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Abstract: Pollution from industrial wastewater has the greatest impact on the environment due to the
wide variety of wastes and materials that water can contain. These include heavy metals. Some of the
technologies that are used to remove heavy metals from industrial effluents are inadequate, because
they cannot reduce their concentration of the former to below the discharge limits. Biosorption
technology has demonstrated its potential in recent years as an alternative for this type of application.
This paper examines the biosorption process for the removal of nickel ions that are present in
wastewater using olive stone waste as the biosorbent. Kinetic studies were conducted to investigate
the biosorbent dosage, pH of the solution, and stirring speed. These are input variables that are
frequently used to determine the efficiency of the adsorption process. This paper describes an effort
to identify regression models, in which the biosorption process variables are related to the process
output (i.e., the removal efficiency). It uses the Response Surface Method (RSM) and it is based
on Box Benken Design experiments (BBD), in which olive stones serves as the biosorbent. Several
scenarios of biosorption were proposed and demonstrated by use of the Multi-Response Surface
(MRS) and desirability functions. The optimum conditions that were necessary to remove nickel
when the dosage of biosorbent was the minimum (0.553 g/L) were determined to be a stirring speed
of 199.234 rpm and a pH of 6.369. The maximum removal of nickel under optimized conditions
was 61.73%. Therefore, the olive stone waste that was investigated has the potential to provide an
inexpensive biosorbent material for use in recovering the water that the nickel has contaminated.
The experimental results agree closely with what the regression models have provided. This confirms
the use of MRS since this technique and enables satisfactory predictions with use of the least possible
amount of experimental data.

Keywords: biosorption; nickel; olive stone; multi-response surface methodology

1. Introduction

The control of water pollution has been of great interest for years due to its importance in protecting
health and the environment. The discharge of untreated or insufficiently purified residual effluents is
one of the main sources of water pollution. This is why much of the legislative actions in this matter by
competent administrations have involved the control of discharges. It is sometimes difficult to compare
the discharge limits with what conventional purification techniques achieve for the elimination of
heavy metals. Thus, a search for techniques or procedures is necessary for reducing or eliminating
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these types of emissions. In this context, biosorption research has shown, in recent years, the potential
of this technology as an alternative method for the treatment of water that has been contaminated by
heavy metals. The Word Health Organization (WHO) has reported that all ecosystems and human
health are threatened by serious exposures to heavy metals. The European Directive 2010/75/EU [1]
listed manganese, lead, chromium, nickel, cadmium, zinc, copper, aluminum, mercury, and iron as
heavy metals and pollutants for which emission limit values should be established.

Nickel is a widely used heavy metal in producing stainless steel, super alloys, and non-ferrous
alloys. Nickel and its salts are also used in electroplating as a catalyst, in Ni-Cd batteries and in coins,
welding products, electronic products, and some pigments. Consequently, nickel is used in numerous
productive sectors, including construction, transportation, automotive, electronics, aeronautics, and
telecommunications. A considerable amount will end up in the aquatic environment because there is
very significant use of nickel in industry. The ingestion of nickel in excess of recommended levels is
associated with severe lung and kidney damage, gastrointestinal problems, and shortness of breath,
etc. [2].

Various methods for removing heavy metals from wastewater have been developed. They include
physicochemical methods, such as chemical precipitation, oxidation-reduction, ion exchange [3,4],
and various electrochemical treatments [5,6]. These include [6] ultrafiltration [7,8], photocatalysis [9],
reverse osmosis [10,11], and electroflotation [12]. Their main drawback is that they are expensive and
produce secondary sludge, which necessitates the use of additional treatment [13]. For this reason,
there is a need for a method to remove metals from wastewater that is simple, efficient, and inexpensive.
An adsorption process becomes a good option, since it is a simple method to remove metal ions from
wastewater. However, the expense of using commercial adsorbents causes the use of the adsorption
process to be costly. This has prompted the search for new strategies to develop low-cost materials that
possess good removal capacity [14,15]. As a result of the above, agricultural and agro industrial wastes
have been used as natural adsorbents for the elimination of heavy metals, due to their biodegradability,
sustainability, and low cost. In addition, they offer the possibility of recovering the metal after the
regeneration process, as well as enabling the recovery of waste [16,17]. Several materials, such as
biosorbents, have been used. They are: bark [18], peat [19], various types of biomass [20,21], tobacco
residues [22], algae [23], coffee residues and grape residues [24], grapefruit skin [25], and sugar-beet
pectin [26]. Additionally, others materials that are based on biomass waste have been successfully used
for the removal of nickel ions from wastewater. They include grape stem waste [27], rice straw [28,29],
Citrus Limettioides carbon husk [30], lanzon [31], pineapple [32], cashew nut shell [33], spent mushroom
substrate [34], Litchi Chinensis seeds [35], and olive mill waste [36].

