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Abstract

Rice husk is a promising candidate of sustainable biomass-based renewable energy source with a gross caloric content of around
19.73 MJ/kg. As an efficient thermo-conversion process, pyro-gasification has the potential to convert biomass into oil and gas fuels.
However, the bio-oil and gas yields are strongly dependent on the pyro-gasification operating parameters. This study employed
response surface methodology (RSM) based on central composite design (CCD) experiment to determine the optimum conditions for
pyro-gasification of rice-husk. Three selected most influencing operating parameters, namely feed mass (g), nitrogen flow (mL/min),
and reactor temperature (°C) were optimized through 16 individual experimental runs for their possible synergistic effects. The results
show excellent model fitting criteria (R? > 0.9 and R*-adj > 0.85) for bio-oil and gas product responses that proves the suitability of
RSM based on CCD experiment for rice-husk pyro-gasification study. The optimized optimum condition for rice-husk pyro-gasification
process was at 897 g of feed mass, 1.97 mL/min of N, gas flowrate, and 593 °C of reaction temperature. These conditions allow the
achievement of estimated bio-oil and gas product yield of 47.78% and 11.41%, respectively. The composition analysis revealed that

the main component of bio-oil was C,, (unsaturated), whereas the gas products were C,-C,. This study suggests that rice-husk pyro-

gasification is capable to achieve maximum yield of bio-oil and gas products with low char generation.
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1 Introduction

Nowadays, the world population has been suffering from
energy sustainability issue due to the continuous fuel con-
sumption by both industrial and transportation activities.
Because petroleum and natural gas that are currently sup-
plying the main world's energy are regarded as non-renew-
able resources, their reserve will gradually be depleted [1].
Indonesia continues to look for sustainable agricultural
residues as potential sources of new renewable energy
(NRE). One of the NRE sources is bioenergy derived from
biomass, domestic waste, and city waste [2].

The agricultural residues that are abundantly avail-
able and renewable can be the promising alternatives to
fossil energy sources and have gained remarkable inter-
est from researchers around the world. Indeed, biomass
from agricultural residues is one of the best substitutes
to fossil resources in various applications, such as heat
generation, transportation power, fuel, and chemical and
biomaterial production. The use of biomass as an energy

source is advantageous, which mainly due to its lower
cost, less greenhouse gas emission, high conversion effi-
ciency, and high potential to eradicate environmental
issues [3]. The Indonesian Ministry of Energy and Mineral
Resources has set policy direction in the energy sector that
prioritizes the development and utilization of renewable
energy through the utilization of Biofuels.

The increasing demand for sustainable energy supply
has attracted researchers to convert agricultural residues,
especially rice husks into fuel [4]. Rice husk is a type of
biomass that is generated from the rice milling process.
Because the shape and size of rice husks are almost uni-
form, they are very suitable for further processing. Based
on their chemical composition, rice husks contain carbon
(charcoal substances) 1.33%, hydrogen 1.54%, oxygen
33.64%, and silica (SiO,) 16.98%. Rice husks have a den-
sity of 125 kg/m* with a caloric value of 13.81 MJ/kg [5].
This chemical nature means that rice husks can be used as
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raw materials for the manufacture of various chemicals as
well as a potential source of energy.

Previous study revealed that rice husk is a highly poten-
tial raw material for the production of syngas through
thermochemical conversion. The thermochemical conver-
sion process converts biomass to other products through
the introduction of heat, the use of appropriate catalysts,
or chemical reactants [6]. In general, the thermo-chemical
conversion by pyrolysis, gasification, and thermal lique-
faction are the most widely employed process for produc-
ing biofuels and chemicals from biomass [7]. Basically,
this thermochemical conversion process results in three
different groups of products, namely biochar (solid),
bio-oil (liquid), and syngas (gas). These products can be
directly used or further processed to produce highly valu-
able biofuels and renewable chemicals.

