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Abstract: In this work, copper ions have been successfully removed from
aqueous solution using the acid-modified Aframomum africanum shell (MAAS)
as an adsorbent. The adsorbent was characterized using Fourier transform
infrared (FTIR) spectroscopy and field emission scanning electron microscopy
(FESEM). The aframomum africanum shells were also characterized before and
after being modified with the acid to determine their pH at the point of zero
charge (pHpzc). The MAAS was found to have the pHpzc of 4.77. In batch
experiments, the adsorption capacity of MAAS was investigated as a function of
pH of solution, adsorbent dosage, contact time, initial copper ion concentration
and agitation speed. The results revealed that at pH solution of 9, adsorbent
dosage of 5 g/L, contact time of 30 min, initial Cu(IT) ion concentration of 50
mg/L and at an agitation speed of 250 rpm, the maximum Cu(II) ion adsorption
capacity of MAAS was 31.25 mg/g. The adsorption kinetic data and the isotherm
data were also studied to find the suitable models of Cu(IT) removal. The kinetic
data and the isotherm data of Cu(II) removal by MAAS was found to follow the
pseudo-second order kinetics model (R? = 0.999) and the Langmuir isotherm
model (R? = 0.990), respectively. Therefore, the outcome suggested that the
shells of Aframomum africanum can be utilized as an economical and efficient
adsorbent to eliminate Cu(Il) from aqueous solution.

Keywords: adsorption; Aframomum africanum; copper ion; heavy metal;
adsorption kinetics; adsorption isotherms.

INTRODUCTION

The existence of life on this planet depends on the availability of water. Water
is increasingly being contaminated anthropogenically with activities such as
industrial activities, agriculture, poor land usage, urbanization, and non-
sustainable growth. These factors have led to rapid degradation of surface and
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ground water quality.! Among these activities, the release of effluents containing
heavy metals remains a serious concern especially for the human beings and
aquatic life in mining areas of the world. According to the Environmental
Protection Agency (EPA), a heavy metal is one which has a higher density and
potential toxicity even at a lower concentration.? By specifying the lower limit
value of heavy metals, defines heavy metals as metals having density greater than
5 g/cm®.?> A common heavy metal, copper is employed in innovative applications
including solar cells and phytotherapies, as well as in decorative work and electric
cable manufacturing. The element is an essential micronutrient for various
processes such as photosynthesis, metabolism, and reproduction processes in
living organisms.* However, high concentrations of the non-biodegradable heavy
metals, such as copper, in water bodies and in the soil have toxic effects on living
organisms including humans.® If humans are exposed to large doses of copper,
degeneration or possibly necrosis of the kidneys, liver, and gastrointestinal tract
would be the outcome. Copper has also been linked to changes in the nervous
system or mental health issues including anxiety or insomnia.®

The physico-chemical techniques have mostly been employed in heavy metal
eradication processes such as chemical precipitation, membrane-based techniques,
ion exchange and electrochemical processes.” However, these remediation
techniques have some drawbacks, like high operational costs for metal complexes
in trace concentrations, and high energy prerequisite.®’ Efforts have been made to
resolve these drawbacks by adopting the adsorption technique. The process of
adsorption involves the migration and accumulation of dissolved molecules onto
the surface and porous structure of a biomaterial. As adsorbents, activated carbons
have been widely employed to remove harmful metal ions from wastewater. But
owing to their high cost of production and regeneration challenges, there is now
more effort being made to find adsorbent materials of low energy requirements,
simplicity in operation and of course which can be regenerated.!” Examples of
biomaterials which have been used before as adsorbents to eliminate heavy metals
from wastewater include agricultural waste residues like groundnut shells, corn
cob, rice husk and many more.'" Adsorption has been found to exhibit the
following advantages: cost effectiveness, high efficiency, easily accessible,
minimal production of sludge, have a high adsorption capacity,'’regeneration of
adsorbent and possibility of metal recovery.!> Furthermore, the use of
unconventional materials is being widely encouraged now owing to the fact that
they possess functional groups that may bind metals.'*'®

