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Abstract

The development of low-cost biosorbents from agricultural biomass offers a sustainable approach for the remediation of heavy
metal-contaminated wastewater. In this study, Delonix regia seed (DRS) was evaluated as a natural biosorbent for the removal
of Pb(ll), Ni(lIl), and Co(ll) ions from simulated wastewater. The adsorbent was characterized using X-ray diffraction (XRD),
scanning electron microscopy (SEM), and Fourier-transform infrared spectroscopy (FTIR), revealing an amorphous surface
enriched with hydroxyl and carbonyl functional groups that participate in metal ion binding. Batch adsorption experiments were
conducted to investigate the effects of solution pH, adsorbent dosage, initial metal ion concentration, contact time, and
temperature. Maximum removal efficiencies exceeding 90% were achieved under optimized conditions. Equilibrium data were
best described by the Langmuir isotherm, with maximum monolayer adsorption capacities of 62.57 mg g* for Pb(ll), 59.26 mg
g1 for Co(ll), and 73.59 mg g* for Ni(ll), indicating favorable monolayer adsorption on a homogeneous surface. Kinetic analysis
showed that the adsorption process followed the pseudo-second-order model, suggesting that chemisorption is the dominant rate-
controlling mechanism. The combined characterization and adsorption results demonstrate that Delonix regia seed is an
abundant, inexpensive, and environmentally sustainable biosorbent with considerable potential for heavy metal removal in
wastewater treatment applications.
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1. Introduction

Heavy metal contamination of aquatic environments has
become one of the most persistent environmental challenges,
driven by rapid industrialization, urbanization, mining, elec-
troplating, battery manufacturing, and metallurgical opera-
tions [2]. Unlike organic pollutants, heavy metals are non-bi-
odegradable and can accumulate in living organisms, posing
serious ecological and public health risks through bioaccumu-
lation and biomagnification. Lead (Pb), nickel (Ni), and cobalt
(Co) are among the most hazardous metallic contaminants be-
cause prolonged exposure has been associated with neurolog-
ical disorders, kidney dysfunction, carcinogenicity, and im-
pairment of aquatic ecosystems. [3, 19].

Conventional technologies for heavy metal removal, in-
cluding chemical precipitation, ion exchange, membrane fil-
tration, coagulation-flocculation, and electrochemical treat-
ment, have demonstrated high removal efficiencies [4]. How-
ever, these methods often incur high operational costs, gener-
ate excessive sludge, cause membrane fouling, and require
complex maintenance, limiting their widespread application,
particularly in developing countries [5]. Consequently, ad-
sorption has emerged as one of the most attractive alternatives
owing to its operational simplicity, high efficiency, economic
feasibility, and adaptability for treating dilute metal-contain-
ing wastewater [6].

In recent years, considerable attention has been directed to-
ward the development of biomass-derived adsorbents from
agricultural residues because they are renewable, biodegrada-
ble, inexpensive, and rich in oxygen-containing functional
groups capable of binding metal ions through ion exchange,
electrostatic attraction, surface complexation, and chelation
mechanisms [7-9]. Numerous agricultural materials, including
rice husk, banana peel, coconut shell, maize cob, cassava peel,
and fruit seeds, have been investigated as sustainable bio-
sorbents with encouraging adsorption performances [18].

Delonix regia (Royal Poinciana) is a widely distributed
tropical tree whose seeds constitute an abundant agricultural
by-product that is frequently discarded as waste [10]. The lig-
nocellulosic matrix of the seed contains cellulose, hemicellu-
lose, lignin, proteins, and phenolic constituents bearing hy-
droxyl, carbonyl, and carboxyl functional groups that can ef-
fectively coordinate divalent metal ions [11-13]. Although
previous studies have explored Delonix regia pods and bio-
char derived from its seeds for selected metal removal, inves-
tigations involving the raw, unmodified seed for the simulta-
neous adsorption of Pb(I1), Ni(ll), and Co(ll) remain limited
[34]. Furthermore, comparative adsorption behaviour among
these three environmentally significant metal ions has not
been comprehensively evaluated using equilibrium and ki-
netic modelling on untreated Delonix regia seed [1]. Under-
standing the differences in adsorption affinity is essential for
designing economical biosorbents suitable for multi-metal
wastewater treatment systems [14, 15].
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Therefore, this study investigates the adsorption perfor-
mance of raw Delonix regia seed for the removal of Pb(ll),
Ni(ll), and Co(ll) ions from simulated wastewater. The bio-
sorbent was characterized using XRD, SEM, and FTIR tech-
niques, while the influences of pH, adsorbent dosage, initial
concentration, contact time, and temperature were systemati-
cally evaluated. In addition, Langmuir, Freundlich, and Tem-
kin isotherms together with pseudo-first-order and pseudo-
second-order kinetic models were employed to elucidate the
adsorption mechanism and identify the governing adsorption
behaviour.

