic cationics in
the textile and pharmaceutical industries. The
effluents containing trace levels of these organic
cations must be eliminated to reduce the nocuous
properties of water [10, 11].

Bio-adsorbents have garnered considerable
attention in recent years for their effectiveness in
removing various contaminants from wastewater
[12]. These materials, derived from natural sources
like plants, agricultural waste, and microorganisms,
offer distinct advantages such as affordability,
abundant availability, biodegradability, and
environmental friendliness [12]. Researchers have
explored a broad spectrum of bio-adsorbents
and devised innovative strategies for pollutant
removal. Some of the adsorbents investigated
for MB removal include activated carbon from
jatropha husk [13], magnetic peanut husk [14],
phosphoric acid-treated balanites aegyptiaca seed
husk powder [15], sodium hydroxide-treated rice
husk [16], mentha plant waste [17], rice husk ash
[18], nanoparticles synthesized from rice husk
[19], oxalic acid-modified rice husk [20], rice husk
biochar [21], porous carbon material from rice
husk [22], and neem (Azadirachta indica) leaves
[23]. Furthermore, activated carbon from coffee
husk [24], zinc chloride-modified hazelnut husk
[25], and lemongrass husk [26] were explored for
MB removal. Additionally, Hydnocarpus pentandra
fruit peel charcoal [27], coffee husk biochar [28],
dried biomass of haloxylon recurvum plant stems
[29], lathyrus sativus husk [30], magnetic rice husk

ash [31], and biochars from rice husk, cow dung,
and domestic sludge were effectively employed,
achieving approximately 90% MB removal. Corn
plant husks [33], sawdust of Gmelina arborea roxb
[34], and palm oil mill effluent waste-activated
sludge were also utilized for MB removal [35].

Numerous adsorbents for MG removal, as
reported by different researchers, include highly
porous quinoa husk [36], sodium carbonate-
treated rice husk [37], raw and activated forms
of Gibto (Lupinus albus) seed peel powder [38],
activated carbon from groundnut shell powder
[39], typha australis leaves [40], durian seed-
based activated carbon [41], rice husk, Thespesia
Populnea bark, Calatropis gigantic bark, corn
cob, neem bark, mango bark, root powder of
water hyacinth (Eichhornia crassipes), Araucaria
cookii bark, and seaweed Enteromorpha [42],
hydrochloric acid-treated sphagnum peat moss
[43], jackfruit leaf powder [44], root powder of
chemically modified activated walnut shell powder
[45], garlic root powder [46], luffa aegyptica peel
powder [47], Cocos nucifera husk [48], potato peel,
and neem bark [49]. Additionally, durian peel-
activated carbon [50], date-stone activated carbons
[51], xanthate wheat bran [52], activated carbon
from teak wood waste [53], clove leaves powder
[54], sawdust waste from Gmelina arborea [34],
EDTA-modified groundnut husk [55], Rhizophora
mucronata stem-barks [56], and lemongrass leaf
powder [57] were explored for MG removal.

A few reports described the procedures for the
removal of CV includes, including methods using
lignocellulosic agricultural waste [58], Eichhornia
charcoal [59], NaOH-modified rice husk [60, 61],
the activated carbon of African star apples [62],
red algae Gelidium pusillum [63], phyllanthus
emblica fruit powder [64], olive pomace [65],
activated carbon of the coconut shell [66], tartaric
acid modified Holarrhena antidysenterica and
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Table 1. Comparison of the proposed work with similar reported works

Dye Adsorbent used Adsorbent Methodology and Adsorption ~ Comments Reference
dose experimental conditions Capacity No.
MB Phosphoric acid- 0.02-0.12 Batch adsorption method; 97% Applicable to low- 15
treated Balanites g/20 mL Shaking speed: 150 to 300 concentration
aegyptiaca seed rpm, contact time: 0-120 solutions, batch
husk powder min, initial MB adsorption
concentration: 100-300 mg/L, up to 120 min
solution temperature: 25-45
C and initial solution
pH: 4-13
NaOH-modified 2-6¢g/1 Batch adsorption method; 97.66% Applicable to low- 16
rice husk pH: 7-10, initial concentration
concentration of dye: solutions, batch
25-125 mg/1 adsorption
up to 120 min
Oxalic acid- 3g/L Batch adsorption method; 19.77 mg/g A shaking time of 20
modified rice husk pH: 7, mechanical shaking 480 min required
for 480 min for equilibration
Corn plant husk 2¢g/L Batch adsorption method; Upto 93.6%  Less efficient 33
pH: 6; Dye concentration: method
20 - 100 mg/L
NaOH-activated 025g Column adsorption and Upto 98% More efficient. Rapid ~ Present
Lablab purpureus elution approach; pH: 4-5; equilibration work
husk Temperature: Room approach. Novel
Temperature; Flow rate: ImL column adsorption
/min Concentration: method is used.
Upto 1000 mg/L
MG NaOH-treated rice 10 g/L Batch adsorption method; Upto 98% Longer equilibration 37
husk Dye concentration: Upto 200 time is required
mg/L; pH: 7-7.5;
Equilibration time: 90 min
Coconut husk 20-50 g/L Batch adsorption with Upto Longer equilibration 48
mechanical shaker; pH: 3-7; 92.81% time is required
Time: 80- 300 minutes
a) Groundnut 02g Batch adsorption method; a) 78.6% Less efficient and 55
husk Dye concentration: Upto 50 b) 92.4% longer equilibration
b) EDTA- mg/L; pH: 7-8; time
modified Equilibration time: 50 min
groundnut husk
NaOH-activated 025¢g Column adsorption and Upto More efficient. Rapid ~ Present
Lablab purpureus elution approach; pH: 3; 98.64% equilibration work
husk Temperature: Room approach. Novel