The shell of the Aframomum africanum plant is another agricultural waste that
may be a very good adsorbent for metal removal. Among a diverse range of
affordable adsorbents, the Aframomum africanum fruit shells (AAFS) were used
as one of the promising, renewable, cost-effective biosorbents to eliminate Cu(Il)
ion from wastewater. Aframomum africanum is a perennial, bushy and wild-
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growing plant with leafy stem that may be up to 1.5 m high. The leaves are simple,
alternate and lanceolate with matured ones measuring as long as 40 cm in length
and 12-15 cm wide. The plant is native to tropical African countries such as Ghana,
Nigeria, Liberia and Cameroon and is an important commercial crop in east
African countries such as Ethiopia. Aframomum africanum fruit belongs to the
family of Zingiberaceae.!” It is one of the highly consumed fruits in Zambia which
creates a notable environmental problem because the shells are usually thrown
anyhow after the inner contents of the fruit have been eaten.'®

To the best of the authors' knowledge, no studies have been done regarding
the application of acid-modified aframomum africanum shell (MAAS) as an
adsorbent for Cu(Il) ion removal from aqueous solution. Therefore, this study was
planned to assess the adsorption properties of the acid-modified aframomum
africanum shell towards the removal of Cu(ll) ions from aqueous solution. The
surface functional groups and the morphology of the acid-modified Aframomum
africanum shells were evaluated pre- and post-adsorption procedures. The
experimental variables have been examined in relation to the removal of Cu (II),
including the pH solution, initial metal concentration, particle size, and contact
time. Analysis of the experimental data has been done using kinetic and
equilibrium isotherm models.

EXPERIMENTAL
Materials

Analytical grade chemicals were used. Copper (II) sulfate pentahydrate (CuSO4.5H,0)
was prepared by dissolving in distilled water for the experiment. The solution pH was adjusted
from 2 to 12 using 0.1 M sodium hydroxide (NaOH) and 0.1 M hydrochloric acid (HCI). 0.5 M
Nitric acid (70%, HNOs) was utilized for the chemical treatment of the adsorbent.

Preparation of the adsorbent

The adsorbent Aframomum africanum fruit shell (AAFS) was procured from Chisokone
market in Kitwe town of Zambia. The authenticity of the fruit was confirmed by the department
of Forest Herbarium Section under the Ministry of Green economy in Kitwe Town. The fruit
shell was washed thoroughly to remove dust and impurities using tap water. Later the shells
were sun-dried for 10 days and then oven-dried for 24 h at 80°C to remove the moisture from
the shells properly. Dried shells were crushed in a blender and sieved by allowing the particles
to pass through the 212-micrometer sieve. The powder obtained was again boiled in distilled
water for 24 h to completely eliminate any coloration from the sample. Finally, the sample was
dried in the oven for 24 h at 80°C to remove the moisture and stored in an air-tight bottle.

Chemical modification of the AAFS dried powder

The AAFS dried powder (82.58 g) was added to a 2 L conical flask that contained 0.5 M
dilute nitric acid. The mixture was shaken for 2 h on the orbital shaker at 140 rpm and was left
to stand for 24 h. After repeatedly washing the modified sample in distilled water to get rid of
any remaining nitric acid, it was dried in an oven set at 60°C for 48 h. The modified AAFS
powder (now called MAAS) was stored in an air-tight bottle for later use. The flow diagram of
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Aframomum africanum fruit shell drying and its conversion into acid-modified adsorbent is
shown in Fig. 1.

Aframomum
africanum fruit

Acid
modification

Dried peel

Grinding

4

Acid modified powder Powdered peel

Fig.1. Schematic representation of Aframomum africanum fruit shell drying and its conversion
into acid-modified adsorbent

Preparation of copper sulfate solution

To prepare a 1000 ppm Cu (II) sulphate stock solution, 3.93 g of copper (II) sulphate
pentahydrate (CuSO4.5H,0) was dissolved in a litre of distilled water. All subsequent Cu(I)
ion concentration solutions in this experiment were prepared by withdrawing the calculated
volume of stock solution and diluting it in a required volume standard flask using distilled water
only. To prepare a solution of a specific concentration, dilution formula was used.

Characterization of the adsorbent

The different functional groups on the adsorbent's surface were identified using the Fourier
Transform Infrared (Alpha-II, Bruker, Germany). With a resolution range of 2-4 cm™!, the FTIR
spectra were captured before and after the Cu(Il) adsorption within the wave number 400-4000
cm’! region. The FESEM (JEOL-JST-IT80, Japan) was used to investigate the surface
morphology of the adsorbent before and after the adsorption processes.

