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Abstract
The continuous search for sustainable and cost-effective water treatment solutions led to the investigation of activated mahua 
seed cake for wastewater treatment. The mahua seed cake was activated using hydrogen peroxide and phosphoric acid to 
develop an eco-friendly adsorbent. The activated material was characterized by Fourier Transform Infrared Spectroscopy 
(FTIR), Field Emission Scanning Electron Microscopy (FESEM), Brunauer Emmett Teller (BET) surface area analysis, and 
pH at zero point of charge. The results confirmed that phosphoric acid activation introduced the phosphate (PO4

3−) group, 
as demonstrated by FTIR analysis. The FESEM micrograph revealed a very porous channel-like topology that was incred-
ibly feasible for enhancing dye uptake. Following the adsorption of methylene blue (MB) onto phosphoric acid-modified 
de-oiled mahua seed (PDM), the pHzpc was found to be 7.2, confirming the material’s viability in neutral pH media. The 
pseudo-second kinetic (R2 = 0.999) and Langmuir isotherm models (R2 = 0.998) were found to best describe the mechanism 
of interaction. The reported negative ∆G0 value denotes the spontaneity of the scavenging process, which is endothermic 
and accompanied by increased randomness. Within the first 15 min, 95% of adsorption took place, and by 45 min, it reached 
saturation (98.25%). Inducing > 74% regeneration with dilute hydrochloric acid provided multiple-cycle reusability. Industrial 
wastewater was successfully treated up to 56.77%. With a neutral pH range, the material performs well with an adsorption 
ability of 60.15 mg/g. These findings suggest that phosphoric acid-activated mahua seed cake is a viable and sustainable 
option for wastewater treatment.

Keywords  De-oiled mahua seed · Hydrogen peroxide · Phosphoric acid · Methylene blue · Pseudo-second-order · Langmuir 
isotherm

1  Introduction

The contamination of water bodies through the release 
of industrial wastes has led to a worldwide shortage of 
clean water [1, 2]. Among the best-known organic pollut-
ants released into water bodies are dyes produced in large 
quantities by various industries, including textiles, dyeing, 

paper, and pulp. Methylene blue (MB), a cationic dye, is 
used extensively for dyeing silk, leather, plastics, paper, and 
tanned cotton, as well as in the manufacture of paints and 
printing inks. In the dairy industry, it is used to determine 
the microbial content of milk [3]. However, acute exposure 
to MB can lead to shock, increased heart rate, vomiting, 
diarrhea, and nausea. It can lead to eye burns, which can per-
manently damage the eyes of humans and animals [4]. Acute 
exposure to MB can cause several serious health complica-
tions in both humans and animals. Clinical manifestations 
include cardiovascular disorders such as shock and tachy-
cardia. Gastrointestinal symptoms include nausea, vomiting, 
and diarrhea, while exposure to the eyes can cause burning 
sensations and potentially irreversible damage. Inhalation 
of MB may result in tachypnea or dyspnea. Systemic effects 
include the development of methemoglobinemia, hemolytic 
anemia, and hypertensive episodes[5–9]. Various techniques 
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have been used to remove methylene blue from wastewa-
ter, including photo-electrochemical oxidation, membrane 
separation, advanced oxidation processes, coagulation-
flocculation, and ozonation [10]. Every technology has 
its advantages and disadvantages. Although the advanced 
oxidation processes are effective, they require a high level 
of maintenance and incur considerable operating costs. The 
ion exchange method is susceptible to pH fluctuations. The 
electrochemical method often results in significant sludge 
production and carries the risk of heavy metal contamina-
tion. Although biological methods are promising, they also 
have their limitations, such as limited biodegradability and 
efficiency in certain contexts [11, 12]. Adsorption is char-
acterized by being inexpensive, easy to implement, practi-
cal, and efficient, producing almost no toxic by-products and 
allowing economic recovery of the adsorbent [13, 14].

Researchers have investigated various absorbents for MB 
removal in the past, emphasizing the need for new, efficient, 
and cost-effective materials. Goyal et al. investigated the 
ability of activated charcoal made from de-oiled rice bran 
to remove methylene blue from an aqueous solution, where 
the activated charcoal removed 93.7% MB in 60 min at a pH 
of 6 [15]. Sahu et al. investigated the potential of activated 
carbon prepared by carbonization of kendu fruit peels and 
subsequent chemical activation with ammonium carbonate 
to remove methylene blue, and the maximum sorption was 
144.9 mg/g [16]. Belmabrouk et al. evaluated Limoniastrum 
monopetalum fruits to treat methylene blue for adsorption, 
and the maximum uptake was142 mg/g [17]. Fan et al. inves-
tigated mangosteen peels. In their study, biomass-activated 
carbon was prepared with a dual activation method using 
phosphoric acid and ferric chloride. The highest biosorption 
capacity achieved for methylene blue was about 142 mg/g at 
295 K [18]. To find a better alternative to the existing mate-
rial, we aimed to explore the potential of de-oiled mahua 
seeds, which are extensively available in Odisha, India. The 
de-oiled cake, obtained after extracting the oil from the 
seeds, is an accessible biomass obtained from agricultural 
waste. In the present study, powdered de-oiled mahua seed is 
treated with H2O2. It acts as a potent oxidant. It is also clean 
and reasonably priced. It is alluring to use H2O2 to alter 
the characteristics of biomaterials, since H2O2 may break 
down into clean H2O and O2 after use and does not produce 
secondary pollutants. H2O2 increases the cation exchange 
capacity of several functional groups by partially oxygenat-
ing them [19, 20]. Phosphoric acid (H3PO4) acts as a very 
effective surface-activating agent. To generate P-containing 
carbonaceous species (such as C–O–P), H3PO4 interacted 
with the functional groups of H2O2-treated de-oiled mahua 
seeds, such as carbonyl groups. The accumulation of phos-
phate ions on the surface increases the negative charge. As a 
result, the total surface area of the adsorbent increases. This 
can also lead to the loss of vital substances such as CO and 