2. Materials and Methods

2.1. Preparation of Delonix regia Seed
Adsorbent

Delonix regia seeds were collected from the Lagos State
University, Ojo Campus, Lagos State, Nigeria (6.47°N, 3.2°
E). The collected seeds were cut into pieces of approximately
1-2 cm and thoroughly washed with deionized water to re-
move adhering surface contaminants. The washed seeds were
oven-dried at 80<C for 24 h. The dried material was subse-
quently crushed to reduce the particle size and soaked in de-
ionized water for 6 h to remove water-soluble pigments. After
soaking, the material was further dried at 80<C for 6 h.

The dried seeds were then subjected to particle-size reduc-
tion using a crushing machine and separated using a vibrating
sieve. The sieve was mechanically oscillated for 15 min, and
the mass of material retained on each sieve was determined by
weighing the sieves before and after separation. The particle
sizes used in the adsorption experiments ranged from 0.25 to
5 mm. The prepared Delonix regia seed (DRS) was used in its
natural form without chemical or thermal modification.

2.2. Reagents and Preparation of Metal lon
Solutions

All chemicals used in this study were of analytical grade
and were used without further purification. Stock solutions of
Pb(1l), Ni(ll), and Co(ll), each at a concentration of 1000 mg
L1, were prepared separately using analytical-grade Pb(NO3)s,
NiCl, 6H,0, and CoCl, 6H,0, respectively. Briefly, 1.599 g
of Pb(NOs),;, 4.050 g of NiCl, 6H,O, and 4.038 g of
CoCl, 6H,0O were accurately weighed and separately dis-
solved in deionized water. Each solution was transferred into
a 1L volumetric flask and made up to the mark with deionized
water to obtain the respective 1000 mg L stock solutions.
The required working concentrations were subsequently pre-
pared by appropriate dilution of the stock solutions with de-
ionized water.
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2.3. Characterization of the Adsorbent

The structural characteristics of the raw Delonix regia seed
were characterized using X-ray diffraction (XRD; Bruker D8
Advance, Bruker AXS, Germany). The surface morphology
of the adsorbent before and after metal-ion adsorption was ex-
amined using scanning electron microscopy (SEM; JEOL
JSM-IT100, JEOL Ltd., Japan). Fourier-transform infrared
(FTIR) spectroscopy was performed using an FTIR spectrom-
eter (Bruker Tensor 27, Bruker Optics, Germany) to identify
the functional groups present on the adsorbent surface and
evaluate their potential roles in metal-ion adsorption.

2.4. Batch Adsorption Experiments

Batch adsorption experiments were conducted to investi-
gate the removal of Pb(ll), Ni(ll), and Co(ll) from aqueous
solutions. Unless otherwise stated, 0.6 g of powdered DRS
was transferred into a clean, dry 100 mL Erlenmeyer flask,
followed by the addition of 50 mL of the corresponding metal-
ion solution at an initial concentration of 400 mg L1 [17, 18].
The mixtures were agitated at 100 rpm for 2 h using a mechan-
ical shaker to allow the adsorption system to approach equi-
librium. After the specified contact period, the suspensions
were filtered, and the residual metal-ion concentrations in the
filtrates were determined using atomic absorption spectropho-
tometry (AAS; Thermo Scientific, Waltham, MA, USA). The
pH of the solutions was adjusted to the desired value using 0.1
M HCl or 0.1 M NaOH before the addition of the adsorbent.

