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A B S T R A C T   

Remediation of lead(II) wastewater using sustainable and effective methods is necessary due to the adverse 
health impacts of lead(II). As such, Parkia speciosa (PS) pod which is a non-toxic agricultural waste was evaluated 
for its effectiveness in the biosorption of lead(II) from aqueous phase. The interactive impacts of multiple pa-
rameters (temperature, concentration, pH and dosage) on the biosorption efficiency of lead(II) as well as the 
process optimisation was investigated by Box-Behnken design. It was determined that at the optimised conditions 
(55 ◦C, 79.42 mg/L concentration, 4.47 pH and 2 g/L dosage), the achievable maximum biosorption capacity was 
31.363 mg/g. The kinetics of lead(II) biosorption was best represented by the pseudo-second-order kinetic model 
while the process equilibrium correlated well to the Langmuir isotherm. Characterisation of the PS biowaste 
before and after the biosorption process confirmed the removal of lead(II). The reusability of exhausted PS 
biosorbent was best performed using 0.15 mol/L phosphoric acid. Overall, the results strongly support the 
feasibility of PS biowaste as a sustainable and effective biosorptive material for the remediation of lead(II) 
wastewater.   

1. Introduction 

The presence of lead heavy metal in the environment is a major 
threat due to its persistent, accumulative and non-biodegradable nature 
[1]. Specifically, lead (Pb(II)) is an extremely toxic and lethal metal, 
which is categorised among the thirteen elements of highest concern by 
the World Health Organisation (WHO) [2]. With the recent rapid 
industrialisation and urbanisation, the release of industrial effluents has 
become a major source of Pb(II) in the environment. The effluents 
containing Pb(II) originate from various sectors such as batteries 
manufacturing, printing, electroplating, textiles, paints and fertilisers 

production [3]. Additionally, exhaust Pb(II) particles resulting from 
leaded petrol combustion in vehicles have been found deposited within 
roadside or surface run-off [2]. Consumption of Pb(II) even in minute 
amounts leads to severe diseases such as hepatitis, anaemia and en-
cephalopathy, and causes irreversible brain damage and central nervous 
system disorder [4]. Furthermore, long term exposure to Pb(II) affects 
human growth, especially the learning ability, hearing and central 
nervous system of children [5]. Apart from that, chronic Pb(II) exposure 
has been reported to cause sterility, stillbirths, neonatal deaths and 
abortion issues in adults [6]. 

Due to the health risks posed by Pb(II), the US Environmental 

Abbreviations: AT, Temkin equilibrium binding constant; BD, Dubinin-Radushkevich activity coefficient; BT, Temkin isotherm constant; Ce, Equilibrium concen-
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Pseudo-second-order rate constant; Kc, Distribution coefficient; KF, Freundlich isotherm constant; KL, Langmuir isotherm constant; kP, Intraparticle diffusion rate 
constant; n, Freundlich exponent; qe, Equilibrium biosorption capacity; qe,cal, Calculated biosorption capacity; qe,exp, Experimental equilibrium biosorption capacity; 
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Protection Agency (USEPA) has limited the discharge concentration of 
Pb(II) into public waters to 0.015 mg/L [7], while the permissible Pb(II) 
concentration in drinking water is restricted to 0.01 mg/L by WHO [2]. 
Several treatment methods have thus been developed for removing this 
toxic metal from industrial effluents, including membrane separation, 
coagulation, electro-deposition, reverse osmosis and adsorption [8]. 
Nonetheless, most of the methods suffer from high operating and 
maintenance costs, inefficiency in treating low metal concentration and 
generation of toxic sludge leading to secondary pollution [1,9]. Hence, 
the need for more economical, sustainable and effective methods has led 
to biosorption being proposed as an alternative remediation technique 
for heavy metals. Biosorption is a separation technique using biological 
materials such as fungi, bacterial, algae and agriculture waste. This 
metal sequestration may involve complex physicochemical mechanisms 
between the metal ions and binding sites of biosorbent, such as 
adsorption, coordination, electrostatic interactions and ion-exchange 
[10–12]. The use of agricultural waste as a biosorption media is gain-
ing attention because of its cost effectiveness, high availability and 
removal efficiency for low concentration effluents whilst simultaneously 
alleviating the agricultural solid waste disposal problem [13]. 

Parkia speciosa (PS) is a plant found abundantly in tropical countries 
such as Malaysia, Philippines, Thailand and Indonesia. The plant bears 
green long flat beans which are 30–45 cm long and 2–6 cm wide [14]. 
The PS seeds are encapsulated in the pods of the long flat beans, and can 
either be eaten raw or cooked as a local delicacy. The seeds are also used 
in traditional medicine for treating various diseases such as headache, 
diabetes, kidney disorder, liver failure and oedema [15]. However, the 
pods of PS are inedible and discarded as solid waste. To address simul-
taneous agricultural waste minimisation and wastewater remediation, 
this research proposed to convert the pods into a value-added biosorbent 
for the removal of Pb(II) from wastewater. 

Metal biosorption is a complex process as its separation efficiency is 
highly dependent on the biosorbent dosage, solution pH, sorption 
duration, system temperature, particle size and metal concentration [13, 
16]. The desired separation performance can be predicted via empirical 
modelling and optimisation of the factors using response surface 
methodology (RSM). RSM allows insights into the interactions between 
the factors and their effects on the responding factor to be attained with 
minimal experimental runs, thereby reducing cost and waste generation. 
Of late, RSM has been applied to optimise the biosorption of heavy 
metals using different biosorbents such as rice husk [17], tea fungus [18] 
and Rhizopus arrhizus fungal biomass [19]. 

The aim of the present research was to assess the effectiveness of PS 
biosorbent in removing Pb(II) from aqueous systems. In this work, no 
chemical reagents were used during the conversion of PS waste into the 
low cost and eco-friendly biosorbent. RSM was applied based on sig-
nificant process parameters (temperature, concentration, pH and 
dosage) to determine the interactive terms and optimum conditions for 
the Pb(II) biosorption. Box-Behnken design (BBD) which is well suited to 
quadratic surface fitting and optimisation was applied in RSM for the 
experimental design [17,20]. The adsorption performance of the PS-Pb 
(II) system was modelled using different isotherm and kinetic models, 
and its regeneration ability was also studied. This research is aligned 
with the United Nations Sustainable Development Goals (SDG), namely 
SDG 6 – Clean Water and Sanitation and SDG 12 – Responsible Con-
sumption and Production considering it converts a biowaste into a useful 
product for Pb(II) contaminated water remediation. The outcomes of 
this work will benefit researchers and practitioners within the waste-
water treatment sector. 

