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Abstract: In this research, activated carbon from mangosteen peel has been synthesized using sulfuric acid as an activator. The adsorption performance of the activated carbon was optimized using malachite green dye as absorbate. Malachite green dye waste is a toxic and non-biodegradable material that damages the environment. Optimization of adsorption processes was carried out using Response Surface Methodology (RSM) with a Box-Behnken Design (BBD). The synthesized activated carbon was characterized using FTIR and SEM instruments. The FTIR spectra confirmed the presence of a sulfonate group (-SO3H) in the activated carbon, indicating that the activation process using sulfuric acid was successful. SEM characterization shows that activated carbon has porous morphology. Optimization was carried out for three adsorption parameters, namely contact time (20, 60, and 120 min), adsorbent mass (0.005, 0.025, and 0.05 g), and initial concentration of malachite green solution (5, 50, and 100 mg·L-1). The concentration of the malachite green solution was determined using a UV-Vis spectrophotometer at the maximum wavelength of malachite green, 618 nm. The optimum of malachite green adsorption using mangosteen peel activated carbon was obtained at a contact time of 80 min, an adsorbent mass of 0.032 g, and malachite green initial concentration of 25 mg·L-1, with a maximum removal percentage and maximum adsorption capacity of 93.66% and 19.345 mg·g-1, respectively.
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1  Introduction

Dyes play an important role in various industries, especially textile and printing industries. The textile sector largely depends on synthetic dyes due to their diverse color spectrum, stability, affordability, and ease of use. Malachite green is a synthetic dye commonly used in the textile industry [1]. However, its presence in water systems is strictly regulated, with an accepted limit of 0.01 mg·L-1. Accumulation of malachite green substances in the human body is carcinogenic and can disrupt the immune system and reproductive system [2].

In the textile coloring process, as much as 5%–15% of the dyes used in the fabric coloring process were disposed of as liquid waste [3]. Many studies have been carried out to convert or decompose dye liquid waste, such as biological degradation [2], phytoremediation [3], coagulation-flocculation [4], reverse osmosis [5], and adsorption [6]. Adsorption is a popular method because it is relatively cheap, efficient, a simple process, and easy to apply even on a small scale [7]. Biomass is a source of absorbent that is widely studied today. The main advantages of using biomass as a carbon precursor are ease of processing, economic benefits, and recyclability. The structural and surface properties and chemical composition of the obtained activated carbon vary depending on the biomass source used for its production. Based on research by Mukti et al., mangosteen peel is rich in lignin (48.52%), cellulose (26.22%), and hemicellulose (15.39%) which is a good carbon source for making activated carbon adsorbents [8]. Research by Jawad et al., has utilized H3PO4 activated mangosteen peel activated carbon for the adsorption of methylene blue dye [9,10]. The use of mangosteen peel as an adsorbent in the adsorption of sky blue and rhodamine B dyes was also carried out by Mukti et al. [8].

The adsorption capacity of activated carbon can be increased by chemical or physical activation processes using the pyrolysis process. The activation process can remove impurities from the absorbent so that the pores of the activated carbon open and have a greater adsorption capacity. The physical activation process is carried out by breaking the carbon chain which involves a high-temperature heating process using hot steam or carbon dioxide gas. This heating process will also remove volatile impurities [11]. The purpose of adding chemical activators is to make the surface of the adsorbent become more negatively or positively charged according to its functional group so that it can adsorb anionic or cationic dyes optimally. One chemical activator that is often added to activated carbon is H2SO4. As an activated carbon activator, H2SO4 has the advantage of being cheap and not requiring high temperatures [12].

Optimization of adsorption parameters is generally carried out using the one-factor-at-a-time (OFAT) method. The OFAT method is more commonly used due to its simple implementation. However, this approach requires a relatively large number of experimental runs. In addition, the OFAT method cannot explain the relationship between variables under their optimal setting [13]. Alternatively, Response Surface Methodology (RSM) present a statistical method that can be used to optimize a process where the response variable is influenced by several independent variables [14]. One of the experimental designs in RSM to determine the optimum factor in adsorption is the Box-Behnken Design (BBD). The advantage of using RSM-BBD is that the experimental design is efficient, structured, and enables comprehensive exploration of variable interactions within the experiment [15].

