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ABSTRACT:   This paper reports a study to determine the optimum conditions of 

microwave in assisting alkali treatment for removing lignin from cocoa shell waste (CSW). 

The CSW was mixed with 5% of NaOH solution at the ratio of 1: 10 of weight to volume 

of the alkaline before being irradiated in a microwave oven. Various microwave powers 

(200-400 W), temperature settings (60-80 °C) and irradiation times (10-20 min) were 

tested on 15 samples set by the Box-Behnken design. The lignin removal was analysed 

using a 72% sulfuric acid treatment method. A quadratic equation was employed to the 

response surface and statistical analysis conducted to confirm the adequacy of the model. 

The plots show that the optimum microwave conditions are 400 W, 76 °C and 19 min, 

which were capable to remove 86.57% of lignin. Thermogravimetric analysis and 

micrographs revealed different decomposition temperature of lignin and morphology of 

extensively-pored surface of treated CSW, respectively.  

ABSTRAK: Kajian ini berkaitan penentuan keadaan optimal ketuhar gelombang mikro 

bagi membantu membuang lignin daripada sisa kulit biji koko (CSW) menggunakan 

rawatan alkali. CSW dicampurkan dengan larutan NaOH 5 % pada nisbah 1:10 berat 

kepada isipadu larutan alkali sebelum campuran dipanaskan ke dalam ketuhar gelombang 

mikro. Pelbagai ujian dibuat pada ketuhar gelombang mikro seperti tenaga (200-400 W), 

suhu ketuhar (60-80 °C) dan masa pemanasan (10-20 min) ke atas 15 sampel mengikut 

reka bentuk Box-Behnken. Kadar pembuangan lignin ditentukan dengan menggunakan 

kaedah rawatan larutan asid sulfurik berkepakatan 72%. Persamaan kuadratik telah 

digunakan ke atas permukaan respon dan analisis statistik telah dilakukan bagi 

memastikan kesesuaian model. Plot-plot menunjukkan keadaan optima ketuhar 

gelombang mikro adalah pada 400 W, 76 °C dan 19 min iaitu berupaya menyingkirkan 

sebanyak 86.57% lignin. Analisis thermogravimetri dan mikrograf masing-masing 

menunjukkan perbezaan suhu penguraian lignin dan morfologi permukaan CSW yang 

dirawat didapati berliang dengan banyaknya. 

KEYWORDS: cocoa shell waste; microwave assisted; alkali treatment; lignin removal; 

non-wood fibers; response surface methodology 
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1. INTRODUCTION  

By-product discarded from food industries may harm environment in large quantities 

[1]. Cocoa (Theobroma cacao) shell waste (CSW) is an example of the by-products that is 

usually used, among others, for dietary, food additives, fuel burning, or fertilizer in order to 

prevent accumulation [2–6]. An alternative approach to add value is by utilizing CSW as 

non-wood for bio-composite preparation. However, there is a drawback that needs to be 

considered since CSW is mainly composed of cellulose, lignin, hemicelluloses, pectin, and 

wax. Weak binding between fiber and polymer due to moisture absorption [7], low impact 

strength [8], faced dimension instability for fibers composites [9] and low microbial 

resistance [10] of CSW application are reported that are mainly caused by the presence of 

hydroxyl groups from lignin in its fiber. Therefore, reduction of lignin is essentially 

required. 

Pre-treatment using alkali is a vital step in converting the lignocellulosic material into 

less wood material. Several studies suggested the use of microwave heating to accelerate 

the pre-treatment process due to some advantages over conventional heating [11,12]. In 

particular, microwave-assisted alkaline pre-treatment for hydrolysis and fermentation 

increase cellulose breakdown and the activity of the reactions [13]. Interface of fibers with 

lower hydroxyl group will bond with matrix better and enhance strengths of the composites 

[9,14].  Sodium hydroxide (NaOH) is an effective alkaline in breaking down lignin structure 

[15,16] that leads to an increase in surface area and pore volume in the substrate. Meanwhile, 

microwave radiation results in rapid heating due to interaction between an irradiated object 

and electromagnetic field [17,18]. Thus, this high efficiency of treatment eases the 

implementation [19,20] of breaking down lignocellulosic material bonding. 

Several studies reported on the optimization of treatment process parameters for other 

agricultural wastes. For instance, Sombatpraiwan et al. [17] conducted microwave –assisted 

on cassava rhizome by varying microwave power (300-900 W), irradiation time (5-15 min), 

and NaOH concentration (3%–7% w/v). It was found that optimal conditions for lignin 

removal were 840 W microwave, 9 min, and 3% w/v NaOH. Lai et al. [21]  found that 

22.38% lignin removal was optimal at 900 watt, 100 ºC, and 80 min from a two-level 

factorial analysis on the range of microwave power, temperature and heating duration range 

spanning from 500 to 900 watt, 80 to 100 °C and 40 to 80 min on oil palm trunk. 