Accordingly, this study seeks to investigate the optimization of the use of olive stone waste as a
biosorbent agent for the removal of nickel from wastewater. With the growth of the olive oil industry,
there has been a corresponding rise in the volume of olive mill waste production. Spain faces this
problem. In recent years, the consumption of olive oil has increased significantly. This implies a
proportional increase in olive mill wastes. In fact, Spain’s oil produced is estimated to be 625,600 tons
per year, according to a report that was published by the International Olive Council. Because of the
increasing production of olive oil, olive mills face severe environmental problems, as olive mill waste
management has no feasible and/or cost-effective response to the rising quantities of olive-mill waste.
One interesting use of olive stone waste is as an inexpensive adsorbent in the removal of heavy metals
from water. Various studies have been published on the subject of using solid waste products that
the olive oil industry generates as adsorbents of heavy metals [36–38]. In conclusion, olive mill waste
has a value due to its potential as a biosorbent agent. It represents a solution to the problem of waste
disposal. The use of olive Stone waste as a biosorbent is supported by its properties. The chemical
composition of olive stone waste mainly consists of lignin, cellulose, and hemicelluloses. The hydroxyl
groups from the surface are the most abundant and reactive sites of the material and they can be used
to incorporate a variety of functional groups. These active functional groups, including carbonyl and
hydroxyl groups of the lignocellulosic material, interact with nickel ions throughout the adsorption
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process [39,40]. It is known that removal efficiency is directly related to the content of the carboxyl
groups in cellulose. Therefore, it is believed that adsorption occurs, in part, by ion exchange with
carboxyl groups [41].

One of the most important problems facing the adsorption process is the search for the variables that
will optimize this process. Optimizing the biosorption process requires identifying the process input
variables that provide the greatest efficiency. In this context, it might be noted that the traditional method
of experimentation involves only changing one factor at a time in the search for an optimal condition.
This approach is known as one-variable-at-a-time. However, it does not determine the relationship
among multi-variables because of the complexity of the influence of the factors. This approach is
also lengthy, laborious, and costly, as many experiments must be undertaken. Multivariate statistics
techniques enable the number of experiments to be reduced, as well as the impact of independent
variables on the process. This aids in the development and optimization of the operating system.
In turn, this greatly reduces the cost of experiments. Artificial intelligence techniques, such as Artificial
Neural Network (ANN) and Response Surface Methodology (RSM), are frequently used to optimize
the removal of heavy metals by biosorption. RSM provides mathematical statistical methodology with
which to construct regression models (the functionality of second-order polynomials regression models)
that effectively and efficiently analyze the effects of multiple variables [42]. There are three main steps
in the process to remove heavy metals by biosorption while using the RSM. These appear in Figure 1.
Several authors have optimized the removal of nickel from wastewater using RSM, by using different
vegetable wastes as a biosorbent and with different input variables. For example, [43–45] studied the
biosorption of Ni(II) in determining the efficiency of removal of Ni(II) while using RSM. These authors
considered the stirring speed, pH, adsorbent dose, initial ion concentration, and temperatures as input
variables. Bhagat et al. [46] recently reviewed some exclusive studies that were based on RSM. Other
authors [37,38,47,48] also investigated the biosorption of Ni(II) using vegetable waste as a biosorbent.
In most of these cited studies, the authors reported that the type and initial concentration of the
adsorbent, pH, contact time, and mixing speed in heavy metal elimination. It is apparent that the
input variables in the Ni(II) absorption processes in the previously mentioned research were mainly
pH, stirring speed, and adsorbent dosage, no matter which biosorbent was used. These factors must
be optimized before using olive stone as an adsorbent in order to increase the effectiveness of the
nickel removal.

The main reason for the current research was to undertake a comprehensive study of optimization
based on RSM with desirability functions, in which olive stone waste was used as an untreated
biosorbent for the removal of Ni(II) from wastewater. In this research, the combined effects of
biosorbent dosage (bioDose), pH (pH) and stirring speed (S) were considered as the input variables
of the biosorption process, and the Ni(II) removal efficiency (%NiR) was considered as the output.
The three steps that are described in Figure 1 were followed in the present study to obtain the optimal
elimination of Ni(II) based on RSM. They were developed, as follows: regression models that address
the efficiency of the removal process were created by the use of RSM that was based on experiments
involving a Box Benken Design (BBD). Three biosorption scenarios using the MRS with desirability
functions were proposed and implemented. The first biosorption optimization scenario was based
on the consumption of raw materials for the process of nickel removal. It sought to minimize the
biosorbent dosage consumption (bioDose) in order to obtain the highest Ni(II) removal efficiency (%NiR).
The second biosorption optimization scenario was based on minimizing the energy consumption
(minimize stirring speed S) to also obtain the highest Ni(II) removal efficiency (%NiR). The objective of
third optimization scenario was to maximize the efficiency of Ni(II) removal (%NiR) for all the values
of the established input variable. The experimental results approximated those that the regression
models had predicted. This work provides a method that could be applicable to nickel ions reduction
from wastewater in a safe, environmentally friendly, and economical way, while solving the problem
of accumulation of olive stone waste.
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Figure 1. The main stages of the study.