CO2, creating additional holes on the surface [21–23]. Our 
research objective is to investigate the effectiveness of phos-
phoric acid-activated de-oiled mahua cake as an adsorbent 
for the removal of methylene blue (a cationic dye).

Thus, the primary goals of this work are (i) to elucidate 
the material characteristics by using FTIR, FESEM, and 
BET surface area; (ii) to examine the viability of PDM as a 
means of eliminating MB dye; (iii) to investigate the influ-
ence of various factors such as contact time, initial pH, and 
initial dye concentration on the adsorption capability of 
dyes; (iv) to carry out kinetic studies; and (v) to identify the 
best-suited isotherm.

2 � Material and methods

2.1 � Chemicals

Methylene blue (98% pure) was collected from Merck Spe-
cialities Pvt. Ltd., India. Hydrochloric acid (HCl), sodium 
chloride (NaCl), and sodium hydroxide (NaOH) were pro-
cured from Sisco Research Laboratories Pvt. Ltd., India. 
Hydrogen peroxide (30%), methanol (MeOH), and phos-
phoric acid (84%) were purchased from Avra Synthesis Pvt. 
Ltd., India.

2.2 � Assay and instruments

A UV–visible spectrophotometer (Hitachi, U-2900, Japan) 
and a pre-standardized calibration curve were employed for 
all colorimetric analyses. The material was ground with a 
Duos mixer grinder (LLMG92 500) and then dried using a 
Redline binder oven (RI 53). To find the pH of the solution, a 
pH meter (Vanira L1631) was used. The dye molecules were 
centrifuged using a benchtop centrifuge (Remi R-8 M). In 
an orbital shaking incubator (type OS 100, India), various 
batch experiments were carried out. The BET surface area 
was measured by NOVA touch 1LX. IR spectra of the PDM 
were obtained with FTIR (PerkinElmer, 10.4.00, USA). The 
surface micrographs were recorded with a FESE microscope 
(Zeiss electron, EVO MA 15, UK).

2.3 � Preparation of phosphoric acid‑modified 
de‑oiled mahua seed (PDM)

De-oiled mahua seed cake (15 g) was put into a beaker (1 L). 
After adding 500 mL of distilled water to it, the mixture was 
agitated (Remi Electrotechnik Limited, 2MLH, India) for 
6 h at 300 K. Next, the supernatant was decanted to remove 
all residual oil or dirt. The procedure was repeated until the 
supernatant was clear, and finally, the slurry was filtered. 
After washing the biomass with distilled water, all organic 
contaminants were removed with 60 mL of 30% hydrogen 
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peroxide at 333 K for 12 h. The biomass was then dried 
at 383 K for 5 h. The treated mahua seed cake (13 g) was 
impregnated with phosphoric acid (84%) in a ratio of 1:2 
(w/w) for 12 h at 303 K. The impregnated biomass was dried 
at 423 K in a muffle furnace (Thermoscientific, F48020-
33–80, USA) for 5 h. It was then allowed to cool to room 
temperature. The biomass was purified with distilled water 
until the pH was neutral. It was then dried at (333 K) and 
named PDM (phosphoric acid-modified de-oiled mahua seed 
cake). This modification has been followed according to the 
work reported earlier [23] (Scheme 1).

2.4 � Batch experiment

The optimization of various physiochemical parameters was 
carried out by batch studies. The adsorbent (PDM) dose 
(0.08 g), the volume of MB solution (30 mL), initial con-
centration of dye solution (10–60 mg/L), agitation period 
(0–60 min), and temperature variation (298–328 K) are the 
common conditions for the agitation experiment. The per-
centage of MB adsorption was 98.76% after 45 min and 
99.23% after 60 min. Given the negligible increase from 45 
to 60 min, the equilibration time was set at 45 min accord-
ing to the energy-minimized protocol theory. 0.1 M HCl and 
0.1 M NaOH solutions were used to adjust the pH. Although 
98.25% adsorption was measured at pH 10, neutralization 
pH was maintained throughout the experiment to ensure 