The pHpzc parameter was determined by placing 40 ml of an aliquot of sodium nitrate in
10 different Erlenmeyer flasks. The pH of the sodium nitrate solutions in the Erlenmeyer flasks
was changed from 3 to 12 by reading values on the pH meter using 0.1 M HCl and 0.1 M NaOH
solutions. To each flask 5 g of the adsorbent was added and the flasks taken on the shaker to be
shaken for 24 h. After equilibrium, the content was filtered, the final pH of the filtrate of each
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flask measured and recorded. Finally, plots of change in pH (ApH, i.e. initial pH — final pH)
against initial pH (pHi) were put on a graph.
Batch adsorption studies

In the batch experiment, 250 mL conical flasks were used to pour 100 mL Cu(II) solution
with the calculated amount of MAAS adsorbent. To get the concentration needed for each
experiment, the Cu(II) solution was diluted with distilled water in a standard flask. The content
of the conical flask was then agitated at a fixed number of revolutions per minute on a shaker,
for a fixed contact time and at room temperature. After that, filter paper was used to separate
the adsorbent from the mixture. The residual concentrations of Cu ions were measured using an
Atomic Absorption spectrophotometer (contrAA 300, Analytik Jena, Germany.)

The adsorption capacity (amount of adsorption) of the adsorbent at equilibrium, q, (mg/g),
and the percentage of heavy metal removal R(%) were determined using the equations stated
below.

ge == xV (1)
R(%) === 100 )
L

where m is the dry weight of the adsorbent (g), V is the volume of the Cu(Il) ions in
solution(L), C; is the initial Cu(Il) ion concentration (mg/L), C. is the Cu(Il) ion concentration
(mg/L) at equilibrium, and q. is the adsorption capacity (mg/g) of MAAS at equilibrium.

The effect of independent variables, such as contact time (5 min to 120 min), and initial
Cu(II) concentration (10 mg/L to 150 mg/L)on the adsorption capacity of MAAS adsorbent
against Cu(Il) was observed at a fixed temperature (25° C), fixed volume of Cu(II) solution (100
mL) and adsorbent dosage (5.0 g/L). The effect of varying each individual parameter was
investigated while holding the other parameters constant. To calculate for the kinetic
parameters, the adsorption data of Cu(Il) against time was exploited and in order to calculate
for the isotherm parameters, the adsorption data of Cu(II) against its equilibrium concentration
was equally exploited. Additionally, regression coefficients (R?) were calculated for the
adsorption kinetics and the isotherms.

RESULTS AND DISCUSSION
FTIR analysis of the MAAS

It is crucial to identify the chemical functional groups on the adsorbent's
surface in order to understand the adsorption mechanism of Cu(ll) by the
adsorbent. The chemical functional groups present could be responsible for the
metal ion binding onto the surface of the adsorbent.!” As seen in Fig. 2 below, the
FTIR spectrum of MAAS before adsorption contains hydroxyl groups (-O-H) and
phenols as well as the -N-H group indicated by the broad transmission peak at
3365.% The asymmetric C—H stretching of surface methyl groups, which are often
found on the lignin structure, is indicated by the peak at 2917 cm™'.?"*? The band
observed around 1637 cm™! is due to the C=O stretching in carbonyl group. The
C—O stretching of alcohol and carboxylic acid in cellulose, hemicelluloses, and
lignin, or C—O—C stretching in cellulose and hemicellulose, was identified by the
strong band at 1043 ¢cm™'.%° The role played by these functional groups is quite
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important in heavy metal adsorption because of the functional groups’ affinity for
the metal ions.

The FTIR spectrum of post adsorption MAAS (MAAS -Cu) is shown in Fig.2
as well. It was observed that the post adsorption spectra were having peak sat
exactly the same wave number as pre-adsorption spectra. However, the difference
in the reduction of peak intensities was observed. The reduction in peak intensities
suggests the involvement of various functional groups in complexation with Cu(II)
without undergoing major chemical transformation. Additionally, this showed that
the copper adsorption mechanism involved a large number of the functional groups
found in the spectra.’

—mes )
% /\M
/

1645
3365 2917 1043

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
Fig. 2.FT-IR spectra for the acid-treated adsorbent

FESEM analysis of MAAS

Using the FESEM, the surface morphology of MAAS was analyzed before
and after the adsorption of Cu(Il) ion. Fig. 3 (a) shows the surface morphology of
the adsorbent before Cu(Il) adsorption while Fig. 3 (b) represents the Cu(Il)
adsorbed onto the surface of MAAS.
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Fig. 3FESEM images of MAAS (a) before adsorption of Cu(Il) and (b) after adsorption of
Cu(I).

