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ABSTRACT 
Papaya leaf stalks (PLS) were utilized in the current research to eliminate Amaranth (AM) dye from 
an aqueous medium. PLS was characterized through various techniques, including BET/BJH, pHPZC, 
XRD, FTIR, FESEM, and EDX. The FTIR analysis unveiled that -OH (hydroxyl), -C¼O (carbonyl), and 
-COOH (carboxylic) groups were involved in binding AM to the surface of PLS. Batch mode 
adsorption tests were conducted, and various operational variables like pH, the mass of PLS, AM 
dye concentration, contact duration, stirring speed, temperature, and regeneration of the PLS 
were investigated. The maximal AM removal efficiency of 91.1 ± 2.601% was observed at pH 2.0. 
The pHPZC of the PLS was determined to be 5.5. The experiment results were analyzed using iso-
therm models (Freundlich, Temkin and Langmuir) and kinetic models (pseudo-second-order and 
pseudo-first-order). The pseudo-second-order kinetic and Langmuir isotherm models provided the 
best fit. The maximal sorption uptake of AM dye on PLS was achieved at 121.3 ± 1.493 mg/g at 
298 K. The thermodynamic variables indicated that the sorption process was spontaneous (DGo <
0), exothermic (DHo > 0), and feasible (DSo > 0) at different temperatures. The AM adsorption on 
PLS was mainly due to electrostatic interactions. Desorption tests were also carried out to investi-
gate the feasibility of regenerating PLS, and 89.2 ± 1.184% of the adsorbed AM was recovered 
using 0.2 M-NaOH. The reusability results indicated that 76.9 ± 2.204% of the adsorption efficiency 
could still be maintained even after six cycles. These results demonstrate that PLS is an environ-
mentally friendly and suitable material for removing AM from wastewater.
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1. Introduction

In recent years, the global focus has shifted toward sustain-
able development policies, prompted by the rapid advance-
ment of industrial technology and the diminishing 
availability of natural resources. Notably, the pollution of 
water resources by various countries has become a central 
concern. Synthetic dyes play a pervasive role across diverse 
industries, including textiles, leather, cosmetics, pharmaceut-
icals, petrochemicals, and others, with a worldwide annual 
production and utilization rate of approximately 700,000 
metric tons.[1] Among the hazardous water pollutants, syn-
thetic dyes stand out, containing components that pose tox-
icity, carcinogenicity, teratogenicity, or mutagenicity risks to 
aquatic organisms and humans.[2]

Amaranth (AM), a dark red water-soluble synthetic dye 
extensively used in the beverage and food industry, also 
serves as a coloring agent in phenol-formaldehyde resins, 
wood, textiles, leather, and paper. However, during these 
processes, some excess dye gets into the water.[3,4] If this 
dye-laden wastewater is not treated before being discharged 
into surface waters, it can significantly affect the water’s 
transparency and esthetics. Furthermore, they may impede 
sunlight and oxygen penetration, posing harm to aquatic 
life.[5] Additionally, AM dye is associated with various 
adverse health effects, including mutagenicity, birth defects, 
allergies, cytotoxicity, respiratory problems, carcinogenicity, 
genotoxicity, and tumors.[6] Therefore, it is vital to eliminate 
AM dye from wastewater before it is discharged into the 
environment by employing a proper treatment method.

Many treatment technologies, including ultrafiltration, 
ion exchange, photocatalysis, oxidation, and biological deg-
radation, have been applied to eliminate dyestuffs from 
wastewater.[7] However, these methods encounter challenges 
such as non-scalability, intricate operations, high generation 
of secondary chemical waste, and elevated removal costs. 
Consequently, there is a pressing need for the development 
of technologies that are efficient, cost-effective, low-energy 
consuming, and generate minimal secondary waste. In light 
of this, adsorption has emerged as a promising approach. 
Intensive efforts have been directed toward identifying effi-
cient adsorbents for removing dyes from contaminated 
water.

While activated carbon derived from coal has proven 
effective as an adsorbent for dye removal, its widespread 
application is hindered by high production costs.[8] 

Consequently, the development of low-cost bio-based bio-
sorbents becomes imperative for practical applications. 
Careful consideration is essential in selecting adsorbents, as 
achieving a delicate balance is crucial in developing bio- 
based materials. This balance should encompass factors such 
as adsorption efficiency, development costs, practical applic-
ability, and the final disposal process after biosorption. 
Many sorbent materials obtained from natural resources like 
banana peel,[9] manila tamarind seed powder,[10] citrus lime-
tta peel,[11] papaya bark fiber,[12] sugarcane bagasse,[13] litchi 
leaves powder,[14] corn stalks,[15] eucalyptus angophoroides 
bark,[16] avocado seed powder,[17] etc have been used for 
removing dyes from wastewater.

Modifying and functionalizing the surfaces of adsorbents 
derived from biomass is crucial for increasing their adsorp-
tion uptake and selectivity. Altering the surface through 
processes such as activation, functionalization, and impreg-
nation with specific reagents or chemicals introduces new 
functional groups and enhances the number of sorption 
sites. This results in improved selective sorption behavior 
based on the incorporated functional groups. Introducing 
charged moieties on the surface leads to selective behavior, 
allowing the targeting of pollutants with opposite charges. 
These modifications are attributed to an increase in adsorp-
tion sites and the addition of functional groups, which in 
turn enhances the efficiency of the adsorbent in mitigating 
contaminants. Various factors influence adsorption uptake, 
including size and charge of the adsorbate, surface area, por-
ous structure, surface chemistry (functional groups), and 
interactions between the adsorbent and adsorbate.[18] 

Various waste biomaterials, including cationic amino-modi-
fied walnut shell,[19] acid treated lathyrus sativus husk,[20] 

base modified artocarpus odoratissimus leaves,[21] pine cone 
powder modified with b-cyclodextrin,[22] activated carbon 
from peanut shell,[23] etc., have been studied as adsorbents 
to remove dyes from wastewater. However, in some cases, 
the intrinsic properties of unaltered materials can yield bet-
ter results than modified ones, especially regarding costs, 
environmental effects, biodegradability, non-toxicity, renew-
able nature, and the specific requirements of the required 
adsorption process.