Application of Design of Experiment (DoE) in the optimization of the analytical parameter has some advantages notably reducing the number of experiments required, minimizing reagent consumption, and streamlining laboratory work. The Response Surface Methodology (RSM) is an efficient statical tool for estimating optimal conditions or describing the optimal response generated by completing multi-variable problems using graphical and polynomial equations [16,17].

Box-Behnken design (BBD) serves as a valuable tool for optimizing input variables that influence the percentage of adsorption removal, such as: contact time, adsorbent mass and initial concentration. Using regression analysis, BBD establishes correlations between input factors and response values, thereby facilitating the creation of plots and contour maps for response surface analysis. This visual aid has proven helpful in identifying areas for optimization and determining optimal conditions [18].

2  Experimental

2.1 Synthesis of Active Carbon from Mangosteen Peel

Mangosteen peel was washed with demineralized water and ground to become powder. The mangosteen peel powder obtained was dried in an oven at 110°C for 24 h and then sieved to obtain a powder with a size of less than 420 μm. Sulfuric acid 98% was added to mangosteen peel powder with a ratio of 1:1 (w/w). The mixture was stirred and heated in an oven at 150°C for 24 h. The activated carbon from the mangosteen peel was washed using distilled water and then soaked in 1% sodium bicarbonate solution until the foam disappeared and soaked in the same solution for 24 h. The activated carbon was washed again using distilled water and dried in an oven at 80°C for 24 h.

2.2 Adsorption of Malachite Green

The malachite green adsorption onto activated carbon was optimized using parameters including contact time of 20, 60, and 120 min, adsorbent mass of 0.005, 0.025, and 0.05 g, and initial concentration of 5, 50, and 100 mg·L−1 in 25 ml of malachite green solution. The removal percentage was calculated as Eq. (1).


Removal (%)=100(Co−CeCo)
(1)

where Co and Ce are the initial and equilibrium malachite green concentrations (mg·L−1), respectively. The initial (Co) and the equilibrium (Ce) concentrations can be determined using a calibration curve of the malachite green standard solution.

2.3 Experimental Design for Optimization

Response Surface Methodology (RSM) with Box-Behnken Design (BBD) was used to optimize malachite green adsorption. RSM is used to display the output of the optimization process, while BBD is used to vary the input in the experimental design. BBD design, regression analysis, and response surface diagrams were performed using Python software [19]. In particular, BBD requires less experimentation compared to central composite design (CCD), thereby reducing chemical consumption during the optimization process.

Optimization of malachite green adsorption using BBD with three factors and three levels requires 15 input variations. Three independent factors, namely contact time (x1), adsorbent mass (x2) and initial concentration (x3), were examined at high (+1), medium (0) and low (−1) values, respectively, as summarized in Table 1. RSM displays the optimization of factors influencing the adsorption of malachite green, taking into account the response (% removal) and the relationship between response and factors.
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2.4 Characterization

Fourier Transform Infrared Spectroscopy (FTIR) (Rigaku SmartLab®) was used to determine functional groups in mangosteen peel powder, mangosteen peel activated carbon, and mangosteen peel activated carbon after adsorption. Scanning Electron Microscope (SEM) was employed to determine the surface morphology structure of mangosteen peel before and after adsorption.

