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Abstract: This paper exploits, through modeling and optimization, the experimental laboratory data
on the biosorption of heavy metal ions Pb(II), Cd(II), and Zn(II) from aqueous media using soybean
and soybean waste biomasses. The biosorption modeling was performed using the Response Surface
Methodology, followed by optimization based on numerical methods. The aim of the modeling
was to establish the most probable mathematical relationship between the dependent variables (the
biosorption efficiency of the biosorbents when adsorbing metal ions, R(%), and the biosorption
capacity of sorbents, q(mg/g)) and the process parameters (pH; sorbent dose, DS (g/L); initial metal
ion concentration in solution, c0 (mg/L); contact time, tc (min); temperature, T (◦C)), validated
by methodologies specific to the multiple regression analysis. Afterward, sets of solutions were
obtained through optimization that correlate various values of the process parameters to maximize
the objective function. These solutions also confirmed the performance of soybean waste biomass
in the removal of heavy metal ions from polluted aqueous effluents. The results were validated
experimentally.

Keywords: ANOVA; heavy metals; second-degree function; soybean biomass; waste

1. Introduction

Environmental quality has deteriorated, mainly as a consequence of the diversification
of anthropogenic activities, population growth, unplanned urbanization, rapid industrial-
ization, and the irrational exploitation of resources. That is why, in recent decades, efforts
to improve some innovative and ground-breaking processes have been intensified so as to
make it possible to eliminate the pollutants from the environment with increased efficien-
cies. These processes should be capable of removing pollutants from the environment and,
at the same time, protect human health by combining the two major challenges, resource
consumption and pollution, by harnessing natural resources and, in particular, waste,
and by using waste to improve the quality of the environment by decontaminating its
components [1–3].

In parallel with environmental pollution, our current patterns of resource use, produc-
tion, consumption, and prevention of waste generation and pollution are unsustainable.
The Earth has finite resources, and the extensive use of these resources increases the pressure
on the natural environment, resulting in global warming, pollution, and the degradation
of ecosystems and biodiversity. Natural resources are fundamental to any economy and
for ensuring human prosperity. They provide raw materials, energy, food, water, and
soil, as well as environmental and social services. Therefore, humanity is faced with two
challenges: ensuring the sustainable consumption of natural resources and preventing the
pollution of the environment [4–6].
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The increased awareness of the link between generating environmental impacts (with
short-, medium-, and long-term consequences) and current environmental strategies has
led the scientific community to focus on developing sound, economically viable, and
environmentally friendly processes. This requires stepping up efforts to integrate pollution
prevention and control and the application of the principles of the circular economy. One
of the appropriate ways to achieve these requirements for ensuring sustainability involves
the use of waste in the depollution of some environmental components [7–9].

The harmful effects of organic and inorganic pollutants on ecosystems and on hu-
man health are well known, which is why sustained efforts are being made to develop
treating methods to prevent or limit pollution. Heavy metal pollution is one of the most
important environmental problems today [10–13]. Various fields of activity, such as mining
and steel, the metallurgical industry, the metal surface finishing industry, energy and fuel
production, the fertilizer and pesticide industry, galvanizing, electrolysis, electro-osmosis,
leather processing, the photographic industry, the electrical equipment industry and elec-
tronics, metal surface treatment, aerospace industry, etc., produce and discharge into the
environment various industrial wastes and effluents containing heavy metals. Thus, metals,
although usually regarded as resources, also become important pollutants of the environ-
ment, endangering the health of humans and the ecosystem [14,15]. The intensification
of the use of metals and their various chemical compounds in industrial processes has
the consequence of generating large amounts of effluents containing high levels of toxic
metals. The presence of heavy metals in these effluents can induce major environmental
impacts and risks, mainly due to the toxicity of most heavy metals and their persistence in
the environment [16,17]. Environmental and management specialists and decision makers
are faced with a constant challenge associated with the research and development of ad-
vanced but inexpensive technologies for the removal of heavy metals from industrial and
municipal effluents.

The range of conventional methods for removing heavy metals from aqueous solu-
tions may include techniques such as [18–23]: chemical precipitation, oxidation or chemical
reduction, ion exchange, filtering, membrane techniques, etc. The literature considers that
processes based on these techniques are usually expensive and inefficient, especially for
solutions containing ions with concentrations between 1 and 100 mg/L [24–26]. Another
major disadvantage of conventional techniques for removing metals from industrial efflu-
ents is associated with the production of toxic chemical sludge, the treatment and storage
of which involves a number of additional costs and major environmental impacts.

Adsorption is considered to be a feasible alternative for drinking and industrial water
treatment and wastewater treatment because it is usually a suitable operation that is
easy to apply, and the design of adsorption systems is relatively simple, although the
costs are relatively high [27–30]. The properties of adsorbates and adsorbents (solids)
are relatively specific and depend on the components in their structure. The interaction
between the solid surface and the adsorbed molecules can be of physical (physisorption)
or chemical (chemisorption) in nature. Activated carbon is currently considered to be the
most commonly used and most effective adsorbent for the removal of various pollutants
from water, such as dyes and heavy metals, although there are some issues related to the
regenerative capacity of the adsorbent or its elimination at the end of its life, based on
different disposal strategies other than storage [31–33]. In addition to activated carbon,
a wide variety of approved adsorbents to date have been examined for both low-cost
(low-cost sorbents) and their ability to remove various types of pollutants from liquid
effluents. The general trend is to replace activated carbon—which is the so-called state of
the art—with natural materials or waste/by-products from various fields of activity, such as
agriculture and industry. Based on literature studies, low-cost sorbents from natural sources
have been classified into the following groups [34–37]: (i) agricultural and household waste,
(ii) waste and by-products, (iii) sludges, (iv) marine materials, (v) soils and ore tailings, and
(vi) new low-cost adsorbents.
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Biosorption is a particular alternative in the group of sorption processes that is based
on the ability of certain categories of biomass (active–viable, or non-viable) to bind/retain
and concentrate heavy metals or organic pollutants, even from dilute solutions. Biomass
capitalizes on this property, acting as a chemical or as an ion exchanger of biological
(vegetable) origin. This technique does not necessarily have to replace existing treatment
processes, but it can be a complementary alternative. Some studies have shown that using
biosorption as a technique to remove pollutants from contaminated environments (aqueous
effluents) can reduce capital costs by about 20%, operating costs by 36%, and total costs
by about 28% compared to conventional systems [38,39]. The first work in the field of
biosorption was published in 1951 [40]. Since then, substantial efforts have been made to
discover cost-effective materials that can be applied as biosorbents to treat wastewater and
other aqueous solutions contaminated with pollutants.

Many researchers have found that by using this new method, in which different
categories of biomass can be used as biosorbents, toxic pollutants can be selectively re-
moved from aqueous solutions at desired residual concentration levels [18,39,41–44]. As a
broader spectrum of properties suitable for biosorbent requirements has been discovered
for biomass, the concept of biosorption has become increasingly attractive in various fields.
Bulgariu et al. have reported on the use of soybean waste biomass resulting from oil
extraction and modified during alkaline treatment as a biosorbent for the removal of Pb(II),
Cd(II), and Zn(II) ions from aqueous media, with very promising results [45].

The biosorption studies in the literature analyze, for the most part, the elimination
efficiency of some heavy metals, such as cadmium (Cd), chromium (Cr), mercury (Hg),
nickel (Ni), lead (Pb), and zinc (Zn), since they may pose significant risks to public health
and the environment. Of these metals, we have selected three, lead, cadmium, and zinc, for
biosorption studies, both due to their toxicity and to highlight differences in the biosorption
capacity of soybean biomass and soybean waste biomass, and particularly due to their
different electronegativity. Thus, Pb(II), which has the highest electronegativity (1.87), can
participate more easily in ion exchange interactions than Cd(II) (1.69) and Zn(II) (1.65).
Moreover, the hydrated radii of these metal ions have different sizes (Pb(II) = 4.01 Å < Cd(II)
= 4.26 Å < Zn(II) = 4.30 Å), while their hydration energies also have different values (Pb(II) =
−1481 kJ/mol, Cd(II) =−1807 kJ/mol, Zn(II) =−2046 kJ/mol), and these lead to differences
in the sorption abilities of these metal ions [46–48]. This context offers the opportunity for a
comparative study of biosorbents’ retention capacities and efficiencies, and their preferences
for these metals. Additionally, these differences make possible a worthy comparison of the
biosorption capacity and the biosorption efficiency of some biosorbents.

Although several publications have studied biosorption for the removal of heavy met-
als in batch systems, fewer studies have focused on modeling and optimizing this process
for scaling-up purposes [49–52]. The biosorption capacity of copper by dried Chlorella
pyrenoidosa was modelled by Rezende Moreira et al. using Response Surface Methodology
(RSM) built based on a Box–Behnken design and artificial neural networks (ANN) [53]. A
parallel sigmoidal (PS) model was applied by Blagojev et al. to describe the biosorption
process and confirm its applicability to different types of biomass and various types of
heavy metal ion [54]. Selva Filho et al. developed a two-parameter model based on a central
composite rotatable design to find the optimal oil–water separation efficiency, involving
floating macrophytes of the species Eichhornia crassipes in constructed wetlands [55]. The
Box–Behnken experimental design model was applied by Jaafari and Yaghmaeian to plan
biosorption experiments with heavy metals adsorbing onto the freshwater algae Chlorella
coloniales to determine the effects of independent parameters, such as metal concentration,
time of reaction, and algae dose, as well as to optimize these variable [56].

In this paper, the empirical mathematical modeling of the biosorption process of Pb(II),
Cd(II), and Zn(II) ions from aqueous media on soybean and soybean waste biomasses
was performed using Response Surface Methodology, followed the optimization using
numerical methods. The aim of the modeling was to establish the most probable mathe-
matical relationship between the dependent variables, including the biosorption efficiency
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of the biosorbent when adsorbing the metal ion, R(%), and the biosorption capacity of the
sorbent, q(mg/g), and the process parameters (i.e., the independent variables: pH; sorbent
dose, DS (g/L); initial metal ion concentration in solution, c0 (mg/L); contact time, tc (min);
temperature, T (◦C)), validated by using a methodology specific to multiple regression
analysis. Subsequently, through optimization, sets of solutions were obtained that cor-
relate various values of the process parameters to maximize the objective function and
demonstrate the performance of waste biomass in biosorption process. The results were
validated experimentally.

2. Materials and Methods
2.1. Experimental Context

This paper discusses the removal of heavy metals, namely, Pb(II), Cd(II), and Zn(II)
ions, from simulated wastewater samples through biosorption, using soybean and soybean
waste biomasses as biosorbents [45]. The experimental studies aimed to describe the
biosorptive potential of these biosorbents for the removal of Pb(II), Cd(II), and Zn(II) ions
from aqueous solutions, assessed based on the most relevant biosorption parameters: the
biosorption capacity of the sorbent, q(mg/g), and the biosorption efficiency, R(%).

2.2. Preparation and Characterization of Biosorbents

The soybeans used to obtain the biosorbent needed for experimental studies were
selected from a local farm in Iasi, Romania. After harvesting, the soybeans (1 kg) were
washed with distilled water (5–6 times) to remove macroscopic impurities, dried in air
at room temperature (22 ± 0.5 ◦C) for 5 days, and then ground. The material obtained
from these operations was prepared further in the following modes: (1) dried at 65 ◦C for
6 h, then mechanically sieved so that the particle size was less than 1.5 mm, and stored
in the desiccator to maintain a constant humidity, thus resulting in a soybean biosorbent;
(2) through extraction with n-hexane for 30 h in a Soxhlet extractor, followed by washing
with distilled water and drying at 65 ◦C for 6 h and then grinding, thus resulting in a
soybean waste biosorbent.

In order to highlight the structural and morphological features, which are in direct
correlation with the biosorptive properties, it was necessary to characterize the materials
used as biosorbent in this study. The characterization was performed using the following
methods of analysis by applying standard procedures for samples preparation:

• X-ray dispersive spectrometry (EDX)—with an EDAX-TSL 32 spectrometer—which
allows the determination of the elemental composition of the analyzed material. The
samples were prepared and analyzed according to the protocol described in [57].

• IR spectrometry—with a Bio-Rad Spectrometer with Fourier transform—which re-
vealed the main types of functional groups that were found on the surface of each
biosorbent used. For sample preparation, a small quantity of finely powdered solid
sample was mixed with 100 times its weight of KBr and compressed into a thin trans-
parent tablet using a hydraulic press. These tablets are transparent to IR radiation, and
they were used for analysis.

• Scanning Electronic Microscopy (SEM) (performed using an S-3000 N HITACHI mi-
croscope with 15 UV). Microscopic images were recorded in low vacuum conditions,
with several orders of magnitude, and their analysis allows the appreciation of the
roughness of the material surface adsorbent. The samples were prepared and analyzed
following the procedure described in [58,59].