First, the combustion process is one of the most
straightforward and is easily practiced commercially tech-
niques for converting biomass to generate heat and energy.
However, this option is not an environmentally friendly
method because it emits greenhouse gases that badly affect
sustainable environment. Furthermore, the pyrolysis pro-
cess is basically a partial combustion using less oxygen
from the air to produce gas and liquid products with short
carbon chains, and leaving charcoal as the by-product.
This process converts biomass through thermochemical
mechanism at temperatures at 300—900 °C and ambient
pressure in the absence or less existence of air. Therefore,
this process results in bio-oil (a mixture of carboxylic
acid, ketone, aldehyde, or aromatic), biochar, and syngas
(a combination of H,, CO, CH,, CO,) [8]. Pyrolysis pro-
cess is usually operated at heating rates of 10-50 °C/min
under an inert N, atmosphere [9]. Previous research found
that rice husks pyrolysis in a multimode microwave yielded
21% of bio-oil that contains 60—70% phenolic compounds.
In addition, the biochar obtained from pyrolysis account
for 25% of pyrolysis products with a caloric value of
25.16 MJ/kg, and being comparable to the lowest grade
of coal [10]. The design of process parameters must con-
sider the kinetic reaction behavior that occur in the pro-
cess. The activation energies of thermochemical conver-
sion process for several biomasses have been studied such
as sawdust (59—77 kJ/mol), Plum pits (71-82 kJ/mol), olive
pits (69-90 kJ/mol) [11], rose seeds (167-210 kJ/mol) [12],
quince waste (44—105 kJ/mol) [13], and rice husk around
150 kJ/mol [14]. The estimated activation energy val-
ues can be used to estimate the thermodynamic proper-
ties such as Gibbs free energy, enthalpy, and entropy [9].
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These kinetic and thermodynamic parameters are helpful
in the design and optimization of process parameters.

Gasification is another thermochemical process that
involves heating with partial oxidation using oxygen or
air at 800—1800 °C [15]. The gasification process pro-
duces syngas with a low calorific value (4-7 MJ/kg)
that is still suitable for boiler, engine, or turbine appli-
cations. But it is expensive [16]. The composition of the
gas produced depends on the process condition and the
raw materials. Gases produced from lower temperature
gasification (below 1000 °C) are rich in carbon monox-
ide, hydrogen, methane, carbon dioxide, aliphatic hydro-
carbons, benzene, toluene, water, and tar. In contrast, the
syngas derived from high-temperature gasification (above
1200 °C), is mainly composed of carbon monoxide, hydro-
gen, carbon dioxide, and water [17].

Currently, the pyro-gasification process has been devel-
oped as the combination between pyrolysis and gasifica-
tion processes [18]. The Pyro-Gasification technology is
aimed at the gasification of the biomass while simultane-
ously also producing biochar. The Pyro-Gasification pro-
cess can be carried out using either an air/steam or oxy-
gen/steam mixture depending on the application of the
resulting syngas. However, the main gases produced in the
Pyro-Gasification installations for wood waste and agri-
culture residue is syngas. The syngas is mostly composed
of carbon monoxide, hydrogen, carbon dioxide, nitrogen
and some hydrocarbon elements or compound such as
methane, ethane, ethylene, propane, sulfur oxides, nitro-
gen oxides, and ammonia [19]. The carbon monoxide and
carbon dioxide are mainly originated from the decomposi-
tion and also reforming of carboxyl and carbonyl groups.
Light hydrocarbons stemmed from the decomposition of
weak methoxy and methylene bonds. Accordingly, hydro-
gen is the result of the reforming and decomposition of
C-H groups and aromatics. Although pyro-gasification
technology mainly produces gas and short-chain liquid
hydrocarbons suitable for use as fuel, there are also lit-
tle amounts of long-chain liquid hydrocarbons (crude oil)
and residual solid waste. Furthermore, its operating con-
dition is milder than gasification and pyrolysis technology
that requires lower operational costs [18]. Considering the
above-mentioned matters, this study focuses on the hybrid
method that combines pyrolysis and gasification methods
to process rice husks.

