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ABSTRACT

Rinorea dentata leaf powder (RDLP) was evaluated as a low-cost adsorbent to sequester Pb?* and Cd?* ions
from aqueous solutions. Physicochemical analyses showed a pore volume estimate of 3.8 x 107 cm?/g, low
moisture, ash, and volatile matter content. RDLP’s surface was confirmed as porous and irregular by scanning
electron microscopy, while energy dispersive X-ray spectroscopy (EDX) identified carbon as the dominant
element occurring with small amounts of oxygen and nitrogen. Optimal adsorption conditions of 10 mg/L initial
metal ion concentration, pH 6, 80 min contact time, 0.6 g adsorbent dose, and 30 um particle size were
determined through batch adsorption experiments conducted at ambient temperature. The Langmuir isotherm
model provided a better fit (R? =0.980 for Pb* and 0.992 for Cd*") than the Freundlich model, although both
models reasonably described the adsorption behaviour, indicating favourable adsorption with predominantly
monolayer coverage at lower concentrations, and the presence of surface heterogeneity as suggested by
SEM/EDX and the Freundlich model. The pseudo-first order model provided the best fit to the experimental
data (R? = 0.954 for Pb*" and 0.972 for Cd*"), suggesting physical interactions; however, the intraparticle
diffusion contributed to the rate-limiting step, particularly for Cd?* ions. The thermodynamic studies revealed
a low enthalpy change (AH=14.321 kJ/mol for Pb** and AH =15.026kJ/mol for Cd?*" ions, respectively),
signifying that the adsorption process was endothermic and thermodynamically feasible with increasing
spontaneity at higher temperatures. Overall, RDLP demonstrates strong potential as an inexpensive and

effective adsorbent for heavy metal remediation in aqueous systems.
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INTRODUCTION

The significant increase in heavy metal concentrations in the
environment caused by human activities poses huge risks to
public health due to their persistent toxicity and non-
biodegradable nature (Saikat et al., 2022) and threatens
natural ecosystems. Industrial wastewaters contribute
significantly to the release and accumulation of heavy metals
in the environment. Metals are known for their wide
dispersion in the environment arising from various human and
industrial activities such as paper production, metals
purification and finishing, manufacturing of chemicals,
mining, electroplating, and battery manufacturing. Some
metals, such as mercury, lead, cadmium, nickel, and arsenic,
have no useful role in human physiology and may be toxic
and carcinogenic. Those metals that are considered essential
to life, such as iron, copper, magnesium, and zinc, can become
harmful at very high levels of exposure (Bayuoet al., 2024).
Given the toxicological effects of these heavy metals in the
environment, animals, and humans, it is imperative to treat
industrial wastewater and effluents appropriately before they
are discharged into freshwater bodies (Singh et al., 2024;
Alexander et al., 2018).

Different methods, such as precipitation, ion exchange,
electro-coagulation, membrane filtration, and packed-bed
filtration, have been applied to remove heavy metals from
wastewater (Pohl, 2020; Ansam and Sat, 2024; Sohail et
al.,2020; Khulbe and Matsuura,2018; Shankar et al., 2022).
Most of these technologies are associated with high operation
costs, incomplete metal removal, high energy requirements,

and toxic sludge disposal problems (Usman et al., 2024;
Abiodun et al., 2023; Anwar et al., 2020). Consequently,
these conventional technologies are no longer gaining interest
due to low metal ion recovery efficiency and cost
implications. Commercial activated carbon is equally cost-
prohibitive, especially for large-scale  remediation
applications (Saleem et al., 2019). In recent years, researchers'
interest has shifted to the use of locally available biomass to
prepare adsorbents that are cheap and effective. Biosorption
offers a feasible, abundant, and economically attractive
alternative method for sequestering heavy metals from
aqueous solution (Aliyuet al., 2026; Xie, 2024; Ekere et al.,
2015). The usefulness of biomaterials in removing metal ions
from aqueous solution has been investigated, and studies have
shown that the plant-based adsorbents have the potential of
being used as cheap sources of adsorbent for metal ions
removal (Latiza et al., 2024; Subhashish et al., 2023; Jasper
etal., 2021; Jain et al., 2016; Ekere et al., 2015). Furthermore,
the use of raw (unmodified) biomass is advantageous not only
due to its low cost but also because it preserves natural surface
functional groups such as hydroxyl, carboxyl, and phenolic
groups that play a critical role in metal binding, which may be
altered or lost during chemical activation processes (Wang et
al., 2023; He and Chen, 2014).To develop a simple, low-cost
biosorbent, this study investigates Rinorea dentata leaf
powder (RDLP) to remove heavy metals from aqueous
solutions.

