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ABSTRACT

Baobab pulp (Adansonia digitata) and mango seeds were employed in the synthesis of activated
carbon, serving as a cost-efficient adsorbent for the elimination of Pb (Il) ions from aqueous
solutions. The carbonization of baobab pulp and mango seeds was executed within a muffle
furnace at 500°C for 2 hours and 30 minutes, followed by activation using orthophosphoric acid.
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Batch adsorption experiments encompassed assessments of initial metal ion concentration,
adsorbent dosage, contact time, pH, and temperature, aimed at optimizing conditions to achieve
maximal adsorption. The maximum monolayer adsorption capacities for Pb(ll) were determined as
18.69 mg/g for Baobab activated carbon (BAC) and 16.02 mg/g for Mango seed activated carbon

(MAC) at a concentration of 500 mg/I.

Adsorption data were subjected to analysis using Langmuir, Freundlich, and Temkin isotherm
models. Among these models, Langmuir exhibited superior fit, as indicated by a correlation
coefficient (R?) exceeding 0.99. Kinetic evaluation encompassed Pseudo-first-order, Pseudo-
second-order, and Intra-particle diffusion models, with the Pseudo-second-order model emerging
as the most appropriate. This finding suggests that the adsorption process is primarily governed by
chemisorption, potentially serving as the rate-limiting step.

Thermodynamic investigations revealed the spontaneity, endothermic nature, and heightened
randomness at the solid-solution interface of the adsorption process. Further assessment involved
desorption experiments to ascertain the reusability and lifespan of the adsorbents. The outcomes
underscore the potential of activated carbon derived from baobab pulp and mango seeds as
economical and efficient adsorbents for Pb (1) ion removal.

Activated carbon;
thermodynamics.

Keywords: baobab  pulp;

1. INTRODUCTION

Water pollution caused by technological
development remains a significant and pressing
concern. The escalating production of heavy
metals through technological processes has led
to elevated metal concentrations in aquatic
environments, surpassing established water
quality thresholds crucial for safeguarding
ecosystems, wildlife, and human health. The
primary industries responsible for releasing
metal-laden wastewater include mining, mineral
processing, pigment manufacturing, the painting
and photographic sectors, as well as
metalworking and finishing operations [1]. These
metals primarily encompass elements located
within the d-block of the periodic table, commonly
referred to as transition metals [2].

Of note among these hazardous metals is lead, a
toxic heavy metal that holds substantial
environmental and occupational implications.
Ranking second on the list of prioritized
hazardous materials, lead's perilous nature
becomes evident even in minute quantities. Its
ingress into the human body occurs through
multiple avenues. Inhalation of dust containing
lead-based paints or exhaust emissions from
leaded gasoline is one route. Additionally, trace
amounts are present in various foods, notably
fish, which are disproportionately affected by
industrial pollution. Furthermore, aging
residences may still have lead water pipes,
subsequently tainting drinking water through the
gradual dissolution of the lead pipes. Although a
substantial proportion of ingested lead is
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excreted through urine, the risk of accumulation
remains, particularly among children [3]. The
adverse effects of lead exposure are cumulative
over time. Elevated levels of lead within the body
can culminate in fatality or enduring damage to
critical systems such as the central nervous
system, brain, and kidneys [4]. This resultant
impairment frequently manifests as behavioral
and cognitive disorders (including hyperactivity),
memory and concentration deficits, hypertension,

auditory impairments, headaches, stunted
growth, fertility issues in both genders,
gastrointestinal  disturbances, as well as

muscular and articular discomfort.

“Extensive research has been conducted on lead
due to its deleterious consequences. Lead forms
intricate  complexes with oxo-groups within
enzymes, thereby influencing virtually all stages
of hemoglobin synthesis and porphyrin
metabolism” [5].

“Due to the aforementioned factors, a compelling
imperative exists to mitigate the presence of
these metals within wastewater, thereby averting
the contamination of natural water bodies
through the discharge of deleterious metal-laden

effluents.  Traditional approaches for the
extraction of heavy metal ions from industrial
wastewater encompass a range of

methodologies, including chemical precipitation,
oxidation, reduction, reverse osmosis, membrane
filtration, electro-dialysis, solvent extraction,
electro-coagulation, and adsorption. However,
these techniques are not without inherent
constraints, such as demanding operational
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parameters, suboptimal metal removal efficacy,
and the generation of secondary sludge that
entails substantial disposal costs” [6].

Among the array of methodologies mentioned
above, the most auspicious solution for
effectuating the removal of metal ions from
industrial effluents emerges in the form of
adsorption. This approach exhibits unparalleled
promise, primarily due to the capacity for the
employed adsorbent material to undergo
rejuvenating desorption processes, rendering it
eminently reusable, efficient, and economically
viable [7].

Activated carbon stands as the predominant and
widely employed adsorbent in the realm of
adsorption, lauded for its remarkable efficacy and
adaptability [8], [9]. Distinguished by its extensive
porosity, substantial internal surface area, and
commendable mechanical robustness, activated
carbon holds a significant position. However, it is
worth noting that despite its prevalent usage
across industries, activated carbon remains a
cost-intensive material.

The escalating interest in harnessing agricultural-
derived precursors for the synthesis of activated
carbon finds its roots in multifaceted advantages.
This approach is notably driven by the economic
viability of utilizing low-cost agricultural sources,
which are renewable in nature. Moreover, this
avenue of research contributes to the prudent
recycling of agricultural by productsh, thereby
addressing potential environmental hazards,
particularly within the realm of solid waste
management [10]

Emerging trends within scientific inquiry have
spurred the exploration of alternative,
economically feasible adsorbents. In a
noteworthy example, baobab fruit shells have
been harnessed for their adsorptive potential,
effectively removing Pb(ll) and Cu(ll) ions from
aqueous solutions [11]. Further innovation has
seen the creation of activated carbon derived
from baobab fruit shells, successfully utilized for
the adsorption of Pb(Il) and Cd(ll) ions present in
synthetic wastewaters [12]. In a similar vein,
diverse agricultural residues have been
harnessed for activated carbon synthesis. This
includes the utilization of date stone [13], rubber
wood sawdust [3], bamboo-based materials [2],
mango seeds [14], kola nut shells [15], as well as
the hulls of coconut and palm tree seeds [16,17].
Each of these unconventional adsorbents
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exhibits promising potential for addressing heavy
metal contamination in diverse contexts.

In the scope of this investigation, baobab pulp
activated carbon (BAC) and mango seed
activated carbon (MAC) were judiciously
employed as potent adsorbents, effectively
targeting the removal of Pb(ll) from aqueous
solutions. This study comprehensively delved
into the influence of pivotal process variables,
including the initial concentration of metal ions,
adsorbent dosage, contact duration, pH,
temperature, and the desorption process.

The equilibrium isotherm data, a cornerstone of
adsorption analysis, underwent rigorous scrutiny
through the application of the Langmuir,
Freundlich, and Temkin isotherm models.
Concomitantly, diverse adsorption kinetic models
were meticulously employed to evaluate the
experimental data, encompassing the Pseudo-
first order, Pseudo-second order, and Intra-
particle diffusion models. The endeavour
extended to the exploration of essential
thermodynamic  parameters, namely free
energy (AG), enthalpy (AH), and entropy (AS),
which collectively contribute to the
comprehensive understanding of the adsorption
process.

In tandem with these analytical pursuits, a
diverse array of advanced techniques was
harnessed. Notably, the Fourier-transform
infrared spectrophotometer (FTIR) facilitated the
elucidation of surface functional groups, thereby
unraveling the intricate composition of BAC and
MAC. Furthermore, the microscopic examination
of the adsorbents' morphology was facilitated by
the Scanning Electron Microscope. A precise
quantification of the elemental constituents—

carbon, hydrogen, nitrogen, and sulfur—was
realized through the employment of a Carbon,
Hydrogen, Nitrogen, and Sulfur (CHNS)
analyzer, thereby enabling an enhanced
understanding of the adsorbents’ elemental
composition.