Although the thermo-conversion process of rice husk
into bio-oil has been carried out by several previous
researchers [20-22], there is limited study in regard to
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the optimization of process parameters of non-catalytic
pyro-gasification. This study aimed to investigate the
influence of nitrogen flow rate, rice husk weight, and oper-
ating temperature on the amount of methane and bio-oil
produced from the pyro-gasification process. This study
also aimed to optimize the operating conditions to achieve
maximum conversion of rice husk through the produc-
tion of methane (gas) and bio-oil using Response Surface
Methodology (RSM) method. The RSM method has been
proven to be a powerful experimental design if several fac-
tors directly influence the targeted response. The method
uses statistics approach to find the interaction and rela-
tionship between one or more operating parameters with
the targeted response based on the real data collected from
a specific arrangement of experiments [23].

2 Materials and experimental methods

2.1 Materials

The rice husks used in this study were obtained from
a rice milling factory in Semarang, Indonesia. Rice
husks are air-dried to remove external moisture. Prior to
the experiment, the rice husks sample was milled using
a high-speed rotary cutting plant to obtain a homoge-
neous particle size of 50 mesh.

2.2 Raw material characterization

The physicochemical characterization of rice husks is
highly essential to determine their suitability for use as
raw materials to produce syngas and bio-oil. Important
biomass properties include calorific value, proximate anal-
ysis, and ultimate analysis. In addition, the final analysis is
also essential to describe the composition of biomass with
the five major elements, namely carbon (C), hydrogen (H),
oxygen (O), nitrogen (N), and sulphur (S) content [24].
The compositions of raw rice husk are shown in Table 1.

Table 1 Ultimate and proximate analysis of the rice husk

Parameters Result Basis
C 43.80% Dry
H 7.20% Dry
(0) 47.70% Dry
N 0.98% Dry
S 0.18% Dry
Moisture content 10.99% Dry
Ash content 20.64% Dry
Volatile matter 57.30% Dry
Fixed carbon 12.50% Dry
HHV 13.79 MJ/kg Dry

2.3 Pyro-gasification process

Fig. 1 illustrates the pyro-gasification reactor used
in this work that is already installed in Waste Treat-
ment Laboratory of Chemical Engineering Department,
Universitas Diponegoro, Indonesia. Pyro-gasification
process is a simultaneous process of pyrolysis and gas-
ification process. Pyrolysis process occurs when bio-
mass is thermally converted into gasses, condensable
gas, oxygenated compounds, and biochar as intermedi-
ate products. Then the intermediate products are further
converted into simpler compounds by gasification pro-
cess with the presence of small amount of oxygen. In this
study, the molar ratio of oxygen/biomass was fixed based
on the intrinsic oxygen of biomass and empty space of the
reactor. Since biomass was fed into fixed bed retort in the
reactor, the oxygen would be released naturally during
pyro-gasification process through the particles gap along
with injected nitrogen. In the other words, oxygen still
existed in the reactor as gasification agent with the flow
of nitrogen. Oxygen level in the reactor is minimized by
continuously injecting N, gas thereby the ratio of oxygen/
biomass doesn't exceed 1-1.2 that may initiate combus-
tion reaction. The reactor used in this study is semi-batch
fixed bed type pyro-gasifier reactor. The reactor dimen-
sion was 20 cm diameter and 40 cm height that was suit-
able to process 1000 g of material mass. The reactor was
equipped with 2000 watt coil heater, jacket insulator,
thermocouple, and N, gas sparger. The reactor tempera-
ture was controlled using automatic on-off feedback con-
troller. The gas product was partially condensed by a pair
of 1.5-meter-tall shell and tube vertical condensers with
8 tubes in each.
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Fig. 1 Pyro-gasification reactor



The pyro-gasification began with a careful weighing
of rice husk as the feed, and followed by introducing the
rice husk into the pyro-gasification reactor of a prede-
termined mass of feed (800 g, 900 g or 1000 g). Before
the pyro-gasification process started, the temperature in
the reactor was set according to the desired experimen-
tal condition. Then, the reactor was continuously supplied
with gaseous nitrogen at a specific flow rate to completely
remove the oxygen present in the reactor that potentially
burn the rice husk and form ash in the pyro-gasification
reactor. Usually, the bio-oil and gas fraction would be pro-
duced around 10 minutes after the pyro-gasification pro-
cess started and last for about 2 hours. The liquid product
was collected through bottom side of the condenser (Y,)
and the gas product (Y,) was sampled via sampling point
in uncondensed gas outlet. The solid product (Y,) was col-
lected after completing the reaction (~2 h) by unmounting
the reactor flange and manually cleaned.

