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Abstract: Chemical waste accumulates in the environment due to the improper disposal of laboratory wastewater. 
Wastewater generated after inorganic analysis typically contains hardness-causing substances, resulting in 
elevated oxygen demand. However, conventional wastewater treatment is often prohibitively expensive, especially 
in resource-limited settings. An eco-friendly method is therefore essential for recycling laboratory wastewater 
for washing purposes. In this study, laboratory wastewater was treated using a natural adsorbent—raw plantain 
pseudo-stem (RPPS)—and its powdered form (PPPS). Post-treatment analysis showed significant improvement in 
the physical and chemical parameters. Water quality indicators, such as pH, total dissolved solids (TDS), turbidity, 
conductivity, biological oxygen demand, chemical oxygen demand, and concentrations of heavy metals (lead, 
cadmium, mercury, iron, and copper), were assessed before and after treatment using inductively coupled plasma 
mass spectrometry. Results showed that both RPPS and PPPS were effective, eco-friendly, and cost-efficient for 
laboratory wastewater treatment, with PPPS exhibiting superior adsorption performance.

Keywords: Plantain pseudo-stem; Natural adsorbent; Wastewater treatment; Total dissolved solids; Biological 
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1. Introduction

Water is indispensable for all living organisms. With 
the increasing global population, water demand is 
rising daily, while groundwater and surface water 
levels are diminishing due to excessive use.1,2 Water 
treatment and reuse are widely recognized as effective 
solutions to address water supply challenges.3 As water 
is continuously used, it becomes contaminated; thus, 
purification at the end of use is essential and is typically 
achieved through various treatment methods. It has 
been found that in developing countries, more than 
1.6 billion people use unhygienic water, resulting in 

widespread incidence of diarrhea and other waterborne 
diseases.4,5 Researchers have explored the use of natural 
materials—including fruits, vegetables, seeds, leaves, 
roots, and stem peels of plants—for their potential in 
water purification.1,3,6-9 Various techniques have been 
investigated for the removal of heavy metal ions from 
water, including precipitation, membrane filtration, 
ion exchange, coagulation and flocculation, magnetic 
separation, biosorption, and adsorption.10-20

Agricultural biomass is a readily available, 
inexpensive, easy-to-handle, and environmentally 
benign material, making it a viable option for biosorption 
and adsorption of heavy metal ions from water.17,18,21-25 
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The banana fruit, an agricultural commodity valued at 
USD 63.6 billion, has a projected global production of 
127.3 million tons.22,24 India, accounting for 29% of 
global production, is the largest producer of bananas, 
followed by China and the Philippines. Notably, 60–80 
tons of plantain stems per hectare are produced during 
fruit harvesting.26,27 The plantain stem is the heaviest 
component of the banana plant, while the plantain 
pseudo-stem is hard, fibrous, and non-edible.7,13,28

In India, banana trees are integral to many auspicious 
rituals, particularly in South India, resulting in the 
widespread availability of plantain pseudo-stems. Once 
the fruit ripens and is harvested, the pseudo-stem—no 
longer functional—is chopped and often converted into 
waste biomass. While plantain stems are utilized for 
their therapeutic properties, the pseudo-stem is typically 
discarded.29-31 Both the pseudo-stem and the stem play 
a crucial role in the transport of nutrients from the soil 
to the fruit. After harvest, the banana plant ceases to 
be useful, and the pseudo-stems are often burned or 
disposed of in rivers and lakes.32,33

Due to their high cellulose content and hygroscopic 
properties, banana stems are effective as a porous 
medium.34 The stem filter media is capable of 
significantly lowering chemical oxygen demand (COD), 
total suspended solids levels, and turbidity during 
wastewater treatment processes.35,36 Furthermore, 
chemical pre-treatments can reduce energy usage by 
improving the fibrillation of cellulose materials, altering 
the adsorbent surface, and boosting its capacity for ion 
adsorption.22,37-39

Chemicals used in laboratories are often disposed of 
as waste. However, improper disposal practices result in 
the discharge of water with persistence of hardness and 
other contaminants, leading to high oxygen demand, 
heavy metal accumulation, and environmental pollution. 
The high cost of wastewater treatment, especially under 
resource constraints, poses a significant challenge. 
This study examines the use of accessible and cost-
effective pseudo-stems as a potential adsorbent for the 
purification of laboratory wastewater.

2. Materials and methods

2.1. Materials
The pseudo-stems were sourced from local vegetable 
markets in Chennai, India. The raw pseudo-stems were 
thoroughly cleaned with distilled water to remove dirt 
and debris, and then chopped into small fragments.