2. Materials and methods 

2.1. Preparation of biosorbent and Pb(II) solutions 

Parkia speciosa (PS) was obtained from a local market in Selayang, 
Selangor. The edible seeds were separated from the PS pods. The pods 

were washed multiple times with deionised water to remove dirt prior to 
drying at 60 ◦C in a forced-convection oven (Memmert, Germany) for 3 
days. The dried PS pods were cut into small pieces, followed by pul-
verisation in an ultra-centrifugal mill (Retzch ZM 200, Germany). The 
ground PS pods were sieved using a sieve shaker (Fritsch Analysensieb, 
Germany) to acquire 125–200 µm of powder size. The biosorbent was 
then stored in a desiccator, ready for the biosorption tests. 

Analytical grade lead (II) nitrate (Pb(NO3)2, 331.2 g/mol) from 
Sigma-Aldrich was procured and utilised directly. A stock solution of 
1000 mg/L lead was prepared by adding 1.6 g of Pb(NO3)2 salt into 1 L 
of deionised water in a volumetric flask. The stock solution was further 
diluted with deionised water accordingly to obtain the desired initial 
concentration of Pb(II) solutions. 

2.2. Characterisation study 

The thermal properties of PS pod biosorbent were determined by a 
thermogravimetric analyser (TGA) (Mettler Toledo, USA). Approximate 
10 mg of sample was heated from 30 ◦C to 800 ◦C under a nitrogen flow 
of 50 mL/min and a heating rate of 5 ◦C /min. After heating for 10 min at 
800 ◦C, the gas supply was changed to oxygen, flowing at 50 mL/min. 
The biosorbent was then heated to 900 ◦C at 10 ◦C/min and held at 
900 ◦C for 15 min 

Fourier transform infrared (FTIR) spectrometer (Perkin Elmer, USA) 
was used to identify the chemical functional groups in the biosorbent. 
Approximately 10 mg of biosorbent was gently pressed by a stainless- 
steel probe on the diamond holder. Mid-IR range was selected for the 
setting of FTIR. A spectrum range of 4000–400 cm− 1 was recorded with 
16 replications of scan. 

Scanning electron microscope (SEM) (Quanta 400F, USA) equipped 
with energy dispersive X-ray (EDX) (INCA Oxford Instruments, UK) was 
used to observe the surface morphology of the PS pod biosorbent. A 
small amount of biosorbent was firmly fixed on a specimen stub by 
double-sided carbon tape. The stub with biosorbent was then placed in 
the SEM chamber for scanning under 20 kV accelerating voltage, 
2000–5000 times magnifications and low vacuum mode. 

2.3. Biosorption experiments 

Preliminary batch biosorption experiments were carried out to 
determine the effects of biosorbent dosage, initial Pb(II) concentration, 
temperature and solution pH on the removal efficiency of Pb(II). The 
batch biosorption experiments were performed by adding a specific 
mass of biosorbent and 50 mL of Pb(II) solution with known initial 
concentration into a series of conical flasks. The conical flasks were then 
placed in a waterbath shaker (Memmert, Germany) and shaken for 2 h at 
150 rpm until equilibrium was reached. After the experiments, the spent 
biosorbent was separated from the solution using filter paper. The final 
concentration of the supernatant solution was determined by atomic 
absorption spectrophotometer (AAS) (Perkin-Elmer AAnalyst 400, 
USA). The efficiency of the PS pod biosorbent was measured by the 
following equations: 

R =
C0 − Ce

C0
× 100% (1)  

qe =
(C0 − Ce)V

W
(2)  

where R (%) is the percentage removal, qe (mg/g) is the equilibrium 
biosorption capacity, C0 (mg/L) is the initial Pb(II) concentration and Ce 
(mg/L) is the equilibrium Pb(II) concentration, V (L) is the volume of Pb 
(II) solution and W (g) is the biosorbent weight. Under time-determining 
experimental conditions, qt and Ct were used instead of qe and Ce, 
respectively. 

For the kinetic study, the experiments were conducted by mixing 
0.15 g of PS biosorbent with 50 mL of 20 mg/L Pb(II) solution in several 
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conical flasks. The flasks were shaken in the waterbath at 150 rpm and 
30 ◦C. At a certain time interval, the flask was taken out for sample 
solution extraction and the concentration was detected by AAS. The 
steps were carried out repeatedly at 40, 60, 80 and 100 mg/L of initial 
Pb(II) concentrations. 

Every experiment was repeated thrice, and the average values are 
reported in this paper. Control tests which were identical to the bio-
sorption experiments, but without the addition of biosorbent, were 
carried out concurrently to assess the loss of Pb(II) due to external fac-
tors such as degradation, sorption onto glass wall, volatilisation and 
precipitation. 

2.4. BBD experimental design 

In the present study, a four-factor three-level (low (− 1), medium (0) 
and high (+1)) BBD model was used to determine the optimum condi-
tions for Pb(II) biosorption. The four selected significant parameters 
were temperature (A), initial Pb(II) concentration (B), initial pH (C) and 
biosorbent dosage (D). Biosorption capacity (q) was selected as the 
response for the optimisation process. Table 1 shows the ranges of the 
independent variables which were determined from the preliminary 
studies. 

A total of 29 experiments were designed using Design Expert 7.0 and 
performed arbitrarily as batch biosorption experiments. Analysis of 
variance (ANOVA) was employed as a diagnostic tool to determine the 
competency of the proposed model. Coefficient of determination (R2) 
evaluates the quality of fit of the polynomial model and measures the 
degree of variability of responding variable that can be explained by the 

independent variables and their interactions. Fisher’s ‘F’ test and P- 
value (probability) were included in the analysis. 

