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Abstract: In this study, the two-level Plackett-Burman design (PBD) was
applied to screen the significant variables of torrefaction process of oil pam
fibre (OPF). The independent parameters such as temperature, time, oxygen
feed, heat rate and OPF size were studied. The %mass yield (%MY) and fuel
properties including %moisture content (%MC), %volatile content (%VC),
%ash content (%AC), %fixed carbon content (%FC) and heating value (HV)
were selected as response variable. The results indicated that temperature, time,
oxygen feed rate and heat rate performed statistically significant to the response
of torrefied OPF. All obtained mathematical models showed a good fit with
high coefficient of determination and their reliability was demonstrated by
diagnostics plot. At the maximum experimenta result, the %FC and HV of
torrefied OPF increased by 13,483% and 27.42%, while the value of %M C and
%V C decreased by 93.71% and 42.55%, respectively, as compared with the
raw OPF. Thus, the torrefaction seems to be a potential process to improve the
quality of fuel properties of OPF.

Keywords: oil palm fibre; OPF; torrefaction; Plackett-Burman screening
design; proximate analysis; heating value.
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1 Introduction

Biomass has great potential as a renewable energy resource to replace fossil fuel. Its
property of zero carbon emission can help to reduce carbon dioxide emissions,
environmental problems and resource depletion. Biomass is easily obtained and is
characterised by a short life cycle. To reduce the impact on food crops, interest has turned
to the potential of residual biomass as a bioresource. Oil pam fibre (OPF) is a waste
material from the production of palm oil. Around 0.19 ton of OPF is produced per ton of
oil palm fresh fruit bunch (Energy, 2019). An estimated total of 2.13 million tons of OPF
were discarded in 2016 (Petchseechoung, 2017) which could have been used as solid fuel
for power generation or industrial purposes. However, OPF is not suitable for
transportation and storage since it is characterised by low energy density, biodegradation,
strong hydrophilicity, hygroscopic behaviour and poor grindability. In addition, raw OPF
has a high %MC and %VC with low %FC and heating value (HV) which affect the
combustion efficiency of the material. Therefore, it cannot be directly utilised for
thermochemical conversion. To improve the fuel properties of OPF, it has to be
pretreated before being processed.

Torrefaction is the most effective way to improve the fuel properties of OPF. It isa
mild pyrolysis or thermochemical processin which raw material is thermally degraded at
temperatures of 200 to 300°C under 1 atm in the absence of oxygen (Su et al., 2018;
Campbell et al., 2019). After processing, torrefied biomass shows improved physical,
chemical and biochemical properties (Cheng et a., 2019). Gan et a. (2019) studied the
torrefaction of de-oiled Jatropha seed kernel and found that the optima condition of
torrefaction, at 300°C and 60 min with a particle size of 0.5 to 1.0 mm, increased higher
HV from 23.08 to 28.69 MJkg. Chen et a. (2018) evauated the hygroscopic
transformation of torrefied poplar and fir. The results indicated that hygroscopicity was
reduced by up to 57.39% at 230°C. Singh et al. (2019) torrefied pigeon pea stalk
(Cajanus cajan) to investigate the effect of temperature and residence time on
physicochemical properties of the product. Their characterisation of torrefied pigeon pea
stalk showed that the of oxygen/carbon and hydrogen/carbon ratios decreased when
torrefaction temperature was increased. At atemperature of 275°C and residence time of
45 min, higher HV increased 28.6% due to the increased energy density and Hausner
Ratio, moisture reabsorption, decreased bulk density and Carr compressibility index.
Wang et a. (2018) explored the torrefaction of Norway spruce stem wood, stump and
bark at temperatures ranging from 225 to 300°C with 30 and 60 min residence times. The
results showed that this process could improve the physicochemical properties and
grindability of the raw material. After torrefaction, hemicellulose and cellulose contents
were lower, which reduced the fibrous structure. Also, the grindability was improved in
the torrefied product. Many researchers have reported significant parameters for the
torrefaction process of several materials. Lee et a. (2012) found that temperature and
time were significant in the torrefaction of mixed softwoods. Chiou et a. (2015)
examined the torrefaction of apple, grape, olive and tomato pomaces. The results showed
that temperature had a greater effect than time on the mass and energy yields. Nam and
Capareda (2015) investigated the parameters affecting the torrefaction of rice straw and
cotton stalk. Based on statistical results, temperature was the main affecting parameter for
rice straw, while the interaction of temperature and time was the most significant for
cotton stalk. Other affecting parameters studied included heating rate (Talero et al., 2019;
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Xu et a., 2019), particle size (Gan et a., 2019; Rasid et al., 2019) and oxidative
condition (Uemuraet a., 2013, 2015; Zhang et al., 2019).

