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Abstract

Purpose Banana peel was used as a low-cost adsorbent for the removal of Cu and Pb ions from aqueous solution in a binary
system.

Methods The interactive effects of the operating parameters such as initial concentration, pH, adsorbent dosage and particle size
were studied in a batch mode using central composite design. The characterizations of banana peels were done using point of zero
charge (pHpzc), Fourier infrared transform (FTIR), scanning electron microscopy (SEM) and elemental composition (EDS).
Result The point of zero charge of banana peels was determined to be 4.83. The FTIR, SEM and EDS showed the functional
groups, surface morphology and elemental composition respectively before and after the adsorption process. The analysis of
variance (ANOVA) showed a good fit of coefficient of determination (R?) for Cu and Pb being 0.998 and 0.988 respectively. The
percentage removal of Cu and Pb increased with increasing adsorbent dosage, however, the bio-sorption capacity of Pb was
greater than Cu. The optimized variable conditions for the bio-sorption of Cu and Pb using banana peel gave 99.79% and 88.94%
removal for Pb and Cu respectively with initial concentration of 100 mg/L, pH 5, adsorbent dosage of 1 g and particle size of
75 pum. The above condition gave desirability of 0.959, which denotes that the optimum conditions are acceptable.

Conclusion The regression model and the agreement between the experimental and predicted values confirmed the validity of
second-order polynomial equation for the bio-sorption of Cu and Pb using banana peels.

Keywords Banana peels - Biosorption - Optimization - Wastewater - Response surface methodology

Introduction

Globally, pollution of the water body is a major challenge in
both developed and the developing countries. It is a threat to
humans, plants and animals wellbeing. Mining is one of the
main activities in the industrial sector that generates high vol-
umes of wastewater which greatly affect the environment.
Wastewater produced from the mining activities is referred to
as Acid mine drainage (AMD). AMD is highly toxic water with
low pH and increased amounts of heavy metals and salts. AMD
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emanates from abandoned and ownerless mines or improper or
failed treatment methods [1]. It contains heavy metals such as
arsenic, cadmium, lead, manganese, mercury, zinc, chromium
and copper which are hazardous to humans, plants and animals.
When these pollutants enter surface water bodies, they have the
potential to linger in natural ecosystems for a long period of
time and accumulate in the biological chain thus generating
severe and chronic diseases. The severe impact of AMD on
the environment in some parts of the world has been explained
and documented by various researchers [2—8]. The
Environmental Protection Agency EPA has laws and regula-
tions in place to minimise the formation and discharge of AMD
into the environment. In South Africa, the limit for Cu(Il) and
Pb(II) discharge into water sources is 0.01 mg/L hence, it be-
comes imperative to treat the wastewater to an acceptable limit
for portable use. The wastewater undergoes treatment in stages
to conform to the permissible limit. At the tertiary stage of the
wastewater treatment, the heavy metals concentrations are re-
duced, however, the presence of these heavy metals in waste-
water is harmful at lower concentrations. Hence, it is highly
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important to treat the wastewater to a level whereby it causes no
harm to humans, animals and plants life.

This work is focused on the treatment of wastewater to
improve on the effluent quality of tertiary treatment process
such that it can be healthy for plants, animals and human
beings. There are many treatment methods that can be used
to achieve better effluent quality such as ion exchange, osmo-
sis, oxidation and reduction, flocculation and coagulation,
complexation, solvent extraction, membrane separation, ad-
sorption. All these methods except adsorption require high
cost maintenance and level of expertise. Adsorption makes
use of a phase known as the adsorbent that has the potential
to adsorb different heavy metals. Recently, the use of adsor-
bents derived from natural or agricultural wastes known as
bio-sorbents, have gained the interest of researchers for the
treatment of wastewater as it is a way of reducing wastes in
circulation. Many bio-sorbents have been used for removing
various heavy metals from wastewater; moringa seeds, potato
peels, cashew nut shell, watermelon rind, spinach, coffee, tea,
corn cob [9-14]. These bio-sorbents have been tested and
proven to have good adsorption capacity, readily available,
application for industrial wastewater treatment, and can be
reused in cycles and easily regenerated. Biosorption is cheap
and eco-friendly, however, it is strongly affected by many
environmental conditions such as, solution pH, initial concen-
tration of the solution, adsorbent dosage, particle size of the
adsorbent, time of mixing, temperature [15].