The pivotal matter of desorption was accorded
thorough investigation. This encompassed a
meticulous  desorption study  conducted
employing distiled water, as well as an
assortment of acid solutions of varying
concentrations. Such a comprehensive approach
inherently contributes to a nuanced
comprehension of the desorption dynamics of the
adsorbents.
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2. METHODOLOGY

Baobab pulps and Mango fruit were collected
from baobab and Mango trees within the
University of llorin premises located at about 1km
away from the main gate of University of llorin,
Kwara State Nigeria. Lead (ll) nitrate, potassium
dichromate and phosphoric acid that were used
in this study were of analytical grade and were
used without further purification. The
impregnating agent used for the chemical
activation of baobab pulp was HsPO4, apparatus
such as; mechanical shaker, magnetic stirrer, pH
meter, desiccator, conical flask, thermometer,
electric oven with thermostat, analytical weighing
balance were also employed in this study.

The baobab pulp and mango seeds were
washed thoroughly with deionized water to
remove dirt/unwanted parts and dried very well in
a shade until constant weight was achieved. The
stock solution of 1000 ppm of Pb(ll) was
prepared by dissolving 1.5980 g in 1000 cm? of
volumetric flask and made up to mark with
deionized water. Working solution was
prepared from the stock solution by serial
dilutions.

Two major steps were used in the production of
activated carbon. These are carbonization and
activation (Nsi et al, 2016). The sample
materials were carbonized in an inert
atmosphere under continuous flow of N2 in a
pyrolyser. A 100 g of the dried raw samples were
weighed and charred in a pyrolyser at 500 °C.
The charred product was allowed to cool down to
room temperature and re-weighed. They were
ground into workable size ranges with mortar and
pestle. The samples at this stage were purified
by soaking in 0.5 M Hydrochloric acid solution for
24 hrs, rinsed with deionized water severally until
the pH of washed water was neutral. Activation
was carried out in a muffle furnace, using 0.1 M
orthophosphoric acid (HsPOa4) as activating agent
in the ratio of 1:1 by weight of charcoal/HsPOa4. A
25 g of each carbonized product was weighed
and transferred into 500 ml beaker containing
1.0M solution of orthophosphoric acid. The
content of the beaker was mixed thoroughly and
heated until paste was formed. A crucible was
cleaned and heated to a constant weight. The
paste was then transferred into the crucible and
this was later placed in the furnace and activated
at 500 °C for three hours. The activated products
were allowed to cool to room temperature, wash
with deionized water until the pH of the washed
water was neutral and then dried in the oven at
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100 °C for 24 hours. The activated carbon yield
was calculated by applying the formula:

X (%) (1)

== x 100
Where X is char or activated carbon yield (%), m
is the char or activated carbon mass (g) and mo
is the raw sample mass (g). Thus, X is an
average value of all the effective experiments
[10].

2.1 Characterization of Adsorbents

The activated carbon obtained from baobab pulp
and mango seed shell were characterized for
moisture content [18], bulk density [19], ash
content [20], determination of iodine number [14],
determination of pH of point of zero charge
(PHpzc) [21], volatile matter [14], activated
carbon/charcoal yield and pH using standard
procedures [21].

The adsorption of Pb(ll) ions on BAC and MAC
were studied by batch adsorption. The effect of
initial adsorbate concentration (range 25 - 500
ppm), adsorbent dose (0.2 - 1.0 g), contact time
(5 - 180 min), solution pH (2 - 9) and temperature
(30 - 70 °C) were examined.

Adsorption parameters were optimized in order
to understand the adsorption capacity of the two
adsorbents (BAC and MAC).

2.1.1 Effect of initial adsorbate concentration

Different concentrations of 25, 50, 100, 150, 250,
350 and 500 ppm of Pb(ll) were prepared by
serial dilution from the stock solutions. A 25 ml of
each concentration was measured in to 100 ml
capacity conical flask containing 0.5 g of each of
adsorbent BAC and MAC. The solution was
agitated on a thermostat, orbital shaker for period
of 5 hr each and was filtered. The un-adsorbed
concentration in the filtrate was analysed using
AAS. The quantity adsorbed, Qe was calculated
from equation (2). The initial concentration with
the highest (optimal concentration) adsorption
was used in subsequent experiments.
Experiment was conducted in duplicate.
Co—Ce

=foleyy
M

Qe (2)
Where: Qe, is the amount of adsorbate ion
adsorbed on the adsorbent at equilibrium (mg/g),
Co is the initial concentration of analyte ion in the

solution  (mg/l), Ce is the equilibrium
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concentration of analyte ion in the solution (mg/l),
V is the volume of the solution used (ml), M is the
mass of activated carbon used (g).

2.1.2 Effect of adsorbent dosage

A 25 ml of the optimal concentration of the
adsorbate (Pb?*) was contacted with varying
masses (0.2, 0.4, 0.6, 0.8, and 1.0 g) of the
adsorbents, BAC and MAC. The resultant
mixture was agitated on thermostat, orbital
mechanical shaker for 5 hr at 30°C. The final
solution was filtered and the un-adsorbed
concentration in the filtrate was analyzed using
AAS. The concentration of the adsorbed metal
ion was calculated from equation (2). The optimal
adsorbent dose was determined and used for
subsequent experiments.

2.1.3 Effect of contact time

The effect of contact time on adsorption capacity
was studied using the optimal dose of each
adsorbent in well labelled 100 ml conical flasks
containing 25 ml of the optimal concentration of
the adsorbate Pb(ll). The resultant mixture was
agitated at 30 °C on a mechanical shaker at
different contact time of 5, 10, 20, 40, 60, 90, 120
and 180 min. At the completion of the
predetermined contact time, the solution was
filtered and the un-adsorbed concentration in the
filtrate was analyzed using AAS.

The concentration of the adsorbed metal ion was
calculated from equation (2). The optimal contact
time for each adsorbate was determined and
used for subsequence experiments. The
experiment was carried out in duplicate.

2.1.4 Effect of pH

A 25 ml of the optimal concentration of the
adsorbate Pb(ll) was adjusted to pH of 2, 3, 4, 5,
6, 7, 8 and 9 by adding either 0.1 M NaOH or 0.1
M HCI. These solutions were contacted with the
optimal dose of the adsorbents BAC and MAC
followed by agitation on a mechanical shaker for
the optimal contact time at 30 °C. The solution
was filtered and the un-adsorbed concentration
in the filtrate was analyzed using AAS. The
concentration of the adsorbed metal ion was
calculated from equation (2). The optimal pH for
adsorption of each adsorbate was determined
and be used for subsequent experiments.

2.1.5 Effect of temperature

A 25 ml of the optimal concentration of the
adsorbate Pb(ll) was adjusted to the optimal pH
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of adsorption and contacted with the optimal
dose of each adsorbent. The resultant mixture
was then shaken on a mechanical shaker for the
optimal contact time at different temperatures of
30, 40, 50, 60 and 70 °C. The solution was
fitered and the un-adsorbed concentration in the
filtrate was analyzed using AAS. The
concentration of the adsorbed metal ion was
calculated from equation (2). The optimal
temperature for the adsorption process of each
adsorbate was determined and used for
subsequent experiments.

2.2 Desorption Experiment

“The normal sorption procedure was carried out
using 0.5 g of BAC and MAC samples in 25 ml of
the optimal concentration of Pb(ll) in 100 ml
capacity conical flask. The solution was
equilibrated for 5 hr each, the solution was
filtered and analyzed for Pb(ll) using AAS while
the residue was used for desorption experiment.
A 25 ml of different concentrations of HCI (0.1,
0.2, 0.5 and 1.0 M) and distilled water were
added to the residues in different conical flasks
and each solution was equilibrated for 5 hr, the
solution was filtered. The filtrate was analyzed
using AAS for the amount of Pb(ll) released back
in to the solution. This sorption and desorption
processes were repeated on the same sample
for three times cycles. The quantity desorbed
was calculated using equation (2) above. A
graph of the percentage desorbed was plotted
against the cycles of desorption process for the
different ionic strengths to ascertain the
efficiency of BAC and MAC” [11].