2. Materials and Methods

2.1. Materials

The olive stone waste was provided by an oil extraction plant, called “Trujal 5 Valleys Cooperative
Society”, which is located in Arnedo, in the province of La Rioja (Spain). The cultivated olives belonged
to the Olea europaea species (Arbequina variety). The extraction process is carried out in late autumn or
early winter. The olive stones were obtained from the separation of the olive pie by an industrial boning
machine. The solids were ground by a hammer mill and then dried in an oven at 105 ◦C. A fraction
that consisted of particles of less than 1 mm was chosen as the biosorbent for all of the experiments.
The main characteristics of the olive stone waste that was used in the experiments appear in Table 1.
Because it was not possible in this study to have “real” industrial water of differing concentrations of
nickel, a synthetic effluent or solution that contained Ni(II) was prepared in the laboratory. This solution
of nickel (1000 mg/L) was prepared by dissolving 2.475 g of Ni(II) nitrate hexahydrate (N2NiO6 6H2O)
in 500 mL of deionized water. All of the synthetic effluent samples that were required in this study
were prepared from this solution with a dilution in deionized water to different nickel concentrations.
For pH regulation, hydrochloric acid (HCl) and 0.1 M solutions of sodium hydroxide (NaOH), both
of analytical quality, were prepared. The pH adjustment process used a GLP 22 CRISON pH-meter
(Crison Instruments SA, Barcelona, Spain), according to the ASTM D1293-18 [49] standard. Only
reagents of analytical grade were used (GR for analysis, Merck, Darmstadt, Germany). The effect of
biosorbent dose, stirring speed, and solution pH were studied in batch experiments at a fixed initial
metal concentration (50 mg/L) and contact time (15 min.) at room temperature.
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Table 1. Physicochemical properties of olive stone.

Parameter Value

Specific surface area (m2/g) 0.6
Oxygen (%) 41.7

Carbon (% dry weight) 50.7
Nitrogen (% dry weight) 0.4

Sulfur (% dry weight) 0.04
Hydrogen (% dry weight) 5.9

Lignin (g/kg) 387.0
Cellulose (g/kg) 269.0

Hemicellulose (g/kg) 346.0

2.2. Response Surface Method and Design of Experiments

The RSM method is used to determine the relationships of input variables to each other and the
output variables. Box and Wilson introduced it in 1951 [50] for experimental data that would be used
for optimal responses or for models. Initially, this methodology was created to model the experimental
responses. More recently, it has been used for the modeling and optimizing mechanical devices and
biomechanical studies from Finite Element Analysis. [51,52]. The RSM method previously always
used a Design of Experiments (DoE) [53] with the aim of creating accurate regression models from the
least possible amount of data. Several methods have been proposed to develop DoE. However, they
generally require the construction of a design matrix (inputs) to measure the outputs or responses
of the experiments. One of the most widely used methods is the full factorial design method [54].
This method is based on the adoption of all possible combinations of the values (or levels) and the
factors that are considered in the DoE. The use of this method in this study (when considering the three
input variables) requires 27 experiments. Central Composite Design (CCD) is another method that is
used to develop a DoE. This method is considered to be a fractional three-level design that is useful in
obtaining regression models. It requires 16 experiments. However, a Box–Behnken design (BBD) has the
advantage of requiring a significantly lower number of experiments [50]. In this study, a Box–Behnken
(BBD) with three factors and three levels was chosen for the development of the DoE. It requires 13
experiments to be conducted. Furthermore, four additional experiments with the same variable input
as any one of the DoE were conducted in order to determine the repeatability of the experiments.
In this case, the input variables for the DoE were speed (S), pH (pH), and biosorbent dosage (bioDose).
The optimization factors that were adopted based on experimentation and their ranges were: pH
(3.5–6.5), mixing speed (100–200 rpm), and biosorbent dosage (0.5–1.5 g/L) (see Table 2).

Table 2. Adsorption process variables and levels.

Input Notation Magnitude
Levels

−1 0 1

pH pH 3.5 5 6.5

Speed S rpm 100 150 200
Biosorbent dosage bioDose g/L 0.5 1 1.5

After setting the adsorption process variables and levels, as shown in Table 2, R Statistical
Software [55] was used to create the design matrix. It was necessary to conduct 17 experiments in
order to cover all possible nickel adsorption process input variables and to obtain regression models
for use in finding the optimal inputs for the nickel adsorption process. The design matrix (Table 3)
indicates the number of experiments and values of the combinations of input variables (pH, speed,
and biosorbent dosage) and the process output results of the nickel adsorption process: the removal
efficiency of the Ni(II) and the Ni(II) uptake, as determined by Equations (1) and (2), respectively.
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Table 3. Design matrix and process output results for the nickel adsorption process.