Banana is a fruit in high consumption worldwide.
Unwanted peels of banana generate huge quantity of
garbage/waste from household and marketplace. Banana peels
consists of cellulose, hemicellulose, pectin, and lignin com-
prising of functional groups such as hydroxyl, carboxyl, car-
bonyl, and amine. These functional groups enhance the ad-
sorption of metal ions to the active sites of the bio-sorbents
[16—-18]. Several studies have been reported on the bio-
sorption of heavy metals using banana peels. The feasibility
study of cadmium ion removal from aqueous solution using
banana peel was carried out by investigating the effect of
operating parameters such as; particle size, solution pH and
initial metal ion concentration [19]. Adsorption of Cu2+ and
Pb2+ was investigated using banana peel biochar in a batch
experiment [20], natural banana peel was used as adsorbent
for removal of fluoride from aqueous solution in batch exper-
iment [21], adsorption of copper from water onto banana peel
[22], banana peels nano-sorbent was used for the removal of
radioactive mineral from mine water [23].

In the application of the bio-sorption process for industrial
scale treatment of wastewater, it is crucial to study the effect of
the co-existence of metal ions, as it is very rare for wastewater
to contain a single metal ion. Therefore, to improve on the
process efficiency, optimization of significant parameters is
important, which can be achieved by means of response sur-
face methodology approach (RSM).
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This technique helps to explain the main effect of the most
significant parameters, its interaction with other parameters
and its quadratic effect that have impacts on the responses.
RSM has been used extensively for optimization, prediction
and interpretation of chemical processes using factorial de-
signs [15, 24]. Some of the design methods applied for bio-
sorption optimization with many variables include; Box-
Behnken design (BBD), Central composite design (CCD),
Dochlert design (DD) and a three level full factorial design
[25]. Several studies have been carried out using RSM in the
field of environmental pollution.

The present study therefore investigates the applica-
tion of RSM to predict and optimize the bio-sorption
capacity of banana peels for the binary removal of
Cu(I) and Pb(Il) ions from wastewater. Although, dif-
ferent reports exist on the bio-sorption of heavy metals
using RSM, however, the bi-solute system of the heavy
metals with the interaction of different operating param-
eters using RSM is an area of interest. The effects of
operating parameters such as the solution pH, initial
concentration of the solution, the adsorbent dosage and
the particle size of the adsorbent was investigated and
modelled. Mathematically designed RSM technique was
used to optimize the above-mentioned parameters at
specified ranges and explained their interactive effects
on the responses (percentage removal of copper and
lead).

Materials and methods
Preparation of bio-sorbent

Ripened banana peels were collected from a local market in
Durban, South Africa. They were washed to remove dirt and
thereafter rinsed with distilled water. Drying of the peels was
then carried out in an oven (Prolab ovens and incubators) at
80 °C for 24 h. The dried peels were then crushed using attrition
mill (Retsch GmbH 5657 HAAN, West-Germany). The bio-
sorbent was re-washed to remove colour and dried again at
50 °C for 24 h. Thereafter, it was ground into smaller particles
till it became powder using blender and then sieved through
different meshes to get different particle sizes ranging from 75
to 455 pum.

Determination of point of zero charge of bio sorbent
(PHzp)

The point of zero charge of the banana peels was de-
termined using 50 mL solution of 0.1 N KNO; in elev-
en separate beakers. The solution pH was adjusted be-
tween 2 and 12 using 0.1 M HCI and 0.1 M NaOH.
Then, 0.5 g of bio-sorbent was added to the solutions
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and the mixture was agitated at room temperature for
48 h. The final pH of the solution was measured and
the difference between the initial pH and the final pH
of the solution was plotted against the initial pH.

Preparation of synthetic solution

All the chemicals used were of analytical grade pur-
chased from Laboratory Analytical Supplies Limited,
South Africa. The stock solution of 1000 ppm was pre-
pared by dissolving calculated amount of Pb(NO;3), and
Cu(NO3),.3H,0 in distilled water. Different initial metal
concentrations were prepared by serial dilution of the
stock solution. The pH of the solution was determined
by a digital pH meter (HANNA edge®™ HI 2002, USA)
using digital pH electrode with integrated temperature
sensor calibrated with a standard buffer solution. The
pH of the solutions was adjusted by adding drops of
0.1 M H,SO4 or 0.1 M NaOH.

Analytical instruments used

Fourier transform infrared spectroscopy (FTIR) was used to
determine the functional groups present in the bio-sorbent.
The FTIR wavenumber and the percentage transmittance
was generated to explain the range of each functional group
(Perkin Elmer, Frontier, USA). Scanning electron microscopy
(FEI Nova NanoSEM 230) was used to determine the surface
morphology of bio-sorbent before and after adsorption. The
elemental and bio-sorbent composition were identified using
energy dispersive X-ray (Oxford X-Max detector and INCA
software).