2.2.1 Adsorption isotherm

“Adsorption isotherm is the relationship at a
given temperature between the amount of
substance adsorbed and its concentration in the
solution” [22]. “A variety of isotherm equations
have been in used, some of which have a strong
theoretical base and some being of mere
empirical nature. The equilibrium models that
were used in this research work include
Freundlich, Langmuir, Temkin. These isotherm
equations were used to find out the relationship
between the equilibrium concentration of the
adsorbate in the liquid phase and that in the solid
phase” [23].

The distribution of a solute in the effluent
between the adsorbent and the liquid phase is
commonly described using the Langmuir model.
This model is employed to assess the extent of
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adsorption of a solute, such as a heavy metal
from an aqueous solution or effluent, onto an
adsorbent material [22].
Ce 1 Ce

o~ T ()
Where: Qm is the monolayer adsorption capacity
of the adsorbent (mg/g), is the maximum amount
adsorbed, Ce is the Langmuir adsorption
constant (mg/l) related to energy of adsorption
which quantitatively reflects the affinity between
the adsorbent and adsorbate, Ce is the
equilibrium concentration of the solute in the bulk
solution (mg/l) and ge is the amount of solute
adsorbed per unit weight of adsorbent at
equilibrium (mg/g). The plot of Ce/ge versus Ce
was plotted, the slope and the intercept of the
curve were 1/Qm and 1/bQm, respectively.

“The adsorption data obtained from the
adsorption of Pb(ll) was tested for fitness of data
against the Langmuir's adsorption isotherms.
The favourability of this adsorption process was
subjected to the equation of separation factor or
equilibrium parameter RL"[24].

1

R, =
L™ 1+b¢;

4

Where b is Langmuir equilibrium constant (mg/l),
Ci is highest initial metal ion concentration. For a
favourable adsorption, (0 <RL <1), while for an
unfavourable adsorption, (R.>1), and when
(R.=0), the adsorption is irreversible, and for a
linear adsorption behaviour (RL = 1) [25].

The Freundlich theory is predicated on the
notion that the adsorbent possesses a
heterogeneous surface comprised of various
categories of assumption sites. It is postulated
that adsorption on each distinct class of site
adheres to the principles outlined in the
Langmuir isotherm theory [26]. The equation
representing the Freundlich adsorption isotherm
is given by:

1
e = KrCo' ®)

The linearized form of Freundlich equation is:

logQ, = logKf +% logC, (6)
where Ce and Qe are the equilibrium
concentrations of the adsorbate in the liquid
phase and in the solid phase, respectively, and
Kr and n are Freundlich coefficients relating to
overall adsorption capacity (mg/g) and surface
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heterogeneity (dimensionless), respectively [27].
Freundlich constant n also explained how
favourable adsorption process will be. When the
value of 1/n is greater than one, that is, 1/n > 1, it
shows that the adsorption process is favourable
and when the value of 1/n is less than one, that
is, 1/n < 1, it is an indication that the adsorption
process is less favourable.

The Temkin isotherm equation postulates that as
the coverage layer of adsorbate on the surface of
the adsorbent increases, the heat of adsorption
(AHags) for all molecules within that layer
decreases in a linear fashion with increasing
coverage. The Temkin Isotherm model can be
delineated by the following equation:

Qe = RbTTLnkT + %ane (7)
Where, R is the universal gas constant
(0.008314 kJmoltK); T is the absolute

temperature (K); % is the Temkin constant related

to the heat of adsorption (kJ/mol) which indicate
the adsorption potential (intensity) of the
adsorbent and k; (L/g) is the Temkin constant
related to adsorption capacity. Plotting ge versus
In (Ce), this equation results in a straight line of

slope %and intercept X257 [2g] - [30].

b
2.3 Adsorption Kinetics Models

“Adsorption  kinetic models correlate the
adsorbate uptake rate with bulk concentration of
the adsorbate. The studies of adsorption
equilibrium are important in determining the
effectiveness of adsorption; however, it is also
necessary to identify the types of adsorption
mechanism in each system. In this study, four
different models were used to predict the
adsorption kinetic of Pb(ll) on baobab pulp
activated carbon and mango seed shell activated
carbon. These are: Pseudo-first-order, Pseudo-
second-order, Intra-particle  diffusion and
Bangham’s model” [11], [31].

2.3.1 Pseudo-first-order rate kinetic model

Pseudo-first-order equation given by [32] was
employed to determine the rate constant of the
adsorption process. The equation for the reaction
is:

22— k(Qe — Q) (8)
Where @, is the quantity of solute adsorbed at
equilibrium per unit mass of adsorbent (mg/g), Q;
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is the amount of adsorbate adsorbed at any
given time t, (mg/g) and k is the constant of first
order sorption (mint). To integrate the above
equation, the boundary conditions will be set
within theranget=0tot=tand Q,=0to Q, =t
and simplifying the result of integration the above
equation becomes:

log log (Qe — Q,) =loglog Q. ———t (9)

2-303
The plot of log log (Qe — Q;) against t gives the
slope and intercept from which k and @, can be
evaluated.

2.3.2 Pseudo-second-order rate kinetic model

Based on equilibrium adsorption, Pseudo-
second-order rate kinetic equation is expressed
as:

dQe
dat

k2(Qe — (10)
To integrate the above equation, the boundary
conditions will be set within theranget=0tot=t
and Q; = 0 to Q; = Q. and simplifying the result of
integration, the above equation becomes:

t 1

ac kQe?

1
Et (11)
Where k, is the rate constant of second order
adsorption (g/mg min). The values of k, and Qe

will be obtained from the plot ofqi against t.
t

2.3.3 Intra-particle diffusion and Bangham’s
model

In order to investigate the mechanism of Pb(ll)
adsorption onto activated carbon from baobab
and Mango seed shell, intra-particle diffusion-
based mechanism was studied.

The model proposed that in case the data fit well
in to its equation, then the uptake of the
adsorbate, Pb(ll) by the adsorbent will varies
almost proportionately with the square root of the
contact time (t¥2). The model equation is given
as:

qr = kigVt +C 12)
Where, q; is the amount of adsorbate adsorbed
per unit mass of adsorbent (mg/g) at a time t,
and k;, is the intra-particle diffusion rate constant
(mg/g.min'¥2), “The rate constant was obtained
from the slope of the straight line of g, against
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Vvt and if these lines pass through the origin,
then intra-particle diffusion is the rate
determining step. When the plots do not pass
through the origin, this is indicative of some
degree of boundary layer control and this further
show that the intra-particle diffusion is not the
only rate limiting step, but also other kinetic
models may control the rate of adsorption, all of
which may be operating simultaneously” [33],
[34]. Also, to confirm that adsorption process is
controlled by intra-particle diffusion model, the

intra-particle diffusion coefficient, Dp, was
calculated using the equation below:
2
Dp — 0.03xr (13)

t1
2

Where Dp is the diffusion coefficient with the unit
cm?/s; tu2 is the time (s) required to complete half
of the adsorption and r is the average radius of
the adsorbent particle in cm. If the calculated
intra-patrticle diffusion coefficient (Dp) value is in
the range of 101! to 1013 cm2s!, then the intra-
particle diffusion controls the rate limiting step
and, if the calculated film diffusion co-efficient
(Dr) value is in the range of 10 to 10 cm?.s7,
then the rate limiting step is controlled by film
(boundary layer) diffusion. The Df values are
calculated as follows:

__(0.23r25Cs)
Cl.t1
2

Df (14)

Where r2 and ti2 have the same meaning as
before, § is the film thickness (10-® cm), Cs and
Ci are the concentrations of adsorbate in
solid and liquid phase at time t, respectively [34],
[35].

2.4 Thermodynamic Parameters

The thermodynamic parameters of the
adsorption process, such as free energy change
(AGY), enthalpy change (AH) and entropy change
(AS), give information about spontaneity, heat
change and degree of freedom of the adsorbed
species respectively, the parameters are also
very important in predicting the adsorption
mechanism, for characterization and optimization
of the process, as well as for equipment and
process design.

