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Abstract 
We recently found out that water from the Ugandan stretch of the Kagera 
transboundary river (East Africa) is contaminated with lead (Pb2+) and cad-
mium (Cd2+) ions at levels that are above permissible limits in drinking water. 
Because lignocellulosic biomass-based adsorbents have been explored for the 
remediation of metal ions from water, this study investigated the potential of 
Musa acuminata pseudo-stem (MAPS) biochar for the remediation of Pb2+ 
and Cd2+ ions from water. Batch adsorption experiments were performed to 
optimize the adsorption conditions while the isotherms were analyzed using 
Freundlich and Langmuir models. Results showed that the maximum adsorp-
tion capacity at equilibrium was 769.23 mg/g and 588.23 mg/g for Pb2+ and 
Cd2+ ions, respectively. Langmuir isotherm model provided the best fit for the 
data, and it was favorable since all r2 values (Cd2+ = 0.9726 and Pb2+ = 0.9592) 
were close to unity. Gibb’s free energy change was found to be negative for 
both metals, implying the feasibility of the adsorption process. Correspon-
dingly, the enthalpy change was positive for both metal ions which revealed 
that the adsorption process was endothermic and it occurred randomly at the 
solid-liquid interface. These results suggested that biochar from MAPs could 
be utilized for the removal of Pb2+ and Cd2+ from polluted water in the Kagera 
transboundary river to make it suitable for domestic use. Further studies 
should consider chemical modification of the biochar as well as characteriza-
tion to examine the chemical nature of the biochar. 
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1. Introduction 

Water is a vital resource for human survival and well-being, but also for eco-
nomic development and prosperity [1]. Accordingly, access to clean and safe 
drinking water is considered (from the right to an adequate standard of living 
under Article 11(1) of the International Covenant on Economic, Social, and 
Cultural Rights) to be a fundamental human right [2] [3]. This is further en-
shrined in Sustainable Development Goal 6 (i.e., clean water and sanitation for 
all). Contamination of water resources by inorganic, legacy, and emerging or-
ganic pollutants has led to the deterioration of water quality, nutrient-climate 
synergized eutrophication, algal blooms, and water insecurity [4] [5]. 

Water pollution is a regulated activity in developed countries. In developing 
countries of Africa and Asia, pollution of water resources is less regulated de-
spite the applicable regulatory structures in place. This is particularly disastrous 
for stagnant water resources such as lakes where legacy and diffuse nutrient pol-
lution may fuel eutrophication and harmful cyanobacterial blooms [6]. We re-
cently found that water from the Ugandan stretch of the Kagera transboundary 
river (East Africa) is contaminated with lead (Pb2+) and cadmium (Cd2+) ions at 
levels (0.023 to 0.043 mg/L and 0.0033 to 0.0101 mg/L) that are above permissi-
ble limits in drinking water [7]. For the remediation of these inorganic ions, we 
opted to explore a potential adsorbent that is locally available (Musa acuminata 
pseudo-stem). Lignocellulosic biomass-based adsorbents have been used for the 
remediation of metal ions from water [8]. 

Musa acuminata Colla (M. acuminata henceforth) is a banana species that is na-
tive to Southern Asia and one of the earliest plants that were domesticated in hu-
man history [9]. It has since been introduced and cultivated in different parts of 
the world [10] [11]. It is an evergreen tree-like perennial plant with a trunk 
(known as the pseudo stem) composed of packed layers of leaf sheaths emerging 
from completely or partially buried corm. This part of M. acuminata is usually dis-
posed of as organic waste or used in the garden [12]. To achieve optimum removal 
of the ions, the conditions which affect adsorption were individually investigated. 

2. Materials and Methods 
2.1. Biochar Preparation 

Mature Musa acuminata (Enyeru variety) pseudo stems were collected on 15/03/ 
2023 after harvesting fruits from them in Kikagati town council, Isingiro Dis-
trict, Uganda. The collected sheath material was washed with deionized water 
and thereafter cut into small pieces (2 × 2 cm) using a stainless-steel knife. They 
were dried at room temperature (25˚C) before grinding into fine powder. Bio-
char was prepared by heating the dry powder in an oven at 100˚C with limited 
oxygen. 