2.4.1. Effect of Solution pH

The effect of solution pH on the adsorption of Pb(Il), Ni(ll),
and Co(ll) onto DRS was investigated over the pH range of 2-
10. The desired pH was adjusted using 0.1 M HCl or 0.1 M
NaOH before the addition of the adsorbent. All other experi-
mental conditions were maintained constant. After the speci-
fied contact period, the adsorbent was separated from the so-
lution, and the residual metal-ion concentration was deter-
mined by AAS.

2.4.2. Effect of Adsorbent Dosage

The effect of adsorbent dosage was investigated by varying
the mass of DRS from 0.2 to 1.0 g while maintaining the so-
lution volume, initial metal-ion concentration, agitation speed,
and contact time constant. The resulting residual metal-ion
concentrations were determined using AAS to evaluate the in-
fluence of adsorbent dosage on removal efficiency.

2.4.3. Effect of Initial Metal-lon Concentration

The influence of initial metal-ion concentration on adsorp-
tion was investigated by varying the concentration of Pb(l1),
Ni(Il), and Co(ll) solutions from 100 to 500 mg L-* while
maintaining the other experimental conditions constant. Af-

88

ter equilibration, the suspensions were filtered, and the re-
sidual metal-ion concentrations were determined by AAS.

2.4.4. Effect of Contact Time

The effect of contact time on the adsorption of Pb(l1), Ni(ll),
and Co(ll) was investigated at an initial metal-ion concentra-
tion of 400 mg L. Contact times ranging from 20 to 100 min
were examined while maintaining the adsorbent dosage, solu-
tion volume, agitation speed, and other experimental condi-
tions constant. At each specified time interval, the suspension
was separated by filtration and the residual metal-ion concen-
tration was determined using AAS.

2.4.5. Effect of Temperature

The influence of temperature on the adsorption process was
investigated over the temperature range of 27-67<C using
DRS and metal-ion solutions with an initial concentration of
400 mg L. The experiments were conducted under con-
trolled conditions while maintaining the adsorbent dosage, so-
lution volume, agitation speed, and contact conditions con-
stant. Following equilibration, the residual concentrations of
Pb(1l), Ni(ll), and Co(ll) were determined by AAS.

The adsorption capacity (Qe) and the percentage removal
efficiency (%R) were calculated using Equations (1) and (2)

0, = (Co;lCe) <V (1)
Co—Ce
%R = . X 100 (2)

where: Co = initial concentration (mg L), C. = equilibrium
concentration (mg L), V = volume of solution (L), and m =
mass of adsorbent (g)

2.5. Adsorption Isotherms Studies

Langmuir, Freundlich, and Temkin models are widely rec-
ognized as the most frequently utilized isotherm models for
activated carbon in water and wastewater treatment [21]. Thus,
this study applied these models to the adsorption isotherm
analysis. The quantity of metallic ions adsorbed on the various
quaternary adsorbents (Q:) was calculated using Equation (1)
as shown below:

— (Co_Ct) X
m

Qe 14 (4)

In Equation (4), the volume of adsorbate (V) is expressed
in (L), while the mass of adsorbent (m) is given in (g). The
initial concentration of metallic ions in the adsorbate (Co) is
stated in (mg L), and the concentration of metallic ions re-
maining in the adsorbate at a specific time (Cy) is also given
in (mg LY. The concentrations of adsorbate that do not
change over time in various adsorption processes are rec-
orded as equilibrium concentrations (Cc). To determine the
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adsorption isotherm governing the removal of metallic ions
(such as Pb?*, Ni?*, and Co?*) from the adsorbate by the ad-
sorbent, graphs of log gt against log C. (for the Freundlich

model) are plotted.i against Cl—e (for the Langmuir model),

and Q¢ against In C. (for the Temkin model). Thereafter, the
best-fitted equations from the plots were compared to the lin-
earized forms of the Langmuir, Freundlich, and Temkin iso-
therm models, which were used to determine the adsorption
capacities. The model that provided higher values of the co-
efficient of determination (R?) was considered the adsorption
isotherm governing the adsorption process. The linearized
form of the Freundlich isotherm model is expressed in Equa-
tion (5) as follows:

Log Q. =~logC, +Log K ®)
where: Q; is the amount of ions adsorbed on the adsorbent (mg
g?), Ce is the equilibrium concentration (mg L?), K is the
Freundlich constant, which indicates the adsorption capacity
of the adsorbent (mg g?), and n is the Freundlich constant,
which indicates adsorption intensity (g L ™). On the other hand,
the linearized form of the Langmuir isotherm model is given

in Equation (6) below:

Ce 1 1
T mr % Tam ©

In Equation (6), Qe is the amount of ions adsorbed on the
adsorbent (mg g?), Ce is the equilibrium concentration (mg L
1), Qm is the monolayer adsorption capacity at equilibrium
(mg g?),and K isthe Langmuir equilibrium constant (L mg-
1. Lastly, the linearized form of the Temkin isotherm model
is given in Equation (7) below:

R

—TlnAt + =
Bt

R
B—tln Ce

Qe= ()
The Temkin isotherm model describes By as a constant that
is related to the heat of adsorption and A as the equilibrium
binding constant (L g).
The essential features of the isotherm were expressed in
terms of a dimensionless constant, the separation factor (R.),
defined by the relationship:

1
T 14KL Co

Re (8)
where C, is the initial concentration (mg/L), K. is the Lang-
muir equilibrium constant (L/mg).

The value of the separation factor (R.) provides important
information about the nature of adsorption. The value of (RL)
indicates the type of Langmuir isotherm to be irreversible
(RL = 0), favourable (0<R_<1), linear (R. =1), or unfavour-
able (RL >1). Apparently, when K >1, sorption is favorable
[40].
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2.6. Adsorption Kinetics Studies

The amount of ions adsorbed at equilibrium (mg/g) at dif-
ferent contact times t was determined and recorded as Qe
through Equation (9) stated below:

— (Co—cCe)
m

Qe XV )

All symbols in Equation (9) remain the same as previously
explained. Graphs were plotted based on the linearized forms
of pseudo-first-order and 2nd-order kinetics. The rate con-
stants of adsorption were determined by comparing the equa-
tion of the best-fitted plots with the linearized forms of
pseudo-first-order and 2nd order Kinetics given in Equations

(10) and (11), respectively.

Log (Qe-Qy) = Log (Q¥) - (5ot (10)
t 1 1
EZW‘}' Q_et (11)

Equations (10) and (11) indicate that K; and K are the rate
constants for pseudo-first-order and 2nd order adsorption, re-
spectively, with units of mint and g mg* min'. The other
symbols in the equations are the same as those previously ex-
plained. The order of the kinetics governing the adsorption
process was determined by examining the coefficient of deter-
mination (R?) values associated with the best-fitted plots for
the equation.

3. Results and Discussion

3.1. Characterization of Delonix Regia Seed

3.1.1. X-ray Diffraction Analysis

60
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Figure 1. XRD plot of Delonix regia seed.
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The structural characteristics of the raw Delonix regia seed
were investigated using X-ray diffraction (XRD), and the re-
sulting diffractogram is presented in Figure 1. The pattern is
characterized by a broad, diffuse diffraction profile rather than
distinct, sharp reflections, indicating that the biosorbent is pre-
dominantly amorphous [22]. This structural characteristic is
consistent with the complex organic composition of plant bi-
omass, which contains cellulose, hemicellulose, lignin, pro-
teins, and other organic constituents with limited long-range
molecular ordering [23-25]. The predominantly amorphous
structure may provide a relatively disordered surface contain-
ing accessible functional groups that can participate in the ad-
sorption of metal ions [26, 27].

3.1.2. Scanning Electron Microscope (SEM)
Analysis

Figure 2. SEM images of Delonix regia seed residue (a): before ad-
sorption; (b, ¢, and d) post-adsorption of Pb?* Co?*, and Ni2+, re-
spectively.

