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Abstract: The size distribution, total particle mass concentration (TPMC), polycyclic aromatic
hydrocarbons (PAHs) value, and total Benzo[a]pyrene Toxic Equivalence (BaPTE) concentration
of smoke particles from palm oil sewage sludge (POSS) bio-char combustion were studied. In
this experiment, temperature data of the POSS bio-char combustion were recorded in two parts:
particle temperature (Tp) by using a two-color pyrometer and temperature at 300, 500 and 800 mm,
respectively, above the fire base by using K-type thermocouples. The POSS bio-char moisture content,
clean air speed values, and burning period affected the change of temperature above the fire base.
The mass median aerodynamic diameter (MMAD) values of the POSS bio-char combustion were
found to be 0.44 to 1.05 micron at various moisture contents and burning periods. The MMAD,
TPMC, and PAHs values increased with increasing moisture content and decreased the POSS bio-char
combustion period. For the total BaPTE values, the results showed that the decrease in moisture
content of the POSS bio-char samples had a prime influence in decreasing the total BaPTE values.
Meanwhile, with decreases in the clean air speed values, the total BaPTE values were increased. Com-
paring the total BaPTE data between the experimental results and predicted values, the first-degree
model had a better fit in predicting than the zero-degree model; this result was confirmed by the
higher mean of the coefficient of determination.

Keywords: POSS bio-char combustion; benzo[a]pyrene toxic equivalence; size distribution;
prediction; PAHs

1. Introduction

Oil palm (Elaeis guineensis) is a well-known economic crop throughout the world [1].
In Thailand, oil palm generates an income similar to rice (Oryza sativa L.) and para rubber
(Hevea brasiliensis) [2,3]. In 2018, the oil palm plantation area in Thailand was 0.94 million
hectares, producing 15.5 million tons of palm oil. [4]. Recently, Thailand has become the
world’s third-largest producer and exporter of palm oil [4,5], primarily due to the increased
usage of biodiesel internationally. This usage of biodiesel is driven by increasing petroleum
price, and so crude palm oil (CPO) consumption has also increased [5–7].

The yield of CPO is about 17–20% of the fresh fruit bunch (FFB) [8]. In the CPO
process, decanter cake or palm oil sewage sludge (POSS) is the semi-solid residue obtained
after the dehydration of palm oil mill effluent (POME). During the oil extraction and
cleaning process, the report of Chavalparit et al. [9] showed that an average value of 42 kg
POSS per ton of FFB is generated by palm oil mills. Meanwhile, the report of the Office of
Agricultural Economics [4] showed that palm oil production is about 15.5 million tons per
year, and the production of POSS is forecasted to be 651,000 tons.

Reviews of Renewable Energy Source (RES) produced from the sewage sludge (SS)
of industry wastewater treatment plants were discussed as follows. The study of Begum
et al. [10] shows that SS should be considered a good RES due to the fact that energy
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generation from SS produces substantially lower air pollution emissions than energy
produced from fossil fuel combustion. For POSS, the reports of Chavalparit et al. [9] and
Paepatung et al. [11] show that POSS comprises high mineral, fat, and protein content. Thus,
it is used in biogas production, soil cover materials, and fertilizer in oil palm plantation
areas. The report of Photong and Wongthanate [12] shows that POSS has a good potential
as a future energy source, because it has recently been used as renewable energy source for
power generation and as furnace combustion material.

Smoke particles and polycyclic aromatic hydrocarbons (PAHs) are produced by the
incomplete combustion of carbonaceous materials [13–16]. The physicochemical properties
of smoke particles and PAH profiles from the combustion of various kinds of raw ma-
terials such as rubber wood [17–21], bamboo wood [22–24], and rice husk [25–27] were
investigated. The results of the smoke particles and PAHs emissions were found to de-
pend on the moisture content, fuel type, amount of excess air, and the biomass blending
ratio [17,18,28]. However, there is a lack of understanding of important parameters that
significantly influence the emission of smoke particles and are associated with PAHs from
POSS combustion under different combustion conditions. Until now, there has been no
research on the smoke particle parameters, PAHs, and the prediction of the potential human
health risks by analyzing the total Benzo[a]pyrene Toxic Equivalence (BaPTE) values from
POSS bio-char combustion.

