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The growing demand for clean and sustainable energy has catalyzed global efforts 

toward greener economies and sustainable development. In this study, we investigated 

palm kernel shell (PKS) biomass obtained from a palm oil mill in Omu-Aran, Nigeria 

(Latitude 8°08ʹ18.85ʺN and Longitude 5°06ʹ9.36ʺE) as a potential feedstock for biochar 

production. The biomass underwent pretreatment and sieving into particle size ranges 

of 0.1-0.2 mm, 0.2-0.4 mm, 0.4-0.6 mm, 0.6-0.8 mm, and 0.8-1.0 mm, and was stored 

in zip-locked polyethylene bags at room temperature for subsequent characterization 

and pyrolysis experiments. Response surface methodology (RSM) was employed to 

model and optimize the operating parameters of pyrolysis. The maximum biochar yield 

(41.1 wt%) was achieved under optimal conditions: temperature of 320℃, reaction time 

of 6.5 min, heating rate of 12.8℃/min, nitrogen flow rate of 25 cm³/min, and particle 

size of 0.9 mm. The model exhibited a p-value of 0.05, a high F-value for biochar 

(340.5), and an R² of 0.9887, signifying its appropriateness, reliability, responsiveness, 

and accurate prediction of experimental data. A strong correlation between actual and 

predicted values for biochar yield was observed. Fourier-transform infrared (FT-IR) 

spectroscopy revealed the presence of alcohol groups, as evidenced by peaks at 3906.3, 

3809.3, 3749.7, 3649.7, 3678.9, and 3600.6 cm⁻¹, as well as alkynes and alkenes, 

indicated by high-intensity peaks at 2113.4 and 1904.4 cm⁻¹. Scanning electron 

microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) analyses of the 

biochar showed white deposits, cleavages, heterogeneous pores, and cloudy formations, 

indicating inorganic materials and rapid efflorescence during pyrolysis. 
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1. INTRODUCTION

The increasing demand for clean and sustainable energy is 

driving global efforts toward greener economies and 

sustainable development [1, 2]. Renewable energy 

technologies have been identified as crucial for addressing 

global energy demands, energy security, and climate change 

[3, 4]. Despite widespread recognition, the overall 

contribution of renewable energy to global energy reserves 

remains limited [5, 6]. Furthermore, concerns exist regarding 

uncertainties and challenges arising from various methods or 

techniques involved in the conversion of renewable energies 

into fuels [7]. To transition from conventional fossil fuels to 

clean energies, optimal harnessing of energy from various 

renewable energy sources is required [8]. 

Biomass represents a promising renewable energy source in 

Nigeria, where it can be converted into various forms of 

energy, including biochar, bio-oil, and non-condensable gases 

(NCG) [9, 10]. Historically used as a major energy source for 

heat generation, biomass is now being revisited as an option 

for sustainable energy production [11, 12]. Palm kernel shell 

(PKS) is an abundant biomass resource in West Africa and a 

byproduct of the growing palm oil industry in Nigeria [13]. 

Previous studies have demonstrated that PKS can be converted 

into biochar through slow pyrolysis, owing to its high content 

of hemicelluloses, cellulose, and lignin [14]. 

Thermochemical conversion procedures are employed to 

convert biomass into biochar [15, 16]. Research and 

development in the thermochemical conversion of biomass are 

essential for addressing the current energy consumption crisis 

[17]. Thermochemical conversion is considered one of the 

most effective methods to convert biomass into biofuels [18]. 

It involves the decomposition of biomass under controlled 

heating or oxidation at high temperatures above 150℃, 

resulting in biofuels such as biochar, bio-oil, and NCG [19, 20]. 

The conversion technologies include combustion, gasification, 

and pyrolysis [21]. Although combustion is the simplest and 

most popular conversion method, it poses significant 

environmental risks [8, 22]. Gasification is efficient but 

requires high investment costs, while pyrolysis provides a 

more affordable and straightforward method for biomass 

conversion into energy [17, 23]. 

Pyrolysis, a thermal decomposition process that occurs in 

the absence of oxygen, can be categorized into fast, slow, 

intermediate, and flash pyrolysis, depending on the heating 

rate [24]. Fast pyrolysis is characterized by high bio-oil yields 
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(up to 80 wt%) and minimal biochar and NCG production [25, 

9]. Slow pyrolysis, on the other hand, produces higher biochar 

yields (60-70 wt%), with lower bio-oil and tar yields [26]. 