3  Results and Discussion

3.1 Characterization

3.1.1 FTIR

Analysis of functional groups in mangosteen peel powder (KM), mangosteen peel activated carbon (KAKM), and mangosteen peel activated carbon after adsorption was carried out using FTIR as presented in Fig. 1. Based on Fig. 1 and Table 2, it can be seen that the number of peaks in the mangosteen peel activated carbon spectrum is much less compared with the number of peaks in the spectrum of mangosteen peel without activation. This can be caused by the activation process breaking the bonds in the structure of the mangosteen peel, as well as the loss of impurity compounds [20].
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Figure 1: FTIR spectra of mangosteen peel activated carbon before activation, before adsorption, and after adsorption
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It can be seen in the KM spectrum that in the wave number area 1500–1000 cm−1, there are many weak peaks, while in the KAKM spectrum, there are none. The strong and broad peak at 3167 cm−1 indicates the stretching vibration of the -OH group from the carboxyl and hydroxyl groups formed from the activation processed with sulfuric acid in the active carbon structure. The formation of these oxide groups makes the surface of the activated carbon acidic and able to absorb basic or cationic compounds [21].

In the KAKM spectrum, the peak at 2915 cm−1 disappears. The peaks at 1704 and 1600 cm−1 indicate the C=O stretching vibration of the carboxyl group and C=C of the organic structure of active carbon, respectively. The peak at 1164 cm−1 indicates the sulfonate group formed from the activation of sulfuric acid. Meanwhile, the peak at 1035 cm−1 indicates the stretching vibration of C-O from the phenol, ester, and ether groups [22,23].

In the spectrum of mangosteen peel-activated carbon and mangosteen peel-activated carbon after adsorption, it can be observed that there are not many peak differences. This can be explained that during the adsorption process, no chemical bonds are formed between the dye and the absorbent as evidenced by the absence of new peaks formed in the KAKM spectrum after adsorption. Where the interaction between adsorbent and adsorbate is only in the form of weak intermolecular attractive forces, such as Van der Waals forces [24].

In the spectrum of mangosteen peel-activated carbon and mangosteen peel-activated carbon after adsorption, it can be observed that there are not many peak differences. This can be explained that during the adsorption process, no chemical bonds are formed between the dye and the absorbent as evidenced by the absence of new peaks formed in the KAKM spectrum after adsorption. Where the interaction between adsorbent and adsorbate is only in the form of weak intermolecular attractive forces, such as Van der Waals forces, electrostatic interactions, and weak hydrogen bonds between molecules [25].

3.1.2 SEM

The surface morphology characterization of mangosteen peel-activated carbon was carried out using SEM instruments. SEM analysis was carried out with a voltage of 1.0 kV and magnifications of 1.300× and 500× using SE. The SEM micrograph of mangosteen peel-activated carbon can be seen in Fig. 2. The micrograph shows an uneven surface, with gaps and holes of varying sizes. This condition is formed during the chemical activation process using sulfuric acid. From the SEM characterization results, it can be concluded that the synthesized mangosteen peel-activated carbon has the potential to be used as an adsorbent in the adsorption of malachite green [26].
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Figure 2: SEM micrograph of mangosteen peel activated carbon (a) magnification 1300×, and (b) magnification 500×

3.2 Optimization of Adsorption Malachite Green

Adsorption was optimized using BBD with 15 experiments from a combination of three factors and three levels of contact time, adsorbent mass, and initial concentration. The malachite green adsorption results obtained are shown in Table 3. Regression analysis of experimental results as a function of input factors was carried out using a polynomial equation (Eq. (2)).
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Y= 27.07372+0.947932x1+2.270877x2+0.049977x3−0.003060x1x2+0.001548x1x3+0.003850x2x3−0.059588x12−0.034771x22−0.005088x32
(2)

The correlation coefficient (R2) shows the linear relationship between two or more variables. The closer it is to 1, the more linear the relationship between variables and vice versa. The correlation coefficient (R2) for malachite green adsorption was obtained at 0.9895 from Eq. (2), as shown in Table 4. A high R2 indicates a high level of correlation between the observed value and the predicted value. A correlation coefficient close to 1 indicates that the regression model meets the principle of linearity and the possibility of correct prediction results [27].
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The interaction of the variable and the optimal level of each variable are determined by the plotted response surface curve. 3-D response surface plots were obtained by plotting the response (removal percentage) on the Z-axis against any two variables while keeping other variables at their “0” level [28].