Batch bio-sorption experiment

The adsorption experiment was carried out by varying
operating parameters which are initial concentration of
the two-metal solution (mg/L), the adsorbent dosage (g),
the pH of the solution and the adsorbent particle size
(um). Batch experiments were carried out using 250 mL
conical flask containing 100 ml solution with varying
initial concentrations (10—-100 mg/L) of Cu(Il) and
Pb(Il) and varying adsorbent dose (0.1-1 g). The parti-
cle size of the adsorbent was also varied (75455 pm)
and the pH of the solution ranged from 2 to 6 and was
adjusted using 0.1 N H,SO4 or 0.1 N NaOH. The con-
tact time was 120 min while the agitation speed was
maintained at 180 rpm. After adsorption, the solutions
were filtered using Whatman filter paper (150 mm) and
the filtrate was filtered again using syringe filters
(0.45 pm). Thereafter, the filtrate was analysed using
micro-plasma atomic emission spectrophotometer (MP
— AES, MY 18379001, Agilent, USA). The percentage

removal of Pb(Il) and Cu(Il) was calculated using egs.
(1) and (2) respectively.

Corv—C.
%oRemoval of Pb = LP"Cert) 400 (1)
ClLPb
Co u_Ce U
SoRemoval of Cu = LCCCect) 140 (2)
0,Cu

Where; C, p, and C, ¢, are the initial concentrations of Pb
and Cu in the solution (ppm), C.pp, and C,c, are the final
concentrations of Pb and Cu in the solution after adsorption
(ppm). The overall percentage removal of Pb and Cu was
calculated using eq. (3).

Cn u_Ce U
Overall%Removal of Pb and Cu = ( an s )

%
Co.Ph+Cu 100 (3 )
Where; C, py + cy 1S the initial concentrations of Pb and Cu
in the solution (ppm) and C, py, + ¢y, 1s the final concentration of
Pb and Cu in the solution after adsorption (ppm).
The amount of Pb and Cu adsorbed onto banana peels was
calculated using the mass balance equation below.

q: = (C07C6) 14 (4)

m
The Langmuir and Freundlich isotherm models were used
to determine the adsorption mechanism of Pb and Cu onto
banana peels. The Langmuir isotherm assumes monolayer
coverage of adsorbent, the model equation is stated below.

qmabee
= (5)

e = 1+ bC,

The Freundlich isotherm assumes the surface of the adsor-
bent is heterogenous and adsorption energy is exponentially
distributed. The model equation is as expressed below.

'/
9. :KfC@ ! (6)

Where qe and Ce are the quantity adsorbed (mg/g) and
concentration at equilibrium (mg/L) respectively. Qmax is
the maximum quantity adsorbed (mg/g) while b is the
Langmuir constant, Kyand n are the Freundlich constant (L/g).

Central composite design (CCD)

The design expert software (11.1.0.1) was used to generate the
statistical design of experiments and the data analysis. The
CCD is one of the RSM design methods that makes use of a
second-order model for improved optimization process. CCD
offers high quality significant predictions of linear and qua-
dratic interactive effects of the operating parameters influenc-
ing the process. It is a full factorial design consisting of two
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levels, a centre point that refers to the middle level of the
factors and two axial points.

In this study, four operating parameters were selected for
the bio-sorption of Cu(Il) and Pb(Il) ions using banana peels,
namely; initial metal concentration (X;), pH (X), adsorbent
dosage (X3) and particle size (X4). The factor levels of the
independent variables were coded as —1 (low), 0 (centre point)
and + 1 (high) while the % removal of Cu (II) and Pb(II) ions
were the dependent variables. A total of 30 experimental runs
were generated from the design matrix. The experimental
range and levels of the independent variables in coded form
is depicted in Table 1. In the optimization process, the second
order polynomial equation was used to explain the effects of
the independent variables and their interactions. The quadratic
model used to optimize the variables is as shown in Eq. 7,

Y =B, + Y BXi + T BiX T + Lo j=ir13;XiXj+ € (7)

Where, Y is the response predicted, X; and X; are the inde-
pendent variables, 3,, 3;, B; and {3 are the regression coef-
ficient and € is the residual error. The significant variables and
the interpretation of the experimental results are explained
using a set of mathematical functions called analysis of vari-
ance (ANOVA). The analysis of variance ANOVA is a statis-
tical technique used to determine the significance of a factor in
a multi-significant model. ANOVA helps to identify the most
important factors in a model as well as the meaning of the
experimental results. The F-value and p value are important
coefficients for determining the fitness of the model and the
significant of each factor represented in the model equation.
The coefficient F-value is obtained as a quotient of the resid-
ual mean square and the mean square [15].

