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Abstract: Excess Pb (II) concentrations in wastewater have raised concerns of a risk to health and 

the environment due to their toxicity. This has contributed to the need for sustainable technology to 

remove heavy metals from wastewater. Biosorption provides a potential contribution to a solution. 

This study proposes a cost-effective method to remove lead ions from wastewater through the use 

of activated carbon from vine shoots as a biosorbent. However, economic cost and environmental 

impact are aspects that are necessary to study. This research suggests the use of a life cycle assess-

ment and multiresponse surface method with desirability functions to improve and optimize the 

biosorption process. The experiments were conducted using a Box–Behnken design of experiments 

(BBD) combined with the multiresponse surface method. Three input variables were considered. 

They are initial lead concentration, pH, and the amount of activated carbon from vine shoots. These 

are the most significant adsorption process variables. The final lead concentration was considered 

as a process output variable. Human toxicity, global warming, abiotic depletion (fossil fuel), marine 

aquatic ecotoxicity, and freshwater ecotoxicity were regarded as process environmental impacts. 

Four optimization scenarios were proposed using these methods. The maximum removal of lead 

was 92.12%, whereas 92.09% of lead was removed when the minimum dose of vine shoot activated 

carbon was used. In contrast, 52.62% of lead was removed in the case of minimal environmental 

impact. 

Keywords: biosorption; heavy metals; vine-shoot-derived activated carbon; wastewater;  

multiresponse surface methodology; life cycle assessment 

 

1. Introduction 

In recent decades, the release of heavy metals into water, such as lead, has increased 

remarkably due to industrial processes. The pollution that most affects the aquatic envi-

ronment is produced by the discharge of heavy metals by industrial wastewater [1]. De-

pending on chemical species, their persistence, and their tendency to accumulate, there 

are several methods to remove them from industrial wastewaters. Due to the increase of 

Pb in several industrial activities and the increased use of products that contain it, includ-

ing oil, agrochemicals, batteries, and paint, and the absence of natural pathways for the 

elimination of this pollutant, the food chain may become at risk of lead contamination 

from the accumulation and redistribution of lead throughout the natural environment 

and, hence, pose a risk to our drinking water and food [2]. This pollutant, which is the 

second-most-toxic metal, is a non-disintegrative heavy metal. It is highly noxious and ex-

ceedingly toxic to biological systems [3]. Pb toxicity can cause cognitive behavioral 
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problems, even at low concentrations. Additionally, Pb exposure worsens oxidative stress, 

causes neurological problems, alters sodium ion concentration, and can be fatal [4]. 

To decrease the levels of metals in water and wastewater, several techniques are availa-

ble. These include ion exchange, membrane filtration [5,6], adsorption, chemical precipitation, 

ultrafiltration [7,8], electrochemical reactions, and improved oxidation techniques [9]. Newer, 

more efficient, more cost-effective, and inventive technologies have been the subject of in-

creased research recently. Novel adsorbents have been introduced for improved adsorption. 

These include hydrogels [10,11], photocatalysis, electrodialysis, and membrane separation 

techniques [12,13], as well as magnetic nanoparticles [14]. However, there are significant 

downsides in using these approaches. These may entail high energy requirements, low effec-

tiveness, inadequate elimination, expensive disposal methods, and one of the possible prob-

lematic working conditions. Because of its flexibility in designing and operating, as well as its 

effect on toxicity, heavy metal transport in wastewater, and biological availability, adsorption 

technology stands out from other technologies [15].  

Due to the possibility of desorption (the opposite process), the adsorption is fre-

quently reversible. In the latter case, adsorbate ions leave the surface of the adsorbent. 

This causes the process to be cost-effective and highly efficient in producing treated efflu-

ents of high quality [16]. Due to its ease of use, high capacity, and effectiveness in elimi-

nating lead, even at very low lead concentrations, activated carbon emerges as one of the 

most efficient adsorbents [17].  

The main by-product generated during the annual vegetative cycle of a vineyard are 

vine shoots, with a yield of between 2 and 4 tons per hectare (t/ha) [18]. The latest available 

data indicate that the amount of vine shoots generated during the 2021–2022 harvest cam-

paign was approximately 260 kt. This reflects the high amount of waste generated in this 

sector annually. Considering the significance of the wine industry in the Autonomous 

Community of La Rioja and the volume of waste generated in wineries, the purpose of 

this paper is to research the use of activated carbon from vine shoots as an economically 

and environmentally viable alternative. This approach allows for the recovery of these by-

products and contributes to the circular economy. In this work, the biosorption process 

uses activated carbon derived from vine shoots. However, to date, no studies have been 

conducted using vine shoot activated carbon for the removal of lead ions from wastewater. 

Other residues from agricultural production, from which activated carbon can be ob-

tained, can be used as a sorbent. These include prickly pear seeds [19], banana peel [20], 

coconut shells [21], corncob [22], and black cumin [23]. The adsorption method used to 

remove Pb (II) from industrial wastewater with vine shoot activated carbon is typically 

affected by three process inputs or factors. They are the vine shoot activated carbon dose, 

the initial lead concentration, and the solution’s pH. However, the variable or output to 

adjust is the amount of lead that remains in the wastewater after treatment. 

Finding the input variables that provide the highest level of efficiency in the Pb (II) 

adsorption process is the objective of process optimization. One-variable-at-a-time exper-

imentation is the conventional approach to this. However, in order to achieve the best 

results, this approach must be changed. The relationship between the several variables is 

not resolved by this technique, because the effect of these elements is complicated. So, this 

method is time and labor-intensive. Additionally, it requires a great deal of experimenta-

tion. As a result, the strategy is pricey. The use of multivariate statistical techniques ena-

bles the number of tests to be significantly reduced, as well as the descriptions of the ef-

fects of independent variables. This lowers the cost of trials greatly and aids the develop-

ment of the operating system. Multiresponse surface (MRS) is an efficient and effective 

statistical technique for building regression models based on second-order polynomials. 

By considering only the most important elements, this model enhances the effectiveness 

of the process, while reducing the number of variables. This also reduces the cost and 

duration of experimentation [24].  

