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Introduction

The upsurge in industrial, agricultural, and domestic activities has led to the discharge of large amounts of wastewater
containing toxic pollutants. The growing awareness of the adverse effects of the presence of these water pollutants has led to
increasingly strict regulation of water pollution; hence making the treatment of wastewater generated from industrial
activities a high priority [1]. Increase in industrialization and anthropogenic activities have emerged as a major problem in
recent years due to the release of large amounts of heavy metals as waste directly into the surface waters, ponds, and rivers.
These heavy metals disturb the ecosystem and make it unfit for human consumption [2]. Once released into the environment,
these pollutants accumulate into living tissues via the food chain and cause health-related problems even at lower
concentrations.

Lead is a major toxic pollutant, which finds its way into water streams through various industrial operations. Lead is a

dangerous metal, even in very low concentrations that accumulate in the body causing severe damage to the central nervous
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system, liver, kidney and bone marrow [3]. Recent studies indicate that the rise in mortality and systolic blood pressure has
its root cause from elevated blood-lead levels. High concentration of lead in the blood has been found to cause hearing
impairment, intelligential impediments, and alteration of puberty in girls [4,5]. For instance, children exposed to lead suffer
from impaired development, lower intelligent quotient, shortened attention span, hyperactivity and mental deterioration [6-8].
The conventional methods for treatment of heavy metals wastes include; precipitation, adsorption with activated carbon, ion
exchange, membrane processes, oxidation and reduction [9]. However, most of these methods resulted in incomplete removal
of metal ions, low selectivity, high operational cost, high consumption of reagents, energy, and generation of secondary
pollutants [10,11]. Besides, it has been revealed that some of these techniques are usually incapable of meeting the
discharged standard limits for heavy metals concentrations ranging between 0.1-3 mg/L [12]. The adsorption technique still
remains the most effective and common applicable technology widely used over other techniques in global environmental
protection [13]. Adsorption has distinct advantages over the conventional methods which include: reusability of biomaterial,
low operating cost, selectivity for specific metal, short operation time and no chemical sludge [14,15]. Several agricultural
materials including plants seeds [16-18] and orange peel [19] have been used for the adsorption of heavy metals as reported
in many studies. Groundnut shells are carbonaceous, fibrous solid agricultural waste that encounters disposal problem but
potentially suitable for making low-cost adsorbent for adsorption of heavy metals from water and wastewaters due to its high
carbon content [20].

The application of statistical experimental design techniques in the adsorption process has been revealed to reduce process
variability and require fewer resources [21]. Response Surface Methodology is a mathematical model that was reported to be
a very useful tool that helped in investigating the interactive effects of process variables and in building a mathematical
model, which accurately describes the overall process. Basically, it had been used in the multivariate experimental design,
statistical modeling and process optimization [22].

This study explored the effect of contact time, pH and initial metal ion concentration on removal efficiency and adsorption
capacity of groundnut shell as an adsorbent in the adsorption of Pb (II) ion. Response Surface Methodology via Central
Composite Design was used to design the experiment, generate a model and optimize the process variables. The experimental
data were analyzed by fitting to a second-order polynomial model, which was statistically validated by performing Analysis
of Variance (ANOVA) and Lack-of-fit test to evaluate the significance of the model. Desirability function was also used to
find the optimum conditions where the maximum removal efficiency and adsorption capacity were obtained for the removal

of Pb (I1) ion using groundnut shell. Moreover, equilibrium adsorption isotherm and kinetic studies were investigated.

Material and Method

Preparation of adsorbent

The collected shells were washed thoroughly by distilled water to remove dust and other impurities. It was thereafter heated
up at 105 °C for 24 hours in an oven. The dried shells were crushed into smaller pieces by mortar and pestle and ground into
powder with the aid of mechanical grinder. The obtained powder was sieved to a particle size less than 300 um and used for
the adsorption experiments without any kind of chemical or physical modifications [23,24].

Preparation of adsorbate

All chemicals used for the study were analytical reagent grade and all the glassware used were washed and rinsed several
times. In the preparation of a stock solution of the adsorbate, Pb (Il); procedures specified in [25] were followed.

Specifically, a known mass (1.599 g ) of lead nitrate, [Pb(NOs3),] was dissolved in 200 mL of distilled water, then 10 mL of
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concentrated HNO; was added and the resulting solution was diluted to the 1000 mL mark of the volumetric flask using de-
ionized water. Working metal ion solutions were prepared from the stock solution containing 1000 mg/L of Pb (Il) by
diluting the stock solution with de-ionized water to the required concentrations. The Pb (Il) concentrations were determined

spectrophotometrically (Carry 60 UV-Vis Spectrophotometer) by the Dithizone method [25].

Characterization of adsorbent

The surface functional groups on groundnut shell sample before and after adsorption of Pb (Il) were determined by Fourier
Transform Infrared (FT-IR) spectrophotometer while scanning electron microscopy was used to determine the surface

morphology, crystalline structure, and orientation of the groundnut shell sample.

Preliminary adsorption experiments

Adsorption experiments were carried out using batch technique in order to examine and evaluate variables significance on the
removal efficiency (%) and adsorption capacity (mg/g) of Pb (I1) by shaking 100 mL of the metal ion solutions in a 250 mL
Erlenmeyer flask according to the contact time, pH as well as initial concentrations. The aqueous samples were analyzed
using Carry 60 UV-Vis spectrophotometer. The removal efficiency and adsorption capacity were evaluated using the
following Eq. 1 and Eq. 2 [26].