The aim for this study is to determine optimal microwave–assisted alkali treatment 

condition on CSW. The pre-treatment parameters are microwave power, temperature setting 

and irridiation time, which were varied between 200 – 400 W and 60 – 80 ℃ for 10 – 20 

min, respectively. This treatment was optimized by using the Box–Behnken design (BBD), 

response surface methodology (RSM). 

2.  MATERIALS AND METHODS 

2.1  Assisted Alkali Treatment 

CSW samples were mixed to 5 % of NaOH at 1: 10 according to the ratio of sample 

weight to volume of the alkaline. The microwave was set to the ranges of 200 – 400 W, 60 

– 70 ℃ and 10 – 15 min for power, temperature and time of irradiation, respectively. All 

these treatment conditions were designed based on BBD using Design Expert Software 

version 7. 

After the treatment, mixtures were filtered to recover solid residue. The residue was 

rinsed with distilled water to remove the alkali solution and followed by the addition of 5 % 
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acetic acid solution in dropwise. Then, the slightly acidic residue was rinsed again with 

distilled water until neutral pH was achieved. The treated CSW was dried at 105 °C until 

constant weight was achieved. 

2.2  Experimental Design 

BBD was used to optimize microwave parameters as the factor in assisting the caustic 

removal of lignin from CSW via 15 experiments in random order with three replications at 

the centre point. The design of experiment was of three-factor and two-level factorial Box–

Behnken design (BBD) [17]. The three factors were microwave power (X1), temperature 

(X2), and treatment time (X3) with low, moderate, and high levels factor as represented by 

−1, 0, and 1 as shown in Table 1. Percentage of lignin removal was the response variable.

3D surface plots were generated through fitting of a quadratic polynomial between the

factors and the response.

Table 1 Experimental levels of three independent variables 

Factors Units Factor Levels 

-1 0 1 

Microwave Power W 200 300 400 

Temperature Setting °C 60 70 80 

Irradiation Time min 10 15 20 

2.3  Lignin Removal Determination 

Two grams of untreated / treated CSW samples were mixed with 15 mL of 72% 

sulphuric acid in a flask. The mixtures were vigorously stirred at ambient temperature for 2 

hours. Then, hot distilled water was added to the mixtures to reduce acid concentration up 

to 4%. The mixture was heated immediately in a water bath at 100 °C. After 4 hours, the 

CSW was filtered and rinsed with hot distilled water to neutralize pH before it was dried at 

105 °C until constant weight was achieved. The amounts of lignin removal for all the 

samples were determined by using Equation (1).  

initial CSW sample  treated CSW sample
lignin removal % = 100%

initial CSW sample

−
 (1) 

2.4 Analyses of Thermogravimetry and Morphology

The degradation of the treated CSW sample was measured by thermogravimetric 

analysis (TGA) using the Hitachi STA-7200 thermal analyser. CSW samples (5 g) were 

placed in alumina pan and heated from ambient temperature up to 1000 °C at a heating 

rate of 10 °C min-1 under nitrogen flow blanketing. The sample weights were obtained as a 

function of temperature. The effect of treatment on surface morphology of CSW were 

observed via scanning electron microscopy (SEM). The plate with CSW samples was and 

placed at LEO 1450 VP SEM for the analysis with magnifications of 5000 times. 

3. RESULTS AND DISCUSSION
3.1  Effect of Process Parameters on Lignin Removal 

Box-Behnken design (BBD) was used to determine the samples and plot the responses 

surface. Fifteen runs were carried out to obtain the results in Table 2. In particular, 

experimental run#8 (400 W, 70 °C, 20 min) achieved the highest lignin removal, while 

run#14 (200 W, 70 °C, 10 min) obtained the lowest one.  
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Table 2: Lignin removal of CSW samples using different process parameters 

Run Microwave 

Power Level 

Temperature 

Level 

Irradiation 

Time Level 

Lignin Removal 

(%) Experimental 

Lignin Removal 

(%) Predicted 

1 +1 -1 0 63.07 66.06 

2 0 -1 -1 61.79 57.54 

3 0 +1 -1 54.47 53.80 

4 +1 +1 0 83.01 82.42 

5 -1 0 +1 50.19 48.94 

6 0 -1 +1 61.43 62.14 

7 0 +1 +1 64.17 68.41 

8 +1 0 +1 86.34 82.69 

9 0 0 0 73.52 69.86 

10 -1 +1 0 33.75 30.76 

11 -1 -1 0 43.97 44.55 

12 +1 0 -1 74.67 75.93 

13 0 0 0 67.12 69.86 

14 -1 0 -1 32.87 36.52 

15 0 0 0 68.94 69.86 

 

The effect of three process variables on lignin residue was generally significant as 

confirmed by the high R2 value (R = 0.97). The quadratic equation established the level of 

lignin removal as a function of different microwave power, temperature setting and 

irradiation time. All the terms regardless of their significance are included in Equation (2). 

