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ABSTRACT
Consumption of water contaminated with pathogens and heavy metals is responsible for the
demise of millions of people around the globe. To find a low cost, facile and benign route for developing
a biosorbent capable of handling the challenges associated with unsafe drinking water, the study report
the preparation, activation, adsorption and removal of cadmium and pathogenic organisms from water
samples. Modified plantain peel biochar (MPPB) was characterized using Braunauer-Emmett-Teller
(BET) surface area and X-Ray diffraction (XRD). Surface area and pore size of the MPPB determined
from BET surface area plot are 8.79 cc/g and 16.69 m2/g respectively with XRD crystallite size of 14.56
nm. The maximum adsorption capacity was observed to be 366.300 mmolkg-1. Equilibrium isotherm
indicated the coefficient of determination to increase from Jovanovich → 𝐸𝑙𝑜𝑣𝑖𝑐 → 𝑇𝑒𝑚𝑘𝑖𝑛 →
𝐹𝑟𝑒𝑢𝑛𝑑𝑙𝑖𝑐ℎ → 𝐿𝑎𝑛𝑔𝑚𝑢𝑖𝑟 model. Surface interaction and mass transfer kinetics shows a mixture of
intra-particle diffusion and mass transfer process. The adsorption kinetics and surface interaction models
coefficient of determination increased from Bangham pore diffusion → 𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑚𝑜𝑑𝑒𝑙 →
𝐿𝑖𝑞𝑢𝑖𝑑 𝑓𝑖𝑙𝑚 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 → 𝑝𝑠𝑒𝑢𝑑𝑜 𝑓𝑖𝑟𝑠𝑡 𝑜𝑟𝑑𝑒𝑟 → 𝐷𝑢𝑛𝑤𝑎𝑙𝑑 − 𝑊𝑎𝑔𝑛𝑒𝑟 → 𝐸𝑙𝑜𝑣𝑖𝑐 → 𝑃𝑠𝑒𝑢𝑑𝑜 −
𝑠𝑒𝑐𝑜𝑛𝑑 𝑜𝑟𝑑𝑒𝑟 → 𝑊𝑒𝑏𝑒𝑟 𝑎𝑛𝑑 𝑀𝑜𝑟𝑖𝑠 model. The adsorption indicated a chemisorption process with
rate limitimg step likely to involve electron pair donor-acceptor interactions, hydrogen bonding and
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dipole dipole interactions. Antimicrobial evaluation of MPPB showed that it is a potential antimicrobial
agent against common micro-organisms
Keywords: Biochar, cadmium (II), mass transfer, equilibrium studies, pathogens, Staphylococcus
aureus, Pseudomonas aeuroginosa, Aspergillussp, Candida, Escherichia coli

1. INTRODUCTION
Access to safe drinking water has been a subject of much interest owing to illicit
deposition of contaminants into water bodies. The United Nations and World Health
Organization projected that by 2025, up to two-third of the entire world population will face
crisis emanating from unsafe drinking water [1-2]. Studies [1-3] noted that several millions of
deaths in children whose age is between 1-5 results from unsafe drinking water especially in
Africa, Asia and some other countries since the water is contaminated with heavy metals,
bacteria and virus.
Heavy metals of recent have been consistently deposited in water bodies due to
urbanization, industrialization and mining [2-4]. The toxicity and non-biodegradability of
heavy metals have facilitated their spread anthropogenically and naturally thereby posing high
risk to health of several millions of people [5]. Cadmium is highly toxic, carcinogenic, nonbiodegradable, persists as discharged into the environment from fertilizer, pesticide,
metallurgical, electroplating, plastic and battery making industries [6]. Bioaccumulation of
cadmium leads to hepatic, reproductive and immunological defects, high blood pressure and
bone fracture and affects distribution of organisms in aquatic environment [7].
Efficient management and efficient disposal of waste without imparting harmfully on the
environment has remained one of the major problems of developing and underdeveloped
nations, Nigeria inclusive. Wastes of agricultural origin are indiscriminately disposed leading
to adverse effects on the quality of water, air and soil and a disequilibrium in natural ecological
systems [8]. Agricultural by-products are mainly combusted thereby increasing atmospheric
aerosols, methane, carbon (IV) oxide, nitrogen oxides, halogen related species and volatile
organic compounds (VOC) while some are carelessly deposited in water ways leading to
eutrophication [9-8]. The atmospheric aerosols and other compounds impact negatively on
human health and climate as evidenced by increased smoke particles in the form of cloud
condensation nuclei (CCN) and dense brown clouds in South Asia [10].
Biochar (BC) is a porous carbon rich pyrogenic material obtained from pyrolysis of
biomass of rice straw, banana peels, plantain peels and other agricultural by-products [11-13].
The low cost lignocellulosic material with heterogeneous surface functionality exhibits strong
interaction through the oxygen-containing pharmacophore resident on the surface which could
adsorb heavy metals and microbes [13]. Recently, the use of BC modified and immobilized BC
precursor to dead agricultural by-product as low cost, efficient and effective bio-sorbent in
remediating infected water has been an emerging and promising technology for waste water
management. Generally, BC is naturally available, of low cost in production and process
application and has great potential not only for water purification but in developing a cost
effective and technologically viable material for the society at large [13].
Recently sorption of several heavy metals such as lead, copper, nickel, arsenic, chromium
and cobalt have been facilitated by acid or base surface immobilized BC derived from
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lignocellulosic materials and animal wastes[10-17]. This has increased attention on accessing a
low cost environmentally benign and technologically viable method for heavy metal
sequestration from effluents or waste water. Accessing the literature revealed adsorption as the
most recent effective, efficient and environmentally friendly method. Previous study [12] with
MPPB revealed that it has high adsorption capacity for zinc (II). This prompted the recent study
considering the deleterious effect of cadmium on human and water bodies.
The novelty of this work is impinged on the fact that from literature search there is dearth
of research on the use of MPPB which has high sorption capacity for sequestrating cadmium
(II). Various equilibrium models were applied to explain the surface interaction whereas
adsorption kinetic studies were carried out to explain the mass transfer mechanisms for the
removal of cadmium from aqueous solution using MPPB. Lastly, the antimicrobial potency of
the MPPB was tested to ascertain its applicability in the removal of pathogens from water. To
further explain the adsorption process and mechanism, the MPPB surface was characterized
using BET and XRD.