These fragments were oven-dried at 120°C for 4 h, 
ground using a high-speed grinder, and sieved through a 

100-micron mesh to obtain uniform powdered material. 
For chemical activation, the pseudo-stem powder was 
treated with 5% acetic acid (Sigma-Aldrich, India) at 
60°C for 2 h to enhance its porosity and surface area 
(Figure 1).

Laboratory wastewater was collected using sterile 
5  L polyethene containers (Tarsons, India) placed 
beneath a laboratory sink during peak usage hours. 
Composite samples were obtained over a 3-h period 
to account for variability in discharge. The collected 
samples were immediately stored at 4°C and analyzed 
within 24 h.

2.2. Laboratory wastewater treatment with raw 
plantain pseudo-stem (RPPS)
Chopped RPPS was added at a concentration of 
50  g/L to inert glass containers (Borosil, India), each 
containing 1  L aliquots of the untreated laboratory 
wastewater samples (S1–S5), Table  1. Each mixture 
was left undisturbed for 24 h at room temperature (25 
± 2°C). No pH adjustment was performed, and natural 
pH (5.5–6.8) was retained to reflect real laboratory 
conditions.

After treatment, the supernatant was decanted and 
filtered, yielding first-stage filtrate, referred to as F1. 
This process was repeated using fresh RPPS for up 
to four treatment cycles, producing sequential filtrates 
F2 through F4. F2–F3 are considered intermediate-
stage treated water, while F4 is the final-stage treated 
water.

For each stage, the following parameters were 
measured: pH, TDS, turbidity, conductivity, COD, 
biological oxygen demand 5  days (BOD5), and 
metal concentrations (lead, cadmium, mercury, 
iron, and copper). Digital pH meters (Systronics, 

Figure  1. Photos of raw and powdered plantain 
pseudo-stem (RPPS and PPPS)
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Table 1. Characteristics of laboratory wastewater samples
Sample Metal pH TDS (mg/L) COD (mg/L) BOD5 (mg/L) Conductivity (mS/cm) Turbidity (NTU)
S1 Lead 6.8 1660 42.6 5.4 2.4 27.0
S2 Cadmium 6.6 1750 56.0 4.8 2.6 22.2
S3 Mercury 5.5 1520 60.8 4.7 2.2 45.0
S4 Iron 5.8 1620 48.5 8.0 2.4 30.8
S5 Copper 6.0 1820 50.6 6.2 2.6 40.8
Abbreviations: BOD5: Biological oxygen demand (5 days); COD: Chemical oxygen demand; mS/cm: milliSiemens per centimeter; 
NTU: Nephelometric turbidity unit; TDS: Total dissolved solids.

India), conductivity meters (Systronics, India), and 
TDS meters (Eutech Instruments, Singapore) were 
used. Turbidity was measured with a nephelometer 
(HACH 2100Q, USA; supplied in India). COD 
and BOD5 were analyzed according to the standard 
methods provided by the American Public Health 
Association (APHA) for the examination of 
water and wastewater. Metal concentrations were 
determined using inductively coupled plasma 
mass spectrometry (Agilent 7900, USA). Fourier 
transform infrared spectroscopy (FTIR) analysis 
(PerkinElmer Spectrum Two, USA) was conducted. 
Scanning electron microscopy (SEM) analysis (Carl 
Zeiss, India) was conducted. All treatments were 
conducted in triplicate (n = 3), and the results are 
reported as mean ± standard deviation.

2.3. Laboratory wastewater treatment with 
chemically activated powdered plantain pseudo-
stem (PPPS)
One gram of PPPS was added to 1  L screw-capped 
conical flasks (Borosil, India) containing the wastewater 
samples (S1–S5). The mixture was left for 24 h at room 
temperature (25 ± 2°C) under natural pH conditions 
(5.5–6.8). After settling, the mixture was filtered to 
obtain filtrate-1 (F1). This was then subjected to a 
second round of treatment with fresh PPPS (1  g), 
yielding filtrate-2 (F2).

All physicochemical parameters and heavy metal 
concentrations were analyzed for both raw and 
treated samples, following the same protocols and 
instrumentation as in the RPPS treatment.

A blank control (PPPS and distilled water) and 
a negative control (wastewater without PPPS) were 
processed alongside experimental samples to confirm 
treatment-specific effects.

2.4. Derivation of adsorption parameters
The experimental data in Table 2 were used to derive 
parameters for adsorption isotherm modeling. The 

amount of lead ions (Pb²⁺) adsorbed at equilibrium 
(qe, mg/g) was calculated using the mass balance 
equation (Equation I):

qe
Cs Ce V

m
�

� �( )
� (I)

Where Cs is the initial concentration of Pb²⁺ (fixed 
at 150 mg/L),

Ce is the equilibrium concentration (mg/L),
V is the volume of the solution (L),
and m is the mass of the adsorbent (g).
The derived parameters include: (1) Ce/qe for 

linearized Langmuir isotherm fitting; (2) ln(Ce) and 
ln(qe) for Freundlich isotherm fitting; and Ce/(Cs − Ce) 
and Ce/[(Cs − Ce) × qe] for Brunauer-Emmett-Teller 
(BET) isotherm analysis.