The purpose of this study was to screen the effects on torrefaction of five factors:
temperature, time, %oxygen feed, heat rate and OPF size. PBD was applied to the
experimental design. The factors were evaluated from their effects on six responses:
%MY, %MC, %V C, %AC, %FC and HV. The experimental results were fitted with the
first-order model. Also, the adequacy of the mathematical model was verified by analysis
of variance (ANOVA). The uniformity of the error distribution was checked by
diagnostic plots. Finally, parameters with a confidence level greater than 95%
(p-value < 0.05) for at least 1 response, were considered to have a significant effect on
the torrefaction process of OPF.

2 Material and methodology

2.1 Materials

OPF was from the Palmdeesrinakorn Co., Ltd., in the Nakorn Sri Thammarat province of
Thailand. The received sample was already processed to sizes between 2 and 10 cm. The
fuel properties of the received OPF, determined by proximate analysis and HV, were as
follows: MC, 10.49%; VC, 85.62%; AC, 3.59%; FC, 0.30% and HV, 4161 cal/g.

Figurel Schematic diagram of the experimental setup (see online version for colours)

2.2 Materials

The OPF was torrefied in an iron tubular batch reactor measuring 50 cm length with a
5 c¢m internal diameter. The experiments were conducted in an electrical heating tube
furnace as shown in Figure 1. Before each experiment, the reactor was purged with
nitrogen for 10 min to remove undesired air/oxygen. An OPF quantity of 100 g was fed
into the reactor and the independent parameters were set based on the PBD experimental
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design shown in Table 2. The obtained product of each torrefaction was characterised by
HV and proximate analysis.

2.3 Design of experiments

Plackett-Burman design (PBD) was employed to screen the factors that significantly
affect the fuel properties of OPF. The independent factors of temperature (X1), time (X),
oxygen feed ratio (Xs), heat rate (X4) and OPF size (Xs) were studies in the ranges shown
in Table 1. Each independent variable was evaluated at two levels, —1 for low level and
+1 for high level.

Tablel Coded and actual level of independent variables used in the PBD experimental design

Coded variable level

Symbol Variable Unit

-1 +1
X1 Temperature °C 200 320
X2 Time minute 5 50
X3 Oxygen feed % 0 20
Xa Heat rate °C/min 5 30
Xs OPF size centimetre 2 10

The design space of the 12 experiments for the five factors was determined using
Design-Expert® software 7.0.0 (trial version). All the experiments were performed at
random, as shown in Table 2. Regression analysis was performed on the experimental
data from the PBD, and the first-order linear model was established as equation (1),

Y=fo+ Y AX )

where Y stands for the response, /% is the independent coefficient, 4 is the coefficient
associated to each factor Xi. ANOVA was performed at 95% confidence level to
determine the significant effect of each factor with regarding to the process. The
F-values, p-values and R? were evaluated to check the efficiency of the model. The
F-values, p-values and R? were evaluated to check the efficiency of the model. The
variance of data was described by the F-value: if higher than the critical value, the
parameters were more exact. A p-value less than 0.05 indicated the model terms were
significant. Finally, the normal probability plots of the residuals, predicted versus actual
plots, and the plots of the residuals versus the predicted response and run number were
checked to establish the adequacy of the experimental data.

2.4 Fuel property analysis

Analysis of biomass fuel is necessary to assess its quality. The simplest and most
common technique is HV and proximate analysis. The HV was determined using an
automatic bomb calorimeter (LECO AC 500). The proximate analysis determined
moisture, volatile matter, ash and fixed carbon.
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PBD of experiments for the study of five independence variable with experimental

and predicted values
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2.4.1 Determination of moisture content

The moisture content of OPF was determined by drying the OPF at 100 + 5°C in an
electrical oven and calculating the weight loss. The procedure continued until constant
weight loss was achieved. Moisture content was calculated from eguation (2).

Moisture content (%) = &xloo ()]
m

where my is the weight of OPF (g), m is the weight of OPF after heating at
100 + 5°C (g).
2.4.2 Determination of volatile content

The dried OPF was placed in a covered crucible and kept in an electric furnace at 900 +
20°C for 10 min. The crucible was allowed to cool in a desiccator. The weight lost was
reported as volatile matter, calculated from equation (3).

