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ABSTRACT: The removal of heavy metals and organic pollutants from industrial wastewater remains a critical 
challenge, particularly in the paint industry, where effluents contain high levels of lead (Pb²⁺) and Chemical Oxygen 
Demand (COD). This study investigates the adsorption of Pb2+ and COD from paint industry wastewater using 
carbonized Flamboyant Pod Carbon (FPC) and Multi-Walled Carbon Nanotube (MWCNT) modified FPC (FPC/p-
MWCNTs) adsorbents. The adsorbents were characterized using Brunauer-Emmett-Teller (BET), X-ray Diffraction 
(XRD), High-Resolution Scanning Electron Microscopy (HRSEM), and Energy Dispersive Spectroscopy (EDS) to 
determine their surface area, crystallinity, morphological structure, and elemental properties, respectively. Batch 
adsorption experiments assessed the effects of contact time, adsorbent dosage, and temperature. Adsorption isotherms 
and kinetics were also studied. The adsorption process reached equilibrium within 30 minutes for FPC and FPC/p-
MWCNTs, whereas pristine MWCNTs required 50 minutes. The maximum adsorption capacities (Qmax) of FPC and 
FPC/p-MWCNTs for Pb²⁺ were 4.08 mg/g and 4.73 mg/g, respectively, while COD adsorption capacities reached 5000 
mg/g for both adsorbents. The highest removal efficiencies recorded at optimal conditions (50°C, 0.16 g adsorbent 
dosage) were 92.5 and 92.06% for Pb²⁺ and COD using FPC, and 93 and 92.61% using FPC/p-MWCNTs, respectively. 
Adsorption isotherms studies revealed that Pb²⁺ adsorption followed the Freundlich model, indicating multilayer 
adsorption, while COD adsorption conformed to the Langmuir model, suggesting monolayer adsorption. The kinetic 
data were best fitted to pseudo-second-order model, and thermodynamic analysis indicated that the adsorption process 
was endothermic and spontaneous. These findings demonstrate the potential of both FPC and FPC/p-MWCNTs as 
effective and sustainable adsorbents for industrial wastewater treatment. 
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I. INTRODUCTION 

Water pollution is a major global and local 
environmental challenge, primarily driven by the discharge of 
untreated or inadequately treated industrial wastewater into 
water bodies (Abbas et al., 2016; Eswaran et al., 2024). Among 
the various pollutants, heavy metals and high organic loads 
pose significant risks due to their toxicity, persistence, and 
potential for bioaccumulation. Heavy metals such as cadmium 
(Cd²⁺), zinc (Zn²⁺), copper (Cu²⁺), nickel (Ni²⁺), lead (Pb²⁺), 
mercury (Hg²⁺), and chromium (Cr⁶⁺) are commonly found in 
industrial effluents, originating from activities such as metal 
plating, mining, smelting, battery manufacturing, tanneries, 
glass production, petroleum refining, and paint manufacturing 
(Hashem et al., 2024). 

Among these industries, the paint manufacturing 
sector generates wastewater that is particularly challenging to 
treat due to its high concentrations of heavy metals and organic 
pollutants (Gondal and Hussain, 2007; Sen, 2023). Lead (Pb²⁺), 
cadmium (Cd²⁺), arsenic (As³⁺), and mercury (Hg²⁺) are 
frequently detected in paint industry effluents, posing severe 
health and environmental risks even at trace levels (Abdel 
Salam, 2013; Jibril et al., 2021). The persistence of these 
metals in the environment leads to groundwater contamination, 
bioaccumulation in aquatic organisms, and adverse health 
effects such as neurological disorders, organ damage, and 
carcinogenicity (Emenike et al., 2022). Regulatory bodies such 
as the World Health Organization (WHO) and the U.S. 
Environmental Protection Agency (EPA) have imposed strict 
discharge limits on heavy metals in wastewater, necessitating 
the development of effective treatment methods to meet these 
standards (Acharya et al., 2009). 
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In addition to heavy metals, Chemical Oxygen 
Demand (COD) is a critical parameter for assessing water 
pollution, as it indicates the presence of organic contaminants 
that deplete dissolved oxygen levels in water bodies (Abdalla 
& Hammam, 2014; Zhao et al., 2024). Paint industry 
wastewater typically exhibits high COD values, ranging from 
425 mg/L to 7662.5 mg/L, which can severely impact aquatic 
ecosystems by promoting eutrophication and reducing 
biodiversity (Awogbemi & Von Kallon, 2023). 

Among the various treatment methods available, 
adsorption is widely recognized for its simplicity, cost-
effectiveness, and efficiency in removing both organic and 
inorganic pollutants from wastewater (Mustapha et al., 2017; 
Saini et al., 2024). Low-cost adsorbents derived from 
agricultural waste have gained considerable attention due to 
their abundance, renewability, and minimal processing 
requirements (Moosavi et al., 2020). Several agricultural by-
products, including corn cob, wheat bran, loofah sponge, 
sorghum stalk, sweet potato stalk, watermelon skins, and 
wheat husk, have been explored as potential adsorbents 
(Magaji and Saleh, 2021; Gao et al., 2022). However, despite 
their affordability and availability, many of these materials 
exhibit low adsorption capacities due to limited surface area 
and weak binding sites for pollutant removal (Fu and Wang, 
2011). Consequently, modification strategies such as chemical 
activation, carbonization, and nanomaterial incorporation have 
been employed to enhance their adsorption performance (Crini 
et al., 2019). 