Temperature; Flow rate: 1mL
/min Concentration:
Upto 1000 mg/L

column adsorption
method is used.

NA: Not available

Citrullus colocynthis husks [67] and Urtica dioica
leaf powder [68].

Furthermore, adsorbents derived from
Carnauba straw [69], Eucalyptus leaves [70],
and amine-functionalized chitosan [71] were
identified as effective mediums for both CV and
MB adsorption.

In the review of literature, methods to remove
MB, MG, and CV were found using a variety of
husks as adsorbents. The details about the husk,
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adsorbent dose, and experimental parameters are
given in Table 1. Most of the methods follow a batch
adsorption process to trap the dye. Almost in each
case, a longer equilibration time for adsorption was
noticed.

Although numerous researchers employed
different materials to remove MB, MG, and CV,
none of them documented the utilization and
effectiveness of Lablab Purpureus husk (LLPh).
Lablab Purpureus (Haycinth beans) is utilized as
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Table 1. Comparison of the proposed work with similar reported works - (Continue)

Dye Adsorbent used Adsorbent Methodology and Adsorption ~ Comments Reference
dose experimental conditions Capacity No.
Ccv NaOH-modified NA Laboratory-scale fixed-bed 99.5% Sophisticated 60

rice husk column approach used. A equipment required

two-level three-factor (2°) full

factorial central composite

design is followed

Dye concentration (100-

200 mg/L"), flow rate (10 -

30 mL/min), and bed height

(5-25 cm)
NaOH-modified 0.5-50g Batch adsorption studies Upto 98.17  Longer equilibration ~ 61
rice husk were carried out; Dye time required

Concentration: 50 mg/L;

Equilibration time: 3h;

pH:7-10
Tartaric acid- 08g Batch adsorption method; Upto 97% Longer equilibration 67
modified Contact time: 35 minutes, time required
Holarrhena pH: 5.0, T: 40°C, and
antidysenterica Agitation rates: 150 rpm
Tartaric acid l4g Batch adsorption method; Upto 86% Longer equilibration
modified Citrullus Contact time: 40 minutes, time required; Less
colocynthis pH: 6.0, T: 50°C, and efficient method

Agitation rates: 150 rpm
NaOH-activated 025¢g Column adsorption and Upto More efficient. Rapid ~ Present
Lablab purpureus elution approach; pH: 2; 87.98% equilibration work
husk Temperature: Room approach. Novel

Temperature; Flow rate: ImL
/min Concentration:

column adsorption
method is used.

Upto 50 mg/L

NA: Not available

a food in South Asia, East Asia, South East Asia,
and East Africa. Since LLPh is the most commonly
available and discarded trash, its usage for removing
dyes from aqueous samples will elevate the interest
of researchers. Out of all the described adsorbents,
the LLPh material provides a better adsorption
surface for the effective binding of dyes, according
to careful examination of the performance. The
application of the treatment is neither difficult nor
complicated.

Hypothetically, LLPh, when processed by
sunlight drying, grinding, and alkali washing, can
effectively serve as a bio-adsorbent for the removal
of cationic organic dyes, namely, MB, MG, and CV
from water. It is expected that NaOH-activated
LLPh (NaOH-LLPh) will exhibit significant dye
removal capabilities, making it a viable and eco-
friendly option for wastewater treatment.

The principle of ‘chromatrap, i.e., trapping
of dyes in the column using adsorption onto the
adsorbent is streamlined in this work for the very
first time. This study earnestly endeavors to assess

the potency of NaOH-LLPh as a bio-adsorbent
for the effective removal of MB, MG, and CV. It
also aims to ascertain the optimal operational
conditions, encompassing crucial parameters like
adsorbate concentration, adsorbent dosage, pH,
contact time, and flow rate. Furthermore, it seeks
to delve into the kinetic characteristics of dye
adsorption and to scrutinize adsorption isotherms,
thus unraveling the intricacies of the adsorption
mechanism. Notably, this work represents a
pioneering effort in this field.

The pioneering application of the Chromatrap
principle through column adsorption, employing
the cost-effective NaOH-LLPh, marks the novelty
of this research. This breakthrough eliminates the
requirement for intricate equipment or specialized
techniques, thereby making this methodology
accessible in a broader sense. This advancement has
the potential to elevate its utilization to standard
practice in wastewater treatment processes.

