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ABSTRACT
The growing concern about the safety of synthetic preservatives has led to a greater demand for natural options, such
as liquid smoke. This research investigates the generation of liquid smoke from coconut shells through microwave-
assisted pyrolysis. The focus is specifically on the effects of different carbon absorbents under various operating
conditions on the process. Activated charcoal, biochar, and regular charcoal were used. Temperatures of 180, 230,
and 280°C, particle sizes of 1, 2, and 3 mm, and heating durations of 5, 10, 15, 20, 25, and 30 minutes were all
predetermined. The results of this study found that activated charcoal was the most effective absorber, reaching
114.67% efficiency at 3 mm. The yield of liquid fumes was greatly influenced by temperature and particle size. At
180°C, 2 mm particles gave the highest yield (23.99%), while at 230 and 280°C, 3 mm particles gave better results
(30.43% and 34.40%). Overall, the best yield was 31.13% achieved at 255°C, particle size of 2.8 mm, and 28.7 min
heating. These results show that choosing the right carbon absorbent and setting the operating conditions really

matter for making good liquid smoke with microwave-assisted pyrolysis.
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INTRODUCTION
The use of formalin as a food preservative in Indonesia remains a significant concern. The data show that
66% of the 786 fish samples tested contain formalin.! This compound is harmful to health because it can
bind to the proteins of the human body, with a safe threshold of only 0.2 mg/kg of body weight.? This
condition encourages the need for safer natural preservative alternatives, one of which is liquid smoke.
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Liquid smoke is produced through the pyrolysis process of biomass such as coconut shells, wood, or rice
husks. The pyrolysis process produces active compounds such as phenols, carbonyls, and organic acids
that function as antimicrobials and antioxidants,>® so that it has a longer shelf life. One of the raw
materials for making liquid smoke, coconut shell, is an ideal raw material because of its high lignin
content (29.4%), which produces optimal phenolic compounds in liquid smoke, so it can be used as a food
preservative that acts as an antioxidant and antimicrobial.” Liquid smoke from coconut shells showed
peak yields of phenols (7.32%) at 600°C for 120 min, acetic acid (92.30%) at 500°C for 120 min, and
carbonyls (32.56%) at 400°C for 60 min.**? According to Hasan Ashari Oramahi et al. (2022) claimed
that at 440°C, the production of liquid smoke from coconut shells was 31.31% and the pyrolysis process
time was 124 min.!° The development of liquid smoke in Indonesia is certainly very promising, because
the basic material for making its biomass waste is quite abundant in Indonesia. The potential for the
utilisation of coconut shell waste is very abundant.!! One promising technique for producing liquid smoke
is Microwave-Assisted Pyrolysis (MAP). Compared to conventional pyrolysis, this method provides more
uniform heating, shorter reaction times, and greater energy efficiency.!>!3 The process is further enhanced
with the use of microwave absorbers, such as activated carbon, which efficiently capture the energy of the
microwave then convert the energy into heat.!+'8

EXPERIMENTAL
Materials and Equipment
The raw material in this study was coconut shells obtained from the Dampit area of Malang. The water
used as a coolant in the condenser was well water. Different types of carbon absorbents are activated
charcoal, biochar, and regular charcoal. Instruments included TGA, GC-MS and microwave-assisted

pyrolysis.

Experiment Apparatus

The main equipment used was an 800W, 220V microwave with a 1250W input, operating at 2450 MHz
and measuring 48.5 x 37 x 29.25 cm. This MAP method used a two-brand Pyrex neck flask with a size of
500 mL (d = 9.85 cm). The pyrolysis setup included a condenser and a cooling trap for collecting tar-
heavy fractions and light fractions of liquid smoke. In addition, it was also equipped with a temperature
control on the microwave to control the desired temperature.