Removal efficiency = (CO - Ce/c ) x 100 (1)
(o]

Adsorption capacity (q,) = (CO — Ce/m) XV (2)
Where, C, is the initial metal ion concentration (mg/L), C. is the equilibrium metal ion concentration (mg/L), g, represents
the equilibrium mass of the adsorbed substance per unit mass of adsorbent, V is the volume of solution (mL), and m is the
mass of the adsorbent (g).

Experimental design

Central Composite Design, a form of response surface methodology has been widely used as a statistical method based on the
multivariate nonlinear model for the optimization of process variables of adsorption. The optimization process involves three
major steps: performing the statistically designed experiments; estimating the coefficients in a mathematical model and,
predicting the response and checking the adequacy of the model [27]. Central Composite Design is used to determine the
regression model equations and operating conditions from the appropriate experiments. It is useful in studying the
interactions of the various factors affecting the process [28]. The Central Composite Design was applied in this present study
to determine the optimum process variables for adsorption of Pb (1) ion using groundnut shell. The central composite design
was used for fitting a second-order model, which requires only a minimum number of experiments for modeling [27]. The
Central Composite Design consists of 2" factorial runs with 2n axial runs and n, center runs. The center points are used to
determine the experimental error and reproducibility of the data and the axial points are chosen such that they allow
rotatability that ensures that the variance of the model prediction is constant at all points equidistant from the design center
[29]. Therefore, according to Owolabi et al., [30], the number of experimental runs required is given by the Eqg. 3.
N =2"4+2n+n. (3)



www.tsijournals.com | March 2019

Where, N=Total number of experimental runs, n = number of independent variables (factors) and n;.=number of center points.
Three independent variables were considered in this study, they are (i) contact time (A), (ii) pH (B) and (iii) initial metal ion
concentration (C). For the independent three variables (factors), the number of experimental runs required was computed by
Eq.4.

N=2"+2,+n,=23+23)+6 =8+6+6 =20 (4)

This implied that 20 experimental runs consisting of 8 factorial runs, 6 axial runs and 6 center runs were required for the

modeling and optimization of the adsorption variables.

Development of regression models equations

Each response (removal efficiency and adsorption capacity) was used to develop an empirical model that correlate the
response to the three factors that is, contact time (A), pH (B) and initial metal ion concentration (C) using second-order
polynomial equation [31] given by Eq. 5.

Y = by + XL, biX; + ZL biiX;? + X iir1 bijXi X; (5)

Where Y is the predicted response, by is the constant coefficient, b; is the linear coefficient, bj; is the interaction coefficient, bj;

is the quadratic coefficient, X;and X; are the coded values for the factors.

Statistical analysis
The significance of the model equations and their terms were evaluated using statistical tools such as coefficient of

determination (R-squared), Fisher value (F-value), probability (p-value), and residual [32].

Optimization of the adsorption process

In order to obtain the maximum response that jointly satisfies all process conditions, optimization was carried out using the
Design Expert software under RSM. In numerical optimization, we chose the desired goal for each factor and response. The
goal was to maximize (for responses only) and set to an exact value (factors only). A minimum and a maximum level must be
provided for each parameter included. A weight can be assigned to each goal to adjust the shape of its particular desirability
function. The goals are combined into an overall desirability function. Desirability is an objective function that ranges from
zero outside of the limits, to one at the goal. The goal seeking begins at a random starting point and proceeds up the steepest
slope to a maximum. There may be two or more maxima because of curvature in the response surfaces and their combination
in the desirability function. Starting from several points in the design space improves the chances of finding the ‘best’ local
maximum [33]. In the optimization analysis, the target criterion was set as maximum values for the three independent
variables, (A-Contact time, B-pH and C-Initial concentration) and two dependent variables (removal efficiency and

adsorption capacity) for the adsorption of Pb (II) ion as summarized in TABLE 1.

Models validation
The models were validated by conducting a batch experiment under optimum operating conditions to compare the

experimental values with predicted values under optimum operating condition.
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TABLE 1. Constraints set for all factors and responses for the adsorption of Pb (11) ion.

Name Goal Lower Upper Lower Upper Importance
Limit Limit Weight Weight
A:Contact time maximize 60 90 1 1 3
B:pH maximize 6 8 1 1 3
C:Initial concentration | maximize 25 75 1 1 3
Removal efficiency maximize 30.86 97.20 1 1 3
Adsorption capacity maximize 0.123 3.645 1 1 3

Equilibrium adsorption isotherm studies
In this study, the applicability of two-parameter isotherm models [34,35] was tested in order to choose the most appropriate

model that would best describe and predict the adsorption of Pb (11) onto groundnut shell.

Langmuir isotherm model
Langmuir model was initially developed to describe the gas-solid phase adsorption onto activated carbon [36,37]. It is an
empirical model that assumes that adsorption can only occur at a finite number of definitely localized sites and the adsorbed
layer is one molecule in thickness or monolayer adsorption. In its formulation, Langmuir model denotes homogeneous
adsorption with no transmigration of the solute in the plane to the surface of the solid. The Langmuir adsorption isotherm
model has the following assumptions:

1 Monolayer adsorption (the adsorbed layer is one molecule thick)

2 Adsorption occurs at specific homogeneous sites of the adsorbent and all adsorption sites are identical and

energetically equivalent

3 Once a molecule occupies an adsorption site, no further adsorption occurs on that site.

The non-linear and linear expressions of Langmuir isotherm are given in Eq. 6 and Eq. 7 [34].
C

de = qmKi 1+KiCe (6)
Ce_ 1, Ce
de admky, + am (7)

where, q. is the corresponding adsorption capacity (mg/g), C. is the concentration at equilibrium (mg/L); K (L/mg) and q,,

(mg/g) are constants which are linked to the net enthalpy of adsorption and adsorption capacity respectively. The constants

K, and q,, can be obtained from Eq. 7 by plotting % versus C, with a slope of s—e and intercept of q;K. The fitness of an
e m mBL

adsorption process to Langmuir isotherm model is generally determined using Eq. 8. The values of R, give an idea about the
shape of isotherm [38].