2. EXPERIMENTAL
2. 1. Preparation, modification and characterization of the adsorbent
Waste plantain peel (PP) was obtained from Abakpa main market Abakaliki, Ebonyi
State. The PP was washed with double distilled water to remove siliceous matter and then sundried for 6 h and consequently dried in an oven at 105 ºC for 5 h. The PP of mass 500 g was
carbonized at 550 ºC for 2 h as described elsewhere [18]. The product was collected and dried
at 60 ºC for 2 h. The product was then modified using 1M HNO3 to increase the oxygen
containing functionalities for increased adsorption capacity as described elsewhere [12]. The
HNO3 modified plantain peel biochar (MPPB) was washed with double deionized water until
the pH was 6.8 and then oven-dried at 110 °C for 2 h [19].
The surface area and pore size diameter of MPPB indicating nitrogen adsorption/
desorption isotherms plot were determined using BET Micrometrics ASAP 2020 system as
described elsewhere [12]. The structure and morphology of MPPB was determined with
Bruker® D8 Discover x-ray diffractometer. The lignin and cellulose content of MPPB were
evaluated as described elsewhere [20] while the proximate compositions (ash, protein, nitrogen)
were determined using Kjeldahl method [21]. Antimicrobial susceptibility and screening test of
MPPB was conducted against Staphylococcus aureus, Pseudomonas aeuroginosa,
Aspergillussp, Candida sp and Escherichia coli as described elsewhere [22] and the diameter
of inhibition zone recorded. Replicate determination was effected and level of significance at
p<0.05 level of significance evaluated. Analytical grade reagent purchased from Merck
(Germany) were used. Stock solution of Cd(II) was made using CdSO4·8/3H2O and solutions
for other studies taken and diluted as needed [31, 32].
The study of the sorption of cadmium (II) onto MPPB was executed using batch
extraction method. In the study of initial metal ion concentration, fixed mass (0.5 g) of MPPB
was taken into a series of 250 mL conical flasks with 10 mL cadmium (II) solution of varied
concentrations (0.0625 - 1.0 mg dm-3) adjusted to pH of 6.8. The mixture was mechanically
equilibrated (Remi equipment) at fixed speed of 150 rpm and 300 K for 150 min to attain
equilibrium. The cadmium- MPPB aliquot were removed, filtered, centrifuged at 4000 rpm for
4 min using a centrifuge (Gulfex medical scientific England centrifuge model 800D) and the
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concentration of unadsorbed cadmium (II) determined using atomic absorption spectrometer
(AAS). The pH effect on the adsorption of cadmium (II) onto the MPPB was studied by varying
the pH from 1- 10. In the process, 0.5 g of MPPB was added to 10 cm3 of 0.5 mg dm-3 cadmium
(II) kept at different pH 1-10 in an extraction bottle and mixture subjected to batch extraction
as described under variation of initial metal ion concentration. To get the time for maximum
adsorption, the time was varied between 30-180 min with other parameters such as pH,
concentration of metal ion, mass of MPPB and volume of solution kept constant. The batch
extraction procedure was executed as described under initial metal ion concentration.
The quantity and percentage of cadmium removed using MPPB at equilibrium qe (mg/g)
was calculated using Eq.(1) and Eq.(2) respectively while the amount of cadmium adsorbed at
time t by MPPB qt (mg/g) was evaluated from Eq.(3). The dosage concentration S and
distribution ratio (Kd) were evaluated using Eq. (4) and Eq.(5) respectively [12, 21].
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where, Co(mg/L), Ce(mg/L), Ct(mg/g),V(L) and m(g) stands for the initial cadmium(II)
concentration, final cadmium (II) concentration, Cadmium(II) concentration at time t, volume
of aqueous solution and mass of MPPB respectively. The simulation of the adsorption processes
was modelled using linear adsorption models. The mass transfer and kinetics of bio-sorption of
cadmium (II) onto MPPB was studied by plotting the equation of line of best fit using the
simulated data applied to mass transfer models. The adequacy, accuracy, applicability and
reproducibility of the design and results were evaluated using the coefficient of determination
(R2) from equilibrium models and triplicate experiments with mean values used for further data
simulation.