Procedure Experiment

Coconut shells were first dried in sunlight and then ground into particle sizes of 1, 2, and 3 mm. For each
experiment, 50 grams of the dried shell particles were combined with a microwave absorber-activated
charcoal, biochar, or regular charcoal at a proportion of 10% of the weight of the entire combination.
Heating is applied to the mixture of ingredients using MAP at 180-280°C for 5-30 minutes. The
pyrolysis process produced three fractions: light gas, heavy tar, and solid charcoal. The light gas passed
through the condenser, where it cooled and condensed into liquid fumes. The non-condensed methane gas
was released, and the viscous liquid smoke was captured in the cooling trap. After the solid charcoal was
pyrolysed, the heavy tar was collected and stored separately after passing through the condenser. 50 g of
coconut shells and two flask necks were placed in a microwave along with a 10% reducer. Different heat
levels and periods during pyrolysis resulted in smoke, which was then condensed. Condensers were used
for condensation and cooling, which produced liquid fumes. In the cooling trap, viscous liquid smoke was
collected. Any remaining smoke that was not collected in the cooling trap and passed to a second
condenser produced tar. During this procedure, the resulting tar was collected and stored in different
storage places. The percentage of liquid smoke yield was one of the important components in assessing
the quality of the process. The yield was computed as a proportion of the raw materials utilised; greater
results indicated better quality processes. The following Eq.-1 was used to calculate the percentage of
liquid smoke yield":

- weight of liquid smake (gr)
Yield (%) = 1009
teld (%) weight of raw material (gr) ’ M

208
COCONUT SHELLS VIA MICROWAVE-ASSISTED PYROLYSIS S.P.A. Anggraini et al.



RASAYAN J. Chem.
Vol. 19 | No. 1 |207-216 | January-March | 2026

Analysis of Chemical Components of Liquid Smoke

The liquid smoke’s chemical composition was determined through Gas Chromatography—Mass
Spectrometry (GC-MS) analysis. First, the raw liquid smoke was extracted with ether, and the ether
fraction containing the target compounds was separated and collected. This step was repeated several
times, and the collected ether fraction was then combined and concentrated with the help of a nitrogen gas
stream until about 1 mL remained. The GC-MS apparatus was then used to analyse the concentrated
sample under particular parameters, such as EI ionisation at 70 eV, injector and detector temperatures of
290°C and 280°C, and a 30-meter Rtx-SMS column. The column temperature rose from 70°C to 230°C at
5°C/min, using helium as the carrier gas (60 mL/min, 13.7 kPa).

Response Surface Approach for Optimisation

The pyrolysis process for liquid smoke production was optimised using Response Surface Methodology
(RSM). The three main operational variables analysed were the raw material's size (1, 2, and 3 mm),
heating time (5-30 min), and microwave temperature (180, 230, and 280°). The study used Design Expert
Program version 13 software with an FCCD design, which resulted in 20 experimental units to identify
optimal conditions. Thus, the RSM served to determine the best combination of these three important
factors (temperature, size, and time) to increase the amount of liquid smoke that can be produced from
coconut shells, as indicated in Table-1.

Table-1: Range and Level of Independent Variables

Variables Symbol coded 1 Rangg and levels 1
Temperature (°C) X1 180 230 280

Size (mm) X2 1 2 3
Time (minute) X3 10 20 30

Regression analysis was applied to estimate the response function, leading to the development of first-
order polynomial equations, as presented in Eq.-2:

Y =B+ E:(=1ﬂi.i'; +EE, iz )y jf:: Bijxx, T (2)

The expected response (Y) was predicted using first-order polynomial regression equations. In this
equation, there was a regression constant, whereas Bof:, Fifi; was a coefficient representing the linear,
square, and interaction effects of variables coded (*:, ) and *je The error model was denoted by &.1°

RESULTS AND DISCUSSION
TGA (Thermogravimetric Analysis) of Coconut Shell
Figure-1 presents the TGA/DSC curve of an 8.0239 mg coconut shell sample analysed under inert
conditions, heated from 0-600°C at 10°C/min. TGA was used to measure changes in sample weight as
temperature or time increased.
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Fig.-1: Coconut Shell Analysis using TGA and DSC. TGA/DSC Curve (TGA is black and DSC is red)

Analysis of the TGA and DSC shows that the thermal degradation of coconut shells takes place in four
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main stages, as shown in Fig.-1. The first stage begins at a temperature of about 65—68°C, characterised
by water evaporation and a decrease in mass of about 6%. The second stage (65-240°C) involves the
decomposition of hemicellulose as well as the release of volatile compounds such as furfural and acetic
acid with a mass decrease of £9%. The third stage (240—-400°C) is the main phase of cellulose and lignin
decomposition, producing compounds such as phenol and carbonyl, with a mass reduction of up to 96%.
At this point, the DSC curve indicates an exothermic peak around 400°C, releasing approximately 2520
MW of heat. The fourth stage (400-512°C) shows the further decomposition of lignin and other heavy
compounds with an additional mass decrease of +10%. Overall, these results show that the thermal
stability of coconut shells is affected by the content of water, hemicellulose, cellulose, and lignin that
decompose gradually as the temperature increases.