1
T 14K.C

R,

(8)

where, Ry, is the separation factor, C, is the initial metal ions concentration and K;, is the Langmuir constant (L/mg) which is
related to the energy of adsorption through the Arrhenius equation TABLE 2.
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TABLE 2. The ranges of R values for comparison.

R. Shape of Isotherm
R>1 Unfavorable
R =1 Linear
0<R <1 Favorable
R =0 Irreversible

Freundlich isotherm model

The Freundlich model is the earliest well-known expression relating non-ideal and reversible adsorption that is not limited to
the formation of the monolayer. Hence, this empirical model is applicable to multilayer adsorption with non-uniform
distribution of adsorption heat and affinities over the heterogeneous surface of the solid [35,39]. The Freundlich expression is
an exponential equation and non-linear and linear expressions of the Freundlich isotherm model can be illustrated by Eq. 9
and Eq. 10 [35].

1
qe = KpCen (9)
log q, = log Kg +% log C, (10)

where, g, is the corresponding adsorption capacity (mg/g), C. is the concentration of solute in the bulk solution at
equilibrium (mg/L); Ky is a constant indicative of the relative adsorption capacity of the adsorbent (mg/g) and n is a constant

indicative of the intensity of adsorption. From the plot of log q. versus logC. in Eq. 10, the constants Ky can be obtained
from the intercept of log K and n from the slope of % The adsorption intensity or surface heterogeneity is measured from the
slope ranging between 0 and 1; and the surface becomes more heterogeneous as its value gets closer to zero. While a value of

% below unity indicates chemical adsorption, a value i above one implies cooperative adsorption [40,41].

Equilibrium adsorption kinetic studies

Adsorption kinetics study is necessary since it provides information about the mechanisms of adsorption and the rates that are
essential for the efficacy of the process. Adsorption is a time-dependent process and contact time from experimental results
can be used to study the rate-limiting step in the adsorption process in terms of the kinetic energy [42]. Lagergren's first order
equation and Ho’s second order equation are such examples of kinetics models commonly used to describe these adsorption
kinetic models [43]. During the removal of contaminants from wastewater, it is important to know the rate of adsorption to
optimize the design parameters [44]. This is due to the fact Kinetics of the system controls the adsorbate residence time and
reactions dimensions. Hence, predicting the rate at which adsorption processes take place for a particular system is probably

the most important key in designing adsorption systems [44,45].

Pseudo-first-order rate equation
Lagergren, [46] used a first-order rate equation to describe the kinetics of the adsorption process of oxalic acid and malonic
acid onto charcoal. It was the earliest model relating to the adsorption rate based on the adsorption capacity and can be

presented by Eq. 11.

di
=k, (@e — o) (12)
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where, k;,, (min™) is the pseudo-first-order rate constant, q. and q, (mg/g) are the adsorption capacities at equilibrium and

time t (min) respectively. Integrating Eq. 11 with the boundary conditions of g, = 0 att = 0 and q, = q; at= t yields Eq. 12.

log (-22-) =kp,t (12)

Equation (12) can be reorganized as:

k
log(ge — q¢) = logqe — 22t (13)

2.303

In recent years, Lagergren’s first order rate equation commonly called pseudo-first-order has been used globally to describe
the adsorption mechanisms of pollutants from aqueous media in different fields. For instance, the removal of methylene blue
onto broad bean peels from aqueous solution and malachite green removal from aqueous solutions by oil palm trunk fiber

[19,47,48]. The equilibrium sorption capacity (q.) and the pseudo-first order rate constant (kp;) can be determined

experimentally from slope and intercept of plotting of log(q. — q,) versus t from Eq. 13.

Pseudo-second-order rate equation

Similarly, Ho, [44] second-order rate equation is well-known as the pseudo-second-order rate equation to differentiate kinetic
of adsorption based on adsorption capacity from the concentration of the solution. This Kinetic equation has been used
effectively for the removal of dyes, herbicides, oils, metal ions, and organic substances from water and wastewaters [49-52].
The integrated form of pseudo-second-order is by Eq. 14.

d
=t =kp,(qe — qr)? (14)

Equation (14) can be written as given by Eq. 15.

dde _ — kp,dt (15)

(9e—aq)?
Integrating Eq. 15 with the boundary conditions of q; = 0 att = 0 and q, = q; at t = t, yields Eq. 16.
1 1
@e-a0  de + kp, £ (16)

Hence, Eq. 16 can be rearranged as follows:

t 1

1
= —t (17
qt Kp, Qg2 + de tan

The pseudo-second-order rate constant (k,,,) and the equilibrium adsorption capacity (q.) can be obtained from the slope and

intercept by plotting qi vs t from Eq. 17.
t

Results and Discussion

Characterization of the adsorbent

Fourier Transform Infrared (FT-IR) spectrophotometer and Scanning Electron Microscopy (SEM) were used in the
characterization of the groundnut shell as an adsorbent.
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TABLE 3. FT-IR spectral characteristics of groundnut shell before and after Pb (11) ions adsorption.