The idea of adsorption can be fully expressed by
examining the  following  thermodynamic
parameters such as free energy (AG?), enthalpy
change (AH), entropy change (AS) and activation
energy (Ea).
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2.4.1 The Gibb’s free energy change, (AG°)

The negative values indicate that the adsorption
process is spontaneous at the range of
temperature studied. The decrease in the
negative value of AG with an increase in
temperature indicates that adsorption process is
more favourable at higher temperatures.
Standard free energy (AG°) was calculated from
the following equations:

Qe
ko= (15)
AG, = AH, — TAS, (17)

Where, T is the temperature (K), R is the gas
constant (kJ/mol.K) and Kc (L/g) is the standard
thermodynamic equilibrium constant, Q, is the
amount of adsorbate adsorbed per unit mass
(mg/g) of adsorbent at equilibrium and C, is the
equilibrium agueous concentration of
adsorbate(mg/L) [36].

2.4.2 Enthalpy change, (AH) and entropy
change, (AS)

These two parameters can be obtained from the
equation:

AG® = —RTInkK, (18)
AH AS
LnKe =——+— (19)

The value of AH and AS was obtained from the
slope and intercept respectively of the plot InKc
versus 1/T. “The positive values AH indicate the
presence of an energy barrier in the adsorption
and endothermic process while the negative AH
values indicate that the process is exothermic,
and a given amount of heat is evolved during the
binding of metal ion on the surface of adsorbent”
[2]. “The positive value of entropy change (AS)
indicates strong affinity of adsorbate towards
adsorbent and increased in the degree of
randomness (disorder) at solid-solution interface
during adsorption process” [34].

2.4.3 The Activation Energy of Adsorption,
(Ea)

The activation energy (Ea) in adsorption process
is defined as the minimum energy required for
the adsorbate species to interact with the
adsorbent surface. This parameter determines
how dependent the adsorption rate is on
temperature. The activation energy for the
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adsorption of Ph(Il) onto activated carbon from
baobab pulp and mango seed were evaluated
using the Arrhenius equation (Chayande et al.,
2013)

Kc = Ae EaRT _______ (20)
This can be linearized as:
Ea
LK. - LnA —— - (21)

Where, K¢ is the concentration equilibrium
constant, A is the pre-exponential factor, Ea is
the Arrhenius activation energy, which indicates
whether adsorption is mainly physical or
chemical in nature and also it must be overcome
for adsorption to occur. R is the gas constant and
T is the absolute temperature in K. Ea and A can
be obtained from slope and intercept of a plot of
LnKc against 1/t which will give a straight line
[38].

2.5 Instrumentation

The methods used to characterize the activated
carbon includes the following: Fourier Transform
Infrared (FTIR), Scanning electron microscope
(SEM) and CHNS analyzer.

3. RESULTS AND DISCUSSION
3.1 Carbonization Process

The study investigated the significant impact of
the changes in charring temperature and
duration on important parameters such as
surface area, adsorbent yield, and bulk density.
These physicochemical properties serve as
indicators of the potential commercial utility of the
experimental charred carbon [9]. The
physicochemical characteristics, presented in
Table 1, offer insights into the suitability of the
adsorbent  for  specific processes  [39].
Percentage yield, a key parameter, serves to
gauge the efficiency of the carbonization
process, with a higher vyield being vital for
economically viable activated carbon production.
The outcomes of percentage yield for char under
different conditions are detailed in Table 1.
Notably, the peak percentage yield was achieved
at a charring temperature of 400°C and a
charring time of 150 minutes for both baobab (B)
and mango (M). This trend is attributed to the
loss of volatile components intensifying with
increased temperature and time during
carbonization, leading to a reduction in
percentage yield [40].
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Table 1. Carbonization time and temperature for baobab and mango fruit

Sample code B1 B, Bs B4 M, Mo Ms Mgy
Charring

temperature (°C) 400 400 400 500 400 400 400 500
Charring time 180 210 150 200 180 210 150 200
(mins)

Yield (%) 21.92 22.40 30.74 20.02 22.14 23.06 28.28 19.64

Key: B = Baobab, M = Mango

For samples labelled BAC and MAC, the most
substantial observed percentage vyields were

30.74% and 28.28%, respectively, under
experimental conditions of 400°C for 150
minutes. This significantly outperformed the

yields of 20.02% and 19.64% for samples B and
M, respectively, obtained under an experimental
condition of 500°C for 200 minutes. The adverse
impact of higher carbonization temperatures and
longer durations is particularly evident at the
elevated experimental temperature of 500°C
[41]. One of the key studies investigating the
impact of carbonization temperature on seed
properties was conducted by [86]. They
examined the carbonization of lignocellulosic
biomass, including seeds, at different
temperatures ranging from 300°C to 900°C. It
was found that increasing the carbonization
temperature resulted in enhanced carbon content
and improved structural stability of the seeds.

These changes are attributed to the
decomposition and volatilization of low molecular
weight compounds, such as cellulose,

hemicellulose, and lignin, present in the seeds
during carbonization.

Moreover, the carbonization temperature also
affects the chemical composition and functional
groups present in the resulting carbonized seeds.
According to a study by [87], the carbonization
temperature influenced the elemental
composition, surface area, and pore structure of
activated carbons prepared from seeds. The
authors found that higher carbonization
temperatures led to an increase in carbon and
oxygen contents, while nitrogen and sulfur
contents decreased. The surface area and pore
volume of the activated carbons also increased
with  increasing carbonization temperature,
resulting in improved adsorption properties.

3.2 Physicochemical Characteristics of
BAC and MAC

The presence of volatile matter in the prepared
BAC and MAC is attributed to residual organic
compounds. The obtained volatile matter
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percentages were 25.60% for BAC and 15.0%
for MAC. These values exceed the reported
value of 20.9% by [42] but are lower than the
value of 26.79% reported by [14] using mango
seed. The moisture content of BAC and MAC
stands at 8.40% and 7.60%, respectively, slightly
lower than the reported value of 9.0% by [43].

Table 2 presents the characteristics of the
activated carbon produced from Baobab (BAC)
and Mango (MAC) in this study. The ash content
reflects the inorganic constituents and was found
to be 4.80% for BAC and 2.40% for MAC. These
values are higher than the 2.33% reported by
[14] using mango seed and align with the 8.2%
reported by [43]. Most activated carbon from
agricultural sources typically has ash content
within the range of 0.2-13.4% [44].

Bulk density and particle size of the adsorbent
are vital parameters to consider before applying
it in a treatment system. Adsorbent density
depends on the starting material and the
preparation process [43]. Bulk density measures
the amount of solution (adsorbate) the carbon
(adsorbent) can hold per unit volume. It plays a
crucial role in designing adsorption columns and
impacts the overall cost of the adsorption
process [45]. BAC and MAC exhibit bulk
densities of 0.694 g/cm3 and 0.64 g/cm3,
respectively (Table 2). These values are
relatively high and comparable to those reported
in the literature. For instance, [40] reported bulk
densities ranging from 0.6233 to 0.6952 g/cm3
for palm kernel shell pyrolyzed at 1000, 900, and
800°C for 15-45 minutes. Additionally, [46]
reported a bulk density of 0.5162 g/cm3 for palm
oil shell pyrolyzed at 800°C for 60 minutes.
Higher bulk density also contributes to greater
mechanical strength [47].

The pH values of BAC and MAC were measured
to be 7.73 and 7.58, respectively, slightly
exceeding the reported values of 6.3 and 6.8 by
[48-50]. Carbon with a pH range of 6-8 is
generally suitable for various applications like
sugar decolorization and water treatment, as
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indicated by [1]. “The pH is influenced not only by
the presence of carbon dioxide but also by
organic and inorganic solutes present in the
water. Changes in water pH are often linked to
alterations in other physicochemical parameters”
[20].