Comparison Yield of the Effectiveness of Different Carbon Absorbers
Table-2 displays the yield comparison of various carbon absorbers in terms of creating liquid smoke.

Table-2: Comparison of Effectiveness using Various Kinds of Carbon Absorbents

Temperature (C) Absorbent Type Material Size Effectiveness (%)
1 mm 57.10
180 Activated charcoal 2 mm 79.97
3 mm 69.70
1 mm 68.63
230 Activated charcoal 2 mm 87.57
3 mm 101.43
1 mm 78.17
280 Activated charcoal 2 mm 90.87
3 mm 114.67
1 mm 43.37
180 Biochar 2 mm 66.96
3 mm 54.90
1 mm 49.30
230 Biochar 2 mm 74.33
3 mm 103.29
1 mm 67.27
280 Biochar 2 mm 83.60
3 mm 103.71
1 mm 37.13
180 Regular charcoal 2 mm 51.03
3 mm 47.50
1 mm 46.42
230 Regular charcoal 2 mm 62.93
3 mm 82.34
1 mm 60.71
280 Regular charcoal 2 mm 76.60
3 mm 99.41

Table-2 shows that activated charcoal had the highest effectiveness (114.67%) at a particle size of 3 mm,
followed by biochar and regular charcoal. This is because activated charcoal has the largest porosity and
surface area, so it is able to absorb and transfer microwave energy efficiently.?’ The heat generated is
evenly distributed, accelerating the decomposition of biomass and increasing the production of liquid
fumes.?! The effectiveness increases with the particle size to the optimal point, which is 3 mm. Particles
that are too small (1 mm) easily overheat and cause the formation of non-condensable gases, while 3 mm
provides the best balance of energy absorption and penetration. Temperature also plays an important role;
an Increase from 180°C to 280°C increases the effectiveness of all types of absorbents.?” The best
conditions are achieved at 280°C with 3 mm of activated charcoal. Activated charcoal utilises high
temperatures more efficiently due to its large surface area and micropores (500—1500 m?/g)?, accelerating
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the thermal degradation of biomass and producing liquid smoke with optimal phenol and carbonyl
content.’* The porous structure and functional group of oxygen facilitate the conversion of microwave
energy into even heat, making it the most effective absorbent in the microwave pyrolysis process.?’

Comparison of Absorbent Type Use to Liquid Smoke Yield using a MAP

The total use of absorbents in coconut shell raw materials for the manufacture of liquid smoke produced
differences in liquid smoke yields. The type of absober affected the yield of liquid smoke. This was
displayed in Fig.-2 below.

33,4
23,45
- 20 27,26 32,49
21,55 25,34 3 2
28,67
18,13 2 21,68 30
20 16,92 g = =L
= 13,01 - =
£ § = % 20 15,29
12,22 — i
: 9.57 3 sctveda & 15 —&— actived charcoal
= —— regular chdfcoa - 9,56 —e— biochar
5,65 bioch 10 7,52 —e—biochar 10
—e— biochar N —=a— regular charcoal
—a&— =ctived charcgs - 8 £
R o
10 20 30 40 4 < 10 = o = o o 10 20 30 40
Time (min) Time (min) Time (min)

Fig.-2: Percentage Comparison of Results using different Types of Carbon Absorbent using the MAP Method (a)
Particle Size 1 mm; (b) Particle Size 2 mm; (c) Particle Size 3 mm

Activated carbon is particularly effective as an absorber of electromagnetic waves due to its extensive and
complex pore structure. The waves are not reflected, but enter and are trapped inside the pores until they
lose energy, thus increasing the efficiency of radiation absorption.?®?” Large surface area allows for more
interaction with waves, while high thermal conductivity helps to efficiently absorb and disperse heat.
Double reflection in the pores strengthens radiation absorption.?® Increased conductivity is proportional to
increased pore size.?” Activated charcoal serves as a microwave absorber during the pyrolysis of coconut
shells, speeding up heating and enhancing the quality of the liquid fumes. Without activated charcoal,
liquid smoke remains formed, but with lower purity.3® Microwaves accelerate pyrolysis reactions through
the mechanism of dipole rotation and ionic conduction. The charged molecules move along the electric
field of microwaves, causing an intermolecular collision and increasing the reaction activation energy.’!
Heating occurs evenly without direct contact, resulting in efficient heat distribution and shorter processing
times.>