2.3. Preparation and Analysis of the Studied Metal Ions

The aqueous solutions of the selected metal ions considered as the polluting species in
this study were freshly prepared with exactly known concentrations for each experiment
by diluting a given volume of the corresponding stock solution with distilled water. The
solutions used in experiments were analyzed using an appropriate spectrophotometric
analysis method to ensure the selectivity and accuracy of the determinations (Digital
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Spectrophotometer S 104 D, glass cuvettes thickness = 1 cm) according to the specific
analysis method (Table 1).

Table 1. Analytical characteristics of the spectrophotometric methods used to determine the concen-
tration of metal ions.

Parameter Pb(II) Cd(II) Zn(II)

Color reagent 4-(2-piridilazo)-resorcinol Xilonolorange Xilonolorange
pH 10.0 6.0 6.0

Buffer solution Ammoniacal HMTA + HNO3 Acetat
λmax, nm 530 575 570

εmax, L/mol cm 1.95 × 104 2.15 × 104 2.64 × 104

Reference sample witness test witness test witness test
Calibration sensitivity, mg/L 0.1694 0.1718 0.2563

Detection limit, ppm 0.1985 0.1325 0.1554
Linearity range used, mg/L 0.75–2.93 0.93–3.73 0.65–2.62

RSD% 0.44% 0.23% 0.28%

HMTA—hexamethylenetetramine.

The concentration of metal ions in the analyzed solutions was calculated from the
regression equation of the corresponding calibration curve.

2.4. Experimental Methodology Used for Batch Biosorption Studies

Although the use of batch techniques for biosorption studies is sometimes considered
in the literature to be an empirical method that does not accurately present the existing con-
ditions in the treatment of industrial effluents, it is important, especially, in the evaluation
of the biosorptive potential of a material for certain polluting species in aqueous solutions.

On a laboratory scale, the use of batch systems for the study of biosorption processes
involved contacting a given volume of aqueous solution containing the polluting species
(25 mL solution containing Pb(II), Cd(II), or Zn(II) ions of the given concentration) with an
exactly weighed amount of biosorbent (soybean biomass or soybean waste). The mixture is
stirred intermittently for a certain period of time (which is well established), after which the
two phases are separated by filtration (using a quantitative filter paper with large pores),
followed by the analysis of the two phases (filtrate—aqueous solution, and solid phase—
biosorbent loaded with metals) using the specific methods of analysis discussed above.

2.5. Establishing the Experimental Conditions and Parameter Variation Ranges

Sets of preliminary tests facilitated the selection of a variation range of independent
parameters for further working, considering also information from the literature. The best
experimental conditions were established for each type of metal ion separately, both for
biosorption on soybean biomass and soybean waste, using several sets of experiments that
followed the influence of the most important experimental parameters, such as the pH of
the initial solution, the dose of biosorbent (DS), the initial concentration of metal ion (c0),
the contact time (tc), and the temperature (T), on the efficiency of the biosorption process.
The evaluation of the influence of each experimental parameter was performed keeping
constant the values of the other parameters considered in the experimental program.

2.5.1. pH

To determine the suitable pH value of the initial solution for the biosorption of Pb(II),
Cd(II), and Zn(II) ions on the two types of soy-based biosorbents, two sets of experiments
were performed (for each biosorbent), in which the pH of the aqueous solution (25 mL)
containing metal ions varied between 1.0 and 6.5, while the values of the other experimental
parameters were kept constant (Table 2). This pH range was chosen so that the studied metal
ions could exist in solution predominantly in the form of free ions, and their precipitation
in the form of hydroxides could be excluded. The required pH values were adjusted using
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solutions of different concentrations of HNO3 (to avoid the introduction into the solution
of another anion that could influence the biosorption process).

Table 2. Values of working parameters used in the experimental study on the influence of the initial
pH of aqueous solution on the biosorption process.

Me(II) pH Range Biosorbent Dose DS, g/L Initial Concentration of Metal Ion
c0Me(II), mg/L

Contact Time,
tc, h Temperature, T ◦C

Pb(II) 1.0–6.5 5.0 83.29 24 23.0
Cd(II) 1.0–6.5 5.0 46.11 24 24.5
Zn(II) 1.0–6.5 5.0 52.31 24 22.5

pH values were measured exactly with the help of a pH/ion-meter MM + 873,
equipped with a combined glass electrode. The pH value for which the biosorption
efficiency is at its maximum was considered suitable for the biosorption of metal ions
considered for the two types of soy-based biosorbents and was kept constant in all
other experiments.

2.5.2. Dose of Biosorbent

The experimental study on the influence of this parameter on biosorption was per-
formed as follows: a volume of 25 mL aqueous solution of a metal ion of an exactly known
concentration was brought into contact with the biosorbent (soybean biomass and soybean
waste biomass) at a particular pH, contact time, and constant temperature (Table 3). After
the required time had elapsed, the two phases were separated and analyzed. The optimal
amount of biosorbent was established for each case (metal ion and type of biosorbent)
based on the value of the quantitative parameters of the biosorption process, with the best
value being considered the one for which the efficiency of the process is maximum.

Table 3. Values of working parameters used in the experimental study of the influence of biosorbent
dose on the biosorption process.

Me(II) pH Range Biosorbent Dose DS, g/L Initial Concentration of Metal Ion
c0Me(II), mg/L

Contact Time,
tc, h Temperature, T ◦C

Pb(II) 3.40 4.0–40.0 83.29 24 22.0
Cd(II) 3.40 4.0–40.0 46.11 24 22.5
Zn(II) 3.40 4.0–40.0 52.31 24 21.0

2.5.3. Initial Concentration of Metal Ions

The influence of this parameter was studied by varying the concentration of each metal
ion in a range of at least two orders of magnitude (Table 4), and keeping constant the values
of the other parameters corresponding to the suitable values. Metal ion concentrations
were obtained by accurately measuring volumes of the metal ion stock solution, which
were then diluted to a 25 mL volumetric flask.

Table 4. Values of working parameters used in the experimental study of the influence of the initial
concentration of the metal ions on the biosorption process.

Me(II) pH Range Biosorbent Dose,
DS, g/L

Initial Concentration of Metal Ion
c0Me(II), mg/L

Contact Time,
tc, h Temperature, T ◦C

Pb(II) 3.40 5.0 11.66–416.45 24 23.0
Cd(II) 3.40 5.0 9.22–230.54 24 24.0
Zn(II) 3.40 5.0 13.08–209.25 24 22.0

The results of these experiments allowed, on the one hand, the evaluation of the
maximum amount of metal ion that can be retained in the most suitable experimental
conditions on each type of biosorbent and, on the other hand, the concentration range for
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which the two biosorbents studied can be considered to be effective in removing Pb(II),
Cd(II), and Zn(II) ions from aqueous solutions.

2.5.4. Contact Time

For these experimental studies, exactly weighed amounts of biosorbent (corresponding
to the suitable values) were contacted with 25 mL of aqueous solution containing a metal
ion (the concentration being chosen from the studied concentration range), at the most
suitable pH value of the initial solution and at a constant temperature (Table 5). After
well-defined periods of time (between 5 and 180 min), with intermittent stirring, the two
phases were separated by filtration and the concentration of the metal ions in the solution
was determined. This way, it was possible to establish the minimum contact time of the
two phases necessary to achieve the balance of the biosorption process for each type of
biosorbent and metal ion studied.

Table 5. The values of the working parameters used in the experimental study of the influence of the
contact time on the biosorption process.

Me(II) pH Range Biosorbent Dose,
DS, g/L

Initial Concentration of Metal Ion
c0Me(II), mg/L

Contact Time,
tc, h Temperature, T ◦C

Pb(II) 3.40 5.0 83.29 5–180 24.0
Cd(II) 3.40 5.0 46.11 5–180 26.0
Zn(II) 3.40 5.0 52.31 5–180 24.5

2.5.5. Temperature

The study of temperature influence on the biosorption efficiency for Pb(II), Cd(II), and
Zn(II) ion retention of the selected biosorbents encompassed the analysis of their perfor-
mance, which was assessed in three sets of experiments at three different temperatures
for each biosorbent and metal ion for every possible combination, when the pH of the
initial solutions and the dose of biosorbent were kept constant at the most suitable values,
determined during the previous experiments, while the concentration of metal ions varied
for the entire concentration range studied (Table 6).

Table 6. The values of the working parameters used in the experimental study of the influence of
temperature on the biosorption process.

Me(II) pH Range Biosorbent Dose,
DS, g/L

Initial Concentration of Metal Ion
c0Me(II), mg/L

Contact Time,
tc, h Temperature, T ◦C

Pb(II) 3.40 5.0 11.66–416.45 3 5; 25; 50
Cd(II) 3.40 5.0 9.22–230.54 3 5; 25; 50
Zn(II) 3.40 5.0 13.08–209.25 3 5; 25; 50

In this case, the phase separation was performed after 3 h, a period of time consid-
ered to be sufficient to reach equilibrium, and the solutions obtained after filtration were
analyzed in order to determine the concentration of metal ions.

The experimental results from each set of experiments were used to quantitatively
evaluate the biosorptive performance of the studied biosorbents, using the following
quantitative indicators [45]:

• Biosorption capacity, q(mg/g), which represents the amount of metal ion retained per
unit mass of biosorbent under given experimental conditions, and which is calculated
using Equation (1).

q =
(c0 − c) V

m
(1)

• Biosorption efficiency, R(%), which represents the percentage of metal ion retained in
the biosorption process, and which is given by Equation (2).
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R =
(c0 − c)

c0
× 100 (2)

where: c0 and c—the initial and equilibrium concentration of the studied metal ion (mg/L),
respectively; m—the mass of the biosorbent (g); V—the volume of aqueous solution used
in the biosorption studies (mL).

3. Application of Response Surface Methodology for Modeling and Optimization of
the Biosorption Process Using Natural Soy-Based Biosorbents
3.1. Preliminary Assessment of Variation Intervals for Independent Variables

The set of preliminary experiments facilitated the evaluation of the suitability of
soybean biomass and soybean waste as biosorbents for the selected heavy metal ions (Pb(II),
Cd(II), and Zn(II)) and the process efficiency, and also helped to determine the variation
intervals of the process parameters. In this context, the following process parameters were
chosen as independent variables for modeling: pH, sorbent dose (DS, g/L), metal ion
concentration (c0, mg/L), contact time (tc, min), and temperature (T, ◦C). The variation
intervals are shown in Table 7 [60].

Table 7. Independent variables of the biosorption process and variation intervals.

x1 x2 x3 x4 x5

pH
(A)

DS (g/L)
(B)

c0 Pb(II) (mg/L)
(C)

c0 Cd(II) (mg/L)
(C)

c0 Zn(II) (mg/L)
(C)

tc (min)
(D)

T (◦C)
(E)

min max min max min max min max min max min max min max

1 6.5 5 40 11.66 416.45 9.22 230.54 13.08 209.25 5 180 5 50

3.2. Experiments Design

The experimental program aimed to identify the conditions in which the best response
of the analyzed system is obtained. The design of the experiments in an appropriate manner
was used to optimize the processes based on the analysis of the individual and interactive
effects of the independent variables, simultaneously, on the entire designed experimental
space. From among the most relevant multivariate statistical analysis techniques, Response
Surface Methodology (RSM) has been frequently applied as a technique for programming
experiments. As mentioned above, RSM is a combination of mathematical and statistical
techniques that describe the relationship between a series of independent variables and
one or more responses of the investigated experimental system. In this sense, the answer is
examined on the whole space of the independent variables, where the answer has the best
value [61]. The behavior of the system is usually described by a second-degree polynomial
function (Equation (3)).

yi = A0 +
n

∑
i=1

Aixi +
n

∑
i=1

Aiix2
i +

n

∑
i 6= 1
j = 1

Aijxixj + ε (3)

where yi is the predicted system response, xi and xj are independent variables, A0 is the
constant coefficient (free term), Ai, Aii, and Aij are linear, square (second order) interaction
coefficients, n is the number of independent variables, and ε is a random error.

The concordance of the model was evaluated using the correlation coefficient (R2). The
Fisher (F) test and the probability value (Prob > F) were applied to evaluate the significance
of the model terms. In this paper, RSM was applied for modeling the biosorption efficiency
(R, %) of heavy metal ions Pb(II), Cd(II), and Zn(II) from aqueous solutions using soybean
biomass and soybean waste biomass from the industrial process of extracting soybean
oil (for biodiesel). Additionally, we modelled the biosorption capacity of the studied
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biosorbents (q, mg/g). In the second part, the optimization of the biosorption efficiency
(R, %) as well as the biosorption capacity (q, mg/g), was performed. The five independent
variables (Table 7) were studied at five levels, designated as −α, −1, 0, 1, α. The matrix of
the experimental program was the one corresponding to a full rotatable central composite
design 25, with 45 experiments, of which 3 were in the central point (Table 8). Experimental
data processing was performed in the Design-Expert software environment.

Table 8. Experimental matrix of the full rotatable central composite design 25 (coded values) (inde-
pendent variables are presented in Table 7).