Volatile content(%) = 2 x100 )
M
where mg is the weight of OPF after heating at 900 £ 20°C (g)

2.4.3 Determination of ash content

The residual OPF after determination of volatile content was heated uncovered in an
electric furnace at 700 £ 50°C for one and a half hours. The crucible was allowed to cool
in a desiccator. This procedure was repeated until a constant weight was obtained. The
residual OPF was reported as ash, calculated as follows:

Ash content(%) = -x100 4
ms
where my is the weight of OPF after heating at 700 + 50°C (g).

2.4.4 Determination of fixed carbon content
The fixed carbon was determined as follows:

Fixed carbon content (%) =100— % moisture— % volatile matter — % ash 5)

3 Resultsand discussion

3.1 ANOVA and estimated regression of each response

The improvement in fuel properties due to the torrefaction of OPF can be seen in the
results of the 12 numerical runs (Table 2). The magnitude of responses for %MY ranged
from 35.75 to 94.00%, %MC ranged from 0.69 to 1.10%, %V C ranged from 49.19 to
85.37%, %AC ranged from 3.81 to 9.36%, %FC ranged from 9.99 to 40.75 and HV
ranged from 4,450 to 5,302 cal/g. By applying linear regression analysis to the
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experimental data, equations (6) to (11) were obtained to describe the affecting
independent variable for each dependent variable, %6MY, %MC, %VM, %AC, %FC and
HV.

MY (%) =163.039—-0.360X; —0.243X, +0.136 X5 + 0.175X 4 — 0.057 X5 (6)

MC(%) = 0.404+8.040x10* X; + 6.532x10°° X, +8.739x 103 X3

7
+5.051x1073 X4 + 0.012X5 @

VM (%) =116.615— 0.171X; — 0.230X, +0.080X5 — 0.032X 4 + 0.199Xs ®)
AC(%) = —0.929+ 0.028X +0.032X, — 0.044X 3 — 0.044X 4 — 0.035Xs 9)
FC(%) = —16.090+ 0.141X; + 0.199X, — 0.045X 3 + 0.072X 4 — 0.175Xs (10)

HV (cal / g) = 3,654.277 + 4.157 X, — 4.248X, + 4.925X5 + 2.940X 4

(11
+4.104Xs

The ANOVA test was applied to check the adequacy and reliability of the mathematical
model (Yu et al., 2019) based upon the F-test, p-value and coefficient of determination
(R?). The ANOVA results are shown in Table 3. The F-test was used to statistically
analyse the experimental data of all responses. The F values for %MY, %MC, %VM,
%AC, %FC and HV were 1295.56, 7.77, 65.84, 57.76, 43.01 and 5.72, respectively. The
generated models were, therefore, significant. Also, the p-value for al models of
responses were <0.05, demonstrating that the obtained models were sufficiently
significant to explain the experimental data (Tan et a., 2017). The significance of
individual model terms were as follows. Xi, Xz, X3 and X4 were found to be significant
model for %MY and %AC; X3 and X4 were significant model terms for %M C; and X; and
Xz were significant model terms for %VM, %FC and HV model. The good fir of the
experimental data to the linear model equation was indicated by high R2 values (R2,,, =

09991, R2,,. = 0.8662, RZ,, =0.9821, RZ,. =0.9796, R2.. =0.9729 and RZ, =

0.8265). Therefore, the obtained mathematical model of %MY, %MC, %VM, %AC,
%FC and HV were predicted to be significant. The adequate precision of all responses,
which is the signal to noise ratio, were found higher than 4, indicating that obtained
model can be applied for design space navigation (Soleimanzadeh et al., 2019).

The analysis of equation coefficients of the five parameters showed that temperature
had a positive effect on %MC, %AC, %FC and HV but a negative effect on %MY and
%V C. Time showed a positive effect on %M C, %AC and %FC but a negative effect on
%MY, %V C and HV. The effect of oxygen feed was positive on %MY, %MC, %V C and
HV but negative on %AC and %FC. The heat rate factor was positive on %MY, %MC,
%FC and HV but negative on %VC and %AC. The %MC, %VC and HV received a
positive effect from OPF but the effect of OPF was negative for the other responses. The
significance order of parameters was determined from the Pareto chart (Figure 2). The
upper portion shows the higher effect of variables and then progresses down to the lower
effect (Korayem et al., 2015). The results of Pareto analysis show that the most
significant independent parameter for %MY, %VC, %AC, %FC and HV was
temperature. While the %oxygen was the most significant variable on %MC.
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ANOVA of the developed model for %MY, %MC, %V C, %AC, %FC and HV