Life cycle assessment (LCA) is a methodology to evaluate emissions and to determine 

the amount of raw materials and energy used, the quantity of waste produced, and their 
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effects during a product’s life [25]. The net environmental implications of wastewater 

treatment methods and facilities have been thoroughly assessed using LCA and various 

alternative treatments. LCA can be used to analyze the environmental expense and benefit 

of removing pollutants to comply with stricter regulations. Its scope includes both indirect 

emissions that are attributable to the transport and production of chemicals and direct 

emissions from wastewater treatment plants, as well as the energy used and infrastructure 

necessary for treatment [26]. Most conducted research has been devoted to the study of 

the removal of nutrients. However, few studies have concentrated on the removal of pol-

lutants of increasing concern, such as industrial and commercial chemicals. LCA, which 

takes into account the entire cycle of life of these activities, is an ideal technique for this 

study. It is necessary to overcome the negative contributions to prevent the initial prob-

lem’s solution from being embroiled in further environmental problems [27]. Activated 

carbon (AC) is regarded as the best solution for the long term. It uses less power, although 

it has a lower removal efficiency than reverse osmosis and ozonation [28]. In addition, 

activated carbon is more suitable for the reuse of wastewater, because it has higher effi-

ciency in the removal of heavy metals and also prevents the creation of toxic by-products 

during the treatment [29]. 

The objective of this work was to thoroughly investigate the optimization of the uti-

lization of vine shoot AC as a biosorbent to reduce Pb (II) concentrations in industrial 

wastewater. Regression models were created based on the experimental results utilizing 

a Box–Behnken design (BBD) and MRS. They link the final Pb (II) ion concentration (CF)  

to the input variables in the treated wastewater, vine shoot activated carbon dose (dose), 

initial lead concentration (C0), and the solution’s pH (pH). A multiobjective optimization 

was completed in this work using the MRS with desirability functions. The goal was to 

maximize the removal of Pb (II) and decrease the environmental impact and the dosage 

of vine shoot AC consumption of the biosorption process. In order to improve the devel-

opment of Pb (II) removal technology for industrial wastewater, this work provides a 

mechanism that research and industry can use (Figure 1). 

 

Figure 1. Methodological workflow. 
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2. Materials and Methods 

2.1. Chemicals and Techniques 

The method used in this work for the elimination of the heavy metal Pb (II) was ad-

sorption, using vine shoot activated carbon as the biosorbent for the process. All proce-

dures used reagents of analytical grade from Merck & Company (Darmstadt, Germany). 

The vine shoots were collected from a vineyard in Cárdenas, La Rioja (Spain) follow-

ing the harvest. The vine shoots were cleaned manually, dried for 24 h, and then chopped 

into small pieces that were soaked in a ZnCl2 (98% extra-pure, CAS: 7646-85-7) solution 

for 24 h to chemically activate. Next, they were dried in an oven at 115 °C for 14 h and 

then carbonized at 800 °C in a nitrogen atmosphere. After that, they were soaked in HCl 

overnight at room temperature, filtered, and washed with deionized water until the pH 

reached neutrality. The final step in the production of the activated carbon was grinding 

with a high-speed grinder. This particular adsorbent was chosen because of its efficiency 

in the purification and removal of heavy metals. In addition, this adsorbent is an easy-to-

reuse organic material that can be obtained from shredded vine shoots [30]. As a result of 

the large surface area of its microporous structure, as well as its complicated chemical 

composition and the variable functional groups on its exterior surface, activated carbon is 

often used as a biosorbent in water treatment facilities for the removal of metals. It has 

been shown that the pore size distribution and surface functional groups affect the bio-

sorption efficiency of AC. Activated carbon may, however, interact with oxygen at tem-

peratures of approximately 300 °C [31].  

In this study, it was desirable that the lead adsorption capacity was not altered by the 

presence of other metals in the wastewater. Therefore, because it was not possible to ob-

tain a real water sample, synthetic samples were prepared with deionized water and var-

ious initial Pb (II) concentrations of 8 to 30 ppm. To prepare the solution of 30 mg/L of 

lead required dissolving 0.056 g of PbCl2·6H2O (98% extra-pure, CAS 7758-95-4) in 1 L of 

distilled water. The pH adjustment process used an XS PH60 Violab DHS pH meter (Lab-

process, Barcelona, Spain) following calibration with buffers at a pH of 4.0, 7.0, and 10.0, 

according to the ASTM D1293-18 standard [32].  

2.2. Response Surface Method for Pb Adsorption Process 

The response surface method (RSM) approach was used to establish relationships 

between the input parameters of the Pb adsorption process and output variables. The in-

put parameters studied were activated carbon dose (dose), initial lead concentration (C0), 

and pH (pH). The output variables were the final lead concentration in treated wastewater 

(CF) and the percentage of ions of lead that were present in the treated wastewater (%R). 

In 1951, Box and Wilson released the RSM [33], enabling experimental data to be utilized 

for models or the best possible responses. The approach was initially created to simulate 

experimental results. However, it helps with product and industrial process optimization. 

In addition, it can be used to model the optimal elimination of heavy metals [34,35] using 

experimental data. A Box–Behnken design of experiments (BBD) [36] was used to fit a 

second-order polynomial model using a low-degree polynomial regression model, as 

shown in the following Equation (1):  

A = f(B1, B2, B3,…Bk) + e (1) 

The polynomial has the following components: A is the predicted output or experi-

mental response; f is a cross product of the components of the polynomial; B1, B2, B3, …, Bk 

represent the input process parameters; and e refers to the error. Polynomial functions are 

often used. A quadratic (second-order) model is one of them. This may be seen below in 

Equation (2): 
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A = c0 + ∑ c·Bi

m

i=1

 +∑cii·Bi
2

m

i=1

 +∑∑ bij·Bi·Bj

m

j=i+1

m-1

i=1

 + e (2) 

The values of the c0, ci, cii, and cij coefficients were determined using regression anal-

ysis. However, when dealing with complicated situations with numerous inputs and non-

linearities, these functions may not always produce satisfactory solutions.  

If the model yields accurate findings, the p-value (Prob. > F) indicates the probability 

that the outcome will not be smaller than what was observed. By making use of an N 

analysis of variance (ANOVA), the p-value may be determined. The model’s output will 

be acceptable with a (1 − 𝛼) confidence interval if it exceeds that for model F. No model 

terms have a significance level (e.g., 𝛼 = 0.05) above them. The ideal configuration of out-

puts may differ greatly from one another. This implies that there are competing outputs. 

Harrington created the desirability function [37]. It includes an overall desirability and 

desirability functions for each output variable as seen in Equations (3) and (4). The latter 

represents the arithmetic mean of each output’s desirability (D) value using Equation (5). 

dr
max = 

{
 
 

 
 0 if fr(B) < C

(
fr(B)-G

B-G
)

s

 if C ≤ fr(B) ≤ G

1   if fr(B) > G

 (3) 

dr
min=

{
 
 

 
 1 if fr(B) < C

(
fr(B)-G

C-G
)

s

 if C ≤ fr(B) ≤ G

0   if fr(B) > G

 (4) 

D = (∏𝑑r

R

r=1

)

1/R

 (5) 

where B is the input vector; C and G have the lowest and highest values found for the 

response r and weight S. The use of a second higher-degree polynomial helps to optimize 

the replies [38]. 