Experiment
Coded Independent Variables

A B C D E

1 −1 −1 −1 −1 −1
2 1 −1 −1 −1 −1
3 −1 1 −1 −1 −1
4 1 1 −1 −1 −1
5 −1 −1 1 −1 −1
6 1 −1 1 −1 −1
7 −1 1 1 −1 −1
8 1 1 1 −1 −1
9 −1 −1 −1 1 −1

10 1 −1 −1 1 −1
11 −1 1 −1 1 −1
12 1 1 −1 1 −1
13 −1 −1 1 1 −1
14 1 −1 1 1 −1
15 −1 1 1 1 −1
16 1 1 1 1 −1
17 −1 −1 −1 −1 1
18 1 −1 −1 −1 1
19 −1 1 −1 −1 1
20 1 1 −1 −1 1
21 −1 −1 1 −1 1
22 1 −1 1 −1 1
23 −1 1 1 −1 1
24 1 1 1 −1 1
25 −1 −1 −1 1 1
26 1 −1 −1 1 1
27 −1 1 −1 1 1
28 1 1 −1 1 1
29 −1 −1 1 1 1
30 1 −1 1 1 1
31 −1 1 1 1 1
32 1 1 1 1 1
33 −2.38 0 0 0 0
34 2.38 0 0 0 0
35 0 −2.38 0 0 0
36 0 2.38 0 0 0
37 0 0 −2.38 0 0
38 0 0 2.38 0 0
39 0 0 0 −2.38 0
40 0 0 0 2.38 0
41 0 0 0 0 −2.38
42 0 0 0 0 2.38
43 0 0 0 0 0
44 0 0 0 0 0
45 0 0 0 0 0
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4. Results and Discussions

The removal of metal ions from aqueous solutions via biosorption takes place with
maximum efficiency only under certain well-specified experimental conditions, regardless
of the nature of the metal ion or biosorbent used. Consequently, in the evaluation of the
biosorption performance of a material for certain metal ions, the first step is to establish the
optimal experimental conditions with which to achieve the biosorption process.

The fulfillment of this desideratum involves the study of the influence of the main
experimental parameters (such as the initial pH of the solution containing metal ions, the
biosorbent dose, the initial concentration of metal ions in aqueous solution, the contact
time, and the temperature) on the biosorption capacity of the material used as a biosor-
bent for each metal ion separately. The paramount conditions for the development of
the studied process are obtained experimentally and correspond to those values of the
parameters for which the retention of metal ions from aqueous solutions takes place with
the highest efficiency.

4.1. Characterization of Biosorbents

The results of the EDX analysis (Figure 1) showed that both soybean and soybean
waste biomasses contain large amounts of organogenic elements (C, O, P, and S) in their
structure, and also a series of ions of alkaline and alkaline earth metals (K, Mg, and Al)
which, due to their high mobility, can easily participate in ion exchange processes. On
the other hand, the comparison of the values obtained from the EDX analysis shows that,
unlike soybean biomass, in the case of soybean waste, the C, P and S content is significantly
lower, while the values of oxygen percentages and mobile ions (K and Al) are higher.
These differences allow us to say that, following the n-hexane extraction step, there are still
many functional groups in the composition of soybean waste, even if some of the organic
compounds (most likely lipids and fatty acid salts) have been removed.
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Figure 1. EDX spectra recorded for soybean biomass (a) and soybean waste biomass (b).

The nature of the functional groups on the surface of these biosorbents and the
differences that appear in the structure of the soybean biomass after the extraction stage
were highlighted with the help of IR spectrometry. A detailed analysis of the IR spectra
recorded on the dry matter (Figure 2) showed that, in the soybean biomass spectrum
(spectrum 1), the most important absorption bands correspond to the functional groups
of proteins and polysaccharides in the cell walls. Thus, the absorption band at 3407 cm−1

(which corresponds to the stretching vibration of the O–H bond from aliphatic alcohols and
water molecules), the bands at 1652 and 1543 cm−1 (attributed to the stretching vibration of
the C=O bond of carbonyl compounds), the bands of 1244 and 1053 cm−1 (corresponding to
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the symmetrical and asymmetric tensile vibration of the P=O bond in the phosphate groups),
and the bands between 1200 and 690 cm−1 (which can be attributed to the vibrations of
the C–OH bonds and C–O–C in polysaccharides) [45] indicate the presence of functional
groups, such as hydroxyl, carbonyl, carboxyl, phosphate groups, etc., which may play an
important role in the retention processes of the studied metal ions.
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Figure 2. IR spectra recorded for soybean biomass (1) and soybean waste (2).

After the extraction stage, in the IR spectrum of soybean waste (Figure 2, spectrum 2),
most of the absorption bands are slightly shifted towards higher wave numbers (2–3 cm−1),
while the absorption bands at 2858 cm−1, 1741 cm−1, 1402 cm−1 and 1244 cm−1, which
are characteristic of lipids, have disappeared or decreased in intensity (without changing
too much the position of the maximum absorption). These differences show that, at the
extraction stage, only this type of component (lipids) was removed from the soybean
biomass composition, while most proteins and polysaccharides remained in the soybean
biomass composition, and their functional groups will be binding centers for metal ions in
the aqueous solution.

The SEM images (Figure 3) show that, from a morphological point of view, both
soybean biomass and soybean waste have a rough and irregular surface, which presents
numerous non-uniformities. However, it can be seen that, after the extraction stage, the
surface of the soybean biomass (Figure 3b) becomes more porous and has more “breaks”,
and this is probably determined by the rupture of the cell walls that takes place during
extraction time. This increase in the roughness of the biosorbent surface after the solvent
extraction step can greatly influence the efficiency of the biosorption process in the case of
soybean waste, as it causes an increase in its specific surface area.
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Figure 3. SEM images recorded for soybean biomass (a) and soybean waste (b).

All this experimental evidence, namely, (i) the presence of mobile ions in the composition
of the two soy-based biosorbents, (ii) the presence of a large number of various functional
groups on the surface of soybean biomass and soybean waste, but also (iii) the morphological
non-uniformity of the surface, recommends the use of soybean biomass and soybean waste
as biosorbents in the processes of the decontamination of environmental components.

4.2. Influence of Process Parameters on Biosorption Efficiency
4.2.1. Initial pH of the Solution Containing Heavy Metal Ions

One of the most important experimental parameters that can significantly influence
the biosorptive characteristics of a given material is the initial pH of the aqueous solution,
since it affects both the form of speciation and the solubility of the metal ions present in the
solution, as well as, especially, the degree of dissociation of the functional groups on the
surface of the biosorbent.

The considered pH range (Table 2) was selected because: (i) it covers the acidic and
slightly acidic to neutral range, which results in a significant variation in the degree of
dissociation of the functional groups on the surface of the two biosorbents; (ii) the speciation
change of the studied metal ions (Pb(II), Cd(II), and Zn(II)) is avoided, because in this
interval they are present predominantly in the form of free divalent ions. The variation of
the biosorption capacity of soybean biomass and soybean waste as a function of the initial
pH of the aqueous solution, for each metal ion separately, is shown in Figure 4.
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As can be seen from Figure 4, the biosorption capacity of the two materials depends
significantly on the value of the initial pH of the solution, although the variation is not
uniform. Thus, the biosorption capacity of soybean biomass and soybean waste biomass
intensifies considerably with the increasing initial pH of the solution in the pH range
between 1.09 and 3.39 and then decreases for all studied metal ions. The highest values
of the biosorption parameters are obtained at a pH of the initial solution of 3.39, where
more than 50% of Pb(II), 60% of Cd(II), and 45% of Zn(II) can be removed from the aqueous
solution using these two biosorbents. It should also be noted that when using soybean
waste, the efficiency of the biosorption process increases only in the case of Pb(II) ions (from
50% to 60%), while Cd(II) (from 61% to 60%) and Zn(II) ions (from 45% to 46%) remain
approximately constant compared to the use of soybean biomass as a biosorbent.

Other research found that the initial pH of a metal ion solution influences significantly
the binding sites on biosorbent surfaces and metal ion behavior [62–64]. These remarks
are also related to those reported by other authors for the biosorption of some heavy
metals on algae [65–67]. Studies on the important role pH plays in the biosorption process
highlighted the mechanisms responsible for biosorption in relation with pH value, namely,
complexation, oxidation reduction, and separation by hydrolysis, considering that the pH
determines the charge of the biosorbent surface, the degree of ionization, etc. [45,68–72].
Choloco-Gonzales et al. found that the biosorption capacity of Pb(II), Cd(II), and Zn(II)
on agave bagasse reaches a maximum at around pH 5.5, beyond the point of zero charge
(pHPZC) [73]. Salem et al. studied the biosorption of Pb(II), Cd(II), and Zn(II) on loquat
bark (Eriobotrya japonica) and observed the maximum adsorption around pH 4.0 [74]. The
researchers found that the surface area of the biosorbent they used was negatively charged
as the pH increased from 2 to 4, whereby the functional groups became deprotonated and
became available for Pb(II), Zn(II), and Cd(II) ions. Lezcano et al. used different categories
of biomass as biosorbents identified from eutrophic ecosystems and tree leaves [75]. For
initial pH values between 3 and 5, the biomass behaved like a proton acceptor and the
biosorption capacity reached maximum values, but at initial pH values higher than 6, the
biomass behaved like a proton donor.

Unlike most of the biosorbents used to remove metal ions from aqueous solutions,
where the maximum biosorption capacity is obtained in the weak acid to neutral range
(pH = 4.0–6.0), in the case of soybean biomass and soybean waste, this maximum is ob-
tained at much lower pH values (pH = 3.39). This is probably due to the high buffering
capacity of the two biosorbents and offers the possibility to use these biosorbents in acidic
wastewater treatment processes (such as those from the metal coating industry). Based
on these observations, it can be said that the biosorption of the selected ions on soybean
biomass and soybean waste biomass takes place with the highest efficiency at a pH of
3.39, and this value was considered to be the most suitable and was used in all other
experimental studies.

4.2.2. Dose of Biosorbent

The experimental results on the influence of biosorbent dose on the biosorption
capacity of soybean biomass and soybean waste biomass for Pb(II), Cd(II), and Zn(II)
ions, tested using different amounts of biosorbent (Table 3), are shown in Figure 5. The
increase in the amount of biosorbent in the studied range (4.0–40.0 g/L) caused a slightly
significant increase in the percentages of removal of metal ions from 44% to 90% in the case
of Pb(II), from 57% to 73% in the case of Cd(II), and from 40% to 56% in the case of Zn(II),
which does not differ significantly according to the nature of the biosorbent. At the same
time, the biosorption capacity decreases significantly with the increase in the amount of
biomass added, from 10.62 to 1.81 for Pb(II), from 6.56 to 0.83 for Cd(II), and from 5.76 to
0.67 for Zn(II), values that are insignificantly influenced by the type of biosorbent (soybean
biomass or soybean waste).
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Figure 5. Influence of biosorbent dose on the biosorption efficiency of (a) Pb(II), (b) Cd(II), and
(c) Zn(II) ions on soybean biomass and soybean waste (pH = 3.39; c0 = 46.11 mg/L; contact time =
24 h; temperature = 22 ◦C).

Comparing the biosorption capacity (q, mg/g) and the biosorption efficiency (R, %), it
was established that a dose of biosorbent of 5 g/L can be considered to be the best for the
retention of Pb(II), Cd(II), and Zn(II) ions in aqueous solutions for both soybean biomass
and soybean waste, and this value was used in subsequent experimental studies.

4.2.3. Initial Concentration of Metal Ions

The dependence of the biosorption capacity of the two biosorbents on the initial con-
centration of Pb(II), Cd(II), and Zn(II) ions was studied in concentration ranges described
in Table 4, at the selected values of solution pH (3.39) and biosorbent dose (5 g/L). The
experimental results obtained in this case for each metal ion are shown in Figure 6. From
these graphical representations, it can be seen that, as the concentration of metal ions in-
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creases in the studied concentration range, the biosorption capacity q values increase, while
the values of the biosorption efficiency R decrease. This variation in opposite direction of q
and R is valid for all studied metal ions and for both biosorbents, although the limits of
variation of the two parameters depend on the nature of the metal ion and the biosorbent
used in the biosorption process.
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Figure 6. Influence of the initial concentration of metal ions on the biosorption capacity and biosorp-
tion efficiency of (a) Pb(II), (b) Cd(II), and (c) Zn(II) ions on soybean biomass and soybean waste
(pH = 3.39; biosorbent dose = 5.0 g/L; contact time = 24 h; temperature = 22 ◦C).

When the concentration of metal ions in the aqueous solution is high, most of the
functional groups on the biosorbent surface are already occupied and, therefore, their
transition to free (unreacted) functional groups, which are found in the inner planes or
even inside the particles of the biosorbent, is hampered by diffusion resistances.