The surface morphology of the raw and metal-loaded Delo-
nix regia seed was examined using scanning electron micros-
copy (SEM), as shown in Figure 2. The raw adsorbent exhib-
ited an irregular and heterogeneous surface characterized by
visible pits, depressions, ridges, and grooves (Figure 2a).
These surface features provide accessible regions that may fa-
cilitate the interaction of dissolved metal ions with the adsor-
bent. Following adsorption, noticeable changes in surface
morphology were observed for the Pb(11)-, Co(ll)-, and Ni(l1)-
loaded adsorbents (Figure 2b-d). The post-adsorption surfaces
appeared comparatively rougher, with partial coverage of the
original surface features [30]. These changes may be associ-
ated with the deposition and interaction of metal ions with ac-
tive sites on the biomass surface. The observed morphological
modifications following metal-ion exposure provide qualita-
tive evidence of interaction between the adsorbent surface and
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the investigated metal ions.

3.1.3. Fourier Transform Infrared Spectroscopy
(FTIR) Analysis
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Figure 3. FTIR Results of raw Delonix regia seeds before and after
adsorption of Pb?*, Ni?*, and Co?*.

The FTIR spectra of raw Delonix regia seeds and the adsor-
bent after Pb(I1), Co(ll), and Ni(ll) adsorption are presented
in Figure 3. The spectrum of the raw adsorbent exhibited a
prominent band at 3597.33 cm™, which can be attributed to
O-H stretching vibrations associated with hydroxyl-contain-
ing constituents of the biomass. Following metal-ion adsorp-
tion, the corresponding bands shifted slightly to 3582.43 cm™
for Co(ll), 3589.88 cm™ for Ni(ll), and 3593.30 cm™ for
Pb(II), accompanied by changes in band intensity [28]. These
shifts suggest that hydroxyl-containing functional groups may
interact with metal ions. Additional bands were observed
around 3000 cm™?, which may be associated with C-H stretch-
ing vibrations of organic constituents of the biomass. The
band at 1713.38 cm™ in the raw adsorbent is attributed to C=0
stretching vibrations. Changes in the intensity and position of
this band following adsorption, particularly for Co(ll) and
Pb(Il), suggest the possible involvement of carbonyl-contain-
ing functional groups in metal-ion binding [11]. The observed
spectral changes, together with the morphological changes
identified by SEM, provide evidence that surface functional
groups of Delonix regia seed participate in the adsorption of
Pb(Il), Co(ll), and Ni(ll).

3.2. Effect of Operational Parameters on
Adsorption Performance

3.2.1. Effect of pH

Solution pH is an important parameter governing metal-ion
adsorption because it affects the protonation state and surface
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charge of the adsorbent as well as the aqueous speciation of
metal ions. As shown in Figure 4, the percentage removal of
Pb(11), Co(ll), and Ni(ll) increased progressively with increas-
ing solution pH. At lower pH values, the relatively low ad-
sorption efficiency can be attributed to the protonation of sur-
face functional groups, which reduces the availability of neg-
atively charged sites for interaction with the positively
charged metal ions [31]. In addition, the high concentration of
H* ions creates competition between protons and metal ions
for available adsorption sites. As the pH increases, progressive
deprotonation of surface functional groups can increase the
availability of binding sites and enhance metal-ion uptake.
The improved removal at higher pH values may therefore be
associated with increased availability of surface functional
groups for metal binding [32]. However, at sufficiently high
pH, the formation of metal hydroxide species may also con-
tribute to the observed decrease in dissolved metal concentra-
tion. Therefore, the enhanced removal observed under alka-
line conditions should be interpreted as the combined effect of
adsorption and possible changes in metal-ion speciation rather
than being attributed exclusively to surface adsorption.

100
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X 854 A Ni
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2 4 6 8 10 12
pH

Figure 4. The graph of% removal of Pb?*, Co?* and Ni?* against pH.