applicability in drinking water. Using the pH drift technique, 
a series of 30 mL,0.1 M NaCl solutions were prepared; the 
pH of each solution was changed in the range of 4–10, and 
0.08 g of PDM was added to each conical flask to determine 
the pHzpc of PDM. The final pH of the solutions was assessed 
following agitation. At a constant pH of 7.35 and a fixed con-
tact time of 45 min, adsorption kinetics were assessed every 
5 min (5, 10, 15, 20, 25, and 30 min). At four different tem-
peratures—298 K, 308 K, 318 K, and 328 K—the adsorption 
isotherms were investigated using a range of dye concentra-
tions (20, 30, 40, 50, and 60 mg/L). One hundred milliliters of 
MB solution (C0 = 100 mg/L, pH = 7.60) and 0.08 g of PDM 
were combined to measure the maximum adsorption capacity. 
The mixture was agitated overnight. It was then centrifuged 
(Remi Electrotechnik Limited, R-8 M, India), and the resulting 
absorbance was measured to determine the ultimate concen-
tration. The following evaluations of equilibrium adsorption 
uptake (qe) and percentage of adsorption (R%) were made:

where C0 and Ce are initial and final concentrations (mg/L), 
m = amount of adsorbent (g), and v = volume of dye solution 

(1)qe =

(

C0 − Ce

m

)

v

(2)R% =

(

C0 − Ce

C0

)

× 100

Scheme 1   Preparation of phosphoric acid-modified de-oiled mahua seed (PDM) and MB adsorption
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(mL). The dye-loaded material was carefully cleaned, dried 
at 333 K for an overnight period, and then individually 
treated with a 1:1 methanol–water mixture, 0.1 M NaOH, 
0.1 M HCl, and 0.1 M NaCl to assess the regeneration of MB 
dye-loaded spent material. The efficiency (%) was calculated 
using the equation:

3 � Result and discussion

3.1 � Characterization

3.1.1 � FTIR analysis

Figure 1a shows the FTIR spectra of PDM before and after 
MB adsorption. A sharp peak at 3425 cm−1 was observed, 
indicating the presence of N–H stretching vibrations before 
the adsorption of MB dye molecules. Amine groups are 
known to form hydrogen bonds with dye molecules, which 
facilitates their adsorption in PDM. After the adsorption 
of MB, there was a shift in the H-stretching frequency to 
3432 cm−1, indicating a positive interaction between PDM 
and the dye molecules [24]. There was evidence of vinylic 
and aromatic C–H stretching frequencies at 2923  cm−1 
and 2929 cm−1 before and after MB adsorption on PDM, 

(3)Efficiency (%) =

(

Dye uptake in second run

Dye uptake in first run

)

× 100

respectively [8]. A negative shift in the carbonyl stretching 
of the amide group at 1632 cm−1 could be due to the forma-
tion of intermolecular bonds, such as hydrogen bonds. A 
decrease in the peak from 1384 to 1383 cm−1 was observed, 
which can be attributed to the characteristic peak of C–H 
bond deformation [25]. The peak at 1034 cm−1 was assigned 
to the PO4

3− group [26]. FTIR analysis confirms that PDM 
effectively adsorbs the dye molecules. The observed changes 
in N–H, carbonyl, phosphate, and vinyl/aromatic C–H 
groups indicate significant interactions between PDM and 
MB. These functional groups act as active sites for adsorp-
tion and emphasize the potential of PDM as an efficient 
adsorbent for MB dye molecules.

3.1.2 � BET surface area

Figure 1b shows the (BET isotherm) of the surface area, pore 
radius, and pore volume of the PDM using N2 gas adsorp-
tion–desorption at 77.35 K. The surface area of PDM was 
determined to be 0.09629 m2/g. The Barret-Joyner-Halenda 
(BJH) method is used to analyze the pore size distribution 
by examining the desorption isotherm of a gas. This method 
provides information about the pore volume and pore radius, 
which are crucial for understanding the porosity of the mate-
rial [27]. The pore volume and pore radius were found to 
be 4.799 × 10−3 cc/g and 2.044 nm, respectively. Accord-
ing to the IUPAC classification, the PDM adsorption iso-
therm can be classified as category II [28]. There are no 
restrictions on monolayer-multilayer adsorption, as seen by 

Fig. 1   a FTIR spectra of PDM 
before and after adsorption 
(black: before adsorption, red: 
after adsorption), b nitrogen 
adsorption–desorption curve 
of PDM, c FESEM image of 
PDM before adsorption of MB, 
d FESEM image of PDM after 
adsorption of MB
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the Type II isotherm. In the initial stages of the isotherm, 
monolayer coverage is completely covered, and then multi-
layer adsorption is about to begin [29]. Considering the pore 
radius, PDM is assumed to have a microporous texture. The 
adsorption of MB molecules from the aqueous solution is 
facilitated by the vast number of pores [30].