Therefore, a smart attempt was made to remove
MB, MG, and CV from aqueous solutions using
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NaOH-LLPh as a harmless material by column
elution approach.

EXPERIMENTAL
Apparatus

The  Agilent Cary 60  UV-visible
spectrophotometer ~ (Agilent ~ Technologies
Ltd, Mumbai, India) was wused for all
spectrophotometric ~ measurements.  Fourier

Transform Infrared Spectrometer (FTIR) (Perkin
Elmer Instrument, Version 10.7.2, Mumbai, India)
was used for all infrared spectral recordings.
Scanning Electron Microscope Zeiss (Model EVO
LS 15, Germany) with smartSEM™ software was
used for the study of the surface morphology of
adsorbent before and after adsorption.

Materials

All chemicals utilized in the experiment were
of analytical chemical grade. Local distributors
provided methylene blue (MB), malachite green
(MQG), crystal violet (CV), and sodium hydroxide
(NaOH) pellets (all from SD Fine Chem Ltd.,
Mumbai, India). Three water samples were
procured from the textile industries of Mysuru
city and used for analysis.

Preparation of adsorbent

Lablab purpureus was grabbed from the
vegetable market in Mysuru and the husk
was meticulously separated and dried under
sunshine to ensure total moisture removal. To
make raw husk powder, the dried husk was finely
pulverized. To remove any dust or undesired
elements, the raw husk powder was washed many
times with distilled water and then dried under
sunlight to produce beneficiated husk powder.
It was then treated with a 0.1M NaOH solution.
This treatment not only aids in the removal of
pigments but also improves the adsorption sites
on the adsorbent’s surface. The resulting NaOH-
activated Lablab pupureus husk (NaOH-LLPh)
powder was carefully preserved in a glass jar for
later use.

Standard solutions of dyes

By dissolving appropriate weights of chemicals
in bi-distilled water, stock standard solutions of
MB (3000 pg/mL), MG (3000 pg/mL), and CV
(1000 pg/mL) were created. These solutions were
employed for elution through the column after
adequate dilutions with water.
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General procedures
Procedure for column preparation

As adsorbent, 0.25 g of carefully weighed
NaOH-LLPh powder was packed in a 25 mL
borosilicate glass column. Water was allowed to
pass through the column to ensure the absence
of any break in the column. Furthermore, a small
amount of excess water was left in the column right
above the packed adsorbent to prevent the column
from splitting.

General Procedure for Dye Removal

With the help of a syringe, a 5 mL of stock
solution of each dye (MB and MG: 1000 mg/L;
CV: 50 mg/L,) was introduced at a flow rate of
1 mL/min along the sides of the column. The
effluent was collected into a small beaker and the
absorbance was measured at the corresponding
absorption maximum of each dye using a visible
spectrophotometer. The concentrations and thus
the proportions of dye adsorbed were estimated
using the following formula:

%Adsorptionz[:I1L % % 100 (1)

1
where D, and D, are the concentrations of dyes
before and after adsorption, respectively.

Application to removal of dyes from industrial
effluent

A 10 mL portion of industrial effluent was
mixed with 10 mL of separate 2000 mg/L standard
aqueous solutions of MB, MG, and CV. From this,
precisely 5 mL of the solution was drawn into a
syringe and then introduced into a column filled
with 0.25 g of NaOH-LLPh adsorbent. All within
the confines of carefully optimized experimental
conditions, the effluent from the column was
collected in a beaker, and its absorbance at the
respective wavelength of maximum was measured.
The procedure has been repeated two more times.
The mean percent adsorption of each dye was
calculated by using the formula described above.

Characterization of Adsorbent
Recording of FTIR Spectra

The FTIR analysis of adsorbent before and
after adsorption was carried out using KBr pellets
and recorded in the range from 500 — 4000 cm™.
Different peaks of vibrations were identified and
correlated with the functional groups present in the
subjected individual samples.



S. H. Paramesh, et al. / Lablab purpureus as chromatrap for removal of three hazardous organic cationic dyes from water

Scanning electron microscopic (SEM) study of
adsorbent

The SEM experiment was performed using the
instrument with a thermionic emission electron
source under variable pressure mode. The optimal
images were captured at an accelerating voltage of
10000 V, a working distance of 6500 pm, and an
emission current of 99000 nA. The fast scan speed
was maintained during the recording of images.

Physicochemical analysis
Moisture content

To determine the moisture content of the
NaOH-LLPh, the temperature of the hot air oven
was set to a temperature of 105 °C. A thoroughly
cleaned crucible containing 1g of the NaOH-LLPh
adsorbent was placed in the oven for 4 hours. The
crucible was carefully removed and brought to
room temperature. The adsorbent was weighed
and the moisture content was then calculated
using the formula:

My,—M
Moisture Content (MC)= ii—t ®* 100 ()
o
where, M| and M, are the weight of adsorbent
before and after heating, respectively.