One promising approach is the integration of 
nanomaterials such as carbon nanotubes (CNTs) with biomass-
based adsorbents to improve adsorption efficiency (Parlayici et 
al., 2015; Liu et al., 2022). CNTs, particularly multi-walled 
carbon nanotubes (MWCNTs), have demonstrated excellent 
adsorption capacities due to their large surface area, high 
mechanical strength, and strong affinity for metal ions and 
organic pollutants (Abdel Salam, 2013; Sadegh, 2016). These 
exceptional properties of CNTs have facilitated their various 
applications including water treatment (Alkali & Fatimah, 
2023).   However, their high production cost has limited 
large-scale applications. A viable alternative is the 
modification of low-cost agricultural waste adsorbents with 
CNTs to enhance pollutant removal while maintaining 
economic feasibility. 

While significant research has been conducted on 
agricultural waste-derived adsorbents and CNT-based 
materials, limited studies have explored the modification of 
Flamboyant Pod Carbon (FPC) with MWCNTs for treating 
paint industry wastewater. FPC, derived from Delonix regia 
pods, is a promising biomass-based adsorbent with high carbon 
content and significant potential for heavy metal and COD 
removal. However, its adsorption efficiency can be further 
enhanced. Incorporating MWCNTs into FPC (FPC/p-
MWCNTs) is expected to improve its adsorption capacity, 
selectivity, and reusability, making it a more effective and 
sustainable solution for industrial wastewater treatment. This 
research addresses this gap by developing and characterizing 
carbonized Flamboyant Pod Carbon (FPC) and MWCNT-

modified FPC (FPC/p-MWCNTs) adsorbents. The adsorption 
performance of these materials for Pb²⁺ and COD removal 
from paint industry wastewater under varying operational 
conditions was investigated and compared. This research 
contributes to advancing low-cost, sustainable, and 
environmentally friendly wastewater treatment solutions while 
offering insights into the potential application of CNT-
modified agricultural adsorbents for industrial effluent 
remediation. 

II. METHODOLOGY 
 
A. Materials  

Analytical-grade reagents with a purity range of 95–
99.9% were used in this study, all of which were purchased 
from Sigma Aldrich and used without further purification. The 
MWCNTs utilized were prepared and purified following the 
method outlined in our previous study (Adewoye et al., 2021). 
The wastewater sample was collected from a paint company in 
Ogun State, South-West Nigeria using a sterile plastic 
container, placed in an ice box.  The concentration of Pb (II) 
ions was determined using Atomic Absorption Spectroscopy 
(AAS, 240 FS AA Model). Additionally, the sample was 
analysed for chemical oxygen demand (COD), biochemical 
oxygen demand (BOD), conductivity, nitrate, nitrite, turbidity, 
pH, and colour using standard methods from the literature. The 
sample was then kept in the refrigerator at 4°C before 
subsequent use. 

B.  Preparation of Adsorbents 
The Flamboyant Pod Carbon (FPC) was prepared 

from flamboyant pods (FP) taken from a single tree on the main 
campus of the University of Ilorin. Before use, the seeds were 
removed from the FP, and the pods were thoroughly washed 
multiple times with tap water to eliminate any adhered debris. 
They were then rinsed with distilled water and air-dried for a 
day before being oven-dried at 105°C for 4 hours (Alade et al., 
2012). After drying, the pods were ground into smaller pieces 
using a mortar and pestle, and further size reduction was 
achieved with a milling machine. The processed sample was 
stored in a clean, dry container before carbonization. Then, 5 g 
of the fine powder was carbonized at 300°C for 1 hour (Aremu 
et al., 2017) in an electric furnace, and the resulting charred 
material was allowed to cool to room temperature. The 
carbonized sample was then washed with distilled water, 
filtered, and dried at 105°C for 6 hours. Finally, the dried FPC 
sample was stored in a sterile container for later use. 

The modified adsorbent, FPC/p-MWCNTs was 
synthesized by incorporating p-MWCNTs onto FPC in the 
ratio of 1:20 (w/w) using the method adopted by Parlayici et 
al. (2015). Precisely, 9.5 g of FPC was dispersed in 100 mL of 
analytical-grade ethanol in a beaker and sonicated for 10 
minutes to enhance dispersion. Then, 0.5 g of p-MWCNTs (5 
wt%) was added to the solution in the beaker, and the content 
of the beaker was sonicated for another 10 minutes. The 
mixture was subsequently dried in an oven at 80°C until all the 
ethanol evaporated. The resulting FPC/p-MWCNTs were 
stored in an airtight container for further use. 
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C. Characterisation of the adsorbents 
The prepared adsorbents were characterized for their 

surface area and pore size using BET. The BET analysis was 
performed using the nitrogen adsorption-desorption method 
with Nova 4200e-series. A known weight (0.3g) of the sample 
was placed in the sample cell and degassed under nitrogen gas 
N2 at 250 °C for 4 h in a BET degassing station. The sample 
was weighed again after degassing and the degassed samples 
were then analysed for physisorption of the adsorbate 
(nitrogen) by the adsorbent in a liquid nitrogen environment on 
the surface.  

The morphology and elemental composition of the 
adsorbents were performed by Zeiss Auriga HRSEM equipped 
with an In-lens standard detector at 30 kV. A small quantity of 
the adsorbent was spread on a sample holder and sputter coated 
with Au-Pd using Quorum T15OT for 5 minutes before 
analysis. The sputter-coated samples were firmly attached to 
the carbon adhesive tape and analysed using HRSEM coupled 
with EDS. The microscope was operated with electron high 
tension (EHT) of 5 kV for imaging. 
  Crystalline properties were examined using an X-ray 
diffractometer (Bruker AXS D8) with Cu Kα radiation (λ = 
1.5406 Å) and operating at 45 kV and 40 mA. The scanning 
rate was 1.5º/min, while a step width of 0.05° was used over 
the 2θ range value of 20 – 80º.  