Rinorea dentata (Kuntze), of the family Violaceae, growing
in the tropical rainforest regions of Liberia, Cameroon,
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Uganda, and Nigeria, is a shrub or small tree up to 10 m high.
It is widely distributed in the understory of humid forests,
thrives in shaded environments with high moisture content,
and regenerates naturally with minimal ecological
requirements, making it readily available and sustainable for
large-scale applications (Attah et al., 2016).lt has been
reported to be abundant in the rainforest of Omo (Omo Forest
Reserve) in Ogun State, South-Western Nigeria, commonly
found growing in shady places, occupying the lower story of
the dense rainforest (Attah et al., 2016). The trunk of the plant
provides hardwood; it has a leathery or somewhat coriaceous
texture and is locally called Iyokheze in Edo and Oloboroho
in Yoruba, or stone plant. Rinorea dentata wood is commonly
used as a chewing stick for dental health maintenance, and its
phytoextracts have been used in the treatment of malaria
(Munvera et al., 2020; Attah et al., 2016; Haerdi, 1964).
Despite growing interest in plant-based adsorbents, no
previous study has systematically evaluated Rinorea dentata
leaves as a biosorbent for heavy metal removal. This research,
therefore, aims to evaluate the potential of the naturally
abundant biomass Rinorea dentataas a biosorbent for the
sequestration of Pb?* and Cd?* ions from aqueous solution.
This aim is achieved by applying adsorption isotherm, kinetic,
and thermodynamic models to the experimental data to
elucidate the adsorption behaviour and its underlying
mechanism, and to assess whether untreated RDLP can serve
as a viable, low-cost alternative to chemically activated
materials.

MATERIALS AND METHODS

Sample Collection and Preparation

Rinorea dentata leaf samples used in this study were obtained
from Omo Forest Reserve in Ogun State, Nigeria, and
authenticated with voucher number UNN/13091 at the
Herbarium domiciled in the Department of Plant Science and
Biotechnology, Faculty of Biological Sciences, University of
Nigeria, Nsukka. The leaves were washed thoroughly with tap
water, rinsed with deionized water to remove dust particles,
and then air-dried for 15 days to preserve their surface
functional groups and oven-dried afterwards at 105 °C for 3 h
to remove residual moisture. The oven-dried Rinorea dentata
leaf was ground into powder using a mortar and pestle. The
Rinorea dentata leaf powder (RDLP) was sieved into various
sizes (30, 60, 90,120, 150, and 180 pum) using a rotary sieve
shaker (Mashael & Mohammad, 2021). The sieved fractions
were stored in different airtight plastic containers before
further use to avoid moisture uptake and contamination. No
chemical activation, acid treatment, or thermal carbonization
was applied to the biomass to evaluate the intrinsic adsorption
capacity of the raw material.

Preparation of Pb?* and Cd?* ion Solutions

The reagents used in this study were of analytical grade and
were purchased from BDH Laboratories, Germany. The stock
solutions of 1000 mg/L of Pb? and Cd?*ions were prepared
by dissolving an appropriate amount of each of Pb (NOs)2 and
Cd(NOs)2.4H20 in double-distilled water. The working
solutions were prepared by dilution of the Stock solutions
(1000 mg/L) of the individual metal salts, Pb(NOs)2 and
Cd(NOs)2.4H20, with double-distilled water to obtain
different metal ion concentrations (10, 20, 30, 40, 50, and 60
mg/L). All glassware was acid-washed (10 % HNOs) and
rinsed with deionized water before use to prevent metal
contamination.
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Physicochemical Characterization of RDLP

The physicochemical characteristics of RDLP were
determined by analyzing for moisture, ash, and volatile matter
content according to ASTM Standard methods D7582—15
(Marzeddu et al. 2022). Moisture was determined by drying
at 105 °C to constant weight; ash was determined by ignition
at 550 °C for 3 h in a muffle furnace; and volatile matter was
assessed at 900 °C following standard procedures. The
method reported by Marzeddu et al. (2022) was used to
estimate the fixed carbon content, pore volume, porosity, and
bulk density of the adsorbent. A digital pH meter and a
conductivity meter were used to determine the pH and the
conductivity of RDLP. A Scanning Electron Microscope
(Phenom World ProX) was used to observe the RDLP surface
morphology.