Intermediate pyrolysis is considered the most suitable route to 

optimize co-pyrolysis yields, as it enhances the products of 

pyrolysis and reduces the high moisture content present in the 

biomass, leading to activated carbon production [1, 27]. 

Pyrolysis operating parameters, such as temperature and 

heating rate, significantly influence the quantity and quality of 

biochar yield [28]. Therefore, determining the optimal 

experimental conditions for maximizing biochar yields is 

crucial [29]. To achieve this, the response surface method 

(RSM) optimization tool can be employed [30]. RSM is a 

statistical and mathematical tool that allows for the analysis of 

the effects of independent variables, either individually or in 

combination, and the optimization of processes [1, 31]. The 

central composite design (CCD) is preferred due to its higher 

efficacy, lower number of experiments, cost-effectiveness, 

and suitability for multivariate optimization [8, 19]. The 

functional groups, image resolution, and morphology of the 

biochar obtained at optimal conditions can be characterized 

using Fourier-transform infrared (FT-IR) spectroscopy, 

scanning electron microscopy (SEM), and energy-dispersive 

X-ray spectroscopy (EDX) techniques. 

This study aims to model and optimize the pyrolysis 

operating parameters for biochar production from palm kernel 

shell using response surface methodology. The outcomes of 

this research will significantly contribute to the process of 

achieving clean energy from the processing of palm kernel 

shell biomass by determining the optimal pyrolysis parameters 

using response surface methodology. 

 

 

2. MATERIALS AND METHODS 

 

2.1 Materials source  

 

Palm kernel shell was sourced from sourced from palm oil 

mill in Omu-Aran, Kwara State, Nigeria Latitude 

8°08ʹ18.85ʺN and Longitude 5°06ʹ9.36ʺE), Nigeria. The 

processing of the biomass includes; rinsing of the sample with 

distilled water to remove impurities, then sun-dried for a 

period of three days Onokwai et al. [3]. Thereafter, the sun-

dried PKS was milled using a ball milling machine installed in 

Civil Engineering laboratory, Landmark University, Omu-ran, 

Kwara State, Nigeria. The grounded sample was sun-dried for 

seven days. The final dried samples were sieved into varying 

particle sizes with a diameter of 0.1-0.2, 0.2-0.4, 0.4-0.6, 0.6-

0.8, and 0.8-1.0 mm, weighed and stored at room temperature 

in zip-locked polythene bags for characterization and pyrolysis 

experimentation. 

 

2.2 Characterization of biomass 

 

The characterization was carried out based on oven-dried 

basis. The proximate analysis was determined using a carbolite 

muffle furnace (Model: CWF1223-230SN+&02-3216P1). 

The moisture content was determined using ASTM E 1358 – 

97 standards. Similarly, the volatile matter (VM) was 

determined according to ASTM E872-82 standards, while 

ASTM D1102-84 standards was used to obtained the ash 

contents. The fixed carbon (FC) was determined by difference, 

which is FC=100-(MC wt% + VM wt% +Ash wt%). The 

elements nitrogen, hydrogen, and carbon were determined 

using LECO CHN 2000 Elemental Analyzer according to 

ASTM D5373-21 standards. while the sulphur content was 

obtained using ASTM D4239-11, while the oxygen content 

was calculated using the difference formula 100 – (C wt% + H 

wt% + N wt% + S wt%). The structural composition was 

carried out to determine the cellulose, hemicellulose and lignin 

contents presence in the biomass. Finally, Mohan Brothers 

bomb calorimeter was used to determine the HHV according 

to ASTM D2015-00 standards, while the LHV was obtained 

using Eq. (1) by Mohammed et al. [1]. The results obtained 

from the characterization are depicted in Table 1. 

 

Table 1. Characteristics of produced biochar from PKS 

 
Analysis  Weight % 

Proximate analysis (wt%)  
Moisture contents  0.30 + 0.01 

Volatile matter  73.70 + 0.40 

Fixed carbon  22.50 + 0.21 

Ash 3.50 + 0.02 

Ultimate analysis (wt%)  
Carbon 48.90 + 1.14 

Hydrogen 5.38 + 0.01 

Nitrogen 0.22 + 0.01 

Oxygen 45.03 + 0.13 

Sulphur 0.03 + 0.001 

Structural composition analysis 

(wt%)  
Cellulose 28.92 + 0.13 

Hemicellulose 25.01 + 0.12 

Lignin 45.41 + 0.42 

Heating value analysis (MJ/kg)  
HHV 19.98 + 0.43 

LHV 18.70 + 0.21 

 

LHV (MJ/kg)=HHV- (0.218 × H) (1) 

 

where, LHV is the lower heating value (MJ/kg); HHV 

represents higher heating value (MJ/kg), and H represents 

percentage of hydrogen (%) by weight in fuel.  