Results and discussion
Point of zero charge of banana peel

The point of zero charge pHpzc is the point at which the
charge on an adsorbent is zero (neutral). It is obvious from

Table 1 Experimental range and level of independent variables
Variables Factor Range and level

-1 0 +1
Initial metal concentration (mg/L) A 10 55 100
pH B 2 4 6
Adsorbent dosage (g) C 0.1 0.55 1
Particle size (um) D 75 265% 455

*Actual value used in the experiment was 250 pum due to available sieve
sizes

@ Springer

Fig. 1 that the pHpzc of banana peel is 4.83. This suggests that
the surface of banana peels contains acidic groups and there-
fore suitable for adsorption of cations. Adsorption of cations
are favoured at pH higher than the pHpzc. However, it has
been reported that when the pHpzc of banana peels is close to
neutral value, it can be used for adsorption of cations and
anions [26].

Characterization of bio-sorbent
Fourier transform infrared spectroscopy (FTIR)

FTIR is an essential method of identifying the functional
groups present on the surface of an adsorbent. There are sev-
eral sharp peaks noticeable on the FT-IR graph of banana
peels such as 3325 cm ™ that is attributed to -OH group, alco-
holic stretching. The peaks at 2932 and 2855 cm™ " are the
result of C-H stretching vibrations. The peak at 1728 cm ™’
represents the carboxylic acids and ketones symmetrical
stretching vibration of C=0. The peak showing at
1597 cm ™! indicates amine bending stretching vibration. The
peaks at 1478, 1024 and 803 cm ™' represent -OH, C-OH and
C-H stretching vibrations respectively. The FTIR spectra of
copper and lead loaded banana peels (Fig. 2) showed the same
characteristics of peaks as in natural banana peels with the
percentage transmittance of the peaks either increases or de-
creases. The peaks on natural banana peels; 3325, 2932, 2855,
1728, 1597, 1478, 1024 and 803 cm ' shifted to 3341, 2923,
2848, 1729, 1617, 1489, 1026 and 906 cm ™' respectively after
adsorption of Cu(Il) and Pb(Il) ions. This shows that there
were interactions of various functional groups present in ba-
nana peels with Cu (II) and Pb(II) ions. From the FTIR spectra
(Fig. 2), the peak at 3325 cm ™' which agrees to -OH functional
group became wider and shifted to 3341 cm ! after adsorp-
tion. The percentage transmittance was also reduced after ad-
sorption, suggesting the impact of -OH (hydroxyl group) on
the adsorption of Cu(Il) and Pb(II) ions. The peak correspond-
ing to the alkyl group CH at 803 cm™ ' was shifted to 906 cm '
and became steep after adsorption, suggesting chemical inter-
action with Cu (II) and Pb(II) ions.

Scanning electron microscope (SEM)

The SEM analysis of the banana peels was carried out before
and after adsorption of Cu (II) and Pb (II) ions. This was used
to explain the difference between the morphological structure
of the banana peels before and after adsorption. Figure 3a
shows the morphological structure of banana peels before ad-
sorption, it reveals a rough, irregular and porous surface. The
SEM of Cu(Il) and Pb(II) ions loaded banana peels (Fig. 3b)
shows a uniform, smooth and covered surface. This indicates
the presence of Cu (II) and Pb (II) ions on the surface of the
banana peels.
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EDX analysis

The energy dispersive x-ray was done to determine the ele-
mental composition of banana peel before and after adsorption
as shown in Table 2. The presence of Cu(Il) and Pb(II) ions
after adsorption implies that banana peel has the potential to
adsorb heavy metals while the absence of potassium after
adsorption suggests ion exchange as the adsorption
mechanism.

Experimental design

A total of 30 experimental runs were generated from design of
experiment. The experimental design matrix and the re-
sponses for Cu(Il) and Pb(II) ions biosorption are shown in
Table 3. The centre of the design has six replicate runs that
gave an approximate value of pure error variance. The second-
order polynomial (Eq. 4) with multiple regression analysis
was used to generate responses (Cu(I) and Pb(Il) percentage
removal) using the four design factors.

The quadratic regression model specifying the significant
factors generated for the responses; percentage removal of Pb
(Y, %) and percentage removal of Cu (Y,, %) written with
respect to coded factors and as a function of initial concentra-
tion (A), pH (B), adsorbent dosage (C) and the particle size
(D) are stated in Egs. (8)—(9) respectively.