2.3. Experiments Design 

The design of experiments (DoE) is usually employed in building precise models 

with the fewest data required to validate the original hypothesis [39,40]. A design matrix 

(of inputs) may be produced using any of the several available methodologies to measure 

the outputs or responses. The experiment in this instance was created through the use of 

a BBD. The input parameters chosen to create the DoE were, as previously noted: vine 

shoot activated carbon dose (dose), initial lead concentration (C0), and solution pH (pH). 

The variables from each experiment that were selected for optimization are listed in Table 

1 (design matrix) along with their relevant ranges and levels. 

Table 1. Design matrix: biosorption process inputs and levels considered. 

Input Notation Magnitude 
Levels 

−1 0 1 

Initial Pb (II) concentration C0 mg/L 8 19 30 

Vine shoot activated carbon dose dose G 1.6 3.8 6 

pH pH - 2.8 5 7.2 

The design matrix was generated using R Statistical Software v.1.6 [41] after the bio-

sorption process’s characteristics. A total of 17 experiments were conducted in order to 

ensure that all potential Pb (II) adsorption process input parameters were considered and 
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a regression model was obtained that would determine the most relevant inputs for the 

ion Pb (II) adsorption process.  

2.4. Life Cycle Assessment (LCA) 

ISO 14040/14044 [42] establishes the life cycle assessment and also addresses the im-

pact of actions on the environment [39,40]. Examples include using the resources and im-

pact of emissions on the environment during the laboratory trials of the adsorption of lead 

by vine shoot activated carbon. An LCA study has four phases. The first involves the scope 

of the study and definition. The remaining three phases address inventory analysis, envi-

ronmental impact assessment, and interpretation. In this case, the method that is known 

as gate-to-gate was used. This is the process of determining the variables that probably 

had the most environmental impact using scaled-up inventory data. The wastewater sam-

ples were prepared in the laboratory, as shown in Tables 1 and 2. In order to conduct the 

LCA quantitatively, every training test considered the initial and final lead concentrations 

in water, the dosage of vine shoot activated carbon, and the dosage of H2SO4 and NaOH 

used to modify the water pH. There were three values for the input parameter of pH: 2.8, 

5, and 7.2. The initial solution pH was 5.8 as distilled water was used. Thus, it was neces-

sary to add a certain amount of H2SO4 to lower the pH to values of 2.8 and 5 and to calcu-

late the amount of NaOH to increase the pH to 7.2 (see Table 2). 

Table 2. H2SO4 and NaOH concentrations to modify the water’s pH. 

pH Dose of H2SO4 [g] Dose of NaOH [g] 

2.8 0.0505 - 

5 8.0062 - 

7.2 - 1.5924 

Table 3 shows the items considered for the environmental inventory. This study is 

referred to as gate-to-gate. It generated the environmental inventory using scaled-up in-

ventory data from the Ecoinvent 3 database, which provided the inventory information 

for the input parameters of the adsorption process, as well as for all human-activity-re-

lated economic activities [43]. This involved the use of vine shoot activated carbon to re-

move an initial lead concentration from one liter of deionized water and sulfuric acid or 

sodium hydroxide to modify the water’s pH. After this adsorption process, the treated 

water still contained lead that the process had not removed. 

Table 3. Inventory information utilized for Simapro calculations. 

Item Unit Material 

Output mg Initial Pb (II) concentration 

Output (removed products) mg Removed lead 

Input (resources) L Water 

Input (materials/fuels) g 

Vine shoot activated carbon  

Sulfuric acid 

Sodium hydroxide 

Water emissions mg Final Pb (II) concentration 

In this work, the information was processed using Simapro® v.9.2.0.2 software. The 

LCA was based on the CML-IA baseline V3.06/EU25 approach. The LCA is limited to the 

initial phases of the cause–effect chain as part of the CML-IA baseline impact assessment 

procedure in order to reduce uncertainty. The latter were categorized in the middle and 

included human toxicity, eutrophication, abiotic depletion (fossil fuels), global warming, 

freshwater ecotoxicity, and marine aquatic ecotoxicity. This study did not consider the 

other environmental effects. These included terrestrial ecotoxicity, photochemical 
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oxidation, abiotic depletion and ozone layer depletion, eutrophication, or acidification. 

Their environmental impact is significantly less than that of the elements that were con-

sidered. The University of Leiden in the Netherlands [44] developed this impact assess-

ment, which is used extensively throughout Europe. The IPCC, the International Panel on 

Climate Change, has issued a warning about factors that are involved in the production 

and/or distribution of greenhouse gases (GHGs), as well as a 100-year time horizon for 

action in kg CO2 eq. These factors were used to evaluate the implications of climate change 

[45]. The effects on human toxicity and freshwater ecotoxicity were evaluated using the 

consensus technique USEtox [46]. The measure of the potential harm to humans due to 

the discharge of chemicals into the environment is known as human toxicity. It indicates 

the possible lead concentration, as well as its innate toxicity [47]. The scope of lead removal 

from wastewater using vine shoot activated carbon for the biosorption process covered 

gate to gate in the current research. 

2.5. Pb (II) Adsorption Experiments 

Laboratory experiments were conducted using the BBD design matrix. Each experi-

ment served to establish the sorption process for the efficient reduction of lead ions. The 

adsorbent was separated by filtering with 0.25 µm filters. The test samples were gathered, 

placed into glass bottles, and analyzed for residual Pb (II) using a Unicam-929 atomic ad-

sorption spectrophotometer (Unicam Ltd., Cambridge, UK). Equation (6) uses the data 

from CF and C0 to calculate the removal efficiency (%R). 

%R = 
C𝐹  −  C0

CF
·100 (6) 

2.6. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray  

(EDX) Characterization 

A model S-2400 Hitachi (Osaka, Japan) scanning electron microscope examined at an 

operating voltage of 18 kV the surfaces of samples of the vine shoot activated carbon. The 

operating voltage that was employed was 18 KV. The samples were first coated with a 1 

nm layer of gold–palladium to ensure conductivity by plasma sputtering for 60 s. Follow-

ing lead biosorption, SEM micrographs of the vine shoot activated carbon revealed the 

surface texture to be flocked and porous. In addition, the biocarbon from grape stalk waste 

contained lead ions on its surface. 