3. RESULTS AND DISCUSSION
3. 1. Nature of sorbent
The Kjeldahl method [12, 18] was used to determine the chemical proximate composition
of MPPB. The obtained result showed 36.50, 25.50, 14.00 and 2.24 % of lignin and cellulose,
ash, protein and nitrogen respectively. The result was consistent with percentage lignocellulosic
content of other polymeric materials [12]. The dosage concentration mathematically determined
from equation 4 was 0.111 mg/L and distribution ratio from equation 5 was 5.56 ×10-6.
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Figure 1. BET surface area plot of MPPB
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Figure 2. X-Ray diffraction pattern of MPPB
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The nature of the MPPB surface in relation to its adsorptive potentials was investigated
using BET surface area. The nitrogen adsorption/desorption isotherms of MPPB illustrated by
the BET isotherm plot in Figure 2 shows that the surface area and pore size of the MPPB are
8.79 cc/g and 16.69 m2/g respectively. The diffraction pattern of MPPB showed crystalline
nature with significant intense peak observed at 2θ = 40.65 (Figure 2) [12]. Based on nitrogen
adsorption/desorption isotherms and XRD analysis, MPPB is nanosized with crystallite size of
14.56 nm evaluated through Scherer equation respectively [12, 23]. The observed large
adsorption capacity could be attributed to the large surface area and mesoporous nature of
MPPB. The large pore surface area and pore size of MPPB could be responsible for the high
sorption capacity. Surface area and pH have been noted as physicochemical characteristic
driving force that determines the environmental applicability, sorption capacity and usefulness
of BC [12].
3. 2. pH effect on the adsorption of cadmium
The adsorptivity potential of BC is essentially pH dependent [20]. The pH influences
adsorption as the surface functional group, charge on the BC surface as well as the degree of
dissociation of the adsorbate in the solution is radically regulated [12, 14]. The pH influence on
the adsorption of cadmium onto MPPB was investigated with variation of pH between 2-10 at
303 K for 150 min and result presented in Figure 3.
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Figure 3. Percentage of cadmium (II) adsorbed with pH variation at 303K

The adsorption was observed to be highest at pH 2 with 98.75 % percentage representing
the maximum adsorption capacity. The lowest percentage observed was 30.75 % at pH 10.
Between pH 2-10, the adsorption continually decreased. The adsorption was observed to be
high at acidic pH values and low at the basic pH regions which is consistent with other studies

-6-

World Scientific News 157 (2021) 1-24

[12, 24]. The decreased cadmium removal from solution observed within the basic region could
probably arise from decreased electrostatic forces of interaction between the MPPB surface
which is positively charged and the cationic metallic cadmium. The regressed percentage
cadmium removal entails competition between similar charges on the surface of MPPB and
cadmium. As pH decreased from 6 to 2, the negative charges on MPPB increased due to
increase in negative sites and increased adsorption due to increased electrostatic attraction.
3. 3. Effect of initial Cadmium concentration
Of high importance in adsorption studies is the initial concentration of the adsorbate. The
effect of initial concentration of the adsorbate significantly influences the ability of sorbent in
capturing particulates. The effect of varying the initial cadmium concentration from 6.25
× 10-2 to 1.00 mg/L is shown in Figure 4. From the plot, the amount of cadmium adsorbed
increased as the initial concentration increased and is consistent with other studies [17]. The
sorption capacity increased as the initial MPPB concentration increased from 0.02 mg/g to 0.24
mg/g with increased fractional cadmium removal from the aqueous solution as equilibrium was
attained. Weber and Morris intra-particle diffusion mechanisms looks prominent and efficiently
enhanced the mass transport of cadmium molecules to interior regions of MPPB.
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Figure 4. Quantity of cadmium (II) adsorbed with variation in initial cadmium
concentration at 303K.

3. 4. Effect of time of contact
As illustrated in Figure 5, adsorption increased with time of contact from 30 min until
equilibrium was reached at 150 min. The adsorptive removal of cadmium was exceptionally
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rapid at the beginning because of enough available sites which gradually gets filled up with the
cadmium as time progressed with absence of more space for attachment of cadmium
particulates [12]. The mesoporous form of MPPB presenting large surface area per unit mass
could be responsible for the high adsorption potentials of MPPB and is consistent with other
works [12].
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Figure 5. Quantity of cadmium (II) adsorbed with time variation at 303K

3. 5. Adsorption equilibrium
Several two parametric equilibrium adsorption isotherm were applied to study the
distribution of cadmium between MPPB and solution. The estimation of adsorption capacity of
MPPB effectiveness and efficiency was achieved using Elovic, Temkin, Langmuir, Jovanovic
and Freundlich isotherm models.
3. 6. Langmuir adsorption isotherm model
This model has been severally used to estimate, compare and contrast bio-sorbent
capacity and traditionally describes monolayer, homogeneous processes initially based on gassolid sorption [12, 17, 28]. Theoretically, the adsorption sites is identical and equivalent with
the domain localized infinitely having the enthalpies and adsorption activation energy of each
molecule constant due to inability of adsorbate to transmigrate Eq.(6) [12, 17].
Linear form of the Langmuir model is shown in Table 1.