Sample

Input Variables of the Adsorption Process Process Outputs

pH
(pH)

Speed
(S)

(rpm)

Biosorbent
Dosage (bioDose)

(g/L)

Ni(II) Removal Efficiency
(%NiR)

(%)

Ni(II) Uptake
(q)

(mg/g)

1 3.5 100 1 58.71 29.36
2 6.5 100 1 66.08 33.04
3 5 100 0.5 43.14 43.14
4 5 150 1 53.93 26.97
5 3.5 150 1.5 45.43 15.14
6 5 200 1.5 51.45 17.15
7 3.5 150 0.5 37.7 37.70
8 5 150 1 56.72 28.36
9 5 200 0.5 48.34 48.34

10 6.5 150 1.5 62.43 20.81
11 5 150 1 53.15 26.58
12 6.5 150 0.5 57.24 54.24
13 6.5 200 1 67.28 33.64
14 5 150 1 54.72 27.36
15 5 150 1 53.74 26.87
16 5 100 1.5 59.78 19.93
17 3.5 200 1 49.68 24.84

2.3. Nickel Adsortion Experiments

The experiments were conducted in a laboratory scale setup and in accordance with the
Box–Behnken design (BBD) matrix. To each 100 mL solution of 50 mg/L Ni(II) initial concentration
(according to Section 2.1) and known pH, a desired quantity of the biosorbent was added in a glass
flask. The mixture was stirred on a magnetic hot plate stirrer at room temperature. The stirring
speed was differed for each experiment and it was maintained for a predetermined time of 15 min.
The process output that was used to select the removal efficiency of nickel was established in each
experiment. The biosorbent was separated by filtration with 0.2 µm filters. All of the samples were then
added to volumetric flasks and analyzed to determine the residual nickel concentration. The latter was
determined by a Unicam-929 atomic adsorption spectrophotometer (Unicam Ltd., Cambridge, UK).
Equations (1) and (2) can be used to determine the removal efficiency E (%) and metal uptake q (mg/g).

E (%) =
(CI − CF)

CI
·100 (1)

q =
(CI − CF)· V

w
(2)

where V (L) is the volume of the solution, CI and CF (mg/L) are the initial and final concentrations of
nickel in the solution, and w (g) denotes the amount of biosorbent that was used. The experiments
were conducted in duplicate with the average results reported.

3. Results and Discussion

3.1. Experimental Results

The Ni(II) removal efficiency of the process was experimentally determined after determining the
input variables of the process of adsorption from the DoE. Table 3 provides the output variables (%NiR
and q) that were experimentally obtained according to the Box–Behnken DoE design matrix.
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3.2. Regression Model Analysis

The data in Table 3 were used to fit Equation (3) to obtain a regression equation for the response
by use of the “R” package [55]. Subsequently, second order polynomial models were constructed for
the response %NiR. Next, several criteria (p-value, MAE, RMSE, coefficient of determination or R2, and
adjusted R2) were used to select the most accurate regression model. The Akaike Information Criterion
(AIC) was used in this case to only select the significant terms of the quadratic regression model.
This criterion was applied by means of the function “step”, which is available in the “R” package.

%NiR = 63.23261111 + 0.0825105·bioDose − 2.702 × 10−5
·bioDose 2

− 13.34027778·pH
+ 1.33511111·pH2

− 0.42038·S − 0.0001353·bioDose·S + 0.0341·pH·S + 0.0011926·S2 (3)

The p-value (or Prob. > F) is the probability that a result will be obtained that equals or exceeds
what had been actually observed, if the regression quadratic models are accurate. It can be determined
from the analysis of variance (ANOVA). One might consider the model to be acceptable at a confidence
interval of (1 − α) if Prob. > F for the quadratic regression model and none of terms of the model are
greater than the level of significance (e.g., α = 0.05). The Mean Absolute Error (MAE) and the Root
Mean Squared Error (RMSE) determine the generalization capacities of the regression models and
could be calculated, as follows:

MAE =
1
m
·

m∑
k=1

∣∣∣Yk Experiment −Yk Model

∣∣∣ (4)

RMSE =

√√
1
m

m∑
k=1

(
Yk Experiment −Yk Model

)2
(5)

In this case, YkExperiment are the outputs that were experimentally obtained, whereas YkModel are
the outputs of the quadratic models that were produced by RSM and m is the number of experiments.
In addition, the coefficient of determination or R2 indicates the goodness of fit of the regression model,
whereas the adjusted R2 introduces a penalty to the value of R2 for each predictor (in this case input
variable) that is included in the regression model.