Amer et al. attributed the increase in biosorption efficiency as the metal ion concen-
tration increases to the more intense interaction between metal ions and sequestration
sites [76]. They used different initial metal concentrations (Cu (II), Ni(II), Zn(II), and Pb(II)
ions) of 5, 20, 40, 60, 80, and 100 mg/L, with Sophora japonica pods powder as the biosorbent.
Kamar et al. analyzed the effect of initial metal ion concentration on the biosorption of
Pb(II), Cu(II), and Cd(II) onto cabbage leaves powder, and found that absorption efficiency
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decreased slightly with increasing initial concentrations from 10 to 50 mg/L, and a rapid
decrease in the initial concentrations ranging from 50 to 100 mg/L [77]. They attributed
this behavior to the decrease in the number of available sorption sites on the surface area
of the sorbent as the initial concentration of metal ions in the solution increased. Similar
behaviors were reported in other works, as well [78,79].

The retention of Pb(II), Cd(II), and Zn(II) ions by biosorption on soybean biomass
and soybean waste biomass, respectively, can be predominantly caused by electrostatic
interactions. Similar assumptions were made by [80,81]. The efficiency of the biosorption
process is moderate, because the electrostatic interactions responsible for the retention of
metal ions are non-selective, and the metal ions will interact with the functional groups that
have the highest availability. After occupying these available groups on the surface, spatial
obstructions are generated, which limit the penetration of other ions from the solution into
the free functional groups. Consequently, the biosorption efficiency has moderate values
following the series Cd(II) > Pb(II) > Zn(II) for both biosorbents. However, the biosorption
efficiency values for all studied metal ions are higher in the case of soybean waste than in the
case of soybean biomass up to 6%, which shows that the breaking of cell walls in soybean
biomass during the oil extraction process is important for biosorption intensification.
Following the solvent extraction step, an increase in the availability of surface functional
groups to interact with metal ions in the aqueous solution can be assumed.

4.2.4. Contact Time

The contact time between the two phases necessary to reach the equilibrium state is
another important parameter of the biosorption process, especially when the implemen-
tation of such a process, e.g., for the treatment of industrial wastewater, is pursued. Too
long a contact time increases the costs of the biosorption process, while too low a value
of this parameter leads to a drastic decrease in the efficiency of the process as such. The
influence that the contact time between the two phases (solid phase—biosorbent, and
liquid phase—aqueous solution containing the studied metal ions) has on the efficiency
of the biosorption under the considered experimental conditions is shown in Figure 7. As
the contact time between phases increases, so does the biosorption capacity (q) for both
biosorbents. This increase is more evident in the initial stage, in the first 30 min, when more
than 66% of the total amount of Pb(II), 60% of the total amount of Cd(II), and 57% of the
total amount of Zn(II) are retained on soybean biomass, and 67% of the total amount of
Pb(II), 61% of the total amount of Cd(II), and 64% of the total amount of Zn(II) are retained
on soybean waste biomass.
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Figure 7. Influence of contact time on sorption capacity of Pb(II), Cd(II), and Zn(II) ions in aqueous
solutions by soybean biomass and soybean waste (pH = 3.39; DS = 5 g/L; c0 = 83.29 mg Pb(II)/L;
46.11 mg Cd(II)/L; 52.31 mg Zn(II)/L; temperature T = 24 ◦C).

Such a variation is most likely determined by the number and availability of active
centers able to interact with metal ions in the solution. Thus, when the number of active
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centers is high (the first moments of the biosorption process) and more geometrically
and spatially available (the case of soybean waste compared to soybean biomass), the
interaction between functional groups at the surface and metal ions in aqueous solution is
easier to achieve and the biosorption rate is high. On the other hand, the close values of the
biosorption efficiency obtained for the three metal ions studied, both in the case of soybean
biomass and soybean waste (with differences of up to 7%) is another argument in favor
of the hypothesis that the biosorption process is achieved via non-selective electrostatic
interactions, and that the process rates do not depend on the nature of the metal ion in the
aqueous solution. After the initial stage, the biosorption rate decreases significantly near
the steady state, which is obtained practically after 60 min in the case of Pb(II) and Zn(II)
ions and after 30 min in the case of Cd(II) ions for both types of biosorbents. Based on
these experimental observations, it can be concluded that a contact time of 3 h is sufficient
to reach equilibrium in the case of biosorption of the three metal ions, both on soybean
biomass as well as on soybean waste biomass.

4.2.5. Temperature

The influence of temperature on the biosorption capacity of soybean biomass and
soybean waste for Pb(II), Cd(II), and Zn(II) ions was studied, as mentioned before, at three
different temperature values, ranging from 5 to 50 ◦C for different concentrations of each
metal ion separately, considering a contact time of 3 h (Table 6). The experimental results of
these studies are presented in Figure 8 and show that temperature has a relatively small
influence on the biosorption capacity, both in the case of soybean biomass and in the case
of soybean waste, for all metal ions studied. Increasing the temperature at 45 ◦C causes
an increase in the biosorption capacity of the two biosorbents, but only with a few units,
and this is visible especially at high values of the initial concentration of metal ions in the
aqueous solution. Depending on the nature of the metal ion, it can be seen that the major
variation in biosorption capacity resulted in the case of Pb(II), followed by Cd(II), and then
Zn(II). This hierarchy is observed for both soybean biomass and soybean waste, although it
should be noted that in the case of soybean waste, the variation in biosorption capacity is
higher than in the case of soybean biomass for all studied metal ions.

The increase in the biosorption capacity of soybean biomass and soybean waste
with increasing temperatures is suggestive of the endothermic nature of the biosorption
processes of Pb(II), Cd(II), and Zn(II) ions on the two biosorbents. However, the relatively
small variation of q values at relatively large temperatures (45 ◦C) shows that performing the
biosorption process at high temperatures is not necessarily an advantage. The biosorption
efficiency of the studied ions on soybean biomass and soybean waste can be successfully
achieved at ambient temperatures, and these conditions are advantageous considering both
the costs and the efficiency of the biosorption process.
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4.3. Modeling and Optimization of Biosorption Process by Response Surface Methodology
4.3.1. Model Development and Validation

Equations of the model generated in Design-Expert software environment after the
interpretation of the experimental data for the biosorption of Pb(II), Cd(II), and Zn(II) ions
by soybean biomass and soybean biomass waste following the variables and experimental
matrix showed in Tables 7 and 8 are presented in Table S1 (Equations (1)–(12) (a, b)). It
is found that these Equations are second-degree polynomial functions, which contain
significant terms, the rest being eliminated in the process of verifying the concordance of
the model and the significance of the coefficients because, following the statistical analysis
for a 95% confidence interval, some of the coefficients were considered to be insignificant.

Equations (4)–(15) (a, b) (Table S1) show the extent to which the individual independent
variables or the interactions between them affect the biosorption efficiency (R, %) and the
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biosorption capacity (q, mg/g). Negative coefficient values indicate that individual factors
and/or interactions between them negatively affect dependent variables (R, q), while
positive coefficients suggest that dependent variables are positively influenced (increase)
under the action of those independent variables. The compatibility of the developed models,
of a polynomial type (second order—quadratic), is justified in Table S2 (after adequacy
testing, which consists of comparing the set of performances obtained with the help of the
model with the performances collected experimentally).

Based on this information, the suitability of the selection of the recommended poly-
nomial (quadratic) model for all six experimental cases (three metal ions and two tested
biosorbents) was confirmed. Additionally, the independent variables were selected to find
the best set of predictors in each case and, therefore, the simplest form of the mathematical
model that was in good agreement with the experimental data. This selection was made in
order to reduce random errors in estimating the dependent variables and to ensure the ac-
curacy of the degrees of freedom. In selecting the variables of the model, the compliance of
their hierarchy was taken into account (lower order terms were possibly excluded from the
model) after the higher order ones (for the same variable). The elimination of insignificant
predictors was performed using the “backward” procedure because this is recommended in
models with collinear variables as the most robust compared to the “forward” or “stepwise”
techniques, with only those factors that have a significant influence of the response variable
being retained in the model. By applying the “backward” procedure to a critical threshold
αcrit = 0.05, modeling was started with all the predictors (independent variables) in the
model; the predictors for which the highest values of Prob > αcrit have been eliminated; the
model was then reconsidered and the iteration continued until the Prob < αcrit values.

4.3.2. ANOVA Analysis

ANOVA analysis was performed for the biosorption efficiency R and the biosorption
capacity q of the metal ions Pb(II), Cd(II), and Zn(II) models (Tables S3 and S4). Significance
tests for second-order polynomial models—with RSM reduced according to the results of
the ANOVA analysis for R and q—are presented in Table 9. In the case of Pb(II) biosorption
on soybean biomass, the model is characterized by the value F = 53.11, which indicates that
the model is significant (Equations (1) a, b, Table S1), and there is only a 0.01% probability
that the system answer may be affected by accidental errors. “Prob > F” values less than
0.05 indicate that the terms of the model are significant. In this case, A, B, C, D, A2, and
B2 are significant terms. The value 76.25 for “lack of correlation” for F implies that it is
significant, meaning that there is a chance of only 1.3% that the answer will be affected by
random errors. In the case of Pb(II) biosorption on soybean waste biomass, the F value
of 68.37 implies that the model is significant and that there is a probability of only 0.01%
that the system response may be affected by random errors. As with the soybean biomass
biosorbent, “Prob > F” values less than 0.05 indicate that the model terms (A, B, C, D, A2,
and B2) are significant. Similar situations were found in the case of the models for Cd(II)
and Zn(II) biosorption on soybean biomass and soybean waste biomass, respectively.

The ANOVA confirms the adequacy of the developed models because Prob > F is
less than 0.05. The developed models have small standard deviations and values of the
coefficient of determination R2 generally over 0.9. The high values of R2

adj show that the
total variations of R(%) and q(mg/g) can be described by the selected model type. The value
of the signal-to-chance ratio (adequate accuracy) is greater than 4, which indicates that
the measurement results are not random, but are consistent with the actual values. The
values of R2

pred are in good agreement with R2
adj (which appreciates the correctness of the

model by the fact that it is well selected and not due to the large number of variables).
R2

pred indicates the extent to which the regression model predicts the response for new
observations (measurements). This statistical measure supports the assessment of the
model in the sense that it is consistent with experimental data.
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Table 9. Significance tests for RSM models developed for R(%) and q(mg/g) during biosorption of
metal ions Pb(II), Cd(II), and Zn(II) on soybean biomass and soybean waste biomass.

Measure Value Measure Value

Soybean biomass, Pb(II), R(%)

Standard deviation 4.36 R2 0.8935
Mean 56.67 R2

adj 0.8766
C.V. 7.70 R2

pred 0.8181
PRESS 1235.51 Accuracy 35.286

Soybean waste biomass, Pb(II), R(%)

Standard deviation 3.79 R2 0.9152
Mean 56.37 R2

adj 0.9018
C.V. 6.72 R2

pred 0.8611
PRESS 893.27 Accuracy 36.682

Soybean biomass, Cd(II), R(%)

Standard deviation 3.82 R2 0.9236
Mean 65.68 R2

adj 0.9092
C.V. 5.81 R2

pred 0.8873
PRESS 794.87 Accuracy 38.598

Soybean waste biomass, Cd(II), R(%)

Standard deviation 3.76 R2 0.9147
Mean 65.63 R2

adj 0.8897
C.V. 5.73 R2

pred 0.7760
PRESS 1265.08 Accuracy 32.177

Soybean biomass, Zn(II), R(%)

Standard deviation 3.68 R2 0.8934
Mean 50.04 R2

adj 0.8698
C.V. 7.35 R2

pred 0.7975
PRESS 925.45 Accuracy 28.876

Soybean waste biomass, Zn(II), R(%)

Standard deviation 3.55 R2 0.9179
Mean 50.84 R2

adj 0.9024
C.V. 6.97 R2

pred 0.8201
PRESS 1019.70 Accuracy 39.604

Soybean biomass, Pb(II), q(mg/g)

Standard deviation 1.58 R2 0.9268
Mean 13.80 R2

adj 0.9105
C.V. 11.45 R2

pred 0.8705
PRESS 159.00 Accuracy 28.458

Soybean waste biomass, Pb(II), q(mg/g)

Standard deviation 1.53 R2 0.9503
Mean 16.77 R2

adj 0.9393
C.V. 9.12 R2

pred 0.9115
PRESS 150.02 Accuracy 34.585

Soybean biomass, Cd(II), q(mg/g)

Standard deviation 0.87 R2 0.9838
Mean 11.62 R2

adj 0.9784
C.V. 7.45 R2

pred 0.9658
PRESS 52.29 Accuracy 51.854
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Table 9. Cont.

Measure Value Measure Value

Soybean waste biomass, Cd(II), q(mg/g)

Standard deviation 1.06 R2 0.9857
Mean 12.68 R2

adj 0.9803
C.V. 8.35 R2

pred 0.9677
PRESS 80.87 Accuracy 46.917

Soybean biomass, Zn(II), q(mg/g)

Standard deviation 0.71 R2 0.9413
Mean 6.42 R2

adj 0.9193
C.V. 11.09 R2

pred 0.8056
PRESS 53.76 Accuracy 24.146

Soybean waste biomass, Zn(II), q(mg/g)

Standard deviation 0.88 R2 0.9576
Mean 8.74 R2

adj 0.9398
C.V. 10.07 R2

pred 0.8555
PRESS 81.77 Accuracy 27.449

C.V., Cross-validation; PRESS, Predicted Residual Error Sum of Squares.