D.  Batch adsorption experiments 
  Batch adsorption experiments were conducted to 
investigate the effects of contact time (10, 20, 30, 40,50, and 
60 minutes), adsorbent dosage (0.04, 0.08, 0.12, 0.16, and 0.2 
g), and temperature (30, 35, 40, 45, and 50°C) on the removal 
efficiency of the prepared adsorbents. The effect of contact 
time was conducted by adding 0.16 g of adsorbent to a series 
of 250 mL conical flasks, each containing 100 mL of the paint 
wastewater sample. The flasks were sealed and placed in a 
thermostat water bath shaker, operating at a constant speed of 
150 rpm and a temperature of 30ºC. At each time interval after 
shaking, the samples were removed from the shaker and the 
mixtures were then filtered using Whatman no. 1 filter paper 
(Adeleye et al., 2016; Mustapha et al., 2017). The residual 
concentrations of Pb²⁺ in the filtrate were analysed using AAS, 
while COD was determined using the titration method 
described by Yao et al. (2015).  

The effect of dosage was conducted by adding varying 
amounts of adsorbents to a series of 250 mL conical flasks, 
each containing 100 mL of the paint wastewater sample and 
placed in the water bath shaker at temperature of 30ºC. the 
mixtures were shaken at 150 rpm for the predetermined times 
to achieve equilibrium. Also, the effect of temperature was 
investigated using an adsorbent dosage of 0.16 g per 100 mL 
of wastewater. The samples were placed in the water bath 
shaker at various temperature intervals for a predetermined 
time. The percentage reduction of COD and removal of Pb²⁺ 
were calculated using the Equation 1, 
݈ܽݒܴ݉݁% = ି


× 100  (1)  

Where C୭ and Cୣ are the COD/ Pb²⁺ concentrations in the 
liquid phase before and at equilibrium adsorption experiments 
(mg/L), respectively. 

The adsorption data were calculated by determining the 
amount of COD or Pb²⁺ adsorbed per gram of adsorbent, 
denoted as Qୣ (mg/g) at equilibrium and Q୲ (mg/g) at any 
time (t).  Qୣ and Q୲ of COD and Pb²⁺, were calculated using 
Equations (2) and (3), respectively.  

Qୣ =  ( ି େ) ×
      

     (2) 
Q୲ = ( ି େ౪) 


     (3) 

Where C୲ is the concentration of the COD/ Pb²⁺ in the paint 
wastewater sample at adsorption at any time t; V (mL) is the 
volume of adsorbate solution; and, W (g) is the mass of 
adsorbent in the solution (g). 
                                                       
                                  
 
E.  Adsorption isotherms studies 

Adsorption properties and equilibrium data, known 
as adsorption isotherms, describe the interactions between 
pollutants and adsorbents (Ituen et al., 2017). These isotherms 
are crucial for optimizing both the efficiency and application 
of adsorbents (Taiwo et al., 2024).  
To effectively design an adsorption system for the removal of 
Pb²⁺ and COD from paint wastewater, it is essential to identify 
the most suitable equilibrium model (Abdel-Rahman, 2016). In 
this study, the adsorption data were modelled using the 
Langmuir, Freundlich, and Temkin isotherm models. 

The Langmuir model proposes that pollutant removal 
from the aqueous phase occurs on homogeneous surfaces 
through monolayer adsorption, with no interactions between 
the adsorbed molecules. This isotherm is based on three key 
assumptions: adsorption is limited to a monolayer, all surface 
sites are uniform and can each accommodate only one 
adsorbed atom, and the likelihood of a molecule being 
adsorbed at a given site is independent of the occupancy of 
neighbouring sites (Abdel-Rahman, 2016; Dada et al., 2016). 
The linear form of Langmuir isotherm can be represented by 
the expression given in Equation 4: 
ଵ

୕
=  ଵ

(ై ୕ౣ౮)
ଵ

େ
+ ଵ

୕ౣ౮
    (4) 

Where, Qୣ is the amount of Pb²⁺ /COD adsorbed per specific 
amount of adsorbent at equilibrium  (mg g)⁄ , Cୣ  is the 
equilibrium concentration of Pb²⁺ /COD in the solution 
(mg L⁄ ); Q୫ୟ୶  is the maximum amount of Pb²⁺ /COD 
required to form a monolayer or the maximum adsorption 
capacity corresponding to the complete monolayer coverage 
(mg g⁄ ) and, K is the Langmuir constant which is related to 
the energy of adsorption (L mg⁄ ) (Parlayici et al., 2015).              
The essential features of the Langmuir adsorption isotherm can 
be used to predict the affinity between the sorbate and the 
sorbent using the separation factor or dimensionless 
equilibrium parameter expressed as R   presented in 
Equation 5: 
R =  ଵ

ଵା ై େ
                       (5) 
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R  provides important information about the shape of the 
isotherm and therefore the nature of adsorption. R  is 
between 0 and 1 for favourable adsorption, while R > 1 
represents unfavourable adsorption and R = 1 represents 
linear adsorption. The adsorption process is irreversible if 
R = 0.  

Freundlich isotherm is a widely used isotherm for the 
description of adsorption equilibrium. The linear form of the 
Freundlich equation is represented by Equation 6:  
log Qୣ = log K +  ଵ

୬
 log Cୣ   (6) 

Where K is a constant, indicative of the adsorption capacity, 
and n is the heterogeneity coefficient. 
Linear plots of log Qୣ versus log Cୣ allows the estimation of  
K and n as the plot of the log Qୣ versus log Cୣ has a slope 
with the value of 1 n⁄  and an intercept with the magnitude of 
the log K. A larger value of n (smaller value of 1 n⁄ ) implies 
a strong interaction between adsorbent and heavy metal while 
1 n⁄  equal to 1 indicates linear adsorption leading to identical 
adsorption energies for all sites ( Adeleye et al., 2016). In 
general, when the K value increases, the adsorption capacity 
of the adsorbent for a given adsorbate increases.  