Table 4 shows the ANOVA results for the best regression quadratic model obtained and whether
the effects or interaction effects are statistically significant (p-value < 0.05). The ANOVA that was
undertaken leads one to conclude that bioDose and pH directly influence the Ni(II) remove efficiency
(%NiR) (p-value = 0.0005399 and p-value = 6.093×10−6, respectively). In addition, it was noted that,
in the ANOVA, S does not have as significant an influence as the other input variables (p-value =

0.0995499). The remaining terms that appear in Equation (3) (bioDose; bioDose2; pH2; bioDose·S; pH·S,
and S2) are input variables that are combined with each other and have a notable influence on %NiR,
when considering its statistically significant (p-value < 0.05). In this case, we can conclude that the
main effects, square effects, and interaction effects of bioDose and pH were the significant model
terms. Therefore, the input variables that were employed for the regression quadratic models can be
considered to be statistically significant.
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Table 4. ANOVA values for the Ni(II) remove efficiency quadratic model.

Variables Df Sum of Sq. Mean Sq. F Value p-Value

bioDose 1 133.4165 133.416 30.8221 0.0005399
bioDose 2 1 174.7524 174.752 40.3717 0.0002197

pH 1 472.9350 472.935 109.2586 6.093 × 10−6

pH2 1 42.1860 42.1860 9.7459 0.0141890
S 1 15.0152 15.0152 3.4688 0.0995499

bioDose·S 1 45.7652 45.7652 10.5727 0.0116734
pH·S 1 26.1632 26.1632 6.0442 0.0394099

S2 1 37.4288 37.4288 8.6468 0.0186935
Residuals 8 34.6286 4.32858

In addition, Table 5 shows the coefficient of determination or R2 and the adjusted R2. It can be
seen that the values of both coefficients in this table are very close to 1 (R2 = 0.9647 and adjusted
R2 = 0.9295), which is very high. This indicates that there is a high correlation between the observed
and predicted values. Additionally, the values corresponding to MAE and RMSE that are shown in
this table are very small (MAE = 4.005% and RMSE = 4.825%). This indicates that the adjustment of
the regression model is relatively accurate and it has a good generalization capacity.

Table 5. Results of the R2, adjusted R2, and errors in predicting the Ni(II) remove efficiency when using
the quadratic regression model that is obtained.

R2 Adjusted R2 MAE Train RMSE Train

0.9647 0.9295 0.04005 0.04825

Five new experiments were conducted during the training process to test the regression models.
Table 6 illustrates this matrix for the Ni(II) biosorption process.

Table 6. Test matrix of the Ni(II) biosorption process.

Sample

Input Variables of the Adsorption Process Process Outputs

pH
(pH)

Speed
(S)

(rpm)

Biosorbent Dosage
(bioDose)

(g/L)

Ni(II) Removal Efficiency
(%NiR)

(%)

Ni(II) Uptake
(q)

(mg/g)

1 6.4 174 1.284 65.70 25.58
2 4.6 171 0.956 50.63 26.47
3 6.23 106 0.547 50.07 45.72
4 4.3 199 0.533 45.43 42.64
5 5.5 159 0.526 47.16 44.79

After completing the five new experiments, errors became apparent during the testing stage.
Table 7 suggests that the regression models are accurately adjusted to the experimental results (MAE =

5.625% and RMSE = 6.727%).

Table 7. The results of the errors in predicting the Ni(II) remove efficiency using the second order
regression models.

MAE Test RMSE Test

0.05625 0.06727

A scatter diagram was created of the output variable after identifying the errors in prediction of
the training and testing data by the regression models (See Figure 2). The blue points indicate the 17
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data point values from design matrix for nickel adsorption (Table 3). The red points concern the five
additional experiments, as well as that the regression models that were used (Table 6). The closer the
points are on the diagonal line, the greater the correlation of the regression models. In this case, both
the red points (testing data) and the blue points (training data) are very close to the diagonal line.

1 

 

 

Figure 2. Scatter diagram of Ni(II) removal efficiency.

3.3. Effect of Operational Parameters

3.3.1. Effect of Solution pH on Ni(II) Adsorption

pH is the parameter that most affects the metal ions solubility, the counterion concentration on
the functional groups of the biosorbent, and the degree of ionization of the biosorbent during the
reaction [38,48]. In this study, the effect of hydrogen ion concentration was investigated in solutions at
differing values of pH within a range of 3.5 to 6.5.