Details on the diagnosis of the statistical properties of the developed models were
obtained from the analysis of some graphical representations (not presented here). The
so-called adjustment errors and residuals are estimates of errors. Small residues expressed
the goodness of fit of the experimental data. The graphical representation of the probability
as a function of the error scattering estimate (σ2) has shown that it is approximately linear,
demonstrating the normal distribution hypothesis for the chosen 95% confidence interval.
The residue limit is a maximum of ±3σ. From the diagrams residual values vs. calculated
values for all the analyzed experimental situations, there is no deviation from normality or
from the hypothesis that the errors have a relatively constant dispersion. Since the residues
are in the range (−3, 3) it means that there are no aberrant observations associated with the
developed models. The diagrams’ residual values—independent variables—have revealed
that there are no aberrant observations regarding each independent variable that can be
induced in the experimental program and the elaborated models, respectively. Extreme
observations, which do not fall within the general trend of the outliers are absent, as
all observations fall within the range of a maximum of three standard deviations from
the average.

To identify the points that significantly influence the regression, the Cook distance
was analyzed (as defined in the specialized works) and which is a measure of the influence
of the ith observation on the predicted values. This distance is another variable for which
the aberrant values are determined according to the rule of the three standard deviations. It
was found that for all the elaborated models, this condition is fulfilled. The identification of
possible aberrant values was also performed by analyzing the standardized residual values,
to identify possible extreme values in the y-space without changing the position of the
regression curve to the extreme value—the so-called leverage points. The extreme points
y associated with the mean values x do not change the regression curve, with the values
being located in the range of 0–1, usually below the value of the standard deviation. In this
context, it is found that there is a good concordance between the experimental values of the
variables R and q and those estimated using the RSM model (Figures 9 and 10).
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Figure 9. Graphical representation of the concordance between experimental and calculated (pre-
dicted) values using the mathematical models developed for biosorption efficiency (R, %) of Pb(II),
Cd(II), and Zn(II) on soybean biomass and soybean waste biomass: (a) Pb(II) on soybean biomass;
(b) Pb(II) on soybean waste biomass; (c) Cd(II) on soybean biomass; (d) Cd(II) on soybean waste
biomass; (e) Zn(II) on soybean biomass; (f) Zn(II) on soybean waste biomass.
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Figure 10. Graphical representation of the concordance between the experimental values and those
calculated (predicted) with the mathematical models developed for the biosorption capacity (q, mg/g)
of soybean biomass and soybean waste biomass when adsorbing metal ions (a) Pb(II) on soybean
biomass; (b) Pb(II) on soybean waste biomass; (c) Cd(II) on soybean biomass; (d) Cd(II) on soybean
waste biomass; (e) Zn(II) on soybean biomass; (f) Zn(II) on soybean waste biomass.

To verify the collinearity/multicollinearity of the independent variables (possibly the
overestimation of the correlation or determination coefficient as well as the dispersion of
the estimated coefficients), the tolerance of the variables xi was tested by the relation (4)
and the variance inflation factor, denoted by VIF (relation 5), which shows the extent to
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which the variance of the model coefficients may increase due to the lack of orthogonality
(multicollinearity) of the independent variables.

σi = 1− R2
i (4)

VIFi =
1
σi

(5)

The standard error of the coefficient of a model increases proportionally to the square
root of VIF. If a coefficient of a parameter is orthogonal to the other terms of the model, the
VIF value is unitary. We found that, in most of the cases studied, VIF = 1. In no case is VIF
greater than or equal to 10 (which would indicate the existence of multicollinearity, which
occurs when a group of independent variables are strongly correlated with each other, and
the rest no longer provide significant information, with an overestimation of the coefficient
of determination R2) [81,82].

4.3.3. Sensitivity Analysis

A comparison of the effects of all the factors influencing the independent variables
can be seen in Figures 11 and 12. The answer is represented graphically by changing the
value of one factor on the chosen range of variation (generating a disturbance) and keeping
the other factors constant. The slope or curvature associated with a factor suggests that the
response is sensitive to that factor. A relatively flat line suggests that this factor does not
significantly influence the response. In this way, the sensitivity analysis of the elaborated
mathematical models was performed.

It can be seen that in the case of Pb(II) biosorption on soybean biomass, the change in
pH and initial metal concentration significantly influences the system response (R,%). The
same finding is true for Pb(II) biosorption on soybean waste biomass, but the sensitivity
of the response is higher with the variation of these two parameters. In the case of Cd(II)
biosorption on soybean biomass, the pH and concentration of the metal in the initial solu-
tion, and also the sorbent dose and the contact time, significantly influence the biosorption
efficiency. Temperature has little influence. In the case of Cd(II) biosorption on soybean
waste biomass, the pH, sorbent dose, and contact time significantly influence the system
response, especially to values of these factors to the left of the reference point. Temperature
also plays an important role in the biosorption efficiency of Cd(II) soybean waste biomass.

When Zn(II) is retained on soybean biomass, it is significantly influenced by pH
(upwards, especially in the area to the left of the reference point) and metal ion concentration
in the initial solution (downwards). The sensitivity of the R(%) response to the variation in
sorbent dose, contact time, and temperature around the reference point is relatively small.
However, in the case of Zn(II) biosorption on soybean biomass waste, the sensitivity of
the system to changes in pH and the initial concentration of the metal ions are significant.
The influence of temperature is not significant. The biosorption capacity q is sensitive to
variations in pH, sorbent dose, and initial concentration of Pb(II) during biosorption on
soybean biomass, but the sensitivity is higher in the case of biosorption capacity values
of Pb(II) on soybean waste biomass. The biosorption capacity of soybean biomass for
Cd(II) is sensitive to changes in ion concentration in the initial solution and sorbent dose.
The pH, contact time, and temperature have a less significant influence on the system
response (q, mg/g). In the case of the analysis of the sensitivity of biosorption capacity
of soybean waste biomass for Cd(II), it can be seen that the sorbent dose and the initial
ion concentration in the solution significantly influence q, especially in the right field of
the reference point. Additionally, q is relatively sensitive to changes in pH, contact time,
and temperature.
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Figure 11. Perturbation diagrams resulting from the sensitivity analysis for the mathematical models
developed for biosorption efficiency of heavy metal ion on soybean biomass and soybean waste
biomass (the meaning of the notations (a–f) is the same as those from Figure 9).
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Figure 12. Perturbation diagrams resulting from the sensitivity analysis for the mathematical models
developed for biosorption capacity of soybean biomass and soybean waste biomass (the meaning of
the notations (a–f) is the same as those from Figure 9).

In the case of Zn(II) biosorption on soybean biomass, the biosorption capacity q is
strongly sensitive to variations in sorbent dose and ion concentration in the solution,
relatively sensitive to changes in pH and contact time, and a little sensitive to temperature
variation. In the case of Zn(II) biosorption on soybean waste biomass, the biosorption



Processes 2022, 10, 523 27 of 49

capacity is significantly influenced by the sorbent dose and the ion concentration in the
solution followed by pH and contact time, as in the case of soybean biomass. Temperature
has a significantly higher effect on q than in the case of soybean biomass.

4.3.4. Analysis of Response Surfaces and Optimization of the Biosorption Process

Both the contour curves (not shown) and the response surfaces presented in Figures 13
and 14 demonstrate that there is a close correlation between process parameters (pH, DS,
c0, tc, and T) and system responses (biosorption efficiency of Pb(II), Cd(II), and Zn(II)
(R, %) and the biosorption capacity of the biosorbents (q, mg/g)). In order to analyze the
best applicable variants of the biosorption process in a sustainable way, it is necessary to
optimize the process by finding the most favorable combination of process parameters that
maximizes the system response, followed by the experimental validation of the solution or
group of solutions.

In this context, the following optimization alternatives can be considered: maximizing
the response; minimizing the response; achieving a certain imposed target in the experimen-
tal field; establishing sets of values of independent variables to obtain a certain value of the
system response (which may minimize costs and environmental impacts) or a certain amount
of desirability. To analyze the objective or performance functions in relation to the optimal
operating variants of the biosorption system, we considered the variation of the process
parameters (independent variables) and the influence thereof on the previously established
experimental field, provided that the biosorption efficiency (R, %) and biosorption capacity
(q, mg/g) are maximized. The optimization procedure was applied to obtain the maximum
for each of the purpose functions associated with Equations (1–12, a, b) (Table S1).

From the graphical representation in three-dimensional coordinates (response surfaces,
Figures 13 and 14), it can be seen that the optimal values of the parameters to be optimized
are either in the experimental field or on its borders, or they may differ from the global
optimum of the target function [82,83]. In the context of this paper, optimization means
establishing the best decision (solution), called the optimal decision (optimal solution), by
maximizing the objective function (desirability). To determine the optimal (most favorable)
solution for system operation from the individual point of view of the two dependent
variables (R, q), the minimum and maximum levels of each independent variable were
established and a weight was associated to adjust the shape of the objective (desirability)
function. This function is zero outside the system limits and one when the optimization
goal is reached.

For each answer yi(x), the desirability function di(yi) assigns numbers between 0 and 1
to the possible values of yi: when di(yi) = 0, this represents a completely undesirable value
of yi; when di(yi) = 1, this represents an ideal (desirable) response value. The individual
desirable values are then combined using the geometric mean, which gives the general
desirability D (Equation (6)):

D = (d1(y1) d2(y2) . . . dk(yk))
1/k (6)

where k is the number of possible answers.
Our purpose was to maximize these objective functions, beginning with a starting

point to search for the maximum, going step by step through the experimental field on a
suitable slope until the maximum value was reached. There may be several variants of
favorable solutions, since the response surface does not have a constant curvature, but this
varies depending on the starting point and the slope traveled step by step. This variant of
identifying a set of favorable solutions was chosen to maximize the chances of finding the
“best local maximum” [84,85]. Therefore, we applied a multi-response method to optimize
the combinations of the five independent variables (pH, DS, c0, tc, and T). In each case, the
optimization was started from 10 starting points chosen in the experimental field, resulting
in 10 solutions for each experimental variant (three heavy metals and two biosorbents),
presented in Tables 10 and 11.
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Figure 13. Response surfaces for mathematical models developed for biosorption efficiency of metal
ions (R, %) (the meaning of the notations (a–f) is the same as those from Figure 9).
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Table 10. Solutions for the operation in favorable conditions for reaching the maximum value of the
biosorption efficiency (R, %) on soybean biomass and soybean waste biomass.

Soybean Biomass, Pb(II), R(%)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 experimental 15.14 29.86 1 1 3
x3 experimental 128.96 299.15 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.04 36.96 1 1 3
R maximum 2.59 4.91 1 1 3

Solutions

No. x1 x2 x3 x4 x5 * R(%) Probability

1 4.02 29.86 129.03 129.29 32.79 78.13 0.829
2 4.03 29.84 129.00 129.29 36.48 78.13 0.829
3 4.05 29.84 128.96 129.29 25.55 78.13 0.829
4 4.06 29.86 128.98 129.29 18.04 78.13 0.829
5 4.01 29.86 128.96 129.06 29.65 78.11 0.828
6 4.01 29.86 128.96 128.98 34.73 78.10 0.828
7 4.07 29.33 128.96 129.27 18.26 78.02 0.827
8 4.10 28.43 128.96 129.29 18.04 77.79 0.824
9 4.06 29.86 128.96 124.90 18.41 77.61 0.821
10 4.21 25.42 128.96 129.29 28.96 76.63 0.808

* has no effect on optimization results

Soybean waste biomass, Pb(II), R(%)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 experimental 15.14 29.86 1 1 3
x3 experimental 128.97 299.15 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.04 36.96 1 1 3
R maximum 22.8 83.9 1 1 3

Solutions

No. x1 x2 x3 x4 x5 * R(%) Probability

1 4.23 29.86 128.96 129.29 34.37 77.40 0.894
2 4.24 29.86 128.96 129.27 32.98 77.40 0.894
3 4.23 29.86 129.02 129.29 27.99 77.39 0.894
4 4.23 29.82 128.96 129.29 32.86 77.39 0.894
5 4.44 29.32 128.96 129.29 21.86 77.03 0.888
6 4.17 29.84 128.96 124.02 36.96 76.77 0.883
7 3.94 28.58 128.96 128.46 36.96 76.49 0.879
8 4.51 29.86 128.96 124.07 18.04 76.45 0.878
9 4.56 28.68 128.96 124.52 18.04 75.96 0.87
10 4.44 28.59 128.97 122.14 36.74 75.93 0.87

* has no effect on optimization results
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Table 10. Cont.