Batch Adsorption Experiments

Adsorption experiments were carried out via batch mode,
using 120 mL pre-treated plastic bottles. The studied
adsorption parameter values were varied to obtain the
optimum conditions. The effect of pH was studied at various
pH values ranging from 2 to 12. Following the pH
optimization study, the optimum pH obtained was used for all
subsequent adsorption experiments. The change in adsorption
with respect to initial metal ion concentration was examined
at adsorbate concentrations from 10 to 60 mg/L at an optimum
pH value of 6. The effect of contact time was determined
using a duration range of 20 to 120 minutes. The adsorbent
dose was varied from 0.1 to 0.6 g. The particle sizes of RDLP
from 30 to 180 pm were investigated. The effect of
temperature was examined over a range of 300-350 K using a
thermostatic water bath.

For each adsorption experiment, 50 mL of the metal ion
solution was measured in the 120 mL plastic bottle. For
experiments other than the pH study, the solution pH was
adjusted to 6, which was determined as the optimum pH for
maximum adsorption efficiency. The adsorbent dosage (0.6
g) and contact time (80 minutes) were maintained at their
optimum values except where these parameters were being
specifically investigated. The mixture was agitated using a
rotary shaker at 180 rpm for 80 minutes. After the equilibrium
period of 80 minutes, the solution was filtered using Whatman
Grade 42 filter paper, and the residual Pb? and Cd?* ion
concentrations were determined using the Perkin-Elmer
AAnalyst 300 Atomic Absorption Spectrometer (AAS). The
metal uptake capacity of RDLP biomass and percentage
removal of the metal ions was determined using equations 1
and 2.

Co—C)V
4Qe = % ()
% Removal = 100 [%] 2

Where ge = the amount of metal ions adsorbed onto per unit
weight of RDLP in mg/g., Co = Initial metal ion concentration
in solution in mg/L.; Ce = Metal ion concentration in the
solution at equilibrium in mg/L.; V = Volume of adsorbate in
liters; M = Mass of the adsorbent in g. All experiments were
performed in triplicate, and average values are reported.
Calibration of the AAS was carried out using external
standards with correlation coefficients (R?) exceeding 0.99,
and procedural blanks (50 mL of metal ion solution without
adsorbent) were prepared and analyzed under identical
experimental conditions to account for background
contamination and non-adsorptive losses. The concentrations
obtained from these blanks were used to correct the final
adsorption results. The experimental data were fitted to
various equilibrium, isotherm, kinetic, and thermodynamic
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parameters to deduce the nature and mechanism of
adsorption.

RESULTS AND DISCUSSION

Adsorbent Characterization

RDLP’s physicochemical and surface morphological
characteristics are presented in Table 1 and Figure 1,
respectively, while Table 2 and Figure 2 depict the elemental
composition of the RDLP. The adsorbent (RDLP) exhibited

Table 1: Physicochemical Properties of RDLP
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percentage values of moisture, ash, and volatile matter, which
were low, supporting its suitability as a precursor for an
adsorbent (Lopez Pastor et al., 2024). The presence of high
ash content can block or fill the pores of the adsorbent,
reducing its porosity and specific surface area, which are
crucial for efficient adsorption. Therefore, low ash value
favours the use of biomass as an adsorbent (Zhou et al., 2017;
Ekere et al., 2015).

Parameters Values
Moisture (%) 7.6
Volatile matter (%) 10.3

Ash (%) 4.7
Fixed carbon (%) 77.4
Pore volume (cm?/g) 3.8x 107
Bulk density (g mL™") 0.34

pH 6.5
Conductivity (uS/cm) 118

The fixed carbon content of RDLP was 77.4%. This value was
obtained using the standard proximate analysis relationship
(Fixed Carbon = 100 — %Moisture — %Ash — %Volatile
Matter), which confirms the internal consistency of the
measured  parameters  (Fajobi et al, 2022).
However, this value is higher than typically reported for raw
biomass materials (Nhuchhen, 2016). This may be attributed
to the relatively low combined moisture, ash, and volatile
matter contents of the sample, since fixed carbon is calculated
by difference. Fixed carbon does not correspond to pure
elemental carbon but rather represents the residual fraction
remaining after the release of volatile components, and should
therefore be interpreted as an indirect measure of carbon
content.