Figure 3a,b, respectively, show the effect of the pH of the solution on Ni(II) biosorption at various
stirring speeds S (100 150 and 200 rpm) and for different biosorbent dosages bioDose (0.5 and 1.5 g/L).
It can be seen in both figures that, if the pH values decrease, the Ni(II) removal efficiency %NiR also
decreases. Additionally, it can be seen in both figures that, at a low adsorbent dose (bioDose = 0.5 g/L)
and high stirring speed (S = 200 rpm), the maximum value of Ni(II) removal efficiency %NiR is reached
when the pH = 6.5 (Figure 3a). In contrast, the maximum value of Ni(II) removal efficiency %NiR is
reached at high adsorbent doses (bioDose = 1.5 g/L) and a much lower stirring speed (S = 100 rpm)
when the pH = 6.5 (Figure 3b). It can be concluded that what happens is the following: at low pH
values, concentrations of H+ ions greatly exceed that of metal ions. H+ ions will then compete with
Ni(II) ions for the adsorbent surface. This will make it more difficult for the Ni(II) ions to reach the
adsorbent binding sites that are caused by repulsive forces. However, the metal removal is minimal.
This is thought to be due to greater competition by protons and nickel ions for the binding sites and
complex formations. The Ni(II) ions are precipitated when the pH is increased. This is due to the
formation of nickel hydroxide precipitates by hydroxide anions [56].
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1 

 

 

Figure 3. Variation of %NiR vs pH for different values of S when: (a) bioDose = 0.5 g/L; (b) bioDose =

1.5 g/L.

3.3.2. Effect of Adsorbent Dose on Ni(II) Adsorption

An increase in the biosorption percentage and the biosorbent dose might be due to an increase in
availability of sorption sites on the surface of the sorbent [57]. In this study, nickel removal at different
adsorbent doses was studied for values of the pH that ranged from 3.5 to 6.5 and with various amounts
of adsorbent bioDose of 0.55 to 1.5 g/L when the stirring speed S was a minimum and a maximum
(Figure 4a with S = 100 rpm and Figure 4b with S = 200 rpm, respectively). It is observed in both
figures that, as the adsorbent bioDose increases, the nickel removal also increases, as does the pH.
This is due to the availability of more and more adsorption sites for complexation of Ni(II) ions [56,58].
However, these figures also indicate that the biosorption percentage has a maximum value, if the
adsorbent amount bioDose has a maximum value. For example, in Figure 4a, a maximum value of 69%
is observed for the biosorption percentage when the bioDose is 1272.72 rpm (a low stirring speed S),
whereas, in Figure 4b, a maximum value of 69.33% is observed for the biosorption percentage when
the bioDose is 1027.273 rpm (a high stirring speed S). These maximum values that are found for the
biosorption percentage when the amount bioDose values are not the maximum suggest a saturation
effect that causes a decrease in the removal of nickel as the bioDose increases.

1 

 

 

Figure 4. %NiR vs. bioDose for different values of pH when: (a) S = 100 rpm; and, (b) S = 200 rpm.

3.3.3. Effect of Stirring Speed Dose on Ni(II) Adsorption

Pore diffusion and film control the adsorption rate, depending on the stirring speed. As a
general rule, a low stirring speed produces a thicker layer of film of the solvent around the adsorbent.
This results in the layer of film controlling the rate of adsorption. A higher stirring speed causes



Water 2020, 12, 1320 11 of 19

the thickness of the layer of film around the sorbent to become thinner [38]. Thus, the metal ions
move through the film layer very quickly. This leaves diffusion through the pores as the factor that
controls the rate of adsorption. However, when the amount of biosorbent dosage increases, this effect
does not occur as clearly. How stirring speed affects the percentage adsorption of Ni(II) ions was
also investigated. In this case, the stirring speed varied from 100 to 200 rpm for different values
of pH (a range of 3.5 to 6.5) and at different values of bioDose, as shown in Figure 5. It is seen in
Figure 5a that, for low biosorbent dosage values (bioDose = 0.5 g/L), the percentage adsorption of
Ni(II) values increases as S increases. In contrast, Figure 5b shows that, for high values of biosorbent
dosage (bioDose = 1.5 g/L), the percentage of adsorption of Ni(II) decrease as S increases. This effect
in the decrease of the percentage adsorption of Ni(II) can be seen, for the point analyzed above, as a
saturation effect on the surface of the biosorbent, which is unable to adsorb more Ni(II).

1 

 

 

Figure 5. %NiR vs. S for different values of pH when: (a) bioDose = 0.5 g/L; and, (b) bioDose = 1.5 g/L.

3.4. Multi-Response Optimization

Tables 8–10 provide the combination of the input variables of adsorption and Ni(II) removal
efficiency for the process that was examined when studying, by desirability function, the biosorption of
nickel on olive stone waste in wastewater. This involved the desirability package [59] for three criteria
or scenarios of biosorption optimization. The first column of each table contains the input variables that
were examined, as well as the outputs. The second column indicates the objective for the biosorption
optimization process. The third and fourth columns show the minimum and maximum values (range)
that have been established for the biosorption adsorption process input variables. Finally, the fifth
column provides the optimized values and the sixth column shows the desirability values.