2.2. Adsorption Experiments 

Batch experiments were carried out by adding 1 g of the biochar into a 250 ml 
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Erlenmeyer flask containing 50 ml of different aqueous solutions (5, 10, 15, 20, 
25, 30, 35, 40, 45, and 50 mg/l) of lead and cadmium nitrates at different condi-
tions. The conditions varied were: biochar dose (0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4 and 
1.6 g), pH (1, 2, 3, 4, 5, 6, 7, 8 and 9), contact time (15, 30, 45, 55, 60, 75, 90 105 
and 120 minutes) and temperature (25˚C, 30˚C, 35˚C, 40˚C, 45, 50˚C, 55˚C, 
60˚C and 65˚C). Agitation was done at 150 revolutions per minute (rpm) for one 
hour at 25˚C on a horizontal shaker for sorption equilibrium to occur. 

After adsorption, the adsorbent was separated from the solution by filtration 
through a Whatman (0.45 μm) filter paper. The residual concentration of each 
metal in the equilibrium solutions (filtrates) was determined. Each treatment 
was done three times. The percentage removal of each heavy metal was calcu-
lated using Equation (1). 

( )Adsorption % 100i e

i

C C
C

=
−

×                   (1) 

where Ci and Ce are the initial and residual concentrations of the heavy metal ion 
at equilibrium [13]. 

2.3. Metal Concentration Determination by Atomic Absorption 
Spectrometry 

The residual concentration of the two ions was determined using a flame atomic 
absorption spectrophotometer (Agilent 240AA, Agilent Technologies, Santa 
Clara, California, USA) at the respective 283.3 nm and 228.8 nm for Pb and Cd. 
The actual heavy metal concentrations were determined from calibration curves 
constructed from diluted working standards of 1000 ppm stock solutions of ni-
trate and chloride salts of the metals. The linearity of the calibration curves was 
checked, and these were within acceptable limits (r2 > 0.9950 in all cases). Fur-
ther, the quality of instrumental results was guaranteed through analysis of pro-
cedural blanks and spiked samples, whose recoveries (range: 97.9% to 101.5%) 
were analytically considered acceptable. Relative Standard Deviations of the ex-
periments (analytical precision) ranged between 3.7% and 4.9%. 

2.4. Adsorption Isotherms 

In adsorption studies, the equilibrium retention of the adsorbate onto the ad-
sorbent is better described by mathematical models hinged on some assump-
tions relating to the coverage type, homogeneity, and heterogeneity of the solid 
surface, as well as the interaction between adsorbate species [14]. These models, 
which are otherwise termed adsorption isotherms, can explain the probable me-
chanism of adsorption. In this study, equilibrium data were analyzed using the 
Langmuir and Freundlich isotherms [15]. 

Freundlich adsorption isotherm (model) works on the assumption that the 
adsorption of metal ions occurs on heterogeneous multilayer surfaces with dif-
ferent energy affinities. It is described by Equation (2), proposed by Freundlich 
in the first instance [16]. 
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1 n
e f eQ K C=                          (2) 

where Kf and n are Freundlich isotherm constants, which depend on the nature 
of the adsorbent at a given temperature. 

Linearizing the equation, the Freundlich equation becomes (Equation (3)) 
1log log loge e fQ C K
n

= +                     (3) 

where the intercepted logKf gives the measure of adsorption capacity (distribu-

tion coefficient) and the slope ( 1
n

) gives the intensity of adsorption. The variable  

Qe is the amount of metal ion adsorbed at equilibrium (mg/g) and Ce is the con-
centration of the adsorbate at equilibrium (mg/g) in the solution [16]. In other 
words, the value of Kf increases with adsorption intensity and that of n is directly 
related to adsorption greaterlity i.e., 1 10n≤ ≤  indicates that the adsorption 
process is favorable [17]. 