Fig. 3a shows the effect of initial concentration, contact time, and their interaction on the removal percentage of adsorption when the mass adsorbent was fixed at 0.025 g. The removal percentage was increased with the higher initial concentration of 5 to 60 mg·L−1 and contact time of 55–155 min. Likewise, Fig. 3b shows the effect of initial concentration and mass adsorbent on the removal percentage of adsorption when the contact time is fixed at 60 min. The removal percentage was increased with a higher concentration of 5–60 mg·L−1 and mass adsorbent of 0.025 to 0.055 g. As shown in Fig. 3c, shows the effect of contact time and mass adsorbent on the removal percentage of adsorption when the initial concentration is fixed at 50 mg·L−1. The removal percentage was increased with a higher contact time of 60–100 min and mass adsorbent of 0.02 to 0.04 g.
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Figure 3: Response Surface (3-D) shows the effect of % removal adsorption malachite greento (a) initial concentration vs. contact time, (b) initial concentration vs. mass adsorbent, and (c) mass adsorbent vs. contact time

The optimal conditions (x1 = 80 min, x2 = 0.032 g, x3 = 25 mg·L−1) for malachite green removal were determined by analyzing the response surface obtained from the regression equation. Under these conditions, the theoretical percent removal is estimated at 93.66%, with a maximum adsorption capacity of 19.345 mg·g−1.

As a comparison, Ghasemi et al. conducted research on the adsorption of malachite green using straw activated carbon and found that optimal results were achieved with a contact time of 120 min, an initial concentration of 20 mg·L−1, and an adsorbent mass of 0.15 g, resulting in a removal percentage and adsorption capacity of 94% and 6.66 mg·g−1, respectively [28].

Ordinary Least Square (OLS) regression analysis between experimental results and predictions is shown in Table 4. The p-value (p < 0.05) is used to evaluate the relationship between the independent and dependent variables which represent the hypothesis value. The p-value of the regression equation obtained is 0.000202, which is smaller than the significance level (0.05). This shows that there is a significant relationship between input and response variables [29].

3.3 Isotherm Adsorptions

The mechanism of the adsorption process can be studied by determining the adsorption isotherm model. The isotherm model testing was carried out to determine an equilibrium model that suitable to use in the adsorption process. Determination of adsorption isotherms was carried out by fitting the adsorption data to the Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich isotherm equations. Determining the equilibrium model depends on the value of the determinant coefficient (R2). Adsorption equilibrium is a mathematical description of an isothermal condition that is specific to each adsorbent [26]. The adsorption isotherm model obtained can be seen in Table 5.
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The adsorption process by an adsorbent is influenced by several factors and has certain unique adsorption isotherm patterns caused by the type of adsorbent, type of adsorbate, surface area of the adsorbent, concentration of the adsorbate, and temperature. The isotherm model shown in Fig. 4. Given these factors, adsorbent interaction with various adsorbates will not have the same adsorption pattern [30]. In this study, the Temkin isotherm model has a high determinant coefficient (R2) of 0.987 as shown in Fig. 4c.

[image: images]

Figure 4: Isotherm curve (a) Langmuir, (b) Freundlich, (c) Temkin and (d) Dubinin-Radushkevich

Evaluation of reaction kinetics is very important to determine the factors that influence the reaction rate. The kinetics model of malachite green adsorption was calculated to estimate the adsorption rate. Fig. 5 presents the pseudo-first-order kinetic model (a) and pseudo-second-order (b). Fig. 5 shows the coefficient of determination (R2) for the pseudo-second-order is larger than the pseudo-first-order (R2 = 0.9865). As a result, the adsorption of malachite green with mangosteen peel can be well represented by the pseudo-second-order kinetics model. This model assumed which chemical controlling the reaction rate in the adsorption process.
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Figure 5: The Kinetic’s models: Pseudo-first-order (a), and Pseudo-second-order (b)

