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Abstract: Sulfur dioxide (SO2) emission into the atmosphere brought by the burning of fossil fuels in 

the industries posed significant negative effects on the environment and human beings. Adsorption 

using activated carbon from agricultural wastes is a viable method commonly used to counter this major 

problem. SO2 breakthrough experiment was conducted on a fixed bed reactor using oil palm empty fruit 

bunch activated carbon. The sorbent utilized in this study was characterized via N2 adsorption-

desorption isotherm, field emission scanning electron microscopy, and Fourier transform infrared 

spectroscopy. Three parameters, i.e., reaction temperature, inlet SO2 concentration, and adsorbent 

dosage, were optimized using Box-Behnken Design. The highest SO2 removal was obtained at 70 °C, 

2000 ppm of SO2, and 1 g of adsorbent with adsorption capacity of approximately 1101 mg SO2/g 

activated carbon. The developed model was validated using Analysis of Variance (ANOVA), and good 

agreement between predicted and actual values was obtained. Inlet SO2 concentration, adsorbent 

dosage, the interaction between these two parameters, and all quadratic terms were found to be 

significant factors, with adsorbent dosage being most significant based on its highest F-value.   

Keywords: activated carbon; response surface method; box-Behnken design; optimization; SO2 

removal. 
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1. Introduction 

Despite the current enhancement of green and renewable technology, most industries 

are still dependent on the usage of fossil fuels as a source of energy due to their high energy 

density. The combustion of fossil fuels releases sulfur dioxide (SO2) gas into the atmosphere. 

SO2 emitted can be carried over long distances due to its long residence time (3-5 days), 

depending on the meteorological conditions. SO2 is known as the precursor of acid rain, 

resulting in acidification of water bodies, damage of crops, corrosion of buildings, etc. [1]. 

Additionally, its effect on human beings has also been reported, including difficulties in 

respiration, pulmonary function changes, and worsening cardiovascular diseases [2]. 

An adsorption is a viable option in mitigating SO2 emission problems due to its 

efficiency, simplicity, economic and possible adsorbent regeneration [3]. Activated carbon 

synthesized from agricultural waste is commonly utilized to solve two environmental problems 
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simultaneously, i.e., emission of gaseous pollutants and disposal of agricultural waste. Palm 

oil milling is one of the major agricultural processes in Malaysia, where for every ton of fresh 

fruit bunch processed, 22 % of the waste generated is an empty fruit bunch (EFB) [4]. EFB is 

an agricultural waste with very low commercial value, and the excessive amount discarded 

may pose significant environmental issues. The use of EFB as an activated carbon precursor 

for various gaseous pollutants adsorption such as carbon monoxide (CO), nitric oxide (NO), 

and hydrogen sulfide (H2S) has been successfully reported by several studies [5–7]. To our best 

knowledge, the use of oil palm waste as an activated carbon precursor for SO2 desulfurization 

has been largely focused on the palm kernel shell; thus, the use of EFB as an alternative is 

highly appealing. 

Optimization of reaction parameters is an important step in desulfurization studies to 

obtain the best adsorption capacity and removal efficiency with the ideal usage of energy and 

resources. Response Surface Methodology (RSM) is a statistical and mathematical 

representation of a response plotted as a function of the input variables used to develop, 

improvise, and optimize a process. The response obtained by RSM considered center points 

and edge or face center points of the process, which consequently will provide a better model 

of the response variable [8]. Box-Behnken Design (BBD) is an example of a commonly used 

RSM design that uses three-level designs, a combination of 2k factorial designs with 

incomplete block designs [9]. The advantage of this method is the exclusion of all corner points 

and star points in the design. The response obtained in this design is never higher or lower than 

the maximum and the minimum value assigned. Compared to other RSM designs, BBD 

requires fewer center points as the points on the edges are closer to the middle, thus resulting 

in fewer overall experimental runs needed [8]. 

This study focuses on optimizing SO2 desulfurization on activated carbon originated 

from oil palm empty fruit bunch (EFBAC). The sorbent was characterized via nitrogen (N2) 

adsorption-desorption isotherm, field emission scanning electron microscopy, and Fourier 

transform infrared spectroscopy to understand their physical and chemical properties. Three 

reaction parameters, e.g., reaction temperature, inlet SO2 concentration, and adsorbent dosage, 

are optimized via Box-Behnken Design to develop a model that correlates the three parameters 

using a second-degree polynomial equation. The developed model will be verified using 

Analysis of Variance (ANOVA) to determine the validity of the model, the significance of each 

parameter, and the interaction between them. 