Soybean biomass, Cd(II), R(%)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 experimental 15.14 29.86 1 1 3
x3 experimental 73.35 166.41 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.04 36.96 1 1 3
R maximum 25.6 92.8 1 1 3

Solutions

No. x1 x2 x3 x4 x5 R(%) Probability

1 4.06 29.86 73.35 129.28 18.25 89.62 0.953
2 4.02 29.86 73.35 128.89 18.11 89.60 0.952
3 3.83 29.25 73.35 129.29 18.04 89.04 0.944
4 4.22 28.08 73.35 129.29 18.04 88.47 0.936
5 4.62 28.81 73.35 129.29 18.13 87.4 0.919
6 4.25 29.85 73.39 129.29 30.11 86.85 0.911
7 3.20 29.86 73.35 129.29 18.15 85.99 0.899
8 4.27 24.14 73.35 129.29 18.32 85.98 0.898
9 4.76 29.86 73.35 115.78 18.12 85.68 0.894
10 3.84 29.80 73.35 66.33 18.04 82.57 0.848

Soybean biomass waste, Cd(II), R(%)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x2 experimental 15.14 29.86 1 1 3
x3 experimental 76.095 167.53 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.04 36.96 1 1 3
R maximum 32.6 87.2 1 1 3

Solutions

No. x1 x2 x3 x4 x5 R(%) Probability

1 3.93 29.86 76.09 128.04 18.06 85.03 0.960
2 4.03 28.73 76.09 126.19 18.04 84.89 0.958
-3 3.94 28.50 78.89 125.74 18.04 84.29 0.947
4 4.24 26.63 78.30 121.66 18.04 83.45 0.931
5 4.03 27.94 76.09 129.29 36.96 82.64 0.916
6 3.96 28.94 77.41 129.29 36.96 82.53 0.914
7 4.14 29.27 76.09 129.29 36.95 82.53 0.914
8 3.08 28.14 76.09 129.28 18.24 81.73 0.899
9 3.76 27.06 76.09 62.49 18.04 79.55 0.859
10 3.87 23.43 76.09 74.48 18.04 79.51 0.859
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Table 10. Cont.

Soybean biomass, Zn(II), R(%)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 experimental 15.14 29.86 1 1 3
x3 experimental 69.93 152.41 1 1 3
x5 experimental 18.04 36.96 1 1 3
R maximum 23.7 79.4 1 1 3

Solutions

No. x1 x2 x3 x4 x5 R(%) Probability

1 4.18 29.86 70.60 129.22 18.04 69.39 0.82
2 3.71 29.75 69.93 129.29 18.04 69.3 0.819
3 3.83 29.86 69.98 122.99 18.04 68.98 0.813
4 3.92 29.79 69.93 121.40 18.04 68.93 0.812
5 3.92 29.86 69.93 129.29 21.43 68.9 0.812
6 3.52 29.51 69.93 129.29 18.04 68.71 0.808
7 4.26 26.23 69.93 129.28 18.04 68.5 0.804
8 3.81 29.86 70.63 104.65 18.04 67.27 0.782
9 4.02 29.86 69.93 129.29 35.61 65.97 0.759
10 3.97 29.86 69.93 102.36 36.20 63.54 0.715

Soybean waste biomass, Zn(II), R(%)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 experimental 15.14 29.86 1 1 3
x3 experimental 69.93 152.4 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.04 36.96 1 1 3
R maximum 21.9 82.8 1 1 3

Solutions

No. x1 x2 x3 x4 x5 R(%) Probability

1 4.18 27.30 69.93 118.59 33.02 69.97 0.789
2 4.19 27.31 69.93 118.51 34.70 69.97 0.789
3 4.18 27.28 69.93 118.68 36.72 69.97 0.789
4 4.19 27.25 69.93 118.28 22.52 69.97 0.789
5 4.19 27.28 69.93 118.97 28.27 69.97 0.789
6 4.19 27.24 69.93 118.93 21.21 69.97 0.789
7 4.18 27.24 69.93 119.12 21.51 69.97 0.789
8 4.19 27.31 69.93 117.73 22.54 69.96 0.789
9 4.17 27.51 69.93 118.70 21.78 69.96 0.789
10 4.00 29.85 72.76 101.50 18.04 68.65 0.768
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Table 11. Solutions for the operation in favorable conditions for reaching the maximum value of the
biosorption capacity (q, mg/g) on soybean biomass and soybean waste biomass.

Soybean Biomass, Pb(II), q(mg/g)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 experimental 15.14 29.86 1 1 3
x3 experimental 128.96 299.15 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.04 36.96 1 1 3
q maximum 2.9 27.8 1 1 3

Solutions

No. x1 x2 x3 x4 x5 q(mg/g) Probability

1 4.50 15.14 297.55 129.23 36.96 25.04 0.889
2 4.90 15.33 299.15 129.29 36.96 24.96 0.886
3 4.85 15.14 293.04 129.29 36.96 24.76 0.878
4 4.16 15.14 299.15 129.29 30.92 24.31 0.86
5 4.91 15.14 299.15 111.25 35.56 24.13 0.853
6 4.91 15.14 299.12 115.73 27.83 23.47 0.826
7 4.79 15.14 299.15 129.26 19.03 23.13 0.812
8 4.78 15.14 299.15 119.95 18.20 22.64 0.793
9 3.00 16.62 299.14 129.29 36.68 22.22 0.776
10 4.61 22.13 299.15 86.15 18.06 17.99 0.606

Soybean waste biomass, Pb(II), q(mg/g)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 experimental 15.14 29.86 1 1 3
x3 experimental 128.96 299.15 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.04 36.96 1 1 3
q maximum 2.8 29.4 1 1 3

Solutions

No. x1 x2 x3 x4 x5 q(mg/g) Probability

1 4.29 15.16 299.15 73.55 36.96 28.36 0.961
2 3.91 15.14 299.15 58.68 36.96 28.27 0.958
3 4.26 15.16 298.54 86.18 36.96 28.2 0.955
4 3.81 15.14 299.15 57.03 36.96 28.16 0.954
5 4.55 15.14 299.15 129.29 27.23 27.5 0.929
6 3.83 17.37 299.15 56.66 36.94 26.94 0.907
7 4.67 15.14 287.63 129.29 32.83 26.91 0.906
8 4.91 18.64 299.15 89.55 36.96 25.86 0.867
9 4.91 19.75 299.15 61.52 36.96 25.5 0.854
10 3.38 23.18 299.15 55.71 36.96 22.82 0.753
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Table 11. Cont.

Soybean biomass, Cd(II), q(mg/g)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 experimental 15.14 29.86 1 1 3
x3 experimental 73.35 166.41 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.02 36.96 1 1 3
q maximum 0.8 25.2 1 1 3

Solutions

No. x1 x2 x3 x4 x5 q(mg/g) Probability

1 4.44 15.14 166.41 129.29 36.96 24.08 0.954
2 4.04 15.14 166.41 129.29 36.95 23.86 0.945
3 4.83 15.90 166.40 129.29 36.96 23.75 0.94
4 4.02 16.55 166.41 129.29 36.96 23.32 0.923
5 4.22 15.14 166.41 87.18 36.96 22.67 0.896
6 4.73 19.73 166.41 55.71 36.96 22.12 0.874
7 4.91 20.87 166.39 55.79 36.96 21.59 0.852
8 2.94 15.89 166.41 55.71 36.96 21.49 0.848
9 4.82 26.92 166.41 55.71 36.96 19.29 0.758
10 4.85 27.03 166.41 129.29 36.74 19.29 0.758

Soybean waste biomass, Cd(II), q(mg/g)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 experimental 15.14 29.86 1 1 3
x3 experimental 73.35 166.41 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.04 36.96 1 1 3
q maximum 1.1 29.5 1 1 3

Solutions

No. x1 x2 x3 x4 x5 q(mg/g) Probability

1 4.19 19.18 166.03 55.71 36.94 28.18 0.959
2 3.83 19.74 166.41 129.26 36.96 28.17 0.953
3 3.80 16.76 166.41 55.71 36.96 28.09 0.95
4 3.92 17.97 166.41 121.58 36.96 28.03 0.948
5 3.65 16.45 166.21 55.71 36.96 27.86 0.942
6 4.08 18.51 166.41 104.52 36.96 27.76 0.939
7 3.46 16.98 166.29 129.29 36.96 27.65 0.935
8 3.03 15.30 166.41 55.71 36.96 26.33 0.889
9 2.91 21.76 166.38 129.29 36.96 25.93 0.874
10 2.70 15.52 166.41 55.71 36.96 25.17 0.847
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Table 11. Cont.

Soybean biomass, Zn(II), q(mg/g)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 experimental 15.14 29.86 1 1 3
x3 experimental 69.92 152.41 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.04 36.96 1 1 3
q maximum 1.1 10.5 1 1 3

Solutions

No. x1 x2 x3 x4 x5 q(mg/g) Probability

1 3.87 16.76 150.20 115.39 23.68 10.97 1
2 3.14 15.75 147.19 124.67 34.68 10.72 1
3 4.41 16.43 150.60 102.61 26.94 10.8 1
4 4.17 15.44 141.70 90.41 22.14 10.62 1
5 3.94 15.79 146.89 91.32 34.57 10.81 1
6 4.60 16.16 151.60 117.36 21.50 10.8 1
7 3.53 19.65 147.86 121.46 18.98 10.5 1
8 4.20 17.77 152.09 117.92 18.32 10.87 1
9 3.19 15.29 140.39 94.78 36.42 10.62 1
10 3.71 16.71 148.00 123.95 19.30 10.9 1

Soybean waste biomass, Zn(II), q(mg/g)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 experimental 15.14 29.86 1 1 3
x3 experimental 69.93 152.41 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.04 36.96 1 1 3
q maximum 1.9 15.9 1 1 3

Solutions

No. x1 x2 x3 x4 x5 q(mg/g) Probability

1 3.83 15.46 143.90 98.83 36.78 15.98 1
2 3.96 15.16 152.07 93.99 34.73 15.93 1
3 4.41 15.38 146.40 62.19 36.24 15.98 1
4 3.89 15.68 147.73 61.19 35.16 15.96 1
5 4.42 15.21 147.40 64.41 36.71 16.21 1
6 3.88 15.80 139.80 70.79 36.80 16.04 1
7 3.63 16.06 145.80 84.59 36.82 16.11 1
8 3.56 15.23 147.60 59.05 35.35 16.11 1
9 3.67 15.14 152.40 55.73 31.56 15.25 0.954
10 3.49 15.14 152.40 81.88 24.65 13.77 0.848

The best values for biosorption efficiency (R, %) are obtained for Cd(II), both for
the biosorption on soybean biomass and waste biomass (85–89%), while the initial con-
centration of the metal ions is 73–76 mg/L. The Pb(II) ion is absorbed with a maximum
biosorption efficiency of 77–78%, both on soybean biomass and soybean waste biomass,
starting from an initial concentration of Pb(II) in a solution of 128–129 mg/L. Zn(II) ions
are absorbed with the lowest efficiency (R~69%), the initial concentration of the metal ions
in the solution being around 70 mg/L. Therefore, it is found that soybean waste biomass
can ensure a maximum biosorption efficiency equivalent to that demonstrated in the case
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of soybean biomass. In all cases the working pH values are in the range of 3–4.5 and the
contact time is 120–130 min, while temperature influences to a relatively small extent the
optimum for R(%).

Regarding the best values for the biosorption capacity of metal ions (q, mg/g), it is
found that the maximum value of q for soybean waste biomass is higher than that obtained
for soybean biomass (with 12% for Pb(II); 16% for Cd(II); about 45% for Zn(II)). The initial
concentration of the metal ions in the solution for which a maximum q is obtained is 72% of
the maximum limit of the experimental range in the case of Pb(II) (c0 = 416.45 mg Pb(II)/L);
72% for Cd(II) (c0 = 230.54 mg Cd(II)/L); 70% for Zn(II) (c0 = 209.25 mg Zn(II)/L). The dose
of sorbent is about 15–20 g/L (lower than the maximum value of R of ~30 mg/L).

The optimization goal is reached with a probability higher than 0.89.
The optimal solutions that consider some economic constraints (for example: the

minimum amount of sorbent and the maximum initial concentration of the metal ions in
the solution, which ensures maximum biosorption efficiency (R) and maximum biosorption
capacity (q)) while maintaining the other parameters in the experimental field are presented
in Tables 12 and 13.

Table 12. Solutions for the operation in favorable conditions for reaching the maximum value of the
biosorption efficiency (R, %) of soybean biomass and soybean waste biomass considering a series of
constraints (minimum dose of sorbent and maximum concentration of metal ion in solution).

Soybean Biomass, Pb(II), R(%)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 minimum 15.14 29.86 1 1 3
x3 maximum 128.96 299.15 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.04 36.96 1 1 3
R maximum 18.7 90.4 1 1 3

Solutions

No. x1 x2 x3 x4 x5 * R(%) Probability

1 4.03 15.14 299.15 129.29 19.77 57.78 0.817
2 4.01 15.14 299.12 129.26 19.25 57.78 0.817
3 4.09 15.14 299.15 129.29 21.81 57.76 0.817
4 4.03 15.16 299.11 129.29 33.56 57.80 0.817
5 4.13 15.14 299.15 129.29 28.56 57.72 0.816
6 3.67 15.14 295.31 129.29 21.68 57.39 0.808
7 3.99 15.14 299.15 110.01 21.73 55.51 0.8
8 4.83 15.14 299.06 129.29 36.42 54.46 0.793
9 4.11 15.27 298.58 81.83 18.04 52.31 0.774
10 3.56 15.14 299.15 55.72 27.69 48.00 0.742

* has no effect on optimization results
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Table 12. Cont.