Functional groups of IR Wave number, cm™
absorption bands Before adsorption of Pb (11) ion | After adsorption of Pb (1) ion
Absorption bands Shift differences
O-H 3322.39
NH 3319.01 3.38
C-H 2921.43 2892.26 29.17
c=C 2323.12 2323.20 0.08
2168.90 2168.90 0.00
2103.93 2103.93 0.00
2050.79 2050.79 0.00
C=0 172751 1729.34 1.83
1628.70 1621.91 6.79
c=C 1246.67 1246.00 0.67
Cc-0 1024.22 1421.12 2.72

FT-IR analysis of the groundnut shell

In order to evaluate the mechanism of the adsorption of Pb (I1) and identify the functional groups present on the surface of
the groundnut shell, the FT-IR analysis was performed. The distinct absorption bands in the raw groundnut sample before
(FIG. 1a) the adsorption process are presented in TABLE 3 which corresponded to O-H, N-H, C-H, C=0, C=C, and C-O

stretching vibrations respectively.

These absorption bands (TABLE 3) were shifted after using the sample to adsorbed Pb (1) ions as shown in FIG. 1b. It was
found that the absorption bands at 2323.12, 1727.51 and 1024.22 cm™! were shifted to higher wavenumbers while the
absorption bands at 3322.39, 2921.43, 1628.90 and, 1246.67 cm™! were shifted to lower wavenumbers. The C = C stretching
vibration was located at absorption bands 2323.12, 2168.90, 2103.93 and 2050.79 cm™? respectively as shown in FIG. la.
These absorption bands showed the same signals after the sample was used to adsorbed Pb (Il) ions (FIG. 1b). However, it
was observed that the absorption band at 2323.12 cm™? shifted to 2323.24 cm™1. Moreover, the adsorption intensity for the
N—H bending vibration at 1508.99 cm™* (FIG. 1a) shifted to 1507.36 cm™! (FIG. 1b) after and Pb (I1) uptake. The change in
absorption intensity and the shift in wavenumber of functional groups showed that these functional groups were responsible
for the effective performance of the groundnut shell during the adsorption process [53]. In this case, the Pb (I1) ions are

bound to the active sites of the adsorbent through either electrostatic attraction or complexation mechanism.
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FIG. 1. FT-IR spectra of groundnut shell (a) before treatment with Pb (11) ions (b) after treatment with Pb (11) ions.

Scanning electron microscope analysis of the adsorbent

The surface morphology of the groundnut shells sample before and after the adsorption process was examined by SEM

analysis, and the results are depicted in FIG. 2. FIG. 2a shows the SEM image of groundnut shells sample without Pb (11).

The image revealed various pores on the surface of the sample studied which indicated a good possibility for Pb (11) to be
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adsorbed. However, the SEM image of groundnut shells samples loaded with Pb (I1) shown in FIG. 2b revealed that those

pores earlier seen on the fresh adsorbent have been blocked due to adsorption of Pb (1) onto its surface.

a b

FIG. 2. SEM micrograph of groundnut shell (a): before adsorption of Pb, (b): after the adsorption of Pb (I1).

Development of regression model equations using CCD

The complete design matrix of the factors, their ranges (in terms of coded and uncoded points) and their corresponding
responses values for the removal efficiency (Y1) and adsorption capacity (Y2) are presented in TABLE 4. The highest and
lowest removal efficiency (Y1) of Pb (I1) was found to be 97.20 % and 30.86 % respectively. In terms of adsorption capacity

(Y2), the highest and lowest adsorption capacity (Y2) was found to be 3.645 mg/g and 0.123 mg/g respectively.

The model summary statistics (TABLES 5 and 6) showed that the quadratic models of the responses were selected as
suggested by the software because the additional terms were significant and the models were not aliased [54]. The quadratic
models for the responses, Y1 and Y2 were not aliased implying that the quadratic models could be employed to describe the

relationship between responses Y1 and Y2 and the interacting variables (factors).

10
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TABLE 4. Design matrix of Pb (I1) adsorption factors and their respective responses from the experiment.

Coded factors Uncoded factors Y1 Y2
o ‘Q}F;f;cf Amin)| B |C(mgL)| Amin) | B | CmgL) eﬁfim‘é‘f‘('% | Adso“}“r;’g”/g)"‘pac'ty
1 Center 0.000 0.000 0.000 75.0 7.0 50.0 32.80 0.820
2 | Factorial | 1.000 1.000 -1.000 90.0 8.0 25.0 64.40 0.805
3 | Factorial | -1.000 | -1.000 1.000 60.0 6.0 75.0 78.93 2.960
4 | Factorial | -1.000 1.000 1.000 60.0 8.0 75.0 85.60 3.210
5 | Factorial | -1.000 1.000 -1.000 60.0 8.0 25.0 92.80 1.160
6 | Factorial | 1.000 -1.000 -1.000 90.0 6.0 25.0 41.20 0.515
7 Center 0.000 0.000 0.000 75.0 7.0 50.0 34.80 0.870
8 | Factorial | 1.000 -1.000 1.000 90.0 6.0 75.0 78.53 2.945
9 Center 0.000 0.000 0.000 75.0 7.0 50.0 47.60 1.190
10 Center 0.000 0.000 0.000 75.0 7.0 50.0 45.40 1.135
11 | Factorial | -1.000 | -1.000 -1.000 60.0 6.0 25.0 38.00 0.475
12 | Factorial | 1.000 1.000 1.000 90.0 8.0 75.0 97.20 3.645
13 Center 0.000 0.000 0.000 75.0 7.0 50.0 51.00 1.275
14 Axial 0.000 -1.682 0.000 75.0 5.3 50.0 68.40 1.710
15 Axial 1.682 0.000 0.000 100.2 7.0 50.0 68.80 1.720
16 Axial 0.000 0.000 1.682 75.0 7.0 92.1 78.16 3.597
17 Axial 0.000 0.000 -1.682 75.0 7.0 8.0 30.86 0.123
18 Axial -1.682 0.000 0.000 49.8 7.0 50.0 73.40 1.835
19 Axial 0.000 1.682 0.000 75.0 8.7 50.0 96.80 2.420
20 Center 0.000 0.000 0.000 75.0 7.0 50.0 52.80 1.320
TABLE 5. Model summary statistics for removal efficiency (response Y1).
Source Std. Dev. R2 Adjusted R? Predicted R2 PRESS Comment
Linear 18.28 0.4541 0.3449 0.0728 8513.88
2FI 19.26 0.5151 0.2727 -0.771 16261.72
Quadratic 8.4 0.9309 0.8618 0.7207 4400.66 Suggested
Cubic 8.08 0.9645 0.8721 -12.7494 1.26E+05 Aliased
TABLE 6. Model summary statistics for adsorption capacity (response Y?2).
Source Std. Dev. R2 Adjusted R? Predicted R2 PRESS Comment
Linear 0.4823 0.8423 0.8108 0.7553 5.42
2FI 0.534 0.8454 0.7681 0.431 12.59
Quadratic 0.2157 0.9811 0.9622 0.8659 2.97 Suggested
Cubic 0.198 0.9911 0.9681 -2.2837 72.68 Aliased