The fruit-bearing plant papaya, scientifically known as 
Carica papaya, is native to Central and South America. Now 
this is cultivated in numerous tropical and subtropical 
regions globally. It is a compact, rapidly growing tree with 
the potential to reach heights of up to 10 meters, although it 
typically remains shorter. The leaves are characterized by 
large size and deep lobes and the trunk is soft and sappy. 
Papaya leaf stalks (PLS) refer to the slender, elongated stems 
linking the papaya leaves to the tree’s main trunk. Despite 
often being disregarded, these leaf stalks contain beneficial 
compounds and can serve various purposes. In traditional 
medicine, PLS is sometimes utilized to address various 
health issues, including fever, malaria, and dengue fever. 
The PLS is a fibrous material that contains various func-
tional groups like amine, hydroxyl, carbonyl, and carboxyl 
groups. PLS are also rich in cellulose, hemicellulose, and lig-
nin, which are all complex organic compounds that can aid 
in the adsorption of pollutants in wastewater. The PLS’s 
fibrous structure and high surface area allow them to adsorb 
pollutants and contaminants from the wastewater effectively. 
No studies have been reported on the PLS as an adsorbent 
for AM dye removal.

The objectives of this study were to evaluate the feasibil-
ity of using PLS to eliminate AM from aqueous media. 
Various characterization techniques, such as BJH/BET, XRD, 
pHPZC, FTIR, EDX, and FE/SEM, were employed to com-
prehensively analyze the surface characteristics of PLS before 
and after adsorption. The effects of different process varia-
bles, including pH, PLS dose, initial AM dye concentration, 
contact duration, and temperature, on adsorption were 
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investigated, and conditions were optimized. The pseudo-second 
and first-order kinetic models were used for the analysis of the 
kinetic adsorption data. The Temkin, Freundlich, and Langmuir 
isotherm models described the equilibrium data. Thermodynamic 
variables, including enthalpy, Gibbs free energy, and entropy, 
were evaluated based on the results at various temperatures. 
Additionally, the reusability of PLS was tested. The adsorption 
mechanism of AM dye uptake onto PLS was discussed.

2. Materials and methods

2.1. Reagents and chemicals

Sodium hydroxide (NaOH) and hydrochloric (HCl) acid were 
purchased from Merck (Germany), and Amaranth (AM) dye 
was obtained from Sigma-Aldrich (USA). Table 1 displays the 
structure of the AM dye and its key chemical properties. Each 
chemical was employed as a foundation and was of the quality 
of an analytical reagent. All the compounds were dissolved in 
an aqueous solution made using deionized (DI) water that 
had been prepared in the laboratory.

2.2. PLS preparation

Locally sourced papaya leaf stalks (PLS) were wholly cleaned 
with DI water to eliminate impurities and dirt. The stalks 
were then sliced into small pieces and dried in an oven at 
80 �C for 24 h. After drying, the PLS was permitted to cool 
at room temperature and then crushed in a mixer grinder 
before being sifted through a 35-mesh sieve tray. Lastly, the 
prepared adsorbent was stored in an air-tight polythene bag.

2.3. Characterization

Field Emission-Scanning Electron Microscope (FE/SEM, 
JEOL, JSM-7610F, Japan) evaluated the surface morphology 
of the PLS before and after sorption. This was applied in 
conjunction with Energy Dispersive X-ray (EDX, UK, 

Oxford Instruments) analysis to get data on the elemental 
composition. Before scanning, the materials were coated 
with gold to improve electron conductivity. The micro-
graphs were examined at 500x magnification. Fourier 
Transform Infrared (FTIR, Thermo Fisher, Nicolet iS10, 
USA) instrument was used to characterize the functional 
groups of PLS before and after sorption at the wavelength 
range of 4000 to 400 cm−1. A KBr pellet has been used for 
FTIR measurement, which is prepared by mixing the sam-
ples with IR grade KBr in the ratio of 1:100 by weight. The 
crystalline nature of PLS was examined using an X-ray 
Diffractometer (XRD, Advance Bruker D8, Germany) using 
CuKa radiation (k¼ 1.5417 Å) associated with Kb filter at 
room temperature at a voltage of 30 kV and 30 mA. The 
material was scanned at a rate of 5� per minute to obtain 
XRD structural data. The radiation intensity was plotted 
against 2h ranging from 10 to 80�. The pore volume, surface 
area, and pore radius of the PLS were measured by conduct-
ing N2 adsorption-desorption isotherm with Brunauer 
Emmett Teller (BET) and Barrett Joyner Halenda (BJH) 
methods by employing a Quantachrome Autosorb-iQ ana-
lyzer (USA). Before the analysis, sample degassing was done 
at 100 �C for 4–6 h. A UV Vis spectroscopy (JSACO, V750, 
Japan) was utilized to determine the residual dye concentra-
tion. The solid addition method determined the PLS’s point 
of zero charges (pHPZC). In this experiment, solutions with 
different pH values (2.0 to 11.0 ranging) were prepared by 
adding 0.1 M NaCl (30 mL each). The pH mediums were 
then adjusted using 0.1 M-HCl and 0.1 M-NaOH. After that, 
50.0 mg of the PLS was added to each solution, and the mix-
ture was agitated at 25 �C for 24 h. Following this, the sus-
pension was filtered to separate the PLS and the final pH of 
the supernatant solution was determined using a digital pH 
meter (A214 Thermo Orion Star, USA). The variation 
between the initial and final pH values (DpH¼ final - initial) 
was calculated, and a plot was made by plotting DpH versus 
the pH initial values. The pHPZC value was obtained from the 
plot by identifying the point where the curve intersects the X- 
axis, indicating that the DpH is 0.