Pre-adsorption surface of MAAS (Fig. 3. (a)) is having the pores and cavities
on the rough and uneven surface of the acid-modified adsorbent. The post-
adsorption MAAS surface pores were covered with Cu(Il) ions, as seen in Fig.
3.(b), and the majority of the pores are now invisible. Furthermore, the post-
adsorption MAAS surface became somewhat smoother. It indicated that the
surface pores were covered with Cu(Il)ions.

Point of zero charge

It is the pH at which the adsorbent surface has no net charge. The pHrzc of
MAAS was determined for both the untreated adsorbent and the nitric acid-treated
adsorbent. The results are shown in Fig.4. The acid-modified adsorbent had a
pHrzc of 4.77, which means that at pH lower than this its surface is positively
charged and at pH higher than 4.77 the adsorbent’s surface is negatively charged.
The pHrzc of untreated adsorbent was 7.62.
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Fig. 4 pHpzc of the untreated and the treated adsorbent

Effect of solution pH

The most significant parameter affecting the adsorption of Cu(Il) ions onto
MAAS is solution pH. It establishes the adsorbent's surface charge as well as the
adsorbate's degree of ionization and speciation.”® The pH of the Cu(II) solutions
was changed from 2 to 12 while maintaining the same initial concentration of 50
mg/L, contact time of 60 min, agitation speed of 150 rpm, and dosage of 5 g/L.
From the experiment, maximum adsorption was 99.73 % at pH 9. The percentage
of copper removed was low at low pH. The adsorbent surface is positively charged
if the pH of the solution is lower than pHrzc. Conversely, for a solution pH greater
than pHrzc, deprotonation causes the adsorbent surface to become negatively
charged, which promotes Cu(Il) and the adsorbent surface's electrostatic attraction
and raises the adsorption percentage.” This is explained by the extra H' that
surrounds the binding sites and causes a protonation process that makes them
positively charged. This results in the repulsion of metal cations away from the
adsorption sites making the adsorption process unfavorable. Additionally, the
presence of H" ions in solution results in competitive adsorption between the H"
and the metal cations. This leads to competition between H* and Cu(Il) for the
adsorbent's adsorption sites, which results in repulsion.?* > Thus, the pH 9 of the
solutions was chosen which is a pH beyond PZC for the follow-up adsorption
studies. Above pH 9 the percentage removal of Cu(Il) decreased. This may be due
to the hindrance effect caused by the abundant OH™ ions (hydroxide precipitation)
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Effect of adsorbent dose

To explore the influence of adsorbent dosage on the elimination of copper
from wastewater, the dosage was varied for values of 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0
g/L while keeping other parameters unchanged (pH 9, contact time 60 min, initial
concentration 50 mg/L and agitation speed 150 rpm). The results in Fig. 5(b) show
that the removal efficiency went up with increasing adsorbent dosage producing
the highest efficiency removal of 99.33% at a dosage of 5 g/L. The increased
percentage removal can be attributed to the number of available adsorption sites
which increased with the mass of the adsorbent.?® Therefore, an optimal adsorbent
dosage of 5 g/L was used in the follow-up adsorption experiments.

Effect of contact time

The time of contact between the adsorbent and the aqueous metal solution is
another parameter which influences the uptake of metal ions. At constant
parameters (pH 9, adsorbent dose 5 g/L, initial concentration 50 mg/L and agitation
speed 150 rpm), studying the effect of contact time (5, 10, 20, 30, 60, 90, 120 min)
on the removal percentage of Cu(Il), the results are revealed in Fig. 5(c). From the
graph, the greatest removal efficiency of Cu(Il) was more pronounced during the
first 30 min. This is attributed to the availability of vacant sorption sites of the
adsorbent during the initial stage of the adsorption process.?’” After 30 min, the
amount of Cu(Il) adsorbed remained unchanged. This could be as a result of the
active sites present on the adsorbent’s surface being saturated by the Cu (II)
molecules.