TABLE 5 (response Y1) showed that the quadratic model had a small standard deviation of 8.40 and high R? (0.9309) with
predicted R® (0.7207) that is in reasonable agreement with adjusted R? (0.8618). Whilst, in TABLE 6 (response Y2), the
quadratic model had a small standard deviation of 0.2157, high R* (0.9811), predicted R? (0.8659) and adjusted R* (0.9622).

11
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The R? values of both responses were close to unity with smaller standard deviations indicating the suitability of the model in
predicting the responses [55]. However, a large value of R? as posited by [30] does not always imply that the regression
model is a good one and such inference can only be made based on a similarly high value of adjusted R2. For the regression
model to be in good agreement, the adjusted R?and predicted R? should be within 20% [56]. This requirement was satisfied
in this study because the difference between the values of the adjusted R? and predicted R for both responses were within
20%. This confirmed that the model for each response is highly significant and indicated a good agreement between the
experimental and predicted values of the removal efficiency and adsorption capacity.

TABLES 7 and 8 showed that the adequate precisions of both responses were greater than 4.0 which implies that the models
were in good agreement and highly significant. The Predicted R? values of 0.7207 and 0.8659 for responses Y1 and Y2
respectively showed that the models were adequate and offer 72.07% and 86.59% variability in prediction removal efficiency
and adsorption capacity beyond the experimental range of process conditions during the adsorption of Pb (II) ion. The R?
values of 0.9309 and 0.9811 also implied that 93.09% and 98.11% of the variation in removal efficiency and adsorption

capacity respectively could be attributed to the three factors considered.

TABLE 7. Fit Statistics for removal efficiency (response Y1).

Std. Dev. 8.4 R2 0.9309

Mean 62.87 Adjusted R2 0.8618

CV.% 13.35 Predicted R2 0.7207
Adequate Precision 11.1266

TABLE 8. Fit Statistics for adsorption capacity (response Y2).

Std. Dev. 0.2157 R2 0.9811
Mean 1.69 Adjusted R2 0.9622
CV.% 12.79 Predicted R? 0.8659

Adeq Precision 24.0982

The results in TABLE 9 showed that the quadratic models were selected as suggested by the software and Eq. 18 and Eq. 19
gave the response surface model equations in their coded values.
Y1l = +4436—159A+ 11.06 B+ 13.43 C — 2.45 AB + 4.55 AC — 6.58 BC + 9.76 A% + 13.82 B? + 3.89 C? (18)

Y2 = +1.110 — 0.0065 A + 0.2284 B + 1.150 C + 0.0069 AB + 0.0919 AC — 0.0031 BC + 0.2410 A% + 0.3426 B2 + 0.2701 C2 (19)

12
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TABLE 9. Final equations in terms of coded factors for removal efficiency and adsorption capacity.

Removal efficiency (Y1)

Adsorption capacity (Y2)

+44.36 +1.1100

-1.59 A -0.0065 A
+11.06 B +0.2284 B
+13.43 C +1.1500 C
-2.45 AB +0.0069 AB
+4.55 AC +0.0919 AC
-6.58 BC -0.0031 BC
+9.76 A? +0.2410 A2
+13.82 B2 +0.3426 B2
+3.89 C2 +0.2701 c?

In the response Y1 model Eq. 18, the factors that have a positive effect on the removal efficiency of Pb (11) are C, AC, A2, B?

and C2. Whilst in response Y2 model Eq. 19, factors AB, AC, A2, B2 and C2 have a positive effect on the adsorption capacity

for the adsorption of Pb (Il). The negative values in both responses (Y1 and Y2) model equations indicated an inverse

relationship and positive values favored the optimization of the process conditions.

Statistical and graphical analysis

The model equations selected for removal efficiency (response Y1) and adsorption capacity (response Y1) were further

analyzed using ANOVA component of the software to validate the importance and the adequacy of the models. In TABLES
10 and 11, the model terms for both responses (Y1 and Y2) have p-values less than 0.05 and F-values of 13.47 and 51.88

respectively.

TABLE 10. ANOVA for Quadratic model for removal efficiency (response Y1).

Source Sum of Squares df Mean Square | F-value | p-value Comment
Block 61.84 1 61.84
Model 8547.57 9 949.73 13.47 | 0.0003 significant
A-Contact time 34.60 1 34.60 0.4908 | 0.5013
B-pH 1671.69 1 1671.69 23.71 | 0.0009 significant
C-Initial concentration 2463.33 1 2463.33 34.94 | 0.0002 significant
AB 48.02 1 48.02 0.6812 | 0.4305
AC 165.62 1 165.62 2.35 0.1597
BC 346.72 1 346.72 4.92 0.0538
A2 1371.35 1 1371.35 19.45 0.0017 significant
B2 2752.12 1 2752.12 39.04 | 0.0001 significant
C? 218.38 1 218.38 3.1 0.1122
Residual 634.43 9 70.49
Lack of Fit 467.10 5 93.42 Not significant
Pure Error 167.33 4 41.83
Cor Total 9243.84 19
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TABLE 11. ANOVA for Quadratic model for adsorption capacity (response Y2).