The elemental composition of the activated carbon in vine shoots was qualitatively 

analyzed using an EDX (energy-dispersive X-ray) Quantax 200 spectroscope (Bruker, 

Billerica, MA, USA), along with ESPRIT 1.9 microanalysis software and an XFlash 5010/30 

detector. 

3. Results and Discussion 

3.1. Experimental Results 

The final Pb (II) concentration (CF) was established experimentally after the input pa-

rameters for the adsorption process from the DoE had been set. In conformity with the 

Box–Behnken DoE’s design matrix, Table 4 provides the experimental findings for the out-

put variable (CF). They represent the final Pb (II) ion concentration of the treated 

wastewater. By using Equation (6), the percentage of lead that was removed (%R) during 

the biosorption process can be calculated. 
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Table 4. Experimental results for the output variables. 

Sample 
Input Parameters Output Parameters 

C0 Dose pH CF %R 

1 8.0 3.8 2.8 1.83 77.14 

2 19.0 1.6 2.8 10.58 44.33 

3 19.0 6.0 2.8 5.30 72.11 

4 30.0 3.8 2.8 8.59 71.37 

5 30.0 1.6 5.0 16.97 43.44 

6 19.0 3.8 5.0 10.15 46.6 

7 19.0 3.8 5.0 7.06 62.83 

8 8.0 1.6 5.0 2.00 75.06 

9 19.0 3.8 5.0 6.12 67.78 

10 19.0 3.8 5.0 6.34 66.62 

11 30.0 6.0 5.0 13.39 55.37 

12 19.0 3.8 5.0 7.25 61.85 

13 8.0 6.0 5.0 4.54 43.26 

14 8.0 3.8 7.2 2.32 71.02 

15 30.0 3.8 7.2 5.45 81.85 

16 19.0 1.6 7.2 2.52 86.73 

17 19.0 6.0 7.2 9.51 49.97 

The 17 samples or adsorption processes were completed in accordance with the BBD 

design matrix. The output process variables were then computed in the lab. Simapro® 

v.9.2.0.2 software, in compliance with CML-IA baseline V3.06/EU25, was used to calculate 

the effect of the process on the environment. These results appear in Table 5. 

Table 5. Results for the environmental impact category. 

 Impact Category 

Sample 

Abiotic Depletion 

(Fossil Fuels) 

(MJ) 

Global Warming 

(GWP100a) 

(kg CO2 eq.) 

Human Toxicity 

(kg 1.4 DB eq.) 

Freshwater Ecotoxicity 

(kg 1.4 DB eq.) 

Marine Aquatic 

Ecotoxicity 

(kg 1.4 DB eq.) 

1 0.14031 0.01245 0.00465 0.00397 14.68094 

2 0.10714 0.00651 0.00475 0.00331 11.10334 

3 0.18840 0.01374 0.00740 0.00557 19.64768 

4 0.05909 0.00523 0.00204 0.00173 6.15660 

5 0.18507 0.01660 0.00911 0.00713 22.47006 

6 0.18832 0.01373 0.00734 0.00552 19.61565 

7 0.10733 0.00653 0.00462 0.00321 11.15192 

8 0.18456 0.01655 0.00899 0.00704 22.29842 

9 0.18829 0.01373 0.00732 0.00550 19.60588 

10 0.18830 0.01373 0.00732 0.00551 19.60817 

11 0.22125 0.01964 0.00733 0.00625 23.12808 

12 0.26934 0.02093 0.01008 0.00785 28.09246 

13 0.26934 0.02093 0.01008 0.00785 28.09246 

14 0.18832 0.01373 0.00734 0.00552 19.61758 

15 0.26970 0.02096 0.01008 0.00785 28.20465 

16 0.26612 0.02381 0.01187 0.00948 30.95582 

17 0.13989 0.01241 0.00461 0.00394 14.54704 
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3.2. Analysis of Variance 

Equation (2) was adjusted with the results that appear in Tables 4 and 5, in order for 

the R Statistical Software to produce regression equations for the answers [41]. For every 

response, a second-order polynomial model was constructed. The most accurate model 

was then selected by considering a variety of variables, such as the p-value, RMSE, MAE, 

and correlation. Equations (7)–(12) gave second-degree polynomial functions for model-

ling the final Pb (II) concentration (CF) and the following environmental impacts: abiotic 

depletion (Ab_depl) and global warming (Gl_War), human toxicity (Hum_along with Tox), 

freshwater ecotoxicity (Fresh_W), and marine aquatic ecotoxicity (Mar_Aqu). 

CF = 2.25846 + 2.50972·pH − 0.52862·pH2 + 0.62343·C0 − 5.25445·dose + 

0.6334·pH·dose − 0.06325·C0·dose + 0.43782·dose2 
(7) 

Ab_depl = −0.1795676 + 0.0520377·pH + 0.0065755·C0 − 0.0001735·C02 + 

0.0379922·dose − 0.0085424·pH·dose + 0.0042358·dose2 
(8) 

Gl_War = −0.00591018 + 0.00039723·pH2 + 0.00044878·C0 − 1.185 × 10−5·C02 + 

0.00342053·dose − 0.00062016·pH·dose + 0.00030288·dose2 
(9) 

Hum_Tox = −0.005933866 + 0.001904029·pH + 0.000149535·C0 − 3.944 × 

10−6·C02 + 0.001114101·dose − 0.000180785·pH·dose + 0.000105943·dose2 
(10) 

Fresh_W = −0.002975238 + 0.000660279·pH + 7.939 × 10−5·pH2 + 

0.000121702·C0 − 3.209 × 10−6·C02 + 0.000959081·dose − 0.000149277·pH·dose + 

8.6622 × 10−5·dose2 

(11) 

Mar_Aqu = -18.08497 + 5.34325·pH + 0.54355·C0 − 0.01444·C02 + 3.82106·dose - 

0.72873·pH·dose + 0.37944·dose2 
(12) 

In addition, Tables 6–11 provide the ANOVA results for the quadratic models that 

were developed, along with a determination of whether any interactions or other effects 

were statistically significant and had a p-value (Pr (>F)). These tables show that most of 

the input variables’ p-values and their combinations were lower than 0.05. Table 6 shows 

that the analysis of variance results support the conclusion that the initial lead concentra-

tion (C0) (p-value = 0.00030) directly influenced the output parameter of the final lead con-

centration (CF). In contrast, the other input parameters, solution pH (pH) (p-value = 