Effect of initial Cu(Il) concentration

The effect of initial Cu(Il) concentration on the removal efficiency was
investigated for different solution concentrations of 10, 25, 50, 75, 100 and 150
mg/L while ensuring that the other parameters were kept constant. From the
experimental results, the percentage removal of Cu(ll) increased with the increase
of Cu(Il) concentration from 10 mg/L to 50 mg/L.. As can be seen from Fig. 5(d),
the removal efficiency increased from 89.93 % for the initial Cu(II) concentration
of 10 mg/L to 100 % for the initial Cu(Il) concentration of 50 mg/L after the
adsorption process. However, from 50 mg/L, further increase in the initial Cu(II)
concentration resulted in a decreased efficiency removal by the adsorbent. This
reduced removal at higher initial concentrations is attributed to the adsorbent’s
surface being saturated at the relatively high metal concentration'*and also
desorption started to occur.?®
Effect of agitation speed

The influence of varying the speed of agitation at 50, 100, 150, 200 and 250
rpm was also investigated while maintaining other parameters constant (pH 9,
adsorbent dose 5g/L, 30 min of contact time and initial metal concentration 50
mg/L). From the experimental results obtained in Fig. 5(e), the removal efficiency
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increased with an increase in the speed of agitation. The results show a maximum
removal percentage of almost 100 % at an agitation speed of 250 rpm. At low
speeds the adsorbent accumulates at the bottom instead of spreading throughout
the solution. The result is that the sorption sites below the above layers of the
adsorbent get buried leading to the low removal percentage of the metal ions.
Therefore, the speed of agitation of the adsorbate-adsorbent mixture should be
sufficient enough to ensure the adsorbent spreads throughout the solution so that
the unoccupied binding sites are exposed for the metal uptake.?

Adsorption isotherm studies

In order to investigate the distribution of Cu(Il) ions between the adsorbent
and the bulk solution, the most common adsorption isotherm models were used by
fitting the equilibrium adsorption data into their respective isotherm equations.*®
The adsorption isotherm models used were the Langmuir, Freundlich, Temkin and
Dubinin-Radushkevich (D-R) isotherm models.

Langmuir adsorption isotherm

The Langmuir adsorption isotherm model suggests that the adsorption of
adsorbate molecules onto the adsorbent surface is monolayer,’' and that the
adsorbent has a finite number of homogeneously distributed and energetically
uniform sorption sites. Therefore, this model applies to adsorption on adsorbent
surfaces which are entirely homogeneous. The Langmuir isotherm in linear form
is defined by:

L _*_ 42 xg, (3)

de AmXKy  dm

Where C. is the equilibrium concentration of adsorbate (mg/L), qe is
equilibrium adsorption capacity (mg/g), qm is the Langmuir adsorption constant
related to maximum adsorption capacity (mg/g), Kr is also the Langmuir
adsorption constant (L/mg) related to sorption energy.

A plot of Ce/qe vs Ce should yield a straight line if the Langmuir isotherm
model is obeyed by the adsorption equilibrium as shown in Fig. 6(a). From the
plot, we can evaluate the values of qm and Ki which are obtained from the slope
(1/gm) and the intercept (1/qmKr) respectively.
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Fig. 6 Adsorption isotherm plots of Cu(Il) removal through MAAS (a) Langmuir linear model
(b)Freundlich linear model plot, (c)Temkin isotherm linear model plot, and (d) D-R isotherm
linear model.

An important aspect of the Langmuir isotherm called the separation factor, R,
(a dimensionless constant) is very useful in predicting affinity between adsorbate
and adsorbent.? The separation factor which is also called the equilibrium
parameter is defined by
1
RETTRT @)
Where, Kt is the Langmuir isotherm constant (L/mg) and Ci is the initial metal
ion concentration (mg/L). By determining the magnitude of the separation factor,
the adsorption process is favorable within the range 0 < Ri< 1, unfavorable when
Ri> 1, becomes linear when Rr = 1, and the process is irreversible when R. = 0.
The Langmuir constant (Ki = 0.508) indicates a strong affinity between adsorbent
and adsorbate. Furthermore, the separation factor (RL = 0.04), being closer to zero
confirms highly favorable adsorption. Table I shows that adsorption follows
Langmuir isotherm model (R*> = 0.99) with gmax of 31.25 mg/g. Modified

R,
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Aframomum africanum shell have a higher biosorption capacity for Cu(Il) ion
removal than most of the biosorbents previously described in the literature. >~

Freundlich adsorption isotherm

Freundlich adsorption isotherm suggests that the uptake of adsorbate solutes
occurs on the heterogeneous surface of an adsorbent by multilayer adsorption. The
model’s assumption is that the uptake of sorbate molecules occurs on the
heterogeneous surface of an adsorbent by multilayer adsorption.’” This isotherm
model describes adsorbents whose active sites have different affinities or
adsorption energies for adsorbate solutes. The Freundlich isotherm model in linear
form is defined by:

Ing, = Inkg +~InC, (5)