“The pH at the point of zero charge (pHpzc) of the
activated carbon surface is significant since it
determines the surface charge under different
solution pH conditions. When the solution pH is
lower than the pHpz., the activated carbon
surface carries a positive charge, making it
capable of adsorbing anions. Conversely, if the
solution pH surpasses the pHpzc of the activated
carbon, the surface becomes negatively charged,
leading to the adsorption of cations” [48]. The
pHpzc values for BAC and MAC, depicted in Fig.
1(a & b), were determined to be 7.7 and 8.3,

1.5 - a)
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respectively, which exceed the pHpz value of
6.53 reported by [60] using pomegranate pulp.
pH point of zero charge (pHpz) of Baobab
Activated Carbon (BAC) (a) and pH point of zero
charge (pHpz) of Mango Activated Carbon
(MAC) (b).

3.3 FT-IR Analysis

The FTIR spectra of Baobab activated carbon
(BAC) and Mango activated carbon (MAC) were
acquired in the range of 4000-400 cm before
and after the adsorption of Pb(ll) ions, with the
aim of discerning alterations in the frequencies of
functional groups on the adsorbent surface. The
spectra were comparatively analyzed to
corroborate the successful adsorption of Pb(ll)
ions.
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Fig. 1. pH point of zero charge (pHpzc) of Baobab Activated Carbon (BAC) (a), pH point of zero
charge (pHpzc) of Mango Activated Carbon (MAC) (b)
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Fig. 2. Fourier transform infrared spectra of unloaded metal ions: BAC (a), MAC (b), and loaded
metal ions: BAC (c), MAC (d)
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Table 2. Physicochemical Characteristics of BAC and MAC

Parameters BAC MAC
pH 7.73 7.53
PHpzc 7.74 8.33
Moisture (%) 8.40 7.60
Volatile matter (%) 25.60 15.0
Ash content (%) 4.80 2.40
Bulk density (gcm) 0.69 0.64
Surface area (m2/g) 355.357 360.526

The FTIR spectra of BAC and MAC prior to
adsorption are depicted in Fig. 2(a & b). The
observed peaks at 3404.47 cm?® (BAC) and
3385.18 cm* (MAC) were attributed to the O-H
stretching vibrations of strongly hydrogen-
bonded carboxylic acid (COOH) moieties [51].
Concurrently, the peaks at 2931.90 cm* (BAC)
and 2910.68 cm* (MAC) were ascribed to the C-
H stretching vibrations of CH, CH2, and CHs
groups [21]. A prominent absorption band at
1249.91 cm?t (BAC) and 1184.33 cm?® (MAC)
indicated C-O  stretching vibrations, in
accordance with previous research [37].
Furthermore, the presence of a carbonyl group
was discerned through the C=0 stretching
vibration, observed at 1693.56 cm for both BAC
and MAC. The bending vibrations of CHs were
manifest in the peaks at 1384.94 cm-! (BAC) and
1373.36 cm! (MAC), while the CH2 bending
vibrations were indicated by the peaks at
1435.09 cm? (BAC) and 1423.51 cm? (MAC).
The intense absorption bands observed at
1585.54 cm?t (BAC) and 1589.40 cm?® (MAC)
were attributed to the conjugated C=C stretching
vibrations, as reported by [37]. Additionally, the
bending modes of aromatic compounds were
inferred from the peaks around 875.71 cm and
810.13 cm? (BAC), as well as 879.57 cm? and
812.06 cm* (MAC), in agreement with previous
findings [52].

Upon post-adsorption analysis, as depicted in
Fig. 2(c & d), discernible shifts in certain peaks
were observed, indicating alterations in the
spectra. Notably, the adsorption peaks
corresponding to the bonded —-OH groups
experienced a shift from their initial positions at
3404.47 cm* and 3385.18 cm to 3300.26 cm*
and 3373.09 cm?! for BAC and MAC,
respectively. This observation suggested a
reduction in hydroxyl polymerization within the
biomass, attributed to the presence of metal ions
such as Cu (l), Cd (Il), Pb (II), and Cr (VI) [53],
[54]. This phenomenon alluded to the binding of
metal ions to hydroxyl groups, implying a
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chemical interaction between the metal ions and
the hydroxyl groups on the biomass surface.

Furthermore, the initial carbonyl peaks observed
at 1693.56 cm for both unloaded BAC and MAC
exhibited shifts to 1701.32 cm* and 1704.49 cm-
1) respectively, after adsorption. This shift in the
wave number of the characteristic C=0 group
peak from carboxylic acid signified the presence
of interactions between carbonyl functional
groups and the metal ions. Such a change
pointed to the transformation of free carbonyl
groups into carboxylate groups (COO-),
indicative of reactions between the metal ions
and the carbonyl groups present on the
adsorbent [26], [55]. “Evidently, the shifts
indicated the participation of —OH, —CH, and
C=0 groups in the adsorption of metal ions,
hinting at the likelihood of an ion exchange
mechanism at play in the interaction between the
biomass and the metal ions” [55].

In addition, the FTIR spectra of both BAC and
MAC following metal ion loading displayed
distinctive bands within the range of 600-450 cm-
1, affirming the presence of Cd-O, Cu-O, Pb-O,
and Cr-O stretching modes [48], [56]. These
spectral features underscored the existence of
chemical interactions between the biomass and
the various metal ions. Analogous findings were
reported in previous studies focusing on the
biosorption of Pb (ll), Cd (Il), and Cu (Il) onto
Botrytis cinerea fungal biomass [57], as well as
the biosorption of Pb (lI) and Cd (Il) from
agueous solutions using macro-fungus (Lactarius
scrobiculatus) biomass [58].

3.4 SEM Morphology Analysis

The examination of the surface morphology of
both activated carbon samples, before and after
the adsorption process, was conducted using a

Teneo LV scanning electron microscope
(LVSEM). The process of phosphoric acid
activation led to an enhancement in pore

development within the activated carbon. This
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was achieved as the activation with phosphoric
acid caused swelling of the Baobab activated
carbon (BAC) and Mango activated carbon
(MAC), leading to the expansion of their surface
structures. The introduction of activating
reagents, such as HsPOa, during carbonization
facilitated the opening of these pores, which
were formed by the subsequent evaporation of
the activating agents [60].

The micrographs depicted in Fig. 3(a & ¢)
illustrate the surface structures of MAC and BAC
prior to the adsorption process. These images
unveiled the presence of irregularly shaped
pores characterized by cracks, grooves, and
crevices. This intricate porous nature serves to
enhance the adsorption capacity for metal ions.
It's worth noting that these pores were more
abundant in the case of MAC, whereas BAC
exhibited wider pore dimensions.

Fig. 3(b & d) on the other hand, present the
micrographs of MAC and BAC after
Pb(ll)

the

adsorption  of ions. These images

showcase surfaces with fewer pores, as many of
these pores became occupied by the adsorbed
metal ions. The micrographs reveal a diminished
number of unoccupied adsorption sites,
particularly evident in the micrograph of MAC.
This observation underscores the effective
occupation of these sites by the adsorbed Pb(ll)
ions. Similar observations were made by [88] on
date seeds powder for Ni?* adsorption.

3.5 CHN Analysis

In this study, the result of CHN (Table 3), shows
a high percentage of carbon content compared to
activated carbon from another adsorbent. BAC
contains 70.04 % C, 3.06 % H and 0.67 % N
while MAC had 71.44 % C, 2.89 % H and 0.64 %
N, the results achieved in this study were
observed to be higher than the values obtained
by [14] for MGA (52.31 % C, 3.38 % H and 1.02
% N), [60] for ASAC (63.76 % C, 2.54 % H and
0.81 % N) and lower than the values obtained by
[59] for Pulp AC, Peel AC and GSPAC.