Thus, this article focuses on the characteristics of smoke particles, PAHs, and the
prediction of the total BaPTE values in the emissions from POSS bio-char combustion.
The characteristics include size distribution, concentration, and PAH components. The
effects of the POSS bio-char burning period, clean air speeds, and moisture content on the
smoke particles and PAHs emission are elaborated upon. This study should be useful for
helping to solve energy decreases, environmental problems, and potential future human
health risks.

2. Materials and Methods
2.1. Materials

The raw materials (POSS) used in this study were produced at a palm oil industry
wastewater treatment plant in Chumphon Province, Thailand. The original material was
sun dried for approximately five days before undergoing pyrolysis at 500 ◦C for two hours.
Then, the POSS bio-char was sprayed with water, collected, and stored in a refrigerator
until the moisture content was 60% on a dry basis (d.b.). POSS bio-char samples, which had
a moisture content of 15%, 30% and 45% d.b., were prepared by using an electric air oven
(Mammert 400, Swabach, Germany) at 50 ◦C, while the completely dried POSS bio-char
samples were dried at 103 ◦C in an electric air oven for 24 h until a constant weight was
reached [17,29]. A photograph of the POSS bio-char is shown in Figure 1.

2.2. Sampling Methods

In each experimental condition, 10.0 kg of POSS bio-char sample was burned in the
combustion system. During combustion, the air speed conditions were set at 0.1, 0.2,
and 0.3 m/s by using a centrifugal blower (Nitco, model RB60-520, Hessdorf, Germany).
Dependent on the bio-char sample’s initial average moisture condition, they were divided
into four groups of 15%, 30%, 45%, and 60% d.b. There were five repetitions for every
sample experimental group. Thus, 420 bits of data (12 run × 7 time × 5 repeat) were
used for the construction of these models. The source smoke particles from the oven were
sampled by three groups of apparatus to determine the size distribution, total concentration,
and PAHs values. (Figure 2).

2.3. Temperature Measurement

In this study, the temperature measurement was divided into two parts: particle
temperature (Tp) and the temperature at 300, 500 and 800 mm, respectively, above the fire
base. For the particle temperature, it was measured and considered at 100 mm above the
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fire base by using a two-color pyrometer (Advanced Energy, Impac 8 pro Series, New York,
NY, USA). The principle of this apparatus is comparing the radiation source intensities
emitted at 550 and 700 nm wavelength ranges. Meanwhile, the temperature data at 300,
500 and 800 mm, respectively, above the fire base were measured by using a data logger
(Data-Taker, DT500, Melbourne, Australia) and K-type thermocouples. The temperature
data were recorded and considered after the POSS bio-char was burned for 5, 15, 25, 35,
45, 55, and 65 min, respectively. The experimental data logger continuously recorded the
temperatures at 1 min intervals.
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2.4. Smoke Particles Size Distribution

The size distribution and the geometric standard deviation (GSD) value of the smoke
particles from the bio-char combustion were recorded and calculated by collecting particles
by using an 8-stage Andersen air sampler (Dylec, AN200, Tokyo, Japan). This sampler
had cut-sizes of 0.43, 0.65, 1.1, 2.1, 3.3, 4.7, 7.0, and 11.0 micron. Meanwhile, the smoke
particles which had a dimension smaller than 0.43 micron were collected at the bottom
stage by a backup filter. The experimental air flow rate was set at 28.3 lpm by using a flow
controller system (Figure 2). For each stage of the air sampler, a quartz-type fibrous filter
(ADVENTEC, QR-100, Tokyo, Japan) with a diameter of 80 mm was placed on the glass
plate and used to collect the smoke particles. The particle size distribution was measured
after the bio-char had burned for 5, 15, 25, 35, 45, and 55 min, respectively, and each
experiment was taken over 5 min. The GSD value of the smoke particles could be calculated
from Equation (1) [30], while the mass median aerodynamic diameter (MMAD) value was
defined as the aerodynamic diameter at 50% of the cumulative oversize percentage of the
smoke particles.

GSD =
d84.1%

d50%
=

d50%

d15.9%
(1)

2.5. Total Smoke Particle Mass Concentration

A vacuum air sampler (Daikawa, 2VP-120L, Tokyo, Japan) was used to collect the total
particle mass concentration (TPMC) of the smoke particles from the bio-char combustion.
A 110 mm-diameter quartz-type fibrous filter (ADVENTEC, QR-100, Tokyo, Japan) was
placed in the filter holder. The experimental air flow rate was set at 100 lpm by using the
flow controller system (Figure 2). The TPMC value was measured and calculated under
the same conditions as for the particle size distribution.