𝑞𝑒=

𝑞𝑚 𝑏𝐶𝑒
1+𝑏𝐶𝑒

6
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where qm is maximum adsorption capacity of PPMB (mg/g), b the Langmuir constant (L/mg),
qe the quantity of cadmium adsorbed (mg/g) and Ce the concentration of cadmium at
equilibrium (mg/L).
The data simulated using Langmuir model as a plot of Ce/qe versus Ce (Figure 6) shows
high R2 of 0.9955 with sorption constant 366.300 mmolkg-1 which was comparable to
commercial activated carbons and other bio-sorbents (101-395 mmolkg-) [13]. The
dimensionless separation factor RL a measure of model desirability and favorability and the
Langmuir parameter b were evaluated applying Hall equation Eq.(7) [12,14, 28].
R𝐿 =

1
1 + bXo

7

where Xo is the initial concentration of cadmium. The value of RL indicates the isotherm to be
linear, unfavorable and favorable if (RL = 1), (RL > 1) and (0 < RL < 1) respectively [5]. The
study indicated RL value of 0.07 a confirmation that the adsorption process is favorable.
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Figure 6. Langmuir model for the adsorption of Cd onto MPPB

3. 7. Freundlich Isotherm
The relationship between multilayer, non-ideal, heterogeneous, reversible process with
limitless degree of sorption sites and energies non-uniformly distributed is described using
Freundlich isotherm model [12, 15, 17-18]. The linear form of Freundlich isotherm is expressed
in equation 8 and Table 1 with n as the adsorption intensity and Kf the adsorption capacity
obtained as the slope and intercept respectively. The linear plot of In qe against In Ce is
illustrated in Figure 7. Empirically the slope of the plot (n) lower than unity indicates
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chemisorption. The surface heterogeneity increases as n tends to zero and in cooperative
adsorption n is greater than unity. From the plot of Figure 7, n is 0.65 which is less than unity
with R2 value of 0.7294. Therefore, any variable that shows decrease in interaction of Cd –
MPPB with increased surface density is most likely undesirable as a chemisorption process is
prominent [12-13, 28].
qe = 𝐾𝐹 𝐶𝑒 1/𝑛

8
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Figure 7. Freundlich model for the adsorption of Cd onto MPPB

3. 8. Temkin isotherm
This model which incorporates adsorbent- adsorbate interactions is co-operatively
applied under the situation employing concentration of adsorbate in the intermediate form [12,
28]. The model which was in the early period applied to sorption studies of hydrogen on
platinum electrodes in acidic solution considers the regress in the heat of adsorption of sorbates
in the layer to inversely relate with logarithmic adsorbent-sorbate interactions [15,11].
q 𝑒 = βInA𝑡 + β𝐼𝑛𝐶𝑒

9

As shown in Table 1 and Eq.(9), the plot of qe against In Ce gives the slope and intercept
as AT and β respectively. The R2 has a value of 0.6256 while other constants are presented in
Table 3 as derived from Figure 8. The value of R2 is low and suggests that the model could not
simulate the experimental data.
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Figure 8. Temkin model for the adsorption of Cd onto MPPB

3. 9. Jovanovic isotherm model
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Figure 9. Jovanovic model for the adsorption of Cd onto MPPB
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The Jovanovic model incorporates Langmuir model with a relative degree of mechanical
interaction. Based on the plot of In qe versus Ce (Figure 9) and as shown in Table 1, the R2 of
0.5913 was obtained.
This entails that the data cannot be simulated well into this model. Similarly, comparison
of this model with Langmuir model indicates absence of mechanical interaction in the
adsorption process [12, 28].
3. 10. Elovic isotherm model
The assumption that adsorption is multilayer with sorption zones increasing exponentially
is the main focus of Elovic model [6, 12, 28]. The model is shown in Eq.(10) with Table 1
showing the linear form for plotting.
qe
qm

𝑞𝑒

= 𝐾𝐸 𝐶𝑒

𝑒 𝑞𝑚

10

The plot of In (qe/ce) versus qe (Figure 10) shows slope and intercept as Km and KE
showing maximum adsorption capacity and adsorption constant respectively with values in
Table 3. From the plot, R2 has a value of 0.6256 which is low compared to Langmuir and
Freundlich Isotherm model as shown in Table 2.
Therefore the adsorption partly fits the Elovic model and is partly multilayer because of
the high value of the adsorption capacity [28].
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Figure 10. Elovic model for the adsorption of Cd onto MPPB
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3. 11. Adsorption kinetics
The predicted adsorption behaviour can be precisely compared to the experimentally
obtained adsorption parameters using the kinetics of adsorption in different experimental
conditions and varied sorbent adsorbate systems. Information from kinetic studies could be
useful in determining the residence time for the rate of sorption of solute and the time at which
it could come to conclusion [25-26]. In other to discuss the rate of solute uptake in adsorption
systems, several researchers have propounded different mathematical models to explain and
describe the data generated during adsorption experiments [25-28].
3. 12. Pseudo-First- Order Model
The adsorption involving liquid-solid phase of oxalic acid and malonic acid onto charcoal
as adsorbent was first described by Lagergren. Adsorption of adsorbate from solution following
the Lagergren pseudo-first- order rate Eq.(11) [12] is currently applied in the adsorption of
pollutant from water, metal ions from solutions, chromophoric and organic substances from
aqueous media.
𝑘