Table3

59280 = ;d ‘6929 = Uosioeid "bepy T 90+3560'T 110} 10D 12860 = ;d ‘0¥8'TZ = Uosioed ‘bepy 1T 69'GE9'T [e10} 10D
€SEF'TE 9 G0+3668'T fenpsay 88 9 82'6C enpsay
JUeolIubs -UON 00920 220T0 80'v€C'E T 807EZE X JueoIUBS -UON 88520 95T 65°L T 65, X
Jueolubs -UON  TTOS0  22IS0 §/°902'9T T §'9029T X JUeOIUBS -UON  0SKS0 141144 10T T 10T X
Jueolubs -UON  9F/€0 86160 SL°90T'62 T §2°90T62 X JUROBIUBS -UON  #HSZ'0 65T SLL T SLL %
weoyubs 0ZTT0 or'e G0+3960'T T G0+3960'T X oIS 20000 ¥1'99 8L'zee T 8L°zee X
weoyubs 82000 65°€C G0+359Y°L T G0+359Y'L X Jueolubs T0000>  87'65¢ 82'99¢'T T 8299¢'T ™
wedyubs 8,200 2L 50+3608'T S S0+3LY0'6 PO AH Jueoljlubs 10000 > ¥8'59 8¢TCE S T7'909'T PPON JA%
62,60 = ;4 'S0L'LT = uospaud ‘bapy T 98'85T'T 110} 10D 29980 = ;H '6€8'6 = Uosi0a1d "bopy 1T Tweeo Fei03 J0D
74} 9 Sr'1E fenpisay 05000 9 00£0°0 enpsay
UeoyIUBS-UON  062€°0 €T 16'S T 16'S X JueoUBS-UON  T090'0 ¥E'S 19200 T 19200 X
WeoyUBs-UON  G222°0 8T L6 T L6 X R0 IUBIS €1200 156 8.70°0 T 8.70°0 X
Wweoyubs-UON 61250  ¥29Y'0 e T we X R0 IUBIS 25000 €€'8T L1600 T L1600 X
Wweayubis 50000 8L'Sy 66'6EC T 66'6€C % JUROIUBS-UON 6760 25000 00000 T 00000 X
JueoIubIS T0000>  ¥8'S9T 8£'698 T 8£'698 X JUeOIUBS-UON 09500 65'S 61200 T 6.200 X
JueoIuBIS T0000 TO'EY 8y'see S W.eTT PO 0% ueoubIS ¥ET0'0 0L 88E00 S ZreT0 PPON JN%
96.6'0 =, '596°0¢ = Uoisaud bepy T €581 [e101 10D 16660 = ;4 ‘€0.'S8 = uosiaud bepy 1T 02'8v0'9 fe101 100
9910 9 81860 fenpisay 82€6'0 9 09'S enpsay
Wweoyubs-UON  §5/2°0 T 69€2°0 T 69€2°0 X JUOIUBS-UON  E¥70 60990 59190 T 59190 X
JueoIUbIS 2€00°0 €eee 89°€ T 89°€ X ueoIUbIS 20000 €19 0¢'LS T 0z'LS X
Wweayubis €6000 A4 ord T veT Y ueoIUbIS 82000 [eicgord Seee T Seee X
Wweayubis 60000 v0'LE or'9 T or'9 X ueoIubIS T0000>  8E'G8E 67°65€ T 67°65€ X
weayubis T0000> 8L€TC 6T'SE T 6T'GE X ueoIubIS T0000> 859009 ¥0'€09'S T Y0'€09'S X
JueoIubIS T0000>  9L°/S 156 ] S5l PO oY% ueoIubIS T0000>  95°G6C°T 25'80¢'T S 09°270'9 PPON AN%
anpea-d aneA-4  atenbs uesy Jp  SsaJenbs jowns 90J4n0s asuodsay anfea-d anfeA-4  amenbsuesy  Jp  SeJenbsjowns @0unos asuodsay




22 C. Mueanmas and P. Indum

Figure2 Pareto chart showed the effect of each parameter on (a) %oMY (b) %MC (c) %VC
(d) %AC (e) %FC and (f) HV (see online version for colours)

@ (b)

© (d)
Notes: A = temperature, B = time, C = oxygen feed, D = heat rate, E = OPF size.
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Figure2 Pareto chart showed the effect of each parameter on (a) %oMY (b) %MC (c) %VC
(d) %AC (e) %FC and (f) HV (continued) (see online version for colours)

(e) ®
Notes: A = temperature, B = time, C = oxygen feed, D = heat rate, E = OPF size.