Soybean waste biomass, Pb(II), R(%)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 minimum 15.14 29.86 1 1 3
x3 maximum 128.96 299.15 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.04 36.96 1 1 3
R maximum 22.8 83.9 1 1 3

Solutions

No. x1 x2 x3 x4 x5 * R(%) Probability

1 4.18 15.14 299.15 129.29 29.25 57.21 0.826
2 4.22 15.14 299.07 129.29 29.55 57.21 0.826
3 4.22 15.14 299.03 129.29 19.57 57.21 0.826
4 4.28 15.14 297.40 128.42 36.96 57.21 0.823
5 3.94 15.14 299.15 127.44 18.04 56.62 0.821
6 4.59 15.14 299.15 128.16 24.74 56.49 0.82
7 3.81 15.14 299.13 129.29 30.40 56.43 0.819
8 3.74 15.14 299.15 129.29 27.29 56.15 0.817
9 4.12 15.14 299.08 101.16 18.04 53.89 0.798
10 4.42 17.45 299.15 129.29 22.97 59.18 0.795

* has no effect on optimization results

Soybean biomass, Cd(II), R(%)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 minimum 15.14 29.86 1 1 3
x3 maximum 73.35 166.41 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.04 36.96 1 1 3
R maximum 25.6 92.8 1 1 3

Solutions

No. x1 x2 x3 x4 x5 R(%) Probability

1 4.03 15.14 166.31 129.29 34.12 66.49 0.847
2 4.42 15.14 166.41 129.29 33.83 65.78 0.842
3 4.03 15.14 166.41 129.05 27.52 65.5 0.841
4 3.95 15.14 166.40 129.29 20.91 64.53 0.834
5 4.17 15.14 166.41 127.01 21.74 64.39 0.833
6 4.09 15.14 166.24 129.29 18.04 64.19 0.831
7 4.10 16.04 166.41 129.24 18.04 64.69 0.817
8 4.33 15.14 166.41 99.57 23.57 61.36 0.81
9 3.86 15.14 164.99 106.79 18.04 61.8 0.81
10 2.59 15.15 165.27 79.44 21.71 48.82 0.699
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Table 12. Cont.

Soybean waste biomass, Cd(II), R(%)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 minimum 15.14 29.86 1 1 3
x3 maximum 76.09 167.52 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.04 36.96 1 1 3
R maximum 32.6 87.2 1 1 3

Solutions

No. x1 x2 x3 x4 x5 R(%) Probability

1 4.00 15.18 167.52 129.29 36.96 67.08 0.857
2 3.78 15.14 167.51 129.17 36.96 66.93 0.857
3 4.08 15.61 167.53 128.57 36.96 67.44 0.852
4 4.03 15.14 167.52 96.14 36.96 64.36 0.835
5 3.70 15.14 167.53 90.66 36.96 63.71 0.829
6 4.01 15.14 167.53 122.99 26.14 63.16 0.824
7 3.80 15.29 167.53 129.29 18.04 63.45 0.824
8 4.12 15.14 167.52 72.07 36.77 62.25 0.819
9 4.00 15.14 167.53 63.65 36.96 61.79 0.812
10 3.83 15.14 167.53 73.06 19.15 58.75 0.782

Soybean biomass, Zn(II), R(%)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 minimum 15.14 29.86 1 1 3
x3 maximum 69.93 152.4 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.04 36.96 1 1 3
R maximum 23.7 79.4 1 1 3

Solutions

No. x1 x2 x3 x4 x5 R(%) Probability

1 4.05 15.72 152.40 129.29 35.07 49.76 0.766
2 4.05 15.14 152.40 129.29 26.53 48.69 0.765
3 4.00 15.16 152.40 129.27 25.06 48.59 0.764
4 4.01 15.60 152.40 129.26 29.28 49.27 0.763
5 4.38 15.14 152.40 117.63 36.96 47.96 0.756
6 3.72 15.18 152.40 98.05 18.04 45.11 0.726
7 3.81 15.14 152.40 75.24 35.81 44.65 0.722
8 4.33 15.17 152.40 68.19 36.70 43.87 0.712
9 3.80 15.14 152.39 62.25 36.96 43.62 0.71
10 4.00 15.28 152.40 71.49 18.17 43.22 0.703
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Table 12. Cont.

Soybean biomass, Zn(II), R(%)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 minimum 15.14 29.86 1 1 3
x3 maximum 69.93 152.4 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.04 36.96 1 1 3
R maximum 21.9 82.8 1 1 3

Solutions

No. x1 x2 x3 x4 x5 * R(%) Probability

1 4.19 15.14 152.40 118.38 18.67 51 0.782
2 4.19 15.14 152.40 118.35 34.03 51 0.782
3 4.18 15.14 152.40 118.86 36.56 51 0.782
4 4.19 15.15 152.40 118.71 25.27 51 0.782
5 4.19 15.15 152.40 117.83 36.89 51 0.782
6 4.19 15.14 152.28 117.96 24.99 51.02 0.782
7 4.22 15.14 152.40 129.14 29.26 50.84 0.78
8 4.25 15.14 152.40 107.70 19.35 50.82 0.78
9 4.21 15.53 152.40 115.01 32.83 51.45 0.779
10 3.52 15.17 152.40 122.77 36.96 48.98 0.763

* has no effect on optimization results

Table 13. Solutions for the operation in favorable conditions for reaching the maximum value of the
biosorption capacity (q, mg/g) of soybean biomass and soybean waste biomass considering a series of
constraints (minimum dose of sorbent and maximum concentration of the metal ions in solution).

Soybean Biomass, Pb(II), q(mg/g)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 minimum 15.14 29.86 1 1 3
x3 maximum 128.96 299.15 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.04 36.96 1 1 3
q maximum 2.9 27.8 1 1 3

Solutions

No. x1 x2 x3 x4 x5 q(mg/g) Probability

1 4.03 15.14 299.15 110.38 36.96 24.07 0.947
2 4.90 15.14 299.13 106.96 36.56 24.06 0.947
3 4.33 15.14 299.10 95.85 36.96 23.65 0.941
4 3.32 15.14 299.15 118.21 36.96 23.35 0.937
5 3.39 15.14 299.15 128.56 30.42 23.21 0.934
6 4.91 15.14 299.15 95.92 33.00 23.19 0.934
7 4.71 15.19 299.15 129.29 18.09 23.02 0.93
8 3.75 15.15 299.10 76.92 36.96 22.31 0.92
9 3.19 15.14 299.15 121.70 18.04 21.12 0.901
10 4.67 15.14 299.10 75.91 18.54 20.81 0.896
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Table 13. Cont.

Soybean waste biomass, Pb(II), q(mg/g)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 minimum 15.14 29.86 1 1 3
x3 maximum 128.96 299.15 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.04 36.96 1 1 3
q maximum 2.8 29.4 1 1 3

Solutions

No. x1 x2 x3 x4 x5 q(mg/g) Probability

1 4.38 15.14 299.15 67.04 36.96 28.44 0.988
2 4.24 15.14 299.15 94.63 36.94 28.15 0.984
3 4.16 15.14 299.15 121.50 35.20 27.78 0.979
4 4.57 15.14 299.15 64.80 32.50 27.67 0.978
5 4.33 15.14 299.15 118.99 31.69 27.65 0.978
6 3.64 15.14 299.15 108.99 36.96 27.39 0.974
7 3.81 15.14 299.15 116.03 18.04 26.52 0.962
8 4.03 15.14 299.15 82.37 22.77 26.34 0.96
9 3.85 15.14 299.13 62.19 24.89 26.1 0.957
10 2.87 15.14 299.15 55.71 36.04 25.61 0.95

Soybean biomass, Cd(II), q(mg/g)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 minimum 15.14 29.86 1 1 3
x3 maximum 73.35 166.41 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.04 36.96 1 1 3
q maximum 0.8 25.2 1 1 3

Solutions

No. x1 x2 x3 x4 x5 q(mg/g) Probability

1 4.37 15.14 166.39 128.73 36.96 24.024 0.984
2 4.91 15.14 166.41 128.82 35.56 23.17 0.971
3 3.54 15.14 166.41 128.11 36.96 23.16 0.972
4 4.49 15.14 166.41 78.10 36.96 22.9 0.968
5 3.83 15.14 166.41 55.71 26.16 18.29 0.895
6 3.84 15.14 166.41 129.29 21.53 16.97 0.872
7 4.19 15.14 166.24 55.71 18.99 16.44 0.862
8 2.59 17.87 165.80 56.24 36.96 19.63 0.855
9 3.36 15.14 166.13 129.22 18.04 15.35 0.841
10 2.67 21.87 166.41 55.71 18.14 10.88 0.608
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Table 13. Cont.

Soybean waste biomass, Cd(II), q(mg/g)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 minimum 15.14 29.86 1 1 3
x3 maximum 73.35 166.41 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.04 36.96 1 1 3
q maximum 1.1 29.5 1 1 3

Solutions

No. x1 x2 x3 x4 x5 q(mg/g) Probability

1 4.29 15.14 166.41 129.29 36.95 27.78 0.979
2 4.04 15.14 166.41 74.01 36.96 27.43 0.975
3 4.24 15.14 166.41 89.03 36.96 27.23 0.973
4 3.82 15.14 166.41 87.43 36.96 27.21 0.972
5 4.73 15.14 166.41 129.29 36.95 27.15 0.972
6 3.53 15.14 166.41 67.79 36.96 27.13 0.972
7 3.89 15.49 166.41 120.96 36.96 27.68 0.97
8 4.70 15.14 165.22 55.73 36.96 26.99 0.966
9 4.13 15.14 165.36 129.29 35.45 26.6 0.961
10 4.91 15.14 166.41 70.72 32.11 23.46 0.923

Soybean biomass, Zn(II), q(mg/g)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 minimum 15.14 29.86 1 1 3
x3 maximum 69.93 152.4 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.04 36.96 1 1 3
q maximum 1.1 10.5 1 1 3

Solutions

No. x1 x2 x3 x4 x5 q(mg/g) Probability

1 3.66 15.14 152.40 88.17 29.02 10.97 0.999
2 3.04 15.14 152.40 96.51 25.09 10.84 0.999
3 3.78 15.14 152.40 86.51 32.88 10.93 0.999
4 4.35 15.14 152.40 74.83 33.35 10.55 0.999
5 4.13 15.14 152.40 69.14 30.73 10.5 0.999
6 3.43 15.14 152.40 71.43 31.49 10.55 0.999
7 3.90 15.14 152.40 67.72 31.00 10.5 0.999
8 4.73 15.14 152.40 125.03 18.82 10.76 0.999
9 4.00 15.14 152.40 114.03 20.21 11.18 0.999
10 2.72 15.21 152.38 55.71 18.87 9.63 0.966
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Table 13. Cont.

Soybean waste biomass, Zn(II), q(mg/g)

Constraints

Variabile Variation
range Lower limit Upper limit Minimum

weight
Maximum

weight Importance

x1 experimental 2.59 4.91 1 1 3
x2 minimum 15.14 29.85 1 1 3
x3 maximum 69.93 152.41 1 1 3
x4 experimental 55.71 129.29 1 1 3
x5 experimental 18.04 36.96 1 1 3
q maximum 1.9 15.9 1 1 3

Solutions

No. x1 x2 x3 x4 x5 q(mg/g) Probability
1 3.73 15.14 152.40 87.21 36.40 16.55 0.999
2 4.16 15.14 152.40 87.47 34.66 15.91 0.999
3 3.97 15.14 152.40 101.60 35.39 15.99 0.999
4 3.40 15.14 152.40 85.39 36.19 16.37 0.999
5 3.60 15.14 152.40 128.91 36.96 15.66 0.994
6 3.53 15.14 152.06 55.71 30.48 14.89 0.974
7 4.15 15.81 152.27 129.07 36.96 15.34 0.971
8 3.84 15.14 152.40 55.71 26.20 13.96 0.951
9 4.30 15.14 152.40 105.00 24.33 13.47 0.938
10 4.36 15.14 152.36 55.72 23.63 13.14 0.929

Comparing the data in Tables 10 and 12, the following aspects can be seen when
constraints are imposed:

• The optimization of the Pb(II) biosorption process using soybean biomass as the
biosorbent when considering two constraints, the minimum dose of biosorbent and
the maximum Pb(II) concentration in the initial solution (the other parameters taking
appropriate values in the experimental field), will result in a 49% decrease in the
sorbent dose, a 120% increase in the initial concentration of the metal ions in the
solution, and a 40% decrease in the operating temperature. However, the maximum
separation efficiency will decrease by about 26%.

• The optimization of the Pb(II) biosorption process using soybean waste biomass as a
biomass, considering the two constraints presented above, will result in a decrease in
the required amount of sorbent and an increase in the initial concentration of the ion
in the solution, as in the case of Pb(II) biosorption on soybean biomass. The maximum
separation efficiency will also decrease by 26%.