2.5. Theoretical model fittings and biosorption thermodynamics 

Adsorption isotherm models such as the Langmuir, Freundlich, 
Temkin and Dubinin-Radushkevich (D-R) were used to evaluate the 
equilibrium data. The Langmuir model suggests the binding sites on a 
uniform solid surface have the same sorption activation energies. The 
sites are occupied by a monolayer of adsorbates, with zero interactions 
between the adsorbed particles [21]. The dimensionless separation 
factor, RL, was calculated using the equation below to indicate the 
favourability of the biosorption process [22]: 

RL =
1

1 + KLC0
′ (3)  

where C0’ (mg/L) is the highest initial concentration. When 0 < RL < 1, 
the process is favourable whereas at RL > 1, the process is unfavourable. 
In addition, RL = 1 signifies a linear process and RL = 0 shows an 
irreversible process. The Freundlich model describes the exponentially 
decrease in biosorption energy with increasing surface coverage. It as-
sumes that the biosorption occurs on a heterogeneous surface with 
insignificant interaction between the adsorbed molecules [23]. The 
Temkin model takes into account the interaction between adsorbent and 
adsorbate, as well as the linear decrement of free sorption energy as a 
function of surface coverage [24]. The D-R model considers the sorption 
process of heterogeneous surfaces. It is commonly used to analyse high 
rectangularity isotherm which assumes that the porous structure of the 
sorbent contributed to the trend of the sorption curve [25]. 

The acquired kinetic data were analysed using the pseudo-first-order, 
pseudo-second-order and Elovich kinetic models. The pseudo-first-order 
kinetic model assumes a proportional relationship between the rate of 
binding sites occupied and the amount of vacant sites available. This 
model was employed to predict the initial stage of kinetic behaviour in 
biosorption process [26]. The pseudo-second-order describes a propor-
tional relationship between the rate of binding sites occupied and the 
squared amount of unoccupied sites [27]. The Elovich kinetic model 
considers the occurrence of the solid surface reactions on a highly het-
erogeneous surface which involves chemisorption [28]. The kinetic data 
were further analysed using the intraparticle diffusion model. The trend 
of intraparticle diffusion plot (qt versus t0.5) explains the rate deter-
mining steps for Pb(II) adsorption on the PS biosorbent. Intraparticle 
diffusion is the rate-controlling step if the plot is linear and crosses the 
origin. Conversely, the biosorption process is governed by more than 
one step if the plot does not cross the origin either linearly or 
nonlinearly. 

Non-linear regression was performed on the kinetic and isotherm 
models using Microsoft Excel Solver to determine the model parameters. 
The degree of fitting of each model was measured by the coefficient of 
determination (R2), root mean square error (RSME), and chi-square (X2). 
Low RSME and X2 values are desirable while an R2 value close to unity is 
preferable, as these fitting criteria indicate the adequacy of the model in 
representing the biosorption process. 

The thermodynamic parameters of the biosorption process such as 
enthalpy change (ΔH, kJ/mol), entropy change (ΔS, kJ/mol) and Gibbs 
free energy change (ΔG, kJ/mol) were determined by the equations 
below. 

ΔG = − RTlogKc (4)  

lnKc =
ΔS
R

−
ΔH
RT

(5)  

where R (J/(mol K)) is the gas constant, T (K) is the temperature and Kc 
is the distribution coefficient calculated from qe/Ce. From the plot of 
lnKc against 1

T, the values of ΔH and ΔS can be obtained from the 

Table 1 
BBD network with experimental and predicted biosorption capacities for Pb(II)- 
PS system.  

Variables Factor Range and Level   

-1 0 + 1   

Temperature (◦C) A 45 50 55   
Initial concentration 

(mg/L) 
B 40 60 80   

pH (-) C 3.5 4 4.5   
Biosorbent dosage 

(g/L) 
D 2 3 4   

Run A (◦C) B (mg/ 
L) 

C 
(-) 

D (g/ 
L) 

q (mg/ 
g) 

qpred 

(mg/g) 
1 45 60 4.0 4 12.65 11.96 
2 50 60 4.0 3 16.15 12.84 
3 45 40 4.0 3 11.84 21.52 
4 50 60 3.5 4 12.12 21.67 
5 50 80 4.0 2 29.80 18.80 
6 50 40 4.0 2 17.72 24.86 
7 50 60 4.0 3 16.83 12.48 
8 50 60 4.5 2 24.24 12.90 
9 45 80 4.0 3 20.98 21.82 
10 50 60 4.0 3 17.06 22.49 
11 50 80 4.0 4 17.91 12.83 
12 50 80 3.5 3 19.33 13.20 
13 50 40 4.0 4 9.74 11.12 
14 55 80 4.0 3 20.80 18.97 
15 45 60 4.0 2 22.02 13.02 
16 50 40 3.5 3 11.99 23.56 
17 55 60 3.5 3 14.11 14.06 
18 50 60 4.0 3 17.15 13.94 
19 55 40 4.0 3 12.40 16.66 
20 45 60 4.5 3 16.80 17.82 
21 45 60 3.5 3 14.54 17.63 
22 50 60 4.0 3 17.15 28.78 
23 50 40 4.5 3 13.33 10.44 
24 55 60 4.5 3 17.65 17.69 
25 50 60 3.5 2 17.28 16.87 
26 55 60 4.0 4 13.67 16.87 
27 50 60 4.5 4 13.44 16.87 
28 55 60 4.0 2 23.34 16.87 
29 50 80 4.5 3 23.37 16.87  
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gradient and the intercept of y-axis, respectively. 

2.6. Regeneration study 

Sulphuric acid (H2SO4), phosphoric acid (H3PO4) and acetic acid 
were used as the eluting agents to determine the reusability of the PS 
pod biosorbent. The concentration of acids was varied between 0.05 and 
0.30 mol/L. The Pb(II) biosorption test was initially carried out by 
mixing 0.15 g of biosorbent with 50 mg/L Pb(II) solution and placed in 
the waterbath shaker at 30 ◦C. After 30 min, the spent biosorbent was 
separated from the metal solution using centrifugation. The supernatant 
Pb(II) solution was collected to determine the amount of Pb(II) adsor-
bed. The separated biosorbent was added into the eluting agent to un-
dergo desorption process for 30 min and at 30 ◦C in the waterbath 
shaker. The supernatant Pb(II) solution was collected after filtration 
using filter paper. The Pb(II) solutions collected after the desorption 
process were analysed by AAS. The regeneration efficiency of the PS pod 
biosorbent was calculated by the equation below [29]: 

Regeneration efficiency =
Desorbed Pb(II)
Absorbed Pb(II)

× 100% (6)  