The pore volume of 3.8 x 10 cm®g is modest compared to
activated carbons, and it is reasonable for an untreated
biomass, indicating that adsorption is likely governed by
surface interactions rather than extensive internal pore filling,
while high carbon content translates to increased availability

280 pum

Figure 1: Scanning Electron Micrograph of Rinorea dentata Leaf Powder (RDLP)

The energy-dispersive X-ray spectrum shows that the
adsorbent is predominantly made of carbon, as presented in
Figure 2 and Table 3. It should be noted that the relatively
high carbon signal (65.8%) detected by EDX is characteristic
of untreated lignocellulosic biomass, which is rich in
cellulose, hemicellulose, and lignin. These structural

of active sorption sites (Kyriakopoulos et al., 2024; AWWA,
2018). The bulk density of the RDLP of 0.34 g mL was
deemed suitable as it was higher than the lower limit of bulk
density (0.25 g mL™%) according to the American Water Works
Association (AWWA) standard (Bouamama, 2017;
AWWA,1991). Higher bulk density ensures improved
packing and enhanced filtration efficiency of the adsorbent.
This combined low moisture, low ash content, and suitable
bulk density indicates the potential applicability of RDLP for
adsorption from aqueous solutions. RDLP exhibited a slightly
acidic pH of 6.5, which is favourable for the adsorption of
divalent ions (Ridha et al., 2020; Ekere et al.,2015).The
electrical conductivity (118 uS/cm) of the RDLP suggests
limited leachable impurities and good stability of the
adsorbent (Campisi et al., 2018; Horsfall et al., 2012).

The scanning electron micrograph of RDLP (Figure 1) reveals
uneven, rough, and porous surface structures, which are a
requirement for a potential adsorbent.

polymers naturally contribute to a carbon-dominated surface
composition (Zhang et al., 2023). The presence of oxygen
(13.4 %) and nitrogen (9.8 %) indicates the presence of
oxygenated and nitrogen functionalities, which could enhance
the adsorption properties of the biomass.
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Figure 2: Energy Dispersive X-ray Spectrum of RDLP

The notable presence of calcium (0.9 %), though in small
quantities, may naturally exist as part of the plant structure,
and could also provide some benefit for metals’ adsorption

Table 2: Elemental Composition of RDLP

] [] 1] 1 F] 1 :«

applications, conferring probable ion exchange sites for
adsorbate metal ions.

Element Number Element Symbol Element Name Concentration Error
6 C Carbon 65.8 1.0
20 Ca Calcium 0.9 0.4
8 o Oxygen 13.4 0.8
7 N Nitrogen 9.8 2.3

Effect of Solution pH

Figure 3 shows the effect of solution pH on the removal of
Pb% and Cd?* ions by the RDLP adsorbent. The adsorption
efficiency increased with increasing pH and reached a
maximum at pH 6.0, which was therefore selected as the
optimum pH for all subsequent experiments. Several reports
indicated a pH of 5-6 as optimum for the adsorption of metals
such as Pb%, Cu?*, Mn?" and Zn?* from aqueous solutions
(Singh, 2024; Chang et al., 2023; El-Sayed & El-Sayed, 2022;
Kumar & Singh, 2021). At lower pH values, there was a
corresponding decrease in the % removal of the metal ions.

120 -
100 A
80 -

60 -

% Removal

40 ~

At strongly acidic conditions (low pH), excess H" ions
compete with Pb*" and Cd** for available adsorption sites on
the RDLP surface, leading to reduced metal uptake. In
addition, the adsorbent surface becomes more protonated
under acidic conditions, which limits electrostatic attraction
between the positively charged metal ions and the adsorption
sites. At higher pH values, the formation of hydroxylated
complexes of the metal ions may occur, which can compete
with active adsorption sites, thereby decreasing the retention
of metal ions on the adsorbent (Faith et al., 2021; Lee & Park,
2018).

== Ph
=i=Cd

=)
"]
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Figure 3: The Effect of pH on the Percentage Removal of Pb?* and Cd?*ions from

Aqueous Solution onto RDLP

Effect of Initial Metal ion Concentrations

The metal ion uptake rate of RDLP is a function of the initial
metal ion concentration, making it a vital factor to be
examined for an excellent sorption experiment. Figure 4
illustrates the effect of initial metal ion concentration on the
adsorption of Pb?* and Cd?* by RDLP. Percentage removal
for both ions decreased with increasing metal ion
concentration, and this is attributed to saturation of available

adsorption sites at higher concentrations. At lower
concentrations, sufficient active sites are available relative to
the number of metal ions, resulting in higher removal
efficiencies (Li et al,, 2022). Pb* ions exhibited higher
removal efficiency than Cd** ions at comparable
concentrations, likely due to differences in ionic radius and
affinity for surface functional groups.
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Figure 4: The Effect of Initial Metal lons Concentration on the
Percentage Removal of Pb?* and Cd?* ions from Aqueous Solution

onto RDLP

Effect of Contact Time

The influence of contact time on the percentage removal of
Pb?* and Cd?* was investigated at different contact times (20
to 120 minutes) and is represented in Figure 5. Adsorption
was rapid initially and then slowed down until equilibrium
was attained at approximately 80 minutes. The slower uptake
of the metal ions in the later stages could be due to saturation