After considering the significance of the terms, Equation (3) was obtained where the 

symbols were denoted as A = microwave power, B = temperature setting and C = irradiation 

time. 

Lignin 

Removal (%) 

= 
 

(2) 

Lignin 

Removal (%) 

= 

 

(3) 

Fig. 1(a) shows the actual experimental data versus predicted data of lignin residue (%) 

which was generated from the quadratic equation model. The normal probability plot was 

also presented in Fig. 1(b). The plot indicates that the internal studentized residual (different 

between actual and predicted data) follow a normal distribution and form an approximately 

linear line. 

Table 3 summarizes the F-test and p-value that were used to assess the significance of 

the coefficients of the model for respective parameters and the interaction strength among 

the parameters. P-values that are less than 0.05 indicate significance of model terms, which 

are shown by A, C, AB, A2 and B2.  Oppositely, the values greater than 0.1 indicates their 

insignificance.  The "Lack of Fit F-value" (LOF) of 2.61 implies that the LOF is not 

significant relative to the pure error, thus good model, which means the terms are adequate 

to fit the model. Meanwhile, the fitness, R2 and further-refined fitness, Adj R2 are 0.970 and 

69.86 + 18.29*A + 0.64*B + 4.79*C + 7.54*A*B – 1.41*A*C + 2.51*B*C – 

6.68*A2– 7.23*B2 – 2.16*C2 

-239.48403 + 0.098481*A + 7.17353*B + 0.88321*C + 7.53792E-003*A*B– 

2.83000E-003*A*C + 0.050258*B*C – 6.67972E-004*A2 -0.072318*B2 -

0.086456*C2 
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0.916, respectively, which indicate that the estimated model that fits the experimental data 

is reasonable.  

Fig. 1(a) shows the actual experimental data versus predicted data of lignin residue (%) 

which was generated from the quadratic equation model. The normal probability plot was 

also presented in Fig. 1(b). The plot indicates that the internal studentized residual (different 

between actual and predicted data) follow a normal distribution and form an approximately 

linear line. 

Table 3: Statistical analysis 

Source of 

variation 

Sum of 

squares 

Degree 

of 

freedom 

Mean 

square 

F 

Value 

p-value 

probability 

Model 3461.364 9 384.596 17.970 0.0027a 

A-microwave 

power 

2676.254 1 2676.254 125.049 < 0.0001a 

B-temperature 3.302 1 3.302 0.154 0.7106b 

C-time 183.792 1 183.792 8.588 0.0326a 

AB 227.281 1 227.281 10.620 0.0225a 

AC 8.009 1 8.009 0.374 0.5675b 

BC 25.259 1 25.259 1.180 0.3269b 

A^2 164.746 1 164.746 7.698 0.0392a 

B^2 193.104 1 193.104 9.023 0.0300a 

C^2 17.249 1 17.249 0.806 0.4105b 

Residual 107.008 5 21.402 
  

Lack of Fit 85.259 3 28.420 2.613 0.2888b 

Pure Error 21.750 2 10.875 
  

Correction total 3568.373 14 
   

R² 0.970 
    

Adj R² 0.916 
    

Value of p-Value < 0.0500 indicate model terms are significant 
aSignificant 
bNot Significant 

 

Fig. 1: (a) Correlation of normal probability of internal studentized residuals, and  

(b) actual conversions and values predicted by model. 
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3.2  Effect of Individual Parameters: Microwave Power, Temperature Setting and 

Irradiation Time on Lignin Removal 

The effects of three microwave parameters on the alkaline treatment of CSW are shown 

in Fig. 2. The lignin removal was improved significantly by the increase of microwave 

power from 200 W to 400 W in Fig. 2(a). In particular, CSW treatment at 80 °C for about 