All logarithmic values are natural logarithms. These 
transformations enable direct comparison with the 
respective linear forms of the adsorption models and 
were applied uniformly across all experimental data.

2.5. Statistical analysis
Statistical analysis was performed using one-way 
analysis of variance to assess significant differences 
between treatment groups, with a significance 
threshold set at p<0.05. All analyses were carried 
out using ORIGIN 8 Pro software (OriginLab 
Corporation, USA).

2.6. Recovery of PPPS
Following biosorption, the PPPS underwent a recovery 
process to evaluate its potential for reuse in multiple 
adsorption cycles. The spent biosorbent was treated 
with 0.1 M hydrochloric acid, using a solid-to-liquid 
ratio of 1 g powder to 30 mL of eluent. The suspension 
was shaken for 60  min to facilitate desorption of the 
metal ions, after which it was separated by filtration.40 
The recovered biosorbent was thoroughly washed with 
distilled water to remove acid residues and then dried in 
a hot air oven at 120°C for 2 h.
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Table 2. Experimental and calculated parameters for adsorption isotherm modeling
Ce (mg/L) qe (mg/g) Ce/qe ln (Ce) ln (qe) Cs−Ce Ce/(Cs−Ce) Ce/([Cs−Ce]×qe)
10 1.2 8.33 2.30 5.30 140 0.0714 0.0595
20 2.0 10.00 3.00 6.90 130 0.1538 0.0769
40 3.0 13.33 3.69 8.50 110 0.3636 0.1212
60 3.6 16.67 4.10 9.43 90 0.6667 0.1852
80 4.0 20.00 4.38 10.09 70 1.1429 0.2857
100 4.2 23.81 4.61 10.61 50 2.0000 0.4762
Notes: All calculations assume a constant initial concentration of Cs=150 mg/L. Derived parameters were computed for the linearization 
of Langmuir, Freundlich, and BET isotherm models.
Abbreviations: BET: Brunauer–Emmett–Teller; Ce: Equilibrium concentration; Cs: Initial concentration; qe: Amount adsorbed at 
equilibrium.

3. Results and discussion

Before assessing the effectiveness of RPPS and PPPS 
in treating laboratory wastewater, control samples were 
examined. The blank controls (distilled water with RPPS 
or PPPS) showed minimal changes across all measured 
parameters, confirming that the adsorbents alone did not 
release significant contaminants or interfere with the 
readings. In the negative controls (untreated wastewater 
maintained under identical conditions), no notable 
changes in pH, TDS, turbidity, BOD5, COD, or metal 
concentrations were observed after 24 h. These findings 
indicate that passive settling or environmental factors 
did not significantly contribute to parameter reductions, 
confirming that the improvements observed in treated 
samples were specifically attributable to RPPS and PPPS.

3.1. Physical characteristics of water samples
The untreated wastewater samples exhibited strong 
turbidity, dark coloration, and unpleasant odor, indicative 
of high pollutant load. In contrast, water treated with 
RPPS and PPPS showed noticeable improvement in 
color, clarity, and odor. These qualitative changes 
suggest effective removal or reduction of both organic 
and inorganic contaminants.

3.2. Variation in physicochemical parameters
Significant improvements in physicochemical 
parameters were observed post-treatment. Figures  2-4 
display the comparative data for untreated and treated 
water across both RPPS and PPPS treatments.

Laboratory analysis showed consistent improvements 
in water quality after treatment. The pH values 
stabilized within the optimal range (6.0–7.5), and the 
acidic samples showed an increase in pH39. Alkaline 
samples exhibited a slight decrease in pH, indicating the 
buffering action of the biosorbent (Figures 2A and 3A). 

Significant reductions were observed in TDS, electrical 
conductivity (Figures  2B-C and 3B-C), and turbidity 
(70–90%) (Figures  2D and 3D), indicating efficient 
deionization and removal of suspended particulates. 
In addition, both COD and BOD5 markedly decreased 
(Figures 2E-F and 3E-F), pointing to substantial removal 
of organic matter and microbial load.35 Heavy metal 
removal exceeded 90% for lead, cadmium, mercury, 
iron, and copper, with PPPS demonstrating slightly 
better performance than RPPS (Figure 4).