3. Results and discussion 

3.1. Characterisation of biosorbent 

The thermal stability of PS pod biosorbent was examined by TGA.  
Fig. 1(a) delineates the results plotted as loss of weight in percentage 
versus temperature. The resulting thermogram exhibited four stages of 
weight loss, revealing the estimated compositions of moisture, volatile 
matter, fixed carbon and ash in the PS pods. The first weight loss stage 
(1.47%) occurring between 30 and 100 ◦C was due to the elimination of 
water molecules and light volatile matter from the biosorbent [30]. The 
second rapid weight loss stage (38.94%) attributed to the devolatilisa-
tion of organic fraction was observed between 100 and 340 ◦C. The third 
stage with a slower rate of weight loss (34.14%) resulted from the 
continuous breakdown of the volatile residue and was detected at 
340–800 ◦C [31]. The total amount of volatile matter in PS pods from 
the first and second weight losses was 73.07%. At 800 ◦C, the remaining 
weight percentage represented the char component of the biosorbent. In 
the fourth stage, oxygen gas was then introduced into the TGA which 
resulted in a sudden drop in weight (21.44%). This was due to the 
decomposition of the fixed carbon content through combustion. The 
weight percentage was kept constant at about 3.45% as the temperature 
continued to rise to 900 ◦C. This final weight represented the ash con-
tent of the biosorbent. The outcomes from TGA revealed that PS pod 
biosorbent contained a larger amount of volatile compounds compared 
to fixed carbon and ash contents. 

SEM was used to examine the surface morphology of the PS pod 
biosorbent and the results (Fig. 1(b)) indicated that the biosorbent had a 
rough surface packed with numerous asymmetrical voids and cavities. 
These coarse features of PS pods surface might possibly act as the 
binding sites for the uptake of Pb(II) through pore adsorption. The SEM 
micrograph after Pb(II) biosorption (Fig. 1(c)) demonstrated that the 
biosorbent surface had become relatively smoother with the presence of 
silver spots. As suggested by Hiew et al. [16], these spots might be the 
metal ions deposited on the biosorbent surface. Meanwhile, the EDX 
diagram portrays the elemental compositions of the PS pods before the 
biosorption (Fig. 1(d)) and after the biosorption (Fig. 1(e)) of Pb(II). The 
main constituents of the biosorbent were carbon and oxygen which were 
not affected much by the biosorption process. After biosorption, the 
peaks of potassium (K) and chlorine (Cl) disappeared which might be 
due to the interaction with Pb(II) through mechanisms such as 
ion-exchange. This finding was supported by the new Pb(II) peaks 
detected around 2 keV implying the replacement of K and Cl originally 
present in the biosorbent by Pb(II) [32]. 

FTIR was used to determine the chemical functionalities of PS pods 
before and after the biosorption of Pb(II). It provides information on the 
chemical groups which might be actively involved in binding the metal 
ions. The distinct FTIR peaks obtained within the range of 
4000–500 cm− 1 are presented in Fig. 1(f). The peaks detected at 3262, 
2921, 1606, 1442, 1318, 1208, 1028, 762 and 510 cm− 1 were associated 
with the stretching of − OH in hydroxyl group, C− H stretching in methyl 
and methylene groups, C––C stretching in α,β-unsaturated ketone, O− H 
bending in carboxylates, O− H bending in phenol group, S––O sulphur 
containing compounds, C− O bond in carboxylic acid and C− H bend, 
correspondingly [33]. Some changes in the peaks were observed after 
the biosorption of Pb(II). The overall intensities of the peaks were 
decreased with several shifts of peaks such as from 3262 to 3275 cm− 1, 
1208–1210 cm− 1 and 1028–1026 cm− 1. These changes implied that 
hydroxyl, carboxylic and sulphonate groups were involved in the bio-
sorption of Pb(II) through ionic exchange [33]. The SEM-EDX and FTIR 
analyses presented consistent findings which supported the involvement 
of ion-exchange mechanism in the biosorption of Pb(II). 

3.2. Optimisation of biosorption by RSM approach 

RSM was performed on the removal of Pb(II) by PS pod biosorbent to 
identify the interactive effects of four independent parameters, namely 
temperature (A), initial Pb(II) concentration (B), solution pH (C) and 
biosorbent dosage (D). The selected response was the biosorption ca-
pacity (q). A total of 29 experimental runs were generated for the RSM- 
BBD with a four-factor, three-level design as shown in Table 1. From the 
results of RSM, the response could be predicted by the following second- 
order polynomial relationship at a confidence level of 95%: 

q = − 87.74+ 1.54A+ 0.02B+ 26.4C+ 3.29D − 0.002AB+ 0.13AC
− 0.01AD+ 0.07BC − 0.05BD − 2.82CD − 0.02A2 + 0.001B2

− 3.14C2 + 1.18D2

(7)  

3.2.1. ANOVA 
The regressed data were analysed by ANOVA to ensure the statistical 

significance of the quadratic model. The ANOVA results of regressed 
parameters of the quadratic model are listed in Table 2. The larger F- 
values and the smaller P-values indicate that the corresponding term has 
great significance. It was observed that the regression model was sta-
tistically significant at an F-value of 63.48 with a very low P-value of 
< 0.0001. The latter value indicated that only 0.01% of possibility that 
the large F-value was contributed by noise. If the value of P is less than 
0.05, it indicates that the term is statistically significant. According to 
Table 2, B, C, D, BD, CD, C2 and D2 were the statistically significant 
model terms, while the other terms were marginally and statistically 
insignificant. 

The lack-of-fit analysis shows the validity of the quadratic model. 
With a lack-of-fit P-value of 0.0773 which was greater than 0.05, this 
implied that the quadratic model had successfully established a precise 
functional correlation between the responding and independent vari-
ables. The percentage of contribution of each term of the model to the 
response of the quadratic model was calculated from the sum of squares 
obtained from ANOVA [34]. The calculated results are included in 
Table 2. From the results, it was observed that the initial Pb(II) con-
centration and the biosorbent dosage had the highest percentages of 
contribution, 44.68% and 44.19%, respectively. This showed that both 
parameters were the dominating process variables. The degree of fitting 
of models was evaluated by R2. ANOVA evaluated a high R2 of 0.98 for 
the model. R2 close to 1 represents a high correlation between the 
observed and predicted values. The obtained R2 indicated that the 
relationship between the independent variables and the response was 
well predicted and explained by the regression model, whereby 98% of 
the total variation of Pb(II) biosorption could be revealed by the model 
and the remaining 2% was the residual variability. 
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Fig. 1. (a) TGA plot, SEM (b) before and (c) after biosorption, EDX (d) before and (e) after biosorption, and (f) FTIR spectra of Pb(II)-PS pod system.  
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The adjusted R2 (0.97) measures the variation of data which is 
determined by the model while the predicted R2 (0.92) measures the 
model competency in predicting the experimental response value. Both 
the adjusted R2 and predicted R2 should have a difference of less than 
0.20 to achieve reasonable agreement, or else it indicates possible errors 

in the experimental data or the predicted model. In this study, the dif-
ference in value was 0.05 which implied that the model was perfectly 
fine with a high agreement between the adjusted R2 and predicted R2. In 
addition, the adequate precision is the measure of signal to noise ratio 
that should have a desired value of more than or equal to 4. It is used to 

Table 2 
ANOVA results for response surface model and parameters.  