2.4 Bio-oil purification

The pyro-gasification process resulted in liquid and gas
products that were respectively collected from the bottom
and top ends of the condensers. The accumulated liquid
product obtained from the pyro-gasification process was
mixed with n-hexane to separate the water and bio-oil. Bio-
oil yield was calculated as a mass percentage of the biomass
feed. Similarly, the charcoal yield was calculated as the mass
percentage of the rice husk feed. As for the gas product, the
yield was calculated based on the mass balance of rice husk
feed, total bio-oil, biochar, and gas. Then, bio-oil and gas
products were subjected to chemical component analysis.

2.5 Products characterization

Products characterization by performing Gas Chro-
matography—Mass Spectroscopy (GC-MS) analysis was
conducted to find out the chemical composition of both lig-
uid and gas products. The GC-MS was performed using
a Shimadzu GCMS-QP2010 SE, Japan gas chromatogra-
phy type with a single quadrupole mass spectrometer avail-
able in the Central Laboratory of Universitas Diponegoro.

2.6 Experimental design for optimization

The response surface methodology (RSM) combines
mathematical and statistical approaches to obtain the most
suitable empirical models for a specific correlation. This
method requires a careful experimental design to optimize
the response (output variable denoted as Y) that is affected
by several independent variables (input variables denoted
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as X, X,, X, ... etc.) [25]. Therefore, a set of experiments,
called run, was performed in which changes were made
to input variables to identify the reason for changes in the
output response.

The relationship between the response (Y) and the inde-
pendent variables X can be simply written as:

Y=f(X, X, X)) +e€ M

where:

Y = dependent variable

X, = independent variable/factor (1 =1, 2, 3, ..., k)
& = error.

The first step of RSM is to find a relationship between
the Y response and the X-factor through the first-order
polynomial equation and used a linear regression model,
otherwise known as the first-order model (Eq. (2)):

Y:ﬂO+Z[3,X,.. ()]

The design of the first-order experiment with suitable
for the factor filter stage is the factorial 2k (Two-Level
Factorial Design) design. Furthermore, for the second-or-
der model, there is usually curvature and used second-or-
der polynomial models whose functions are quadratic,
according to Eq. (3):

k k
Y=B,+ D BX,+D BX]+D D B,XX, +¢&. 3)
i=1 i=1 i<j

The design of the second-order experiment used was
the Factorial Three-Level Design, which is suitable for
optimization issues. Then from the order II model deter-
mined stationary point, characteristics of the response
surface, and optimization model.

The statistical model analysis is shown in the Analysis
of Variance (ANOVA). This analysis includes Fisher's
F-test, which indicates possible p(F) associations, R cor-
relation coefficients, and R? determination coefficients that
serve to measure regression models. The analysis also
includes student's z-value for estimated coefficients and
possible p(f) associations. The squared model is presented
in contour plots (2D) and surface plots (3D).

Table 2 shows the variable analysis of the following
squares:

o SST (Total Sum Square) is the total sum of squares

of real deviations from the mean and degree of free-
dom and measures the spread of all average variants.

SST =SSR +SSE “)
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Table 2 Variable analysis

Source Df  Sum of squares Mean squares F-value
Regression p—1 SSR SSR/(p—1) SSR/(p _1)
Residual  n—p SSE SSEAN=p) SSR/(N-p)
Total n—1 SST

* SSR (Sum Square Regression) is the sum of squares
obtained from regression (a suitable model). It mea-
sures deviations whose value can be predicted
through a linear relationship between the expected
value and the value to be found.