Temkin considered the effects of some indirect 
adsorbent/adsorbate interactions on adsorption isotherms and 
suggested that, because of these interactions, the heat of 
adsorption of all the molecules in the layer would decrease 
linearly with coverage. The Temkin isotherm has been used in 
the following linear form presented in Equation 7: 
Qୣ =  ୖ

ୠ 
  ln K +  ୖ

ୠ 
ln Cୣ   (7) 

Where, K (L/g) is the Temkin isotherm constant;  b is a 
constant related to the heat of sorption and, R (8.314 J/mol.K) 
is the gas constant ( Adeleye et al. 2016). 
 
F.  Adsorption Kinetics Studies 

The study of adsorption kinetics describes the solute 
uptake rate, and evidently, this rate controls the residence time 
of Pb²⁺ and COD uptake at the solid solution interface. Pseudo-
first-order, pseudo-second-order, and Elovich kinetic models 
were used to analyse data obtained from the experiment to 
study the kinetics, the mechanism of adsorption of Pb²⁺, and 
COD adsorption on FPC, p-MWCNTs and FPC/p-MWCNTs 
adsorbents. The conformity between experimental data and the 
predicted model values was examined by coefficient of 
determination (Rଶ) . Lagergren’s first-order rate equation is 
called pseudo-first-order is summarized as given in Equation 
8:   
ୢ୕

ୢ୲
= kଵ(Qୣ − Q୲)    (8) 

Where  ܳ  is the adsorption capacity (mg/g) at equilibrium 
and ܳ௧ is the adsorption capacity (mg/g) of the adsorbent at 
time t and ݇ଵ (min-1) is the pseudo-first-order rate constant for 
the adsorption process. Integration of Equation (8) with the 
boundary conditions as follows: ܳ௧  = 0, at t = 0 and ܳ௧, at t = 
t, gives the linear expression in Equation 9: 
ln(Qୣ − Q୲) = ln Qୣ − kଵ t   (9) 
The slope of the linear plot of the log (ܳ − ܳ௧) versus t gives 
the equilibrium adsorption capacity, whereas the intercept of 
the plot gives the rate constant of the pseudo-first-order 
equation 

(Acharya et al., 2009; Emenike et al., 2022). 
Pseudo-second-order model is derived based on the 

sorption capacity of the solid phase, expressed as Equation 10: 
 ௗொ

ௗ
= kଶ(Qୣ − Q୲)ଶ     (10)   

Integration of Equation (10) with the same boundary 
conditions results in Equation 11 
୲

୕౪
=  ୲

୕
+  ଵ

୩మ ୕
మ     (11) 

The pseudo-second-order rate constant, ݇ଶ (g/mg.min) can be 
determined by plotting t/Q୲ against t.  

The Elovich equation was developed to describe the 
kinetics of heterogeneous chemisorption and the equation 
assumes that the active sites of the adsorbent are heterogeneous 
or activation energies that vary continuously with surface 
coverage and are widely used in liquid-solid adsorption 
(Thajeel, 2013). The linear Elovich equation is given as 
follows: 
௧ݍ = ଵ

ఉ
(ߚߙ)݈݊ + ଵ

ఉ
 (12)     (ݐ)݈݊

Where α is the initial adsorption rate (mg/g.min), and; β is 
related to the extent of surface coverage and activation energy 
for chemisorption (g/mg) (Francis and Uchechukwu, 2014). 
The values of Elovich parameters, α, and β, were determined 
from the slope and intercept of lines of the plots of Q୲ against 
ln t. 
 
G.  Thermodynamic Studies 

The thermodynamic parameters reveal important 
information about the sorption of heavy metal/COD ions onto 
the surface of the adsorbent. The values of enthalpy (ΔH°), 
entropy (ΔS°), and Gibbs energy (ΔG°) can be used to predict 
the nature of the adsorption. 
The free energy of adsorption is given by the expression in 
Equation 12: 
ΔG୭ =  −RTln K    (12) 
Where R is the gas constant (J/mol.K), T is the temperature (in 
Kelvin) and;  K  is the distribution coefficient, which is 
determined as: 
KT = (Co – Ce)/Ce   (13) 
The values of (ΔH°) and (ΔS°) can be determined from the 
Van’t Hoff equation as given in Equation 14: 
ܩ∆ = ܪ∆ − ܶ∆ܵ      (14) 
Combining equation (12) and (14) gives Equation (15) 
ln KT = (ΔS°/R) − (ΔH°/RT)   (15) 
According to Equation (15), the slope and intercept of the plot 
of ்݈݊ܭ  versus ଵ

்
 gives the estimated values of ∆ܪ and, ∆ܵ. 

 
III. RESULTS AND DISCUSSION 

 A.  Characterisation of adsorbents 
 Brunauer-Emmett-Teller (BET) analysis reveals 
that both adsorbents possessed high surface areas, suggesting 
strong potential for effective adsorption of Pb (II) ions and 
COD. Specifically, the BJH surface area of FPC is 471.27 m²/g 
for the FPC/p-MWCNTs, it was noted that the surface area 
reduced to 464.95 m²/g with the incorporation of p-MWCNTs 
on FPC, which posits that micro-pores may have been covered 
by the p-MWCNTs which aggregate on the surface of the PFC. 
It can also be observed that the pore size of FPC increased from 
2.80 nm to 2.92 nm upon doping with the p-MWCNTs. This 
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may be a result of p-MWCNTs which aggregate on the surface 
of FPC and form a small number of mesopores in the FPC/p-
MWCNTs adsorbent (Xing et al., 2016), this may have 
enhanced the adsorption capacity of FPC/p-MWCNTs. Both 
adsorbents were classified as mesoporous, with pore radii 
between 2–50 nm (Storck et al., 1998). The higher surface area 
of FPC suggests its potential as a promising adsorbent in 
wastewater treatment. 
  Figure 1 shows the results of the microstructure 
analysis of the prepared adsorbents. Figures 1a and 1b compare 
the HRSEM images of FPC and FPC/p-MWCNTs. The 
HRSEM image of FPC (Figure 1a) reveals particles with 
irregular, sheet-like morphologies, featuring numerous steps 
and edges. The HRSEM shows that the surface of FPC contains 
pores which may provide sites for the adsorption process.  The 
HRSEM micrograph of FPC/p-MWCNTs reveals changes in 