Ash content

A 1g of NaOH-LLPh adsorbent was weighed
carefully and placed in a clean, dry crucible and
resided in a muffle furnace maintained at 500°C for
4 hours. It was then taken out of the furnace and
placed in a desiccator to cool to room temperature.
It was then reweighed. The adsorbent’s ash content
(AC) was then estimated using the formula:

Ash Content (AC) = et ®* 100 (3)

My

where M and M_ are the recorded weights of
adsorbent before and after furnacing, respectively.

Volatile Matter (VM)

An accurately weighed 1g of the NaOH-LLPh
was taken in a crucible and heated in a muftle
furnace set to 500°C for 8 minutes. Then, the
adsorbent was removed and the Volatile Matter
(VM) was calculated by using the formula:

it | 1= I.‘ds

Volatile Matter (VM)= * 100 (4)

ly
where M, and M, are the initial and final weights
of the adsorbent, respectively, in the experiment.

Fixed carbon content (FCC)

It was determined by subtracting the percentage
of MC, AC, and VM from 100%, i.e.,

Fixed carbon content (FCC)
(MC+AC+VM) --------- (5)

The experiments were also performed to
determine the MC, AC, VM, and FCC of dyes
by following the procedure described above for
adsorbent.

=100% -

RESULTS AND DISCUSSION

The LLPh proves to be a promising adsorbent
thanks to its anticipated composition, much
like other plant materials. It comprises a diverse
array of organic compounds, encompassing
cellulose, hemicellulose, lignin, and numerous
other constituents. Following thorough washing
with both alkali and water, all soluble species are
effectively eliminated. Consequently, the activated
husk, NaOH-LLPh, endowed with a variety of
adsorption sites, is expected to exhibit excellent
performance in adsorbing dyes, namely, MB, MG,
and CV, as demonstrated in this pioneering study.

The adsorbent has been subjected to FTIR and
Scanning Electron Microscopic (SEM) studies
before and after adsorption to ensure the expected
process.

FTIR spectroscopic study

The FTIR spectra of NaOH-LLPh were
recorded before and after adsorption. The
adsorbent exhibited three distinct absorption peaks
at 1023.80, 1609.92, and 3338.67 cm™ (Fig. 2a).
These peaks are likely attributed to the C-O and
C=C stretching vibrations within the adsorbent.
The peak at 3338.67 cm™ is concerned with the
stretching vibration of O-H bonds.

The spectrum of the adsorbent after the
adsorption of MB is presented in Fig. 2b. Among
the total of eight peaks observed, five are significant:
around 1096 cm™ for C-S stretching, 1147 cm™ and
1252 cm™ for C-N stretching, and 1337 and 1394
cm'! for C-H bending vibrations of MB.

In Fig. 2c and 2d, absorption peaks at around
1300 and 1400 cm' are evident, which can be
attributed to the presence of C-N stretching and
C-H bending vibrations in amine and alkyl groups
of MG and CV. Additionally, there are additional
peaks in Fig. 2d and they are at 800 cm™ (out-of-
plane C-H bending vibrations), approximately
1200-1300 cm™ (C-N stretching), 1550 cm™ (C=C
stretching), and around 2800-2900 cm’ (C-H
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Fig. 2. FTIR spectra of (a) NaOH activated, (b) MB-, (c) MG - and (d) CV- adsorbed adsorbent
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Fig. 3. SEM images captured at an accelerating voltage of 10000 V, a working distance of 6500 pm, and emission current of 99000 nA
for a) the activated husk (adsorbent) (3000X) magnification and b) husk after adsorption of dye.

Table 2. Results of the study of physicochemical characteristics of activated Lablab purpureus husk

Parameter MC+SD, %

AC+SD, %

VM=+SD, % FCC+SD, %

Value* 2+0.021

1.27+0.006

93.93+0.87 1.8+0.01

Equipment- MC: Hot air oven; AC: & VM: Muffle Furnace.

Temperature (°C)- MC: 105; AC & VM: 500
Duration- MC & AC: 4 h; VM: 8 min
The mean value of 3 determinations.

Table 3. Physicochemical properties of dyes of study

Property Value*

MB MG CVv
Melting point (MP),°C 108 164 205
Moisture content (MC), % 15.00 7.00 8.00
Ash content (AC), % 1.00 5.68 1.50
Volatile matter (VM), % 78.07 82.6 86.4
Fixed carbon content (FCC), % 5.93 4.72 4.10

Equipment- MC: Hot air oven; AC: & VM: Mulffle Furnace.

Temperature (°C)- MC: 105; AC & VM: 500
Duration- MC & AC: 4 h; VM: 8 min
The mean value of 3 determinations.

stretching). These peaks unmistakably indicate the
characteristic presence of CV on the adsorbent.

The identification of specific functional groups
on the surface of the NaOH-LLPh provides valuable
insights into the molecular interactions and
adsorption mechanisms involved in the adsorption
of MB, MG, and CV [37, 73].