SSR = z[g_fj )

* SSE (Sum Square Error) calculates the difference in
the value found in #" and the predicted value in u™.

SSE:Z(Y”—YJ . (6)

Based on Egs. (4)—(6), it can be simulated that
2

SST=SSR+SSE= (¥, -7) (7)

The same relationship happens to a degree of freedom.
From the sum of squares and degrees of space, we can esti-
mate two variances of o”:

where n — 1 is the degree of freedom. When both SSR and
SSE are divided by the degree of freedom they will result in
variance values. Thus, the first variance is derived from SSR,
whereas the second variance is calculated from the SSE.

. 2(Y,-Y) ssr

o, = =
p—1 p-—1

2 )
GZZZ(X,—Y) _ SSE
’ n-p  n-p

The F-spread or F-value is the variance ratio of two
estimates, which arise from a typical spread. This means
that there is no significant difference between the process
experiment and its model. Therefore, the F-spread test was
used as a test tool to obtain an initial hypothesis (/) that
showed no difference between the two processes.

_ Mean Square to Regression

(10)

Mean Square to Residual

pop-1 (1)

n—-p

The F value obtained from the calculation was then com-
pared with the F-value of the reference. Suppose the calcu-
lated value is less than the reference value. In that case,
the variances can be considered homogeneous, and the H
value is accepted, which means the value F'is in the normal
scatter area. On the other hand, if F calculation exceeds the
F-reference value, then the variance is considered signifi-
cant. Hence, they are called alternative hypothesis (/7,) and
reject the initial hypothesis (), which means the value of
F is outside the normal spread range. Table 3 represents the
coded values of independent process variables. The CCD
technique consists of axial point (2k), factorial points (2%),
and replicates at center points (n,). Experimental runs
according to CCD are presented in Table 4.

ANOVA is used to compare the average population of
the population variety. The right type of data for ANOVA
is nominal and ordinal on its free variable. If the data on
the free variable in the form of intervals or ratios, then it
must be changed first in ordinal or nominal form. At the
same time, the bound variable is the data interval or ratio.

3 Results and discussion

3.1 TGA analysis of rice husk

The thermogram obtained from thermogravimetric anal-
ysis of rice husk sample is presented as weight-loss curve
and weight-loss rate curve (DTG) as presented in Fig. 2.
Based on its physical phenomenon, the weight loss trend
of the samples can be split into three different stages.
The first stage is weight loss due to the vaporization of
moisture and other volatile compounds that occurs at tem-
perature range ambient temperature to around 200 °C.
Meanwhile, the second stage represents the release of light
hydrocarbons and depolymerization of complex biopoly-
mers at about 200 to 400 °C that results in low molec-
ular hydrocarbons. At this stage, the heat supplied was
sufficient to break-down the chemical bonds within the

Table 3 Coded variables of experimental process parameters using
CCD technique

Coded levels
Independent process variable ' 0 '
Feed mass, (g) 880 900 920
Nitrogen flowrate, (mL/min) 1.80 2.00 2.20
Reactor temperature, (°C) 590 594 598




Table 4 Experimental design of pyro-gasification process

Variable
Standard
run N, flow Temperature Biomass weight
(L/min) (°O) (gram)
1 1.80 590.00 880.00
2 2.20 590.00 880.00
3 1.80 590.00 950.00
4 2.20 590.00 950.00
5 1.80 598.00 880.00
6 2.20 598.00 880.00
7 1.80 598.00 920.00
8 2.20 598.00 920.00
9 2.00 587.27 900.00
10 2.00 600.73 900.00
11 2.00 500.00 866.36
12 2.00 594.00 933.04
13 1.66 594.00 900.00
14 2.34 594.00 900.00
15 2.00 594.00 900.00
16 2.00 594.00 900.00
100 30
F25
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Fig. 2 TG/DTG curves of rice husk thermal decomposition at room
temperature to 550 °C

