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processes include neutralisation, oxidation and reduction, extraction, 
sedimentation and flocculation and ion exchange and precipitation 
[6]. However, these processes vary in cost and effectiveness [7] 
and have their short comings. For example, the techniques based 
on ion exchange, chemical or biological oxidation have shown 
low efficiency for removal of trace contaminants [8]. On the other 
hand, sedimentation and flocculation, and neutralisation techniques 
produce a bulk metal laden sludge that poses a disposal challenge.

Notwithstanding these treatment challenges, adsorption is one 
of the emerging technique used in removal of water contaminants, 
its simplified design and ease of operation makes it more superior 
than conventional methods of water treatment. It also eliminates the 
problem of sludge disposal and renders the system more feasible. 
This technique exploit surface phenomenon through application of 
surface forces and concentrating of the contaminants on the surface 
of the adsorbent [9]. Cellulosic agricultural waste used as adsorbents 
have shown potential to remove contaminants such as heavy metals 
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Abstract
The sustainable removal of heavy metals from Acid Mine Drainage (AMD) has become a major challenge to scientists and engineers despite 
numerous treatment technologies. This is because most of the explored technologies are too expensive and also have significant disposal challenges. 
Therefore, the need to develop a more effective and affordable technology for the removal of heavy metals from AMD is inevitable. The banana peel, 
the most abundant fruit that is almost consumed across the world, was explored in this study to evaluate its potential to remove heavy metals under 
AMD conditions. The adsorption of manganese metal ion (Mn2+) has been studied to investigate the effects of controlling parameters such as particle 
size, doses, and initial concentration of Mn2+, contact time, pH and selectivity of the banana peel. Synthetic single component solution and actual 
AMD were used in a batch system. Langmuir and Freundlich isotherms were applied to describe adsorption equilibrium. The maximum amount of 
Mn2+ metal ions adsorbed, as evaluated by Langmuir isotherm was 6.920 mg.g-1. The adsorption data also fitted the pseudo second order kinetics 
very well and suggested that the adsorption is characterized by the valence forces through exchange of charges between banana peel powder and 
heavy metal ion.

Continuous fixed bed column studies were conducted by using AMD at room temperature and the effects of various parameters like flowrate and 
bed depth were investigated. The column bed capacity and saturation time as expected increased with the increase of bed depth and decrease of 
flowrate. The results show that the column performed well at lowest flowrate. The Thomas model and Bed Depth Service Time (BDST) model were 
applied to evaluate the breakthrough curves and to analyse the experimental data. The results obtained in this study demonstrated that the banana 
peel powder can be used for the removal of Mn2+ ions from AMD using batch and fixed bed adsorption system.

Keywords: Acid mine drainage; Manganese ion; Banana peel; Adsorption

Introduction
Mining plays a major role in global economy in terms of employment 

and income generation particularly of emerging economies. In 2010 
the global mining industry, including the quarrying and petroleum 
sectors, represented 11.5% of the world’s gross domestic products, as 
measured by revenues from mining products sold [1]. Unfortunately, 
mining activities have triggered pollution of water, land sinking and 
air pollution. Basically, when water reacts with pyrite in the host rocks 
it releases heavy metals and becomes acidic [2]. This is termed Acid 
Mine Drainage (AMD). This leads to land sinking which lead to the 
surface cracking [3], erosion of soil and air pollution, and decrease 
of biodiversity [4]. Subsequently, the wellbeing of society and 
agricultural economy is threatened by the contamination of the soil 
and water by heavy metals due to the AMD.

In mitigation of ecological damages, conventional active treatment 
techniques are currently used to combat AMD effects [5]. These 
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from wastewater [10], these types of adsorbents are mainly available 
as waste and are in abundant and cheap [11]. One of these cellulosic 
agricultural wastes is banana peel that is spread worldwide and has 
shown capability to remove heavy metals at significant capacity [12].

The objective of this study is to explore the adsorption potential of 
banana peel as low cost adsorbent for adsorption of Mn2+ from AMD.