A plot of lnQe against lnCe for each metal under investigation was also made 
and analyzed independently. A plot that obeys Freundlich isotherm gives a 

straight line with slope ( 1
n

) [16]. 

Langmuir model is based on the assumption that all adsorption sites are of 
homogenous surface on monolayer and independent of whether active sites are 
occupied or not. The linear Langmuir equation is given by Equation (4) [18]. 

max max

1 1e
e

e L

C
C

Q Q Q K
+=                      (4) 

where Ce = equilibrium metal ion concentration (mg/l), Qe = amount of adsor-
bate adsorbed per unit mass of adsorbent (mg/g), Qmax = maximum adsorption 
capacity of adsorbent and KL is the Langmuir constant. 

A plot of e

e

C
Q

 against Ce for each metal under investigation was made and 

analyzed independently. A plot that obeys Langmuir isotherm gives a straight 

line with slope 
max

1
Q

 Separation factor (RL) was evaluated by using Equation 

(5) [14]. 

1
1 L

L
oC

R
K+

=                          (5) 

where KL = Langmuir constant and Co = original concentration. The value of RL 
indicates whether adsorption is favorable or not and where, unfavorable (RL > 1), 
linear (RL = 1), favorable (0 < RL < 1), or irreversible (RL = 0) [19]. 

2.5. Thermodynamic Studies 

Adsorption is a temperature-dependent process, and it is vital to perform ther-
modynamic studies to establish the feasibility and spontaneity of adsorption ki-
netics [20]. Thermodynamic study of the metal ions adsorption onto biochar 
from M. acuminata pseudo-stem biochar was performed at 293, 303, 308, 313, 
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318, and 323 K. The equilibrium constant Kc of adsorption was calculated using 
Equation (6). 

a
c

e

K
C
C

=                            (6) 

where Kc is the equilibrium sorption distribution coefficient, Ca is the amount of 
metal ions adsorbed on the biochar at a given temperature and Ce is the metal 
ion concentration in the solution at equilibrium. 

The Kc values obtained were used to determine Gibb’s free energy change 
(∆G˚), enthalpy change (∆H˚), and entropy change (∆S˚) for adsorption of Pb2+ 
and Cd2+ ions on MAPS given by Equations (7) and (8). 

log cG RT K∆ ° = −                        (7) 

log 1
c

H S
R T R

K −∆ ° ∆ °
+=                      (8) 

where ∆G˚ is the free energy change of adsorption, R is the universal gas con-
stant (8.314 J∙mol−1∙K−1) and T is the absolute temperature in Kelvins. The Kc can 
be expressed in terms of the ∆G˚ and ∆S˚ as a function of temperature as given 
by the van Hoff’s reaction isotherm (Equation (8)) [21]. 

3. Results 
3.1. Optimized Adsorption Conditions 
3.1.1. Effect of Contact Time 
The highest percentage removal of Pb2+ and Cd2+ ions were 88.1% and 87.2%, 
respectively (Figure 1) while keeping other parameters constant (pH = 4, 1.0 g 
biochar dosage, V = 50 ml, T = 25˚C and C0 = 10 mg/l). Beyond 55 minutes and 60 
minutes, there was no further increase in the adsorption for Pb2+ and Cd2+ ions. 

3.1.2. Effect of Solution pH 
In adsorption, the pH of a solution is an important parameter that provides 
suitable conditions for maximum adsorption at the adsorbent surface. In this 
study, adsorption of the ions by MAPS biochar initially increased with an in-
crease in pH up to pH = 4 for Pb2+ and pH = 5 for Cd2+. After this, the adsorp-
tion was seen to decrease (Figure 2). The highest percentage of removal achieved 
was 85.1% and 81.0%, respectively. 

3.1.3. Effect of Solution Temperature 
For solution temperature, the highest percentage of removal was 88.9% (at 45˚C) 
and 79.5% (at 50˚C) for Pb2+ and Cd2+ ions, respectively (Figure 3). There was 
an initial increase in adsorption with an increase in temperature. 