Table 1. Structure and physiochemical characteristics of AM dye.

Structure

IUPAC name Trisodium (4Z)-3-oxo-4-[(4-sulfonato-1-naphthyl)hydrozono]-3,4-dihydro-2,7-naphthalenedisulfonate
Nature Anionic
Chemical formula C20H11N2Na3O10S3

Molecular weight 604.473 g/mol
kmax 520 nm
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2.4. Adsorption and desorption experiments

Amaranth (AM) dye adsorption tests under various condi-
tions were carried out, such as shaking time (50–400 min), 
pH solution (2.0–11.0), initial AM concentration (20–200 m/ 
L), the dose of PLS (10–80 mg), and temperatures (298– 
328 K). In each test, a known amount of PLS was added to 
30 mL of dye solutions and was kept in polypropylene tubes. 
The pH of the dye solution was adjusted using 0.1 M solu-
tions of HCl/NaOH. The reaction mixtures were placed in a 
shaker under constant agitation. The collection of samples 
occurred at designated time intervals, and the adsorbents 
were separated by centrifugation at 3000 rpm for 10 min. 
The concentration of unadsorbed AM dye was subsequently 
ascertained using a UV/Vis spectrophotometer. The batch 
sorption tests were conducted multiple times, and the aver-
age values were used for data analysis. Finally, the removal 
(R%) and adsorption capacity (qe) of AM dye over the PLS 
were estimated by the following equations:

R% ¼
Co − Ce

Co

� �

� 100 (1) 

qe ¼
ðCo − CeÞV

M
(2) 

where qe (mg/g) signifies the quantity of adsorbate removed 
by a PLM at equilibrium, Co and Ce (mg/L) is the primary 
and final AM concentration, M (g) is the PLS mass, and V 
(L) is the volume of AM solution.

The spent PLS was separated from the solutions after 
adsorption, and cleaned with DI water to remove any unad-
sorbed AM dye. Next, the samples were dried at 80 �C in an 
oven and added into a polypropylene tube containing 30 mL 
of different concentrations of NaOH (0.2 M to 1.0 M). This 
was done for the purpose of desorbing the AM. The tubes 
were kept in the shaker at the same temperature for the same 
duration as the adsorption experiments. After desorption, the 
AM dye desorbed (Cde) concentrations were measured using 
UV Vis spectrophotometry. The AM dye-desorbed PLS would 
subsequently be used for the next adsorption/desorption 
experiment cycle to evaluate its regeneration ability. To calcu-
late the percentage of desorption, use the following equation.

desorption rate %ð Þ ¼
AMde

AMad
� 100 (3) 

3. Results and discussion

3.1. Characterization of the PLS

FTIR analysis is typically utilized to identify the various func-
tional groups on the sorbent material’s surface. The FT-IR 
spectrum of PLS before and after the adsorption of AM on it 
is presented in Figure 1. In the spectra of PLS (Figure 1a), the 
broad peak was observed at around 3286 cm−1, corresponding 
to phenolic/alcoholic O-H stretching vibration in the hydro-
gen-bonded form.[24] In lignin, hemicellulose, cellulose, and 
generally in aliphatic acids, the bands at 2922 and 2851 cm−1 

correspond to asymmetrical and symmetrical C-H stretching 

of methoxyl groups.[25] The peak at 1710 cm−1 was assigned 
for the C¼O bending vibrations in the carboxylic acid 
(-COOH) groups.[26] The stretching vibrations observed at 
1632 cm−1 correspond to the structure’s C¼O groups 
(ketones, aldehydes, or carboxyl groups).[27] The 1537 cm−1 

band corresponds to C¼C stretching vibrations from lignin’s 
aromatic rings.[28] The peak at 1409 cm−1 indicates asymmet-
ric and symmetric stretching vibration in the ionic carboxylic 
group.[29] The peak at 1241 cm−1 displayed the existence of 
the phenolic OH or OH deformation of COOH.[30] The 1109 
and 1036 cm−1 bands correspond to the C-O stretching vibra-
tion of carboxylic acids and alcoholic groups.[31] The band at 
615 cm−1 is related to cellulose’s strong C-H bending vibra-
tion. The surface of natural biomass often contains several 
functional groups, including residual –OH, -NH2, and 
–COOH groups. After AM dye adsorption (Figure 1b), some 
bands are shifted (3286, 1710, 1632, 1409, 1241, 1036, and 
615 cm−1 shifted to 3326, 1732, 1603, 1423, 1235, 1026, and 
596 cm−1) and some peaks are disappeared (2922, 2851, 1537, 
and 1109 cm−1), indicating these functional groups partici-
pated in the AM adsorption of the surface of PLS through 
strong electrostatic interaction forces.