0.30083) and dose of vine shoot activated carbon (dose) (p-value = 0.91229), had no signifi-

cant influence. However, they did when combined to create what are known as interaction 

effects (pH·dose) with a p-value of 0.01684. Furthermore, the pH (pH) had a significant ef-

fect when it was squared (pH2) (p-value = 0.04003). Due to this disparity in the results for 

the p-values of pH, which directly affect the final concentration, it is proposed that the 

dependence of these two variables be verified by the second-degree polynomial equation 

that was obtained (Equation (7)). Therefore, Figure 2 shows the effect of the solution pH 

on Pb (II) biosorption at various initial lead concentrations (8, 19, and 30 ppm) and for 

different vine shoot activated carbon dosages (1.6 and 6 g). Figure 2a shows that, at a low 

biosorbent dose (dose = 1.6 g), the minimum final Pb (II) concentration was reached at a 

low initial lead concentration (C0 = 8 ppm) and a high solution pH (pH = 7.2). Additionally, 

the maximum final Pb (II) concentration was reached at a high initial concentration (C0 = 

30 ppm) and low solution pH (pH = 2.8). However, Figure 2b shows the opposite. It shows 

that with a high biosorbent dose (dose = 6 g), the minimum final Pb (II) concentration was 

reached at a low initial lead concentration (C0 = 8 ppm) and a low solution pH (pH = 2.8). 

Additionally, it shows that the maximum final Pb (II) concentration was reached at a high 

initial concentration (C0 = 30 ppm) and a high solution pH (pH = 7.2). Thus, it can be con-

cluded that the final lead concentration depends on the pH of the solutions, as stated in 

other references related to lead removal using activated carbon [48,49] and vine shoot ac-

tivated carbon [50,51]. 
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Figure 2. Variation of final lead concentration vs. pH for different values of C0 when: (a) dose = 1.6 

g, (b) dose = 6 g. 

Table 6. Results of analysis of variance values for the CF quadratic model. 

Variable Df Sum of Sq Mean Sq F Value Pr (>F) 

pH 1 5.28743 5.28743 1.20497 0.30083 

pH2 1 25.23138 25.23138 5.75008 0.04003 

C0 1 142.04046 142.04046 32.37014 0.00030 

dose 1 0.05631 0.05631 0.01283 0.91229 

pH·dose 1 37.59284 37.59284 8.56718 0.01684 

C0·dose 1 9.37278 9.37278 2.13600 0.17789 

dose2 1 18.95926 18.95926 4.32070 0.06741 

Residuals 9 39.49208 4.38801   

Table 7. Results of analysis of variance values for the Ab_depl quadratic model. 

Variable Df Sum Sq Mean Sq F Value Pr (>F) 

pH 1 0.01484 0.01484 21.28288 0.00096 

C0 1 2.738 × 10−7 2.738 × 10−7 0.00039 0.98458 

C02 1 0.00167 0.00167 2.39403 0.15284 

dose 1 0.02922 0.02922 41.91184 0.00007 

pH·dose 1 0.00684 0.00684 9.80667 0.01066 

dose2 1 0.00177 0.00177 2.54513 0.14172 

Residuals 10 0.00697 0.00070   

Table 8. Results of analysis of variance values for the Gl_War quadratic model. 

Variable Df Sum Sq Mean Sq F Value Pr (>F) 

pH2 1 0.00011 0.00011 32.84643 0.00019 

C0 1 2.450 × 10−9 2.450 × 10−9 0.00072 0.97908 

C02 1 7.058 × 10−6 7.058 × 10−6 2.08162 0.17966 

dose 1 0.00027 0.00027 78.48563 4.767 × 10−6 

pH·dose 1 4.212 × 10−5 4.212 × 10−5 12.42308 0.00550 

dose2 1 9.069 × 10−6 9.069 × 10−6 2.67487 0.13299 

Residuals 10 3.391 × 10−5 3.391 × 10−6   
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Table 9. Results of analysis of variance values for the Hum_Tox quadratic model. 

Variable Df Sum Sq Mean Sq F Value Pr (>F) 

pH 1 5.7352 × 10−5 5.7352 × 10−5 164.192311 1.5726 × 10−7 

C0 1 1.125 × 10−10 1.125 × 10−10 0.00032 0.98603 

C02 1 8.529 × 10−7 8.529 × 10−7 2.44172 0.14921 

dose 1 3.992 × 10−5 3.992 × 10−5 114.27809 8.595 × 10−7 

pH·dose 1 3.063 × 10−6 3.063 × 10−6 8.76758 0.01426 

dose2 1 1.110 × 10−6 1.110 × 10−6 3.17818 0.10496 

Residuals 10 3.493 × 10−6 3.493 × 10−7   

Table 10. Results of analysis of variance values for the Fresh_W quadratic model. 

Variable Df Sum Sq Mean Sq F Value Pr (>F) 

pH 1 3.0459 × 10−5 3.0459 × 10−5 116.478307 1.89 × 10−6 

pH2 1 6.310 × 10−7 6.310 × 10−7 2.41282 0.15476 

C0 1 5.000 × 10−11 5.000 × 10−11 0.00019 0.98927 

C02 1 5.662 × 10−7 5.662 × 10−7 2.16506 0.17526 

dose 1 2.938 × 10−5 2.938 × 10−5 112.33719 2.200 × 10−6 

pH·dose 1 2.088 × 10−6 2.088 × 10−6 7.98482 0.01986 

dose2 1 7.401 × 10−7 7.401 × 10−7 2.83017 0.12680 

Residuals 9 2.353 × 10−6 2.615 × 10−7     

Table 11. Results of analysis of variance values for the Mar_Aqu quadratic model. 

Variable Df Sum Sq Mean Sq F Value Pr (>F) 

pH 1 256.557685 256.557685 48.988636 3.7192 × 10−5 

C0 1 0.02718 0.02718 0.00519 0.94399 

C02 1 11.46931 11.46931 2.19002 0.16971 

dose 1 362.83722 362.83722 69.28228 8.306 × 10−6 

pH·dose 1 49.75976 49.75976 9.50142 0.01159 

dose2 1 14.24024 14.24024 2.71912 0.13017 

Residuals 10 52.37086 5.23709     

However, the dose of activated carbon (dose) had no significant effect when it was 

squared (dose2) (p-value = 0.06741) or combined with the initial concentration of lead 

(C0·dose) (p-value = 0.17789). In short, the input variable that had the most influence on the 

output variable (i.e., CF) was the initial concentration of Pb (II) (C0). That is, the final lead 

concentration depended mainly on the initial lead concentration contained in the solution. 

The input variable that influenced the final lead concentration (CF) the least was the dose 

of activated carbon (dose). This may be due to the fact that, if there is a saturation of vine 

shoot activated carbon, no further adsorption will occur during the process. 