Fig. 3. SEM micrographs of MAC before adsorption (a), MAC after adsorption of Pb(ll) (b), BAC
before adsorption (c), BAC after adsorption of Pb(ll) (d)

Table 3. Comparison of CHN values of activated carbon from different adsorbents

Adsorbent C H N

Pulp AC 74.30 2.77 1.55
Peel AC 72.52 2.75 0.97
MGA 52.31 3.38 1.02
ASAC 63.76 2.54 0.81
GSPAC 75.80 2.95 1.53
BAC 70.04 3.06 0.67
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From these results, it shows that CHN values
from BAC and MAC were quite encouraging due
to the relatively high carbon content. The CHN
values obtained from this study were however in
the range of values for most agricultural
materials as reported by [60]. (41.23-84.50% C,
463-6.26% H and 0.7-4.10% N). Similar
observations were also made by [89] on walnut
shells as an adsorbent for the removal of heavy
metals from aqueous solutions. It was found that
the activated carbon had high carbon content
and low hydrogen and nitrogen content. This
information is important for assessing the
adsorption capacity and selectivity of the seeds
adsorbent towards heavy metals.

3.6 The effect of Process Variables
3.6.1 Initial concentration on adsorption

In Fig. 4a, the graph displays the connection
between equilibrium adsorption capacity (ge) and
initial metal ion concentration (Co). As metal ion
loading increases from 25 mg/l to 500 mg/l, both
BAC and MAC exhibit a substantial increase in
adsorption capacity: BAC rises from 1.1 mg/g to
18.7 mg/g, and MAC from 1.1 mg/g to 16.0 mg/g.
This rise is attributed to higher metal ion
presence, effectively countering mass transfer
limitations and capitalizing on available
adsorption sites. This outcome propels an
augmented metal uptake, generating a steep rise
in the curve representing adsorption capacity
against initial concentration.

Furthermore, higher  adsorbate loading
concentrations lead to increased competition
among adsorbate molecules for the limited
binding sites on the adsorbent surface. This
competition contributes to an enhanced removal
of metal ions, as observed in prior studies [5].

The presence of a high concentration of
adsorbate molecules in the solution intensified
the interaction between the adsorbent and
adsorbate. This phenomenon aligns with a
similar trend where increased adsorption is
directly proportional to higher adsorbate
concentrations [61-62]. As the adsorption
process advances, the available adsorption sites
decrease, leading the curve to converge towards
the concentration axis. This behaviour is a result
of the diminishing value of ge as adsorption
proceeds.

The equilibrium adsorption capacity
demonstrates an increasing trend with rising
initial metal ion concentrations. This is attributed
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to the larger driving force for mass transfer at
higher concentrations, resulting in a higher
equilibrium uptake. However, a contrasting
pattern is observed for the removal percentage of
Pb(ll) ions, as illustrated in Fig. 7b. Specifically,
when the initial concentrations are elevated from
25 mg/l to 500 mg/l, the percentage of Pb(ll) ions
removed decreases. This behaviour is explained
by considering the interplay between the initial
number of metal ions in the solution and the
available active sites on the adsorbent surface.
At lower concentrations, the ratio of initial metal
ions to active sites is low [5]. As the initial
concentration rises, more metal ions are present
in the solution, while the amount of adsorbent
remains constant. Consequently, the ratio
between metal ions and vacant adsorption sites
on the adsorbent becomes larger, leading to a
reduction in the removal percentage [5].
Furthermore, the initial adsorption concentration
also plays a crucial role in the equilibrium
adsorption capacity of the adsorbent material. In
a study by [90], they investigated the adsorption
of heavy metal ions onto a magnetic graphene
oxide-based nanocomposite. The researchers
studied the impact of initial adsorption
concentration on the adsorption capacity of the
nanocomposite. They observed that increasing
the initial concentration of the heavy metal ions
resulted in a higher equilibrium adsorption
capacity of the nanocomposite. This finding
highlights the importance of considering the initial
adsorption  concentration when  designing
adsorption processes and determining the
maximum adsorption capacity of adsorbent
materials.

Moreover, the initial adsorption concentration
also affects other parameters, such as the
adsorption isotherm and the adsorption kinetics.
In a study by [91], they investigated the
adsorption of dyes onto activated carbon,
focusing on the effect of initial adsorption
concentration on the adsorption isotherm and
kinetics.

3.6.2 Adsorbent Dosage

The rise in the percentage of metal ion removal,
from 61.52% to 97.60% for BAC and 55.45% to
95.34% for MAC, corresponding to an increase in
adsorbent dosage from 0.2 to 1.0 g (as depicted
in Fig. 5(b), is attributable to the augmented
surface area that encompasses a greater
number of active binding sites [63], [64].
Simultaneously, a decrease in adsorption
capacity from 38.4 mg/g to 12.2 mg/g for BAC
and 34.7 mg/g to 11.9 mg/g for MAC was
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observed as adsorbent dosage increased. This
contrary trend is evident in the reduction of the
adsorbed metal ions per unit mass of adsorbent
(ge), as presented in Fig. 5(a). The decrease in
ge with higher adsorbent dosage could be
attributed to the formation of overlapping
adsorbent layers, which restricts access to the
active sites, thereby impeding adsorption. This
phenomenon aligns with the findings of other
researchers [15], [65] who observed similar
outcome.

3.6.3 Effect of contact time

Fig. 6(a & b) depict the temporal evolution of
adsorption efficiency. Over the duration of 5 to
120 minutes, there was a progressive increase in
both the quantity and percentage of adsorption.
For Baobab activated carbon (BAC), the uptake
rose from 43.27% to 74.43% (10.82 mg/g to
18.61 mg/g), and for Mango activated carbon
(MACQC), it increased from 30.38% to 64.08% (7.59
mg/g to 16.02 mg/g). This trend persisted until an
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equilibrium point was reached at around 90
minutes for MAC and 120 minutes for BAC.
Subsequently, further increments in adsorption
were negligible.

The initial rapid adsorption rate observed within
the first 10 minutes may be attributed to the
availability of unoccupied active surfaces on the
adsorbents for Pb(ll) species in the solution.
Following this, a moderate rate of removal
ensued (10-60 minutes for BAC and 10-90
minutes for MAC). The subsequent deceleration
in adsorption (60-180 minutes for BAC and 90-
180 minutes for MAC) can be ascribed to
electrostatic hindrance due to the presence of
previously adsorbed species, coupled with the
sluggish pore diffusion of ions and limited access
to remaining active sites [66]. The saturation
curve exhibits a steep ascent in its early stages,
signifying the existence of numerous vacant sites
for adsorption initiation. As the curve reaches a
plateau, it signifies that the adsorbent is
saturated at this level [39], [67-68].
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Fig. 4. Effect of Initial Concentration on Amount of Metal adsorbed (a), effect of Initial
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40
I (a) ®  BAC[Pb(Il)]
B MAC [Pb(Il)]
S 30
>
E L ]
o 20 -
o
|
)
10 ’
0.2 0.4 0.6 0.8 1

Adsorbent weight (g)

100
(b:l L] '
90 . n -
3
£ g "
@ -
£ 70
b=
60® ® BAC[Pb(Il)]
'. H  MAC [Pb(ll)]
50 .
0.2 0.4 06 0.8 1

Adsorbent weight (g)

Fig. 5. Effect of adsorbent weight on amount of metal adsorbed (a), effect of adsorbent weight
on percentage of metal adsorbed (b)



Kenneth et al.; Asian J. Chem. Sci., vol. 13, no. 6, pp. 13-38, 2023; Article no.AJOCS.107181

20 80
]
(a) o ol (0 -
' ] u =) ®
o 15 ¢ a ® ' ] n
[=] - £ 60
E o® u _§ ™
10 . ™ < %0 L‘. n
E‘E .
by ®  BAC([Pb(l)] 40f g ™ l ®  BAC[Pb(II])
B MAC [Pb(II)) " ®m  MAC [Pb(ll)] |
5 L - - - 3{] ™
0 50 100 150 200 0 50 100 150 200
Time (min) Time (hr)

Fig. 6. Effect of contact time on amount of metal adsorbed (a), effect of contact time on
percentage of metal adsorbed (b)

3.6.4 Effect of pH

The pH of a solution plays a pivotal role in
influencing biomass surface characteristics,
metal ion speciation in agueous environments,
and the ionization of surface functional groups
[2]. Investigation into the adsorption behaviour of
Pb(Il) on BAC and MAC was carried out across
varying pH levels, with the corresponding data
presented in Fig. 7(a and b).