120 4

100

% Removal

0 T T T

of the attachment-controlled process caused by less available
active sites for adsorption, while there was a gradual decrease
in percentage removal with increase in contact time from 100
to 120 minutes reflects saturation of the active surface sites of
the adsorbent with the metal ions which reduces the driving
force for mass transfer (Li et al., 2022; Wu et al., 2020).

—4—Ph
=f=Cd

80 -
60 -
10
20

0 20 40 60

80 100 120 140

Contact Time
Figure 5: Effect of Contact Time on the Percentage Removal of Pb?*
and Cd?*ions from Agueous Solution onto RDLP

Effect of Adsorbent Dosage

As shown in Figure 6, there was a corresponding increase in
the percentage removal of Pb?* and Cd?* with an increase in
the adsorbent dose of RDLP from 0.1 to 0.6 g. This
corresponding increase was due to an increase in the sorptive

120 A
100 -

80 -

% Removal
(=]
(=]
!

0 T T T

surface area and the availability of more active binding sites
on the surface of the RDLP with increase in adsorbent dose
(Lietal., 2022; Wu et al., 2020; Ekere et al., 2015). However,
beyond a certain dosage, adsorption capacity per unit mass
may decrease due to particle aggregation and site overlap.

==f=Pp
== Cd

0.2 0.3

0.4 0.5 0.6 0.7

Adsorbent Dose

Figure 6: Effect of Adsorbent Dose on the Percentage Removal of
Pb?* and Cd?*ions from Aqueous Solution onto RDLP

Effect of Particle Size

The influence of varying the RDLP particle size on the
adsorption of Pb?* and Cd?* onto the adsorbent is shown in
Figure 7. A decrease in the percentage removal of the metal
ions was observed with increasing particle size. This could be
due to the increase in the total surface area, which provided
more active sites for adsorption of the metal ions at smaller

particle sizes (Ekere et al., 2015) as well as shorter diffusion
paths. Smaller particles help to provide more active sites on
the surface of the adsorbent, resulting in more accessibility for
metal ions due to better diffusion. The reduced efficiency at
larger particle sizes is due to decreased surface area and
limited accessibility of active sites (Li et al., 2022).
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Figure 7: Effect of Particle Size on the Percentage Removal of Pb?*
and Cd?*ions from Aqueous Solution onto RDLP

Effect of Temperature

Figure 8, shows the effect of solution temperature on the
adsorption of Pb?* and Cd?* ions onto RDLP adsorbent. There
was an increase in adsorption of Pb?* and Cd?* ions with an
increase in solution temperature from 300 to 350 K, as shown
from the graph. The increase in the percentage removal of the

100 +
90 +
80 -+
70 4
60 -+
50 -+
40
30 +
20 4
10

0 T T T

% Removal

metal ions at higher temperatures may be due to greater
kinetic energy acquired by the metal ions with an increase in
solution temperature, which enhances the diffusion from the
bulk solution onto the surface of RDLP (Li et al., 2022; Wu
et al., 2020).

—4=—Pb
=f=Cd

290 300 310 320

330 340 350 360

Temperature (K)

Figure 8 Effect of Solution Temperature on the Percentage Removal of
Pb?* and Cd?*ions from Aqueous Solution onto RDLP

Adsorption Isotherm

The parameters of equilibrium isotherms give useful
information on the sorption mechanism, surface properties,
and affinity of the adsorbent for the adsorbate (Wu et al.,
2020; Wang & Guo, 2020). Therefore, it is very crucial to
ascertain the most suitable isotherm model to maximize the
status for designing adsorption systems. This study utilized
the Langmuir and the Freundlich isotherms to analyze the
equilibrium data, and the results are presented in Table 3. The
Langmuir isotherm is normally used to describe adsorption
patterns, which is based on the assumption that the uptake of
metal ions occurs on a homogenous surface by monolayer
sorption without interaction between the adsorbed molecules
(Bayuoet al., 2018; Ekere et al., 2015). The linear form of the

Langmuir isotherm equation is expressed as:

Ce o L 4 G A3)

de KaGmax Amax

where C. = the metal ion concentration in the solution at
equilibrium (mg/L); ge = the monolayer adsorption capacity
of the adsorbent (mg/g); Ka = the Langmuir adsorption
constant (L/mg) which is related to the adsorption energy, and
quantitatively reflects the affinity between the adsorbent and
the adsorbate; gmax = the maximum monolayer adsorption
capacity of adsorbent (mg/g). While the constant, gmax and Ka
can be determined from the slope and the intercept of the

linear plot of%against Ce as shown in Figures 9 and 10

below. The most important features of the Langmuir isotherm
is expressed in terms of a dimensionless constant, the
separation factor (RL) which is defined by the relationship
given in equation 4:

1
R = ) @
C, = the initial metal ions concentration (mg/L) and Kais the
Langmuir equilibrium constant (L/mg). The value of the
separation factor provides important information about the
nature of the adsorption process. The adsorption is said to be
irreversible (RL = 0), favourable (0 <R.<1), linear (RL=1), or
unfavourable (R.>1) (Folasegun & Kovo, 2014; Foo &
Hameed, 2010). From Table 3, the correlation coefficient (R?)
for the Langmuir isotherm indicated a good fit for the
adsorption of Pb?* and Cd?* ions onto RDLP.
The Freundlich isotherm model is applied to describe the
amount of substance adsorbed per unit gram of the adsorbent
(ge) and is related to the equilibrium concentration (Ce) of the
metal ions, and the linear form of the equation is given as:
logq, = %logCe + log Ky (5)
Where Kt = the constant indicative of the relative adsorption
capacity of the adsorbent (mg/g)
n = the constant indicative of the intensity of the adsorption
The constants were determined by the linear plot of logg,
versus logC, as shown in Figures 11 and 12. In the Freundlich
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isotherm model, if the value of n lies between 1 and 10, it
indicates favorable adsorption.

In this study, the value of n obtained for the adsorption of Pb2*
and Cd?* by RDLP was in the range of 5.952 to 8.696,
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indicating a favorable adsorption process. However, the
relatively low gmax values (1.634 mg/g for Pb* and 1.263
mg/g for Cd*") reflect the absence of chemical activation of
RDLP and its low pore volume.

Table 3: Langmuir and Freundlich Isotherm Constants for the Adsorption of Pb?* and Cd?*ions onto RDLP

Langmuir model

Freundlich model

Metal ions Qmax (Mg/g) K. (L/mg) R? K (mg/g) (mg/L)'" n R?
Pb** 1.634 2.125 0.980 1.028 5.952 0.905
Cd** 1.263 1.189 0.992 1.164 8.696 0.958
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2500 - ¥Rz =0.980
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Figure 9: Langmuir Adsorption Isotherm for Pb?*lon by RDLP
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Figure 10: Langmuir Adsorption Isotherm for Cd?*ion by RDLP

The Freundlich and Langmuir isotherm models indicated a
good fit to the adsorption experimental data, having values
closer to 1(Figs. 9 -12). The reasonable agreement of both
Langmuir and Freundlich isotherm models suggests that

adsorption occurred on a heterogeneous surface with
favorable interaction between RDLP and metal ions
(Kajjumba et al., 2019).

1.00 ~ y=0.1689x+ 0.0125
2:
. 050 - RZ=10.905
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g , 0.0 : : . .
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Figure 11: Freundlich Adsorption Isotherm for Pb?* lon by RDLP
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Figure 12: Freundlich Adsorption Isotherm for Cd?*ion by RDLP

Table 4: Langmuir Equilibrium Parameter (R.) Ranges for Adsorption of Pb?* and Cd?** lons onto RDLP

METAL IONS Range of RL VALUES
Pb2+ 0.0449 —0.0075
Cd2+ 0.0776 - 0.0138

The range of RvL values at different initial adsorbate
concentrations (10, 20, 30, 40, 50, and 60 mg/L) for Pb?* and
Cd?* ions (Table 4) indicated a favorable adsorption process
of the metals onto RDLP having Ri values < 1.

Adsorption Kinetics

The pseudo-first order, pseudo-second order, and intraparticle
diffusion kinetic models were fitted to the experimental data
to analyze the adsorption rate and the possible adsorption
mechanism of the metal ions onto RDLP. The results are
shown in Table 5.