Materials and Methods
Batch studies

Material preparation: Banana peels were collected from local 
supermarkets. The pith on the peel was removed and the peels were 
cut into small pieces (1-2 cm), washed with deionized water to remove 
external dirt and dried in an oven at 80°C for 24 hours. Thereafter, 
the peels were subjected to a crusher to reduce particle sizes, and 
then soaked into deionized water for 6 hours to remove the dissolved 
pigment that readily dissolves in water and dried again for 6 hours 
at 80°C. The banana peels used during the adsorption study were 
at natural state with no chemical or thermal treatment. The BET 
was used to study the surface area of the banana peels. The surface 
morphology and functional groups of the banana peels were studied 
before and after adsorption by Scanning Electron Microscope (SEM) 
and Fourier-Transform Infrared (FTIR) spectroscopy, respectively.

Chemicals: All the chemicals used in this work were of analytical 
grade and actual AMD was collected in four 25 L bottles from a decant 
point in Mpumalanga, South Africa. The synthetic solution stock 
solution of Mn2+ (1000 mg/L) was prepared by dissolving appropriate 
quantity of analytical grade of MnSO4.4H2O in water at room 
temperature. The desired concentrations were prepared by successive 
dilutions of the stock solution.

Adsorbent particle size: The crusher and vibrating sieve were 
used for the reduction of particle size of the dried banana peel and for 
particle size distribution, respectively. The sieves were mechanically 
vibrated for 15 minutes which was sufficient for separation to take 
place. The screens were subjected to weighing balance before and 
after the vibration to get the mass and size of the banana peel particles 
retained on each sieve. The particle size range used in this study was 
0.15 mm to 5 mm.

Effects of adsorbent particle size: The effects of adsorbent particle 
size on percentage removal of heavy metals were investigated. Four 
different particle sizes (dp=aperture size) were used; 0.08<dp<0.15, 
0.15 ≤ dp ≤ 0.4, 0.4 ≤ dp ≤ 1, and 1≤ dp ≤ 5 mm. 1000 mg of adsorbent 
at the required particle size was mixed with 200 mL solution of 
the appropriate single component solution for (180 min) at room 
temperature (22°C) and samples were collected at regular intervals 
and analysed by Inductively-Coupled Plasma Mass Spectrometer 
(ICP-MS).

Effect of adsorbent mass: Six different masses were used in this 
study 200, 400, 600, 800, 1000 and 1200 mg of banana peels in 200 
mL of solution. The mixture was agitated for 180 minutes and samples 
were taken at regular intervals (5, 10, 20, 30, 45, 60, 90, 180 minutes) 
for the analysis of metal ion concentrations by ICP-MS. The particles 
of the banana peels used were 0.4 mm.

Effect of initial solution pH: The solution pH was varied as follows: 
2.0, 3.0 and 5 ± 0.2 for the Mn2+ synthetic solution. Solution pH was 
adjusted using 0.2 M H2SO4 and 0.1 M NaOH. The solution was put 
into the shaker bath for 180 minutes at room temperature (22°C). The 
pH of the solution was measured using pH meter.

Effects of initial solution concentration: The effect of initial metal 
concentration on the removal of Mn2+ from solution by banana peels 
was investigated by contacting 1000 mg of banana peel powder in 
a 200 mL of Mn2+ solution with concentration ranging (25 mg/L to 
100mg/L). The experiments were run for 180 minutes.

Selectivity of the adsorbent: The AMD generally comprises of 
more than one cation, i.e., it is a mixture of different heavy metals as 
listed in table 1. Tests were performed to investigate the influence of 
the presence of other cations on the adsorption capacity of banana 
peels for heavy metals in actual AMD.

Column studies
Fixed bed column experiments were carried out in a laboratory 

scale Perspex columns with a fixed diameter of 3.5 cm and height of 
50 cm. The column was fitted with a glass beads and glass wool at both 
ends to keep the adsorbent bed in a fixed position. The experiments 
were carried out to study the effects of bed depth and flowrate of the 
influent for the adsorption of Mn2+. The concentration of Mn2+ in 
actual AMD solution was 46.01 mg/L, at the pH of 3.12. The range 
of the bed depth investigated was 6 to 17.8 cm at the fixed flowrate 
of 15 mL/min while the flowrate investigated ranges from 15 to 45 
mL/min at the fixed bed depth of 17.8 cm. The samples of the treated 
actual AMD solution were collected from the upstream of the column 
at different time intervals and analysed using ICP-MS. The samples 
were collected and analysed until bed saturation was reached. The 
desired breakthrough concentration of the bed was 0.2% of the initial 
concentration of the AMD entering the bottom of the column.