complex biopolymers structure. The third stage is par-
tial decomposition of lignin and char. Finally, the com-
plex organic substances are partially decomposed into car-
bonaceous materials and leaving the inorganic materials.
Therefore, pyrolysis process produced water vapor during
the first 10 minutes as the gas product and then followed
by the degradation of xylan part of hemicellulose to pro-
duce carbon monoxide and carbon dioxide. This result is
in good agreement with previous report [26]. In the sec-
ond stage, the volatile short-chain hydrocarbons, such as
methane to butane are produced from the decomposition
of hemicellulose, cellulose, and lignin. Furthermore, the
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longer-chain hydrocarbons (C,~C, ) are produced in the
form of bio-oils at the end of second stage following the
increased temperature. At the third stage, which the tem-
perature is higher, complex hydrocarbons were decom-
posed and resulted in light hydrocarbons. In addition, lig-
nin was further carbonized and produced coke residue.
The sharp peak observed at 220-380 °C in the DTG curve
indicates the major decomposition of rice husks sample.
Heat and mass transfer could affect the global decomposi-
tion of the process for large particle size. In this study, the
rice husk was grinded and sieved using 100 mesh that gave
average particle size of 100 um. According to previous
study by Fernandez et al. [11], heat transfer and intra-par-
ticle diffusion limitation are negligible for biomass parti-
cle of size below 300 pm.

3.2 Pyro-gasification results

The yields of bio-oil and gas of the rice husk pyro-gas-
ification attained from 16 different operating conditions
are presented in Table 5. The bio-oil yields ranged from
19-47% by weight, whereas gas yields varied from 6-37%
by weight. As discussed in the previous section, the rice
husks decomposed at temperatures about 220-400 °C.
In this experiment, the pyro-gasification temperature was
set 590-600 °C, which was close to the carbonization
stage temperature. The results suggested that the product
yields variations were highly influenced by the operating

Table 5 Experimental fractional yields of bio-oil and gas product

Responses

Run Bio-oil yield Gas yield

(%) (%)
1 42.61 13.54
2 28.76 7.21
3 21.46 17.62
4 27.22 18.94
5 28.76 32.05
6 24.45 25.95
7 19.21 20.22
8 37.11 9.11
9 22.33 18.85
10 26.80 37.01
11 35.50 27.20
12 31.15 15.55
13 38.56 6.15
14 42.12 1.65
15 47.20 13.49
16 46.90 12.30
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conditions. The nitrogen that was continuously flown into
the reactor acts as a carrier where at higher flow rate will
shorten the retention time of the produced hydrocarbons
and leads to a higher heavy hydrocarbons product frac-
tion. Additionally, temperature also played important role
in pyro-gasification through thermal decomposition of
long-chain hydrocarbons that eventually increased the gas
product yields. Since the pyro-gasification process was
operated under semi-batch mode, the feed mass also pro-
vided considerable effect to the product yield. A higher
feed mass leads to a shorter retention time of the evapo-
rated hydrocarbons in the reactor that promotes the attain-
ment of heavy hydrocarbons in the liquid product.

3.3 Bio-oil product optimization

The statistics software automatically generated the best fit
model based on the bio-oil yield as the response. The coef-
ficient fitting determination, R’-values, F-values, and p-val-
ues are also presented for the evaluation of fitting model.
In this study, the response and independent variables were
fitted to each other through a multiple regression. The best
fitted model that describes the single and combined effects
of operating parameters as the independent variables
towards bio-oil yield product is given in Eq. (12):

Y, =0.4736—0.0393X, +0.0168.X, —0.0044 X,
—0.1118X7 —0.0623X> —0.1738X7 +0.1046X,X,, (12)
+0.0645X X, +0.0542.X, X,

where Y is the response (bio-oil yield) and X, X,, and X
are the coded terms for the selected operating variables,
namely the feed mass (X)), N, gas flowrate (X,) and reac-
tor temperature (X;). The synergistic effect is indicated
by positive value of the constant in the model, while the
antagonistic effect is shown by a negative value of the con-
stant for the corresponding independent variable. The fit-
ting criteria shows R? = 0.9509 and R>-adj = 0.8772 indi-
cating the model has a good fit with the experimental data.
According to the model, nitrogen flowrate gives synergis-
tic effect to the bio-oil yield. It could be due to the role of
nitrogen as the carrier gas where its higher value short-
ened the resident time of hydrocarbon vapor in the reactor,
thereby a higher bio-oil yield can be obtained.