The pseudo-first order kinetic model also known as the

Lagergren equation is expressed as:
Kl

log(qe —qr) = logqe — (5t (6)

Where gtand geare the amount of metal ions adsorbed at time
t and equilibrium in mg/g, respectively. Kz is the pseudo-first
order adsorption rate constant (min~*), while the slope and
intercept of the plots of log(ge— qr) versus t were used to
determine the rate constant (Ki) and ge, as shown in Figure 13,
and the values are recorded in Table 5.

Table 5: Kinetic Model Parameters for the Adsorption of Pb?* and Cd?*ions from Agueous Solutions onto RDLP

Pseudo-first order

Pseudo-second order

Intraparticle diffusion

Metal  gccal ki(min) R? h k; Qecal R? Kia I R?
ions  (mg/g) (mg/gmin) (g/mgmin) (mg/g) (mg/gmin)

Pb** 1.242  0.00921 0.954 0.0228 0.00973 1.531 0.779 0.113 1.114  0.886
Cd** 2138  0.023 0.972  0.0256 0.00394 2.551 0.462 0.216 0.449  0.980

The Pseudo-First-Order Equation Provided the Best Fit to the Experimental Data for Pb?* and Cd?* ions Adsorbed by RDLP

Having Regression (R?) Values Closer to 1.
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R?=0.954

R*=0.972

Figure 13: Pseudo-First Order Adsorption Kinetic for Pb?" and

Cd* lons by RDLP

The pseudo-second-order kinetic model is based on the
assumption that chemisorption is the rate-determining step
and is given as:

i=$+(qie)t )
qit—%+(qie)t ©)

where t = contact time (min), gtand ge are the amount of metal
ions adsorbed at time and equilibrium in (mg/g), Kz is the
equilibrium rate constant of pseudo-second order adsorption
(9/mg min). The values of ge and K2 were calculated from the

slope and intercept of the linear plot of t/qt versus t as shown
in Figure 14. The initial sorption rate, h (mg/g min), was
calculated from the equation:

h = Kge? 9)

The pseudo-second order equation did not provide a good fit
to the experimental data for Pb? and Cd?" ions, having
regression coefficient (R?) values (0.462 - 0.779), This
suggests that the adsorption process may be predominantly
governed by physical interactions rather than chemisorption,
although the pseudo-second order model has been found to
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provide the best fit to most adsorption studies (Foo &
Hameed, 2010). The better fit provided by the pseudo-first
order model suggests that the adsorption mechanism is

Agwogie et al.,

FJS

predominantly governed by physisorption involving weak van
der Waals forces, rather than any form of chemical
interactions (Weber & Morris, 1963).

120 - y=0.653x+43.82
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L 4
100 - H ¢
80 -
[ |
'6" 60 .
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Figure 14: Pseudo-Second Order Adsorption Kinetics for Pb?* and Cd?* ions

by RDLP

The kinetic data were also analyzed using Weber and Morris’s
intraparticle diffusion model to elucidate the diffusion
mechanism. The initial rate of the intraparticle diffusion is
expressed as:

gt = Kig tY2 + 1 (10)

where Kig is the intraparticle diffusion rate constant
(mg/gmin¥?), and | is the intercept. The intercept of the plot
indicated the boundary layer effect. The constant Kigs was
obtained from the slope of the plot of g versus tY2 as shown

determining step if the plot is linear and passes through the
origin (Foo & Hammed, 2010).

In Table 5, the regression coefficient (R?) value for Cd?* ions
was close to 1. The presence of the intercept (I) shows the
existence of the surface sorption, indicating that intraparticle
diffusion was not the only rate-limiting step (Foo & Hammed,
2010). The non-zero intercept of the Weber- Morris plot
revealed that intraparticle diffusion was not the sole rate -
limiting step, indicating that surface adsorption and boundary

in Figure 15. Intraparticle diffusion is the sole rate- layer effects played a significant role.
S y=0.216x+0.449
2 _
2.5 m
2. 0.113x+1.114
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Figure 15: Intraparticle Diffusion Model for Pb? and Cd?* ions

Biosorption onto RDLP

Thermodynamic Considerations

The free energy change (AG®), enthalpy change (AH°), and
entropy change (AS°) thermodynamic parameters were
determined to evaluate the feasibility of the adsorption
process of Pb** and Cd** ions onto RDLP. The
thermodynamic feasibility of the adsorption process was
assessed using the temperature dependence of the apparent
equilibrium constant (Kc) in the temperature range of 300—
350 K.

The Gibbs free energy change of the adsorption was
calculated using the equation below:

= —RTIn
AG° RTInK, 11

where T is the temperature (K); R is the universal gas constant
(8.314 J/mol K) and Kc is the apparent equilibrium constant
obtained from the adsorption data.