the surface morphology of FPC/p-MWCNTs with the 
appearance of heterogeneous particles different from FPC. The 
HRSEM image of FPC/p-MWCNTs (Figure 1b) clearly shows 
aggregated spiral-like p-MWCNTs (indicated by arrows) 
embedded within the sheet-like particle of FPC, confirming the 
successful incorporation of the p-MWCNTs in the matrix of 
FPC. This result is in agreement with the findings of Parlayici 
et al. (2015) and Eswaran et al. (2024). The irregular texture of 
both adsorbents suggests the presence of numerous binding 
sites, which could enhance the adsorption efficiency. 
Additionally, the compact orientation of the p-MWCNTs seen 
on the matrix of FPC/p-MWCNTs may enhance its adsorption 
capacity as previously observed by Parlayici et al. (2015) for 
AC/f-MWCNTs. 

 

 

 

Figure 1: SEM micrograph of the synthesized adsorbents (a) FPC, and (b) FPC/p-MWCNTs 

 Figure 2 shows the the results of EDS elemental 
composition analysis of the adsorbents, and the EDS spectra 
for FPC and FPC/p-MWCNTs are presented in Figures 2a and 
2b, respectively. Interestingly, FPC was found to contain 
88.54% oxygen, with no detectable carbon. The high oxygen 
content observed may have contributed to the high adsorption 
efficiency displayed by the FPC. This result is in contrast with 
the previous reports by Babalola et al (2020), who reported 
57.61 % Carbon and 41.15 % Oxygen, and Okoya et al. (2020) 
who reported 44.27% carbon and 34.2% oxygen. Also, the 
EDS reports of Yaumi et al. (2023) reveal a very high 
percentage of Fe content. The observed difference in the 
elemental composition of FPC adsorbent in this study and the 
literature may be linked to the difference in the geographical 
location where the samples were obtained. Upon incorporation 
of p-MWCNTs on the matrix of FPC, the percentage of oxygen 
reduced while carbon became more dominant (80.21%), an 

indication that the p-MWCNTs were well dispersed on the 
matrix of FPC corroborating the HRSEM result.  

The EDS spectra of both adsorbents indicated the 
presence of magnesium (Mg), silicon (Si), potassium (K), and 
calcium (Ca) in both adsorbents. Additionally, trace amounts 
of zinc (Zn), phosphorus (P), and chlorine (Cl) were identified 
only in FPC/p-MWCNTs. The presence of aluminum (Al) and 
silicon (Si) in FPC/p-MWCNTs is likely due to the support 
used during the synthesis of p-MWCNTs (Adewoye et al., 
2021). The presence of other elements, such as oxygen (O), 
sodium (Na), magnesium (Mg), aluminum (Al), silicon (Si), 
phosphorus (P), sulphur (S), chlorine (Cl), potassium (K), 
calcium (Ca), and iron (Fe), may further contribute to 
enhancing the adsorption process (Okoya et al., 2020). 

 
 

 

a b 
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Figure 2: EDS analysis of the elemental composition of the synthesized adsorbents (a) FPC, and (b) FPC/p-MWCNTs 

 
Figure 3 shows the X-ray diffraction (XRD) analysis patterns 
of (a) p-MWCNTs, (b) FPC, and (c) FPC/p-MWCNTs 
adsorbents. As shown in Figure 3(a), the XRD patterns of p-
MWCNTs reveal the characteristic sharp peaks of graphitized 
carbon around 2ϴ of 26° (002) and 44° (100) similar to the 
report by Taha et al. (2022) for MWCNTs. The intensity and 
sharpness of the peaks indicate that the p-MWCNTs are highly 
crystalline. The XRD patterns of FPC depicted in Figure (3b) 
show the amorphous nature of the particle probably due to the 
presence of lignin as previously observed by Abdel-Rahman 

(2018). The XRD results for FPC are consistent with the 
findings of Abdel-Rahman (2016) for Delonix regia pod 
powder. Figure 3 (c) displays the XRD patterns FPC/p-
MWCNTs, it was observed that the diffraction pattern FPC/p-
MWCNTs adsorbent exhibits similar diffraction patterns to 
that of FPC adsorbent. The characteristic peaks of p-MWCNTs 
appear to overlap with that of FPC in the diffraction pattern of 
FPC/p-MWCNTs possibly because of the ratio of quantity of 
the p-MWCNTs to FPC (1:20 w/w). Nevertheless, the HRSEM 
and EDS results confirmed the successful incorporation of p-
MWCNTs into the matrix of the FPC.

 

 

Figure 3: XRD patterns of the synthesized adsorbents (a) p-MWCNTs (b) FPC, and (c) FPC/p-MWCNTs 

 

0

5000

10000

15000

20000

14 19 24 29 34 39 44 49 54 59 64 69 74 79

IN
TE

N
SI

TY
 (a

.u
.)