Tables 7–11 show that the input parameters of pH (pH) and dose of vine shoot acti-

vated carbon (dose) directly affected the effect of the process on the environment, except 

in the case of global warming (Gl_War). In this case, in Equation (12), the dose of vine 

shoot activated carbon just appeared squared. The initial lead concentration (C0) had no 

significant effect. There were very similar results for the remaining output parameters of 

approximately 0.98. Table 7 shows that, for abiotic depletion (Ab_depl), the dose of acti-

vated carbon (dose) was the most significant variable (p-value = 0.00007), followed by pH 

(p-value = 0.00096). This was not true when it was squared (dose2) (p-value = 0.14172). The 

initial lead concentration (C0) was the least significant variable (p-value = 0.98458). Addi-

tionally, it was not a significant variable when squared (C02) (p-value = 0.15284). For the 

environmental impact outputs, there was only one combination of the input variables. It 

was formed by the dose of activated carbon (dose) and the pH. In this case, for abiotic 
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depletion (Ab_depl), this combination (pH·dose) had a significant influence (p-value = 

0.01066). In a similar fashion, Table 8 shows that the dose of activated carbon (dose) directly 

influenced the output variable of global warming (Gl_War) (p-value = 4.767 × 10−6), as did 

the combination of input variables of pH squared (pH2) (p-value = 0.00019) and pH with 

the dose of activated carbon (pH·dose) (p-value = 0.00550). However, the initial lead con-

centration (C0) had no significant influence (p-value = 0.97908), even if it was squared (C02) 

(p-value = 0.17966). Similarly, Table 9 shows that, for human toxicity (Hum_Tox), the pH 

and the dose of activated carbon (dose) had a significant influence (p-value = 1.5726 × 10−7 

and p-value = 8.595 × 10−7, respectively). They also influenced human toxicity when they 

were combined (pH·dose) (p-value = 0.01426). Nevertheless, the initial lead concentration 

(C0), its square (C02), and the square of dose of activated carbon (dose2) had no influence (p-

value = 0.98603, p-value = 0.14921, and p-value = 0.10496, respectively). Table 10 shows 

that, for freshwater ecotoxicity (Fresh_W), the pH (pH) and dose of activated carbon (dose) 

were the most significant variables (p-value = 1.89 × 10−6 and p-value = 2.200 × 10−6, respec-

tively), just as the combination of both input variables (pH·dose) (p-value = 0.01986) was. 

Furthermore, the remaining input parameters had no influence on this environmental im-

pact; the initial lead concentration (C0) had a p-value = 0.98927 even if it was squared (C02) 

(p-value = 0.17526), with other parameters as follows: (pH2) (p-value = 0.15476) and (dose2) 

(p-value = 0.12680). Finally, Table 11 shows that the pH (pH) and the dose of activated 

carbon directly influenced the environmental impact output of marine aquatic ecotoxicity 

(Mar_Aqu), with p-values of 3.7192 × 10−5 and 8.306 × 10−6, respectively, as did the combi-

nation of both (pH·dose) (p-value = 0.01159). However, the initial lead concentration (C0), 

its square (C02), and the square of the remaining input variable dose of activated carbon 

(dose2) did not, with p-values of 0.94399, 0.16971, and 0.13017, respectively.  

The interaction effects, square effects, and main effects of the process inputs were 

considered in this study to be significant second-order regression model variables. The 

analysis of the ANOVA results show that the second-order models’ input process varia-

bles had statistically significant values. Additionally, we can also deduce from the analysis 

of variance that the input variables of pH (pH) and the dose of vine shoot activated carbon 

(dose) directly influenced the environmental impact of the sorption process. It is clear that 

this occurred because the LCA for the biosorption process in this research was covered 

gate-to-gate. Thus, neither the creation of activated carbon nor the subsequent treatments 

of the water emissions were considered in this work.  

In line with Equations (7)–(12) and using the samples in Tables 6–11, we used the 

MAE and the RMSE to determine the generalization capability of the quadratic models. 

MAE = 
1

n
·∑|𝑋i Test - Xi Model|

n

i=1

 (13) 

RMSE = √
1

n
·∑(Xi Test - Xi Model)

2

n

i=1

 (14) 

In this instance, the quadratic models that the RSM and n experiments developed are 

denoted by Xi Model, whereas the empirically observed outputs are denoted by Xi Test. The 

correlation and predicted errors are shown in Table 12. One can see that the correlation 

coefficients almost reached 100%. This indicates that the approximation of the theoretical 

model, predicted by the quadratic regression models, to the experimentally derived val-

ues is very good. Environmental impacts had the highest correlation values, with the best 

result in the case of human toxicity (Hum_Tox) (correlation = 98.335%), followed by the 

impact of freshwater ecotoxicity (Fresh_W) (correlation = 98.207%). The lowest correlation 

corresponded to the final Pb (II) concentration (CF) (correlation = 92.626%). The reason for 

this is that the CF was determined experimentally using a spectrophotometer and the en-

vironmental effects using software (Simapro®), which provided reliable correlation val-

ues. All of the variables that were examined also had very low MAE and RMSE values. 
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This shows that the quadratic regression models properly reflect the experimental find-

ings and have a high degree of generalizability. Similar to the analysis of correlation, it 

can be noted that, for the values that the RMSE and MAE provided, the final lead concen-

tration was the output variable that had the highest MAE and RMSE (7.948% and 10.068%, 

respectively). In contrast, the lower MAE and RMSE were associated with human toxicity 

(Hum_Tox) and freshwater ecotoxicity (Fresh_W), whereas the MAE and RMSE were 

3.426% and 4.611% for the first variable and 3.565% and 4.801% for the second variable, 

respectively. 

Table 12. Results of p-value, correlation, and errors in the output variables using the quadratic re-

gression models. 

  p-Value Correlation MAE Train RMSE Train 

CF 3.267E × 10−3 92.6260% 7.9480% 10.0680% 

Ab_depl 3.273 × 10−4 94.1430% 7.3940% 9.6160% 

Gl_War 3.639 × 10−5 96.3230% 5.8890% 7.6010% 

Hum_Tox 7.795 × 10−7 98.3350% 3.4260% 4.6110% 

Fresh_W 8.099 × 10−6 98.2070% 3.5650% 4.8010% 

Mar_Aqu 3.148 × 10−5 96.4320% 5.5540% 7.0780% 

3.3. Multiresponse Optimization 

The optimal process variables within the required operating range were predicted 

using the desirability function tool in the R Statistical Software [41]. By using the desira-

bility function, it is possible to maximize many replies. As a result, a projected response 

becomes a scale-free value response with an optimal value that ranges from the lowest to 

the optimal (from 0 to 1) [52]. Tables 13–16 provide the optimum results for the Pb (II) 

biosorption process in wastewater using activated carbon and MRS, which combined in-

put and output parameters for four different optimization scenarios. These four scenarios 

reflect a tendency to minimize the final Pb (II) concentration in wastewater, the adsorbent 

dosage consumption, and the impact of the biosorption process on the environment. In 

this work, the input and output are both listed in the first column of each table. The goal 

is provided in the second column. The minimums and maximums (range) that were cho-

sen for the adsorption optimization procedure appear in the third and fourth columns. 