The findings reveal an enhancement in metal ion
uptake capacity for both BAC and MAC within
the pH range of 2 to 7. Specifically, the uptake
capacity for BAC increased from 12.89 mg/l to
25.00 mg/l, while for MAC, it ranged from 11.22
mg/l to 24.21 mg/l. It's important to note that the
solubility of most metals decreases at pH levels
above 7, potentially leading to precipitation.
Therefore, the values of ge attained at pH 8 and
9 may stem from a combined effect of both
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adsorption and precipitation. Moreover, the
concept of pH at the point of zero charge (pHpzc)
may elucidate the decrease observed beyond pH
7 for BAC (pHpzc of 8.2) and MAC (pHpz of 7.8).
Beyond the pHpzc, the surface of the adsorbent
becomes negatively charged, promoting the
enhanced adsorption of positively charged Pb(ll)
ions through electrostatic attraction [46]. One
study that highlights the effect of pH on metal
ions adsorption is conducted by [92]. They
investigated the adsorption of heavy metal ions
(such as cadmium, copper, and nickel) onto
activated carbon. The authors found that the pH
of the solution significantly influenced the
adsorption capacity of the activated carbon. They
observed that the adsorption of metal ions
increased at lower pH values due to the
increasing positive charge on the adsorbent
surface, which enhanced the electrostatic
attraction between the adsorbent and the metal
ions.
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Fig. 7. Effect of pH on amount of metal adsorbed (a), effect of pH on percentage of metal
adsorbed (b)
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Another study by [93] focused on the adsorption
of arsenic ions onto iron-based adsorbents. The
authors examined the effect of pH on the
adsorption efficiency and found that the
adsorption capacity increased with increasing pH
for both acidic and neutral pH values. This was
attributed to the deprotonation of the active sites
on the adsorbent surface, resulting in more
favourable adsorption of arsenic ions.

3.6.5 Effect of temperature

The adsorption behaviour of Pb(Il) onto BAC and
MAC was investigated across a range of
temperatures (30, 40, 50, 60, and 70°C), using
an initial lead concentration of 500 mg/l and a
constant adsorbent dose of 0.2 g. As depicted in
Fig. 8(b), the percentage of adsorbed Pb(ll) ions
exhibited an upward trend, increasing from
60.29% to 88.84% for BAC and from 54.38% to
86.57% for MAC, with temperature elevation
from 30 to 70°C.

This augmentation in adsorption efficiency at
higher temperatures can be attributed to several
factors. Firstly, the increase in chemical
interaction between adsorbate and adsorbent
may play a significant role, possibly leading to
the formation of new binding sites. Furthermore,
the rise in temperature could accelerate the intra-
particle diffusion of metal ions into the adsorbent
pores, effectively enhancing the adsorption
process [69]. The kinetic activity of adsorbate
molecules also elevates with temperature,
promoting greater mobility. Additionally, the
higher temperature might cause the internal
structure of the adsorbents to swell, allowing
larger adsorbates to penetrate deeper into the
structure [52], [70].

Fig. 8(a) demonstrates a gradual increase in
adsorption capacity, ranging from 37.70 mg/g to
55.53 mg/g for BAC and 33.99 mg/g to 54.11
mg/g for MAC, as the temperature rises from 30
to 70°C. This observed rise in adsorbed metal
ion quantities with increasing temperature could
be attributed to the involvement of not just
physical adsorption, but also chemical adsorption
and, in some cases, bond rupture between the
adsorbent and adsorbate [71]. These findings
corroborate prior research as reported by [5].

3.7 Isotherm Studies
3.7.1 Adsorption Isotherm

The analysis presented in Table 4 reveals that
while all three models exhibit good fit with R?
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values exceeding 0.9. The Langmuir isotherm
model outperforms the others, vyielding
regression coefficients of 0.9977 for BAC and
0.9984 for MAC. The Langmuir model assumes
uniform energy of adsorption on the surface,
without lateral migration of the adsorbate [72].

As depicted in Table 4, the Langmuir model (R2 =
0.9977 for BAC and R? 0.9984 for MAC)
provides the best fit to the experimental
equilibrium adsorption data, followed by the
Freundlich model (R? = 0.9817 for BAC and R? =
0.9713 for MAC), and the Temkin model (R? =
0.946 for BAC and R?= 0.968 for MAC), as
inferred from the R? values obtained. The
maximum monolayer adsorption capacities (gm)
are determined to be 27.03 mg/g for BAC and
19.46 mg/g for MAC.

Table 5 provides a comparative assessment of
the Langmuir maximum monolayer adsorption
capacity for Pb(Il) ions using BAC and MAC in
this study, alongside other reported adsorbents
by different researchers. The equilibrium
constant (KL) values are 0.018 for BAC and
0.025 for MAC.

In relation to the separation factor Ri, the values
being less than one and greater than zero
indicate the favourable adsorption of Pb(ll) ions
onto BAC and MAC [73]. The Freundlich
constant Kr signifies the sorption capacity of the
sorbent, with values of 0.709 for BAC and 0.838
for MAC. The value of n, which reflects deviation
from linearity, is above unity, suggesting
favourable adsorption.

The Temkin constants Kt and B are found to be
0.339 and 0.399 for BAC, and 4.555 and 3.552
for MAC, respectively. The low values of the
Temkin constants suggest a weak interaction
between the adsorbate and adsorbent, indicative
of an ion-exchange mechanism or physical
interaction between Pb(ll) and adsorbent
surfaces [28].

From these data, the Langmuir, Freundlich and
Temkin Isotherms for the adsorption process
were obtained and are shown in Fig. 9(a, b & ¢)
respectively for BAC and Fig. 9(c, d & e)
respectively for MAC.

3.8 Adsorption Kinetics Study

The slope and intercept plot of log (ge — Q)
against t (Fig. 10a) were obtained to calculate
the first order rate constant ki and ge shown in
Table 6, which shows an agreement of
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experimental data with pseudo first order kinetic
model with correlation coefficient R?, 0.9037 and
0.9297 for BAC and MAC. However, the Qe
values of 11.184 and 18.776 mg/g for BAC and
MAC respectively were not in agreement with
their experimental ge value of 18.693 and 16.024
mg/g respectively. This shows that pseudo first
order does not describe the experimental
process. The pseudo second order constant k:
and ge were obtained from the slope and
intercept of the plot t/g: versus t (Fig. 10b), which
shows a good agreement of experimental data
with regression coefficient of 0.9935 and 0.9848
for BAC and MAC. It is important to note that the
calculated ge values of 19.011 and 17.241 mg/g
for the adsorption of Pb (Il) ions onto BAC and
MAC respectively are in close agreement with
their experimental ge values of 18.693 and
16.024 mg/g. Therefore, the pseudo second
order model is satisfactorily applicable to the
adsorption of Pb(ll) ions on the BAC and MAC.
Similar result was also obtained by [33], [80].

“The kinetic data were further subjected to intra-
particle diffusion model. Fig.10c shows the

dependence of the amount of adsorbate uptake
at time t (gi) on the square root of time (t¥2) to
investigate the fitness of intra-particle diffusion
mechanism” [22]. For intra-particle diffusion
model to be the sole rate-determining step, [10]
pointed out that “it is essential for the plot of gt
against t¥2to pass through the origin but this was
not attained in this study. In this present study
the plot did not pass through the origin®. “This
shows that although intra-particle diffusion was
involved in the adsorption process as seen from
the correlation coefficient, R2, values (0.9859 and
0.9275) for BAC and MAC respectively. It was
not the sole rate-controlling step. The calculated
intra-particle diffusion coefficient, Dp, for the
adsorption of Pb(ll) ions on BAC and MAC was
in the range 6.55x 107 cm2s?® for both
adsorbents. Dp values in the range of 1011 to 10
13 cm?.s! suggest that intra-particle diffusion is
the rate limiting step” [81]. However, the
calculated values are greater than 101! cm2.s1,
This reveals that intra-particle diffusion is not the
rate-limiting step for Pb(Il) adsorption on BAC
and MAC.