Here, qeis the amount of adsorbate molecules adsorbed per unit mass of
adsorbent (mg/g), Kris the measure of adsorption capacity (mg/g), n is related to
the adsorption intensity (affinity) (no unit) and Ce is the concentration of metal
ions at equilibrium (mg/L). The values of the Freundlich constants can be obtained
by plotting a graph of Ing, vs InC, with log kf as the intercept and the slope equal
to 1/n shown in Fig. 6(b). The magnitude of n indicates the favorability of
biosorption. If the value of n < 1 then the biosorption is unfavorable, when n = 1
then the separation within the two phases is not dependent on the concentration
and when n > 1, it implies the adsorption of the adsorbate molecules onto the
adsorbent surface is favorable. The Freundlich constant (Kr = 9.92) indicates a
high adsorption capacity of the adsorbent. The value of 1/n = 0.412 (n = 2.43)
suggests favorable adsorption on a heterogeneous surface. However, the
comparatively lower R? value indicates that the Freundlich isotherm provides a
weaker fit than the Langmuir isotherm. The value of n and Kr calculated using
slope and intercept were 2.42 and 9.92 with R> = 0.862 as shown in Table 1.
Consequently, adsorption has been conducted as a chemical process since the value
ofn>1.

Temkin adsorption isotherm

The heat involved in the adsorption of Cu(Il) on MAAS was evaluated through
Temkin isotherm. It is assumed that the decline in the heat of adsorption followed
a linear trend as opposed to a logarithmic curve.® The following equation
represents the Temkin isotherm in its non-linearized form(Eq. (9)).

Ge = =-In Ky +--InC, (6)
RT

where B, which deals with the heat generated during adsorption, is constant.
As illustrated in Fig. 6(c), the slope of the ge vs. InCe plot can be used to compute
the heat of adsorption constant (b). The Temkin constant b (436.73 J/mol) indicates
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a moderate heat of adsorption, suggesting that the process is predominantly
physical in nature. The equilibrium binding constant (Kt = 7.52 L/mg) reflects a
good affinity between the adsorbent and adsorbate. Table I provide a summary of
the computed values for the Temkin isotherm constants and associated parameters.
The computed values are close to the actual heat involved in the adsorption, as
indicated by the model's correlation coefficient for Cu(Il) adsorption data, which
was determined to be 0.985.

Dubinin-Radushkevich (D-R) adsorption isotherm

The Dubinin-Radushkevich isotherm assumes that the sorption sites are not
identical and takes into account the idea of adsorbent surface heterogeneity, just
like the Freundlich isotherm does.* The D-R model's linearized form is provided
below:

Inge = Inqomax 3
where ¢ (kJ’mol?) is the Polanyi potential and B (mol%J?) is the activity
coefficient associated with mean adsorption energy.
The following relation in equation (9) was used to derive the Polyani
potential® (€).

&= RT In(1+—) 9)

The mean free energy of adsorption (Ea) per molecule of adsorbate can be
calculated using the Dubinin-Radushkevich isotherm constant (Kp-r) when the
adsorbate molecules migrate from infinity to the adsorbent surface. It can be
computed using the equation below Eq. (10).

1
Ey = NeL7r (10)

Table [ lists the Dubinin-Radushkevich isotherm constants for Cu(Il)
adsorption upon MAAS along with the associated mean free energy of adsorption.
The type of the adsorbent and adsorbate determines the adsorption potential, which
was unaffected by temperature. It is possible to determine whether adsorption is
physical or chemical ion exchange by examining the mean free energy of the
adsorption (Ea). The adsorption phase that comes after the chemical ion exchange
is shown by the values of Ea that fall between 8 and 16 kJ/mol. The average free
energy for this adsorption (Ea = 12.90 kJ/mol) falls within the range, indicating
that ion-exchange followed the adsorption mechanism. The D-R constant § (3.00
x 10 mol?/J?) suggests a narrow energy distribution and supports adsorption
occurring predominantly in micro porous region of the adsorbent. Fig. 5(d)
displays the linearized D-R plot, and the linear plot's correlation coefficient (R?)
was determined to be 0.875. As a result, the Langmuir isotherm was better suited
by the adsorption data than the Freundlich, Temkin, and D-R isotherm models.
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TABLE 1. Adsorption isotherm models of Cu(Il) adsorption onto modified Aframomum
africanum shells

Models Model Parameters MAAS

Temperature (°C) 25
Langmuir (max (Mg/g) 31.25
Ki (L/mg) 0.508
Ry 0.04
R? 0.99
Freundlich  Kr (mg.L/mg.g) 9.92
I/n 0.412
R? 0.862
Temkin b (J/mol) 436.73
Kr (L/mg) 7.52
R? 0.985
D-R Qmax (ME/g) 121.1
Qmax (mmol/g) 1.91
E (kJ/mol) 12.9
B 3.00x 10°
R? 0.875

Adsorption kinetic study

During adsorption studies, determining the rate and comprehending the
mechanism of heavy metal adsorption are crucial. In order to fit the experimental
results, various kinetic models have been presented.*' The pseudo-first-order
kinetic model and the pseudo-second-order kinetic models are the only two kinetic
models covered in this study.