ANOVA 

Source Sum of squares Contribution (%) Degree of freedom Mean square F-value P-value (Prob>F) 

Model 571.3 – 14 40.81 63.48 < 0.0001 
A - Temperature 0.81 0.14 1 0.81 1.27 0.2793 
B - Concentration 253.7 44.68 1 253.7 394.6 < 0.0001 
C – pH 31.57 5.56 1 31.57 49.11 < 0.0001 
D – Dosage 250.9 44.19 1 250.9 390.2 < 0.0001 
AB 0.13 0.02 1 0.13 0.21 0.6560 
AC 0.41 0.07 1 0.41 0.64 0.4373 
AD 0.02 0.00 1 0.02 0.03 0.8544 
BC 1.81 0.32 1 1.81 2.82 0.1154 
BD 3.82 0.67 1 3.82 5.94 0.0288 
CD 7.94 1.40 1 7.94 12.35 0.0034 
A2 1.38 0.24 1 1.38 2.14 0.1655 
B2 2.25 0.40 1 2.25 3.51 0.0822 
C2 4.01 0.71 1 4.01 6.23 0.0256 
D2 9.04 1.59 1 9.04 14.06 0.0022 
Lack-of-fit 8.28 – 10 0.83 4.60 0.0773 
Optimisation of factors 
Factor/Response Goal Lower Limit Upper Limit    
Temperature (◦C) Maximise 45 55    
Concentration (mg/L) Maximise 40 80    
pH (-) In range 3.5 4.5    
Dosage (g/L) Minimise 2 4    
q (mg/g) Maximise 26 29.80     

Fig. 2. Plots of (a) predicted versus actual responses, (b) normal probability for residuals, and (c) perturbation for Pb(II) biosorption onto PS pod biosorbent.  
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evaluate the correlated error corresponding to the predicted response 
and assist the model fitness level. A ratio of 31.80 was obtained in the 
current study, representing the high adequacy of signal which can be 
used to anticipate the model response [35]. The plot of the actual 
experimental response (biosorption capacity) against the predicted 
response by the model is illustrated in Fig. 2(a). The data points in the 
plot closely adhere to the linear line, indicating that the experimental 
range studied was adequately explained by the RSM-BBD model. 

3.2.2. Analysis of normal probability and perturbation plots 
The normal probability plot of the residuals is used to diagnose and 

justify the errors that deviated from the assumptions and prediction of 
the RSM model. The errors that are distributed normally with homo-
geneous variances are not correlated with each other [16]. The residual 
is defined as the variation between the observed and predicted values 
from the regression analysis. Fig. 2(b) shows the normal probability plot 
of the residuals of the current RSM-BBD model. It can be observed that 

Fig. 3. 3D surface response plots of (a) AB, (b) AD, (c) AC, (d) BC, (e) BD and (f) CD.  
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there was negligible violation in the assumptions made. This satisfactory 
normal plot of residuals confirmed the RSM model assumptions and the 
residuals independency. Fig. 2(c) illustrates the sensitivity and simul-
taneous interaction of all independent variables on the biosorption ca-
pacity of Pb(II). The initial concentration (B) and biosorbent dosage (D) 
were the steepest lines indicating the high sensitivity of biosorption 
capacity to both parameters. The relatively flat lines of temperature (A) 
and pH (C) depicted the lower sensitivity of the response towards these 
parameters. This plot agrees well with the findings from ANOVA 
whereby B and D were determined as the crucial factors in Pb(II) 
removal by PS pod biosorbent. Notably, the slope of D plot is negative 
while those for A, B and C plots are positive. These indicate that an in-
crease in D would have a negative impact on the biosorption capacity 
whereas increasing A, B and C would positively impact the biosorption 
capacity. 

3.2.3. Interactive effects of process parameters 
Three dimensional (3D) plots were used to analyse the impact of 

variables and their interactive effects on the process response. The 3D 
response surface plots were formed by the developed quadratic model 
(Eq. (7)). Since the model consisted of four independent variables and 
the 3D plot is composed of three axes, two variables will be held constant 
at the central level for each plot. The ranges of the independent variables 
determined from preliminary studies are summarised in Table 1. A total 
of 6 combined effects which are AB, AC, AD, BC, BD and CD will be 
discussed accordingly. Based on ANOVA, the BD and CD terms were 
statistically significant in the model as compared to the other four 
interaction terms, while B (initial concentration) and D (dosage) were 
the terms with the greatest contribution to the model. The response of 
the 3D surface plots, biosorption capacity (q), indicates the efficiency of 
PS pod biosorbent in removing Pb(II). According to Eq. (2), a high q is 
desirable as it signifies that a low amount of biosorbent is required to 
remove a high amount of Pb(II). 

Fig. 3(a), (b) and (c) represent the effects of temperature (A) that was 
set within a range of 45–55 ◦C. The effect of temperature in biosorption 
studies was generally investigated between 20 and 60 ◦C [36]. However, 
an insignificant effect of temperature on the biosorption of Pb(II) was 
found at very low temperatures which might be due to the lower colli-
sion rate between the metal ions and PS pod biosorbent [36], while high 
temperatures might have caused physical degradation of the biosorbent. 
From the preliminary study on the effect of temperature, the biosorption 
of Pb(II)-PS system was determined to be endothermic, implying that 
higher removal efficiencies could be obtained at higher temperatures. 
This might be due to the increase in kinetic energy of the metal ions with 
temperature, resulting in higher mobility of the metal ions and increased 
chances of collision with the biosorbent [37]. Furthermore, the increase 
of Pb(II) uptake with temperature might be due to structural changes in 
the biosorbent, such as swelling effect of the pore structure of biosorbent 
which allowed more metal ions to be attached [38]. As shown in Fig. 3 
(a), (b) and (c), temperatures ≥ 50 ◦C could deliver the highest possible 
process response (q). Based on the ANOVA results (Table 2), tempera-
ture was the least significant variable as compared to the other three 
variables. Hence, from Fig. 3(a), (b) and (c), it was observed that the 
increasing trend of temperature was relatively insignificant throughout 
the range of concentration, dosage and pH, respectively. 