Comparison of Material Size to Liquid Smoke Yield using MAP

Using different coconut shell sizes affected liquid smoke yield, as shown in Fig.-3. Figures-3(a), 3(b), and
3(c) show yield variations at 180°C, 230°C, and 280°C for different material sizes. At 180°C, the highest
yield was 2 mm particle size of 23.99%. Meanwhile, at 230 and 280°C, the highest yield was produced at
3 mm sizes of 30.43% and 34.40%. This was explained by the principle of mass displacement. One key
factor affecting liquid smoke yield was coconut shell particle size.

40 40
—e—1mm —E— lam —a— lmm sosp P

a8 . ;mm W —&—Zmm 2042 —: 25,87 .
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Yield (%)
Yield (%)
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(a) (b) (c)
Fig-3: Percentage Comparison of Results using different Particle Sizes using the MAP Method: (a) 180 °C; (b)
230 °C; (c) 280 °C
During the pyrolysis of coconut shell, particle size significantly influences the evaporation kinetics and
product distribution. Finer particles (1-2 mm) possess higher specific surface areas than coarser ones (3
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mm), promoting rapid surface decomposition and volatile release.?* Conversely, larger particles exhibit
slower decomposition rates, allowing prolonged diffusion of reaction intermediates toward the surface
and consequently increasing liquid smoke yield.** Particle size also governs mass and heat transfer during
pyrolysis.>> Smaller particles enhance mass transfer due to their larger surface-to-volume ratio?, while
larger particles favour longer heat retention, extending residence time and facilitating more complete
pyrolysis reactions.*® The process generally proceeds through two stages: heating and decomposition.?’

In larger particles, the formation of less oxidised zones enables more uniform thermal degradation,
whereas smaller particles experience faster heating and earlier reaction completion, leading to reduced
liquid smoke yields. Thermal conductivity further determines the efficiency of heat transfer within the
particles. Particles with higher conductivity distribute heat more effectively, accelerating pyrolysis.*® In
contrast, particles with lower conductivity, such as those of 3 mm size, undergo slower heat transfer,
allowing extended reaction time and higher liquid smoke production.’® At 180°C, 2 mm particles
produced the highest yield, attributed to their optimal balance of surface area and internal heat distribution.
Meanwhile, 3 mm particles exhibited uneven heat transfer and reduced liquid yield due to slower internal
heating and less uniform temperature distribution.

Statistical Analysis Model Fitting

RSM response used the FCCD method using the Design Expert version 13 program. The results of the
experiment used RSM with a yield response of 20 experimental units. In this optimisation result, the free
variable A was temperature (‘C), B was size (mm), and C was time (min) with 1 response, namely liquid
smoke yield. The experimental yield varied between 6.51% and 30.43%. ANOVA analysis (Table-3)
revealed that the chosen 2FI model was statistically significant (p < 0.0001), demonstrating that
temperature, particle size, and time all significantly influenced the yield.

Table-3: ANOVA of Linear Response Models Identified Key Factors Influencing Liquid Smoke Yield

Source Sum of Squares df Mean Square | F-value p-value
Model 795.09 6 132.51 82.03 <0.0001 significant
A-temperature 110.97 1 110.97 68.70 <0.0001
B-size 147.83 1 147.83 91.51 <0.0001
C-time 485.07 1 485.07 300.27 <0.0001
AB 44.32 1 44.32 27.44 0.0002
AC 0.5768 1 0.5768 0.3571 0.5604
BC 6.32 1 6.32 3.91 0.0695
Residual 21.00 13 1.62
Lack of Fit 18.53 8 2.32 4.70 0.0526 Not significant
Pure Error 2.47 5 0.4933
Cor Total 3816.09 19