3.1.3 � FESEM

Figure 1c illustrates the surface morphology of PDM before 
adsorption of methylene blue (MB) and shows a non-uni-
form surface characterized by irregularities such as pits and 
channels. These structural features, especially the presence 
of pits, could enhance the adsorption efficiency by facilitat-
ing the adherence of dye molecules and providing numerous 
active sites for the attachment of dye molecules, potentially 
increasing the adsorption efficiency. After the adsorption of 
MB molecules, distinct changes in surface morphology were 
observed. As shown in Fig. 1d, the surface transforms from 
its initial uneven and pitted state to a more uniform, smooth, 
and compact structure. This change indicates that the MB 
molecules effectively adhere to the PDM surface and fill the 
existing irregularities and channels. The resulting smoother 
surface morphology confirms the successful adsorption of 
MB molecules onto PDM and emphasizes the effectiveness 
of the material as an adsorbent.

3.2 � Adsorption studies

3.2.1 � Effect of contact time

Figure 2a shows adsorption as a function of time. The per-
centage of adsorption increased initially quickly (by about 
95% in the first 15 min), then steadily (98.25 to 99.23% 
adsorption). During the first phase of treatment, because 
there were many vacant sites and several functional groups 
on the PDM surface, they may have formed hydrogen bonds 
or interacted electrostatically with dye molecules, which 
is accounting for a high adsorption rate. With time, such 
sites get diminished resulting in lower uptake. So, satura-
tion of the curve was observed [31]. All physicochemical 
experiments were carried out at 45 min to minimize energy 
consumption.

3.2.2 � Effect of concentration

Figure 2b shows the effects of the initial dye concentration 
on the adsorption of MB on PDM. At lower concentrations, 
all dye molecules in the liquid phase can easily interact with 
the pores and channels, and they can also chemically interact 
with the functional groups therein. This would increase the 
efficiency of adsorption. Due to the saturation of the sorp-
tion sites and the prospect of slower mass transfer from the 

Fig. 2   a Effect of time, b effect 
of concentration, c effect of 
pH, d effect of pHzpc (initial 
dye concentration = 20, 30, 
40, 50, and 60 mg/L; volume 
of dye (V) = 30 mL; contact 
time = 45 min; pH of the solu-
tion = 7; T = 298 K; agitation 
speed = 110 ± 5, and adsorbent 
dose = 0.08 g)
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aqueous phase to the solid phase, the rate of dye adsorption 
tends to decrease at higher concentrations [32].

3.2.3 � Effect of pH and pHzpc

When the pH of the solution changes, the functional groups 
are protonated and deprotonated, which changes the net 
charge on the surface of both the adsorbent and the adsorb-
ate [33]. This has a major influence on the adsorption of 
the dye. The adsorption of MB on PDM was investigated 
in the pH range of 4–10, as shown in Fig. 2c. The percent-
age of adsorption increases with the increase in pH from 4 
to 10, resulting in an increase in adsorption capacity from 
6.60 to 7.37 mg/g. The PDM’s zero-point charge (pHzpc), 
which was evaluated as 7.2 in Fig. 2d, provides a clear expla-
nation for this. The nature of the surface-active sites and 
the nature of the interactions between the biosorption and 
the MB dyes are both strongly influenced by pHzpc. A low 
adsorption capacity occurs at pH < pHzpc because cationic 
dye molecules and H+ ions are competing for the most active 
locations on the adsorbent’s surface. The adsorbent surface 
becomes negatively charged when pH > pHzpc facilitates the 
binding of cationic dyes. As a result, the adsorption percent-
age increases [34].

3.3 � Kinetic study

The adsorption kinetics data can predict the rate at which 
MB is adsorbed onto PDM and provide useful informa-
tion for interpreting the adsorption mechanism [35]. Three 
kinetic models—pseudo-first-order, pseudo-second-order, 
and intraparticle diffusion—were investigated to evaluate 
the adsorption kinetics, as shown in Fig. 3a–c and Table 1.

In the pseudo-first-order model, the dye consumption 
rate is assumed to be directly proportional to the number 
of unoccupied sites. For adsorption in solid–liquid systems, 
Lagergren proposed the pseudo-first-order kinetic model 
[36]. Mathematically,

Fig. 3   Kinetics of adsorption: a 
pseudo-first-order, b pseudo-
second-order, c intraparticle 
diffusion model (initial dye 
concentration = 20 mg/L; 
volume = 30 mL; contact 
time = (5–25) min; pH of the 
solution = 7.35; T = 298 K, 
agitation speed = 110 ± 5 rpm; 
and dose = 0.08 g)

Table 1   Selected kinetic parameters (initial dye concentra-
tion = 20  mg/L; volume = 30  mL; contact time = (5–25) min; pH of 
the solution = 7.35; T = 298  K, agitation speed = 110 ± 5  rpm; and 
dose = 0.08 g)

Order qe (mg/g) K R2

Pseudo-first-order
(min−1)

1.023 0.033 0.722

Pseudo-second-order
(mg g−1 min−1)

7.211 0.199 0.999

Intraparticle diffusion
(mg g−1 min 0.5)

7.130 0.257 0.912
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The pseudo-second kinetic model predicts that the chem-
isorption process is the rate-limiting step, and it also implies 
that no mass transfer occurs in the solution [37].

Mathematically,

where the pseudo-first-order and pseudo-second-order rate 
constants are denoted K1 (min−1) and K2 (mg g−1 min−1) 
respectively.