Figure3 Predicted versus actual diagnostics plots, (a) %MY (b) %MC (c) %V C (d) %AC
(e) %FC and (f) HV (see online version for colours)

@ (b)

23
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Figure3 Predicted versus actual diagnostics plots, (a) %MY (b) %MC (c) %V C (d) %AC
(e) %FC and (f) HV (continued) (see online version for colours)

(© (d)

C) ()

3.2 Diagnostics plot

3.2.1 Predicted versus actual plot

Figures 3(a) to 3(f) show the relationship between predicted values and experimental
data. The values of both were quite close and fell on the straight line at an acceptable
level. This indicated that the predicted values were in good agreement with the actual
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results. It can be concluded from the results that the generated model was significant and
adequate for all responses (Bahrami et d., 2018; Ooi et a., 2018).

Figure4 Normal probability versus internally studentised residuals plots, (a) %MY (b) %MC
(c) %V C (d) %AC (€) %FC and (f) HV (see online version for colours)

@ (b)

(© (d)
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Figure4 Normal probability versusinternally studentised residuals plots, (&) %MY (b) %MC
(c) %V C (d) %AC (€) %FC and (f) HV (continued) (see online version for colours)

(e ()

Figure5 Internaly studentised residual versus predicted vaue plots, (a) %MY (b) %MC
(c) %V C (d) %AC (€) %FC and (f) HV (see online version for colours)

@ (b)
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Figure5 Internaly studentised residual versus predicted vaue plots, () %MY (b) %MC
(c) %V C (d) %AC (€) %FC and (f) HV (continued) (see online version for colours)

(©) (d)

(e ()

3.2.2 Normal plot of residuals

The plot of normal probability was used to estimate the distribution of the experimental
residuals data. The residual plots of six dependent parameters are shown in
Figures 4(a) to 4(f). The obtained plots illustrated that most of the data points were fairly
close to the diagonal line. The linear behaviour of the residual plots suggest that the
normal % probability plot of the experimental residues was normally distributed (Zafar
et a., 2018), no large deviation of variance occurred (Sabbagh et al., 2018) and that the

response of the mathematic model was, therefore, a good prediction (Hajirahimkhan
et a., 2019).
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3.2.3 Internally studentised residual versus predicted value plots

A plot of internally studentised residuals versus predicted values of the 12 experimental
results are shown in Figures 5(a) to 5(f). The random distribution of the experimental
data residuals lay between +3 and —3 which is within acceptable limits: the smaller the
distribution value of the residual, the more reliable the experimental data. Moreover, the
distribution was without any systematic structure. Therefore, the obtained data were
reliable and fell within a 95% confidence interval which could be trusted within the
ranges studied (Jiang et a., 2019).

Figure6 Internaly studentised residual versus run number plots, () %MY (b) %MC (c) %VC
(d) %AC (e) %FC and (f) HV (see online version for colours)

@ (b)

(©) (d)
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Figure6 Internaly studentised residual versus run number plots, (a) %MY (b) %MC (c) %VC
(d) %AC (e) %FC and (f) HV (continued) (see online version for colours)

() ()

3.2.4 Internally studentised residual versus run number plots

A plot of internally studentised residuals versus run number of all responses is shown in
Figures 6(a) to 6(f). This plot was used to determine the independence of observations
(versus order). The plots of residuals in the graphs do not show specific patterns and are
dispersed in a random manner. This shows that the observed experimental data for all
responses were independent (Masghati and Ghoreishi, 2018).

4 Conclusions

The primary goal of this study was to examine the significant parameters affecting the
torrefaction pretreatment of OPF with a view to improving its fuel properties by this
process. The ANOVA results showed that temperature, time, %oxygen feed rate and heat
rate were the significant factors affecting the treatment process, while OPF size was not
significant for any response. The generated model based on the regression equation was
in perfect compliance with the experimental results. The diagnostics plot showed the
reliability of al responses. Based on the results, %MC and %V C of torrefied OPF were
reduced, while %AC, %FC and HV were increased. Therefore, torrefaction is a technique
which has the potential to improve the fuel properties of OPF.
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