Pseudo-first-order kinetics model

The pseudo-first-order rate equation is written as*

d
= ky (e — qr) (11)

Where ge and q: (mg/g) are the amount of metal ions adsorbed per gram on the
surface of adsorbent at equilibrium and at time ‘t’, respectively, and ki (1/min) is
the equilibrium rate constant of pseudo-first-order adsorption. Integrating equation
(3) by applying conditions t=0to t =t and q: = 0 to qt, the above equation becomes

In(qe —q) = Inqe —ky Xt (12)

As illustrated in Fig. 7(a), linear plots of log (qe — qt) versus t suggest the

applicability of this kinetic model. From the graph of In (qe — q:) against time t, ki
may be computed.
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Fig. 7 Adsorption kinetic plots of Cu(II) removal (a) pseudo-first order kinetic model plot, (b)
pseudo-second order kinetic model plot.

Pseudo-second-order kinetics model

The linearized pseudo-second-order form of equation is given by*
t 1 1
S k2><q§+q_e><t (13)
The equilibrium rate constant of the pseudo-second-order kinetics model is k>
(g/mg/min), while qe and q: (mg/g) represent the quantity of metal ions adsorbed
per gram on the adsorbent surface at equilibrium and at time "t," respectively. The
mechanism of adsorption is assumed to follow a second-order kinetics model if a
plot of t/q: against t produces a straight-line graph. The plot's slope (1/qc) and

intercept (1/ka2qe) yield the values of ge and ko, respectively.

TABLE II. Adsorption kinetic models of Cu(Il) ion adsorption by modified Aframomum
africanum shells

Models Model Parameters MAASP
Pseudo-first-order qe (Mmg/g) 0.478
ki (1/min) 0.038
R? 0.606
Pseudo-second-order qe (mg/g) 10
K, (g/mg/min) 0.189
R? 0.999

A well-established kinetic models, such as pseudo-first order (PFO) and
pseudo-second order (PSO) were used, to study the adsorption kinetics of Cu(Il)
adsorption onto MAAS. The Cu(ll) adsorption data were collected at 50 mg/L
initial concentration at different time intervals (from 5 min to 120 min) and applied
to linearized pseudo-first order and pseudo-second-order kinetic models shown in
Fig.7(a-b). Within 30 min of contact time, 99% of adsorption was found to occur.
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Pseudo-first order and pseudo-second kinetic models were used to visualize the
collected kinetic data. From the plotted data, it was observed that Cu(II) adsorption
onto MAAS poorly followed the pseudo-first order kinetic (R? = 0.606) shown in
Fig. 7(a) but perfectly followed the PSO kinetic model. The linear curve fitting of
the PSO model gave the correlation coefficient (R?) value of 0.999 shown in Fig.
7(b). It was also observed that for PSO kinetics, the theoretical adsorption capacity
e, cal (10.00 mg/g) and experimental values ge, exp (9.901 mg/g) were extremely
close, however for PFO kinetics, these values were different. The PSO kinetics
model was therefore more applicable, as evidenced by the same values for e, cal
and qe, exp and a higher regression coefficient value (R” = 0.99) compared to the
pseudo-first-order model (R? = 0.606). Table III incorporates the R? value, slope
and intercept of adsorption isotherms and kinetic model.