2.6. Analysis of PAHs Extraction

PAHs were the priority pollutants [31] and could be divided into sixteen forms, including
Acenaphthene, Acenaphthylene, Anthracene, Fluorene, Phenanthrene, Indeno[1,2,3-cd]pyrene,
Naphthalene, Pyrene, Chrysene, Fluoranthene, Dibenz[a,h]anthracene, Benz[a]anthracene,
Benzo[a]pyrene, Benzo[b]fluoranthene, Benzo[k]fluoranthene, and Benzo[g,h,i]perylene as
defined by the United States Environmental Protection Agency (USEPA). In this study, PAHs
on the sampled filter were extracted by using an ultrasonic extraction technique (USE).
Small pieces of the filter sample (about 5 × 5 mm) were ultrasonically extracted twice in
ethanol:benzene (1:3, v/v) for 15 min each. After the addition of 50 µL of dimethyl sulfoxide,
the extracted solution was concentrated by using a rotary evaporator (Buchi, Switzerland) to
remove the benzene and ethanol, and the filtrate was then kept in a refrigerator at −20 ◦C
prior to analysis.

2.7. HPLC Analysis

Following the procedure established in a previous report [32,33], HPLC/UV detection
was used for the detection of polycyclic aromatic hydrocarbons in the environmental
samples. In this study, the polycyclic aromatic hydrocarbons were extracted and analyzed
by using liquid chromatography (1100, Agilent Technologies, Waldbronn, Germany) with
ultraviolet absorption detection. The mixtures and extracts were injected into a UPS C-
18 reversed-phase column (particle size 5 µm, 250 mm length, 4.6 mm diameter, Hibar
Fertigsaube RT, Darmstadt, Germany) with a guard column. The mobile phase was a
mixture of water and acetonitrile with gradient elution and a flow rate of 1.0–1.2 mL/min.
The wavelength of the UV detector was 254 nm for each PAH. The external standard
solutions were prepared from sixteen PAH mix standards [34]. Qualitative analysis of
the PAHs was based on the comparison of the UV spectra and retention time values with
reference standards by using the Chemstation program.
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2.8. Toxic Potency Assessment of PAHs

For the potential health risks of exposure to PAHs, the total BaPTE concentration
contributed by the PAH components were calculated from [35]:

BaPTE = ∑
i
(PAHi × TEi) (2)

where PAHi and TEi were the PAHs component measured concentration and toxicity
equivalent factor of i-th.

2.9. The Total BaPTE Concentration Value Expression

The rate reaction equations, zero and first order, were used to predict the total of
BaPTE concentration value change in the bio-char combustion. For the zero order, the
reaction rate was constant at all times. Meanwhile, the reaction rate in first order depended
on the substrate concentration. Thus, the rate reaction equations could be written:

The zero-order rate reaction equation could be calculated from:

d(BaPTE)
dt

= kTp (3)

The first-order rate reaction equation could be calculated from:

d(BaPTE)
dt

= kTp(BaPTE) (4)

kTp is the temperature dependent rate constant (h−1) and t is the combustion time (h).
According to the Arrhenius equation, where Tp is the particle temperature (K), E

is the activation energy of the rate constant (J mol−1), R is the universal gas constant
(J mol−1 K−1), and A is the frequency factor (h−1). Thus, Equation (5) could be written:

kTp = A × exp
(
−E
RTp

)
(5)

Following a typical approach for two-color pyrometry, Wien’s law [36,37], Tp was
calculated by two-color pyrometry comparing the radiation intensity at 550 and 700 nm
recorded by the photo-multipliers. Thus, Equation (6) could be written:

Tp = α
λ1 − λ2

λ1λ2

[
ln(k

(
λ1

λ2
)5
)
+ ln(

I2

I1
)

]−1
(6)

λ1 = 550 nm, λ2 = 700 nm, α is the second radiation constant, k is the calibration
constant, I1 is the signal intensity of λ1 and I2 is the signal intensity of λ2, respectively.