3.1.4. Effect of Adsorbent Dosage 
There was a noticeable increase in the removal of Pb2+ and Cd2+ ions with in-
creasing biochar dosage until an optimum dosage of 1g was reached (Figure 4). 
The highest adsorption was 80.0% and 77.9%, respectively. 

https://doi.org/10.4236/gsc.2023.134014


D. Nimusiima et al. 
 

 

DOI: 10.4236/gsc.2023.134014 259 Green and Sustainable Chemistry 
 

 
Figure 1. Effect of contact time on the adsorption of lead (II) and cadmium (II) ions from 
aqueous solution using MAPS biochar. 

 

 

Figure 2. Effect of pH on the adsorption of lead (II) and cadmium (II) ions from aqueous 
solution using MAPS biochar. 

3.1.5. Effect of Initial Metal Ion Concentration 
The adsorption of Pb2+ and Cd2+ ions in this study was observed to decrease with 
an increment in the initial metal ion concentration from 87.12% to 31.5% and 
79.21% to 24.6%, respectively (Figure 5). 

3.2. Sorption and Adsorption Isotherms 

A Freundlich linear equation was used to obtain sorption and desorption iso-
therms, and standard multiple linear regression analysis was used to find the 
best-fit isotherm. The plots of lnQe against lnCe for Pb2+ and Cd2+ ions are de-
picted in Figure 6 and Figure 7, respectively. Each case obeyed Freundlich iso-
therm giving a straight line with slope 1/n, so n for Pb2+ was 0.309 (r2 = 0.8869)  
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Figure 3. Effect of temperature on the adsorption of lead (II) and cadmium (II) ions from 
aqueous solution using MAPS biochar. 

 

 
Figure 4. Effect of initial adsorbent dosage on the adsorption of lead (II) and cadmium 
(II) ions from aqueous solution using MAPS biochar. 

 

 
Figure 5. Effect of initial metal ion concentration on the adsorption of lead (II) and cad-
mium (II) ions from aqueous solution using MAPS biochar. 

https://doi.org/10.4236/gsc.2023.134014


D. Nimusiima et al. 
 

 

DOI: 10.4236/gsc.2023.134014 261 Green and Sustainable Chemistry 
 

 
Figure 6. Freundlich adsorption isotherm for the adsorption of lead (II) ions from aqueous solution using 
MAPS biochar. 

 

 
Figure 7. Freundlich adsorption isotherm for the adsorption of cadmium (II) ions from aqueous solution 
using MAPS biochar. 

 
and for Cd2+ ions was 0.322 (r2 = 0.8102) with calculated Kf values of 1.455 × 10−8 
mg/g and 6.362 × 10−8 mg/g (Table 1). The model explains the values of n = 1, 
linear, n < 1, chemical adsorption process (n > 1), and physical adsorption 
process. 

Similarly, the Langmuir linear equation was considered, and plots of e

e

C
Q

 

against Ce for Pb2+ and Cd2+ ions are given in Figure 8 and Figure 9. The plotted  
graphs obeyed the Langmuir isotherm with a straight line whose slope was 

max

1
Q

, so Qmax = 769.23 mg/g and 588.23 mg/g for Pb2+ and Cd2+ ions, respec-

tively (Table 1). The straight line confirmed monolayer formation on active 
sites. From the present study, the coefficient values of r2 = 0.9592 and 0.9726 for 
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Table 1. Freundlich and Langmuir adsorption isotherm parameters for the adsorption of 
lead (II) ions and cadmium (II) ions from aqueous solution using MAPS biochar. 

Metal ion 
Freundlich Langmuir 

r2 n r2 Qmax (mg/g) RL 

Pb2+ 0.8869 0.309 0.9592 769.23 0.207 

Cd2+ 0.8102 0.322 0.9726 588.23 0.162 

 

 
Figure 8. Langmuir adsorption isotherm for the adsorption of lead (II) ions from aqueous solution 
using MAPS biochar. 

 

 
Figure 9. Langmuir adsorption isotherm for the adsorption of cadmium (II) ions from aqueous solu-
tion using MAPS biochar. 