Results and Discussion
Batch studies

Particle size distribution: The size distribution of the banana 
peel particle is shown in figure 1. 5 kg of banana peel particles were 
distributed on the mechanically vibrated sieve and particle size range 
(dp=particle diameter) of 0.15<dp<0.4 mm was used for this study.

Surface area and porosity: The specific surface area of the banana 
peel adsorbent at different particle size listed in table 2 was less than 
1 m2/g. This range of surface area is in agreement with other studies 
on fruit peels [13]. The surface area of the particle size chosen for the 
study was 0.011 m2/g.

Surface morphology and functional group of the banana peel 
powder: Scanning Electron Microscopy (SEM) was used as a tool for 
studying surface morphology and fundamental physical properties 
of the banana peel. The characterization of the banana peel powder 
before (Figure 2a) and after (Figure 2b) adsorption showed a change in 
the surface morphology of the adsorbent. Rough surface texture and 
porosity could be distinctly noticed after adsorption. Spent banana 
peel (Figure 2b) shows a less compacted surface of the banana peel 
than the original (Figure 2a) compacted surface.

Heavy metal ion Concentration (mg/L)

Zn2+ 3.510
Mn2+ 46.006
Co2+ 3.18
Fe3+ 6.102
Ni2+ 3.750
Cd2+ 0.350
Al3+ 15.12

Table 1: Heavy metals constituent of the AMD
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The FT-IR spectra shown in figures 3a and 3b were obtained in 
order to understand the nature of the functional groups in the banana 
peel. The FTIR spectra in figures 3a and 3b shows a number of peaks, 
indicating the nature of the banana peel adsorbent. The peaks observed 
at 2920 cm-1 can be attributed to the C-H stretching alkane groups. 
Bands appearing at 1706, 1734, 1290, 1212, 1246, 1614,2852, 3020, and 
3386 cm-1 in figures 3a and 3b were assigned to stretching carboxylic 
acid dimer, COO- anion stretching, C-O stretching aromatic ester, 
stretching secondary alcohol, C-O stretching alky aryl ether, N-H 
stretching amine salt, O-H stretching alcohol, and N-H stretching 
aliphatic primary amine respectively. Hydroxyl and carboxylic acid 
played a key role in the removal of divalent metals Mn2+ ions. The peak 
observed at 1412 cm-1 in figure 3b is attributed to nitrates. It indicates 
that the banana peel has adsorbed the nitrates from the AMD. The 
adsorption of the metals did not change the position of the peaks but 
the intensity of the peaks for functional groups of the adsorbent has 
been reduced this may be due to the coverage of the surface of the 
banana peel by the adsorbed ions.

Effects of adsorbent dosage: A series of kinetic experiments at 
different adsorbent mass, that is, 200 mg, 400 mg, 600 mg, 800 mg, 1000 
mg and 1200 mg were conducted using a fixed initial concentration for 
the respective metal. Typical plots of the amount of metal adsorbed as 

percentage removal are shown in figure 4. This figure 4, shows kinetic 
study conducted at different banana peel powder dosage, 200, 400, 600, 
800, 1000, 1200 mg for 180 minutes, indicates that the sorption was 
quick, the saturation was reached within 60 minutes for all dosages, 
and is comparable to the results reported by [14,15] on adsorption 
of Mn2+ by agricultural waste. The results show that Mn2+ percentage 
removal increase with the increase in adsorbent dosage. In order to 
circumvent the error in the experiments, sorption time of 180 min was 
adopted for subsequent studies. The increase in percentage removal 
with adsorbent dosage can be attributed to an increase in adsorption 
sites per unit mass of adsorbent.