2. Materials and Methods 

2.1. Sample preparation. 

Oil palm EFB used in this study was collected from a palm mill factory located in 

Nibong Tebal, Penang, Malaysia. EFB fibers were thoroughly cleaned to remove any 

impurities and oven-dried at 110 °C before the activation process. Activated carbon was 

prepared by soaking raw EFB with concentrated phosphoric acid (H3PO4) at 1:4 (wt./vol.) 

followed by carbonization at 500 °C for 2 hours. The carbonized sample was cooled to room 

temperature and intensively washed with distilled water until neutral pH was attained to remove 

any excess acid present and oven-dried overnight at 110 °C. The dried sample was crushed and 

sieved, and powdered particles with a size between 300-600 μm were utilized in this study.  
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2.2. Characterization. 

The surface area and porosity of EFBAC were determined using N2 adsorption-

desorption using Belsorp Mini II at – 196 °C. Before measurement, the samples were degassed 

at 120 °C for 3 hours. The samples' surface area and average pore size were determined by 

Brunauer-Emmett-Teller (BET) analysis and Barrett-Joyner-Halenda (BJH) model, 

respectively. The pore volume was determined by calculating the adsorbed N2 volume at 

standard temperature and pressure (STP). Field emission scanning electron microscopy 

(FESEM) was utilized to determine the surface morphology of the prepared EFBAC using FEI 

Nova NanoSEM 450. The sample was coated with a platinum coating to improve the sample 

imaging, and the images were captured at a magnification of x5000. The surface chemistry of 

EFBAC was analyzed by Fourier transform infrared spectroscopy (FTIR) using Perkin Elmer 

Spectrum 65 FTIR in the mid-range IR wavelength of 4000 – 450 cm-1 . The spectra obtained 

were compared with available FTIR databases or any related studies to identify the functional 

groups present. 

2.3. SO2 Removal. 

SO2 breakthrough experiment was conducted on a lab-scale fixed-bed quartz reactor (l 

= 25 cm, ID = 8.8 mm) using special mix gas of 0.3 % SO2/N2. The reaction temperature and 

inlet SO2 concentration were controlled by a tubular furnace and mass flow controller, 

respectively. The sample was pre-treated with nitrogen (N2) gas at 150 °C for 1 hour prior to 

each breakthrough experiment to remove any impurities. The reactor was then cooled down to 

the desired reaction temperature. Once the temperature became stable, the simulated flue gas 

was passed through the reactor, and the outlet concentration was continuously measured using 

a multigas gas analyzer (Testo 340) equipped with an electrochemical SO2 gas sensor. 

The adsorption capacity of the sample was calculated at C/C0 = 0.95 using the following 

equation [10], where q is adsorption capacity (mg/g), C0 and CA is SO2 concentration at the 

inlet and at a specific time (mg/L), respectively; Qf is the gas flow rate (L/min), yt is a gas 

molar fraction, and mc is mass of the activated carbon (g). 

q =  
C0Qfyt

mc
 ∫ 1 −

CA

C0

∞

0

 dt                                                            (1) 

Reaction parameters, i.e., temperature (A), inlet SO2 concentration (B), and adsorbent 

dosage (C), were optimized using Box-Behnken Design (BBD) with the aid of Design-Expert 

Software Version 11. The minimum (-1), center (0), and maximum (1) levels for the three 

variables were selected based on literature, preliminary studies, and instrumental limitations. 

The values are shown in Table 1.  

Table 1. Independent variables matrix and encoded levels for BBD. 

Independent variables Code 
Levels 

-1 0 1 

Temperature (°C) A 40 70 100 

Inlet SO2 concentration (ppm) B 1250 1625 2000 

Adsorbent dosage (g) C 1 2.5 4 

 

SO2 adsorption capacity obtained from the suggested 15 experimental runs as the 

response variable was used to develop an empirical, quadratic model which correlates the three 

independent variables using the second-degree polynomial equation as shown below [11], 
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where Y, β, and ε are the response variable, regressors, and the statistical error term, 

respectively. 

Y =  β0 + β1A + β2B + β3C + β12AB +  β13AC + β23BC 

         + β11A2 + β22B2 + β33C2 +  ε                                                                                                 (2) 

 

The significance of the model developed, and the interaction between the independent 

variables was determined using Analysis of Variance (ANOVA) by analyzing the correlation 

coefficient value (R2), Fisher value (F-value), and probability (p-value). A larger magnitude of 

F-value and a smaller p-value implies the level of significance of the corresponding 

coefficients. P-value < 0.05 is required to indicate significant regression and a good correlation 

between predicted and experimental results. 

3. Results and Discussion 

3.1. Sample characterization. 

N2 adsorption-desorption isotherm of EFBAC shown in Figure 1 exhibits a Type IV(a) 

isotherm with H4 hysteresis loop, indicating a sorbent with microporous-mesoporous nature 

with the hysteresis accompanies the phenomenon of capillary condensation [12]. The EFBAC 

utilized in this study possesses a surface area of 437.88 m2/g, a total pore volume of 0.3077 

cm3/g, an average pore diameter of 2.811 nm, and the highest N2 uptake of 200.8 cm3/g. These 

properties are significantly greater than other sorbents reported for the SO2 desulfurization 

study. The chemical activation by H3PO4 resulted in the linkage between phosphate and 

polyphosphate esters that protect internal pore structure and avoid excessive burn off leading 

to higher surface area and greater formation of mesopores. 
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Figure 1. N2 adsorption-desorption isotherm of EFBAC. 