Initial concentration (B) was the model term with the greatest 
contribution (44.68%). According to Fig. 3(a), (d) and (e), a rise in B 
generally shows a positive impact towards the biosorption capacity, in 
particular B ≥ 60 mg/L yielded relatively high biosorption capacity 
(>15 mg/g). As the initial concentration increased, the amount of the 
metal ions became higher than the amount of sorption sites. This 
enhanced the driving force for the metal ions to overcome the mass 
transfer resistance between the solid and liquid phases, hence escalating 
the rate of metal uptake [39]. 

Despite not being one of the prominent factors, solution pH (C) could 
influence the speciation of Pb(II) species and consecutively affect the 

biosorption capacity. Above pH 6, Pb(II) complexes such as Pb3(OH)4
2+, 

Pb(OH)3- and Pb4(OH)4
4+ are formed through hydrolysis, whereas Pb(II) 

mainly exists as Pb2+ and PbNO3+ at pH lower than 6 [40]. Thus, to 
ensure that the removal of Pb(II) was through adsorption mechanism 
instead of precipitation, higher pH was avoided [41]. The preliminary 
study on the effect of pH showed that the optimum pH for Pb(II) removal 
was 5 and further increase in pH resulted in negligible effect on the 
biosorption of Pb(II), while decreasing pH caused rapid decrease in the 
removal efficiency. Thus, the effect of pH was limited to the range of 
3.5–4.5 in RSM study. The low removal of Pb(II) under highly acidic 
environment was attributed to protonation of biosorbent surface due to 
the close association with H+ and H3O+ in the acidic solution [34]. 
Electrostatic repulsion occurred between the positively charged metal 
ions and biosorbent active sites which restricted the binding of Pb(II) 
onto the biosorbent, resulting in the low removal of metal. Deprotona-
tion of the binding sites occurred as the pH was increased, increasing the 
negative charge on the biosorbent surface. This consequently increased 
the removal of Pb(II) through electrostatic attraction between the metal 
ions and biosorbent surface, and reduced competition between the metal 
ions and protons for sorption sites. Based on the pH interactive response 
surface plots (Fig. 3(c), (d) and (f)), the highest possible biosorption 
capacity under the influence of pH could be attained when C ≥ 4.0 while 
A ≥ 50 ◦C, B ≥ 60 mg/L and D ≤ 3.0 g/L. 

Dosage of biosorbent (D) was as significant as the initial concentra-
tion (B) in the quadratic model with a slightly lower percentage of 
contribution (44.19%). Dosage was negatively correlated to the 
response of the model. Generally, Pb(II) biosorption capacity decreases 
with increasing dosage as illustrated in Fig. 3(b), (e) and (f). As the 
dosage increased, the occurrence of biosorbent agglomeration decreased 
the total amount of binding sites for metal ions [16]. This consequently 
reduced the metal uptake rate. As shown in the response surface plots, it 
is speculated that conditions such as D ≤ 3.0 g/L, A ≥ 50 ◦C, B 
≥ 60 mg/L and C ≥ 4.0 could result in the highest possible biosorption 
capacity. 

One notable finding is that Fig. 3(e) exhibits the greatest colour 
gradient among the six 3D surface plots. This was mainly due to the 
strong interactive effect between the two most significant independent 
variables in the model, biosorbent dosage (D) and initial Pb(II) con-
centration (B). The lowest biosorption capacity of Pb(II) (10.31 mg/g) 
was achieved at the highest biosorbent dosage of 4.0 g/L and the lowest 
initial Pb(II) concentration of 40 mg/L. As the dosage reduced and the 
concentration increased, the biosorption capacity increased corre-
spondingly. The highest biosorption capacity was achieved at 2.0 g/L of 
dosage and 80 mg/L of concentration with an approximate response of 
28.13 mg/g. This resulted from the desirable condition whereby high 
initial concentration increased the ratio of the initial metal solute to the 
available binding sites, which consequently enhanced the driving force 
of Pb(II) ions to promote the high removal efficiency. In addition, the 
decrement in dosage increased the biosorption capacity due to the in-
verse relationship between these variables, as shown by Eq. (2). 

By studying the response surface plots presented in Fig. 3(a) – (f), it 
can be deduced that the highest possible biosorption capacity can be 
obtained when the system is operating under these conditions: A 
≥ 50 ◦C, B ≥ 60 mg/L, C ≥ 4.0 and D ≤ 3.0 g/L. 

3.2.4. Optimisation by desirability function 
The desirability function of RSM was used in the optimisation of Pb 

(II) biosorption of the current study. It identifies the best combination of 
factor settings that optimise the desirable response from the desired goal 
and range set for each factor and response. The goals set in this study are 
tabulated in Table 2. Temperature and initial concentration were set to 
maximum due to the positive effects on the response caused by both 
parameters. pH was set in range because it was a sensitive parameter 
that was highly dependent on the interactive effects while dosage was 
set to minimum from an economic point of view and its inverse rela-
tionship with biosorption capacity. A higher biosorption capacity for Pb 

W.T. Tee et al.                                                                                                                                                                                                                                   



Biochemical Engineering Journal 187 (2022) 108629

9

(II) using a lesser mass of PS biosorbent is desirable in the process 
optimisation, thus the response was set to maximum. A solution of 
relatively high desirability (0.996) and biosorption capacity 
(31.363 mg/g) was predicted at the optimised parameters of 55 ◦C 
temperature, 79.42 mg/L initial concentration, pH 4.47 and 2.0 g/L 
dosage. For validation of the optimisation results, triplicate laboratory 

experiments were conducted under the stated conditions. It was deter-
mined that the average experimental biosorption capacity (31.355 mg/ 
g) achieved at these conditions was in good agreement with the pre-
dicted optimum response (31.363 mg/g), with a mere difference of 
0.026%. This finding confirms the high accuracy of the developed BBD 
model. 

d

Fig. 4. Experimental and predicted (a) isotherms at different temperatures, (b) kinetics at different initial concentrations, (c) intraparticle diffusion plots at different 
initial concentrations, and (d) regeneration. 
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3.3. Biosorption isotherm 