3.3. FTIR analysis
3.3.1. FTIR analysis of PPPS
FTIR spectrum of PPPS (Figure  5) revealed 
characteristic peaks associated with cellulose (1026, 
1423, and 891 cm⁻¹), lignin (1511 and 1635 cm⁻¹), 
and hemicellulose esters and acetyl groups (1736 
cm⁻¹). Strong hydroxyl group absorption at 3417 cm⁻¹, 
important for adsorption processes, was also observed, 
along with peaks at 2920 cm⁻¹ and 2850 cm⁻¹, 
corresponding to aliphatic groups, likely representing 
waxes or lipophilic substances.

3.3.2. FTIR analysis of Pb2+-adsorbed PPPS
The FTIR analysis of Pb²⁺-adsorbed PPPS (Figure  6) 
confirmed that adsorption occurs through complexation 
with hydroxyl and carboxyl groups, interaction with 
lignin/aromatic and alcohol sites, and structural 
modifications reflected by shifts and suppression of key 
absorption bands (Table 3).

3.4. Batch adsorption study
A batch adsorption experiment was conducted to 
assess the efficacy of pre-treated plantain pseudo-
stem as a biosorbent for removing Pb²⁺ from aqueous 
solutions. The system was maintained under controlled 
conditions using a constant volume of 100 mL and a 
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Table 3. FTIR analysis of PPPS before and after adsorption of Pb2+

Wavenumber 
(cm⁻¹)

Peak 
(unadsorbed)

Peak (Pb²⁺ 
adsorbed)

Functional group Interpretation

~3417 3417.53 3416.13 O–H stretching Slight shift of H‑bonding affected by Pb²⁺ interaction 
with hydroxyl groups

~2920 2920.10 2923.82 C–H (aliphatic) Minor shift, possibly due to structural reordering
~1736 1736.28 Absent C=O (carbonyl) Disappearance suggests Pb²⁺ complexation with 

carboxyl groups in hemicellulose
~1635 1635.45 1636.24 Aromatic C=C/H2O Unchanged lignin/aromatic region
~1511 1511.37 Absent Lignin (C=C) Disappearance may indicate Pb²⁺ interaction with 

aromatic rings
~1423 1423.84 1435.50 CH₂ bending Slight shift due to structural rearrangement
~1247 1247.64 1249.03 C–O–C (ether) Retained, suggesting minimal effect
~1026 1026.76 1033.26 C–O stretching Shifted indicates interaction between Pb²⁺ and 

alcohol/ether groups
~891 891.63 894.20 β‑glycosidic bonds Retained, indicating cellulose backbone stability
Abbreviations: FTIR: Fourier transform infrared spectroscopy; Pb: Lead; PPPS: Powdered plantain pseudo‑stem.

fixed adsorbent dosage of 2 g, resulting in a working 
concentration of 20 g/L. The initial Pb²⁺ concentration 
was set at 150 mg/L to simulate moderate contamination 

levels. The pH of the solution was adjusted and 
maintained within the optimal range of 4.5–5.5, where 
maximum adsorption is anticipated due to the favorable 

Figure  2. Variation of pH, TDS, electrical conductivity, turbidity, COD, and BOD5 in the water samples 
treated with RPPS. Five wastewater samples (S1–S5) were untreated (S) or subjected to multiple rounds of 
RPPS treatment (F1–F4)
Abbreviations: BOD5: Biological oxygen demand (5  days); COD: Chemical oxygen demand; mS/cm: 
millisiemens per centimetre; NTU: Nephelometric turbidity unit; RPPS: Raw plantain pseudo-stem;  
TDS: Total dissolved solids

A

D E F

B C

https://dx.doi.org/10.36922/AJWEP025110078


Plantain waste for lab water cleanup 

Volume 22 Issue 6 (2025)	 125� doi: 10.36922/AJWEP025110078

ionization of active surface functional groups. The 
temperature during the study was kept constant between 
25°C and 30°C to replicate typical ambient conditions. 
Contact time was varied from 0 to 180 min at 30-min 
intervals to monitor adsorption kinetics. Samples were 
collected at each time point and analyzed for residual 
Pb²⁺ concentrations. This experimental setup facilitated 
the evaluation of adsorption capacity, equilibrium 
time, and overall performance of the plantain pseudo-
stem adsorbent, providing a foundation for kinetic and 
isotherm modeling.41

3.4.1. Langmuir adsorption isotherm
The adsorption data were analyzed using the Langmuir 
isotherm model to evaluate the monolayer adsorption 
capacity and the surface affinity of the adsorbent for 
Pb²⁺. The linearized form of the Langmuir equation is 
shown in Equation II.