SEM Analysis of adsorbent

The Scanning Electron Microscopic (SEM)
analysis was performed using an acceleration
voltage of 10 kV to examine the surface properties
and structural attributes of the adsorbent both
before and following the adsorption process. The
SEM produced crisp images of the NaOH-LLPh at
the nanoscale. At high magnification, the photos
revealed convolutions, small pores, and up and

down surfaces on the adsorbent’s surface. The
emergence of an exposed surface in Fig. 3a and
the subsequent concealment of certain spots, as
depicted in Fig. 3b, provided the confirmation of
adsorption occurring on the material’s sites.

Physicochemical values of adsorbent

The experimental results of MC, AC, VM, and
FCC of adsorbent and the dyes are summarised
in Tables 2 and 3. As shown in Table 2, it is clear
that the NaOH-LLPh exhibited perfect behavior in
attracting colors via surface phenomena without
enduring its destructive pathway after treatment.

Optimization of experimental parameters
The experimental parameters: adsorbent dose,
dye concentration, contact time, flow rate, and pH
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Fig. 4. Plots showing the effect of adsorbent dosage on %adsorption of (a) MB (1000 mg/L), (b) MG (1000 mg/L), and (c) CV (50 mg/L)

at volume 5 mL and flow rate of 1 mL/min

were investigated. The optimization was carried out
by altering the parameter of interest while holding
the others constant.

Adsorbent dose

For each dye, different amounts of the NaOH-
LLPh adsorbent material were used. To determine
the adsorbent load, the effects of flow rate,
adsorption capacity, volume of introduction, and
speed of removal were considered. The amount of
adsorbent in the column was specifically designed
to improve removal efficiency. Thus, of the 0.05 to
0.30 g of material load in the column, the feasible
and maximum percentage of dye removal was
recorded at 0.25g. As a result, the column was filled
with 0.25 g of adsorbent to remove the dyes. The
effect of adsorbent dosage on percent adsorption is
presented in Fig. 4.

Effect of concentration of dye

To accurately determine the adsorption
capacity of the NaOH-LLPh adsorbent the
amount of dye that can be adsorbed per unit mass
needs to be fixed. Therefore, in evaluating the
efficiency of the adsorbent material, in a series
of separate experiments, 5 mL aliquots of varied
concentrations of MB, MG, and CV dyes were
passed through the column filled with NaOH-
LLPh to cap the concentrations. The resultant
effluent of each case was spectrophotometrically
measured at the wavelength maxima of 590, 668,
and 624 nm for CV, MB, and MG, respectively.
It was discovered that utilizing 0.25 g of NaOH-
LLPh, 50 mg/L CV was efficiently removed up to
87.98% as shown in Fig. 5(a-c). Up to 1000 mg/L
of both MB and MG were effectively removed to
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an extent of more than 98% by using the same dose
of adsorbent. Concentrations of MB exceeding
1000 mg/L necessitated extended contact times to
achieve removal rates exceeding 98%. As a result,
the threshold concentration for effective MB
removal was established at 1000 mg/L.

Effect of pH on adsorption of dyes

The pH influence on the adsorption of MB,
MG, and CV dyes was studied. The experimental
results revealed that each dye has a different pH
dependence. The pH was adjusted between 2 and
11 for each dye to investigate the effect. Following
elution via the column, the corresponding
percentage elimination of CV, MB, and MG dyes
was computed and the effect was depicted in Fig.
6. According to the experimental data, the highest
removal of CV was seen at pH 2, resulting in a
removal percentage of 87.98. This may be attributed
as at pH 2, CV is likely to be positively charged due
to its basic nature. This positive charge facilitates
its adsorption onto adsorbents, leading to effective
removal. For MB, pH between 4 and 5 resulted in
the highest removal rates, reaching >98%. The dye
MB exhibits optimal removal between pH 4 and
5 using NaOH-LLPh. The charge and solubility
characteristics of MB are conducive to adsorption
under slightly acidic conditions. It forms a stable
complex with the NaOH-LLPh at this pH range.
When it comes to MG dye, pH 3 was shown to be
the best level, with a removal rate of 98.64%. This is
probably due to similar pH-dependent charge and
solubility effects. It is positively charged at lower
pH levels, enhancing its adsorption to surfaces of
NaOH-LLPh.
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Fig. 5. Effect of concentration of (a) MB, (b) MG, and (c) CV on adsorption to 0.25 g of the active adsorbent at the flow rate of 1 mL/
min at the operating pH of 2, 4.5, and 3, respectively, under the room temperature.
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Fig. 6. Effect of pH on removal of MB, MG (both 1000 mg/L), and CV dye (50 mg/L) using 0.25 g of adsorbent at the operating pH of
2,4.5, and 3, respectively for elution at a flow rate of 1mL/min under room temperature

Effect of contact time

Experiments were carried out to optimize
the contact time at room temperature to obtain
maximum dye removal. A 5 mL solution containing
a specified concentration of CV (50 mg/L), MB, and
MG (both 1000 mg/L) was eluted using a column
filled with 0.25 g of adsorbent. The elution process
was carried out after a residence time ranging from

2 to 20 minutes, and the removal rate was evaluated.
The removal rate was found to be essentially stable
throughout the various contact times examined.
This shows that the contact period had a negligible
effect on the dye removal.