Figure 2 illustrates PLS’s morphology and elemental com-
position before and after AM adsorption. As shown in Figure 
2a, the outer surface of the PLS is porous, with rough borders, 
irregularities, and a heterogeneous structure. Surface roughness 
is essential in dye ion binding because it raises the surface area, 
facilitating dye sorption on the surface. After adsorption 
(Figure 2b), the surface of the PLS was entirely filled by the AM 
dye molecules, and the rough surface became smoother, indi-
cating the successful attachment of AM molecules to the PLS 
surface. The EDX spectrum of the PLS shows the peaks of C, 
O, and Ca elements (Figure 2c). After adsorption, additional 
Na, Mg, Cl, K, and S peaks appeared in the spectrum of AM- 
PLS (Figure 2d); these peaks confirm that the AM dye mole-
cules were loaded successfully onto the PLS surface.

PLS’s adsorption/desorption isotherm was obtained at 
77.0 K to determine the material’s surface characteristics. 
The graph in Figure 3a illustrates the H3 hysteresis loop and 
type-IV isotherm, which are classified by IUPAC based on 

Figure 1. Comparative FTIR spectra of PLS before and after adsorption of AM dye.
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the solid material’s porosity. The H3-type loop implies the 
existence of mesopores at P/Po greater than 0.46, attributed to 
capillary condensation within the pores. The beginning seg-
ment (up to 0.46 P/Po) of the type-IV isotherm corresponds 
to monolayer N2 sorption and is akin to the beginning of the 
type-II isotherm. The next segment of the type-IV isotherm 
indicates multilayer sorption. Using the BET/BJH method, 
the results for surface area, pore radius, and pore volume 
were 16.24 m2/g, 2.3 nm, and 0.1429 cc/g, respectively. The 
PLS’s pore size distribution, as shown in Figure 3b, is around 
2.3 nm, and the majority of its pores correlate to the IUPAC 

classification’s pore size, indicating that the material has mes-
oporous characteristics. Because of the mesoporous structure’s 
large pore volume and surface area, AM was effectively 
adsorbed from wastewater in the PLS.

XRD analysis examined the as-prepared PLS for its crystal-
line or amorphous nature. The XRD pattern of PLS (Figure 
4) showed an amorphous nature, which is attributed to its 
high content of organic compounds. The pattern showed two 
broad diffraction peaks at 2h (degree) ¼ 15.1� and 22.2�, 
indicating the presence of hydroxyl, aldehyde, amine, and 
ketones moieties of hemicelluloses and cellulose in PLS.[32]

Figure 2. FE-SEM images of (a) PLS and (b) AM-loaded PLS; EDX images of (c) PLS and (d) AM-loaded PLS.

Figure 3. (a) N2 adsorption-desorption isotherm and (b) pore size distribution of PLS.
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3.2. Influence of pH

The pH of the solution is vital during the sorption process 
because it might affect the charge and structure of the sorb-
ents. It can impact the solubility of solutes in a liquid 
medium and the dissociation of functional groups found on 
the binding sites of biosorbents. The removal effectiveness 
of AM by PLS throughout a pH range of 2.0–11 is depicted 
in Figure 5a. Based on the data displayed in Figure 5a, it 
can be inferred that pH changes have notable impacts and 
provide unique insights into the interactions between 
adsorbate and adsorbent molecules. At pH 2.0, the highest 
removal of AM dye (91.1 ± 2.601%) was attained; however, 
as pH rises from 2.0 to 11.0, the percentage of dye removed 
continuously decreases, reaching a maximum of 
5.2 ± 1.716%. As a result, the pH value at which the net 
charge on the sorbent surface is zero is used to characterize 
the pHPZC or point of zero charge. The intersection point 
shows the pHPZC in the initial pH against the final pH plot, 
which is located at 5.5, according to Figure 5b. More proto-
nated Hþ ions are present at pH levels lower than pHPZC, 
which adds more positive charges to the PLS surfaces. The 
negatively charged anionic AM dye is more strongly 
attracted to the positive charges on the PLS surface, where it 
is bound by electrostatic contact forces. In general, physi-
sorption is driven by electrostatic interactions between 

oppositely charged adsorbents and adsorbates; however, 
charged ions may interact via chemical bonds for chemi-
sorption. AM adsorption on the PLS surface occurs only 
when the pH is lower than the pHPZC, indicating that physi-
sorption influences the sorption process. On the other hand, 
when the pH exceeds pHPZC, the particle’s surface becomes 
negatively charged, and the -OH ion that is already present 
in the solution competes with the arriving negatively 
charged anionic AM dye for the sorption sites. As a result, 
PLS’s adsorption capabilities decrease when pH rises. 
Previous studies[2,33,34] have shown similar findings when 
investigating the removal of AM dye. Based on these results, 
a pH value 2.0 was chosen as the optimal condition for sub-
sequent adsorption tests.

3.3. Impact of initial AM dye concentration

The efficiency of the biosorbent may be found by varying 
the pollutant solution’s initially concentration. By doing this, 
the pushing force required to lower the barrier to mass 
transfer between the solid and liquid phases is created. 
Figure 6a illustrates the removal of AM dye at varying initial 
concentrations. The efficiency of AM dye removal decreased 
from 91.7 ± 1.326 to 54.2 ± 1.142% as the starting concentra-
tion of AM dye rose from 20.0 to 200 mg/L, respectively. 
This decrease can be linked to a dynamic balance between 
the dye molecules that are adsorbed and those that remain 
free in the solution. Nevertheless, when the concentration 
exceeds a specific threshold, there will be no active sites 
available for the dye molecules, as the adsorbent becomes 
saturated with them.[35] In this study, 20 mg/L was found to 
be the optimal initial concentration for efficient removal of 
AM dye due to its maximum removal efficiency.