 

2.3 Research design 

 

The experimental design used response surface 

methodology (RSM) based on a central composite design. 

CCD was adopted in this research since it is a frequently used 

statistical method for fitting quadratic models and much more 

reliable when the effects of multiple operating parameters on 

the final output are considered, as suggested by suggesting the 

smallest number of experimental runs Dhanavath et al. [7], 

Hossain et al. [19], and Onokwai et al. [30]. It is also 

applicable when each of the operating parameters consists of 

five levels. The first phase of the experimental design began 

with a design matrix layout for the explanatory factors and the 

scalar response(s) Laouge et al. [8] and Savasari et al. [32]. 

The tests were carried out with a single response in CCD 

(biochar) and five operating parameters (temperature, N2 flow 

rate, reaction time, heating rate, and particle sizes), each of 

which was considered at five levels: -1, +1, 0, -α and + α 

Hassan et al. [33] and Kumar et al. [34]. The alpha value was 

calculated using Eq. (2) and is dependent on a number of 

elements in the factorial section of the design. 

 

α=[2𝑛]
1

4⁄ =  [25]
1

4⁄ = 2.3 (2) 
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The number of operating parameters is denoted by n. At -2 

and +2, the alpha value is displayed. The initial step was to use 

Eq. (3) to establish a mathematical link between the response 

and operating parameters. 

 

𝑦 = 𝑓(𝑥1, 𝑥2, 𝑥3, … … … … . 𝑥𝑛) (3) 

 

where, y is the response y, f is the unknown function of 

response, x1, x2, x3, ...... xn is known as operating parameters 

and n is the number of operating parameters Laouge et al. [8] 

and Tripathi et al. [35].  

The second phase uses a quadratic equation to estimate the 

coefficients (e.g., constant, linear, quadratic, and interactive) 

in a mathematical model Eq. (4). The significance of the model 

in regard to the alpha (P-value) constraint and the coefficient 

of determination (R2) were used to select the second-order 

model. The decision to optimize is based on the preferred 

desirable constraints, such as maximizing biochar yield while 

minimizing reaction time, and so on. Finally, predicting 

response and determining the model's adequacy by 

determining its significance and lack-of-fit, which is a measure 

of the model's inability to represent data in an experimental 

domain Laouge et al. [8] and Hossain et al. [19].  

 

𝑦 =  𝛽0 + ∑ 𝛽𝑖𝛽𝑥𝑖
𝑘
𝑖=1 + ∑ 𝛽𝑖𝑖𝑥𝑖

2𝑘
𝑖=1 +

∑ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗 + 𝜀𝑗
𝑘
𝑗>1

𝑘
𝑖=1   

(4) 

 

where, xi and xj are coded independent variables such as 

reaction temperature, particle sizes, heating rate, and residence 

time. This study employed design expert version 7.0.3 

software (Stat-Ease) as backend algorithm based on 

hierarchical order of preference to automatically compute the 

interactions of the xi and xj, y represents the quantity of 

pyrolysis yields. β0 represents the constant coefficient while βi, 

βjj and βij are the coefficients for linear, quadratic, and 

interaction effects respectively and k represents the number of 

operating parameters, lastly, εi represents the random error in 

the experiment Laouge et al. [8], Onokwai et al. [30], Savasari 

et al. [32].  

Fifty (50) experimental runs were carried out to support the 

results obtained from the RSM using the centre composite 

design (CCD) as shown in Eq. (5) as utilized by Kumar et al. 

[29] and Kshirsagar and Kalamkar [36]. 

 

𝑁 = 2𝑘 + 2𝑘 + 𝑛𝑐 =  25 + 2(5) + 8 =  50 (5) 

 

where, N is the actual experimental runs; nc=8 is the repeated 

number of identical runs at the centre points of the centre 

composite design; k is the number of operating parameters 

such as temperature, particle sizes, reaction time, nitrogen 

flow rate, and heating rate. The value 2k standard factorial 

number with its origin at the center, so that a quadratic number 

of independent variables can be generated as reported by 

Kumar et al. [29].  

 

2.4 Pyrolysis experimental setup  

 

A cylindrically insulated reactor, gas collection, condenser, 

ice bath, PID temperature controller, inert gas flow system, 

and electric heater with a capacity of 4 kW comprised the 

pyrolysis setup. Variations in temperature, reaction time, 

heating rate and particle size, and nitrogen flow rate was used 

to maintain an inert environment in the reactor (Figure 1). 