3.2.2. Effect of Adsorbent Dose

The effect of Delonix regia seed dosage on the removal of
Pb(11), Co(ll), and Ni(ll) is presented in Figure 5. Increasing
the adsorbent dosage from 0.2 to 1.0 g resulted in a progres-
sive increase in metal-ion removal. At the highest dosage in-
vestigated (1.0 g), removal efficiencies of 89.3%, 97.94%, and
92.4% were obtained for Pb(Il), Co(ll), and Ni(ll), respec-
tively. The increase in removal efficiency with increasing ad-
sorbent dosage can be attributed primarily to the greater avail-
ability of surface-active sites and the increased total surface
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area available for metal-ion interaction [29]. Increasing the
mass of biosorbent also provides a greater number of binding
sites relative to the amount of metal ions present in solution,
thereby enhancing the overall percentage removal. Because
the present experiment was limited to a maximum dosage of
1.0 g, this value is regarded as the highest dosage investigated
rather than a definitive optimum dosage. Further experiments
at higher dosages would be required to establish whether an
adsorption plateau or optimum dosage exists.

100 -
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Figure 5. The graph of% removal of Pb?*, Co?* and Ni?* against
adsorbent dose.

3.2.3. Effect of Concentration

The effect of initial metal-ion concentration on Pb(ll),
Co(ll), and Ni(ll) removal is presented in Figure 6. Increasing
the initial metal-ion concentration from 100 to 500 mg L re-
sulted in a slight decrease in percentage removal for the inves-
tigated metal ions, whereas the corresponding adsorption ca-
pacity increased. At lower initial concentrations, a relatively
large proportion of the available adsorption sites remained ac-
cessible compared with the number of metal ions present in
solution, resulting in higher percentage removal. As the initial
concentration increased, the available adsorption sites became
progressively occupied, and competition among metal ions for
the remaining active sites increased [23]. This resulted in a
reduction in the fraction of metal ions removed from solution.

In contrast, the increase in adsorption capacity with increas-
ing initial concentration reflects the greater concentration gra-
dient between the aqueous phase and the adsorbent surface,
which provides a stronger driving force for mass transfer and
promotes greater uptake per unit mass of adsorbent. The ob-
served behaviour demonstrates that initial concentration influ-
ences both the percentage removal and the amount of metal
ions retained by the biosorbent.
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Figure 6. The graph of% removal of Ph?*, Co?* and Ni?* against

concentration.

3.2.4. Effect of Temperature

The influence of temperature on the adsorption of Pb(ll),
Co(ll), and Ni(lIl) onto Delonix regia seed is presented in Fig-
ure 7. An increase in temperature from 27 to 67 <C resulted in
enhanced removal efficiencies for the three metal ions. The
increase in adsorption with temperature suggests that elevated
temperature favours the interaction between the dissolved
metal ions and the active sites of the biosorbent. Increasing
temperature may enhance the mobility of metal ions in solu-
tion and facilitate their diffusion toward accessible adsorption
sites [30]. It may also promote interactions between the metal
ions and functional groups present on the biomass surface.
The observed temperature dependence suggests that the ad-
sorption process is favoured at elevated temperatures. How-
ever, the thermodynamic parameters, particularly the standard
enthalpy change (AH®), provide a more direct basis for deter-
mining whether the overall adsorption process is endothermic
or exothermic [32].

100 -
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Figure 7. The graph of% removal of Pb?*, Co?* and Ni?* against
temperature.
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3.2.5. Effect of Contact Time

The influence of contact time on the adsorption of Pb(ll),
Co(ll), and Ni(lI) onto Delonix regia seed is presented in Fig-
ure 8. A rapid increase in metal-ion removal was observed
during the initial stage of the adsorption process, particularly
within the first 20-60 min, followed by a more gradual in-
crease as the contact time increased. The rapid initial uptake
can be attributed to the abundance of readily accessible ad-
sorption sites on the fresh biosorbent surface [41]. As adsorp-
tion progressed, an increasing proportion of these sites be-
came occupied, resulting in a gradual reduction in the rate of
metal-ion uptake. In addition, diffusion of metal ions toward
less accessible regions of the biomass may contribute to the
slower adsorption observed at longer contact times [14]. The
adsorption approached a near-steady state at approximately
100 min under the conditions investigated. This contact time
was therefore considered appropriate for the subsequent equi-
librium studies.
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Figure 8. The graph of% removal of Ph?*, Co?* and Ni?* against
time.