Effects of initial concentration: Figure 5 shows that percentage 
removal of Mn2+ decreased with increasing initial concentration. On 
initial concentration above 50 mg/L, Mn2+ adsorbed decreased from 
62.61% to 43.14% respectively. This can be attributed to the increasing 
metal ions concentration with the constant active sites of the adsorbent. 
Adsorption capacity of the banana powder with respect Mn2+ at 50 
mg/L has reached a saturation point with the optimum percentage 
removal of 70.58%. However, the amount of metal ions adsorbed per 
unit mass of banana peel increased with an increase in initial metal 
ion concentration this is in concordance with [16]. This increase could 
be due to an increase in electrostatic interactions relative to covalent 
interactions, involving sites of progressively lower affinity for metal 
ions [17].

Equilibrium adsorption isotherms: The fitting of Langmuir and 
Freundlich models to experimental data for the adsorption of Mn2+ 
is shown graphically in figures 3 and 4. Figure 3 shows that Langmuir 
isotherm for the adsorption of Mn2+ from solution gave good fit of 
the experimental results, as shown by the value of the correlation 
coefficient, R2, which is 0.971 (Table 3). The maximum adsorption 

Figure 1: Particle size distribution of the banana peel 

Figure 2: SEM images of the banana peel before (a) and after (b) adsorption

Adsorbent Particle size (mm) BET surface area × 10-4(m2/g)

Banana peel 5 1.813
1 6.010

0.4 113.54
0.15 121.42

Table 2: Surface area of the banana peel particle size
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Figure 3: FTIR spectra of the banana peel powder a) before metal 
adsorption and b) after metal adsorption

Figure 4: The effects of the mass dosage of banana peel powder on 
the adsorption of Mn2+

capacity (qm) was calculated from equation 1 below, where Ce, mg/l is 
the equilibrium concentration of the solute, qe (mg/g) is the amount of 
metal adsorbed per unit mass of adsorbent at equilibrium, qm(mg/g) 
is the maximum adsorption capacity, b (L/g) is a constant related to 
enthalpy of adsorption.

1 1 1

e m e mq bq C q
= + -----------(1)

The linear plot of Freundlich equation for Mn2+ adsorption is also 
shown in figure 6 and the calculated parameters listed in table 4. The 
Freundlich isotherm model was also best fitted with experimental data 
as it shows good correlation coefficient values of 0.951. The linearized 
Freundlich equation is given by:

1log log loge e fq C K
n

= + ---------(2)

Where Ce, mg/l is the equilibrium concentration of the solute, qe 
mg/g) is the amount of metal adsorbed per unit mass of adsorbent at 
equilibrium, Kf (mol/l) and n are equilibrium constants indicative of 
the adsorption capacity and adsorption intensity, respectively [18]. n 
are values between 1 and 10 for this model indicate thermodynamically 
favourable adsorption [19].

These results suggest that Langmuir and Freundlich isotherms 
follow a good fit for Mn2+ adsorption with banana peel powder. Since 
the values of RL, and n for Mn2+ ion is between 0 and 1, and 1 and 10 
respectively, this indicates that the adsorption of these metal ions by 
banana peel is spontaneous [19].

Langmuir isotherm assumes monolayer coverage on a homogeneous 
surface with identical adsorption sites however these assumptions are 
valid for gas adsorption on solid surface. In solution-solid systems, 
with the hydration forces, mass transport effects the system is much 
more dynamic and complicated, and obeying the isotherm does not 
necessarily reflect the validity of the aforementioned assumptions. In 
this system the isotherm adequacy may be seriously affected by the 
experimental conditions, in particular, the range of concentration of the 
solute. While Freundlich isotherm is an empirical model that assumes 
multilayer adsorption, with random distribution of adsorption heat 
and affinities over the heterogeneous surface. Langmuir and Freundlich 
isotherm models may adequately describe the same set of liquid-solid 
adsorption data at certain concentration ranges, in particular, when 
the concentration is small and the adsorption capacity of the solid 
is large enough to make both isotherm equations approach a linear 
form. These results are in agreement with [20] where both models had 
a good fit to the data. However, these correlation coefficients are only 
limited to the degree of freedom of 4, which is arbitrarily chosen for 
this study.