 

 
 

Figure 1. Pyrolysis plant experimental set-up 

 

2.5 Experimental procedure  

 

For each pyrolysis process, the feeding of the biomass into 

the reactor was carried out at a pre-set varying variables range 

of 320, 420, 520, 620 and 720℃ for temperature (T), reaction 

time (R) of 5, 10, 15, 20 and 25 min, a heating rate (H) of 7.5, 

12.5, 17.5, 22.5, and 27.5℃/min, 25, 75, 125, 175, and 225 

cm3/min for nitrogen flow rate (N) and particle size (P) of 0.1-

0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8, and 0.8-1.0 mm passing the gas 

through a condenser, the bio-water combination that was 

automatically split into bio-oil and water was formed. The 

mass balance (bio-gas) was used to calculate the weight of 

product yield (bio-char). 

 

 

3. RESULTS AND ANAYSIS 

 

3.1 Biomass characteristics 

 

The average values of the characterization of palm kernel 

shell based on proximate, ultimate, structural composition and 

heating value analysis are presented in Table 1. The results 

gave an insight on the expected behaviour of the biomass when 

used for pyrolysis process. The results obtained showed that 

the VM (73.70 wt%) and FC (22.5 wt%) closely agreed with 

what Acevedo et al. [11] reported. Similarly, the values 

obtained from the ultimate analysis is in consonance with the 

report of Acevedo et al. [11] and Okoroigwe et al. [37] 

Likewise, the cellulose, hemicellulose and lignin contents 

obtained in this study falls within the same range of values 

reported by Baffour-Awuah et al. [38]. The increase in heating 

value was attributed to the low moisture contents and high 

fixed carbon. The low moisture contents recorded make the 

biomass suitable for pyrolysis process since less energy would 

be needed to vaporize the biomass in the reactor. Hence, 

increase the yield of biochar Onokwai et al. [2] and Varma and 

Mondal [31]. Also, the low ash, nitrogen and sulphur contents 

help to reduce the deposition of harmful chemicals (slag, 

corrosion and erosion) in the reactor during pyrolysis process 

and extensive maintenance of the plant. Also, the low nitrogen 

and sulphur contents would reduce the formation of NOx and 

SOx gases Varma and Mondal [31], Ayeni et al. [39], 

Nagarajan and Prakash [40]. Hence, making the biomass 

favourable as feedstock for biochar yields Sahoo et al. [14]. 

Furthermore, the high volatile matter, fixed carbon, carbon and 

hydrogen, cellulose, hemicellulose and lignin contents would 

enhance the quantity, morphology, porous graphite and 

surface area fine aromatic of the biochar yields via pyrolysis 

process Palamanit et al. [22], Ghysels et al. [41] and Tomczyk 
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et al. [42]. 

The results of biochar yield obtained from intermediate 

pyrolysis of palm kernel shell are shown in Table 2. The 

biochar yield (41.1 wt%) was attained at optimum values of 

320℃, 5 min, 7.5℃/min, 25 cm3/min, and 0.9 mm, for T, R, 

H, N, and P respectively. These optimized values of the 

biochar yields are in good agreement with the work of 

Mohammed et al. [1] and Sahoo et al. [14] which reported 

optimum bio-char yields (43.66 wt%) at T, R, H, N, and P of 

750℃, 25 L/min, and 50℃/min for slow pyrolysis of Bamboo 

and 46.41 wt% at the T of 450℃, N of 25 L/min, and H of 

10℃/min for intermediate pyrolysis of Napier grass. This 

optimal value recorded was higher than 26.2 wt% at 450℃ 

reported by Gautam and Chaurasia [17] for fast pyrolysis of 

Bamboo. The biochar yield decreased from 27.1 to 41.1 wt% 

with increasing temperature due to complete pyrolysis process 

caused by rapid emission of volatile matters and thermal 

decomposition of the biomass, thereby, enhancing the yields 

of aromatic compounds Sahoo et al. [14] and Zhang et al. [43]. 

The minimum biochar yields of 25.6 wt% was obtained at the 

T of 720℃, R of 25 min, H of 7.5℃/min, N of 225 cm3/min, 

and P of 0.1 mm.  