 
Pb2+ and Cd2+ ions, respectively (Table 1) and this proved that the Langmuir 
isotherm model was the most suitable and favorable for the adsorption of the 
ions in the batch experiments using MAPS biochar as adsorbent material [14]. 
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This was in agreement with the suggestion of the Langmuir isotherm model that 
adsorption occurred over homogenous surfaces on free active sites. The separation 
factor (RL) was found to be 0.207 and 0.162 for Pb2+ and Cd2+ ions, suggesting that 
adsorption was favorable for Langmuir isotherm model for both metal ions. 

3.3. Thermodynamic Studies 

The values of ∆H˚ and ∆S˚ for both metal ions were positive (Table 2), and were 
obtained from slopes and intercepts of the plot of logKc against 1/T (Figure 10). 
The calculated thermodynamic values of ∆G˚ were negative, and this decreased 
further with an increase in temperature (Table 2). 

 
Table 2. Thermodynamic parameters for adsorption of Pb2+ and Cd2+ ions from aqueous solution using MAPS biochar. 

T (K) 
Kc 

1/T (K−1) 
logKc ∆G˚ (Jmol−1) ∆H˚ (Jmol−1) ∆S˚ (JK−1∙mol−1) 

Pb Cd Pb Cd Pb Cd Pb Cd Pb Cd 

298 2.0395 2.1348 0.0034 0.3095 0.3294 −766.87 −816.00 

19142.99 8872.7 66.52 32.27 

303 2.3445 2.2468 0.0033 0.3700 0.3516 −932.20 −885.62 

308 3.0650 2.3445 0.0033 0.4864 0.3700 −1245.62 −947.58 

313 4.0251 3.0161 0.0032 0.6048 0.4794 −1573.81 −1247.6 

318 8.0090 3.4053 0.0032 0.9036 0.5322 −2388.93 −1406.9 

323 6.3529 3.8780 0.0031 0.8030 0.5886 −2156.33 −1580.6 

 

 
Figure 10. A graph of logKc against 1/T. 
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4. Discussion 
4.1. Optimized Adsorption Parameters 

This study recorded increased adsorption of both metal ions with an increase in 
contact time probably due to the availability of many vacant sites which pro-
vided a large surface area for more ions to get adsorbed onto the biochar active 
sites [15] [22]. Beyond 55 minutes and 60 minutes, there was no further increase 
in the adsorption for Pb2+ and Cd2+ ions due to the equilibrium set by the already 
adsorbed metal ions still in solution. Saturation of free active biochar sites and 
repulsion of molecules in the solid phase resulted in a percentage decrease in the 
adsorption of metal ions with contact time [23] [24]. 

For solution pH, the initial increment in adsorption of the metal ions could be 
explained by the decrease in competition of metal ions due to the formation of 
soluble negative metal complexes on active sites of the biochar [25]. This may be 
due to an increase in the electrostatic binding capacity of metal ions with active 
sites of the biochar [20]. As pH increases, fewer protons are released which in 
turn increases charge density around the active sites of biochar and this increas-
es attractive forces of metal ions towards the active sites of the biochar. The low 
adsorption percentages at low pH were due to protonation of hydronium ions 
and this creates repulsive forces between metal ions and free active sites of the 
biochar which hinders the metal ions binding capacity with functional groups on 
the biochar surface [26]. 

In examining the effect of initial temperature, there was an initial increase in 
adsorption with an increase in temperature. This could be explained by an in-
crease in the kinetic energy of the ions in the solution. There was more diffusion 
of metal ions into the abundant active sites existing on the biochar as tempera-
ture increased since diffusion is an endothermic process. Hence, an increase in 
solution temperature would result in the enlargement of biochar pore size due to 
activated diffusion triggering them to widen and create more surface for adsorp-
tion [20]. Apart from temperature as a factor, hydration ionic radius also affects 
the adsorption of metal ions on biochar i.e., a smaller hydration ionic radius 
leads to greater penetration into the pores of the biochar hence better adsorp-
tion. In this study, Pb2+ (0.401 nm) was adsorbed more than Cd2+ (0.426 nm), 
probably due to the weakening of adsorptive forces of attraction and the reduced 
number of active sites. This result is in agreement with a previous study using 
biochar of Ficus natalensis fruit which recorded maximum adsorption of 98.4% 
for Pb2+ at 45˚C adsorption [20]. 