Effects of solution initial pH: The pH of the solution in contact 
with the banana peel powder has effects on removing metals. This is 
because the acidic solution has an influence on both the structure of 
the banana peel powder and exchange ions. The dependence of the 
heavy metal adsorption on pH is related to the surface functional 
groups in the banana peel powder. As stated in subsection Selectivity 
of the adsorbent in Materials and Methods section, the experiments 
were conducted by varying the solution pH as follows: 2.0, 3.0 and 5 
± 0.2 for the single component solutions whilst keeping all the other 
parameters constant.

Figure 6a below shows that the heavy metal removal efficiency 
improves with the increase in the pH of the solution. This is in 
agreement with similar study conducted by [21]. The removal efficiency 
of Mn2+ at the pH range of 2.0 to 5.0 increased from 28.24% to 71.78 
% respectively. The Mn2+ metal start to precipitate at pH above 5 [21], 
hence the pH studied for adsorption of this heavy metals was below 5. 
Low pH is inhibiting the adsorption of Mn2+ onto banana peel powder; 
the metal ion may be competing with H+ ions for binding with the 
banana peel powder surface functional groups. Figure 7 shows that the 

qm(mg/g) 6.920

b 0.287
R2 0.971
RL 0.080

Table 3: Langmuir isotherm parameters

Kf 3.742

n 6.743
R2 0.951

Table 4: Freundlich isotherm parameters
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(R2) are very low for all metals under study, the experimental qe values 
does not agree with calculated ones, obtained from the linear plot, 
this further suggest that the adsorption of Mn2+ ions does not follow 
pseudo first order kinetics.

The pseudo-second order rate constant k2 and qe values were 
calculated from the slope and intercept of the plots t/q vs t as shown in 
figure 9. The experimental values of qe agree well with experimental 
qe values. This suggests that the rate-limiting step is chemical 
sorption that involves valance forces through exchange of electrons 
between banana peel powder and heavy metals ions, thus the 
adsorbent exhibited high performance in the adsorption of Al3+ and 
Fe3+ ions.

Selectivity of banana peel powder: This section gives the findings 
and discussion on the use of banana peel powder in adsorption of 
Mn2+ from AMD. Although the metal constituents were not of equal 
concentration, the adsorbent has shown a great preference to a tri-
valent ion than divalent metal ions with the exception of Cd2+, it has 
removed over 95% of Al3+ and Fe3+ ions from the solution (Figure 10) 
and the Fe3+ removal efficiency was the close to Cd2+ removal at all 
dosages. The good adsorption of Fe and Al might be because of their 
high affinity due to their high valence (tri-valence) compared to the 
competing di-valent metals. This finding is in consistence with the 
work done by [24].

Column studies-actual acid mine drainage
Effects of bed height: The service time of the column increased with 

the increase in bed depth as indicated in figure 11 and the adsorption 
capacity of the bed and saturation time increased with increasing bed 
depth. This may be attributed to more active sites available for binding 
and longer mass transfer zone. The analysis and modelling of the 
column data was done using BDST or Bohrat-Adams equation. This 
model is one of the simple model used to measures the capacity of the 
bed at different breakthrough values [25]. However, the model is based 
on the surface reaction rate theory, and it neglects the film resistance 
and the intra-particle mass transfer resistance in such that the metal 
ions are adsorbed directly onto the surface of the adsorbent.

The model states that the bed depth (H) and the service time (t) of 
the column has a linear relationship, the equation is expressed as:

0 0

0 0

1 ln 1
a b

N H Ct
C K C Cν

   
= − −   

   
-------(3)

where C0 is the initial concentration of solute (mg/L), Cb is the 
desired concentration of solute at breakthrough point (mg/L), N0 is the 
adsorption capacity (mg/L), H is the bed depth of the column (cm), 
Ka is the adsorption rate constant l/(mg.min), t is the service time of 
column(h) and 𝑣 is the linear flow velocity of feed to bed cm/h.