Y, (Pb) = 82.78-5.65A—1.86B + 9.38C-3.34AB
+ 1.03AC-1.24BC-3.08A>-5.06B>
+12.28D7

Y, (Cu) = 69.87 + 13.54A + 1.61B + 6.39C

+ 2.36D-2.56AB—4.62AC-1.8AD-2.56BC

—4.06BD-5.10CD-1.79B>

The model equations were tested and analysed using t-test and
the analysis of variance (ANOVA). The ANOVA showed 95%
confidence level, which means the regression is statistically sig-
nificant. Table 3 shows the experimental design matrix in coded

Fig. 2 FTIR of banana peel
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Fig. 3 SEM of banana peels (a)
before and (b) after adsorption

factors and the responses for actual and predicted output of the
respective metals (Yexp, Y;pred., Y,exp and Y,pred.). It is
obvious that the percentage removal of Pb is higher than Cu.

Analysis of variance and validation of model

The regression model was used to explain the interactions
between the coded factors and the responses as presented in
Tables 4 and 5. The regression model is well fitted when the
model is significant, and the lack-of-fit is not significant. The
responses for the bio-sorption of Pb and Cu were highly sig-
nificant. The lack-of-fit was estimated using the pure error
obtained from the experimental results and the residuals.
The lack-of-fit p value was lower than 0.05 which implies that
the quadratic model has good fit and significant for analysing
the bio-sorption of Pb and Cu using banana peels. However,
the p value of the model factor is expected to be lower than
0.05 then, the factor is regarded as significant.

For the percentage Pb bio-sorption (Y), the significant
factors in the model equation are A, B, C, AB, AC, BC, Az,
B? and D? while D, AD, BD, CD and C? are not significant
which determines the influence of these variables on the bio-
sorption process. The ANOVA results obtained from the re-
gression model showed that the model is highly significant
with F-value of 94.84 and p value less than 0.0001.

In addition, all terms represented in the quadratic model
which include A, B, C, D, AB, AC, AD, BC, BD, CD and
B? are significant for the bio-sorption of Cu except A%, C? and
D?. The F-value for the regression model was 675.95 and the p
value is lower than 0.0001.

Table 2
adsorption

Elemental composition of Banana peels before and after

Element C (0] Si K Pb Cu
Composition (%)

56.43
61.68

3822 474 061 - -
3629 057 - 076 0.7

Before
After
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The validity for the mathematical model was done by
comparing the actual values with the predicted values,
this helps to verify the goodness of fit of the quadratic
model. The coefficient of determination R? (0.988;
0.998), adjusted R* (0.978; 0.997) and predicted R>
(0.953; 0.990) for the bio-sorption of Pb and Cu respec-
tively. A coefficient of determination close to 1 shows
good correlation and relationship between the actual
values and the predicted values as shown in Fig. 4.
The difference between the adjusted R? and the predict-
ed R? must also agree and not be more than 0.2 for a
good fit.

Effect of initial concentration, pH, adsorbent dosage
and particle size on Pb(ll) and Cu(ll) ions percentage removal

The effects of initial concentration, pH, adsorbent dosage and
particle size on the percentage removal of Cu(Il) and Pb(1l) are
explained using surface plot (Fig. 5). The surface plots were
generated by writing code using MATLAB (MATLAB
R2019a). Figure Sa, shows the interaction between the initial
concentration and adsorbent dosage with the percentage re-
moval of Cu(Il) and Pb(Il) ions. The bio-sorption capacity of
Pb(II) increased with increasing adsorbent dosage while an
increase in the initial concentration had no significant changes
on the bio-sorption capacity of Pb(II) which implies that the
surface of the bio-sorbent has reached saturation. Similarly,
the percentage removal of Cu(Il) increased as the adsorbent
dosage and initial concentration increased. The effect of initial
concentration and pH on percentage removal of Cu(Il) and
Pb(I) is shown in Fig. 5b. The percentage removal of Pb
(ID) increased with increasing pH from 2 to 6 while the initial
concentration had no significant changes. Also, the percentage
removal of Cu(ll) increased with increasing pH and initial
concentration. An intercept of the graphs occurred at the
pH 5.5 and the initial concentration of 75 mg/L, this means
that maximum adsorption of Cu(Il) and Pb(II) ions occurred at
pH 5.5. From Fig. 5c, it is obvious that the particle size has no
influence on the percentage removal of Cu(Il), however, it has
significant effect on the percentage removal of Pb(Il) ions.
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Table 3 CCD experimental

Responses

Pb removal (%) Cu removal (%) Overall removal (%)

matrix in coded units and Run no Variables
responses

A B C
1 10 4 0.55
2 10 6 0.1
3 10 2 0.1
4 55 4 0.55
5 100 6 0.1
6 100 2 0.1
7 100 2 1
8 100 6 0.1
9 100 6 1
10 100 4 0.55
11 55 4 0.55
12 10 2 1
13 10 6 1
14 55 4 0.55
15 55 4 1
16 10 6 0.1
17 10 2 1
18 100 2 1
19 55 4 0.1
20 55 4 0.55
21 10 2 0.1
22 55 4 0.55
23 55 2 0.55
24 55 4 0.55
25 10 6 1
26 55 4 0.55
27 55 6 0.55
28 55 4 0.55
29 100 2 0.1
30 100 6 1