𝐼
log(qe − qt) = log𝑞𝑒 − (2.303
)𝑡

11

The linearized pseudo-first order kinetic model equation is shown in Table 2. From Figure
11, t is contact time (min), qt is amount of cadmium sorbed, qe is amount of cadmium adsorbed
at equilibrium (mg/g) and K1 pseudo first order rate constant. The regression coefficient (R2) is
high (0.9749) but lower than the second-order kinetics as shown in Table 3 and linear plots of
Figure 11 with low value of KI as 0.007 min-1 showing that it cannot simulate the data very
well.
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Figure 11. Pseudo-first order for the adsorption of Cd onto MPPB
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3. 13. Pseudo-second-order kinetic model
Chemisorption is the rate controlling step and is shown in Eq.(12) [12, 14, 28, 29].
2
𝑡
𝑡
⁄𝑞𝑡 = 1⁄ 𝑞𝑒 + ⁄𝑞𝑒
𝐾

12

2

where K2 is second order rate constant (g/mg min) and qe adsorption capacity at equilibrium
calculated as intercept and slope of the linear plot of t/qt versus t (Figure 12). The regression
coefficient (R2) (0.9903) (Figure 12) shows a good relationship and a proof that chemisorption
is predominantly in charge of the rate determining step.
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Figure 12. Pseudo-second order for the adsorption of Cd onto MPPB

3. 14. Elovic kinetic model
Zeldowitsch described Elovic kinetic model as chemisorptive- adsorption of between biosorbent and gas molecules and is shown in Eq.(13) [5, 12] and in Table 2. Recently, apart from
the application of the model in adsorption of gases onto solid systems, the model has been
widely applied in the description of processes of metal ions and other organic pollutants from
contaminated solutions.
1

1

q 𝑡 = 𝛽 In(αβ) + 𝛽 𝐼𝑛(𝑡)

13
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Elovic constants α and β as shown in Table 2 and derived from Figure 13 stands for initial
adsorption rate (mg/gmin-1) and the degree of surface coverage and activation energy for
chemisorption (g/mg) respectively. The slope and intercept of plot of qt versus In t are 1564.60
and -47.82 respectively. The R2 from Table 2 and Figure 13, implies that the model provided
good fitting for the data (R2 = 0.9898) and implicated diffusion as part of the rate determining
step. Thus, the parameters in Elovic kinetic model does support chemisorption as part of the
rate limiting step [12].
Elovic model could not simulate the data perfectly well and in comparison to other models
shows that a better fitting was given by Weber and Morris (Table 4).
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R² = 0,9898
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Figure 13. Elovic kinetic model for the adsorption of Cd onto MPPB

3. 15. Weber and Morris model
Weber and Morris model describes the adsorption process where the solute sorption
varies proportionately with t1/2 instead of t [12]. A plot of qt versus t1/2 should produce a straight
line from the origin if intra-particle diffusion is the rate limiting step. The data were fitted to
Weber and Morris intra-particle diffusion model as shown in Eq.(14) (12) and value shown in
Table 2 through the plot of qt versus t1/2 .
𝑞𝑡 = 𝐾𝐼 𝑡1/2 + 𝐶

14

From the plot, KI is slope and C the intercept which stands for intra-particle diffusion rate
constant (mg/g min1/2) and a constant related to the thickness of the boundary layer respectively.
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The model has R2 of 0.9978 which is very high. The value of C was obtained to be 0.0646 (Table 4) which is very low to justify intra-particle diffusivity of cadmium through the
MPPB.
A critical look on Figure 14, shows the plot is linear but could not pass through the origin
a further confirmation that intra-particle diffusion was partly involved in the sorption process
but not the only rate determining step [9, 17]. The inability of the intercept line to pass through
the origin depicts the presence of mass transfer action with some element of intra-particle
diffusivity.
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Figure 14. Weber and Morris for the adsorption of Cd onto MPPB
3. 16. Bangham’s pore diffusion model
Pore diffusion model has been used to describe adsorption involving removal of
pollutants from aqueous solutions [28]. Bangham’s pore diffusion model linear form is shown
in Eq.(15) and also presented in Table 2 [12,21)].
Co

m𝐾

𝐵
Log log {𝐶𝑜−𝑚𝑞𝑡} = Log {2.303𝑉
} + δβ𝑙𝑜𝑔𝑡

15

where Co represents the initial cadmium ion concentration (mg/L), V represents the volume of
solution (mL), m represents the weight of adsorbent (g/L), Δβ and KB are constants calculated
as slope and intercept of the linearized plot of log log [Co/Co-mqt] versus log t as shown in
Figure 15. From Figure 15, the linear plot has a high R2 of 0.9401 indicating that the model
simulated the data well with element of pore diffusion mechanism.
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Figure 15. Banghams pore diffusion model for the adsorption of Cd onto MPPB

3. 17. Mass transfer model and adsorption diffusion studies
3. 17. 1. Mass transfer model
The rate of particle uptake during adsorption is affected by the mass transfer of the sorbate
or solute within and onto the adsorbent particle or solute-sorbent interaction. Mass transfer
processes helps to study the rate of solute removal from an aqueous solution which is of high
industrial significance. Three notable steps that occur in the adsorption process have been
widely studied and they are (i) diffusion of ions within the adsorbent (ii) diffusion of ions from
the solution to the surface of the adsorbent (iii) chemical interaction between the ions and the
functional groups of the adsorbent [9, 15]. Mass transfer model is represented as Eq.(16) [10]
with the linear form as Eq.(17) [10]
Co − Ct = Dexp(𝐾𝑜 𝑡)