Setting t=0 yields

0
0

0

ln 1
b

CVX
KC C

 
= − 

 
-------(4)

where X0 is the minimum column height necessary to achieve an 
effluent concentration Cb, known as critical bed depth.

pH of the solution increases during the adsorption, due to buffering 
effect of the banana peel powder because of its alkalinity.

Effects of particle size: Figure 8 shows that the increase in particle 
size of banana peel powder results in lower Mn2+ removal efficiencies. 
The removal efficiency is higher at the particle size of 0.15 mm, 72.43 
% and lowest at the banana peel powder particle size of 5 mm, 6.63 %. 
Therefore, smaller particles size shows to be more efficient in heavy 
metals removal. This is in agreement with the work of [22] conducted 
on the husk of melon seeds. Smaller particles have large surface area 
for adsorption than larger particles. However, very fine particles 
may cause difficulty in solid-liquid separation in batch mode, and 
significant pressure drops in fixed bed columns [23].

Lagergren pseudo first order and second order plots (Figures 9 
and 10): Table 5 and figure 10 show that correlation coefficient values 

Figure 5: Effects of initial concentration on the adsorption of Mn2+

Figure 6: Langmuir (a) and Freundlich (b) linear plot for sorption of 
Mn2+ ions onto banana peel powder

Heavy metal ions Pseudo-first- order Pseudo-second-order

qe experimental, mg/g R2 k1 (min-1) qe calculated, mg/g R2 k2 (g/mg-1.min-1) qe calculated, mg/g

5.634 0.1905 0.005 1.555 0.9978 0.121 5.858

Table 5: Kinetics parameters for the adsorption of Mn2+ on the banana peel powder
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mostly used methods in column performance studies. Thomas model 
assumes Langmuir kinetics of adsorption-desorption with no axial 
dispersion and mass transfer kinetics [28,29].

The expression of the Thomas model for an adsorption column is 
as follows: 

 

( )0
0 0

1

1 exp

t

TH
e f f

C
C K q M C V

Q

=
  
+ −  

  
   

-------6a

Where Co is the initial metal ion concentration (mg/L), Ct is the 
effluent metal ion concentration (mg/L) at any time (t), q0 is the 
maximum solid-phase concentration of the solute(mg/g), Ve f f is the 
effluent volume (mL), M is the mass of the adsorbent (g), Q is the flow 
rate mL/min) and KTH is the Thomas rate constant (mL/mg. min).

The linearized form of the Thomas model is as follows:

0 0 0ln 1 TH TH

t e f f

C K q M K q M
C Q V

 
− = − 

 
--------6b

Which can be simplified to

0 0
0ln 1 TH

TH
t

C K q M K C t
C Q

 
− = − 

 
---------6c

The experimental data was fitted into the Thomas model and the 

kinetic coefficient KTH and to obtain adsorption capacity of the bed 

qo using regression analysis from a plot of 0ln 1
t

C
C

 
− 

 
against t at 6, 12.4 

and 17.8 cm adsorbent bed and 15 mL/min volumetric flowrate of the 

influent.

The values of regression coefficient (R2) are presented in table 7 and 
are low and the bed adsorption capacity has a random relationship with 
the bed depth, This indicates that Thomas model is not appropriate 
for describing the sorption process for Mn2+ a banana peel at given 
conditions. The experimental data did not fit well with the Thomas 
model. The KTH value decreases with the increase in bed height and is 
also in agreement with [30] but contradicts the studies by [31].

Effects of flowrates: The effect of the actual AMD flowrate on the 
adsorption of Mn2+ on banana peel adsorbent was studied by varying 
the influent flowrate (15, 30 and 45 mL/min) with the constant 
adsorbent bed depth of 17.8 cm, inlet concentration of 46.006 for Mn2+. 
The Mn2+ breakthrough curves in figure 13 shows that at the flowrate 
of 15 mL/min the adsorption bed take longer to reach breakthrough 
point (~ 33 minutes) compared to about 15 and 4 minutes taken at 
flow rates of 30 and 45 mL/min, respectively.