3.4. Impact of stirring speed

The experiment was conducted to examine the effect of stir-
ring speed on dye removal efficiency in the range of 50– 
400 rpm. The results of the study, presented in Figure 6b, 
show that dye removal efficiency increased from 
36.5 ± 1.551% to 91.9 ± 1.625% as the agitation speed rose 
from 50 to 250 rpm. After 250 rpm, the efficiency remained 
constant. The raised efficiency can be attributed to the high Figure 4. XRD pattern of PLS.

Figure 5. (a) Effect of pH on the % removal of AM by PLS and (b) pH at point of zero charge of PLS.
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stirring speed, which improves the interaction between PLS 
and the AM dye molecule and reduces the diffusion layer 
formed around the PLS. As a result, additional tests were 
conducted at the optimized stirring speed of 250 rpm.

3.5. Impact of PLS amount

To ensure cost-effectiveness, it’s essential to determine the 
best amount of adsorbent to use. The impact of different 
amounts on the efficiency of removing AM dye was investi-
gated by altering the quantity of sorbent from 10 to 80 mg/ 
30 mL, as shown in Figure 6c. The results indicate a rapid 
increase in dye removal efficiency, from 23 ± 1.331 to 
91.5 ± 1.611%, as the mass of PLS increased from 10 to 
50 mg. This increase is due to the greater surface area and 
active sites provided by the higher amount of PLS. However, 
increasing the PLS amount beyond 50 mg did not improve 
the removal efficiency since the maximal amount of dye was 
already adsorbed, and no more was available.[36] Therefore, 
50 mg was determined to be the optimal PLS dosage for fur-
ther experiments.

3.6. Influence of contact duration

Examining the duration of contact between the adsorbent 
and adsorbate is crucial throughout the sorption process. 
For example, the adsorption of AM dye by PLS was investi-
gated at varied starting dye concentrations (20, 80, 140, and 
200 mg/L) and at different time durations (from 0 to 
240 min). The outcomes demonstrated how quickly the dye 
was removed in the early going (Figure 6d). But when it got 
closer to balance, it slowed down a bit. This is a result of 
the fact that free surface areas were accessible during the 
first adsorption phase. The adsorbate on the adsorbent sur-
face and in the bulk phase would experience a repulsive 
force when dye molecules eventually filled the empty spaces. 
After stirring the adsorbent-containing solutions for up to 
60 min, equilibrium is reached. After reaching equilibrium, 
there was no discernible change in the dye adsorption % 
over time. This implies that more treatment does not result 
in more significant elimination once equilibrium is reached. 
The movement of dye molecules from the exterior to the 
interior sites of the biosorbent particles governs the pace at 
which the adsorbate is removed from water solutions in 

Figure 6. Effect of parameters, (a) initial AM concentration, (b) agitation speed, (c) amount of dosage and (d) contact time on the AM dye adsorption on PLS.
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batch adsorption.[37] Therefore, based on the results, the 
equilibrium time was taken as 60 min for further testing.

3.7. Adsorption kinetics

The study of kinetics is essential in assessing adsorption. It 
helps determine the appropriate contact time to control the 
process and identify the primary adsorption mechanism. To 
evaluate the adsorption of AM by PLS, the equilibrium data 
has been fitted into well-established pseudo-first-order 
(PFO) and pseudo-second-order (PSO) kinetic models. This 
enables an accurate assessment of the kinetics of the process. 
The PFO and PSO non-linear models are derived employing 
Equation (4) and Equation (5), as follows:

qt ¼ qeð1 − e−k1tÞ (4) 

qt ¼
q2

e k2t
1þ qek2t

(5) 

Here, qt and qe represent the quantities of AM sorbed at 
equilibrium and at time t, respectively. k1 and k2 are the 
rate constants for PFO and PSO, respectively. Figure 7
shows the fitted curves of AM dye, while Table 2 lists the 
rate constants, regression coefficients (R2), and other varia-
bles calculated by the two models. The higher R2 values con-
firmed that the PSO is the best-fitted kinetic model for AM 

adsorption onto PLS than the PFO model for all concentra-
tions. The kinetic study describes that AM adsorption onto 
PLS follows chemisorption mechanisms. However, the 
experimental qe values for AM adsorption were closer to the 
theoretically calculated qe values of the PFO model. It indi-
cated the occurrence of the physisorption (electrostatic inter-
action) mechanism for AM adsorption onto PLS.

The model of intraparticle diffusion (IPD) introduced by 
Weber and Morris elucidates how the transfer of AM occurs 
from the aqueous solution to the adsorption sites of PLS. 
According to this model, the overall rate of adsorption is 
governed by the type of physical or chemical bond estab-
lished between the solute and the solid at specific locations 
within the solid. The linearized IPD model is given as 
Equation (6):

qt¼kidt0:5þC (6) 

where kid (mg/g min0.5) is the IPD rate constant, and the C 
(mg/g) value signifies a constant that illustrates the resist-
ance to mass transfer within the boundary layer.