2θ (degree)

0
100
200
300
400
500
600
700
800
900

1000

8
12

.0
13

3
16

.0
26

7
20

.0
4

24
.0

53
3

28
.0

66
7

32
.0

8
36

.0
93

3
40

.1
06

7
44

.1
2

48
.1

33
3

52
.1

46
7

56
.1

6
60

.1
73

3
64

.1
86

7
68

.2
72

.2
13

3
76

.2
26

7

IN
TE

N
SI

TY
 (a

.u
.)

2θ (degree)

0
100
200
300
400
500
600
700
800
900

1000

8
11

.6
01

7
15

.2
03

4
18

.8
05

1
22

.4
06

8
26

.0
08

6
29

.6
10

3
33

.2
12

36
.8

13
7

40
.4

15
4

44
.0

17
1

47
.6

18
8

51
.2

20
5

54
.8

22
2

58
.4

23
9

62
.0

25
6

65
.6

27
4

69
.2

29
1

72
.8

30
8

76
.4

32
5

IN
TE

N
SI

TY
 (a

.u
.)

2θ (degree)

a b 

c 



 230                                  NIGERIAN JOURNAL OF TECHNOLOGICAL DEVELOPMENT, VOL. 22, NO. 1, MARCH 2025

B.  Effect of adsorption parameters 
The adsorption of COD and Pb²⁺ is affected by 

variations in contact time, temperature, and adsorbent dosage. 
These three parameters were varied for the Pb²⁺ and COD on 
the three adsorbents (FPC, FPC/p-MWCNTs, and p-MWCNTs 
for comparison. Figure 4 illustrates the effect of contact time 
on the adsorption efficiencies of FPC, p-MWCNTs, and 
FPC/p-MWCNTs for (a) removal of Pb²⁺ and, (b) reduction of 
COD from paint wastewater, respectively. The rapid 
adsorption observed in the initial stage is likely due to the high 
concentration gradient between Pb²⁺ /COD in the solution and 
the available vacant adsorption sites on the adsorbents. This 
fast initial uptake could be attributed to the large number of 
vacant sites available at the beginning of the adsorption 
process. As time progresses, the rate of adsorption gradually 
increases until equilibrium is reached. This progressive 
increase may be due to the limited mass transfer of adsorbate 
molecules from the bulk liquid to the external surface of the 
adsorbents, followed by a slower internal mass transfer within 
the adsorbent particles (Acharya et al., 2009). The subsequent 
decline in adsorption rate can be attributed to the filling of the 
pores in the adsorbent with water molecules (Karimi-Maleh et 
al., 2021), reducing the availability of vacant adsorption sites. 
This result is consistent with the findings of Yaumi et al., 
(2023) 
From Figure 4a, it is evident that the percentage removal of 
Pb²⁺ increased with time for both FPC and FPC/p-MWCNTs, 
reaching equilibrium at 30 minutes, while p-MWCNTs 
reached equilibrium at 50 minutes. A similar trend was 
observed for the percentage reduction of COD (Figure 4b) 
where a sharp decrease in reduction efficiency was noted with 
a further increase in time.  At equilibrium, the removal 

efficiency for Pb²⁺ was 89.5% for both FPC and FPC/p-
MWCNTs, compared to 91.5% for p-MWCNTs. Similarly, the 
reduction efficiencies for COD were 89.44% and 88.56% for 
FPC and FPC/p-MWCNTs, respectively, with p-MWCNTs 
achieving 90%. After equilibrium was reached, the removal 
efficiency began to decrease slightly until the 60-minute mark. 
Notably, FPC demonstrated a strong affinity for the pollutants, 
particularly for COD, where the percentage reduction was 
marginally higher than that of FPC/p-MWCNTs. Agricultural 
waste-based adsorbents are often limited by their low 
adsorption capacity but the PFC adsorbent synthesized in this 
study has shown a good affinity for the co-sorption of Pb²⁺ and 
COD from paint effluent. This result is in good agreement with 
Okoya et al., (2020) for the adsorption of Indigo dye from 
textile industrial wastewater. This high performance displayed 
by FPC may be due to the presence of high oxygen content 
which may serve as the binding site for the pollutants leading 
to enhanced adsorption efficiency. However, FPC/p-
MWCNTs demonstrated a fast initial adsorption rate achieving 
a reduction percentage of 71.87% within the first ten minutes 
compared with FCP adsorbent which achieved a reduction 
efficiency of 66.67% in the first ten minutes. This result 
suggested that the incorporation of the p-MWCNTs in the 
matrix of the FPC/p-MWCNTs slightly enhanced the initial 
adsorption rate of COD as CNTs have great potential as novel 
adsorbents due to their unique properties. The high affinity of 
FPC for the pollutants considered in this study may be 
attributed to its high surface area and elevated oxygen content, 
as revealed by BET and EDS analyses, respectively. This 
demonstrated the potential of FPC as an effective sustainable 
adsorbent for the removal of contaminants from paint industry 
effluent. 

 

 

Figure 4: Effect of contact time on the percentage removal/reduction of (a) Pb²⁺ and (b) COD using FPC, p-MWCNTs, and FPC/p-
MWCNTs 
 
 Adsorbent dosage is a key factor that significantly 
impacts the adsorption process by influencing the adsorbent's 
capacity to remove the adsorbate. Figure 5 shows the 
relationship between contact time and the sorption of (a) Pb²⁺ 
and (b) COD onto FPC, p-MWCNTs, and FPC/p-MWCNTs at 
varying adsorbent dosages.   