The response surface methodology, or RSM, is a collection of statistical and mathe-
matical techniques that are useful for developing empirical model building, optimizing
processes parameters, and finding the interaction of several affecting factors. For an
equation to predict the Tp value changes during POSS bio-char combustion, the bio-char
moisture content (MR) and drying time (t) would be the input variables. Thus, the functions
were specified by Equation (7):

Tp = F(MR, t) (7)

It is agreeable to assume the random experimental error value was zero. The prediction
models Tp value changes could be calculated from Equation (8):

Tp = a0 + a1MR + a2t (8)
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Thus, Equation (5) changes to Equation (9):

kTp = A × exp
(

−E
R(a0 + a1MR + a2t)

)
(9)

2.10. The Total BaPTE Concentration Value Prediction

The total BaPTE concentration value change in bio-char combustion was predicted.
The zero- and first-order rate reactions could be given by:

The zero-order prediction models could be calculated from Equation (10):

BaPTE(t) = BaPTE0 + kTpt (10)

The first-order prediction models could be calculated from Equation (11):

BaPTE(t) = BaPTE0 + exp(kTpt) (11)

2.11. Statistical Analysis

The experimental data were analyzed for a factorial experiment with a completely
randomized design (CRD). The significant model terms were evaluated by the probability
value (p-value) at 95% confidence interval.

3. Results and Discussion
3.1. Temperature Resulting

For a clean air speed of 0.1 m/s and the lowest POSS bio-char moisture content
(15% d.b.), Figure 3 presents the Tp and temperature values of the POSS bio-char com-
bustion at varying distances above the fire base. The POSS bio-char combustion had
three phases: preheating, degassing, and charcoal, the same as para rubber wood com-
bustion [17] and others [38–40]. Figure 3 illustrates that the locations above the fire base
had a prime influence on the measured temperature values. Figure 3 shows the highest
temperature value of about 1145 ◦C was found 300 mm above the fire base in the preheating
phase. The temperature value decreased with the increasing the distance above the fire
base, while the highest Tp value was about 1382 ◦C in the same place as the distancing
temperature experiment.
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For a clean air speed of 0.1 m/s, Figure 4 shows that the POSS bio-char moisture
content had a prime influence on increasing temperature values above the fire base (the
chart is not shown for 45% d.b.). The temperature value decreased with increasing POSS
bio-char moisture content. This is the same result as para rubber wood combustion [17]
and others [38–40]. From Figure 5, where the clean air speeds were raised to 0.2 m/s and
0.3 m/s, respectively, the rise in clean air speed affected both the temperature values of
the POSS bio-char combustion, Tp, and the temperature at each location above the fire
base. At the same POSS bio-char moisture content (the chart shown for the lowest POSS
bio-char moisture content, 15% d.b.), clean air speeds increased with decreasing Tp and
temperature value at 300 mm above the fire base, but at 500 mm and 800 mm above the
fire base, the chart shows that the temperature increased. For this reason, the rise in clean
air speed affects the point of complete combustion, temperature, and end of the burning
period. This agreed with the results reported by [41–43].

Appl. Sci. 2021, 11, x  7 of 16 
 

For a clean air speed of 0.1 m/s, Figure 4 shows that the POSS bio-char moisture con-
tent had a prime influence on increasing temperature values above the fire base (the chart 
is not shown for 45% d.b.). The temperature value decreased with increasing POSS bio-
char moisture content. This is the same result as para rubber wood combustion [17] and 
others [38–40]. From Figure 5, where the clean air speeds were raised to 0.2 m/s and 0.3 
m/s, respectively, the rise in clean air speed affected both the temperature values of the 
POSS bio-char combustion, Tp, and the temperature at each location above the fire base. 
At the same POSS bio-char moisture content (the chart shown for the lowest POSS bio-
char moisture content, 15% d.b.), clean air speeds increased with decreasing Tp and tem-
perature value at 300 mm above the fire base, but at 500 mm and 800 mm above the fire 
base, the chart shows that the temperature increased. For this reason, the rise in clean air 
speed affects the point of complete combustion, temperature, and end of the burning pe-
riod. This agreed with the results reported by [41–43]. 

 
Figure 4. The temperature under condition of 0.1 m/s clean air speed, and different distance loca-
tions above the base of the fire and moisture content. 