D Yiexp Yipred Yaexp Yopred Yoveral
265 87.20 85.40 55.68 55.93 42.88
75 84.43 84.14 46.3 45.18 30.73
455 80.73 80.79 50.1 50.26 30.83
265 82.22 82.86 69.62 69.68 51.84
75 65.08 65.10 79.1 79.98 44.18
455 72.67 73.10 88.65 88.10 61.32
75 97.16 97.72 87.85 87.50 85.01
455 65.3 65.46 83.11 83.19 48.41
455 83.78 82.69 71.6 71.42 55.38
265 72.92 74.17 83.15 83.30 56.07
265 85.45 82.86 69.89 69.68 55.34
75 99.3 99.28 61.4 60.96 60.70
455 97.85 99.61 62.3 62.29 60.15
265 82.21 82.86 70.27 69.68 52.48
265 91.92 90.67 76.05 76.53 67.97
455 87.01 86.50 55.01 55.58 42.02
455 98.9 98.88 67.81 67.20 66.71
455 94.93 95.31 85.76 86.56 80.69
265 71.12 71.82 63.01 62.93 34.13
455 69.22 95.05 72.64 72.39 41.86
75 77.82 78.98 53.2 53.61 31.02
265 81.25 82.86 69.01 69.68 50.26
265 80.5 79.67 65.03 65.96 45.53
265 81.15 82.86 70.05 69.68 51.20
75 99.8 99.46 71.5 72.30 71.30
75 94.45 95.07 67.01 67.66 61.46
265 75.65 75.92 70.35 69.82 46.00
265 83.22 82.86 70.45 69.68 53.67
75 75.01 73.29 68.98 68.64 43.99
75 84.54 84.55 89.1 88.61 73.64

From Fig. 5d showing the interactive effect of pH and
adsorbent dosage on the percentage removal of Cu(Il) and
Pb(Il) ions. It is shown clearly that the percentage removal
of Cu(Il) and Pb(II) ions increased with increasing adsorbent
dosage and the pH. At pH 5 to 5.5 the bio-sorption of Cu(II)
and Pb(Il) was at the peak which agrees with the point of zero
charge on the bio-sorbent as adsorption of cations are
favoured at pH above the pHpzc [27]. The intersection of
the two graphs gave pH 5.5 which implies maximum adsorp-
tion of these metal ions. In addition, the percentage removal of
Cu(Il) and Pb(Il) ions increased with increasing dose of ba-
nana peels. This result is significant because a smaller mass of
the bio-sorbent means a lower active site. Since, the surface of
the bio-sorbent is acidic more active sites must be occupied for
proton metal ion competition. In Fig. Se, the particle size had

little influence on the percentage removal of Pb(Il) ion while
no effect was noticed for the percentage removal of Cu(I) ion.
The bio-sorption of Cu(Il) ion showed a saddle point
which means the highest bio-sorption capacity of the
metal is between the maximum and the minimum
points. Figure 5f showed the interactive effect of parti-
cle size and the adsorbent dosage on the percentage
removal of Cu(ll) and Pb(Il) ions. The bio-sorption ca-
pacity of Pb(Il) and Cu(ll) ions increased with increas-
ing dosage while the particle size has little effect on the
percentage removal of Pb (II) ion only. However, the
highest removal of Cu(Il) ion was reached with particle
size of bio-sorbent in the range 280 to 350 pum.

In conclusion, from Fig. S5(a — f) it is obvious that the
adsorbent dose and the pH of the aqueous solution had greater
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Table 4 ANOVA for the

regression model Metal ion Model factor  Coefficient estimate (coded factor) Standard error ~ F-values P values
Pb Intercept 82.78 0.457 <0.0001
A -5.65 0.346 267.17 <0.0001
B -1.86 0.346 29.07 <0.0001
C 9.38 0.346 736.68 <0.0001
AB -3.34 0.367 82.86 <0.0001
AC 1.03 0.367 7.90 0.0132
BC -1.24 0.367 11.51 0.0040
A? -3.08 0911 11.40 0.0042
B? -5.06 0911 30.85 <0.0001
D’ 12.28 0917 179.04 <0.0001
Cu Intercept 69.87 0.2378 <0.0001
A 13.54 0.1798 5672.67 <0.0001
B 1.61 0.1798 80.03 <0.0001
C 6.39 0.1798 1265.33 <0.0001
D 2.36 0.1798 172.84 <0.0001
AB -2.56 0.1907 180.01 <0.0001
AC —4.62 0.1907 587.29 <0.0001
AD -1.80 0.1906 88.80 <0.0001
BC -2.56 0.1907 179.83 <0.0001
BD —4.06 0.1906 454.09 <0.0001
CD -5.10 0.1906 716.42 <0.0001
B? -1.79 0.4738 14.32 0.0018