The values of AG® calculated at different temperatures were
negative for both Pb** and Cd*" ions (Table 6), indicating that
the adsorption process is thermodynamically favourable. It
was also observed that the magnitude of AG® increased with
an increase in temperature, becoming more negative at higher
temperatures, suggesting that adsorption was more favourable
at elevated temperatures.

Table 6: Thermodynamic Parameters for the Adsorption of Pb?* and Cd?* lons from Aqueous Solution onto RDLP

Metal ion T (K) K. AG® (kJ/mol) AH° (kJ/mol) AS° (J/mol K) R?
Pb** 300 1.27 —0.596 14.321 49.866 0.996
310 1.56 —1.146
320 1.86 —1.651
330 2.23 —2.200
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Metal ion TK) K AG® (kJ/mol) AH® (kJ/mol) AS® (J/mol K) R?
340 257 —2.668
350 2.85 -3.048
car 300 1.85 -1.534 15.026 54.931 0.991
310 2.13 ~1.949
320 2.56 -2.501
330 3.00 -3.014
340 3.76 -3.744
350 4.26 -4.217

The enthalpy change (AH®) and entropy change (AS®) of the
adsorption process were determined using the Van’t Hoff
equation as shown below:

AH® AS©
InKe = = ( RT ) + (T) (12)
The values of enthalpy change (AH®) and entropy change
(AS®) were calculated from the slope and intercept of the plot
of InKc against 1/T as shown in Figure 16. The positive values
of enthalpy change obtained for Pb** (14.321 kJ/mol) and Cd**
(15.026 kJ/mol) ions indicate that the adsorption process is

1.6
1.4 4
12 4

1 -
0.8 -
0.6 A
0.4 -
0.2 -

R?=0.992

InKc

endothermic in nature. The relatively low magnitude of AH®
values (< 20 kd/mol) suggests that the adsorption of the metal
ions onto RDLP is predominantly governed by physical
interactions rather than chemical bonding. Physisorption
typically ranges between 2—20 kJ/mol,whereas chemisorption
is generally reported in the range of 80-200 kJ/mol (Foo &
Hameed, 2010).Thepositive AS° values show an increase in
randomness at the solid/liquid interface during the adsorption
process (Kajjumba et al., 2019; Weber & Morris,1963).
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Figure 16: Thermodynamic Adsorption for Pb?* and Cd?* ions by RDLP

This increase in disorder may be attributed to the
displacement of water molecules surrounding the hydrated
metal ions as adsorption proceeds on the RDLP surface. The
reaction is spontaneous as negative values of AG° were
obtained at all the temperatures studied. Overall, the
thermodynamic parameters indicate that the adsorption of
Pb?" and Cd?* ions onto RDLP is feasible, endothermic and
spontaneous in nature.

CONCLUSION

This study has demonstrated the potential of the Rinorea
dentata leaf powder (RDLP) as a low-cost adsorbent for Pb*
and Cd?* ions sequestration from aqueous solutions. The
findings indicated that the percentage removal of RDLP for
both metal ions was considerably influenced by solution pH,
initial metal ion concentration, contact time, adsorbent
dosage, size of the adsorbent particles, and solution
temperature. Optimum adsorption was obtained at pH 6, 0.6 g
adsorbent dosage, 80 min contact time, and smaller particle
size under ambient experimental conditions. The equilibrium
adsorption data were well described by both the Langmuir and
the Freundlich isotherm models, depicting a favourable
adsorption process onto a heterogeneous adsorbent surface.
The pseudo-first-order kinetics model aligned most closely
with the kinetic data, as evidenced by higher correlation
coefficient (R?) values compared to the pseudo-second-order
model, suggesting a physisorption-dominated adsorption
mechanism, with intraparticle diffusion contributing to the
overall rate but not serving as the sole rate-controlling step.
The adsorption was confirmed to be feasible and endothermic
in nature. The use of this adsorbent, which is inexpensive,

FUDMA Journal of Sciences (FJS) Vo

easily accessible, and eco-friendly, makes its use economical
compared to chemically activated adsorbents, thus making it
a promising material for preliminary sequestration of Pb?* and
Cd?*ions from aqueous contaminated water. Furthermore, the
abundance, low cost, and minimal processing requirements of
RDLP highlight its strong potential for scale-up and
application in industrial wastewater treatment systems. It is
recommended that further studies be undertaken to elucidate
its practical applicability by exploring its regeneration,
reusability, and performance in real water systems
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