The combination of micropores and mesopores of EFBAC is further validated by the 

surface morphology shown in Figure 2. The pore diameter is in the range of 0.23 – 19.44 μm, 

and the majority of the pores are mesopores (> 2 μm). This implied that the chemical activation 
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and heat treatment conducted on EFBAC has successfully resulted in pore development, critical 

during a desulfurization process. 

 

 
Figure 2. Surface morphology of EFBAC (Magnification: x5000). 

 

FTIR spectra of EFBAC in the range between 4000 – 450 cm-1  are shown in Figure 3. 

The results obtained were compared and matched with the available FTIR database and spectra 

from previous studies. Chemical activation by H3PO4 has incremented groups like acidic and 

phenolic hydroxyl, carboxyl, and phosphate on the carbon surface. The broad curve within 

3600 – 3200 cm-1 represents the hydroxyl functional groups' O–H stretching vibration mode 

due to adsorbed moisture content [13]. Two minor peaks observed between 2900 – 2800 cm-1 

can be ascribed to C–H vibrations in alkanes and alkyls [13,14]. Shallow peaks around 2400 – 

2200 cm-1 can be assigned to C≡C vibrations in the alkyne and methylene group or possible 

C≡N stretching [15,16]. The peak between 1720 – 1700 cm-1, which is overlapped and merged 

with larger peaks, can be designated to the carboxylic acid group (C=OOH).  
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Figure 3. FTIR spectra of EFBAC. 

 

The most prominent peak can be observed between 1350 – 750 cm-1 which consists 

predominantly of acidic oxygenated carbon groups due to H3PO4 activation of the EFB 

precursor. The oxidized carbon groups, e.g., ether, esters, carboxyl, phenolic, etc., are 

represented by the long peak at 1250 – 1150 cm-1 [17,18]. This peak can also be assigned to P–

OOH group, the linkage between P–O in phosphate/polyphosphate with O–C stretching in the 

P–O–C linkage or hydrogen-bonded P=O due to the chemical activation by H3PO4 [14], [17]. 

The narrow and sharp peak at 1050 cm-1 can be attributed to the presence of C–OH or =C–OH 

stretching [15,19], while multiple peaks observed between 715 – 670 cm-1 can be assigned to 

the out-of-plane C-H bond of the aromatic ring [15]. A single peak at 530 – 480 cm-1 represents 

aromatic structures or P−C phosphorus-containing compounds [20]. 
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3.2. Process optimization. 

The complete design matrix of 15 experimental runs suggested by BBD and their 

respective responses (SO2 adsorption capacity) are presented in Table 2. The empirical model 

which exhibits the relationship between the three parameters studies and SO2 adsorption 

capacity obtained in coded factors is expressed in Equation 2, where A, B, and C represent 

reaction temperature, inlet SO2 concentration, and sorbent dosage, respectively. 

Y = 220.485 + 7.648A + 0.876B − 162.590C + 0.001AB − 0.062AC + 0.136BC

− 0.061A2 − 0.001B2  − 36.592C2                                                                    (2) 

Table 2. Experimental design matrix for optimization of SO2 desulfurization. 

Run 
A: Temperature 

(°C) 

B: Inlet SO2 

concentration (ppm) 

C: Adsorbent 

dosage (g) 
Response 

1 100 1625 4 705.41 

2 100 1625 1 1082.8 

3 70 1625 2.5 1015.8 

4 40 1625 1 1066.8 

5 70 2000 1 1101.3 

6 40 2000 2.5 996.37 

7 70 1250 4 542.43 

8 40 1625 4 700.45 

9 70 1625 2.5 1035.9 

10 70 1250 1 1096.7 

11 100 1250 2.5 837.55 

12 70 2000 4 852.97 

13 70 1625 2.5 1026.5 

14 40 1250 2.5 836.46 

15 100 2000 2.5 1033.0 

 

 The relationship between actual experimental results and predicted values was 

determined by regression analysis by comparing the value of R2 obtained (0.9979 vs. 0.9733) 

as shown in Fig 2. This result implies that the predicted adsorption capacity is in good 

agreement with actual experimental values obtained.  

 
Figure 4. Predicted and actual values of SO2 adsorption capacity on EFBAC. 