1 1 1 1

qe q KL Ce qmax max

� �
�
�

�
�
� �

.
. � (II)

Figure  4. Percentage of metal adsorption in the 
water samples (S1–S5) treated with RPPS and PPPS
Abbreviations: Cd: Cadmium; Cu: Copper; Fe: Iron; 
Hg: Mercury; Pb: Lead; PPPS: Powdered plantain 
pseudo-stem; RPPS: Raw plantain pseudo-stem

Figure  3. Variation of pH, TDS, electrical conductivity, turbidity, COD, and BOD5 in the water samples 
treated with PPPS. Five wastewater samples (S1–S5) were untreated (S) or subjected to multiple rounds of 
PPPS treatment (F1–F2)
Abbreviations: BOD5: Biological oxygen demand (5 days); COD: Chemical oxygen demand; mS/cm: millisiemens 
per centimetre; NTU: Nephelometric turbidity unit; PPPS: Powdered plantain pseudo-stem; TDS: Total dissolved 
solids

A B C
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Where, qe = Amount of adsorbate adsorbed at 
equilibrium (mg/g)

qmax = Maximum monolayer adsorption capacity (mg/g)
KL = Langmuir adsorption constant related to the 

affinity of the binding sites (L/mg)
Ce = Equilibrium concentration of adsorbate in 

solution (mg/L).
A plot of 1/qe versus 1/Ce (Figure  7) yielded a 

straight line with an excellent linear fit (R² = 0.99994). 
The slope and intercept of the linear regression were 
6.62334 and 0.17019, respectively. From these values, 
the Langmuir constants were calculated as follows: 
(1) the monolayer adsorption capacity (qmax = 1/
intercept) was 5.876 mg/g. (2) The Langmuir constant 
(KL = Slope/intercept) was 38.93 L/mg. The high qmax 
indicates that the adsorbent possesses a substantial 
number of active sites capable of binding the target 
ion. In contrast, the large value of KL reflects a 
strong affinity between the adsorbate and the surface. 
The near-unity R² value confirms that the adsorption 
process adheres to the Langmuir model exceptionally 
well, suggesting that adsorption occurs as a monolayer 

on a homogeneous surface with uniform energies 
of adsorption. No significant interactions between 

Figure 5. FTIR spectrum of PPPS
Abbreviations: FTIR: Fourier transform infrared spectroscopy; PPPS: Powdered plantain pseudo-stem

Figure 6. FTIR spectrum of Pb2+-adsorbed PPPS
Abbreviations: FTIR: Fourier transform infrared spectroscopy; Pb: Lead; PPPS: Powdered plantain pseudo-stem

Figure  7. Langmuir isotherm modeling of Pb2+ 
adsorption by PPPS
Abbreviations: Ce: Equilibrium concentration; 
qe: Amount adsorbed at equilibrium; Pb: Lead; 
PPPS: Powdered plantain pseudo-stem
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adsorbed molecules were observed, further supporting 
the validity of the Langmuir assumptions.

3.4.2. Freundlich adsorption isotherm
The experimental adsorption data were also evaluated 
using the Freundlich isotherm, an empirical model 
describing adsorption on heterogeneous surfaces. The 
linearized form of the Freundlich equation is given in 
Equation III.

ln q  ln K
n

In Cee F� �
1

� (III)

where, qe = Amount of adsorbate adsorbed at 
equilibrium (mg/g)

KF= Freundlich adsorption constant indicative of 
adsorption capacity ([mg/g][L/mg]1/n)

n = Freundlich intensity parameter related to 
adsorption favorability (dimensionless)

Ce = Equilibrium concentration of adsorbate in 
solution (mg/L).

A plot of ln qe versus ln Ce (Figure  8) yielded a 
perfectly linear relationship (R² = 1.000), indicating an 
excellent fit to the Freundlich model. The slope of the 
plot was 2.303, corresponding to 1/n, which represents 
the adsorption intensity. Thus, the Freundlich constant 
(n = 1/2.303) is 0.434, suggesting a chemically favorable 
adsorption process, as n <1 typically reflects strong 
interactions between adsorbate and adsorbent. The 
pronounced linearity of the Freundlich plot indicates that 
adsorption likely takes place on a heterogeneous surface 
with sites of varying energies and supports the presence 
of multilayer adsorption. In addition, the model’s strong 
fit demonstrates that the adsorbent is effective across 
a wide range of adsorbate concentrations. Overall, 
the Freundlich isotherm accurately characterizes the 
adsorption behavior, and the high slope value indicates 
strong affinity and a non-uniform energy distribution 
among adsorption sites.