Effect of Flow Rate

The effect of the flow rate of dye on removal
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Fig. 7. Study of the effect of the flow rate of dye through the column for adsorption of MB, MG (800 mg/L), and CV (40 mg/L) on 0.25
g of activated husk at the operating pH of 2, 4.5, and 3, respectively under room temperature

efficiency was examined while keeping the
adsorbent weight constant at 0.25 g. Flow rates
ranging from 0.5 mL/min to 5 mL/min were
evaluated. At the flow rates between 0.5 and 1.0 mL/
min, an almost consistent percentage of adsorption
of CV, MB, and MG was observed. According to the
findings, as the flow rate increased, the proportion
of dye elimination reduced. At greater flow rates,
the contact period between the dye molecules and
the adsorbent is shortened. We established that
the optimized flow rate for the dye was 1 mL/min,
as it was observed after careful consideration of
the experimental findings. However, higher flow
rates of 5 mL/min and above were found to make
liquid elution through the column challenging.
Fig. 7 depicts the fluctuations observed during the
adsorption of CV, MB, and MG at various flow
rates.

Chemical stability of adsorbent

The chemical stability of NaOH-LLPh was
assessed acrossarange of organicandacidicsolvents.
This evaluation involved the use of solvent-washed
and sun-dried material. The solvents employed in
the treatment included methanol, ethanol, acetone,
diethyl ether, methyl acetate, methyl benzoate, 0.1
M solutions of HCI, HNO,, HCIO,, acetic acid,
oxalic acid, and tartaric acid. The experimental
investigation demonstrated that the adsorption
capacity of NaOH-LLPh for MB, MG, and CV
remained unaffected when utilizing the adsorbent
treated with methanol, ethanol, acetone, diethyl
ether, methyl acetate, methyl benzoate. The average
percentage adsorption values for MB, MG, and
CV on NaOH-LLPh post-treatment with the
solvents were found to be 96.23, 97.52, and 87%,
respectively, with corresponding relative standard
deviations of 2.13, 1.89, and 1.88%. However, the
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adsorption capacity of NaOH-LLPh adsorbent
treated with 0.1 M solutions of HCI, HNO,, HCIO,,
acetic acid, oxalic acid, and tartaric acid declined
very marginally. The mean percent adsorption of
MB, MG, and CV observed were 91.45, 86.45 and
81.26%, respectively. This provided conclusive
evidence of the exceptional chemical stability of the
adsorbent in these solvents.

Adsorption isotherm studies

Adsorption  isotherm  studies  provide
information on the interaction between adsorbent
and adsorbate [73], as well as the underlying
process. Attempts were made to investigate the
adsorption of MB, MG, and CV on the adsorbent’s
surface. Adsorption isotherm analysis determines
the relationship between the concentration and
amount of dye accumulated on the surface of a
certain amount of adsorbent under equilibrium
conditions. To explain the adsorption process
mathematically, the Langmuir and Freundlich
adsorption isotherm models were used. According
to the Langmuir isotherm model, the adsorbent
surface is created with a single layer on the
adsorbent’s outer surface [43]. It confirms that the
adsorbent surface has uniform adsorption sites, i.e.,
ahomogeneous surface. Hence, the energy required
for dye adsorption is uniform over the adsorbent’s
surface [73]. The Freundlich isotherm model, on
the other hand, explains the non-uniform structure
of the adsorbent’s heterogeneous outer surface [67].
As a result, the energy required to adsorb the dye
on the adsorbent’s surface varies across the surface.
The following is the mathematical expression for
the Langmuir isotherm model [73]:

C 1 C
== —+ == (6)
de bam dm
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Table 4. Separation constant (Rr) values for MB, MG, and CV adsorption at their different concentrations

MB MG CcvV
Concentration of dye, Ri. (mg/L) Concentration of dye, Ry Concentration of dye, Ry
mg/L mg/L (mg/L) mg/L (mg/L)
2500 0.04588 1000 0.07616 200 0.0106
2600 0.0442 1500 0.0521 400 0.0053
2700 0.04263 2000 0.03959 600 0.0035
2800 0.04117 2500 0.03192 800 0.0026
2900 0.03981 3000 0.02674 1000 0.0021
3000 0.03853 - - - -

Table 5. Isotherm parameters for the adsorption of MB, MG, and CV

Parameters

Dye  Isotherms R?

MB Freundlich 0.7254
Langmuir 0.9910

MG Freundlich 0.9729
Langmuir 0.9958

Ccv Freundlich ~ 0.7275
Langmuir 0.6709

n=1.92627, K= 3.1561 mg/g
b=0.00832, qu=0.00034
n=8.86003, K= 2.3961 mg/g
b=0.01213, qu=0.0002534
n=0.26130, K= 8.9892 mg/g
b=0.4726, qu=0.01334

where C_is the equilibrium concentration of
dye (mmol/L), q, is the amount of dye adsorbed
per unit weight of adsorbent, q_ is the adsorption
of dye on unit weight of adsorbent at a time (t)
or adsorption capacity (mmol/g) or monolayer
capacity. The terms b and q_ were determined from
the intercept and slope of the C/q v/s C_ plot,
respectively.