A plot of qt against t0.5 describes the IPD model with a 
kid and C obtained as slope and intercept at different con-
centrations, respectively. The parameters concerning the IPD 
model are presented in Table 3, and the IPD rate constants 
for all plots follow the order of kid,1 > kid,2 > kid,3. The 
steep slope observed for kid,1 signifies the rapid adsorption 

Figure 7. Kinetic plots of AM dye adsorption onto PLS at different concentrations.
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process of AM, attributed to the strong influence of bulk 
diffusion. The second slope, kid,2, is more gradual, suggest-
ing that AM molecules diffuse and adsorb into the pores at 
a slow rate. Finally, the third slope, kid,3, appears nearly flat, 
suggesting the equilibrium saturation is reached at this 
stage.[38] The experimental data of all concentrations exhibit 
multi-linear plots (Figure 8), showing that the IPD is 
involved in the adsorption process. The linear plots do not 
pass through the origin, implying that IPD is not the only 
controlling step for the rate. Simultaneously, exterior mass 
transfer is also taking place, suggesting that both external 
mass transfer and IPD may jointly control the overall 
adsorption process.[39]

3.8. Modeling of adsorption isotherms

The isotherm models are essential for calculating sorption 
capacity, optimizing adsorbent consumption, and building a 
suitable sorption system. These models show the interaction 
of the sorbent and dye. To further understand the sorption 
mechanism and the interaction of the dye with PLS, an 

isotherm analysis was carried out using three models: 
Freundlich, Langmuir, and Temkin.

The Langmuir model is an assumption that the sorption 
process takes place on a solid surface, where the surface has 
homogeneous sites that are identical. According to this 
model, the adsorption of dye molecules stops once all the 
active sites are covered. The Langmuir isotherm is repre-
sented by Equation (7): 

qe ¼
qmaxKLCe

1þ KLCe
(7) 

where Ce (mg/L) is the equilibrium concentration of the AM 
in the solution, qe (mg/g) the equilibrium sorption, qmax 
(mg/g) the sorption uptake (i.e., maximum equilibrium 
sorption) of the PLS, and KL (L/mg) the Langmuir model 
constant, which is related to the energy of sorption.

The Freundlich isotherm assumes a non-uniform thermal 
distribution on the sorbent surface, representing heteroge-
neous adsorption. It can be expressed by Equation (8):

qe ¼ Kf C1=n
e (8) 

where n and KF (mg/g) are empirical constants of the 
Freundlich model. 1/n represents the adsorption intensity, 
and KF the relative adsorption uptake. The value of ‘n’ rang-
ing from 1.0 to 10 indicated that the sorption process is 
favorable. The ‘n’ values of PLS for AM adsorption were >1 
at all concentrations (Table 4), suggesting that it could be 
considered a favorable adsorption system.

The Temkin isotherm includes a factor that specifically 
considers the interactions between the adsorbent and 
adsorbate. This equation assumes that due to these interac-
tions, and by disregarding very low and very high concen-
tration values, the adsorption heat of all molecules in the 
layer decreases linearly as coverage rises. The Temkin iso-
therm is expressed by Equation (9):

qe ¼
RT
BT

ln ATCeð Þ (9) 

where qe (mg/g) is the quantity of adsorbate adsorbed at 
equilibrium, AT (L/g) is the equilibrium binding constant, R 
is the gas constant, Ce (mg/L) is the final concentration of 

Table 2. Adsorption kinetic model parameters for AM adsorption onto PLS at different concentrations.

Kinetic model Parameters

Concentration of AM solution (mg/L)

20 80 140 200

Experimental value qe, exp (mg/g) 18.5 ± 0.586 65.9 ± 1.006 102.3 ± 1.4115 105.6 ± 1.347
Pseudo-first-order qe1, cal (mg/g) 18.12 ± 0.501 66.74 ± 1.048 101.34 ± 1.4057 108.7 ± 1.262

k1 (1/min) 0.1877 ± 0.028 0.0872 ± 0.006 0.0743 ± 0.004 0.0773 ± 0.004
R2 0.9497 0.9895 0.9911 0.9901

Pseudo-second-order qe2, cal (mg/g) 19.16 ± 0.245 72.82 ± 0.811 112.19 ± 1.328 120.01 ± 1.703
k2 (g/mg min) 0.0160 ± 0.0015 0.0017 ± 0.0001 0.0009 ± 0.00005 0.0009 ± 0.00006
R2 0.9939 0.9985 0.9968 0.9972

Table 3. Intra-particle diffusion process for AM dye adsorption onto PLS.

AM dye (mg/L)

First stage Second state Third stage

kid,1 (mg/g min0.5) C1 (mg/g) R2 kid,2 (mg/g min0.5) C2 (mg/g) R2 kid,3 (mg/g min0.5) C3 (mg/g) R2

20 2.619 ± 0.351 5.09 ± 0.99 0.9653 0.586 ± 0.039 14.01 ± 0.26 0.9955 0.043 ± 0.0086 18.32 ± 0.11 0.9243
80 12.934 ± 0.153 2.53 ± 0.43 0.9997 3.599 ± 0.534 38.45 ± 3.58 0.9785 0.179 ± 0.0242 65.90 ± 0.31 0.9645
140 22.527 ± 0.728 16.75 ± 2.06 0.9979 5.952 ± 0.747 52.16 ± 5.01 0.9845 0.485 ± 0.027 97.64 ± 0.34 0.9936
200 23.961 ± 0.769 16.51 ± 2.18 0.9979 5.267 ± 0.361 64.98 ± 2.42 0.9953 0.699 ± 0.047 102.05 ± 0.59 0.9911

Figure 8. Intra-particle diffusion plots of AM dye adsorption onto PLS at differ-
ent concentrations.
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adsorbate, BT (J/mol) is the constant related to the heat cap-
acity, and T is the temperature.

The models of Freundlich, Langmuir, and Temkin iso-
therms that were used to match the experimental data at 
several temperatures are shown in Figure 9. Table 4 shows 
the constant parameters and regression coefficients for the 
isotherm models. With the greatest R2 value and the best 
match across all temperatures, the Langmuir isotherm dem-
onstrated the homogeneous PLS surface and monolayer 
sorption coverage. The maximum adsorption uptake 
dropped from 121.3 ± 1.493 to 101 ± 2.587 mg/g as the 

Table 4. Adsorption isotherm parameters for AM adsorption onto PLS at different temperatures.