 

Table 2. Experimental design matrix and the corresponding biochar yield 

 

Run 
Factor A: 

temperature (℃) 

Factor B: 

reaction 

time(min) 

Factor C: Heating 

rate(℃/min) 

Factor D: Nitrogen 

flow rate(cm3/min) 

Factor E: 

Particle 

size(mm) 

Response 1: 

Biochar(w%) 

1 520 10 17.5 125 0.5 33.3 

2 520 15 17.5 125 0.5 33.3 

3 520 5 17.5 125 0.5 32.4 

4 720 25 27.5 225 0.1 28.4 

5 320 5 7.5 25 0.9 41.1 

6 520 15 17.5 125 0.5 33.2 

7 520 15 12.5 125 0.5 33.4 

8 720 5 7.5 25 0.9 29.4 

9 720 5 27.5 25 0.9 28.4 

10 320 25 27.5 25 0.9 38.3 

11 320 25 27.5 25 0.1 37.2 

12 420 15 17.5 125 0.5 35.8 

13 520 15 17.5 125 0.5 33.3 

14 320 5 7.5 25 0.1 40.6 

15 320 25 7.5 25 0.1 38.6 

16 520 15 17.5 75 0.5 34.2 

17 720 25 27.5 225 0.9 27.4 

18 720 25 7.5 225 0.1 25.6 

19 320 5 27.5 25 0.1 38.8 

20 320 25 27.5 225 0.9 39.1 

21 520 15 17.5 125 0.5 32.9 

22 320 5 27.5 25 0.9 40.1 

23 720 5 27.5 225 0.9 29.6 

24 320 25 7.5 25 0.9 40.3 

25 520 15 17.5 125 0.3 32.7 

26 720 5 27.5 225 0.1 28.5 

27 320 5 7.5 225 0.9 40 

28 520 15 17.5 125 0.5 33.6 

29 520 15 22.5 175 0.7 32.4 

30 720 5 27.5 25 0.1 27.6 

31 720 25 7.5 25 0.9 28.5 

32 520 15 17.5 125 0.5 32.9 

33 320 5 7.5 225 0.1 38.9 

34 520 15 17.5 25 0.5 33.6 

35 720 25 27.5 25 0.1 27.4 

36 320 25 7.5 225 0.1 37.3 

37 620 15 17.5 125 0.5 33.1 

38 720 25 7.5 25 0.1 29.5 

39 520 15 17.5 125 0.5 32.4 

40 720 5 7.5 225 0.1 27.1 

41 520 15 17.5 225 0.5 32.1 

42 720 5 7.5 25 0.1 29.6 

43 320 5 27.5 225 0.1 37.7 

44 320 5 27.5 225 0.9 37.7 

45 320 25 7.5 225 0.9 38.6 

46 720 25 7.5 225 0.9 26.1 

47 720 20 7.5 225 0.9 28.5 

48 720 25 27.5 25 0.9 27.5 

49 520 15 17.5 125 0.5 33.1 

50 320 25 27.5 225 0.1 36.8 
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3.2 Statistical models for biochar yield  

 

Table 3 depicts the summary of the ANOVA for the 

response surface second-order model, while Eq. (6) shows the 

mathematical model used to predicts biochar yield in terms of 

coded factors. 

 

Table 3. Analysis of variance (ANOVA) for the biochar 

yield 

 
Source SS DF MS F-value P-value Remark 

Model 1298.16 10 129.66 340.53 <0.0001 Sig. 

A-Temperature 1261.11 1 1261.11 3312.07 <0.0001  Sig. 

B-Reaction time 6.34 1 6.34 16.64 <0.0001 Sig. 

C-Heating rate 7.49 1 7.49 19.67 <0.0001 Sig. 

D-N2 flow rate 6.87 1 6.87 18.04 <0.0001  Sig. 

E-Particle size 4.39 1 4.39 11.54 0.002 Sig. 

A2 2.94 1 2.94 7.72 0.0008 Sig. 

B2 1.11 1 1.11 2.92 0.095 Not Sig. 

C2 0.94 1 0.94 2.46 0.125 Not Sig. 

AE 1.32 1 1.32 3.47 0.07  Sig. 

BD 2 1 2 4.14 0.048 Sig. 

Residual 14.85 39 0.38    
Lack of fit 13.94 32 0.44 3.36 0.051 Not Sig. 

Pure error 0.91 7 0.13    
Cor Total 1313.01 49         

R2 =98.87%; Adjusted R2 =97.81%; Predicted R2=85.18%; 

CV%=5.46 

**SS- Sum of square; DF-Degree of freedom; MS-Mean square 

Sig.- Significant 

 

𝑌𝐵𝐶(𝑃𝐾𝑆) = 50.16 − 0.03474𝐴 − 0.0478𝐵 −

0.0320𝐶 − 0.00489𝐷 + 2.30𝐸 + 0.00009𝐴2 −
0.00268𝐴 × 𝐸 − 0.000007𝐵 × 𝐷  

(6) 

 

where, YBC(PKS), YBC(SUG), YBC(SHEA) are the responses of the 

biochar yield (wt%) for PKS. A, B, C, D, E refers to the coded 

value of T (℃), R (min), H (℃/min), N (cm3/min), and P (mm) 

respectively. 