3.2. Smoke Particles Size Distribution (SPSD) 
The SPSD values of the POSS bio-char combustion measurement, by using an eight-

state Andersen sampler, from four samples with varying moisture content of 15, 30, 45, 
and 60% d.b are presented in Figure 6. The results showed that the size distribution indi-
cated a single-mode behavior. The MMAD values were found to be 0.44 to 1.05 micron at 
various moisture contents and combustion periods. For this reason, the reduced moisture 
content and rise in the combustion period reduced the smoke particles’ size distribution. 
This agreed with the results reported by [17,20,22], which studied the particles’ size dis-
tribution from para rubber wood combustion. 

Figure 4. The temperature under condition of 0.1 m/s clean air speed, and different distance locations
above the base of the fire and moisture content.

3.2. Smoke Particles Size Distribution (SPSD)

The SPSD values of the POSS bio-char combustion measurement, by using an eight-
state Andersen sampler, from four samples with varying moisture content of 15, 30, 45, and
60% d.b are presented in Figure 6. The results showed that the size distribution indicated a
single-mode behavior. The MMAD values were found to be 0.44 to 1.05 micron at various
moisture contents and combustion periods. For this reason, the reduced moisture content
and rise in the combustion period reduced the smoke particles’ size distribution. This
agreed with the results reported by [17,20,22], which studied the particles’ size distribution
from para rubber wood combustion.

3.3. Total Particle Mass Concentration of Smoke Particles (TPMC)

Figure 7 presents the results of the TPMC values of smoke particles from POSS bio-
char combustion. At the beginning of the combustion period, TPMC values were found
to be 11.25 to 37.42 mg/m3 and then constantly decreased until the 60th minute, when
combustion was finished. This was because the degree of incomplete combustion decreased
after water evaporation in all fuels, including POSS bio-char [44–47] in this experiment.
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3.4. PAH Components

Table 1 presents the results data for each PAH concentration component at different
combustion periods with the highest POSS bio-char moisture content (60% d.b.) and 0.1
m/s clean air speed. In this experiment, the PAH compounds from the POSS bio-char
combustion could be classified into two groups, 2–3 rings and 4–6 rings. Phenanthrene, Ace-
naphthene, Fluorene, Naphthalene, Acenaphthylene, and Anthracene were the 2–3 rings of
PAH compounds [48,49], while the 4–6-ring PAHs were Indeno[1,2,3-cd]pyrene, Fluoran-
thene, Benz[a]anthracene, Chrysene, Pyrene, Benzo[b]fluoranthene, Benzo[k]fluoranthene,
Benzo[a]pyrene, Dibenz[a,h]anthracene, and Benzo[g,h,i]perylene [48,49]. The influence
of fuel moisture content and the combustion period on the concentration of 2–3-ring and
4–6-ring PAHs was like the influence on the total smoke particle concentration and PAH
concentration. This result showed that low concentrations of PAHs after a long period of
burning may result, in part, from the decomposition of the PAHs. This agreed with the
results reported by [15,28,38,39]. Figure 8 shows the mass fraction profile of the 16 PAHs
in the smoke particles generated from the POSS bio-char change during the combustion
process at various clean air speeds (data not shown for 0.2 m/s). The total concentration of
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the 2–3-ring PAHs value was lower than the 4–6-ring PAHs value at the initial combustion
period, with the highest moisture content of the POSS bio-char (60% d.b.). However, the
total concentration of the 2–3-ring PAHs value continually increased until it was higher
than the 4–6-ring PAHs value during the middle and final combustion periods. The results
showed that an increase in clean air speed and time period had a strong influence in de-
creasing the 4–6-ring PAHs values. This was probably the result of the decomposition and
evaporation of the 4–6-ring PAHs. Figure 9 shows that the decrease in the POSS bio-char
moisture content had a high influence on decreasing the 4–6-ring PAHs values. This was
because the degree of incomplete combustion decreases after the evaporation of the water
in every biomass fuel [50,51], including the POSS bio-char in this experiment.
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Table 1. The PAH concentration components for different combustion periods at the highest palm oil sewage sludge bio-char
moisture content (60% d.b.) and 0.1 m/s clean air speed. The unit is in ng/m3.