The optimized values that were produced within the foregoing minimums and maxi-

mums are shown in the fifth column. The desirability values appear in the sixth column. 

The overall desirability was obtained from the maximization of individual desirability. It 

indicates how close a response is to the ideal value. If the desired value is reached, the 

coefficient will be equal to a single unit and will be nil otherwise. 

Table 13. First adsorption optimization scenario: minimizing the final Pb (II) concentration. 

 Goal Minimum Maximum Optimum Desirability 

pH inRange 2.80 7.20 7.00 1.000 

C0 inRange 8.00 30.00 14.14 1.000 

dose inRange 1.60 6.00 1.62 1.000 

CF minimum 1.83 16.97 1.11 1.000 

Ab_depl inRange 0.0591 0.2697 0.2188 1.000 

Gl_War inRange 0.0052 0.0238 0.0168 1.000 

Hum_Tox inRange 0.0020 0.0119 0.0088 1.000 

Fresh_W inRange 0.0017 0.0095 0.0067 1.000 

Mar_Aqu inRange 6.16 30.96 23.04 1.000 

Overall desirability 1.000 
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Table 14. Second adsorption optimization scenario: minimizing the vine shoot adsorbent dose to 

obtain the highest removal of Pb (II). 

 Goal Minimum Maximum Optimum Desirability 

pH inRange 2.80 7.20 7.00 1.000 

C0 inRange 8.00 30.00 14.14 1.000 

dose minimum 1.60 6.00 1.60 1.000 

CF minimum 1.83 16.97 1.12 1.000 

Ab_depl inRange 0.0591 0.2697 0.2189 1.000 

Gl_War inRange 0.0052 0.0238 0.0168 1.000 

Hum_Tox inRange 0.0020 0.0119 0.0088 1.000 

Fresh_W inRange 0.0017 0.0095 0.0067 1.000 

Mar_Aqu inRange 6.16 30.96 23.04 1.000 

Overall desirability 1.000 

Table 15. Third adsorption optimization scenario: minimizing the environmental impact to obtain 

the highest removal of Pb (II). 

 Goal Minimum Maximum Optimum Desirability 

pH inRange 2.80 7.20 2.80 1.000 

C0 inRange 8.00 30.00 8.02 1.000 

dose inRange 1.60 6.00 2.05 1.000 

CF minimum 1.83 16.97 3.80 0.757 

Ab_depl minimum 0.0591 0.2697 0.0545 1.000 

Gl_War minimum 0.0052 0.0238 0.0048 1.000 

Hum_Tox minimum 0.0020 0.0119 0.0020 1.000 

Fresh_W minimum 0.0017 0.0095 0.0017 0.997 

Mar_Aqu minimum 6.16 30.96 5.56 1.000 

Overall desirability 0.954 

Table 16. Fourth adsorption optimization scenario: minimizing the environmental impact and the 

adsorbent dose to obtain the highest removal of Pb (II). 

 Goal Minimun Maximum Optimum Desirability 

pH inRange 2.80 7.20 2.80 1.000 

C0 inRange 8.00 30.00 8.01 1.000 

dose minimum 1.60 6.00 1.60 0.998 

 CF minimum 1.83 16.97 4.87 0.639 

Ab_depl minimum 0.0591 0.2697 0.0413 1.000 

Gl_War minimum 0.0052 0.0238 0.0035 1.000 

Hum_Tox minimum 0.0020 0.0119 0.0016 1.000 

Fresh_W minimum 0.0017 0.0095 0.0014 1.000 

Mar_Aqu minimum 6.16 30.96 4.15 1.000 

Overall desirability 0.938 

Table 13 shows the first optimization scenario, in which the goal is to obtain the min-

imum final lead concentration, while the remaining variables are in range. The second 

optimization scenario is provided in Table 14. This scenario involves the minimum vine 

shoot activated carbon dosage consumption. Thus, it minimizes the costs of the process to 

obtain the highest removal of Pb (II) (minimum final lead concentration), while the other 

input and output variables are set in range. Table 15 shows the results of the third adsorp-

tion scenario with the objective of achieving the minimum environmental impact and final 

Pb (II) concentration, with the remaining variables in range. The third scenario’s output 

process parameter (minimum final lead concentration) and environmental effect were 
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considered in the fourth scenario (Table 16) in an attempt to minimize the activated carbon 

dosage consumption. After analyzing the results that appear in Table 16, we can conclude 

that the values for the input of dose of vine shoot activated carbon were very similar for 

each of the studied optimization scenarios, whereas the values for overall desirability 

were extremely close to -1-. This indicates that when starting with that given amount of 

vine shoot activated carbon, its saturation will be produced without implying greater ad-

sorption during the process. Thus, the minimum value of the final Pb (II) concentration 

was achieved in the first (CF = 1.11 ppm) and the second (CF = 1.12 ppm) optimization 

scenarios, whereas the maximum final lead concentration was achieved in the fourth sce-

nario (CF = 4.87 ppm). Additionally, using Equation (6), the lead removal percentage for 

all of the optimization scenarios can be calculated. Therefore, the Pb (II) removal percent-

ages that were achieved were 92.12% for the first optimization scenario, 92.09% for the 

second optimization scenario, 52.66% for the third optimization scenario, and 39.23% for 

the fourth optimization scenario. This indicates that the highest removal of Pb (II) ions 

was achieved in the first and second optimization scenarios, in which environmental im-

pacts were not considered. Moreover, better results were obtained in this work than in 

studies undertaken by other researchers in the removal of lead with activated carbon de-

rived from coconut shells [20] or residues of corn cobs [21]. The results that were obtained 

in this study are similar to those obtained with activated carbon from Juniperus procera 

leaves [47]. 