The Fischer test (F-value), which indicates the comparisons 

between the mean square values of the developed regression 

model and that of the residuals (i.e., error), and the probability 

value (p-value) obtained from the regression model analysis 

were found reliable and acceptable Hossain et al. [19]; and 

Kumar et al. [29]. The level of acceptability and reliability of 

the F-value is dependent on the F-value, the higher the F-

value, the more responsive, reproductive, and reliable the 

regression model. Likewise, the p-value should be 

significantly low so as to produce a reliable model Lee et al. 

[28] and Nizamuddin et al. [44]. The generated regression 

model has a higher F-value of 340.53 and a lower p-value (less 

than 0.05) for all the biomass under investigation, indicating 

that it is significant. Due to noise, there is a slim chance of 

0.01% that a large F-value model will occur (Hassain et al., 

2017). A, B, C, D, E, A2, AE, and BD were all found to be 

significant model terms. Hence, they positively influence 

biochar yield. The lack of Fit values of 0.051 indicates that the 

mathematical model generated can predict and reproduce the 

experimental data. 

The coefficient of variation (CV%) is the error expressed as 

a percentage of the mean. Generally, the model is considered 

reproducible if the CV% is low (10%). The R-value, which is 

the coefficient of determination for the regression model, 

should be close to 1, which satisfies the criteria for a good 

model Hossain et al. [19]. The biochar CV% yield was 

determined to be 5.46%, which is a low value. As a result, the 

model under investigation can be replicated. The biochar yield 

has an R2 value of 0.9887, which is likewise extremely near 1. 

As a result, the mathematical model under investigation is 

reliable and can accurately reproduce biochar yield 

experimental data. The adjusted R2 specifies the amount of 

variation that can be described by the model; this implies that, 

the R2 value represents the adjusted number of terms in the 

regression model relative to the number of design points. The 

predicted R2 shows the amount of variation in the new data 

explained by the model. To have a reasonable agreement, the 

difference between the adjusted and predicted R2 should be 

less than 0.20, according to Laouge et al. [8] and Lee et al. 

[28]. This study's biochar yield’s R2 value is 0.9887, which is 

significantly close to 1. Thus, the considered mathematical 

model employed in this study is good and can reproduce the 

experimental data for biochar yield. The difference between 

the adjusted R2 (0.9781) and projected R2 (0.8518) for biochar 

yield is 0.13. As a result, they have reached a sensible 

arrangement that makes the model responsive, reliable, and 

capable of replicating the experimental data. 

 

3.3 Influence of pyrolysis operating parameters on 

products of pyrolysis  

 

Figures (2-4) show the combined effect of the two most 

essential operating factors that are significant to biochar 

yields, which are presented in Figures (2-5). Optimum biochar 

yield (43.3 wt%) was attained at constant N (125 cm3/min), H 

(17.5℃/min), and P (0.5 mm), due to an incomplete thermal 

decomposition of the biomass in the reactor. Secondary 

cracking reactions and rapid emission of volatile matter 

resulted in a significant decrease in biochar yields with further 

increases in T and R (10 min) (Figure 2). These results 

correlated very well with the findings reported by Sahoo et al. 

[14], Varma and Mondal [31], and Zhang et al. [43]. 

The interactive effect of reaction time and nitrogen flow rate 

on biochar yield is shown in Figure 3. At constant 

temperatures T (520℃), H (17.5 oC/min), and P (0.5 mm), an 

optimum biochar yield (32.7 wt%) was obtained. The biochar 

conversion decreased from 32.2 to 29.2 wt% with a continuous 

increase in R (5 to 25 min) and N (25 to 225 cm3/min) due to 

an increase in secondary reactions such as thermal cracking, 

re-polymerization, and re-condensation of vapour Varma and 

Mondal [31]. Figure 4 shows the interactive effect of 

temperature and particle size on biochar yield. An increase in 

particle size at low temperatures increases the biochar yield 

due to incomplete pyrolysis, lesser thermal cracking, and low 

heat transfer generated by a greater temperature difference in 

the biomass. Maximum biochar conversion (41.3 wt%) was 

achieved at constant R (15 minutes), H (17.5℃/min), and N 

(125 cm3/min). This research supports the findings of Gautam 

and Chaurasia [17] and Hassain et al. [19]. 