As shown in Table-3, the model was highly significant (F = §2.03) with only a 0.01% chance of error due
to noise. The p-value (<0.05) confirmed that temperature (A), particle size (B), time (C), and their
interaction (AB) significantly affected the yield response, while terms with p > 0.1 were insignificant. The
Lack of Fit test (F = 4.70, p = 0.0526) indicated a moderate model inaccuracy, though still acceptable
within the 5% error margin. As presented in Table-4, the model exhibited strong predictive accuracy with
R? = 0.9624 and Adjusted R? = 0.9128 (difference < 0.2). The high R? value indicated that most of the
variation in yield was explained by the model variables. The Adeq Precision ratio of 30.361 (>4) further
confirmed a sufficient signal-to-noise ratio, validating the model’s reliability for process optimisation.
Tabel-4: Model Analysis for Response

Model R? Adjusted R? Predicted R? Adeq Precision
2F1 model 0.9743 0.9624 0.9128 30.3614

Optimisation of Coconut Shell Liquid Smoke

Response surface analysis identified the ideal MAP parameters for producing coconut shell liquid. The
interaction between temperature, particle size, and time on yield percentage is illustrated in Fig.-4 and
expressed through the linear regression model in Eq.-3.
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Y=17.13+3.72A+430B+6.96 C+3.33 AB+0.3797 AC+ 1.26 BC 3)

The contour and response surface plots (Fig.-4) illustrate the relationship between yield percentage and
the independent variables are temperature, particle size, and heating time.** An optimal point located near
the plot centre indicates that the model accurately represents the variable—response relationship for liquid
smoke production using the MAP method with activated charcoal as an absorbent.
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Fig.-4: The Influence of Temperature and Size (a), Temperature and Time (b), and Size and Time (c) on the
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The effect of temperature and particle size on liquid smoke output is shown in Fig.-4(a). The

correspondence between actual (red/white) data points and the predicted surface confirms the model’s

accuracy. The colour gradient and contour indicate the optimum yield at higher temperatures (280°C) and

medium particle size (2 mm). Figure-4(b) shows the interaction between temperature and time, where the

nearly flat surface suggests a linear relationship. Yield increases consistently with higher temperature and

longer heating time, indicating weak interaction between these variables. Figure-4(c) presents the

interaction between particle size and time. The linear and sloping surface implies that both factors
independently influence yield with minimal interaction effects.

Table-5: Optimal Values of Variables and Responses
Temperature | Size | Time | Yield | Desirability
254,950 2,841 | 28,693 | 31,133 1,000 Selected

Optimal yield (31.13%) was obtained under conditions of 255°C, 28.7 minutes heating time, and 2.8 mm
particle size. The desirability value of 1.000 indicated a 100% model accuracy, confirming the reliability
of these parameters as the optimal conditions. As shown in Fig.-5(a), the contour plot of temperature
versus size displayed a desirability of 1.000 (red region) at a time of 28.69 min, indicating high model
precision. Similarly, Fig.-5(b) illustrates the temperature—time contour, showing a desirability of 1.000 at
a particle size of 2.84 mm, further validating the optimization results. Figure-5(c) presents the contour
plot of size versus time, showing an optimum desirability value of 1.000 at an actual temperature of
254.95°C.

Diesirabilizy

Ls

[ R “I. - ! li‘c] ! et
Fig.-5: Contour Plot Desirability: (a) Time to Yield Response; (b) Size to Yield Response; (¢) Temperature to Yield
Response
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Figure-6 shows the relationship between expected and actual liquid smoke yields. The data closely follow
a linear trend, indicating strong agreement between experimental results and the predictions from Design
Expert 13.

Predicted vs Actual

Predicted

T T T T
5 10 15 20 25 30 35

Actual

Fig.-6: Distribution of Actual Values and Predicted Values

The predictive versus actual value plot demonstrated high model accuracy and good experimental
precision, as data points closely followed the linear trend, indicating strong agreement between predicted
and observed results.
CONCLUSION

In the MAP process, activated charcoal was the most effective absorbent, achieving 114.67%
effectiveness at a 3 mm particle size, superior to biochar and regular charcoal. Liquid smoke yield varied
with temperature and particle size: 23.99% at 180°C (2 mm), 30.43% at 230°C, and 34.40% at 280°C
(both 3 mm). The optimal yield of 31.13% occurred at 255°C, 2.8 mm, and 28.7 min. MAP using
activated charcoal and 3 mm particles proved efficient for producing high-quality coconut shell liquid
smoke, offering promising potential for food industry applications.
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