Moisture
Content (% db)

PAHs
Combustion Periods (min)

5 15 25 35 45 55

60

Phenanthrene 1789.15 876.38 177.57 65.34 11.42 7.56
Acenaphthene 15,523.64 8276.69 2246.35 2028.89 1175.47 785.59

Fluorene 32,168.28 17,028.43 6578.23 4812.62 3519.94 1927.25
Naphthalene 13,276.43 5579.85 2543.19 1875.25 1556.22 1348.28

Acenaphthylene 19,987.12 9875.82 5129.27 4576.95 3487.77 1924.12
Anthracene 1253.22 578.26 431.87 312.25 246.16 124.82

Indeno[1,2,3-cd]pyrene 7986.39 3876.41 3125.85 1672.06 715.52 297.75
Fluoranthene 4127.34 1821.37 997.82 731.29 562.04 312.05

Benz[a]anthracene 29,871.69 13,089.95 7345.23 4137.72 1987.36 1198.27
Chrysene 19,954.26 8765.29 6547.18 3116.75 2114.47 1375.57

Pyrene 21,143.27 9425.21 5478.22 2348.83 1556.94 1127.85
Benzo[b]fluoranthene 27,165.25 12,042.58 5672.85 2231.85 1349.08 985.81
Benzo[k]fluoranthene 27,287.12 11,875.49 6221.42 2998.77 1993.81 1203.35

Benzo[a]pyrene 26,549.48 12,079.63 7134.35 4129.52 1678.54 425.56
Dibenz[a,h]anthracene 27,547.94 12,317.42 5869.82 3459.83 1876.65 921.32
Benzo[g,h,i]perylene 41,235.29 19,365.61 10,984.89 4186.62 1731.22 865.29

Total 316,865.87 146,874.39 76,484.11 42,684.54 25,562.61 14,830.44
2–3 rings 83,997.84 42,215.43 17,106.48 13,671.30 9996.98 6117.62
4–6 rings 232,868.03 104,658.96 59,377.63 29,013.24 15,565.63 8712.82

BaPTE 64,060.91 28,825.47 15,443.50 8785.99 4212.56 1746.49
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Figure 8. Mass faction of each PAH component in smoke particle samples from the palm oil sewage
sludge bio-char combustion for different clean air speeds and combustion periods (Phe = Phenanthrene,
Act = Acenaphthylene, Fle = Fluorene, Nap = Naphthalene, Ace = Acenaphthene, Ant = Anthracene,
IDP = Indeno[1,2,3-cd]pyrene, Flu = Fluoranthene, BaA = Benz[a]anthracene, Chr = Chrysene,
Pyr = Pyrene, BbF = Benzo[b]fluoranthene, BkF = Benzo[k]fluoranthene, BaP = Benzo[a]pyrene,
DBA = Dibenz[a,h]anthracene, and BghiPe = Benzo[g,h,i]perylene).
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Figure 9. Mass faction of each PAH component in smoke particle samples from the palm
oil sewage sludge bio-char combustion for different moisture contents and combustion periods
(Phe = Phenanthrene, Act = Acenaphthylene, Fle = Fluorene, Nap = Naphthalene, Ace = Acenaphthene,
Ant = Anthracene, IDP = Indeno[1,2,3-cd]pyrene, Flu = Fluoranthene, BaA = Benz[a]anthracene,
Chr = Chrysene, Pyr = Pyrene, BbF = Benzo[b]fluoranthene, BkF = Benzo[k]fluoranthene,
BaP = Benzo[a]pyrene, DBA = Dibenz[a,h]anthracene, and BghiPe = Benzo[g,h,i]perylene).

3.5. The Total BaPTE Concentration Alue

Figure 10 presents the results of total BaPTE concentration of the smoke particles from
POSS bio-char combustion. In the initial combustion period, the BaPTE value was found to
be 23,145.64 to 64,060.91 ng/m3; then, it continually decreased until the 60th minute. The
BaPTE value was found to be 435.62 to 1746.49 ng/m3. This result showed that the increase
in time period and the POSS bio-char moisture content had a prime influence on decreasing
the total PAHs and BaPTE values, synonymous with the TPMC and MMAD values.
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Figure 10. BaPTE value in the smoke particle samples from the POSS bio-char combustion for
different the clean air speeds and moisture contents.