20 minutes increased the lignin removal up to 40% by raising microwave power from 200W 

to 250W. These results indicate that the microwave power probably help break down the 

structure of CSW. However, upon increase of temperature and time at 200 W microwave 

power, the lignin removal only slightly changed as shown in Fig. 2(b) and (c). Upon the 

increase of temperature from 60 °C to 70 °C, the lignin removal approximately increased 

up to 14% and reach similar percent removal started from 75°C to 80 °C when CSW 

exposing 400W of irradiation for about 20 minutes. Lignin removal on CSW at 400 W 

irradiation and temperature setting about 80°C which varying irradiation time was 

apparently not effective. Based on the observation in Fig. 2(c), the percentage of lignin 

removal only improved 7% when the time was increased from 10 to 15 minutes and as of 

beyond 15 minutes the lignin removal started to decline as the percentage removing was too 

small. Since the longer irradiation time was less effective for reducing the lignin content, 

shorter duration would be more economical due to low power consumption [21]. Duan et 

al. [22] had studied the effects of microwave temperature, microwave time, and 

hydrochloric acid concentration on characteristics and pyrolysis behaviour of lignin. Their 

results show that microwave temperature applied the most significant influence on lignin 

conversion at 600 W. Thus, at high microwave power, temperature is elevated. Response 

surface area reveals the effect of temperature at different microwave power.   

 

 

Fig. 2: (a) Effect of various individual parameters: microwave power, 

(b) temperature setting and (c) irradiation time on the lignin removal from CSW. 

One parameter was varied while others are kept constant at their centre point. 
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3.2.1 Response Surface of Lignin Removal 

Figure 3 illustrates the plots of interaction between the three microwave parameters on 

the lignin removal from CSW. These plots exhibit correlation between two variables, with 

one variable fixed at various levels. The increase of lignin removal had been affected 

dominantly by the increase of microwave power and temperature as compared to irradiation 

time. These results conform to the finding made by Vardhini et al. [23] on banana fibre. 

Among the interaction between respective parameters, the irradiation time was observed to 

be less effecting in achieving the objective of removing lignin. Furthermore, combination 

of high microwave power and temperature significantly increased the lignin removal.  

Overall, the microwave parameters that maximally removed lignin from the CSW under 

caustic mixture for this study (Fig. 2a, b, and c) were 400 W, 76 °C and 19 min where 

86.57% lignin was removed. Further increase of microwave power and temperature may 

find an optimum point but the study was continued due to the limitation of our microwave 

oven.  

 

 

Fig. 3: RSM 3D plots of interaction between (a) microwave power and temperature, (b) 

microwave power and irradiation time and (c) microwave temperature and irradiation time 

in removing lignin from CSW in the presence of NaOH. 

3.2.2 Thermogravimetric Analysis (TGA) 

Thermogravimetric analyses were performed to observe any change in thermal 

degradation profile of CSW after the treatment. Fig. 4 exhibits the TGA result of raw CSW 

and treated CSW. The weight of both samples firstly dropped until the temperature 120°C 

due to removal of unbound and bound water [24] or also known as drying period [25]. When 

heating temperature reached 230 °C, components which are believed [26] hemicellulose and 

cellulose started to decompose. Finally, different dropping trend possessed by raw CSW at 

higher temperature indicating that lignin content in the treated CSW has been decreased 

[26].   After analysis, it was found that the residual weight of raw CSW 11% lower compare 

to raw CSW. When the treated fibres were  subjected  to  heat,  less  chars  were  generated  

and resulting  in  lower  amount  of  residual  weight [27].   

3.2.3 Scanning Electron Microscopy (SEM) 
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The changes in morphology of CSW were observed using scanning electron 

microscopy (SEM). Fig. 5 shows the significant effect of microwave of the alkali treatment 

of CSW. The surface of treated CSW in Fig. 5(b) seems rougher as compared to un-treated 

CSW in Fig. 5(a). The result is supported by the study carried out by Pua et al. [28] who 

found similar morphology result when they treated cocoa pod husk (CPH) using the same 

alkaline. During their treatment, hemicellulose component including lignin had been 

removed and left mesoporous structure on the surface. The rough surface may provide more 

surface area for adhesion. 

 

Fig. 4: Thermogravimetric analysis result for both CSW. 

 

 

Fig. 5: SEM image with 2000 magnification for 

(a) untreated CSW sample and (b) treated CSW sample. 

3.  CONCLUSION 

A microwave-assisted alkali treatment process is an alternative approach in quickly 

breaking the structure and removing lignin from CSW for preparation of bio composites. 

This approach is simple, easy and rapid. The results are successfully modelled using Box-

Behnken design in the response surface methodology. The maximum removal of lignin up 

to 86.57% was obtained at the microwave power, temperature and irradiation time of 400 

watt, 76 ºC, and 19 min, respectively. Removal of components within lignin decomposing 

temperature and change of CSW surface were shown by TGA and SEM analyses, 

respectively. 

Residue 19.4% 

Residue 8.3% 

raw CSW 
treated CSW 

10 m 10 m 
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