Table 8 provides the results of the first biosorption optimization scenario. Its optimization
requirements are based on minimizing the amount of biosorbent that is necessary for obtaining the
highest efficiency in removing nickel (maximizing the %NiR). S and pH input variables are in a range,
whereas the bioDose is the minimum (0.553 g/L). Additionally, in Table 8, the pH value is high (6.369)
and S is high (199.2 rpm). In this first scenario, the overall desirability was 0.877. Table 9 shows the
results of the second biosorption optimization scenario. Its optimization requirements are based on
minimizing the biosorption process energy requirements, while obtaining the highest Ni(II) removal
efficiency. The bioDose and pH input variables are in range, and S is minimum. In addition, it can be
seen in this table that the pH value is high (6.43) and that the bioDose is also high (1.311 g/L), whereas
the stirring speed is a minimum (102 rpm). The overall desirability value of this second scenario
was 0.989. Finally, Table 10 shows the results of the third biosorption optimization scenario. In this
case, the optimization requirements are based on maximizing %NiR, whereas the input variables are
in the range. In addition, Table 10 shows that the pH is high (6.43), the S is low (102 rpm), and the
bioDose is high (1.311 g). This indicates that, with an increase in pH, the removal efficiency of nickel
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will increase when the biosorbent dose is increased. Finally, an overall desirability of 1 was obtained
for this third scenario.

Additionally, the results presented in Tables 8–10 show that the output of the studied process
regarding (%NiR) is similar to those of all biosorption optimization scenarios in the range of variables
for the biosorption process being considered. For instance, the range of the optimal values of the
bioDose for the three scenarios studied extends from 0.553 to 1.311. In addition, the range of values for
the NiR percentage extends from 61.732 to 68.158. These results suggest that the optimal variables for
the biosorption optimization scenarios appear in a somewhat narrow range, especially for the second
and third scenarios.

Table 8. The first biosorption optimization scenario: minimizing the biosorbent dosage consumption
to obtain the highest Ni(II) removal efficiency.

Variables Goal Min Max Optimum Desirability

bioDose Min 0.5 1.5 0.553 0.947
pH inRange 3.5 6.5 6.369 1
S inRange 100 200 199.234 1

%NiR Max 37.7 67.28 61.732 0.812
Overall Desirability 0.877

Table 9. The second biosorption optimization scenario: minimizing the energy consumption
(minimizing stirring speed) to obtain the highest Ni(II) removal efficiency.

Variables Goal Min Max Optimum Desirability

bioDose inRange 0.5 1.5 1.311 1
pH inRange 3.5 6.5 6.433 1
S Min 100 200 102.115 0.979

%NiR Max 37.7 67.28 68.185 1
Overall Desirability 0.989

Table 10. The third biosorption optimization scenario: maximizing the Ni(II) removal efficiency.

Variables Goal Min Max Optimum Desirability

bioDose inRange 0.5 1.5 1.311 1
pH inRange 3.5 6.5 6.433 1
S inRange 100 200 102.315 1

%NiR Max 37.7 67.28 68.158 1
Overall Desirability 1

Figure 6a shows, in three dimensions, the results of the first biosorption optimization scenario in
order to graphically check the optimal scenarios that have been obtained. These include the variation
in Ni(II) removal efficiency (%NiR) when the pH is 6.369 and the other input variables are in range
(S (100–200) and bioDose (0.5–1.5)). However, Figure 6b shows it graphically, and in two dimensions
(the horizontal axis corresponds to S and the vertical axis corresponds to bioDose) the variation of %NiR
for the same 6.369 pH value). It can be deduced from both figures that the parameter S for this the first
biosorption optimization scenario is practically at the upper end of the interval (199.234) and the %NiR
could reach much higher values than those achieved in this first biosorption optimization scenario.
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1 

 

 

Figure 6. First optimization scenario: (a) response surface plot showing the effect of S and bioDose,
(b) contour plot showing the optimal point reached.

Figure 7a shows in three dimensions the results that were achieved for the second and third
biosorption optimization scenarios. The results show the variation in Ni(II) removal efficiency (%NiR)
when the pH is 6.433 and the other input variables are in range (S (100–200) and bioDose (0.5–1.5)).
As this figure shows, the optimal points are very close together (See Tables 8 and 9) and difficult to
differentiate. The range of the input variables S (101–103) and bioDose (1312–1312) has been reduced in
Figure 7b, while maintaining the pH value of 6.433, in order to appreciate these two optimal points.
This figure shows that the optimal variables for the second and for the third biosorption optimization
scenarios appear in a narrow range.
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1 

 

 

Figure 7. Second and third optimization scenario: (a) response surface plot showing the effect of S and
bioDose, (b) detail the optimal points reached.

Table 11 shows the maximum adsorption capacity (q) for the three optimization scenarios that have
been calculated according Equation (2) with the input variables that appear in Tables 8–10. This table
shows that the maximum values for q are reached in the first optimization scenario (q = 55.816 mg/g).
That scenario consists of minimizing the biosorbent dosage consumption to obtain the highest Ni(II)
removal efficiency. The second and third optimization scenarios show %NiR values that are higher
than in the first optimization scenario (26.005 mg/g and 25.995 mg/g, respectively). However, they
show higher bioDose values (1.311 g/L for both scenarios). This difference between the values that were
obtained for %NiR and bioDose gives rise to a greatly different q for the first scenario.
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Table 11. Adsorption capacity of the olive stone waste.