The experimental data of Pb(II) biosorption were fitted non-linearly 
to the Langmuir, Freundlich, Temkin and D-R isotherm models to 
describe the equilibrium relationship between Pb(II) and the biosorbent 
at constant temperature. Comparison of experimental isotherms with 
the regressed isotherms at 30, 40, 50 and 60 ◦C is shown in Fig. 4(a). The 
degree of fitting onto each model was determined by three error func-
tions including R2, root mean square error (RMSE) and chi-square (X2). 
The calculated parameters of the models and respective error functions 

are presented in Table 3. Generally, low RSME and X2 values, and R2 

values close to unity indicate the experimental data are well regressed to 
the model. As shown in Table 3, the Langmuir model was the best-fit 
model with lowest X2 (0.703 – 2.464), lowest RMSE (1.019 – 1.959) 
and R2 closest to unity (0.978 – 0.994). This suggested the occurrence of 
monolayer sorption of Pb(II) onto the active sites of PS pod biosorbent 
and that the distribution of active sites was homogeneous [21]. The 
maximum biosorption capacity (qm) predicted by this model was 
48.70 mg/g at 60 ◦C with a KL of 0.084. An increasing trend in qm and a 
decreasing trend in KL could be observed from 30◦ to 60◦C. Increasing qm 

Table 3 
Equilibrium, kinetic and thermodynamic parameters for Pb(II) biosorption onto PS pod biosorbent.  

Equilibrium 

Model Parameters Temperature (◦C)   

30 40 50 60   

Langmuir qm (mg/g) 36.89 39.24 43.51 48.70   
KL (L/mg) 0.098 0.101 0.081 0.084   
RL 0.049 0.047 0.058 0.056   
RMSE 1.808 1.019 1.959 1.481   
X2 1.763 0.703 2.464 1.657   
R2 0.978 0.994 0.980 0.991   

Freundlich KF (mg/g(L/mg)1/n) 8.933 8.892 8.501 8.617   
n 3.336 3.104 2.854 2.594   
RMSE 3.987 3.197 4.140 3.480   
X2 7.642 5.376 8.254 6.251   
R2 0.893 0.939 0.910 0.948   

Temkin AT (L/mg) 1.008 1.058 0.714 0.757   
BT (mg/g) 7.637 8.131 9.688 10.84   
RMSE 2.717 1.670 2.506 1.506   
X2 3.124 1.284 2.850 1.283   
R2 0.950 0.983 0.967 0.990   

D-R qs (mg/g) 37.74 40.33 44.37 50.03   
BD (mol2/kJ2) 0.013 0.012 0.012 0.012   
E (kJ/mol) 6.314 6.571 6.364 6.593   
RMSE 2.270 1.475 2.354 1.786   
X2 2.625 1.359 3.136 2.159   
R2 0.965 0.987 0.971 0.986   

Kinetic 
Model Parameters Initial Concentration (mg/L)  

20 40 60 80 100  
Pseudo-first-order qe,exp (mg/g) 6.041 11.69 17.56 22.62 28.33  

ho,1 (mg/(g min)) 1.817 12.96 18.82 31.58 36.25  
qe,cal (mg/g) 5.523 10.91 16.64 21.58 26.85  
k1 (1/min) 0.329 1.188 1.131 1.463 1.350  
RMSE 0.482 0.501 0.600 0.728 0.834  
X2 0.806 0.322 0.302 0.344 0.362  
R2 0.902 0.969 0.981 0.983 0.986  

Pseudo-second-order qe,exp (mg/g) 6.041 11.69 17.56 22.62 28.33  
ho,2 (mg/(g min)) 3.280 36.13 57.77 104.36 136.71  
qe,cal (mg/g) 5.861 11.13 16.95 21.91 27.21  
k2 (g/(mg min)) 0.096 0.292 0.201 0.217 0.185  
RMSE 0.252 0.398 0.475 0.560 0.695  
X2 0.217 0.203 0.191 0.205 0.252  
R2 0.973 0.981 0.988 0.990 0.990  

Elovich qe,exp (mg/g) 6.041 11.69 17.56 22.62 28.33  
β (g/mg) 1.114 0.784 0.529 0.419 0.341  
α (mg/g.min) 10.62 196.7 366.6 599.5 811.5  
RMSE 0.737 2.117 3.274 4.321 5.410  
X2 2.897 8.963 13.82 18.35 22.99  
R2 0.771 0.451 0.430 0.408 0.399  

Intraparticle diffusion kP (mg/g min− 0.5) 0.224 0.164 0.206 0.236 0.278  
C (mg/g) 3.903 9.909 15.35 20.17 25.16  

Thermodynamics 
Co (mg/L) R2 ΔH (kJ/mol) ΔS (kJ/mol K) ΔG0 (kJ/mol) 

303 K 313 K 323 K 333 K 
40 0.646 9.60 0.095 -19.15 -20.10 -21.05 -22.00 
60 0.544 6.34 0.084 -19.20 -20.04 -20.88 -21.73 
80 0.951 10.25 0.095 -18.57 -19.53 -20.48 -21.43 
100 0.966 10.94 0.095 -17.89 -18.84 -19.80 -20.75 
120 0.931 12.48 0.098 -17.16 -18.14 -19.12 -20.10 
140 0.978 14.05 0.099 -16.06 -17.06 -18.05 -19.05 
160 0.954 12.34 0.093 -15.83 -16.76 -17.69 -18.62 
180 0.933 14.76 0.098 -14.88 -15.86 -16.83 -17.81 
200 0.941 17.97 0.107 -14.29 -15.36 -16.42 -17.49  
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with increasing temperature might be explained by the endothermic 
nature of the process whereby the increased mobility of the metal ions 
with temperature increased the rate of biosorption [37]. The separation 
factor (RL) was evaluated to ensure the favourability of the Pb(II) bio-
sorption onto PS biosorbent. The calculated RL varied from 0.047 to 
0.058, which were in the range of 0–1 implying that the PS pods are a 
highly suitable biosorbent for Pb(II) removal [34]. 