16

Co − Ct = In (Co − Ct) = 𝐾𝑜 𝑡 + 𝐼𝑛 𝐷

17

The plot of In(Co-Ct) versus t gave the best regression coefficient of 0.948 with slope Ki
and intercept D as 0.022 and 1.407 respectively. Based on the values obtained, it could be seen
that the model simulated the data appropriately.
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Figure 16. Mass transfer model for the adsorption of Cd onto MPPB

3. 17. 2. Dunwald-Wagner model
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Figure 17. Dunwald wagner model for the adsorption of Cd onto MPPB
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Mass transfer adsorption process involving intra-particle diffusion was proposed by
Dunwald-Wagner and mathematically shown in equation 18 [10]. The diffusion of cadmium
ions within the MPPB could be partly explained using the model. From the plot in Figure 17,
R2 was high (0.9839) with the rate constant (slope) and diffusivity coefficient of 289.78 and 158.59 respectively indicating that the model simulated the data appropriately.
𝑞𝑡

𝐿𝑜𝑔(1 − (𝑞𝑒)2 ) = −𝐾𝐷𝑊 𝑡

18

3. 17. 3. Liquid film diffusion kinetic model
Liquid film diffusion due to contact between the MPPB and liquid films of cadmium may
likely account for the driving force in sorption as shown in Eq.(19) [12] and in Table 2. The
prominent steps may likely involve film diffusion where cadmium migrated to external surface
of the MPPB, particle diffusion where cadmium transfer within the pores of the MPPB or
sorption of cadmium at interior surface of the MPPB. The feasibility of the first two mechanistic
steps as the rate determining steps is feasible since the last step occurs at a relatively very fast
rate.
𝑞𝑡

𝐼𝑛(1 − 𝑞𝑒) = −𝐾𝑙𝑓 𝑡

19
𝑞𝑡

From Figure 18 representing the plot of In (1 − 𝑞𝑒) against t, the slope Klf is the liquid
diffusion constant (1/min). Figure 18 and Table 4 shows the intercept and slope as 284.37 and
135.87 respectively with high R2 of 0.9719. Result obtained confirms that liquid film diffusion
did simulate the data well.
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Figure 18. Liquid film diffusion model for the adsorption of Cd onto MPPB
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Table1. Isotherm models and their linear forms
S/N

Type of model

Models

Linear form

1

Two parameter

Langmuir

2

Two parameter

Freundlich

3

Two parameter

Elovic

1
Inq 𝑒 = InK𝑓 + 𝐼𝑛𝐶𝑒
𝑛

[4]

4

Two parameter

Temkin

q 𝑒 = βInA𝑡 + β𝐼𝑛𝐶𝑒

[12]

5

Two parameter

Jovanovic

𝐼𝑛𝑞𝑒 = 𝐼𝑛𝑞𝑚 − 𝐾𝑓 𝐶𝑒 ;

[12]

Ce
Ce
1
=
+
qe Qm bQm
𝑞𝑒
𝑞
In𝐶𝑒𝑒 = InK 𝐸𝑞𝑚 −
𝑛𝑞𝑚

Reference
[1,14]
[12,23]

Table 2. Kinetic models and linear equation forms.

S/N

Kinetic models

Linear form

Reference

1

Pseudo-First order

In(qe − qt) = In𝑞𝑒 − 𝑘𝐼 𝑡

[12]

2

Pseudo-second order

3

Elovic

4

Weber and Morris

5

Liquid film diffusion

𝑡
1 2 𝑡
=
𝑞 +
𝑞𝑡 𝐾2 𝑒
𝑞𝑒
1
1
q 𝑡 = In(αβ) + 𝐼𝑛(𝑡)
𝛽
𝛽
𝑞𝑡 = 𝐾𝐼 𝑡1/2 + 𝐶
𝐼𝑛(1 −
Log log {

6

Bangham pore diffusion

7

Mass transfer model

8

Dunwald -Wagner
model

𝑞𝑡
) = −𝐾𝑙𝑓 𝑡
𝑞𝑒

Co
}
𝐶𝑜 − 𝑚𝑞𝑡
m𝐾𝐵
= Log {
} + δβ𝑙𝑜𝑔𝑡
2.303𝑉

Co − Ct = In (Co − Ct) = 𝐾𝑜 𝑡 + 𝐼𝑛 𝐷
𝐿𝑜𝑔(1 − (
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) ) = −𝐾𝐷𝑊 𝑡
𝑞𝑒

[13]
[5,18]
[12]
[13]

[16]

[10]
[10]
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Table 3. Equilibrium models
S/N