 

3.4 Optimized value of pyrolysis operating parameters for 

biochar  

 

The optimization plot obtained from the response surface 

model (Figure 5) determines the values of the operating 

parameters required for an optimal yield of biochar. The plots 

generate the maximum, minimum, and optimal production of 

products of pyrolysis via the interaction of all the parameters. 

Results showed that varying the T, R, H, N, and P had a great 

effect on products of pyrolysis. It can be deduced that for 

optimum biochar yield (40.5 wt%) was attained at T (357℃), 
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R (6.5 min), H (12.8℃/min), N (25 cm3/min) and P (0.9 mm). 

Any values outside of this range will reduce biochar yields. An 

increase in temperature from 320 to 720℃ reduced the 

biomass yield from 40.5 to 27.3 wt% due to complete 

pyrolysis process reading to excessive emission of volatile 

matter and thermal breakdown of biomass. 

The predicted values closely packed around the regression 

line (Figure 6), which is similar to the findings of that of 

Hossain et al. [19]. The experimental and predicted values for 

biochar yield are in agreement. Hence, the model and 

reproduced the experimental results accurately. 

 

 
 

Figure 2. Combined effect of temperature and reaction time 

for biochar yield 

 

 
 

Figure 3. Combined effect of reaction time and nitrogen flow 

rate for biochar yield 

 

 
 

Figure 4. Combined effect of temperature and particle size 

for biochar yield 

 
 

Figure 5. Optimization plot 

 

 
 

Figure 6. Actual and predicted for Biochar yield 

 

3.5 SEM analysis of biochar from PKS 

 

The surface morphology is presented in Figure 7 using 

specifications of (285x, 400x, 500x, 1000x, 1500x) obtained 

at optimized conditions. The biochar possessed an 

heterogenous porosity with cleave structure due to the 

emission of high volatile matter an aromatic structure during 

the pyrolysis process Sahoo et al. [14] and Varma and Mondal 

[31]. An increase in the porosity enhanced the surface area and 

adsorptive capacity of the biochar. Hence, increasing the space 

for water, pollutant and nutrient retention Sahoo et al. [14]. 

 

 
 

Figure 7. SEM Analysis of PKS (a) 300x; (b) 500x; (c) 

1000x; (d)1500x 
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3.6 SEM/EDX Analysis of biochar yield from PKS 

 

The SEM/EDX analysis for the biochar is shown in Figure 

8. The biochar possessed a cloudy and clogging formation, and 

the presence of inorganic materials such as tellurium, carbon, 

calcium, oxygen, silicon, cobalt, potassium, aluminum, 

magnesium, chromium, and manganese were noticed. Carbon 

and oxygen are valuable for energy generation and the 

pharmaceutical industry Oyebanji et al. [9] and whereas 

magnesium, iron, potassium, aluminum, silicon, and calcium 

are critical elements for soil fertility and agricultural 

production Varma and Mondal [31]. The biochar also contains 

sodium, carbon, oxygen, manganese, and cobalt, which can be 

applicable in energy-generating devices such as fuel cells, 

super capacitors, and batteries [34], Haggstrom and Delsing 

[45], and Xiong et al. [46]. 

 

 
 

Figure 8. SEM/EDX analysis of biochar from PKS 

 

3.7 FT-IR spectrum analysis of biochar from PKS 

 

As shown in Figure 9, the FT-IR spectra of biochar yields 

shows the number of peaks with low, medium, and high 

intensity, indicating the complex nature of biochar produced 

over a wavelength range of 500–4,000 cm-1, while Table 4 

presents the functional group, molecular weight, 

transmittance, and appearance extracted from Figure 7 via the 

FT-IR chart. The most noticeable peak at 3,906.3, 3,809.3, 

3,749.7, 3,649.7, 3,678.9, and 3,600.6 cm-1, caused by O-H 

stretching vibrations, indicates the presence of alcohol. 