There was a noticeable increase in the removal of Pb2+ and Cd2+ ions with in-
creasing biochar dosage until an optimum dosage of 1 g was reached (Figure 4). 
The highest adsorption was 80.0% and 77.9%, respectively. The gradual increase 
in adsorbed ions is because the increase in the amount of adsorbent dosage leads 
to increased probabilities of the ions getting into contact with the available active 
adsorption sites of the biochar (increase in surface area) [15] [27]. The decrease 
in adsorption beyond the adsorbent dosage of 1 mg/l could have been due to the 
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shielding effect from precipitation of metal hydroxides and already adsorbed 
metal ions on active sites of the biochar or creation of excess unoccupied sites on 
the biochar [28]. A previous study also indicated the effects of dosage levels (1 g 
to 4 g) of biochar of rice husks to cause adsorption of 78.46% and 92.63% Pb2+ 
and Cd2+ ions [26], which aligns with our present results. 

The adsorption of Pb2+ and Cd2+ ions in this study was observed to decrease 
with an increment in the initial metal ion concentration (Figure 5). At low ini-
tial concentrations of metal ions, the increase in metal ion adsorption percen-
tages was due to the availability of free active sites of biochar, which enabled 
greater interaction of the metal ions with the biochar. As the concentration in-
creased, the lower adsorption percentages were caused by the saturation of the 
adsorption sites on the biochar [29] [30] [31] [32]. As expected, the percentage 
of Pb2+ ions adsorbed was higher than that of Cd2+, possibly due to differences in 
their ionic charge densities [20]. 

4.2. Sorption and Adsorption Isotherms 

From this study, results showed that it was more favorable for Pb2+ and Cd2+ ions 
under the Langmuir isotherm model than Freundlich because the r2 values ob-
tained were close to 1, and values of n were less than 1 which indicated that ad-
sorption was chemical. This was in agreement with the results obtained by Sobh 
et al. [33] where adsorption of Pb2+ ions by Cymbopogon citratus was chemical 
since the value of n obtained was 0.76 less than one. High values of n show a 
uniform surface on the adsorbent material and low values of n show high ad-
sorption and the presence of high-energy active sites on the adsorbent material 
as explained by the Freundlich isotherm model. 

4.3. Thermodynamic Studies 

The values of ∆H˚ and ∆S˚ for both metal ions (Table 2) were positive, indicat-
ing the irreversibility adsorption of the metal ions onto MAPS biochar. That is, 
the process is endothermic and favorable [15] [21]. The negative values of ∆G˚ 
decreased with an increase in temperature. This indicated the feasibility of the 
adsorption process and affinity of the biochar for Pb2+ and Cd2+ ions from water 
solution. 

5. Conclusion 

We assessed the feasibility of using MAPS biochar in the remediation of Pb2+ 
and Cd2+ ions from water. The obtained results indicated that the maximum ad-
sorption capacity at equilibrium was 769.23 mg/g and 588.23 mg/g for Pb2+ and 
Cd2+ ions, respectively. Langmuir isotherm model provided the best fit for the 
data, and it was favorable since all r2 values (Cd2+ = 0.9726 and Pb2+ = 0.9592) 
were close to unity. The Gibb’s free energy change was found to be negative for 
both metals implying the feasibility of the adsorption process. Correspondingly, 
the enthalpy change was positive for both metal ions which revealed that the ad-
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sorption process was endothermic and it occurred randomly at the solid-liquid in-
terface. These results suggested that biochar from MAPs could be utilized for the 
removal of Pb2+ and Cd2+ from polluted water in the Kagera transboundary river 
to make it suitable for domestic use. Further studies should consider chemical 
modification of the biochar as well as characterization to examine the chemical 
nature of the biochar. 
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