Lower flow rate has resulted in longer residence time of the liquid 
which allows for more contact time between the metal ions and the 
adsorbent. However, the high flowrates led to the reduction of metal 

Therefore, the BDST equation can be expressed as

t aH b= + ------(5a)

Where

0

0

Na slope
C ν

= = ------(5b)

and

0

0

1int ln 1
a b

Cb ercept
K C C

 
= = − − 

 
-----(5c)

The BDST relation was developed by plotting the data of 
breakthrough curves for each bed depth of 6, 12.4 and 17.8 cm by 
recording the service time at 0.2% of initial concentration of each 
metal ion. Thereafter, the service time (t) was plotted against bed 
depth (H) at the flow rate of 15 mL/min and was found to be linear as 
shown in figure 12 below. The breakthrough point where the effluent 
concentration is approximately 0.2% of the initial concentration 
intends to achieve compliance to national water standard for discharge 
of wastewater to watercourse. The discharge standard for Mn is 0.1 
mg/L [26]. The validity of the BDST model to present the biosorption 
of heavy metals ions in this study was indicated by the high correlation 
coefficient values (R2=0.991 and R2=0.996 for Mn and Zn respectively).

From the intercept and the slope of figure 12, the design parameters 
like N and Ka were found by assuming that the linear flow velocity (𝑣) 
and concentration (Co) are constant during the service of the column. 
The values of N0Ka, Ka, and X0 were found to be 133.748 mg/L, 0.103 
l/(mg.min) and 2.024 cm for Mn2+, respectively. The rate constant, 
Ka is a measure of the rate transfer of metal solution from the fluid 
phase to the solid phase. It influences the breakthrough phenomenon 
in a column study [27]. When the value of Ka is large the early 
breakthrough of the bed can be delayed [28]. Therefore, a longer bed 
depth is recommended for smaller values of Ka to decrease the chances 
of early breakthrough.

The larger the value of N0 and smaller value of X0 indicate high bed 
capacity for the absorption material. However, the bed capacity will 
change with service time as the bed depth increases and the residence 
time with liquid inside the column increases, allowing the adsorbate 
molecules to diffuse deeper inside the adsorbent.

Table 6 indicates the minimum bed height (X0) to achieve the 
desired breakthrough concentration as 2.024 and 0.885 cm for Mn2+.
In addition the adsorbent bed exhibited a lower absorption rate 
constant Ka for Mn2+ hence longer bed depth is desired to prevent early 
breakthrough.

The BDST model parameters are very useful to scale up the process 
for different flow rates without further laboratory tests. The ratio of the 
original and the new flowrates can be multiplied by the slope of the 
plot of service time against bed depth.

The successful design of the adsorption column can also be 
achieved by using Thomas model to predict the breakthrough profile 
of the effluent. This model is simple to use and is one of the general and 

Heavy metal ions Ka (L/(mg.min)) No (mg/L) Xo (cm) R2

Mn2+ 0.103 133.748 2.024 1

Table 6: The BDST model parameters for the removal of Mn2+ on banana 
peel adsorption bed

Metals Bed depth (cm) qo (mg/g) KTH (mL/min mg) R2

Mn2+ 6 5866.500 0.002 0.240

12.4 2489.913 0.001 0.926

17.8 2631.586 0.001 0.738

Table 7: Thomas model parameters for the removal of Mn2+ on banana 
peel at different bed depths and flow rates of 15 mL/min
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Figure 7: Effects of Initial pH on the percentage removal of Mn2+

Figure 8: Effects of particle size on the adsorption of Mn2+

Figure 9: Pseudo second order plot for the adsorption of Mn2+

Figure 10: Effects of banana peel powder dosage on adsorption of 
heavy metals from Actual AMD

Figure 11: The breakthrough curves of Mn2+ removal by banana peel 
for different bed depth

Figure 12: BDST plot for Mn2+ at 15 mL/min

Figure 13: Breakthrough curve for Mn2+ removal on different influent 
flow rate
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Figure 14: BDST plot for Mn2+ at 178 cm

Figure 15: Thomas model plot for the removal of Mn2+ on 17.8 cm 
adsorption bed

ion uptake. This reduction is probably due to the unavailability of 
sufficient contact time for solute to interact with the sorbent and the 
limited diffusivity of solute into the sorptive sites or pores. This is in 
agreement with the work done by [32].