The mathematical equation for Freundlich
isotherm model is given below [68]:

log (q,) =log (k) +log (C) /n (7)

where k. and n are empirical parameters that
reflect sorption capacity and sorption intensity,
respectively. These parameters are computed by
plotting log(q,) versus log(Ce). If 1/n is less than
one, it implies normal adsorption; n = 1 indicates
that the partition between the two phases is
independent of concentration; and 1/n more than
one shows cooperative adsorption.

The Langmuir isotherm was described in terms
of a dimensionless constant called the separation
factor (R, ), as indicated in the equation below [73]:

1

RL = Tbcn} (8)

where C_ is the initial dye concentration and b
is the Langmuir constant. The separation factors
(R,) are shown in Table 4. It is well understood that

if the R value is more than one, adsorption is very
low or negligible, R =1: adsorption is linear, and
R <1: adsorption is outstanding. Tables 4 and 5
present the experimental outcomes of the study.
Figs. 8 and 9 (provided as supplementary file: SF)
show the experimental Langmuir and Freundlich
adsorption isotherm graphs, respectively.

By analyzing the R>and R, data in Tables 4 and
5, it is clear that MB and MG are well suited to the
Langmuir isotherm model, but CV is well fitted
with the Freundlich isotherm model.

Kinetics studies

The kinetic studies were carried out under
optimal conditions, which included passing
1000 mg/L MB and MG dyes, and 50 mg/L CV
through a 0.25g packed adsorbent column with a
contact time ranging from 20 to 100 min, eluted
at a flow rate of 1 ml/min, and taking absorbance
measurements of the eluate. These investigations
sought to study the dye’s interaction with the
adsorbent over time as well as its efficiency [44].
To undertake kinetic analyses on experimental
data, mathematical equations were employed
to determine the mechanism of adsorption and
its rate-controlling or rate-determining steps,
which can differentiate between mass transport
and chemical reaction. Using experimental data,
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Table 6. Results of pseudo-first-order model for adsorption of MB, MG, and CV on activated Lablab purpureus husk

Dyes  Concentration of dye, mg/L  qeexp value, mg/L  kiinmin'  gecalc value, mg/L R?

MB 3000 1.17954 0.005169 0.41754 0.73454
MG 3000 2.508277 0.004276 0.27819 0.73688
CvV 1000 4.093495 0.004445 0.471255 0.92821

Table 7. Results of the study of a pseudo-second-order model for MB, MG, and CV adsorption on activated Lablab pupureus husk

Dyes Concentration of dye, mg/L e exp value, mg/L koin min™! qe calc value, mg/L R?
MB 3000 0.28082 1.679565 0.277846 0.999107
MG 3000 0.243583 0.000345 0.27819 0.999768
CvV 1000 1.067744 0.019027311 0.471255 0.976855

pseudo-first order and pseudo-second order
models were used to determine the kinetics of
adsorption and this provided insights into the
rate constants and mechanism. The regression
coefficient or correlation coefficient (R?) and
experimental q values were used to determine the
applicability of the kinetic models.

The following is the mathematical expression
for the pseudo-first-order model [73]:

log(q. — q.) =logq, — k,t 9)

where q_ is the amount of dye adsorbed (mg/L)
at equilibrium, q, is the amount of solute adsorbed
per unit weight of adsorbent at time t (mg/g), and
k, is the rate constant for the pseudo first-order
model. The graph of log(q.-q,) against t can be
used to find the values of k, and q, using slope and
intercept, respectively. Table 6 displays the findings
of these studies.

The following is a mathematical representation
of the pseudo-second-order model [73]:

T 1

at kyag

where k, is the pseudo-second-order models
rate constant. The slope and intercept of t/q, versus
t graph were used to derive the values of k, and
q,, respectively. Fig. 10 and 11 (in SF) depict the
corresponding kinetic models. Table 7 summarises
the acquired results of this study.

The experimental data reported in Tables 6
and 7 for k, k, and R? indicate that the adsorption
of MB, MG, and CV dyes followed the pseudo-
second-order kinetics model.

+ tq,. (10)
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Application to removal of dyes from spiked industrial
effluent samples

The proposed adsorbent was employed to
extract CV, MB, and MG from industrial effluent
water samples spiked with known amounts of
standard solutions. Table 8 shows the percentage
of dye estimated after adsorption. The results show
that utilizing NaOH-LLPh adsorbent, the dyes
CV, MB, and MG can be removed up to 87.98%,
97.63%, and 99.10%, respectively.