Intraparticle diffusion affects the way that molecules from 
the adsorbate are transferred to the adsorbent during the dif-
fusion process. It involves three steps. (1) Dye molecules are 
adsorbed externally onto the adsorbent surface; (2) progres-
sive adsorption of dye molecules at bare spots on the adsor-
bent; and (3) the achievement of equilibrium [38].

Mathematically,

The intercept imparting boundary layer thickness is 
denoted by “C”, and K represents the intraparticle diffusion 
rate constant.

Although the findings of this investigation did not suit 
Lagergren’s pseudo-first-order model and intraparticle dif-
fusion, the experimental result indicates the dynamics of 
the pseudo-second-order with R2 = 0.999. It is clear from 
Table 1 that pseudo-second-order is the best option out of 
the three kinetic models, indicating that chemisorption is 
involved in the absorption of MB onto PDM.

3.4 � Isotherm modeling

The adsorption isotherm depicts the equilibrium spacing of 
dye molecules on the adsorbent surface at a specific tem-
perature. The calculated values and graphs are presented in 
Table 2 and Fig. 4 respectively. The Freundlich model, as 
shown in Fig. 4a, describes the multilayer adsorption on a 
heterogeneous surface of an adsorbent with variable bind-
ing energy and variable availability of active spots on the 
adsorbent's surface [32].

The Freundlich equation is given by

where Ce (mg/L) and qe (mg/L) stand for equilibrium con-
centration and the amount of dye adsorbed per unit mass of 
adsorbent, respectively. Kf denotes the Freundlich constant.

The Langmuir isotherm describes the surface as homoge-
neous, assuming that there is no lateral interaction amongst 

(4)log
(

qe − qt
)

= logqe −

(

K1

2.303

)

t

(5)
t

qt
=

(

1

K2q
2
e

)

+

(

t

qt

)

(6)qt = Kt1∕2 + C

(7)logqe =
1

n
logCe + logKf

the adsorbate’s molecules. Each site occupies only one 
adsorbent molecule, thus leading to monolayer formation 
[39]. The slope, which ranges from 0 to 1, indicates sur-
face heterogeneity or intense adsorption. When its value 
approaches zero, it becomes more and more diversified.

The relevant mathematical formula is presented as

where qm and b are maximum adsorption capacity and Lang-
muir constant, and can be determined from slope and inter-
cept respectively from Fig. 4b.

One dimensionless constant (RL), also referred to as the 
equilibrium parameter or separation factor (RL), can be 
used to express the fundamental property of the Langmuir 
isotherm.

RL value reveals whether adsorption  is irreversible 
(RL = 0), linear (RL = 1), favorable (0 < RL < 1), or unfavora-
ble (RL > 1).

The Temkin isotherm model, as depicted in Fig. 4c, 
assumes indirect interaction between adsorbate–adsorbate 
and the heat of adsorption of all molecules decreases linearly 
as surface coverage progresses [40].

The Temkin equation is given by

(8)
1

qe
=

1

qmbCo

+
1

qm

(9)RL =
1

1 + KLCo

(10)qe = BlnKT + BlnCe

(11)B =
RT

b

Table 2   Selected isotherm parameters (initial dye concentration = 20, 
30, 40, 50, and 60 mg/L; volume = 30 mL; contact time = 45 min; pH 
of the solution = 7; T = 298  K, 308  K, 318  K, and 328  K; agitation 
speed = 110 ± 5 rpm; and dose = 0.08 g)

Isotherm model Temperature (K)
Langmuir 298 308 318 328
qmax (mg g−1) 28.026 31.715 41.660 50.994
b (L mg−1) 0.517 0.512 0.493 0.479
R2 0.995 0.998 0.987 0.996
Freundlich 298 308 318 328
Kf (mg g−1) 9.564 10.770 12.153 15.288
n 2.020 2.376 2.054 1.372
R2 0.983 0.988 0.978 0.958
Temkin 298 308 318 328
b (kJ mol−1) 0.380 0.388 0.358 0.305
KT (L g−1) 4.463 5.175 5.573 5.983
R2 0.991 0.998 0.993 0.911
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where KT is the equilibrium binding constant (L/g) and B 
(J/mol) is the Temkin constant that connects the heat of 
adsorption.

From Fig. 4 and Table 2, it was observed that the Langmuir 
model is the best fit one with the highest R2 value, whereas the 
b value ranges from 0.479 to 0.517 which implies favorable 
adsorption. This indicates that adsorption onto the surface fol-
lows a monolayer adsorption mechanism.

3.5 � Thermodynamics

Based on equilibrium data, the free energy change (ΔG0), 
enthalpy change (ΔH0), and entropy change (ΔS0) can be 
calculated.

Van Hoff’s equation can be used for evaluating the ther-
modynamic parameters.

Equation 12 links further changes in Gibbs free energy 
to ΔH0 and ΔS0.

From Eqs. 12 and 13

(12)ΔG
◦

= −RTln
(

55.5lnKd

)

(13)ΔG
◦

= ΔH
◦

− TΔS
◦

(14)ln
(

55.5Kd

)

=
ΔS

◦

R
−

ΔH
◦

RT

where R = 8.314 Jmol−1  K−1, Kd =
qe

Ce

  = distribution 
constant.