Source Sum of Squares df Mean Square F-value p-value Comment
Block 0.0538 1 0.0538
Model 21.71 9 2.41 51.88 <0.0001 significant
A-Contact time 0.0006 1 0.0006 0.0123 0.9141
B-pH 0.7124 1 0.7124 15.32 0.0035 significant
C-Initial concentration 17.93 1 17.93 385.55 <0.0001 significant
AB 0.0004 1 0.0004 0.0081 0.9301
AC 0.0675 1 0.0675 1.45 0.2589
BC 0.0001 1 0.0001 0.0017 0.9682
A2 0.8362 1 0.8362 17.98 0.0022 significant
B2 1.69 1 1.69 36.35 0.0002 significant
c? 1.05 1 1.05 22.6 0.001 significant
Residual 0.4186 9 0.0465
Lack of Fit 0.314 5 0.0628 2.4 0.2082 Not significant
Pure Error 0.1046 4 0.0261
Cor Total 22.19 19

The p < 0.05 implied that the models were highly significant and higher F-values indicated that the model terms have the
most significant effect on the response function.

The significant model terms in response surface quadratic model for removal efficiency (response Y1) were found to be B, C,
A? and B? and the model term which has the most significant effect on the response is B? with F-value of 39.04. The effect
of the model terms are in the order B2 > C > B > A2, The response surface quadratic model for adsorption capacity (response
Y2) was found to have C, A%, B2 and C2as the significant model terms. The model term having the most significant effect on
the response is C with F-value of 385.55 and the effect is in the order C > B2 > C? > A? > B. It was observed that, the lack of

fit F-values of responses Y1 and Y2 were not significant as the p-values were >0.05 indicating that the models were valid.

Interaction of factors

The interactions between three independent variables (A-Contact time, B-pH and C-initial concentration) and two dependent
variables (Y1-removal efficiency and Y2-adsorption capacity were studied. The actual versus predicted values of response
Y1 and Y2 of Pb (1) ion were plotted. FIG. 3 showed a minimal divergence of points from the diagonal indicating that these

response surface model equations can be used to adequately represent the interaction of the three factors.
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Predicted

Actual Actual

a b

FIG. 3. Predicted versus actual values of response (a) Y1 (b) Y2.

Optimization of the adsorption process

Optimization of the two responses under the same condition was difficult because the interest regions of factors were
different. When Y1 increases, Y2 decreases, and vice versa. Therefore, the function of desirability was applied using Design
Expert Software (DES) version 11.0 (Stat-Ease) and the operating condition with the highest desirability was considered as
selected by the software. The experimental condition with the highest desirability was selected and verified to optimize the
adsorption process of Pb (I1) ion (FIG. 4). The optimum operating conditions for the adsorption of Pb (1) using groundnut
shell were; A-Contact time=90 min, B-pH=8 and C-Initial concentration=75 mg/L with the desirability of 0.966 after seeking
53 solutions (TABLE 12) to optimize operating conditions for Pb (I1) adsorption. The removal efficiency and adsorption

capacity of Pb (I1) under this operating condition were found to be 90.26% and 3.428 mg/g respectively.
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TABLE 12. 53 Solutions for optimization of Pb (1) ion.

Contact

Initial

Adsorption

Number . pH . Removal efficiency . Desirability
time concentration capacity
1 90.000 8.000 75.000 90.256 3.428 0.966 Selected
2 89.884 8.000 74.998 90.100 3.423 0.964
3 90.000 7.992 75.000 90.012 3.420 0.964
4 89.796 8.000 75.000 89.985 3.420 0.963
5 90.000 8.000 74.734 90.052 3.409 0.963
6 89.676 8.000 75.000 89.829 3.415 0.962
7 90.000 7.979 75.000 89.631 3.408 0.961
8 89.514 8.000 75.000 89.616 3.409 0.959
9 90.000 8.000 74.376 89.779 3.384 0.959
10 90.000 8.000 74.375 89.779 3.384 0.959
11 90.000 7.969 74.999 89.36 3.400 0.958
12 90.000 7.981 74.607 89.408 3.383 0.957
13 90.000 8.000 74.132 89.595 3.366 0.957
14 89.273 8.000 75.000 89.308 3.400 0.956
15 89.086 8.000 75.000 89.072 3.394 0.954
16 90.000 8.000 73.839 89.374 3.346 0.954
17 88.874 8.000 75.000 88.803 3.386 0.951
18 90.000 7.937 75.000 88.432 3.371 0.950
19 89.998 8.000 73.369 89.018 3.313 0.949
20 88.799 8.000 74.727 88.511 3.364 0.947
21 88.478 8.000 74.996 88.321 3.372 0.946
22 90.000 8.000 73.103 88.823 3.295 0.946
23 88.282 8.000 75.000 88.091 3.365 0.944
24 90.000 7.909 75.000 87.666 3.347 0.944
25 90.000 8.000 72.770 88.576 3.272 0.942
26 90.000 7.896 74.999 87.305 3.336 0.940
27 90.000 8.000 72.570 88.428 3.258 0.940
28 90.000 7.887 75.000 87.081 3.329 0.938
29 87.789 8.000 75.000 87.516 3.348 0.938
30 90.000 7.874 75.000 86.737 3.318 0.935
31 87.485 8.000 75.000 87.170 3.338 0.934
32 90.000 8.000 71.913 87.947 3.213 0.933
33 90.000 7.862 75.000 86.418 3.307 0.932
34 87.297 8.000 75.000 86.964 3.332 0.931
35 90.000 7.849 75.000 86.089 3.297 0.929
36 90.000 8.000 70.971 87.265 3.149 0.923
37 90.000 7.816 75.000 85.262 3.271 0.922
38 89.992 7.757 75.000 83.86 3.225 0.908
39 90.000 8.000 68.806 85.742 3.005 0.901
40 90.000 7.712 75.000 82.86 3.192 0.898
41 90.000 8.000 68.099 85.255 2.958 0.893
42 83.536 8.000 75.000 83.438 3.225 0.887
43 90.000 7.560 75.000 79.866 3.09 0.865
44 81.385 8.000 75.000 81.974 3.177 0.862
45 89.999 8.000 64.428 82.839 2.725 0.855
46 90.000 7.998 63.108 81.958 2.643 0.841
47 90.000 8.000 61.842 81.237 2.568 0.828
48 77.395 8.000 75.000 80.319 3.115 0.818
49 90.000 7.250 75.000 75.769 2.932 0.805
50 71.896 8.000 75.000 80.302 3.086 0.757
51 90.000 6.902 75.000 74.335 2.834 0.744
52 69.583 8.000 75.000 81.078 3.093 0.728
53 65.875 8.000 74.999 83.291 3.128 0.667
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FIG. 3. Desirability ramps for Pb (I1) ion.