Isotherm model Parameters

Temperature (K)

298 308 318 328

Langmuir qmax (mg/g) 121.3 ± 1.493 116.23 ± 2.676 105.9 ± 2.499 101 ± 2.587
KL (L/mg) 0.1001 ± 0.004 0.0924 ± 0.007 0.0883 ± 0.007 0.0708 ± 0.006
R2 0.9991 0.9965 0.9961 0.9958

Freundlich Kf (mg/g) 26.5 ± 4.273 24.9 ± 4.783 22.9 ± 4.461 19.4 ± 3.962
n 3.023 ± 0.0404 3.043 ± 0.479 3.103 ± 0.495 2.952 ± 0.457
R2 0.9521 0.9348 0.9360 0.9405

Temkin BT (J/mol) 24.44 ± 1.034 23.28 ± 1.454 21.91 ± 1.424 21.47 ± 1.412
AT (L/g) 1.204 ± 0.142 1.064 ± 0.202 0.943 ± 0.179 0.708 ± 0.124
R2 0.9927 0.9916 0.9937 0.9911

Figure 9. Isotherm plots of AM dye adsorption onto PLS at different temperatures.

Table 5. Comparison of the adsorption uptake of AM onto PLS with various 
adsorbents.

Adsorbent Uptake mg/g pH Reference

WS2/Fe3O4/CNTs-NC 174.8 3.0 [3]
Peltophorum pterocarpum leaf 133.33 2.0 [42]
Papaya leaf stalks (PLS) 121.3 ± 1.493 2.0 Present study
Terminalia chebula shell 102.4 2.0 [42]
Aminated avocado seed powder 89.2 2.0 [33]
Fe3O4@nSiO2@mSiO2@DHIM-NH2 84.4 2.0 [43]
Fe3O4@mZrO2/rGO 76.9 2.0 [34]
ZnO nanoparticles 75.9 7.0 [44]
Water hyacinth leaves 70.61 – [4]
CS-PEI-GLA 48.3 5.0 [45]
Fe3O4/MgO nanoparticles 38.1 9.0 [6]
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temperature rose from 298 to 328 K, demonstrating the exo-
thermic character of the sorption. The exothermic character 
of the AM sorption process was further supported by the 
fact that the values of Kf in the Freundlich isotherm model 
dropped as the temperature climbed.[40] Furthermore, when 
the temperature rose, the Langmuir constant KL dropped, 
suggesting that the PLS may have a higher affinity 
(0.1001 ± 0.004 L/mg) for AM dye molecules at lower 
temperatures.[41]

3.9. Comparison of PLS with other adsorbents for 
AM dye

Several studies have been conducted on the adsorption of 
AM dye on various substrates. Table 5 displays the most 
notable adsorption effectiveness of dye AM on different 
adsorbents.[3,4,6,33,34,42–45] The equilibrium adsorption yield 
indicates that the value assessed in this study is reasonable 
compared to other materials. This is due to the high specific 
surface area and number of active sites. It has been deter-
mined that PLS can be utilized as a dye-removal adsorbent.

3.10. Effect of solution temperature and thermodynamic 
study

The adsorption of AM on PLS is affected by temperature, 
which determines if the reaction is spontaneous and if the 
adsorption mechanism is physical or chemical. To under-
stand the temperature effect on this process, the researchers 
studied the adsorption of AM on PLS between 298 to 323 K. 
The outcomes indicated that as the temperature rose from 
298 to 323 K, the dye removal efficiency decreased from 
91.7 ± 0.162% to 82.9 ± 0.258% (Figure 10a). This could be 
due to either damage to the biosorbent’s dynamic binding 
destinations or the growing dye’s tendency to desorb from 
an interface near the solution. These observations suggest 
that the adsorption of AM on the PLS is an exothermic pro-
cess.[46] Based on these findings, the optimum temperature 
for this process was determined to be 298 K.

To better understand the adsorption process, we can 
study its thermodynamic mechanism by considering tem-
perature as a key factor. The thermodynamic parameters 
that can help us do this are the change in Gibbs free energy 

(DGo), enthalpy (DHo), and entropy (DSo). We can calculate 
these parameters using the following Eqs.:

ln Kc ¼ − DHo=RT½ � þ DSo=R½ � (10) 

Kc ¼
Co − Ce

Ce
(11) 

DGo ¼ −RTln Kc (12) 

DGo ¼ DHo − TDSo (13) 

DSo ¼
DHo − DGo

T
(14) 

Here, T is the temperature (Kelvin), R is the gas constant, 
and Kc is the distribution coefficient obtained by Equation 
(11). By plotting the Van’t Hoff diagram, ln Kc vs. of 1/T 
(Figure 10b) and obtaining the line equation, the values of 
DHo and DSo could be extracted using slope and intercept, 
respectively. DGo could be calculated employing Equation 
(12) at the desired temperatures. The thermodynamic varia-
bles were extracted at different temperatures and the results 
are tabulated in Table 6. The efficiency of removing AM 
was found to decline with increasing temperature. The small 
negative value of the DHo (-17.8 ± 0.093 kJ/mol) suggests 
that the adsorption is physical and involves weak forces and 
attractive forces. It is also exothermic, indicating that the 
process is energetically stable. Additionally, the low DHo 

value implies loose bonding between the adsorbate mole-
cules and the sorbent surface.[47] The value of DSo 

(-41 ± 0.057 J/mol K) suggests that the randomness decreases 
with the adsorption of AM at the interface of solid/solution. 
This indicates a lower degree of disorder at the PLS inter-
face. Negative DGo values indicate the spontaneity of the 
AM sorption process at different temperatures, with the 
adsorption of AM being highly affected by the solution tem-
perature. The DGo values increase as the temperature 

Figure 10. (a) Effect of temperature on the removal of AM by PLS and (b) Van’t Hoff plot.