When ln (55.5) Kd is plotted against T−1, a straight line is 
produced from which ΔH0 and ΔS0 may be calculated from 
the slope and intercept, in Fig. 5a, respectively and presented 
in Table 3 [41].

From Table 3 the negative value of ΔG0 indicates that 
the adsorption process is spontaneous and thermodynami-
cally advantageous. The increase in the negative value of 
ΔG0 with temperature suggests that elevated temperatures 
are advantageous for the adsorption process. A positive ΔH0 
value confirmed that the adsorption of MB is endothermic. 
An increase in randomness at the dye absorption adsorption 
site is affirmed by a positive ΔS0 value.

3.6 � Activation energy

According to the Arrhenius equation, the activation energy 
(Ea) connected to the adsorption of MB onto PDM as shown 
in Fig. 5b was calculated and presented in Table 4 as follows:

Modified Arrhenius equation related to surface coverage 
(θ) is represented by

(15)lnKa = lnA −
Ea

RT

Fig. 4   a Freundlich, b Lang-
muir, c Temkin isotherm plots 
(initial dye concentration = 20, 
30, 40, 50, and 60 mg/L; 
volume = 30 mL; contact 
time = 45 min; pH of the solu-
tion = 7; T = 298 K, 308 K, 
318 K, and 328 K; agitation 
speed = 110 ± 5 rpm; and 
dose = 0.08 g)
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where A denotes the preexponential factor, Ea (kJ/mol) is 
the activation energy, T refers to the operation temperature 
(K), R represents the universal gas constant (8.314 J/molK), 
S* is the adsorbate/adsorbent function, and θ represents the 
surface area coverage. S* should lie between 0 < S* < 1. The 
value of Ea indicates whether an adsorption phenomenon is 
physical or chemical [42].

From Table 4, the value of activation energy varies from 
14.758 to 29.139 kJ/mol, which signifies physisorption. At 
concentrations of 20 mg/L, 40 mg/L, and 60 mg/L, the high-
est θvalue (surface coverage) are found to be 0.982, 0.979, 
and 0.973, respectively at 328  K, suggesting favorable 
adsorption at a higher temperature.

3.7 � Regeneration and reuse

To improve sustainability, an adsorbent must maintain its 
effectiveness over several cycles. Various media were tested 
to regenerate the exhausted PDM: hydrochloric acid (0.1 M), 
sodium hydroxide (0.1 M), sodium chloride (0.1 M), and a 
1:1 methanol–water mixture. Figure 6a shows that the high-
est regeneration (74.65%) was achieved in an acidic solution, 
consistent with H+ exchange occurring with the dye bind-
ing sites. The substance was carefully cleaned before being 
tested for additional efficacy. The material can be recycled 
up to four times without significant loss of activity.

3.8 � Influence of coexisting ions

To evaluate the PDM’s real-time dye elimination efficacy, a 
tiny quantity of heavy metals and ions (Hg2+, Pb2+, PO4

3−, 
AsO4

3−) were introduced, as the wastewater itself has dif-
ferent levels of dissolved salt and heavy metals in it. The 
MB adsorption was examined in the presence of four ions, 

(16)S∗ = (1 − �)e
−Ea

RT

(17)� =

(

1 −
Ce

C0

)

Fig. 5   a Van’t Hoff plot, b 
Arrhenius plot (initial dye 
concentration = 20, 30, 40, 50, 
and 60 mg/L; volume = 30 mL; 
contact time = 45 min; pH of 
the solution = 7; T = 298 K, 
308 K, 318 K, and 328 K; agita-
tion speed = 110 ± 5 rpm; and 
dose = 0.08 g)

Table 3   Selected thermodynamic parameters (initial dye concen-
tration = 20, 30, 40, 50, and 60  mg/L; volume = 30  mL; contact 
time = 45 min; pH of the solution = 7; T = 298 K, 308 K, 318 K, and 
328 K; agitation speed = 110 ± 5 rpm; and dose = 0.08 g)

Concentra-
tion (mg/L)

Tem-
perature 
(K)

∆G (kJ/mol) ∆H (kJ/mol) ∆S (kJ/mol/K)

20 298  − 15.685 15.157 0.103
308  − 16.720
318  − 17.755
328  − 18.790

40 298  − 14.603 26.819 0.139
308  − 15.993
318  − 17.383
328  − 18.773

60  298  − 13.285 29.627 0.144
308  − 14.725
318  − 16.165
328  − 17.605

Table 4   Activation energy at various concentrations (initial dye con-
centration = 20, 30, 40,50, and 60  mg/L; volume = 30  mL; contact 
time = 45 min; pH of the solution = 7; T = 298 K, 308 K, 318 K, and 
328 K; agitation speed = 110 ± 5 rpm; and dose = 0.08 g)

Concentration 
(mg/L)

Temperature 
(K)

Activation energy (Ea) 
(kJ/mol)

θ

20 298 14.758 0.965
308 0.970
318 0.975
328 0.982

40 298 25.853 0.946
308 0.961
318 0.972
328 0.979

60 298 29.139 0.922
308 0.931
318 0.947
328 0.973
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such as Hg2+ (1 mg/L), Pb2+ (1 mg /L), PO4
3− (1 mg/L), and 

AsO4
3− (0.5 mg/L), to evaluate any effects of this nature. 