Table III. Adsorption isotherms and kinetics models parameters of Cu(Il) ion adsorption onto
modified aframomum africanum shell

Models Parameters Values
Langmuir Isotherm R? 0.990
Slope 0.032

Intercept 0.063

Freundlich Isotherm R? 0.862

Slope 242

Intercept 9.92

Temkin Isotherm R? 0.985

Slope 5.67

Intercept 11.45

D-R Isotherm R? 0.875

Slope 3.30x 107

Intercept -6.26

Pseudo-First Order Kinetic R? 0.606
Slope -0.039

Intercept -0.737

Pseudo-Second Order Kinetic R? 0.999
Slope 0.100

Intercept 0.054

CONCLUSION

In the present study, low-cost adsorbents were successfully prepared from
Aframomum africanum fruit through chemical modifications of surface. Nitric acid
was used to modify the fruit shell powder, FESEM and FT-IR were used to observe
the changes in adsorbent surface. The adsorption of Cu(Il) from aqueous solution
by the acid-modified adsorbent was investigated for various conditions of pH,
adsorbent dosage, contact time, initial Cu(II) concentration and agitation speed.
Among these conditions pH was found to be the most significant feature affecting
the adsorption of Cu(Il). For a dosage of 5 g/L, a contact time of 30 minutes, and
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an initial Cu(Il) concentration of 50 mg/L, the maximum removal of Cu(Il) was
100% at pH 9. The Langmuir isotherm model and the pseudo-second-order model
were able to adequately fit the experimental results. The Langmuir isotherm
predicted monolayer adsorption of Cu(Il) ions with maximum absorption capacity
of 31.25 mg/g. Aframomum africanum is an effective adsorbent for the
sequestration of Cu (II) from aqueous solution, according to the experimental data.

Acknowledgements: Thanks to Department of Chemistry, School of Mathematics and
Natural Sciences, The Copperbelt University for laboratory facilities.

HU3BOJ

AJICOPIILINJA JOHA BAKPA HA KUCEJIMHOM MOJJU®UKOBAHY JbYCKY Aframomum
africanum: U3BOTEPMCKA U KHHETUYKA HCITUTUBAA

YANE CHIMBILIMA, MURALI DADI, TANWEER AHMAD

Department of Chemistry, School of Mathematics and Natural Sciences, The Copperbelt University,
P.0.Box.N0.21692, Kitwe, Zambia.

Y oBoM pany joHu Dakpa Cy YCHEIIHO YKJIOWEHH M3 BONEHOI pacTBOpa NPUMEHOM
KHCEeMMHOM MoznvdukoBane jbycke Aframomum africanum (MAAS) xao apcopbeHra. AncopdeHT
j€e OKapaKkTepHUCcaH NPUMEHOM HH(MPALPBEHE CIIEKTpPOCKonuje ca PyprjeoBom TpaHCHOpPMaAlLHjoM
(FTIR) u cxenupajyhe enexktpoHcke Mukpockonuje ca emucujom noma (FESEM). Jbycke
Aframomum africanum cy Takohe okapakTepHcaHe Ipe U MocJie KUCeIMHCKe MonudHKalfje pagu
onpehusamwa pH BpegHOCTH Ha Tayku HyJaTor HaenekTpucawa (pHpzc). YTepheHno je ma MAAS
uma pHpzc BpegHocT 4,77. Y cepuju baTy ekcliepiMeHaTta HCIIUTHBAH je afCOPILHUOHH KalaluTeT
MAAS-a y 3aBucHoCcTH on pH BpemHOCTH pacTBopa, [03e afcopdeHTa, BpeMeHa KOHTAKTa,
TIOYETHE KOHLEHTpauuje joHa daxpa U Op3vHe Mellawa. PesynTatd cy nokasanu na je npu pH
BPEAHOCTH pacTBopa 9, nosu ajgcopbeHTa of 5 g/L, BpeMeHy koHTakTa off 30 MUHYTa, IOYETHO]
koHuenTpauuju Cu(Il) jona ox 50 mg/L 1 Op3uHu Meruama o 250 rpm NMOCTUTHYT MaKCUMaTHU
apgcopnuyony xanauuter MAAS-a 3a Cu(lIl) jone ogm 31,25 mg/g. KuHeTHuky nofauy 1 nopauy
u30TEpMe aJfiCOpILMje aHalIU3UpaHu Cy pajfu ofpehuBama oarosapajyhux Mopena ykliamamba
Cu(II). YTBpheHo je 1a KMHETHYKK MOMALM TIPaTe Mozen mceymo-apyror pena (R = 0,999), mok
M30TEPMCKH Nojauy mpare JleHrmupos mozen usorepme (R? = 0,990). Pesyntatu ykasyjy Aa ce
Jmycke Aframomum dfricanum MOTY KODHUCTUTH Kao eKOHOMHWYAH W edHKacaH afcopdeHT 3a
yiiamame Cu(Il) joHa U3 BomeHUX pacTBopa.

(ITpumrseno 3. jyHa 2025; pesunupano 29. jyna 2025; npuxsaheno 23. dedpyapa 2026.)
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