 As shown in the figures, the percentage removal of 
Pb²⁺ and, percentage reduction of COD increased sharply with 
the rise in adsorbent dosage, but plateaued after a certain point: 
0.16 g for both FPC and FPC/p-MWCNTs, and 0.20 g for p-
MWCNTs. This stabilization indicates that beyond these 
dosages, further increases in adsorbent mass did not 
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significantly enhance removal efficiency. The initial sharp 
increase in removal can be attributed to the greater availability 
of sorption sites, as previously reported by Yang et al. (2019). 
As the adsorbent dosage increases, the available surface area 
also increases, promoting the adherence of Pb²⁺ and COD onto 

the adsorbent. The highest removal efficiencies were observed 
with p-MWCNTs, achieving 92.5% for Pb²⁺ and 90% for COD. 
Consequently, an adsorbent dose of 0.16 g per 100 mL is 
deemed optimal for all three adsorbents. 

 

 

Figure 5: Effect of adsorbent dosage on the percentage removal/reduction of (a) Pb²⁺ and (b) COD using FPC, p-MWCNTs, and 
FPC/p-MWCNTs 

Temperature is another important factor that can significantly 
impact the removal of Pb²⁺ and, reduction COD from 
wastewater. Figure 6 shows the effect of temperature on the 
adsorption of (a) Pb²⁺ and, (b) COD onto FPC, p-MWCNTs, 
and FPC/p-MWCNTs using an adsorbent dosage of 0.16 g per 
100 mL of wastewater, with contact times of 30 minutes for 
FPC and FPC/p-MWCNTs, and 50 minutes for p-MWCNTs. 
The results indicate that temperature has a slight but noticeable 
effect on the adsorption efficiency of all three adsorbents. As 
seen in Figures 6a and 6b, adsorption efficiency increased 

marginally with rising temperature, suggesting that the process 
is endothermic. This can be attributed to the faster diffusion of 
Pb²⁺ and COD in the solution, likely due to a decrease in 
solution viscosity at higher temperatures (Abbas et al., 2016). 
The highest removal efficiencies were observed at 50ºC, with 
FPC achieving 92.5% Pb²⁺ removal and 92.06% COD 
reduction, FPC/p-MWCNTs achieving 93% Pb²⁺ removal and 
92.61% COD reduction, and p-MWCNTs achieving 94% Pb²⁺ 
removal and 94.11% COD reduction. 

 

 

Figure 6: Effect of temperature on the percentage removal/reduction of (a) Pb²⁺ and (b) COD adsorption using FPC, p-MWCNTs 
and FPC/p-MWCNTs 
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C.  Adsorption Isotherm Model 
   The Langmuir, Freundlich, and Temkin adsorption 
isotherm models were applied to analyze the equilibrium data 
obtained from the adsorption of Pb²⁺ and COD onto FPC, 
FPC/p-MWCNTs, and p-MWCNTs. This analysis was 
conducted to understand the interaction between the 
adsorbents and the adsorbates. Adsorption isotherm 
parameters were calculated from the linear plots of the 
Langmuir, Freundlich, and Temkin models (not shown) and 
are presented together with coefficient of determination (R²) in 
Table 1. 
The Langmuir isotherm model, with an R² value of 0.97, 
provided the best fit for Pb²⁺ adsorption onto p-MWCNTs, 
suggesting that the adsorption occurred on homogeneous 
surfaces (Abbas et al., 2016). Additionally, the separation 
factor RL value was calculated to be 0.59, indicating a 
favorable adsorption process (Dada et al., 2017). Interestingly, 
Table 1 also shows that both Langmuir and Temkin isotherm 

models better described the adsorption of COD onto p-
MWCNTs. The Temkin model's equilibrium binding constant 
KT, which relates to the maximum binding energy, was found 
to be 0.008, indicating moderately high binding energy of COD 
onto the p-MWCNTs adsorbent. The adsorption of Pb²⁺ onto 
FPC and FPC/p-MWCNTs is best fitted to the Freundlich 
isotherm model suggesting adsorption on heterogeneous 
surfaces (Kouakou et al., 2022), likely due to the presence of 
various binding sites on these adsorbents. The values of 1/n, 
being less than 1, indicated a favorable adsorption process and 
the potential for chemisorption (Abdel-Rahman, 2016). The 
predicted adsorption capacities KF, based on the Freundlich 
model, were 2.69 and 2.94 L/mg for FPC and FPC/p-
MWCNTs, respectively. Additionally, the equilibrium 
adsorption data for COD onto FPC was best fitted to the 
Freundlich isotherm model, while for FPC/p-MWCNTs, the 
Langmuir model provided the best fit.

Table 1: Adsorption isotherm model parameters for Pb²⁺ and COD adsorption on FPC, p-MWCNTs, and FPC/p-MWCNTs  

Isotherms Langmuir    Freundlich   Temkin   
 RL KL R2 KF (L/mg) 1/n R2 bT (mg/g) ࢞ࢇࡽ 

(J/mol) 
KT 

(L/g) 
R2 

Pb²⁺           
FPC 4.08 0.25 1.48 0.88 2.69 0.65 0.95 2365.6 11.13 0.94 
p-MWCNTs 19.31 0.59 0.35 0.97 5.75 0.95 0.96 2060.0 9.59 0.88 
FPC/p-
MWCNTs 

4.73 0.29 1.20 0.85 2.94 0.73 0.93 1366.4 10.20 0.86 

 COD           
FPC 5000 0.34 0.00110 0.81 16.33 0.75 0.91 2.16 0.01 0.90 
p-MWCNTs 5000 0.36 0.00098 0.92 6.09 0.90 0.92 1.76 0.008 0.91 
FPC/p-
MWCNTs 

5000 0.36 0.00097 0.88 10.15 0.92 0.83 1.96 0.008 0.86 

 
 