Opt. Scenario pH S
(rpm)

bioDose
(g/L)

%NiR
(%)

q
(mg/g)

1st Scenario 6.369 199.234 0.553 61.732 55.816
2nd Scenario 6.433 102.115 1.311 68.185 26.005
3rd Scenario 6.433 102.315 1.311 68.158 25.995

Three new experiments were conducted after obtaining the input variables of the three biosorption
optimization scenarios. They employed the process variable combinations that appear in Tables 8–10
to test the accuracy of the proposed method. Table 12 provides the output variable values of the three
studied biosorption optimization scenarios that were experimentally obtained (%NiRExp.). This table
also shows the MAE and RMSE values, the experimentally determined (%NiRExp.), and from the
data in Table 11. The last column contains errors that concern the MAE for the values of output
variable (%NiR) in each clarification optimization scenario. The MAE and RMSE in the last two rows
relate to the errors in output variable values of the clarification optimization scenarios that were
examined. The table shows that there was a very small difference difference between values that
were experimentally obtained for the three biosorption optimization scenarios and those that the RSM
methodology produced (see the the results in Tables 8–10). Additionally, this table shows that the first
optimization scenario has the lowest MAE (0.034), whereas the second has the highest (0.379), and the
MAE for the third scenario is 0.038.

Table 12. Experimental output variable (%NiRExp.) of the three biosorption optimization scenarios and
errors calculated.

Opt. Scenario Exp. Values Errors

%NiRExp. MAE

1st Scenario 61.697 0.034
2nd Scenario 68.564 0.379
3rd Scenario 68.223 0.038

MAE 0.1504

RMSE 0.2209

3.5. SEM-EDX Analysis

The samples were analyzed by atomic absorption spectroscopy to ensure that the olive stone
waste that had been used as a biosorbent retained nickel. Scanning Electron Microscopy with Energy
Dispersive X-ray spectroscopy (SEM-EDX) also was employed to identify any nickel in olive stone
waste. In this case, a sample of the olive stone waste not used as an adsorbent (raw) and another
sample of waste that was used as an adsorbent (the one used in the second optimization scenario)
were compared. The reason for analyzing the adsorbent that was employed in the second optimization
scenario using SEM is that this scenario had a higher %NiR in the removal of nickel (68.185%) than the
others (61.732% and 68.158%). Figure 8a shows the olive stone waste before and after Figure 8b metal
biosorption SEM micrographs. Figure 8b shows that there is nickel trapped in the olive stone waste.
This indicates that this type of organic waste can be used as an adsorbent for the removal of nickel.
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1 

 

 

Figure 8. Olive stone waste surface morphology as recorded by scanning electron microscopy: (a) before
metal-ion biosorption, (b) after Ni(II) biosorption. Visible nickel appears in red.

4. Conclusions

Determining the amount of biosorbent that is necessary for the removal of nickel ions from
wastewater is a complicated task. This paper provides a methodology that is based on RSM with
desirability functions to optimize the biosorption process for efficient removal of Ni(II) form wastewater
sample while using olive stone waste as a cheap biosorbent. The proposed methodology generates
a quadratic regression model from a DoE. The output variable Ni(II) removal efficiency (%NiR) is
a function of the input variables biosorbent dosage (bioDose), pH, and stirring speed (S). After the
regression model is validated, multi-objective optimization is conducted when considering three
biosorption optimization scenarios and using desirability functions. These are the biosorbent dosage
consumption, energy consumption, and Ni(II) removal efficiency. In the results of the optimization
study, the pH reached an optimum value in a range from 6.369 to 6.433, a stirring speed (S) of 102.115 rpm
to 199.234 rpm, and a biosorbent dosage (bioDose) of 0.553 g/L to 1.311 g/L. The foregoing suggests that
optimal biosorption inputs variables can be found when various biosorption optimization scenarios
are satisfied in a relatively narrow range. Finally, the three biosorption scenarios were verified in order
to test the accuracy of the proposed methodology. The values that were obtained for %NiR from the
optimization based on RSM were 61,732%, 68,185%, and 68,158% for each of the optimization scenarios.
However, the experimental results obtained for %NiRExp. in each of the optimization scenarios showed
that the values were very similar to those that were theoretically obtained (61.697%, 68.564%, and
68.223%). It was concluded that there was good agreement between the experimental results and the
predicted results. In conclusion, this paper has shown that the proposed methodology might be an
efficient means for the removal of nickel ions from wastewater in a safe, environmentally friendly, and
economical way, while solving the problem of the accumulation of olive stone waste.
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