The adequacy of the model was further evaluated using ANOVA, and the data is 

presented in Table 3. The quadratic model obtained is significant with an F-value of 265.42 

and a p-value of < 0.0001. Independent effects of inlet SO2 concentration (B) and adsorbent 

dosage (C) and synergistic effects between these two variables (AB) are also proven to be 
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significant. Additionally, all quadratic terms (A2, B2, and C2) are significant model terms. 

Among these factors, adsorbent dosage poses the most significant effect with the highest F-

value of 1709.15. The order of significance among the model terms is: C > B > C2 > BC > A2 

> B2. This model's “Lack-of -Fit” was not significant, which implies that the developed 

quadratic model fits well. 

Table 3. ANOVA Analysis of optimization of SO2 desulfurization reaction parameters. 
Source Sum of squares DF Mean square F-value P-value  

Model 4.178 x 10-5 9 46417 265.4 < 0.0001 Significant 

A 430.6 1 430.6 2.460 0.1774  

B 56179 1 56179 321.2 < 0.0001  

C 2.989 x 10-5 1 2.989 x 10-5 1709 < 0.0001  

AB 315.3 1 315.3 1.800 0.2371  

AC 30.67 1 30.67 0.1754 0.6927  

BC 23408 1 23409 133.9 < 0.0001  

A2 11107 1 11107 63.51 0.0005  

B2 7595 1 7595 43.43 0.0012  

C2 25029 1 25029 143.1 < 0.0001  

Residual 874.4 5 174.9    

Lack of Fit 670.9 3 223.6 2.200 0.3279 Not significant 

Pure Error 203.5 2 101.7    

Cor Total 4.186 x 10-5 14     

 

 The effects of the three interacting factors (AB, AC, and BC) on SO2 removal can be 

represented by three-dimensional (3D) contour models. The 3D model related to temperature 

is shown in Figures 4 and 5 for interaction with inlet SO2 concentration (AB) and sorbent 

dosage (AC), respectively. From both figures, it can be observed that the adsorption capacity 

obtained at different reaction temperatures with constant inlet SO2 concentration and sorbent 

dosage are quite similar, albeit the performance at 70 °C is slightly higher. The adsorption 

capacity was increased by using higher SO2 concentrations and fewer sorbents. 

 
Figure 5. 3D contour plot of interaction between temperature and inlet SO2 concentration. 

The insignificance of the reaction temperature in the developed model is unprecedented 

as SO2 desulfurization is an exothermic process and favors lower temperatures. However, most 

studies on the significance of temperature were typically conducted at constant SO2 

concentration and adsorbent dosage; thus, the effect of temperature appears to be very prevalent 
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[21,22]. In this study, all three parameters were varied throughout the experimental runs. It can 

be concluded that the effect of temperature is not significant in the range tested (40-100 °C) 

compared to the effect brought by the other two factors. 

 
Figure 6. 3D contour plot of interaction between temperature and sorbent dosage. 

 

A synergistic effect was expected between inlet SO2 concentration and adsorbent 

dosage as various studies have reported this phenomenon. Figure 6 and Figure 7 show 3D 

contour plot of SO2 adsorption capacity with a variation of these two parameters. An increment 

of inlet concentration often enhances adsorption capacity as a greater number of SO2 molecules 

lead to enhancement of diffusion driving force and sorption capacity [23]. 

 
Figure 7. 3D contour plot of interaction between inlet SO2 concentration and sorbent dosage. 

Nonetheless, sorbent also plays a critical role in providing the available active sites for 

the adsorption process. Low sorbent dosage/SO2 concentration ratio became the limiting factor, 
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resulting in adsorbent bed quick saturation, shorter breakthrough time, and lower removal 

efficiency. Conversely, excessive sorbent dosage/SO2 concentration ratio results in wastage of 

sorbent and unoptimized removal capacity due to insufficient gas molecules to be adsorbed 

[24-29]. Based on Figure 7, the highest adsorption capacity was obtained at an inlet SO2 

concentration of 2000 ppm and sorbent dosage of 1 g. 

4. Conclusions 

SO2 desulfurization using oil palm empty fruit bunch-based activated carbon was 

optimized by developing a quadratic model using Response Surface Method with Box-

Behnken Design, where good agreement was attained between predicted and experimental 

results. The model developed and independent variables, i.e., inlet SO2 concentration and 

adsorbent dosage were significant in improving SO2 adsorption capacity. The effect of 

adsorbent dosage was the most significant with an F-value of 1709.15, while the order of 

significance is in the order of C > B > C2 > BC > A2 > B2. The only interaction between inlet 

SO2 concentration and adsorbent dosage was found significant in enhancing adsorption 

capacity. The optimized condition was obtained at a reaction temperature of 70 °C, inlet SO2 

concentration of 2000 ppm, and adsorbent dosage of 1 g. Reaction temperature, which was 

expected to play a significant role in SO2 removal, was found to be on the contrary, possibly 

due to the range of temperature tested only causing small effects compared to the other two 

independent factors. 
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