influence on the adsorption process of Cu(Il) and Pb(Il) ions.
The highest percentage removal of Cu(I) and Pb(II) ions oc-
curred at a pH > pHpzc which is the pH that favours adsorp-
tion of positively charged metal ions. At pH > pHpzc, the
surface of the bio-sorbent becomes negatively charged hence,

the Cu(I) and Pb(Il) ions in the solution get attracted to the
surface.

Furthermore, bio-sorption of Pb(I[) was greater than
Cu(II) ions as can be seen in Table 2. Pb (II) ion is
more reactive and has higher molecular weight than Cu

Table 5 ANOVA validation

Metal ions  Source Sum of squares ~ Degree of freedom  Mean square ~ F-value P value
Pb Model 2856.96 14 204.07 94.84 <0.0001
Residual 32.28 15 2.15
Cor. Total 2889.23 29
Lack of fit 19.55 10 1.95 0.7680 0.6631
Pure error 12.73 5
R? 0.9888
Adjusted R*  0.9784
Predicted R>  0.9533
Cu Model 5504.47 14 393.18 675.95 <0.0001
Residual 8.72 15 0.5817
Cor. Total 5513.20 29
Lack of fit 7.39 10 0.7394 2.78 0.1354
Pure error 1.33 5 0.2661
R’ 0.9984
Adj. R? 0.9969
Pred. R* 0.9903
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(IT) ion which explains why Pb(II) ion was more  Optimization of variables for the bio-sorption of cu (ll) and Pb
adsorbed than Cu(Il) ion. Table 2 shows clearly that (I1) ions

ion-exchange is the adsorption mechanism for the bio-

sorption of Cu(Il) and Pb(Il) ions since potassium was  The aim of optimization is to determine the optimal points of

not present on the surface of the bio-sorbent after ad-  the operating variables for the removal of Cu(Il) and Pb(II)
sorption. Before adsorption, potassium was present on  ions using banana peels. The main goal is to maximize the
the surface of banana peels in minute quantity. removal efficiency of the heavy metal ions to obtain the
However, potassium was displaced by the presence of  highest optimal percentage removal. The desirability is used
other metal ions. to determine the most suitable conditions for optimal values.
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Fig. 6 Pareto chart of model variables for the removal of Pb (a) and Cu (b)

The real wastewater contains mixture of several metal ions
that leads to selective adsorption among the heavy metals.
Therefore, it is important to find the optimal condition for
the collective removal of these heavy metals.

The optimized variable conditions for the bio-sorption of
Cu(I) and Pb(II) ions using banana peels gave 88.94% and
99.79% removal for Cu(Il) and Pb(Il) ions respectively with
initial concentration of 100 mg/L, pH 5, adsorbent dosage of
1 g and particle size of 75 pm. The above condition gave
desirability of 0.959 which denotes that the optimum condi-
tions are acceptable.

Mechanism of bio-sorption of Cu(ll) and Pb(ll) ions

The adsorption mechanism of Cu(Il) and Pb(II) ions onto ba-
nana peels can be ascribed to the combination of the operating
parameters to achieve maximum adsorption capacity. The char-
acterization of banana peels played an important role in the
adsorption process and established ion exchange as the sorption
mechanism involved in the adsorption of Cu(Il) and Pb(1l). The
presence of acid groups on the surface of banana peels as shown
in Fig. 2, enhanced the removal of Cu(Il) and Pb(II) ions. These
acid groups become deprotonated at a solution pH above the
pHpzc of the adsorbent hence, resulting in negatively charged
adsorbent surface which favours uptake capacity of Cu(Il) and
Pb(II) ions by electrostatic repulsive interaction. Therefore, the
condition for optimum uptake of Cu(Il) and Pb(II) ions occurs

Table 6 Langmuir and Freundlich isotherm parameter

Metal ion Langmuir Freundlich

e Ko R K n R?
Cu 26.89 0.45 0.999 7.12 2.51 0.930
Pb 37.69 7.89 0.999 23.82 7.22 0.791

@ Springer

Pareto chart

B .
AD N

at pH 5, which emphasized the characterization results of ba-
nana peels. Heavy metals adsorption onto agriculture-based
wastes depends on the solution pH. [28, 29].