TABLE 13 compared the results of predicted values with observed values under optimum operating condition. The Standard

Error (SE) means of predicted against observed value for removal efficiency and adsorption capacity of Pb (Il) ion was found

to be 6.88 and 0.18 respectively. Furthermore, the confirmation of the predicted results (TABLE 14) showed that the

Standard Error Prediction (SE Pred) of removal efficiency and adsorption capacity were found to be 7.30 and 0.18

respectively. These results showed that the models and optimum operating condition developed for the factors were valid and

applicable in predicting the response variables.

TABLE 13. Point Prediction and observed values of Pb (1) ion.

95% TI
. . 95% CI | 95% ClI 95% TI
Run 12 Predicted Predlt_:ted Observed | Std Dev | SE Mean | low for | high for low for high for
Response Mean Median 99%
Mean Mean Pop 99% Pop
Removal
efficioncy | 902563 | 9025630 | 97200 | 8.395980 | 6.678880 | 74.69520 | 105817 | 42.0665 | 138.44600
Af;gggtt'g“ 342776 | 3.42776 3.645 | 0.215652 | 0.176685 | 3.02807 | 3.82745 | 2.19000 | 4.66553
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TABLE 14. Confirmation of prediction for Pb (1) ion.

Run 12 Predicted Predicted Observed Std Dev n SE Pred 95% PI 95% PI
Response Mean Median low high
Removal 90.25630 90.25630 97.200 8.395980 12 7.293380 | 73.75750 | 106.75500
efficiency

Adsorption 3.42776 3.42776 3.645 0.215652 12 0.187332 3.00399 3.85154
capacity

Adsorption equilibrium isotherm studies

The equilibrium isotherm experiments were carried out using 2.0 g/L of groundnut shell (optimized dose) at initial Pb (I1)
concentration of 15, 25, 50, 75, and 100 mg/L under room temperature (25 °C). The solutions were adjusted to pH of 6.0
using 0.1M NaOH or 0.1M HCI. The adsorbate-adsorbent solutions were agitated at a constant speed of 120 rpm for
equilibrium time of 120 min.

The equilibrium data obtained from the experiments were used to analyze two-parameter adsorption isotherm models
(Langmuir and Freundlich models) and the results of their linear regressions were used to find the model with the best fit.
The linear plots of the adsorption isotherm models are shown in FIG. 5 and 6 while the calculated values of their constants

and correlation coefficients (R®) are summarized in TABLE 15.

TABLE 15. Calculated values of the isotherm model constants and their correlation coefficients (R?) for the

adsorption of Pb (II) ions onto groundnut shell.

Langmuir Freundlich
Om (MY/g) K_ (L/mg) R R? Ke (mg/g) n 1/n R?
4.264 0.062 0.295 0.9554 0.358 1.631 0.613 0.9098

From FIG. 5. , the correlation coefficient (R?) of 0.9554 showed that the Langmuir isotherm model fitted the equilibrium
data well. The agreement of the Langmuir model to the equilibrium data could indicate monolayer adsorption by the
groundnut shell surface that could contain a finite number of identical sites. TABLE 15 showed that the R; value was
between 0 and 1, which indicated that the adsorption process was favorable under the studied conditions. The monolayer
adsorption capacity (q,,) values were found to be 4.264 mg/g indicating high the adsorption capacity of the groundnut shell.
The values of K; were relatively high implying high surface energy in the process and consequently high bonding between

metal ions and the groundnut shell.
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FIG. 4. Langmuir isotherm plot of Pb (I1) ion onto groundnut shell.

The Freundlich isotherm model (FIG. 6.) also fitted the experimental data. However, the level of fitness was less as
compared to that of the Langmuir model as indicated by a correlation coefficient of 0.9098. TABLE 15 showed that the
value of n was found to be 1.631 indicating that the groundnut shell had a heterogeneous surface since the value satisfied the
heterogeneity condition, that is 1< n<10. In addition, the value of % was below unity indicating a chemisorption process. The
values of Ky were found to be small implying that there was low uptake of the metal ions unto the adsorbent surface.