The relationship between the Tp value changed during the POSS bio-char combustion
and with the bio-char moisture content. When substituting the a0, a1 and a2 coefficient
values which were calculated by using the least-squares method in Equation (8), the
equation of the Tp value changed and could be written as shown in Equation (12). The
experimental and predictable total BaPTE values of the POSS bio-char samples throughout
the combustion period are presented in Table 2. The results showed that the total BaPTE
value of the POSS bio-char burning was between 65.7 and 261.6. The increase in moisture
content of the POSS bio-char samples had a high influence on increasing the total BaPTE
values. Meanwhile, when increasing the clean air speed, the total BaPTE values decreased.

Tp = 69.5083 − 1.1872MR + 0.0056t (12)

Table 2. The experimental and predictable total BaPTE values of the palm oil sewage sludge bio-char
samples throughout the combustion time.

Velocity
(m/s)

MR (%d.b.) Combustion
Time (min)

∑BaPTE Value
Experiment

(µg/m3)

∑BaPTE Value Prediction
(µg/m3) (Order)

Zero First

0.1 15 60 93.1 ± 0.6 de 96..4 95.6
30 60 141.3 ± 0.8 d 152.8 155.7
45 60 194.9 ± 1.2 h 192.3 194.1
60 60 261.6 ± 1.5 ab 255.1 264.6

0.2 15 55 76.2 ± 0.3 c 75.2 77.9
30 55 118.1 ± 0.6 de 123.5 121.7
45 55 163.1 ± 0.8 d 161.2 167.9
60 55 214.9 ± 1.2 h 211.3 215.1

0.3 15 50 65.7 ± 0.3 c 63.6 67.5
30 50 104.5 ± 0.9 a 101.2 105.7
45 50 148.1 ± 0.7 ef 152.8 156.3
60 50 195.4 ± 1.0 fg 197.1 199.1

a–h Different letters in the same column indicate a significant difference at p-value (p < 0.05).
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3.6. The Rate of Constant Determination

Table 3 presents the activation energy and frequency factor values of the expressed
rate constant at various clean air speed values and orders. In both orders, these values
were determined by the total BaPTE values from the experiments and a plot to find and
compare the constant of experimental reaction rate.

Table 3. The activation energy and frequency factor values of the expressed rate constant.

Velocity (m/s)

Order of the Reaction Rate Constant

Zero First

A (h-1) E (J/mol) A (h-1) E (J/mol)

0.1 48.8 × 108 96,597.4 47.1 × 108 94,216.8
0.2 29.2 × 108 91,982.9 25.6 × 108 85,858.6
0.3 15.4 × 108 88,376.8 11.2 × 108 83,287.9

In this model, as a procedure to determine the best fit line to data, the least-squares
technique was used to calculate the activation energy and frequency factor values of the
expressed rate constant at various clean air speeds values and orders. Table 3 shows that
apart from the moisture content, the clean air speed value was another factor that affected
the reaction rate constant. Increasing the clean air speed decreased both the activation
energy and the frequency factor values for the same order of reactions.

3.7. The Total BaPTE Value Prediction

Comparing the total BaPTE value data between the experimental results and the
prediction values, the first-degree model had a better fit in predicting than the zero-degree
model; this result was confirmed by the higher mean of the coefficient of determination
(Figure 11a,b), respectively. The mean of the coefficient of determination, or R2, was
between 0.9728 and 0.9875, which is satisfactory (Figure 11b). Hence, the response of
both models presented an increasing trend of the total BaPTE values as the POSS bio-char
combustion period progressed.

For the cost side in the production process, the POSS bio-char produced by this
technique had a greater cost than the normal technique by about 1.5%. It was referred by
the Department of Alternative Energy Development and Efficiency, Ministry of Energy [52].
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4. Conclusions

The results conclude the MMAD values of the POSS bio-char combustion were found
to be 0.44 to 1.05 micron at various moisture contents and burning periods. The POSS bio-
char moisture content, clean air speed value and burning period changed the temperature
above the base of the fire. The MMAD, TPMC, and PAHs values decreased when decreasing
the moisture content and increasing the POSS bio-char combustion period. The results
showed that an increase in moisture content of the POSS bio-char sample had a prime
influence on increasing the total BaPTE values. While the clean air speed values increased,
the total BaPTE values decreased. The first-degree model had a better fit for the total BaPTE
values prediction than the zero-degree model. Future work on this knowledge has been
improved. The size values and principal compositions of POSS bio-char, pressure, oxygen
concentrations in atmospheres and atmosphere-relative humidity have been considered
and analyzed.
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