The BDST relation was developed by plotting the data of 
breakthrough curves for each flowrate of 15, 30 and 45 mL/min by 
recording the service time to reach 0.2% of initial concentration. 
Thereafter, the service time (t) was plotted against linear velocity 
at the bed depth of 17.8 cm and was found to be linear as shown in 
figure 14. The validity of the BDST model to present the biosorption of 
heavy metals ions in this study was indicated by the high correlation 
coefficient values (R2=0.984 ).

From the intercept and the slope, the design parameters like N0 and 
Ka as listed in table 8 were found for the constant bed depth (H) and 
initial concentration (C0).

The high correlation coefficient values (R2=0.984)) indicates the 
validity of the BDST model to present the removal of heavy metals ion 
in this study.

The experimental data was fitted to Thomas model by plotting 
0ln 1
t

C
C

 
− 

 
against t at different flow rates (15, 30, 45 mL/min). The 

relative coefficients and constants were obtained using linear regression 

analysis from figure 15a, figure 15b and figure 15c, and according to 
equation 4 the results are listed in table 9.

The results show that qo values for Mn2+ increased with the increase 
in flow rates, where KTH values were random with each flow rates and 
depict no trend with the flow rates. The regression coefficient ranges 
from 0.386 to 0.938.

Conclusion
The main objective of the study was to explore the adsorption 

potential of banana peels as low cost adsorbent for heavy metals 
under synthetic water, actual AMD and fortified AMD conditions. 
The effects of particle size, contact time, mass loading, initial 
concentration, selectivity and pH were studied. The morphological 
transformation of the banana peel was also investigated. The metal 
adsorption of the banana peels from actual AMD was investigated in a 
fixed bed configuration at different flow rates and bed depths. Banana 
peels showed that they are capable for removing Mn2+ under AMD 
conditions. The contact time to reach saturation was about 60 minutes. 
In batch mode the banana peel could remove above 60.70% of Mn2+ at 
the concentration of 43 mg/L of Mn2+ in solution, and the percentage 
removed remained relatively the same in the AMD environment at 
59.49%. The adsorption capacity determined by Langmuir for Mn2+ 
metal ions was 6.920 mg/g in the batch mode system. The adsorption 
percentage of Mn2+ increased with the increase in pH.

Heavy metal ions Ka (L/(mg.min)) No (mg/L) R2

Mn 0.015 112.132 0.984

Table 8: The BDST model parameters for the removal of Mn2+ at 17.8 cm

Metals Flowrate (mL/min) q0 (mg/g) KTH (mL/min mg) R2

Mn 15 1993.318 0.002 0.929
30 27652.484 0.0003 0.938
45 3945.964 0.001 0.386

Table 9: Thomas model parameters for the removal of Mn2+ on banana 
peel at flow rates and flow rates and 17.8 cm

The increase in particle size showed poor adsorption for Mn2+ ions. 
The removal efficiency increased with the increase in mass dosage 
of the banana peel. The removal efficiency also increased with the 
increase of the adsorbent bed depth and decreased with the increase 
in flowrate passing through the bed. The relatively large adsorbent bed 
depth delayed the breakthrough point owing to more adsorption sites. 
The relatively high flowrates have quicker breakthrough points; this 
is attributed to a short contact time of the metal ions with the banana 
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peel powder. The study showed that the experimental data best fitted 
BDST model than Thomas model for all conditions tested in this study.

Different bed depth (6, 12.4, 17.8 cm) of banana peel could remove 
Mn2+ to meet the effluent standard of 0.1 mg/L for Mn. The volume 
of water treated to remove Mn2+ from 46.006 mg/L to the effluent 
standard (0.1 mg/L) at 15 mL/min, through the bed depth of 6, 12.4, 
and 17.8 cm was 180, 360 and 510 mL, respectively. It can therefore 
be concluded that banana peel can be used as a cheap adsorbent to 
remove Mn2+ under AMD condition.
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