The EDX analysis in Table 2 for banana peels before and after
adsorption of Cu(Il) and Pb(Il) showed the presence of K™ before
adsorption, however, it disappeared after adsorption. This sug-
gests exchange of ions among the cations in the solution.

Pareto chart

The pareto chart (Fig. 6) shows the plot of coefficient of each
parameter represented in the model equation. It helps to deter-
mine the influence of main effect, the interactions and the
quadratic terms on the percentage removal of the metal ions.
From Fig. 6a, D? and C had greater effect on the bio-sorption
of Pb(Il) ions. Figure 6b, obviously shows A and C had great-
er influence on the bio-sorption of Cu(Il) ions. Therefore, it
can be concluded that the particle size has the greatest impact
on the adsorption process for the bio-sorption of Pb(Il) ion
followed by the adsorbent dosage while initial concentration
has a higher impact on the bio-sorption of Cu(Il) ion followed
by the adsorbent dosage. Hence, adsorbent dosage played a
major role in the adsorption process.

Equilibrium study

The binary solute isotherm experiments were done with mix-
ture of Cu(II) and Pb(II) containing initial concentration in the
ratio 1:1 and adsorbent dosage of 0.5 g while all other proce-
dures for the batch experiments were followed. The isotherm
studies were fitted into Langmuir and Freundlich isotherm
models and the model parameters are presented in Table 6.
The experimental data and the linear fit of the isotherm models
are depicted in Fig. 7. The Langmuir isotherm constant K; is
higher for Pb(Il) than Cu(Il) which suggests that the Pb(II)
was more adsorbed than Cu(Il) and Pb(II) could bind with
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Fig. 7 Adsorption isotherms of Cu and Pb on banana peels in bi-solute system at pH 5. The symbols are the experimental results while the solid lines are

the linear fittings of (a) Langmuir isotherm and (b) Freundlich isotherm

varieties of functional groups present on the surface of banana
peels [30]. Comparing the correlation value (R?) for Langmuir
and Freundlich isotherm as presented in Table 6, it is obvious
that Langmuir isotherm fitted the experimental data well for
Cu(Il) and Pb(II), signifying a monolayer adsorption
mechanism.

Comparison of Cu(ll) and Pb(ll) ions uptake using
banana peels with other adsorbents

The maximum uptake of Cu(Il) and Pb(I) ions are 29.26 mg/g
and 39.32 mg/g respectively. The uptake of Pb(Il) was higher
than Cu(Il) which suggests that banana peels have a higher
affinity for Pb(Il) than Cu(Il) ions. The maximum adsorption
of Cu(Il) and Pb(II) ions using banana peels obtained in this
study is compared with previous studies using banana peels
and other bio-sorbents as presented in Table 7.

Table 7 Comparison of adsorption capacity of Pb and Cu removal
using banana peels with literature

Bio-sorbent Cu?* uptake (mg/g) Pb** uptake (mg/g) Reference
Banana peels  29.26 39.32 This study
Banana peels ~ 28.57 [22]
Banana peels 18.0 [31]
Banana peels 2.18 [32]
Banana peels 28 7.97 [18]
Cabbage waste 12.96 61.27 [30]
Fumaria Indica 6.62 9.15 [33]
Mango plant 22.51 24.4 [34]
Orange peels 33.99 [35]

Conclusion

Natural banana peels were used for the removal of Cu(Il) and
Pb(I]) ions in a bi-solute system by varying operating condi-
tions; initial concentration, pH, adsorbent dosage and the par-
ticle size. RSM based on four factors, three level central com-
posite design was used to optimize the effect of the operation
parameters on Cu(II) and Pb(II) ions bio-sorption process. The
adsorbent dosage, initial concentration and the pH had the
greatest impact on the bio-sorption process. The optimum
conditions for the maximum percentage removal of Cu(Il)
and Pb(Il) ions are initial concentration of 100 mg/L, pH 5,
adsorbent dosage of 1 g and particle size of 75 um with re-
moval efficiency of 88.94% and 99.79% respectively. The
percentage removal of Pb (II) ion was higher than Cu(Il) ion
suggesting banana peels have higher affinity for Pb(Il) ion.
The Langmuir isotherm model fitted the experimental data
well for Cu(Il) and Pb(II) bio-sorption onto banana peels.
The FT-IR showed shifts in the peaks of the functional groups
of banana peels after adsorption, most especially the carbox-
ylic and hydroxylic groups. Also, the EDX showed increase in
carbon composition after adsorption. Therefore, it can be con-
cluded that ion exchange is the adsorption mechanism and
natural banana peels is efficient for Cu (II) and Pb (II) ions
removal from wastewater.
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