Therefore, soybean biomass and soybean waste biomass can ensure the same biosorp-
tion efficiency of Pb(II) under the same operating conditions.

• The optimization of the Cd(II) biosorption process on soybean biomass when con-
sidering two constraints, the minimum dose of biosorbent and the maximum Cd(II)
concentration in the initial solution (the other parameters taking appropriate values
in the experimental field), results in a decrease in the required amount of sorbent by
49%, increase the initial ion concentration by almost 119%, and also the operating tem-
perature by almost 89%. Under these conditions, the maximum biosorption efficiency
decreases by almost 26%.

• A similar situation is obtained in the case of Cd(II) biosorption on soybean waste
biomass, in which case, for the two constraints imposed on those in Table 10, the
efficiency of Cd(II) biosorption decreases by almost 22%.

• The optimization of the Zn(II) biosorption process on soybean biomass, when imposing
the constraints of minimum sorbent dose and maximum Zn(II) concentration in the
initial solution (similar to the previous situations), results in reducing the sorbent dose
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by almost 47%, an increase in the initial concentration of the metal ions in solution by
about 116%, and also an increase in the operating temperature by almost 40%, as well
as the reduction of the maximum value of the biosorption efficiency by almost 28%.

• The optimization of the Zn(II) biosorption process on soybean waste biomass under
the abovementioned constraints results in a reduction of the biosorbent dose by almost
44%, an increase in the initial concentration of Zn(II) in the initial solution by 118%,
and a decrease in the operating temperature by nearly 43%.

If the biosorption process is to be scaled-up, a cost–benefit analysis of the two opti-
mization alternatives is required. Additionally, under these operating conditions with the
constraints imposed, the values imposed by the regulations in force regarding the con-
centrations of heavy metal ions in the treated effluents can be reached, because the saved
sorbent can be used in an additional biosorption cycle, ensuring an increased biosorption
efficiency to comply with the regulations on the quality of liquid effluents in economic
operating conditions.

Imposing these constraints in the process of optimizing the biosorption capacity q
(minimization of the sorbent dose and maximization of the initial concentration of metal
ions in solution) results in the same optimal values of parameters and the maximum
biosorption capacity as in the case of optimization without the two constraints (see Table 13
vs. Table 11). The maximum values of R and q under the operating conditions presented
in Tables 10–13 were verified experimentally (for the highest probability of achieving the
purpose of the objective function—solution 1) (Tables 14 and 15).

The experimental data presented in Tables 14 and 15, which confirmed the solutions
obtained from the optimization process, demonstrate a very important matter, i.e., that soy
waste biomass can ensure a biosorption efficiency of the three metal ions similar to that
obtained when using soybean biomass as a biosorbent, with great potential for scaling-up.
All this information shows that both soybean biomass and soybean waste biomass can
be used effectively as biosorbents to remove heavy metal ions from aqueous effluents
under certain operating conditions, making it possible to exploit industrial soybean waste
biomass, which cannot be used in animal feed due to the content of the extraction solvent.

Table 14. (a,b) Experimental values of R(%) and q(mg/g) for validation of optimal solutions
(Tables 10 and 11).

(a)

No.
x1 (pH) x2 (DS) x3 (c0) x4 (tc) x5 (T) Rexp

(%)
Rcalc
(%)calc exp calc exp calc exp calc exp calc exp

Soybean biomass, Pb(II), R(%)

1 4.02 4.00 29.86 30.00 129.03 124.93 129.29 129.00 32.79 30.00 73.17 78.13

Soybean waste biomass, Pb(II) R(%)

2 4.23 4.20 29.86 30.00 128.96 124.93 129.29 129.00 34.37 30.00 78.12 77.40

Soybean biomass, Cd(II), R(%)

3 4.06 4.00 29.86 30.00 73.35 74.96 129.28 129.00 18.25 20.00 72.31 89.62

Soybean waste biomass, Cd(II), R(%)

4 3.93 4.00 29.86 30.00 76.89 74.96 128.04 128.00 18.06 20.00 72.67 85.03

Soybean biomass, Zn(II), R(%)

5 4.18 4.20 29.86 30.00 70.60 72.32 129.22 129.00 18.04 20.00 58.79 69.39

Soybean waste biomass, Zn(II), R(%)

6 4.18 4.20 27.3 30.00 69.93 72.32 118.59 119.00 33.02 30.00 59.03 69.97
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Table 14. Cont.

(b)

No.
x1 (pH) x2 (DS) x3 (c0) x4 (tc) x5 (T) qexp

(mg/g)
qcalc

(mg/g)calc exp calc exp calc exp calc exp calc exp

Soybean biomass, Pb(II), q(mg/g)

7 4.50 4.50 15.14 15.00 297.55 291.51 129.23 129.00 36.96 30.00 19.86 25.04

Soybean waste biomass, Pb(II), q(mg/g)

8 4.29 4.30 15.16 15.00 299.15 291.51 73.55 74.00 36.96 30.00 20.12 28.36

Soybean biomass, Cd(II), q(mg/g)

9 4.44 4.50 15.14 15.00 166.41 165.08 129.29 129.00 36.96 30.00 15.91 24.08

Soybean waste biomass, Cd(II), q(mg/g)

10 4.19 4.20 19.18 19.00 166.03 165.08 55.71 56.00 36.94 30.00 15.93 28.18

Soybean biomass, Zn(II), q(mg/g)

11 3.87 4.00 16.76 17.00 150.2 146.17 115.39 115.00 23.68 20.00 9.08 10.97

Soybean waste biomass, Zn(II), q(mg/g)

12 3.83 4.00 15.46 15.50 143.90 146.17 98.83 99.00 36.78 30.00 10.25 15.98

Table 15. Experimental values of R(%) during the validation of the optimal solutions in Table 12.

No.
x1 (pH) x2 (DS) x3 (c0) x4 (tc) x5 (T) Rexp

(%)
Rcalc
(%)calc exp calc exp calc exp calc exp calc exp

Soybean biomass, Pb(II), R(%)

1 4.03 4.00 15.14 15.00 299.15 291.51 129.29 129.00 19.77 20.00 62.07 57.78

Soybean waste biomass, Pb(II), R(%)

2 4.18 4.20 15.14 15.00 299.15 291.51 129.29 129.00 29.25 30.00 65.18 57.21

Soybean biomass, Cd(II), R(%)

3 4.03 4.00 15.14 15.00 166.31 165.08 129.29 129.00 34.12 30.00 59.91 66.49

Soybean waste biomass, Cd(II), R(%)

4 4.00 4.00 15.18 15.00 167.52 165.08 129.29 129.00 36.96 30.00 63.17 67.08

Soybean biomass, Zn(II), R(%)

5 4.05 4.00 15.72 16.00 152.40 146.17 129.29 129.00 35.07 30.00 42.46 49.76

Soybean waste biomass, Zn(II), R(%)

6 4.19 4.20 15.14 15.00 152.40 146.17 118.38 119.00 18.67 20.00 53.07 51.00

5. Conclusions

The sustainable use of natural materials and their waste for the removal of heavy
metal ions from aqueous effluents via biosorption requires the knowledge of the most
favorable combinations of independent variables that determine the performance of the
biosorption process to maximize the biosorption efficiency and biosorption capacity of
biosorbents used. To this end, in this paper, the empirical mathematical modeling of the
biosorption process of Pb(II), Cd(II), and Zn(II) ions on soybean-based biosorbents was
performed by applying the Response Surface Methodology, followed by the optimization of
the biosorption process, as prerequisites for scale-up. Two categories of natural biosorbents
were used: soybean biomass and soybean waste biomass resulting from oil the extraction
process of soy seeds.

The purpose of the modeling was to find the most probable mathematical relationships
between the dependent variables (biosorption efficiency, R(%), and biosorption capacity,
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q(mg/g), and the residual concentration of metal ion in the solution) and process parameters
(pH; sorbent dose, DS (g/L); initial concentration of metal ion in the solution, c0 (mg/L);
contact time, tc (min); temperature, T (◦C)) in order to find sets of solutions to maximize
biosorption efficiency and biosorption capacity by applying specific optimization tech-
niques. The models were validated using methods specific to multiple regression analysis
and the results of the optimization process were validated experimentally.

An ANOVA confirmed the adequacy of the developed models ((Prob > F) < 0.05). The
standard deviations are small and the values of the coefficient of determination (R2) are
usually over 0.9. The high values of R2

adj show that the total variations of R and q can be
described by the elaborated models. Additionally, the values R2

pred are in good agreement
with R2

adj, which demonstrates the correctness of the models in that they are well selected
(and not as a consequence of the large number of variables). The sensitivity analysis of
the models shows that the change in pH and the initial concentration of the metal in the
solution significantly influences the biosorption process.

All this information showed that both soybean biomass and soybean waste biomass
can be used effectively as biosorbents to remove heavy metal ions from aqueous effluents
under certain operating conditions. Finally, a comparison was performed between the
performances of the two biosorbents in terms of biosorption efficiency and biosorption ca-
pacity, which demonstrated, based on confirmed experimental data and through modeling
and optimization, that soybean biomass waste performs similarly to soybean biomass.

Response Surface Methodology (RSM) was used as a mathematical and statistical
tool to evaluate the effects of some factors on the performance of the process, namely,
biosorption capacity and biosorption efficiency, and has proven to be a powerful tool for
measuring optimal regional responses by analyzing a sequence of designed experiments.
RSM was particularly useful because it reduced the number of tests required to find the
optimal conditions, which were then validated experimentally.

The experimental program fulfilled in this paper demonstrates that biomass waste
from the biofuel production industry can be used as a very efficient, low-cost biosorbent
with which to remove heavy metals from water effluents in a sustainable way. The waste
biomass can be exploited in environmental cleaning processes in accordance with the
principles of the circular economy. These results require further research by conducting a
cost–benefit analysis of optimized alternatives in order to scale-up the biosorption process
to a larger scale.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr10030523/s1, Table S1. Equations of mathematical model for
metal ion biosorption efficiency R(%) (a) and biosorption capacity q(mg/g) in coded (a) and real (b)
coordinates. Table S2. Results of tests for model adequacy. Table S3. ANOVA for the polynomial
(quadratic) model for R(%) in case of Pb(II) retention on soybean biomass and soybean waste biomass,
respectively. Table S4. ANOVA for the polynomial (quadratic) model for q(mg/g) in case of Pb(II)
retention on soybean biomass and soybean waste biomass, respectively.
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45. Bulgariu, L.; Ferţu, D.I.; Cara, I.G.; Gavrilescu, M. Efficacy of Alkaline-Treated Soy Waste Biomass for the Removal of Heavy-Metal
Ions and Opportunities for Their Recovery. Materials 2021, 14, 7413. [CrossRef]

46. Mobasherpour, I.; Salahi, E.; Pazouki, M. Comparative of the removal of Pb(II), Cd(II) and Ni(II) by nano crystallite hydroxyapatite
from aqueous solutions: Adsorption isotherm study. Arab. J. Chem. 2012, 5, 439–446. [CrossRef]

47. Al Hamouz, O.C.S.; Ali, S.A. Removal of Zinc and Cadmium ions using a cross-linked polyaminophosphonate. J. Macromol. Sci.
Part A 2013, 50, 375–384. [CrossRef]

48. Bashir, A.; Manzoor, T.; Malik, L.A.; Qureashi, A.; Pandith, A.H. Enhanced and Selective Adsorption of Zn(II), Pb(II), Cd(II),
and Hg(II) Ions by a Dumbbell- and Flower-Shaped Potato Starch Phosphate Polymer: A Combined Experimental and DFT
Calculation Study. ACS Omega 2020, 5, 4853–4867. [CrossRef]

49. He, J.; Chen, P.A. A comprehensive review on biosorption of heavy metals by algal biomass: Materials, performances, chemistry,
and modeling simulation tools. Bioresour. Technol. 2014, 160, 67–78. [CrossRef]

50. Suzaki, P.Y.R.; Munaro, M.T.; Triques, C.C.; Kleinübing, S.J.; Klen, M.R.F.; Bergamasco, R.; Jorge, L.M.D.M. Phenomenological
mathematical modeling of heavy metal biosorption in fixed-bed columns. Chem. Eng. J. 2017, 326, 389–400. [CrossRef]

51. Laurent, J.; Casellas, M.; Dagot, C. Heavy metals biosorption on disintegrated activated sludge: Description of a new equilibrium
model. Chem. Eng. J. 2010, 164, 63–69. [CrossRef]

52. Özen, R.; Sayar, N.A.; Durmaz-Sam, S.; Sayar, A.A. A sigmoidal model for biosorption of heavy metal cations from aqueous
media. Math. Biosci. 2015, 265, 40–46. [CrossRef] [PubMed]

53. Moreira, V.R.; Lebron, Y.A.R.; Santos, L.V.D.S. Predicting the biosorption capacity of copper by dried Chlorella pyrenoidosa
through response surface methodology and artificial neural network models. Chem. Eng. J. Adv. 2020, 4, 100041. [CrossRef]
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