D. Adsorption Kinetics Studies 

The study of adsorption kinetics helps to describe the 
rate at which contaminants are absorbed and directly 
influences the residence time of COD and Pb²⁺ at the solid-
solution interface. In this study, pseudo-first-order, pseudo-
second-order, and Elovich kinetic models were applied to the 
data obtained from the kinetic experiments to understand the 
rate and mechanism of Pb²⁺ and COD adsorption onto FPC, p-
MWCNTs, and FPC/p-MWCNTs. The rate constants were 

calculated from the linear plots (not shown) from kinetic 
models are summarized in Table 2. The goodness of fit for each 
kinetic model was evaluated using the coefficient of 
determination (R²) values. The results demonstrated that the R² 
values for the pseudo-second-order model were notably high 
indicating that the adsorption of Pb²⁺ and COD onto the three 
adsorbents are best described by the pseudo-second-order 
model suggesting that the adsorption process is primarily 
governed by a chemical reaction between the metal ions/COD 
and the active sites on the adsorbent surface (Babalola et al., 
2020). 
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Table 2: Kinetics model parameters for Pb²⁺ and COD adsorption on FPC, p-MWCNTs, and FPC/p-MWCNTs  
 

Adsorbent Pseudo-first-order 
parameters 

Pseudo-second-order parameters Elovich Parameters 

  ࢋࡽ 
(mg/g) 

k1  
(min-1) 

R2 ࢋࡽ  
(mg/g) 

k1  
(min-1) 

R2 A β R2 

Pb²⁺          
FPC 1.05 0.0545 0.5665 4.5106 0.2287 0.9994 1.2 * 107 4.9261 0.7800 
p-MWCNTs 1.28 0.0397 0.3263 4.7461 0.0676 0.9956 3129.025 2.9386 0.8178 
FPC/p-MWCNTs 1.04 0.0451 0.5831 4.5025 0.1843 0.9990 252517.7 4.0145 0.7333 
COD          
FPC 198.58 0.0980 0.0053 3333 0.0030 0.9918 56881 0.00227 0.6418 
p-MWCNTs 1257.90 0.0490 0.9564 5000 0.00005 0.9975 336070 0.00272 0.8983 
FPC/p-MWCNTs 171.14 0.0213 0.0266 3333 0.00023 0.9932 295900 0.00272 0.6502 

 
E. Thermodynamic Studies 

The effect of temperature on the adsorption process 
was studied within the range of 30 to 50°C to evaluate 
thermodynamic parameters, including Gibb’s free energy 
change (∆G), entropy change (∆S), and enthalpy change (∆H). 
The values of ∆H° and ∆S° were calculated from the slope and 
intercept of the linear plot of KT against 1/T (not shown). These 
thermodynamic parameters, along with the corresponding ∆G° 
values for the adsorption of Pb (II) ions and COD, are 

presented in Table 3. The results show that the adsorption 
capacities of the three adsorbents increased with rising 
temperature for both Pb²⁺ and COD, indicating that the sorption 
process was endothermic, as evidenced by the positive ∆H° 
values. This suggests that adsorption efficiency improves with 
temperature, likely involving a chemisorption mechanism. 
Additionally, the negative ∆G° values demonstrate the 
spontaneous and thermodynamically feasible nature of the 
adsorption process (Acharya et al., 2009).

are presented in this section. The
  
Table 3: Summary of Thermodynamic studies parameters for Pb²⁺ and COD Adsorption on FPC, p-MWCNTs, and FPC/p-
MWCNTs 

 
Temperature 30 ℃  35 ℃ 40 ℃   45 ℃ 50 ℃ 
Pb²⁺ ઢ۵ ° (J/

 mol. K)   
    

FPC(ΔH° = 240.30, ΔS° = 25.51) -7488.69 -7616.23 -7743.77 -7871.31 -7998.85 
p-MWCNTs (ΔH° = 240.29, ΔS° = 27.53) -8100.60 -8238.24 -8375.88 -8513.52 -8651.16 
FPC/p-MWCNTs (ΔH° = 264.83, ΔS° = 26.46) -7753.86 -7886.18 -8018.50 -8150.82 -8283.14 
COD      
FPC (ΔH° = 184.18, ΔS° = 23.79) -7022.83 -7141.75 -7260.68 -7379.61 -7498.54 
p-MWCNTs (ΔH° = 346.21, ΔS° = 29.64) -8634.53 -8782.72 -8930.92 -9079.12 -9227.31 
FPC/p-MWCNTs (ΔH°= 465.14, ΔS° = 29.98) -8618.80 -8768.70 -8918.60 -9068.50 -9218.40 

The units of  ΔH° and ΔS° are in J/mol.K 

 

III. CONCLUSION 

This study revealed that both FPC and FPC/p-MWCNTs 
adsorbents demonstrated good potential for effective sorption 
of Pb2+ and COD from paint industry wastewater. The highest 
removal efficiencies recorded at optimal conditions (50°C, 
0.16 g adsorbent dosage) were 92.5% and 92.06% for Pb²⁺ and 
COD using FPC, and 93% and 92.61% using FPC/p-
MWCNTs, respectively. The adsorption process was 
influenced by contact time, adsorbent dosage, and solution 
temperature, with adsorbent dosage having the most significant 
effect. Freundlich isotherm model best described the Pb²⁺ 
adsorption onto FPC and FPC/p-MWCNTs, indicating 

multilayer adsorption, while COD adsorption onto FPC/p-
MWCNTs conformed to the Langmuir model, suggesting 
monolayer adsorption, and Freundlich isotherm model best 
described adsorption of COD onto FPC. The adsorption 
kinetics was best described by pseudo-second-order model, 
and thermodynamic analysis indicated that the adsorption 
process is endothermic and spontaneous. Future research 
should focus on the performance evaluation of FPC and FPC/p-
MWCNTs on effluents from other industries and studies 
should be extended to column adsorption to provide valuable 
insight on the performance of the adsorbent under continuous 
operation to assist in scalability. 
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