3.4.3. BET adsorption isotherm
The linearized BET equation is given in Equation IV.

Ce

Cs Ce qe qmC

C

qmC

Ce

Cs�� �
� �

� �
�
�

�
�
�

1 1

. .
. � (IV)

Where, Ce = Equilibrium concentration of adsorbate 
in solution (mg/L)

Cs = Initial adsorbate concentration in the solid 
phase (mg/L)

qe = Amount of adsorbate adsorbed at equilibrium 
(mg/g)

qm = Maximum monolayer adsorption capacity 
(mg/g)

C = Dimensionless constant related to adsorption 
affinity.

A plot of Ce/(Cs−Ce) versus Ce/([Cs−Ce] 
qe) (Figure  9) yielded a highly linear trend 
(R2 = 0.99983), indicating excellent agreement between 
the experimental data and the BET model. The slope 
and intercept were obtained as 0.21563 and 0.04268, 
respectively. Using these values, the BET constants 
were calculated: (1) Monolayer adsorption capacity 
(qm = 1/[slope + intercept]) is 3.98 mg/g; and (2) BET 
constant (C = 1 + [slope/intercept]) is 6.05.

These results indicate that multilayer adsorption 
plays a significant role and that the adsorbent has a 
well-defined surface with moderate affinity for Pb²⁺ 
beyond monolayer coverage. The high C value suggests 
favorable adsorbate–adsorbent interactions in the first 
adsorption layer, which is a key feature of BET-type 
behavior.

Overall, the adsorption data suggest that the 
monolayer plateau begins near a qe value of 4.2 mg/g, 
indicating a good fit for the Langmuir isotherm, which 
assumes monolayer adsorption on a homogeneous 
surface. However, the non-linear and increasing qe values 
at higher concentrations suggest a better fit with the 
Freundlich isotherm, which accounts for heterogeneous 
surface energies and multilayer adsorption behavior. 

Figure  8. Freundlich isotherm modeling of Pb2+ 
adsorption by PPPS
Abbreviations: Ce: Equilibrium concentration; 
Cs: Initial concentration; qe: Amount adsorbed at 
equilibrium; Pb: Lead; PPPS: Powdered plantain 
pseudo-stem
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Figure 9. BET isotherm modeling of Pb2+ adsorption 
by PPPS
Abbreviations: BET: Brunauer–Emmett–Teller; 
Ce: Equilibrium concentration; qe: Amount adsorbed 
at equilibrium; Pb: Lead; PPPS: Powdered plantain 
pseudo-stem

Moreover, the trend beyond 80  mg/L shows signs of 
additional adsorption layers forming, which supports 
the applicability of the BET model for multilayer 
adsorption at higher concentrations.

3.5. Adsorption kinetics
Kinetic studies are crucial for understanding the 
adsorption mechanism and rate-controlling steps, 
which aid in optimizing adsorption processes. Among 
the commonly used models, the pseudo-first-order 
model typically describes physisorption, while the 
pseudo-second-order model is often associated with 
chemisorption as the rate-limiting step. Comparing 
model parameters and correlation coefficients helps 
identify the best-fitting mechanism and provides 
insights into the adsorbate–adsorbent interaction and 
system efficiency.

3.5.1. Pseudo-first-order
The adsorption kinetics were evaluated using the 
pseudo-first-order model. A  linear plot of Figure  10 
showed excellent correlation (R2 = 0.99887), indicating 
good agreement with the model. The rate constant (k1) 
was calculated from the slope (0.00442 ± 6.65 × 10⁻⁵), 
and the intercept (0.20732 ± 0.00719) corresponds to 
log(qe). The high Pearson’s correlation coefficient 
(R = 0.99943) and the low residual sum of squares (5.57 
× 10⁻⁴) confirm that the adsorption follows pseudo-first-
order kinetics under the studied conditions.41

3.5.2. Pseudo-second-order
The adsorption kinetics were further evaluated using 
the pseudo-second-order model, which is based on the 
assumption that the adsorption process may involve 
chemisorption through electron sharing or exchange 
between the adsorbent and adsorbate. A  linear plot of 
t/qt versus time (Figure 11) yielded a high correlation 
coefficient (R2 = 0.99023), indicating that the experimental 
data fit the model well. The slope and intercept of the 
plot were 0.2294 ± 0.01019 and 2.42643 ± 1.10253, 
respectively, from which the equilibrium adsorption 
capacity and the pseudo-second-order rate constant were 
determined. The high Pearson’s R value (0.9951) and the 
relatively low residual sum of squares (13.09) further 
support the applicability of this model.41 These results 
suggest that the adsorption process follows pseudo-
second-order kinetics, implying that chemisorption is 
likely the rate-limiting step. Overall, the model provides 
a good description of the experimental data and indicates 
a strong interaction between the adsorbate and adsorbent.