4  Conclusion

Activated carbon was successfully synthesized from mangosteen peel waste using an H2SO4 activator as an adsorbent for malachite green dye in solution. From this research, it was concluded that the malachite green dye concentration can be reduced through the adsorption method using mangosteen peel-activated carbon adsorbent. Optimization of adsorption parameters has been successfully carried out using the Response Surface Methodology (RSM) based on Box-Behnken Design (BBD). The optimum adsorption conditions obtained were at contact time of 80 min, adsorbent mass of 0.032 g, and initial concentration of malachite green of 25 mg·L−1, with a maximum removal of 93.66% and maximum adsorption capacity of 19.345 mg·g−1.
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Table 1: Box-behnken design for the adsorption of malachite green

Variables Level

-1 0 1
Contact time (minutes, x;) 20 60 120
Mass of adsorbent (g, x») 0.005 0.025 0.05

Initial concentration (mg-L ™", x3) 5 50 100
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Table 3: Box Behnken experimental design with independent variables

Run no. Coded variables levels Removal percentage
X1 X» X3 Experiment Predicted
1 —1 —1 0 48.88 46.17
2 1 —1 0 65.42 65.64
3 —1 1 0 67.68 68.21
4 1 1 0 71.94 73.91
5 —1 0 —1 74.89 77.97
6 1 0 -1 84.23 84.36
7 —1 0 1 44.93 44.05
8 1 0 1 67.46 65.14
9 0 —1 —1 73.70 73.23
10 0 1 —1 84.70 81.97
11 0 —1 1 34.92 37.88
12 0 1 1 62.83 63.07
13 0 0 0 93.66 92.67
14 0 0 0 92.50 92.67
15 0 0 0 91.57 92.67
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Table 4: Ordinary least square regression results

Dep. variable: % removal R-squared: 0.9895
Model: OLS Adj. R-squared: 0.971
Method: Least squares F-statistic: 52.68
Date: Sun, 125 Nov 2023 Prob (F-statistic): 0.000202
Time: 12:01:06 Log-Likelihood: —29.652
No. observations: 15 AIC: 79.30
Df residuals: 5 BIC: 86.38
Df model: 9
Covariance type: nonrobust

coef std err t P>[t| [0.025] [0.975]
const 270.737 5.501 4.922 0.004 12.933 41.214
x1 0.9479 0.109 8.708 0.000 0.668 1.228
x2 22.709 0.215 10.540 0.000 1.717 2.825
x3 0.0500 0.095 0.523 0.623 —0.195 0.295
x4 —0.0058 0.001 —8.795 0.000 0.008 —0.004
x5 —0.0031 0.001 2.305 0.069 0.006 0.000
x6 0.0015 0.001 2.456 0.057 0.000 0.003
x7 —0.0348 0.003 —11.009 0.000 —0.043 —0.027
x8 0.0038 0.001 2.729 0.041 0.000 0.007
x9 —0.0051 0.001 —7.265 0.001 —0.0007 —0.003
Omnibus: 0.111 Durbin-Watson: 1.662
Prob (Omnibus): 0.946 Jarque-Bera (JB): 0.323
Skew: —0.108 Prob (JB): 0.851
Kurtosis: 2.314 Cond. no. 6.92¢+04
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Table 2: Indication of binding from FTIR spectrum

Bond Wavenumber (cm )
Not activated Activated After adsorption
(Before adsorption)

-OH stretching 3252 3167 3220
C-H stretching 2915 Lost Lost
C=C stretching 2116 2120 2120
C=O0 stretching None 1704 1697
C=C stretching 1605 1600 1600
C-O stretching 1270 Lost Lost
S=0 stretching None 1164 1158

C-O stretching 1022 1035 1026
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Table 5: Regression values and adsorption isotherm parameters

Parameter isoterm

Langmuir

Freundlich

Temkin

Dubinin-Radushkevich

qm (mg'g )
KL (L.mg )
R2

n

Kf (mg-g )

R2

BT (J.mol ™)
KT (L.mg )
R2

qm (mg'g )
B (mol>.J %)

E (kJ.mol™)
R2

29.674
—0.541
0.711
1.222
1.376
0.792
19.334
0.336
0.987
1.376
—0.818
0.782
0.792
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