Models

Parameter 1

Parameter 2

R2

1

Langmuir

qm (mg-1) = 366.300

b(Lmg-1) = 3.05

0.9955

2

Freundlich

n = 0.65

KF (mg1-1/nL1/ng-1)
= 1.27

0.7294

3

Elovic

KE (Lmg-1) = -47.82

qm(mgg-1) = 1564

0.6256

4

Temkin

Ko(Lmg-1) = 0.289

ΔQ(KJmol-1) = 2270.9

0.6746

5

Jovanovic

Kȷ (Lg-1) = 84.89

qm (mgg-1) = 14.49

0.5913

Table 4. Mass transfer and kinetic models
S/N

Kinetic models

Constant 1

Constant 2

R2

1

Pseudo-First order

qe = -2.30

K1 = 0.007

0.9749

2

Pseudo-second order

qe = 76.78

K2 = 23.87

0.9903

3

Elovic

Α = -0.193

β = 1.47

0.9898

4

Weber and Morris

C = -0.0646

K2 = 0.069

0.9978

5

Liquid film diffusion

qe = 284.37

K2 = 135.87

0.9719

6

Dunwald- Wagner

qe = 289.78

KdW = -158.59

0.9839

8

Mass transfer

D = 1.407

K = 0.022

0.9486

9

Bangham pore diffusion

Δβ = -1.34

Kβ = 2.32

0.9401

3. 18. Antimicrobial screening
The MPPB was subjected to antimicrobial evaluation against five common pathogenic
organisms. Result of the study obtained as replicates with standard deviation indicated the zone
of inhibition for E. coli, Staphylococcus, Pseudomonas, Aspergilla’s sp and Candida sp to be 7
±0.02, 10 ±0.11, 8 ±0.10, 14 ±0.07, 6 ±0.04 mm respectively with the positive control
(ampiclox) as standard. Generally, the zone of inhibition for the biochar was high.
The observation could be explained by chelation theory as chelation increases the
lipophilicity and denaturation of the cell wall of the microorganism. Nevertheless, a very low
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value of inhibition was observed for Candida sp. The low inhibition as observed could be
attributed to the resistance of this organism and the relative reluctance of the biochar to cross
over the cell membrane thereby decreasing the bioactivity [30].

4. CONCLUSIONS
The application of abundantly available plantain peel as an effective, efficient and
environmentally benign agricultural biochar for remediation of cadmium infected aqueous
solution was studied. The HNO3 MPPB based on the maximum adsorption capacity has strong
potential to adsorb cadmium ions from solution and compares favourably with industrial
adsorbent. The adsorption equilibrium and kinetics studies indicated that MPPB is a versatile
biosorbent with adsorption process fitting most appropriately into the Weber and Moris
intraparticle diffusion model mechanism as the rate limiting step. Antimicrobial screening of
MPPB against important pathogenic organism indicated that it inhibits their growth in a
medium and can serve as an important agent for inhibiting resistant micro-organisms.
Industrially, the modified sorbent can be used for the remediation of heavy metal and pathogen
contaminated media.

Funding Statement
Authors are grateful to Ebonyi State University for giving TETFund seed grant (Ref. No.: EBSU/TET
Fund/IBR/2015/10) for financial assistance

References
[1]

World Health Organization, Guidelines for drinking water quality WHO (2011) p. 10

[2]

Y.Gao, A. Pramanik, S. Begum, C. Sweet, S. Jones, A. Alamgir, P.C. Ray,
Multifunctional biochar for highly efficient capture, identification and removal of toxic
metals and superbugs from water samples. ACS OMEGA 2 (2017) 7730-7738

[3]

L. Rizzo, C. Manaia, C. Merlin, T. Schwartz, C. Dargot, M.C. Ploy, Michael, D. Land
Fatta-Kassinos, Urban wastewater treatment plants as hotspots for antibiotic resistant
bacteria and genes spread into the environment: a review. Sci. Total Environment 447
(2013) 345-360

[4]

M. Inyang, B. Cao, P. Pullammannappallil, A.R. Zimmerman, Enhanced lead sorption
by biochar derived from anaerobically digested sugarcane bagasse. Sep. Sci. Technol 46
(2011) 1950-1956

[5]

G.A. Drasch. Increase of cadmium body burden for this century. Sci Total Environ 67
(1993) 75-89

[6]

M. Waalkes. Cadmium carcinogenesis in review. J of Inorg Biochem 79 (2000) 241-244

[7]

P. Guyon, G.P. Frank. Brown clouds over south Asia: biomass or fossil fuel
combustion? Science 323 (2009) 495-498

-22-

World Scientific News 157 (2021) 1-24

[8]

R.P. Mokkapati, V.N. Ratnakaram, J.S. Mokkapati. Utilization of agro-waste for
removal of toxic hexavalent chromium: surface interaction and mass transfer studies.
Int. J. Environ.Sci. Technol 10 (2017) 017-037

[9]

S. Banerjee, M. Chattopadhyaya, Adsorption characteristics for the removal of toxic
dye, tartrazine from aqueous solutions by a low cost agricultural by-product. Arabian
Journal of Chemistry 10 (2017) S1629-S1638