3.6. Comparative performance: RPPS versus PPPS
A comparative assessment between RPPS and PPPS 
treatments revealed that PPPS achieved equal or 
superior contaminant removal using only two treatment 
cycles, compared to five cycles required for RPPS. The 
enhanced efficiency of PPPS is attributed to its greater 
surface area, fibrous structure, and porous morphology, 
which collectively increase the number of active 
adsorption sites.

Figure 10. Pseudo-first-order kinetic model for the 
adsorption of Pb2+ by PPPS
Abbreviations: qe: Amount adsorbed at equilibrium; 
qt: Amount of adsorbate adsorbed at time t; 
Pb: Lead; PPPS: Powdered plantain pseudo-stem
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3.6.1. Morphological analysis and adsorption potential 
of PPPS
The SEM analysis (Figure 12) of PPPS reveals a rough, 
porous surface interspersed with fibrous structures, 
significantly increasing its active surface area. This 
structural characteristic is advantageous for adsorption 
applications, as the increased surface exposure provides 
a greater number of binding sites for metal ions, thereby 
improving adsorption capacity.

Furthermore, the observed variation in particle size and 
shape may contribute to non-uniform binding efficiency 
across different regions of the material. However, the 
overall adsorption potential remains high due to the 
presence of extensive surface structures available for 
interaction. Notably, the presence of elongated fibrous 
structures, likely representing lignocellulosic bundles, 
suggests incomplete delignification, particularly if the 
material underwent pre-treatment for fiber extraction. 
Residual lignin and hemicellulose could influence the 
surface chemistry and metal ion affinity, highlighting 
the need for further investigation into their role in 
adsorption efficiency.

3.6.2. SEM analysis of Pb2+-adsorbed PPPS
After exposure to Pb²⁺ ions, the surface undergoes a 
notable morphological transformation as shown in 
Figure  13. The previously defined fibrous structure 
appears distorted and irregular, with amorphous 
and granular deposits visible on the surface. These 

particulates are likely lead complexes or precipitates, 
formed as Pb²⁺ interacts with functional groups on the 
plant matrix. Increased roughness, pore formation, 
and fiber fragmentation are also evident, indicating 
that metal ion binding may have caused localized 
swelling, collapse, or chemical etching of the biomass 
surface. These changes suggest the formation of surface 
complexes between Pb²⁺ ions and oxygen-containing 
functional groups.

These morphological changes strongly support the 
hypothesis that Pb²⁺ adsorption on plantain pseudo-stem 
occurs through a combination of surface complexation 
and ion-exchange, facilitated by the natural porosity 
and functional groups in the biomass. The post-
adsorption surface damage and particle deposition are 
clear indications of successful metal uptake. These 
findings, when combined with FTIR results, suggest 
that hydroxyl, carbonyl, and ether groups play a 
significant role in metal binding. This underscores the 
adsorptive potential of plantain pseudo-stem for heavy 
metal removal from aqueous systems.

3.6.3. SEM analysis of recovered PPPS
The surface morphology of the recovered plantain 
pseudo-stem (Figure  14) reveals a noticeably more 
porous and rough texture, resulting from the degradation 
of hemicellulose and partial delignification during 
the treatment process. These structural alterations are 

Figure 12. SEM images of PPPS
Abbreviations: SEM: Scanning electron microscopy; 
PPPS: Powdered plantain pseudo-stem

Figure  11. Pseudo-second-order kinetic model for 
the adsorption of Pb2+ by PPPS
Abbreviations: qe: Amount adsorbed at equilibrium; 
qt: Amount of adsorbate adsorbed at time t; 
Pb: Lead; PPPS: Powdered plantain pseudo-stem

Figure 13. SEM images of the Pb2+ adsorbed PPPS
Abbreviations: SEM: Scanning electron microscopy; 
Pb: Lead; PPPS: Powdered plantain pseudo-stem
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accompanied by visible cracks, micro fissures, and 
loosened fiber bundles, which collectively contribute to 
an increased surface area—an advantageous feature for 
subsequent adsorption-based applications. Disruption 
at the cell wall level is also evident, with signs of 
rupture and swelling, particularly in samples subjected 
to microbial or chemical hydrolysis, indicating active 
biodegradation on the surface. In addition, the presence 
of granular or crystalline deposits suggests residual salts 
or precipitates from wastewater exposure. Compared 
to untreated material, the treated pseudo-stem appears 
cleaner but more fragmented, with a clearer delineation 
of fiber bundles due to the separation of the supporting 
matrix. These changes demonstrate the enhanced 
suitability of the processed pseudo-stem for further 
functionalization or use in value-added applications, 
such as biosorption, composite development, or 
enzymatic hydrolysis.