Individual ion concentrations were selected by WHO/EPA 
[43, 44]. In Fig. 6b, PDM exhibits 92.5% MB adsorption 
in the absence of any ions, and this is slightly decreased to 
86.1% and 84.9% in the presence of cations. This decline 
can be attributed to the fact that MB itself is a cationic dye 
and in the presence of cationic ions (Hg2+ and Pb2+) there 
may be competitive inhibition, preventing the adsorption of 
dye molecules by the material. However, 79.6% and 78.35% 
of adsorption were observed in the presence of PO4

3− and 
AsO4

3− respectively. It can be concluded that phosphate and 
arsenate ions have higher competitive properties than cati-
ons. On the contrary, cations like lead (Pb2+) and mercury 
(Hg2+) have an insignificant effect.

3.9 � Influence of spiked effluents

To better understand the practical applicability, four different 
sources of spiked wastewater—RO wastewater, distillation 
plant wastewater, tube well water, spiked seawater, and tap 
water—were selected and shown in Fig. 6c. Their pH values 
were 6.72, 7.78, 7.18, 6.90, and 8.19. The mixture was then 
treated with 20 mg/L dye, and the percentage of adsorption 
was calculated. The presence of various ions and impuri-
ties only slightly affected the adsorption rate in these spiked 
wastewaters. In contrast to RO wastewater, which had the 

lowest percentage of adsorption (76.18%), tap water had the 
highest percentage of adsorption (86.07%). This experiment 
is also confirmed by our previously discussed pH experi-
ments, which show that as the pH increases, the percentage 
of adsorption also increases.

3.9.1 � Industrial effluent

To figure out how effectively PDM works in treating 
wastewater in real-life situations, a batch experiment 
was carried out. This helps in understanding how PDM 
would perform in actual wastewater treatment plants, 
where the composition of wastewater can vary widely. 
From local Arvind textile industries, wastewater that was 
discharged after the dyeing of cloths was gathered. It was 
centrifuged and filtered. The fluid was diluted 60 times 
to reduce its concentration. After 45 min of stirring, 0.08 
g of PDM was combined with 30 mL of effluent solution, 
and the final concentration was determined; 56.77% 
removal indicates that the adsorption characteristics were 
significantly diminished in the presence of additional 
ions and dyes, which can also be used for practical 
purposes [45]. The experiment opens up avenues for 
further research into improving the effectiveness of 
PDM or exploring alternative treatment methods that 
can address the challenges posed by complex wastewater 
compositions.

Fig. 6   a Regeneration of 
PDM, b adsorption capacity 
in the presence of interfer-
ing ions, c effect of different 
spiked effluents (initial dye 
concentration = 20 mg/L; 
volume = 30 mL; contact 
time = 45 min; pH of the solu-
tion = 7; T = 298 K; agitation 
speed = 110 ± 5 rpm; and 
dose = 0.08 g)
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3.10 � Mechanism of adsorption

According to the FTIR study, the surface of PDM has func-
tional groups such as carbonyl (–C = 0) and amine (–NH). 
The mechanism of the adsorption process is supported by 
these functional groups. Through the process of phospho-
rylation, the acidic PO4

3− group was formed on the sur-
face of PDM by electrostatic interaction, which facilitates 
the adsorption process of the cationic MB dye. The elec-
trostatic attraction causes the cationic dye to cling to the 
surface of the adsorbent above pHZPC [46]. The –OH and 
–COOH on the surface and the N-atom of the cationic MB 
create hydrogen bonds as additional interactions on the 
surface of PDM. Additionally, the contact between the aro-
matic rings of PDM surfaces and the phenyl rings of MB 
can be enabled by π–π stacking, as shown in Fig. 7, and the 
lower removal is facilitated by the coulombic resistance 
between PDM and dyes below pHZPC [47, 48].

3.11 � Comparison of PDM with another adsorbent

If a new material outperforms the materials currently in use, 
it can be considered promising. The surface area, the incor-
poration of active sites, and the water stability of natural 
components are usually increased by chemical treatment. 