3.4. Biosorption kinetics 

To determine the kinetics of Pb(II) biosorption, the experimental 
data were fitted to the pseudo-first-order, pseudo-second-order and 
Elovich kinetic models. Fig. 4(b) depicts the effect of contact time on the 
removal of Pb(II) at five different initial concentrations. From the plot, 
the biosorption process can be distinguished into two stages. The initial 
stage was a rapid process which occurred in the first 5 min with a large 
fraction of Pb(II) adsorbed onto the biosorbent. This was due to the 
abundant availability of active sites in the biosorbent [40]. After 5 min, 
the second biosorption stage occurred at a lower biosorption rate 
attributed to the depletion of vacant sites. Equilibrium was then attained 
in less than 20 min when all the sorption sites of biosorbent were 
saturated. When the initial concentration was increased from 20 to 
100 mg/L, the Pb(II) biosorption capacity increased from 6 to 28 mg/g. 
This was mainly due to the increase in the driving force of Pb(II) to 
overcome the mass transfer limitations [39]. Fig. 3(b) also shows the 
comparison between the experimental data and the predicted data from 
the kinetic models at 30, 40, 60, 80 and 100 mg/L. Table 3 shows the 
calculated kinetic parameters and error functions at each concentration 
for the respective model. From the RMSE, X2, and R2 values in Table 3, it 
can be inferred that pseudo-second-order model was the best fit kinetic 
model. The R2 (0.990 – 0.988) exhibits the closest values to 1 at any 
fixed concentration with the lowest values of RMSE (0.252 – 0.695) and 
X2 (0.191 – 0.252). The good agreement with the model implied that the 
Pb(II) uptake by PS pods was mainly through chemisorption. The pro-
cess might involve electron sharing or exchange between the functional 
groups of the biosorbent and the metal ions [42]. 

3.5. Biosorption mechanism 

The intraparticle diffusion model was used to further investigate the 
rate-controlling steps in Pb(II) uptake by PS biosorbent. Generally, the 
transport of the metal ions from the liquid phase to the solid phase of 
biosorbent involves several sequential biosorption mechanisms such as 
boundary layer diffusion, intraparticle diffusion and surface sites sorp-
tion. The rate-limiting step of the overall biosorption process can be 
governed by a single or multiple mechanisms [41]. The qt versus t0.5 plot 
at 20, 40, 60, 80 and 100 mg/L, are illustrated in Fig. 4(c) and the 
calculated kp and y-intercept (C) are shown in Table 3. If the plots were 
extrapolated to the y-axis, none of the plots would pass through the 
origin. This implied that the biosorption process not only involved 
intraparticle diffusion, but also several steps such as diffusion through 
the boundary layer. The calculated y-intercept indicates the thickness of 
the boundary layer of biosorbent. A large intercept represents a thick 
boundary layer which results in the increment of boundary layer effect. 
As shown in Fig. 4(c) and Table 3, the y-intercept increases with initial 
concentration, suggesting the increase in boundary layer thickness. 
Hence, the boundary effect of the biosorption process was greater at a 
higher initial concentration [43]. 

3.6. Biosorption thermodynamics 

The thermodynamic parameters for Pb(II) biosorption were evalu-
ated using isotherm experimental data at different temperatures. The 
parameter values obtained are listed in Table 3. The negative ΔG0 values 
determined for all concentrations and temperatures indicated that the 
biosorption was spontaneous with a high Pb(II) affinity to PS pod 

biosorbent [4]. The increasing negativity of ΔG0 with increasing tem-
perature suggested the increased feasibility of Pb(II) biosorption at 
higher temperatures. The ΔS values were found to be positive which 
suggested that the Pb(II) uptake process increased the randomness at the 
solid-liquid interface [16]. The positive ΔH values indicated an endo-
thermic biosorption process in which the rate of Pb(II) uptake increased 
as the temperature increased [41]. This endothermic finding agreed 
with the biosorption isotherm results. 

3.7. Regeneration study 

In order to ensure the economic feasibility of the Pb(II) biosorption 
onto PS pods, determining the regeneration capability of the spent 
biosorbent is crucial. The regeneration efficiency was defined earlier as 
the concentration ratio of Pb(II) desorbed to the Pb(II) adsorbed (Eq. 
(6)). As shown in Fig. 4(d), three different eluting agents (H2SO4, H3PO4 
and acetic acid) with varying concentrations from 0.05 to 0.30 mol/L 
were used to test the regeneration efficiency of PS pods. The regenera-
tion of PS biosorbent was preferably carried out under acidic condition 
since desorption of the metal ions occurred due to the competition and 
displacement of the biosorbed metal ions from the active sites by the 
cations from the acidic eluting agents [44]. This also indicated the sig-
nificance of ion-exchange mechanism in the biosorption process. From 
the figure, H3PO4 was the best eluting agent with regeneration effi-
ciencies varying from 69% to 88%, followed by H2SO4 (12–45%) and 
acetic acid (13–42%). Since cost and environmentally friendliness are 
important criteria for the selection of eluting agents, a low concentration 
of eluting agent is preferable. The optimum eluting agent chosen from 
this regeneration study was H3PO4 of concentration 0.15 mol/L, with a 
high achievable regeneration efficiency of 88%. 

3.8. Comparative study of the present work with literature 

The adsorption capacity of the PS pod biosorbent was compared to 
those of other biosorbents as tabulated in Table 4. It can be seen that 
various agricultural wastes considered as renewable and cost effective 
biosorbents were investigated for Pb(II) removal. Most studies demon-
strated the agricultural waste based biosorbents were effective in the 
biosorption of Pb(II) and could be regenerated with acidic reagent. 
Furthermore, the majority of the literature findings revealed that the 
best adsorption equilibrium and kinetic models were the Langmuir and 
pseudo-second-order models, respectively. Summarily, this comparison 
study indicated that the PS pod demonstrated comparatively high bio-
sorption capacity towards Pb(II) and thus can be considered as an 
alternative biosorptive material to treat Pb(II) wastewater. 

4. Conclusions 

An agriculture biowaste, Parkia speciosa (PS) pod, was successfully 
converted into a biosorbent for removal of Pb(II) from aqueous phase. 
Deposition of Pb(II) on the biosorbent surface was reaffirmed by SEM- 
EDX. From ANOVA, Pb(II) concentration and dosage were the pre-
dominant parameters influencing the biosorption process. A maximum 
biosorption capacity of 31.363 mg/g was achieved at 55 ◦C tempera-
ture, 79.42 mg/L concentration, pH 4.47 and 2.0 g/L dosage. Equilib-
rium and kinetic data were best represented by the Langmuir and 
pseudo-second-order models, respectively. The best regenerating 
eluant was 0.15 mol/L of H3PO4 demonstrating 88% regeneration effi-
ciency. Hence, the PS biowaste has been demonstrated to be an inex-
pensive, sustainable and highly efficient biosorbent for Pb(II) removal, 
which potentially benefits the wastewater treatment sector. 
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