3.3. Equilibrium Adsorption Isotherms

The equilibrium adsorption behaviour of Pb(Il), Co(ll), and
Ni(ll) onto Delonix regia seed was evaluated using the Lang-
muir, Freundlich, and Temkin isotherm models. The corre-
sponding linearized plots are presented in Figures 9-11, while
the calculated isotherm parameters are summarized in Table 1.
The Langmuir model provided the highest coefficient of de-
termination for Pb(l11) and Co(ll), with R? values of 0.989 and
0.996, respectively. For Ni(ll), the Langmuir model gave an
R? value of 0.947, while the Temkin model produced a com-
parable value of 0.942. Thus, the equilibrium data for Pb(ll)
and Co(ll) were better described by the Langmuir model,
whereas both the Langmuir and Temkin models provided
comparable descriptions of Ni(ll) adsorption. The Langmuir
maximum adsorption capacities were 62.57 mg g* for Pb(ll),
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59.26 mg g* for Co(ll), and 73.59 mg g for Ni(ll). The re-
sulting capacity followed the order Ni(ll) > Pb(Il) > Co(ll),
indicating a comparatively greater adsorption capacity toward
Ni(ll) under the investigated conditions. Differences in ad-
sorption capacity among the metal ions may arise from varia-
tions in their hydration characteristics, ionic properties, and
interactions with the functional groups present on the biomass
surface [36]. The calculated Langmuir separation factors (RL)
were 0.046, 0.098, and 0.096 for Pb(Il), Co(ll), and Ni(ll), re-
spectively. Since all values fall within the range 0 < R| < 1,
the adsorption process can be considered favourable under the
investigated conditions [20]. The Freundlich model produced

lower correlation coefficients for all three metal ions, with R?
values ranging from 0.831 to 0.887. This indicates that the
Freundlich model provided a comparatively poorer descrip-
tion of the equilibrium data. The Temkin model gave moder-
ate fits, with R? values of 0.926, 0.943, and 0.942 for Ph(ll),
Co(ll), and Ni(ll), respectively [1]. The isotherm results indi-
cate that monolayer-type adsorption provides a useful descrip-
tion of Pb(lIl) and Co(Il) adsorption onto Delonix regia seeds,
while the comparable Langmuir and Temkin fits for Ni(ll)
suggest that both surface coverage and adsorbent-adsorbate
interactions may contribute to its equilibrium behavior [37].
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Figure 9. Langmuir linear plot for adsorption of (a) Pb**, (b) Co®*, and (c) Ni** onto Delonix Regia seed.
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Figure 11. Temkin linear plot for adsorption of (a) Pb**, (b) Co’*, and (c) Ni** onto Delonix Regia seed.

Table 1. Parameters for various isotherm models of Pb?*, Co?*, and
Ni2* jons onto DRS.

Isotherms Pb?* Co? Ni2*
Langmuir

Qmax (Mg g?%) 62.57 59.26 73.59
KL 1.191 0.847 0.153
RL (L mg?) 0.046 0.098 0.096
R? 0.989 0.996 0.947
Freundlich

n 3.827 2.139 4.362
Kr(mg g %) 1.543 1.034 1.374
R? 0.875 0.887 0.831
Temkin

Bt (J molY) 1.681 2.697 3.522
Kr(Lg? 0.823 0.744 0.935
R? 0.926 0.943 0.942

3.4. Adsorption Kinetics Studies

The adsorption kinetics of Pb(ll), Co(ll), and Ni(ll) onto
Delonix regia seeds were evaluated using pseudo-first-order
and pseudo-second-order kinetic models. The corresponding