Mohammed et al. [1] and Varma and Mondal [31]. The 

presence of oxygen-containing functional groups of the O-H 

bending bond, such as carbon dioxide, carboxylic acid, phenol, 

and ester, was confirmed by the low intensity peaks between 

wavenumbers 1,520 and 1,320 cm-1 Saikia et al. [47]. Alcohol 

can be used as boiler and engine fuel, according to Gautam and 

Chaurasia [17]. Aldehyde is present when low intensity peaks 

in the range of 2,740–2,750 cm-1 are caused by C-H stretching 

vibration Saikia et al. [47]. The presence of alkynes and 

alkenes in biochar is indicated by high intensity peaks at 

2,113.4 and 19,904.4 cm-1 attributable to C=C stretching 

vibration, while the medium intensity peaks at 1,703.4 and 

1,871.1 cm-1 are derived from aliphatic ketones and aromatics 

due to C=O and C-H functional. A strong peak at 1,524.5 cm-

1 with a N-O symmetry was seen, suggesting the presence of 

nitro compounds, whereas wave number 1,025 cm-1 with a C-

N bend was discovered, indicating the presence of amine 

compounds. The alkene C-C has a very low intensity peak 

between 770 cm-1, whereas a halo compound with C-Cl 

bending vibrations has a wavenumber of 870 cm-1. It has been 

discovered that biochar considerably loses hydroxyl and 

aliphatic groups while gaining an aromatic character. Nylon 

and synthetic fiber, plywood adhesives, and the automotive 

and appliance sectors all employ phenols. In the petrochemical 

sector and as fuel, aromatic and aliphatic hydrocarbons are 

used [17]. 

 

 
 

Figure 9. Average FTIR spectra of biochar from PKS 

 

Table 4. Functional group composition of biochar from PKS 

 

Functional group 
Wave length (cm-1) 

Molecular motion % Transmittance  Appearance 
Range Actual 

Alcohol 3900-3920 3906.3 O-H stretch 85.695 Medium Sharp 

Alcohol 3800-3820 3809.3 O-H stretch 86.017 Medium Sharp 

Alcohol 3750-3780 3749.7 O-H stretch 85.717 Medium Sharp 

Alcohol 3670-3710 3678.9 O-H stretch 85.868 Medium Sharp 

Alcohol 3595-3610 3600.6 O-H stretch 86.038 Medium Sharp 

Aliphatic primary amine 3350-3400 3380.7 N-H stretch 85.94 Medium 

Carboxylic acid 2880-2900 2885 O-H stretch 86.417 Strong Broad 

Aldehyde 2740-2750 2743.3 C-H stretch 86.288 Medium 

Carbon dioxide 2365-2380 2370.6 O=C=O stretch 86.727 Strong 

Alkyne 2110-2120 2113.4 C=C stretch 87.31 Weak 

Alkene 1990-2000 1990.4 C=C stretch 88.321 Medium 

Aromatic compound 1865-1875 1871.1 C-H bending 87.275 Weak 

Vinyl/phenyl Esther 1770-1785 1774.2 C=O stretch 87.244 Strong 
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Functional group 
Wave length (cm-1) 

Molecular motion % Transmittance  Appearance 
Range Actual 

Aliphatic Ketone 1695-1710 1703.4 C=O stretch 86.975 Strong 

Cyclic Alkene 1575-1585 1580.4 C=C stretch 84.484 Medium 

Nitro Compound 1520-1535 1524.5 N-O stretch 84.944 Strong 

Carboxylic Acid 1390-1410 1401.5 O-H bending 83.281 Medium 

Phenol 1315-1320 1319.5 O-H bending 83.619 Strong 

Amine 1020-1027 1025 C-N stretch 77.455 Medium 

Alkene 870-875 872.2 C=C bending 78.774 Strong 

Alkene 770-779 775.3 C=C bending 77.32 Strong 

Halo Compound 740-749 745.5 C-Cl stretch 78.999 Strong 

1,4-disubstituted 690-695 693.3 C-H bending 77.22 Strong 

 

 

4. CONCLUSIONS 

 

This study utilized response surface methodology (RSM) to 

model and optimize pyrolysis operating parameters for 

improving biochar yield. Results obtained showed that 

temperature, heating rate, reaction time, nitrogen flow rate, 

and particle size greatly influenced biochar yield. Optimum 

biochar yield (40.5 wt%) was attained at temperature (357℃) 

reaction time (6.5 min), heating rate (12.8℃/min), nitrogen 

flow rate (25 cm3/min) and particle size (0.9 mm). The 

minimum biochar yields of 25.6 wt% were obtained at 

T=720℃, R=25 min, H=7.5℃/min, N=225 cm3/min, and 

P=0.1 mm. The FTIR and GC-MS analyses showed the 

presence of alkynes, alkenes, carbon dioxide, carboxylic acid, 

phenol, and ester, which can be attributed to C–H, C=C, 

alcohols, and phenolic compounds, indicating that the biochar 

could potentially be used as fuel. The EDX analysis showed 

the presence of inorganic materials that can be used in energy-

generating devices such as fuel cells, super capacitors, and 

batteries. 
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