The values reached in the first two optimization scenarios for the input and output 

variables were identical. The values in the third and the fourth optimization scenarios 

were also identical. These last two scenarios were those that produced the least environ-

mental impact. The first two optimization scenarios produced the optimal value of pH at 

7 and an initial lead concentration (C0) of 14.14 ppm when the dose of vine shoot activated 

carbon (dose) was 1.6 g, achieving a final lead concentration (CF) of 1.11 ppm. The other 

values achieved were an environmental impact of 0.218 MJ for abiotic depletion (Ab_depl), 

0.017 kg CO2 eq. for global warming (Gl_War), 0.009 kg 1.4 DB eq. for human toxicity 

(Hum_Tox), 0.007 kg 1.4 DB eq. for freshwater ecotoxicity (Fresh_W), and 23.04 kg 1.4 DB 

eq. for marine aquatic ecotoxicity (Mar_Aqu). In the last two optimization scenarios, min-

imizing the environmental impact was an additional objective of the optimizations. For 

these scenarios, the optimal value of pH (pH) was 2.8, whereas the initial lead concentra-

tion (C0) was 8.01 ppm and the dose of activated carbon (dose) was approximately 1.8 g, 

achieving a final lead concentration (CF) of 3.8 and 4.87 ppm and an environmental impact 

of 0.047 MJ for abiotic depletion (Ab_depl), 0.004 kg CO2 eq. for global warming (Gl_War), 

0.002 kg 1.4 DB eq. for human toxicity (Hum_Tox), 0.001 kg 1.4 DB eq. for freshwater eco-

toxicity (Fresh_W), and 4.86 kg 1.4 DB eq. for marine aquatic ecotoxicity (Mar_Aqu). There 

are two reasons why the highest lead removal values were reached in the first two opti-

mization scenarios. The first is that, as the adsorbent surface charges, the pH of the solu-

tion determines the adsorbent’s degree of ionization and specification. This factor greatly 

affects the number of heavy metal ions that are removed. Because lead precipitates in a 

solution at pH values higher than 6, lead adsorption is a process that is highly pH-de-

pendent. The second reason is that the chemical structure of heavy metal ions often has a 

significant effect on the pH effect [53]. However, a greater lead initial concentration in-

creases the adsorption capacity. As the process continues, the higher Pb (II) ion concen-

tration must contend with a finite number of active sites on the vine shoot activated carbon 

surface. As a result, more Pb (II) ions remain in the solution and are not adsorbed. 

Figure 3 is a 3D graphic representation of CF vs. pH and C0, for the maximum (6 g) 

and minimum (1.6 g) values of vine shoot activated carbon dose. The figure indicates that, 

when the pH values are less than the study range (pH = 2.8), the CF values that are achieved 

are always less. When the adsorbent dose is greater than any value of the C0 study range, 

and when the pH values are the largest of the study range (pH = 7.2), the CF values 

achieved are always less when the adsorbent dose is less than any value of the C0 study 

range. Starting from the results shown, it can be confirmed that, if one intends to eliminate 
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the greatest possible quantity of Pb at the same time that the dose of adsorbent is the min-

imum possible, the pH of the water solution should have the maximum value of the study. 

Additionally, it can be deduced from Figure 3 that, when the pH is intermediate in the 

study range (from 4 to 6), the CF values vary only in the study range of vine shoot activated 

carbon dose. 

 

Figure 3. Graphic representation in 3D of CF as a function of the pH and the C0 for the maximum (6 

g) and minimum (1.6 g) values of vine shoot activated carbon doses. 

3.4. SEM-EDX Analysis 

To ensure that the vine shoot activated carbon that had been used as an adsorbent 

contained lead, the samples were subjected to atomic adsorption spectroscopy. In this in-

stance, raw vine shoot activated carbon (the sample not previously employed as an adsor-

bent) and the used vine shoot activated carbon (the sample used in the first optimization 

scenario) samples were compared.  

The highest percentage of lead removal was achieved in the first optimization sce-

nario (92.12%). Therefore, the activated carbon used in this scenario was analyzed using 

SEM. Figure 4 shows the ability of the activated carbon to hold onto Pb (II) ions. Figure 4a 

shows the vine shoot activated carbon surface morphology before the adsorption process, 

and Figure 4b shows the vine shoot activated carbon surface morphology after the ad-

sorption process, where the Pb (II) ions that are trapped in the activated carbon can be 

seen in blue. 
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(a) (b) 

Figure 4. SEM image of activated carbon: (a) before Pb (II) ion adsorption; (b) after Pb (II) adsorp-

tion. Visible lead appears in blue. 

Figure 5 shows EDX spectra of vine shoot activated carbon after the biosorption pro-

cess in order to determine the constituent elements. It also provides a spectral analysis. 

This ensures that, in addition to being composed of its regular carbon and oxygen ele-

ments, Pb (II) ions have been adsorbed. The values for Au and Pd are due to the layer of 

gold–palladium that was deposited by plasma sputtering for SEM-EDX analysis. 

 

Figure 5. EDX spectra of vine shoot activated carbon. 

4. Conclusions 

It is a challenging task to determine the amount of adsorbent needed to remove Pb 

(II) ions from wastewater. The objective of this work was to conduct a thorough optimiza-

tion, while investigating the use of vine shoot activated carbon as a low-cost biosorbent 

for Pb (II) removal from industrial wastewater, while attempting to reduce the negative 

effects of the process on the environment. This study combined the input and output pa-

rameters of four different optimization scenarios in an attempt to minimize the final lead 

ion concentration in wastewater, the adsorbent dosage consumption, and the environ-

mental impact of the adsorption process. The percentage of Pb (II) removed was 92.12% 

for the first optimization scenario; this scenario sought to obtain the lowest final lead con-

centration. The percentage of Pb (II) removed was 92.09% for the second optimization sce-

nario, which involved the minimum vine shoot activated carbon dosage consumption 

(thus minimizing the process costs) to obtain the highest removal of Pb (II). The percent-

age of Pb (II) removed was 52.66% for the third optimization scenario, which sought to 

produce the lowest impact on the environment and the lowest final Pb (II) concentration. 

The fourth scenario produced the worst elimination of Pb (II) ions (39.23%). It attempted 

to generate the lowest impact on the environment by minimizing the final Pb (II) concen-

tration and vine shoot activated carbon dosage consumption. The highest removal of Pb 

(II) ions was achieved in the first and second optimization scenarios. The study also 
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showed how life cycle approaches can be used to assess the economic costs and environ-

mental impact of implementing the optimal conditions generated by the RSM design. 

Overall, vine shoot activated carbon is a highly useful activated carbon for removing Pb 

(II) ions from water waste in a secure, sustainable, and cost-effective manner. In order to 

more fully understand the environmental effect of the process that is caused by the ad-

sorption of heavy metals, a future study from an approach of cradle-to-gate or cradle-to-

grave would be helpful. Furthermore, the use of other biosorbents or more input variables, 

such as reaction temperature, stirring speed, stirring time, or power consumption, would 

be of interest for a similar study. 
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