95

linear plots are presented in Figures 12 and 13, and the calcu-
lated kinetic parameters are summarized in Table 2. The
pseudo-first-order model gave correlation coefficients of
0.8778, 0.8834, and 0.8694 for Pb(ll), Co(ll), and Ni(ll), re-
spectively. These relatively moderate correlation coefficients
indicate that the model did not adequately describe the exper-
imental adsorption behaviour. In addition, the calculated equi-
librium adsorption capacities differed from the experimentally
observed values [16]. The pseudo-second-order model pro-
duced substantially higher correlation coefficients for Pb(Il)
and Ni(Il), with R? values of 0.9998 and 0.9989, respectively.
For Co(ll), the pseudo-second-order model also provided a
better fit than the pseudo-first-order model, although the cor-
responding R? value of 0.8834 indicates a comparatively
weaker fit. The calculated equilibrium capacities from the
pseudo-second-order model were also closer to the experi-
mental values, particularly for Pb(Il) and Ni(ll). The better
performance of the pseudo-second-order model suggests that
adsorption involving the available surface binding sites plays
an important role in the uptake of the metal ions [38]. How-
ever, pseudo-second-order kinetics alone cannot be consid-
ered definitive evidence of chemisorption because the model
is an empirical Kinetic expression and may provide a good fit
under different adsorption mechanisms [39]. The differences
in kinetic behaviour among Pb(ll), Co(ll), and Ni(ll) may be
related to differences in their aqueous properties and interac-
tions with the functional groups present on the Delonix regia
seed surface [35]. Overall, the kinetic results demonstrate that
the pseudo-second-order model provides a better mathemati-
cal description of the adsorption data than the pseudo-first-or-
der model, particularly for Pb(Il) and Ni(ll) [33, 34].
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Figure 13. Pseudo-second-order plot for adsorption of (a) Pb**, (b) Co’*, and (c) Ni** onto Delonix Regia seed.

Table 2. Parameters for various kinetic models of Pb?*, Co?*, and
Ni2* jons onto DRS.

Kinetic Models Pb?* Co?* Ni2*
Pseudo-first order

e (Mg gb) 7.4534 6.7623 6.1267
K1 (min) 0.0794 0.06533 0.05947
R? 0.8778 0.8534 0.8694
Pseudo-second order

e (Mg gb) 8.7522 7.6748 7.4562
Kz (g mglmin?)  0.0452 0.0551 0.0621
R? 0.9998 0.8834 0.9989

3.4. Conclusion

The present study demonstrates the potential of Delonix
regia seed as a low-cost and effective biosorbent for the re-
moval of Pb(ll), Ni(ll), and Co(ll) ions from aqueous solu-
tions. The adsorption performance was influenced by key op-
erational parameters, including solution pH, adsorbent dosage,
initial metal-ion concentration, contact time, and temperature.
Increasing the adsorbent dosage and contact time generally
enhanced metal-ion removal, while the adsorption behaviour
was also strongly influenced by solution pH and initial metal-
ion concentration.

Equilibrium analysis showed that the Langmuir model pro-
vided the best fit for Pb(I1) and Co(l1) adsorption, with R? val-
ues of 0.989 and 0.996, respectively. For Ni(ll), the Langmuir
and Temkin models gave comparable fits, with R? values of
0.947 and 0.942, respectively. The Langmuir maximum ad-
sorption capacities were 62.57 mg g* for Pb(ll), 59.26 mg g*
for Co(ll), and 73.59 mg g* for Ni(ll), giving the adsorption-
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capacity order Ni(ll) > Pb(1l) > Co(ll). The favourable Lang-
muir separation factors obtained for all three metal ions fur-
ther indicate favourable adsorption under the investigated
conditions.

Kinetic analysis showed that the pseudo-second-order
model provided a better mathematical description of the ad-
sorption data than the pseudo-first-order model, particularly
for Pb(I1) and Ni(ll). The results indicate that interactions be-
tween the dissolved metal ions and the available surface bind-
ing sites contribute substantially to the adsorption process.
However, the kinetic modelling alone does not provide defin-
itive evidence that chemisorption is the sole or dominant
mechanism.

The Delonix regia seed shows considerable promise as an
inexpensive and sustainable biosorbent for the treatment of
metal-contaminated water. Its effective removal performance,
simple preparation, and availability make it a potentially use-
ful biomass-based material for wastewater treatment. Further
studies should investigate adsorbent regeneration and reuse,
adsorption in multicomponent and real wastewater systems,
long-term stability, and scale-up to establish its practical ap-
plicability.
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