These improvements increase the ability of an adsorbent to 
bind dyes. Table 5 summarizes the comparative study of 
the maximum uptake of several sorbents, including PDM. 
Wang et al. examined the potential of peanut shells, treated 
with citric acid and used as an adsorbent for the removal 
of MB from aqueous solutions; 64.5% removal rate of MB 
was achieved at pH 4, adsorbent dosage (0.1 g), and initial 
dye concentration (100 mg/L), and biosorption isotherms 
revealed that the citric acid-activated peanut shell exhib-
ited MB uptake of 120.8 mg/g, as per the Langmuir model 
[49]. Hevira et al. examined the performance of the biosorb-
ent from Terminalia catappa (TC) shells for the removal 
of MB from aqueous solutions. The optimal conditions 
for the uptake of MB from Terminalia catappa shells were 
observed at a pH of 5, a contact time of 45 min, and an 
initial dye concentration of 800 mg/L, resulting in a maxi-
mum adsorption capacity of 88.62 mg/g. The examination 
of adsorption isotherm and kinetics study demonstrated 
that the MB uptake was best to the Freundlich and pseudo-
second-order models respectively [50]. Holliday et  al. 
observed that pea waste had a maximum potential adsorp-
tion capacity of 167 mg/g, demonstrating a notable supe-
riority over similar bio-adsorbent investigations in recent 
times; 89% MB was successfully removed using 0.1 g of 
biosorbent. The most suitable model for describing the 

Fig. 7   Mechanism of adsorption

Table 5   Comparative 
adsorption efficiency of various 
agricultural wastes for MB 
adsorption from water

Adsorbent Contact 
time (min)

Dose (g) Dye con-
centration
(mg/L)

pH Adsorption 
capacity
(mg/g)

Reference

Citric acid-activated peanut shell 120 0.1 100 4 120.4 [49]
Terminalia catappa shell 45 0.1 800 5 88.62 [50]
Pea waste 240 0.5 50 10 167.0 [51]
Sugarcane
bagasse

1440 2 5 - 9.410 [52]

Ficus palmata leaves 80 0.15 15 7 6.900 [53]
Treated peanut hull 6 1 100 6 132.0 [54]
Agrobacterium fabrum biomass 60 1 200 11 91.00 [55]
PDM 45 0.08 20 7 60.15 This study
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adsorption process was found to be pseudo-second-order 
adsorption kinetic and Freundlich adsorption isotherm 
model [51]. Andrade Siqueira et al. found that Sugarcane 
bagasse exhibited a maximum MB adsorption capacity of 
9.41 mg/g at 318 K after 24 h of contact period. Analysis of 
adsorption kinetics favored the pseudo-second-order model, 
suggesting a chemical process was involved [52]. Fiaz et 
al. observed that Ficus palmata leaves achieved maximum 
MB removal efficiency of 98%. This was accomplished by 
agitating 0.45 g of adsorbent with an initial dye concentra-
tion of 15 mg/L for 80 min at 318 K and pH = 7 [53]. Lv 
et al. evaluated the Fenton-like treated peanut hull for the 
removal of MB. Fenton-like treated peanut hull was found 
to have an 85.1% MB removal rate under optimal conditions 
of pH 6.0, an initial dye concentration of 100 mg/L, and an 
adsorbent dosage of 1.0 g/L. The adsorption mechanism fol-
lowed pseudo-second-order models, Redlich-Peterson and 
Langmuir models [54]. Sharma et al. examined the sorp-
tion capacity of MB using Agrobacterium fabrum biomass, 
and the observed maximum adsorption capacity for MB was 
91 mg/g at pH = 11 and 200 mg/L dye concentration [55]. 
98.25% MB uptake within 45 min (adsorbent dose = 0.08 g 
and C0 = 20 mg/L) supported with an adsorption capacity 
of 60.15 mg/g demonstrates the brilliance of the PDM at a 
neutral pH range.

4 � Conclusion

Methylene blue (MB) can be effectively removed from 
wastewater using phosphoric acid-modified de-oiled mahua 
seed cake (PDM). FTIR analysis shows the presence of 
active –NH groups. The surface area of PDM was deter-
mined to be 0.09629 m2/g. FESEM shows a non-uniform 
surface with irregularities such as pits and grooves. The 
zero-point charge (pHzpc) of PDM was determined to be 
7.2. The adsorption kinetics follows a pseudo-second-order 
model, indicating a chemisorptions process. The Langmuir 
isotherm model fits best and confirms monolayer and homo-
geneous adsorption. The maximum adsorption capacity was 
determined to be 60.15 mg/g at neutral pH. The overall inter-
action proved to be feasible, endothermic, and spontaneous. 
The spent material can be regenerated with a diluted HCl 
solution up to 74.65% and reused for up to four cycles. Com-
pared to other adsorbents, PDM shows significant potential 
for dye removal. Industrial wastewater trials have demon-
strated its superior applicability and usage. However, this 
study is limited to MB removal, and future research should 
investigate the removal of other dyes. For comprehensive 
field implementation, column experiments should be con-
ducted to examine the effects of various parameters such as 
bed height, flow rate, and contact time. Additionally, future 

studies could explore heavy metal removal and the magneti-
zation of PDM. From the above results discussed, it can be 
said that PDM could be an economically feasible and cost-
effective adsorbent for the removal of dyes from wastewater 
albeit not general. Although a lot has been done in this area, 
the disposal issue remained a challenge and untouched one. 
It should be taken up as priority areas.

In a nutshell, the present work highlights the efficacy of 
a highly abundant biomass for an economic water treatment 
without harming the environment. Mild chemical activation 
of a potential phytomass namely Nelumbo nucifera has been 
highlighted to act as a scavenger for toxic dyes from aque-
ous body.
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