Comparing the models investigated, the Langmuir model showed the best representation of the equilibrium data than the

Freundlich model indicating monolayer adsorption [36,37]. From literature, other studies also reported similar findings.

0.600 -
y = 0.6129x - 0.4457
0.500 - R2=0.9098

0.400 -
0.300 -
0.200 -

0.100 - Pb (1)

0.000 . . . .
0.000 0.500 1.000 1.500 2.000
-0.100 -

-0.200 -

Log ge (mg/g)

-0.300 -
Log Ce (mg/L)

FIG. 5. Freundlich isotherm plot of Pb (11) ion onto groundnut shell.
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Ogunleye et al., [57] used activated carbon produced from banana stalk for the removal of Pb (II). Four isotherm models,
Langmuir, Freundlich, Tempkin and Dubini-Radushkevich models were employed in the equilibrium studies of the
adsorption data. The results obtained from the study showed that the Langmuir model was the best-fitted model amongst the
four models considered. Misihairabgwi et al., [58] studied on the adsorption of heavy metals using agroforestry waste derived
activated carbon on solutions containing the metals. The metals considered were Pb (I1), Hg (1), Fe (II), Cu (1), Zn (I1), Ni
(1N, Cd (i), Mn (I1), Cr (1) and As (II). The activated carbon was prepared from Macadamia nut shells, baobab shells,
pigeon pea husk, rice husk, Moringa oleifera husks, and marula stones. It was found that the adsorption of these metals fitted
the Langmuir model.

Adsorption equilibrium kinetic studies

The kinetic study determines the degree of utilization of the adsorption capacity as a function of the time of contact between
the liquid and the solid. The kinetics of adsorption was determined by analyzing adsorptive uptake of the Pb (1) ions from
the aqueous solution at different time intervals (10-240 min) while keeping other parameters constant. From the experimental
data obtained from the kinetic experiment, the pseudo-first-order and pseudo-second-order were tested to determine the
mechanisms of adsorption of Pb (II) ions onto the groundnut shell. The linear plots of the kinetic models are given in FIG.

7.while the calculated values of their constants and correlation coefficients (R?) are summarized in TABLE 16.

TABLE 16. Calculated values of the various kinetic models' constants and their correlation coefficients (R?) for the

adsorption of Pb (I1) ions onto groundnut shell.

Pseudo-first-order Pseudo-second-order
Kpi(L/min) de (Mg/g) R? Kp2 (L/min) de (Ma/g) R?
0.05 2.464 0.9819 0.004 4.464 0.9996

The plots of pseudo-first-order and pseudo-second-order models showed that the adsorption of Pb (II) onto the groundnut
shell followed both the pseudo-first-order and pseudo-second-order models with good correlation coefficients as shown in
FIG. 7. However, it was observed from FIG. 7. that the pseudo-second-order kinetic model of Pb (Il) showed excellent
linearity with high correlation coefficients R*> 0.999 in comparison to the pseudo-second-order model; hence, the best fit. In
TABLE 16, the high values of the adsorption capacities (q.) and rate constants of the pseudo-second-order (Kp,) Kinetic

model confirmed the agreement of experimental data with the pseudo-second-order model.
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FIG. 6. Pseudo-First-order plot of Pb (II) ion onto groundnut shell.
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FIG. 7. Pseudo-Second-order plot of Pb (I1) ion onto groundnut shell.

The best-fitted pseudo-second-order model explained the mechanism of Pb (11) biosorption onto the groundnut shell to be
chemisorption process [2] where the metal ions stick to the adsorbent surface by forming a chemical (usually covalent) bond
and tend to find sites that maximize their coordination number with the surface [59].

The fitness of Pb (I1) experimental data to the pseudo-second-order was also in agreement with other studies. Bhattacharyya
and Sharma [60] studied on the adsorption of Pb (I1) from wastewater using mature neem (Azadirachta indica) leaves. The
first-order and second-order kinetic models were used to explain the adsorption mechanism, but the adsorptive performance
corresponded to pseudo-second-order model. Wong et al., [59] analyzed the removal of Pb (II) by means of a batch

experiment using rice husk modified with tartaric acid. It was found that the pseudo-second-order model interpreted the
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kinetics of reaction better than the pseudo-first-order model with evidence of high correlation coefficient. Similarly, Yahaya
and Akinlabi, [61] made use of cocoa pod husk for the removal of Pb (I1) and the kinetic studies best fitted into the pseudo-

second-order model with the high R? a value ranging from 0.9776 to 1.

Conclusion

The optimization of Pb (Il) adsorption from aqueous solution by the groundnut shell showed that the contact time, pH and
initial Pb (I1) concentration had a significant influence on removal efficiency and adsorption capacity of Pb (II). This was
revealed by RSM where the interaction among the variables studied enhanced the adsorption of Pb (11). Applying the CCD
under RSM, the optimized contact time (90 min), pH (8) and initial concentration (75 mg/L) of Pb (Il) gave a maximum
uptake of 90.26 % and adsorption capacity of 3.428 mg/g with the desirability of 0.966.

Langmuir isotherm model provided the best fit to the equilibrium data indicating that the adsorption of Pb (Il) by the
adsorbent (groundnut shell) was monolayer with homogeneous adsorption sites. The adsorption process followed the pseudo-
second-order Kinetic model thereby describing the mechanism of Pb (11) bio-sorption onto groundnut shell as a chemisorption
process. The FT-IR analysis of the groundnut shell indicated that hydroxyl, carboxyl and amine groups were present while
the SEM analysis revealed large pores on the biomass surface that could enhance the uptake of Pb (I1). In this study, it could
be concluded that the groundnut shell exhibited high potential for the removal of Pb (1) ions from aqueous media.
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