Table 4. The Isotherm Parameter for Pb(ll) Adsorption on BAC and MAC

Isotherm model Parameter BAC MAC
Langmuir Isotherm KL (1.mg?) 0.018 0.025
gm (mg/g) 27.027 19.455
R 0.100 0.075
R? 0.9977 0.9984
Fruendlich Isotherm Kr (mg/q) 0.709 0.838
n 1.386 1.630
R? 0.9817 0.9713
Kr 0.339 0.399
Temkin Isotherm B (kj/mol) 4.555 3.552
R? 0.946 0.968

Table 5. Comparison of maximum adsorption capacity of different adsorbents for the
adsorption of Pb(ll)

Adsorbents Adsorbent Capacity gm (Mmg/g) Reference
Bamboo dust 2.151 [22]
Powder activated carbon 20.7 [75]
coconut 4.38 [16]

seed hull of palm tree 3.77 [16]
Cocoa shells 6.2 [76]
Cocoa shell activated carbon 21.88 [36]
Lichen 12.3 [77]

Coir (Coco nucifera) 18.9 [78]

Fly ash 15.08 [79]
Caulerpa lentillifera 28.7 [20]
Waste baker yeast in ethanol 17.49 [59]
Baobab pulp activated carbon (BAC) 27.03 This work
Mango seed activated carbon (MAC 19.46 This work
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Table 6. The Kinetic Parameters for Pb(ll) Adsorption on BAC and MAC

Kinetic Models Parameters BAC MAC
Pseudo-first order K1 (min-1) -0.023 -0.042
Qe, cal (mg/g) 11.184 18.776
Qe. exp (MQ/Q) 18.693 16.024
R? 0.9037 0.9297
Pseudo-second order Kz 0.005 0.004
Qe cal (MQ/Q) 19.011 17.241
Qe, exp (mg/g) 18.693 16.024
R? 0.9935 0.9848
Weber and Morris Kia (mg.gt.min-0-5) 0.688 0.833
2 0.9859 0.9275
Elovich a (mg.g’t.min?) 0.012 0.331
B (mg.gt.minY) 0.474 0.390
R2 0.9517 0.8991
60 a0
®  BAC[Pb(ll) " ® BAC[Pb( |  § H
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] - 80
g % o g .
o S
E @ 70 ®
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Fig. 8. Effect of temperature on amount of metal adsorbed (a), effect of temperature on
percentage of metal adsorbed (b)
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From Table 7, the calculated film diffusion
coefficient (Dr) was found to be in the order of
10-% cm2.s1 for the adsorption Pb(ll) on BAC and
MAC. The Dr value in the range of 106 to 108
cm?2.s1 shows that the rate-limiting step is
governed by film (boundary layer) diffusion [82].
Therefore, the rate of adsorption of Pb(ll) on
BAC and MAC is governed by film diffusion. The
Elovich constant a and B were calculated from
the slope and intercept of the plot of gt versus Int
(Fig. 10d). The R? values for Pb(ll) on BAC and
MAC are 0.9517 and 0.8991 respectively. The
small values of B obtained in most cases are in
reasonable agreement as reported by [53].

3.9 Thermodynamic Characterization of
Batch Adsorption Studies

“The values of AH and AS (Table 8) for the
adsorption of Pb(Il) ions on BAC and MAC were
calculated from the slope and intercept of the plot

of InKC versus T as shown in Fig. 11. The
negative values of AG from Table 8 increases as
temperature increases, which indicates feasibility
and spontaneous nature of the adsorption
process” [19]. “The positive value of AH indicates
that the adsorption process is endothermic and
higher temperature favours adsorption. The
positive value of AS reflected that there is good
affinity between adsorbent and adsorbate and
increased randomness during the adsorption
process” [15]. “It also shows that the freedom of
metal ions is not too restricted in the biomass
confirming a physical adsorption, which is further
confirmed by the relatively low values of AG”
[28]. The AG values at all temperature showed
that the sorption process was physisorption
because the values are lower than (-20 kjmol-1)
[83].The activation energy Ea, for BAC and MAC
were 0.749 and 0.744 KJ/mol respectively.
Therefore, the  adsorption  process s
physisorption since Ea < 42 KJ/mol [72-74].

Table 7. Intra-particle and Film Diffusion Constants for Pb(ll) Adsorption on BAC and MAC

Constants Values

BAC MAC
Dp (cm?.s1) 6.55x107 6.55%x107
Dr (cm2.s%) 7.70x108 4.47x108
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3.10 Desorption and

Studies

Regeneration

The reuse of loaded BAC and MAC adsorbents
was examined using adsorption/desorption
experiment. Fig. 12a and b, shows the
percentage of Pb (Il) ion s desorbed in each
cycle. The results reveal that in three cycles, the
recovery of Pb (Il) ion decreases from 91.65 to
28.46 % for BAC and 82.93 to 30.87 % after
three regeneration cycles. The result is
agreement with what was reported by [84]. The
highest Pb (ll) ion recovery from BAC-91.65 %

and MAC-82.93 % were observed in 0.5 M HCI.
The results obtained using distilled water as
desorbing agent was very low on both
adsorbents (less than 6 %). The adsorption-
desorption process was stopped at third cycle to
avoid the mass loss of adsorbent dosage. The
desorption of Pb (ll) ions was reduced from one
cycle to another and it may be attributed to the
efficiency of functional groups present on the
adsorbents being reduced by the acid (HCI)
and/or complexation of lead by chloride [85].
From Fig. 12a and b, it reveals that the two
adsorbents can be recyclable.

Table 8. Thermodynamic parameters calculated for the adsorption of Pb(ll) ions onto BAC and

MAC
Adsorbent T (K) AG (KJmol?) AS (Jmol-1K-1) AH (KJmol)
BAC 303 -2.24
313 -2.34
323 -2.44 9.86 0.75
333 -2.53
343 -2.63
MAC 303 -1.03
313 -1.08
323 -1.14 5.84 0.74
333 -1.20
343 -1.26
0 . ® BAC [Pb(ll)] Data
- = MAC [Pb{ll}] Fit
y = -90,1493x + 1,1863
0.5 " R-square: 0.9223
¥ = -89.5364x + 0.7025
R-square; 0.6238
L
-1
I|_“":_L-
= L
-
1.5
L
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Fig. 11. Plot of InK¢ versus 1/T for sorption of Pb(ll) ions on BAC and MAC
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4. CONCLUSION

This study evaluated the activated carbon BAC
and MAC made from Baobab pulp (Adansonia
digitata) and mango seed as an effective
adsorbent for the removal of Pb(ll) ions from
aqueous solutions. Activation of the raw
materials with orthophosphoric acid (HzPOs4) led
to carbons with high adsorption capacities.

The adsorption capacities of BAC and MAC were
18.69 and 16.02 mg/g at 500 mg/L for Pb (lI).
Adsorption  increased with  increase in
temperature and pH up to a maximum pH value
of 7, beyond which the metal ions were
precipitated out of their solution as their
hydroxides. Adsorption equilibrium was attained
at contact time of 90 min. Adsorption capacity (e,
decreases with increase in adsorbent dose (0.2-
1.0 g).

The Langmuir adsorption isotherm was found to
fit better than other isotherm models by its high
correlation coefficient R?, (> 0.99). All the
process was best fitted by pseudo-second order
model suggesting that chemisorption process

could be the rate-determining step in the
adsorption process. Thermodynamic study
revealed that the adsorption process was

spontaneous, endothermic and increasing
randomness of the solid solution interface. The
activation energy Ea of the adsorption process
was high (< 42 KJ/mol), which indicate
physisorption process.

The desorption of about 91.65 % and 82.93 % of
the adsorbed Pb (ll) ions from BAC and MAC
was achieved using 0.5 M HCI. The results
demonstrated that activated carbon prepared
from baobab pulp and mango seed has the
potential to be employed as low-cost adsorbents
for both adsorption and desorption of Pb (II).
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