3.7. Reusability of PPPS
The regeneration efficiency of PPPS was assessed over 
three consecutive cycles. The first cycle maintained 
high removal of Pb²+, while the second and third 
cycles retained approximately 75% and 50% of the 
initial adsorption capacity, respectively. The sustained 
performance in later cycles is attributed to the acid 
treatment’s ability to restore a significant proportion 
of active sites by desorbing bound Pb²⁺ ions, while 
preserving the structural integrity of the biomass. 
A  gradual decline in capacity likely results from 
irreversible binding, structural degradation, or partial 
loss of functional groups during repeated use.

3.8. Comparative performance of PPPS with other 
biosorbents
As reported in Section 3.4.1, the monolayer adsorption 
capacity of PPPS for Pb²⁺ was approximately 
5.88  mg/g. When compared with other agricultural 
biosorbents, such as banana peel (3.6–5.1  mg/g),42 

orange peel (4.8–6.2  mg/g),43 and sugarcane bagasse 
(4.5–7.4  mg/g),44 PPPS demonstrates competitive 
performance. This highlights its effectiveness and 
suitability as a low-cost, high-potential biosorbent. 
Furthermore, unlike many biosorbents that require 
extensive chemical pre-treatment, PPPS performed well 
with minimal processing, making it more accessible and 
environmentally favorable for real-world applications.

3.9. Applicability and environmental impacts
Although the chemical parameters of the treated water 
did not fully meet the drinking water standards set by 
Indian regulatory agencies, biosorption with plantain 
pseudo-stem significantly improved water quality. 
Parameters, such as pH, TDS, COD, BOD5, and heavy 
metal concentrations were notably reduced, making 
the treated water suitable for non-potable applications, 
such as laboratory washing and industrial reuse. This 
has meaningful implications for water conservation in 
resource-limited settings, where potable water must be 
preserved for essential uses. The study suggests that 
while the biosorbent may not yet replace conventional 
purification technologies for potable water, it offers a 
promising, cost-effective solution for secondary water 
treatment.

The study highlights the simplicity and cost-
effectiveness of the plantain pseudo-stem in the 
purification process. A container is sufficient for PPPS 
and RPPS methods, requiring minimal infrastructure 
and equipment. Furthermore, plantain pseudo-stems 
are commonly available waste biomass, making them 
an attractive choice for utilization as a biosorbent. This 
makes the purification process environmentally friendly 
and sustainable, as it utilizes a renewable and abundant 
resource.

The observed fungal growth on the plantain pseudo-
stem after RPPS treatment indicates that it undergoes 
degradation easily. The demonstrated reusability 
of PPPS further enhances the sustainability of the 
purification process by reducing waste generation and 
resource consumption.

4. Conclusion

The increasing discharge of laboratory wastewater, laden 
with chemical residues, poses a significant challenge to 
environmental sustainability. Given the indispensable 
role of chemicals in scientific research, particularly 
in the field of chemistry, there is a pressing need for 
environmentally responsible treatment strategies that do 
not compromise the integrity of research.

Figure 14. SEM images of the recovered PPPS
Abbreviations: SEM: Scanning electron microscopy; 
PPPS: Powdered plantain pseudo-stem
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In this study, we experimentally demonstrated 
a sustainable and efficient approach to laboratory 
wastewater treatment using plantain pseudo-stem, an 
abundant agricultural by-product in India, traditionally 
discarded after ceremonial use. Both raw and powdered 
samples were evaluated as biosorbents. The findings 
reveal substantial improvements in water quality, 
including significant reductions in pH imbalance, 
turbidity, TDS, electrical conductivity, BOD5, COD, 
and heavy metal concentrations. Notably, PPPS 
exhibited enhanced adsorption capacity with fewer 
treatment cycles, due to its higher surface area and 
porous morphology.

Beyond its technical efficacy, this biosorbent offers 
broader environmental benefits. Treated water, although 
not potable, meets the quality criteria for secondary 
applications, such as laboratory washing, thereby 
reducing freshwater dependency. Furthermore, the spent 
biosorbent, being biodegradable, can be repurposed 
as compost, closing the loop within a circular waste 
management framework.

This work underscores the viability of plantain 
pseudo-stem as a cost-effective, eco-friendly 
biosorbent for decentralized wastewater treatment in 
academic and research laboratories. Its implementation 
supports not only environmental conservation 
but also promotes the utilization of agro-waste in 
practical, scalable applications. Looking forward, 
the development of filtration units or column-based 
systems incorporating PPPS could enable continuous 
flow treatment, further extending its utility in real-
world settings. Integrating such bio-based solutions 
into laboratory infrastructure represents a meaningful 
advancement in the pursuit of green chemistry and 
sustainable research practices.
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