Thermodynamic studies

The effect of temperature on the adsorption of
MB, MG, and CV was studied. The MB and MG
were taken at 600 mg/L and CV at 40 mg/L. The dye
adsorption and elution procedure was performed
for each dye separately at 298, 303, 308, and 313
K. The changes in Gibbs free energy (AG®), entropy
(AS°), and enthalpy (AH") were determined [74]
using the Van't Hoft equation. The results of
thermodynamic studies are presented in Table
9. The results of negative AG° values and positive
AH° values indicated the spontaneous endothermic
process of adsorption.

Adsorption mechanism

The primary challenge in a study on adsorption
lies in comprehending the adsorption mechanism.
Nevertheless, before grasping this mechanism, it’s
essential to take into account two factors: firstly,
the structure of the adsorbate, and secondly, the
surface properties of the adsorbent. It's worth
noting that MB, MG, and CV are cationic dyes
containing amine groups within their composition.
In aqueous solutions, the dyes dissociate into MB*,
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Table 8. Results of application of the proposed Lablab purpureus husk as adsorbent to remove
MB, MG, and CV from spiked water samples (industrial effluents)

Dye Concentration spiked, mg/L Concentration found +SD, mg/L %Adsorption
500.0 15.00+1.01 97.00
MB 600.0 21.60£0.89 96.40
700.0 16.59+0.88 97.63
500.0 04.50+1.56 99.10
MG 600.0 10.62+1.22 98.23
700.0 12.74+0.97 98.18
30.0 03.87+0.56 87.10
CvV 40.0 04.81+0.61 87.98
50.0 06.55+0.80 86.90

Injection volume 5 mL; Flow rate: 1 mL/min; Adsorbent dose: 0.25 g; Temperature 25 °C;
Operating pH for MB, MG and CV are 2, 4.5 and 3, respectively.

*Mean value of three determinations

Table 9. Results of thermodynamic studies for adsorption of MB, MG, and CV on the adsorbent

Dye  Concentration, Temperature, Change in Gibb’s Change in standard Change in standard
mg/L K Free Energy, AG’, entropy, AS", enthalpy, AH’,
kJ/mol J/K/mol kJ/mol
MB 600.0 298 -32.15
303 -33.09
308 -34.25 0.214988 31.96878
313 -35.35
MG 600.0 298 -33.16
303 -34.18
308 -35.21 0.204213 27.69451
313 -36.22
Cv 40.0 298 -27.12
303 -28.22
308 2928 0.212105 36.068
313 -30.30

MG*, CV* ions, and Cl ions [37, 61]. Treatment
with NaOH alters the morphology of the adsorbent,
eliminates hemicelluloses and lignin components,
reduces silica content, and likely increases the
crystallinity of the cellulose fraction. This may
promote chemical interactions between the more
exposed hydroxyl groups of the adsorbent and the
dye ions. The mechanical bonding takes place more
readily as the dye ions penetrate the adsorbent
microstructure [37, 61].

Therefore, the adsorption of the studied dye onto
the surface of the adsorbent, which is the NaOH-
activated Lablab Pupureus husk (NaOH-LLPH),
likely occurs because of the creation of surface
hydrogen bonds between the hydroxyl groups of
the sorbent and the nitrogen atoms within the dyes.
The mechanism for a dye-hydrogen ion exchange
process is outlined as follows [37, 61]:
NaOH-LLPH - OH = NaOH-LLPH - O" + H*

NaOH-LLPH - O™ + Dye* = NaOH-LLPH - O -
Dye* + H".

CONCLUSION

The chroma trap procedure was used
to remove three ionic organic dyes, CV, MB, and
MG using a novel bio adsorbent, NaOH-activated
Lablab purpureus husk, which is one of the most
commonly available natural materials. Adsorption
capacity was found to be increased in the alkali-
treated adsorbent. The pictures of SEM analysis
inferred the probable adsorption of dyes onto the
surface of the natural biodegradable adsorbent.
The adsorption surface and numerous parameters,
including dye concentration, adsorbent dose, dye
pH, contact time, and flow rate, were evaluated, and
optimized, and were found free from complexities.
The findings of Langmuir and Freundlich’s
adsorption isotherm experiments are described,
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and they show that CV, MB, and MG adsorb well on
the adsorbent. Kinetic studies revealed the pseudo-
second-order adsorption model on the material.
This first-ever and novel column chromatographic
adsorption approach is found to be the most cost-
effective way to remove CV, MB, and MG. The
proposed adsorption method for spiked water
samples produced outstanding findings that
correlated with those that evolved to a greater
degree of agreement. A comparative evaluation
of the effectiveness of previously documented
techniques for eliminating MB, MG, and CV using
various husks as adsorbents has been carried out.
As outlined in Table 1, it is clear that the use of
NaOHe-activated Lablab purpureus husk in this
investigation surpasses other studies that employed
different husks as adsorbents for the elimination of
MB, MG, and CV. This superior performance can
be attributed to its exceptional adsorption capacity,
straightforward elution process, and uncomplicated
removal mechanism. Despite recent advancements
in the field of nanocomposites for sono-sorption
[75, 76], this straightforward adsorption method
for dye removal should be prioritized. This novel
adsorbent holds promise for a wide range of
industries seeking to remove harmful organic dyes
from their wastewater.
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