[10] T.M. Jose, .Y. Qiming, M.W. Gavin, Biosorption of cadmium (II) from aqueous
solutions by pretreated biomass of marine alga Durvillaea Potatorum. Wat Res 33
(1999) 335-342
[11] F.S. Nworie, F. Nwabue, I. Ikelle, A. Ogah, N. Elom, N. Ilochi, E. Itumoh, C. Oroke,
Modified plantain peel biochar as adsorbent for sorption of Zinc (II) ions: Equilibrium
and kinetic studies. Journal of the Turkish Chemical Society. Section A 5 (2018) 12571270
[12] X.D. Cao, L. Ma, B. Gao, W. Harris, Dairy manure derived biochar effectively sorbs
lead and atrazine. Environ. Sci. Technol 43 (2009) 3285-3291
[13] M. Uchimiya, S. Chang, K.T. Klasson, Screening biochars for heavy metal retention in
soil: Role of oxygen functional groups. Journal of Hazard Mater. 190 (2011) 432-441
[14] I.O. Saheed, F.A. Adekola, G.A. Olatunji, Sorption study of MEB on modified carbon
prepared from Jatropha curcas and Terminalia catappa seed coats. Journal of the
Turkish Chemical Society. Section A 4 (2017)375-394
[15] L.D. Tiwari, S. Lee, Modified carbon and manganese coated modified carbon precursor
to dead biomass in the remediation of arsenic contaminated water. Environmental
Engineering Research 17 (2012) 541-548
[16] K. Antonija, V. Natlija, H. Dam, K. Davor, Lignocellulosic materials as dye adsorbents:
Adsorption of MEB and congo red on brewers spent grain. Croatica Chemica Acta, 91
(2018) 53-64
[17] N. Nasuna, B.H. Hameed, A.T.M. Din, Rejected tea as a potentially low cost adsorbent
for the removal of MEB. J. Hazard. Mater 175 (2010) 126
[18] A. Demirbas, Effects of temperature and particle size on biochar yield from pyrolysis of
agricultural residues. Journal of Analytical and Applied Pyrolysis 72 (2003) 243-248
[19] H. Cherifi, B. Fatiha, H. Salah, Kinetic studies on the adsorption of MEB onto
vegetable fibre modified carbons. Appl Surf Sci 282 (2013) 52-59
[20] V. Ponnuswamy, V.D. Lekshmi, S.G. Prakash, Bio-processing of banana peel for
amylase production by Sp. Penicillium. Asian Journal of Biological Science 2 (2011)
257-264
[21] J. Bourke, M. Manley-Harris, C. Fushimi, K. Dowaki, T. Nonoura, M. Antal, Do all
carbonized charcoals have the same chemical structure? A model of the chemical
structure of carbonized charcoal. Industrial and Engineering Chemistry Research 46
(2007) 5954-5967

-23-

World Scientific News 157 (2021) 1-24

[22] J.A. Prince, S. Bhuvana, V. Anbharasi, N. Ayyanar, K.V. Boodhoo, G. Singh, Selfcleaning metal organic framework (MOF) based ultra-filtration membranes- A solution
to bio-fouling in membrane separation processes. Scientific Reports 4 (2014) 365-373.
[23] T. Mahmood, M. Aslam, A. Naeem, T. Sissique, S.J. Din, Adsorption of As(III) from
aqueous solution onto iron impregnated used tea modified carbon: Equilibrium, kinetic
and thermodynamic study. J. Chil. Chem. Soc 63 (2018) 3855-3866
[24] M.C. Basso, E.G. Cerrella, A.L. Cukierman. Lignocellulosic materials as potential
biosorbents of trace toxic metals from wastewater. Ind Eng Chem Res 41 (2002) 35803585
[25] B. Volesky, Detoxification of metal-bearing effluents: biosorption for the next century.
Hydrometallurgy 59 (2001) 203-216
[26] G. Davod, M. Iman, A.M. Seyed, Sorption thermodynamic and kinetic studies of Lead
removal from aqueous solutions by nano Tricalcium phosphate. American Journal of
Chemistry 1 (2011) 47-51
[27] F.S. Nworie, F.I. Nwabue, W. Oti, E. Mbam, B.U. Nwali, Removal of Methylene Blue
from Aqueous Solution Using Activated Rice Husk Biochar: Adsorption Isotherms,
Kinetics and Error analysis. Journal of the Chilean Chemical Society 64(1) (2019)
4365-4376
[28] F.S. Nworie, E.C. Oroke, I.I. Ikelle, J.S. Nworu, Equilibrium and Kinetic Studies for the
Adsorptive Removal of Lead (II) Ions from Aqueous Solution Using Activated Plantain
Peel Biochar. Acta Chemica Malaysia 4(1) (2020) 9-16
[29] F.S. Nworie, Spectral, Thermal and In Vitro Antibacterial Studies on Cadmium (II) –
bis(2,2/-methylidenephenol)diaminoethane. Journal of the Turkish Chemical Society
Section A: Chemistry 5 (3) (2018) 1029-1036
[30] F.S. Nworie, F.I. Nwabue, Synthesis, Optimization, Characterization and Antimicrobial
Studies of Cu(II) And Co(III) Complexes of 2 Bis(2,2/-methylylidenephenol)
diaminoethane. Chemistry Journal of Moldova. General, Industrial and Ecological
Chemistry 12(2) (2017) 41-49
[31] Ferdian, Dwi Hindarti, Rega Permana. Cadmium effects on growth and photosynthetic
pigment content of Chaetoceros gracilis. World Scientific News 145 (2020) 245-255
[32] Dionisius Wahyu, Dwi Hindarti, Rega Permana. Cadmium Toxicity Towards Marine
Diatom Thalassiosira sp. and its Alteration on Chlorophyll-a and Carotenoid Content.
World News of Natural Sciences 31 (2020) 48-57

-24-