Table 6. Adsorption thermodynamic parameters for AM adsorption onto PLS.

Temperature (K) DGo (kJ/mol) DSo (J/mol K) DHo (kJ/mol)

298 −5.5555 ± 0.038
308 −5.28127 ± 0.042 −41 ± 0.057 −17.8 ± 0.093
318 −4.87828 ± 0.046
328 −4.31541 ± 0.029

JOURNAL OF DISPERSION SCIENCE AND TECHNOLOGY 11



increases, further illustrating the favorable adsorption pro-
cess at lower temperatures.[48] Generally, DGo values range 
from 0 to −20 kJ/mol for physisorption and −80 to −400 kJ/ 
mol for chemisorption.[49] In this study, the DGo values vary 
between −5.5555 ± 0.038 and −4.31541 ± 0.029 kJ/mol, which 
indicates that the AM sorption reaction can be 
physisorption.

3.11. Desorption and regeneration of the PLS

Desorption and reusability studies of an adsorbent are cru-
cial for understanding the mechanisms of solute transfer, 
enhancing process economics, and determining its practical 
utility and potential for commercial-scale applications. The 
desorption of the adsorbed AM from PLS was explored at 
different concentrations of NaOH, and the results are shown 
in Figure 11a. Based on the findings of the study, it was 
observed that the desorption efficiency was reduced with a 
rise in NaOH concentrations. The reduction in dye desorp-
tion at higher eluent concentrations was attributed to the 
degradation of active sites on the biosorbent’s surface.[50] 

The maximal desorption efficiency of 89.2 ± 1.184% was 

achieved with 0.2 M NaOH solution. Furthermore, the reus-
ability tests were conducted for up to six cycles, and the 
regenerated PLS’s removal efficiencies for AM were calcu-
lated. The removal efficiency of the PLS gradually reduced 
as the number of regeneration cycles increased. This trend 
was attributed to reduced surface properties and functional 
groups on the adsorbent surface, which decreased active 
adsorption sites. Nonetheless, the outcomes depicted in 
Figure 11b reveal that the sorbent maintained an efficiency 
of > 75% even after six use cycles. This indicated that PLS 
could be employed as a reusable sorbent for treating waste-
water containing anionic dyes.

3.12. Possible mechanism of adsorption

In an aqueous solution, the anionic dye Amaranth (AM) 
dissociates into AM-SO3

-. Meanwhile, PLS is a cellulosic 
material that contains a majority of -OH and -COOH 
groups, which has been confirmed by FTIR (Figure 1). 
Based on the structure of the AM, the surface property of 
the PLS and the experimental results, the mechanism 
involved during dye adsorption can be described as follows:

Figure 11. (a) Desorption performance at different NaOH concentrations and (b) Regeneration of PLS using 0.2 M NaOH.

Figure 12. Possible interaction mechanism of AM with PLS.
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� The AM dye molecules move from the solution to the 
surface of the PLS.

� The dye diffuses toward the surface of the biosorbent 
through a boundary layer and

� The dye is adsorbed on the surface of the biosorbent due 
to electrostatic interaction, as depicted in Figure 12.

4. Conclusions

In the present study, papaya leaf stalks (PLS) were used as 
the adsorbent material. The prepared PLS was characterized 
by FTIR, SEM, XRD, BET/BJH, and EDX analysis. These 
results confirmed that the prepared PLS has sufficient char-
acteristics, including porous, roughness, surface area, pore 
volume, necessary functional groups, and required elemental 
composition, for the AM dye removal from contaminated 
water. The PLS dose, pH, contact duration, temperature, agi-
tation speed, and initial dye concentration all substantially 
impacted AM adsorption. Under the optimum conditions, 
the maximal removal efficiency (R%) and adsorption uptake 
(qmax) for AM due were found to be 91.1 ± 2.601% and 
121.3 ± 1.493 mg/g, respectively. The comparison of the sorp-
tion uptake (qmax) of PLS with various other biosorbents 
depicted in previous literature for the elimination of AM is 
listed in Table 5. The kinetics of the sorption process were 
characterized by a rapid starting stage occurring within the 
first 60 min. The kinetic studies showed that AM dye on 
PLS was well fitted by PSO (R2 > 0.9939), indicating that 
the adsorption kinetics was jointly controlled by exterior 
mass transfer and IPD. The equilibrium sorption data for 
AM adsorption onto PLS aligned well with the Langmuir 
model (R2 > 0.9958). The thermodynamic variables associ-
ated with AM adsorption were studied at different tempera-
tures, and the Van’t Hoff model was utilized to illustrate the 
adsorption process’s feasibility, spontaneity, and exothermic 
nature. The maximal AM desorption (89.2 ± 1.184%) from 
PLS was achieved using 0.2 M NaOH. After six cycles, the 
removal efficiency of AM dye reached 76.9 ± 2.204%, show-
ing a good reusability of PLS performance. The sorption 
mechanisms of AM onto PLS were also thoroughly explored. 
The adsorption process involved dominant physisorption 
together with necessary chemisorption. In more detail, the 
sorption mechanism involved pore filling and electrostatic 
interactions. Based on these results, this study concluded 
that PLS is a low-cost adsorbent with more significant 
potential for removing AM dye from contaminated water.
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