From the Table 6, it is confirmed that the quadratic term
of feed mass (X)) significantly influences the bio-oil yield
as indicated by a high F-value of 28.48 and p-value <0.05
(0.0018). In addition, the quadratic terms of both nitrogen
flowrate (X,) and reactor temperature (X) also exhibited

Table 6 ANOVA for the regression model and respective model term
for bio-oil yield

Source SS df MS F-value p-value  Remarks
X, 0.0053 1 0.0053 52067 0.0626

X? 0.0290 1  0.0290 28.4847 0.0018  Significant
X, 0.0010 1  0.0010 0.9509 0.3671

X7 0.0090 1 0.0090 8.8276  0.0249  Significant
X, 0.0001 1 0.0001 0.0651  0.8071

xX; 0.0700 1 0.0700 68.7573  0.0002  Significant
XX, 0.0219 1 0.0219 21.4957 0.0036  Significant
XX, 0.0083 1 0.0083 8.1830  0.0288  Significant
XX, 0.0059 1 0.0059  5.7811 0.0530

Error 0.0061 6  0.0010

Total SS  0.1242 15

high F-value of 8.83 and 68.76, respectively. These results
indicate that the three operating parameters give significant
effect on the bio-oil yield in quadratic terms. However, not
all variables give significant direct linear effect on the bio-
oil yield. The interaction of feed mass and nitrogen flowrate
(X, X,) significantly affected to the bio-oil yield by giving
high F-value of 21.30. It suggests that feed mass and nitro-
gen are the important parameters in controlling the pro-
duction of bio-oil from rice husk pyro-gasification. In this
work, both feed mass and nitrogen flow are correlated with
the hydrocarbon vapor resident time in the reactor.

Fig. 3 exhibits the relationship between the process
variables and bio-oil yield of in the form of 3D surface
and contour plot. The surface plot of three process vari-
ables against bio-oil yield response formed dome-like sur-
face with the optimum region is indicated by the dark-red
color. As shown in the diagram, the bio-oil yield increased
non-linearly until the achievement of an optimum point.
It was statistically proven with high F-value and low p-value
(p <0.05) as presented in ANOVA result. Fig. 3 (a) clearly
demonstrates the elevation of both feed mass and tempera-
ture promoted the increase in the bio-oil yield a maximum
value. However, bio-oil yield decreased as both operating
parameters increased further. These results are in accor-
dance with previous study where the pyrolysis oil yield
increased with the increasing of temperature and retention
time [27]. In the semi-batch process, the amount of feed
mass can be directly correlated with vapor retention time
in the pyro-gasification reactor. A higher feed mass inside
reactor will consequently cause a shorter retention time of
the volatile organic matter inside the reactor. The increase
of temperature at bellow center point favors the formation
of condensable organic hydrocarbons from biomass due to
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thermal cracking. However, further increase in tempera-
ture leads to the formation of more volatile compounds.
As presented in Fig. 3 (b) and (c), high bio-oil yields were
obtained at all nitrogen flowrate, indicating that the gas
flowrate did not play significant effect on the bio-oil yield.

The correlation between experimental values and pre-

\\9)\

dicted values of bio-oil yield is shown in Fig. 4. The pre-
dicted value is represented by a straight red line, while the
experimental data is represented by the discrete points. It is
very obvious that both observed and predicted values of
bio-oil yield are very close. Hence, the proposed model rep-
resents the pyro-gasification process to produce bio-oil very
well. Based on the coefficient of determination (R?) value,

ones can be informed that 95.09% sample variations of bio-
oil yield are associated with the independent variables and
the rest 4.91% of total variations could not be explained by
the model. Theoretically, an excellent mathematics correla-
tion between the independent variables can be justified by
a higher correlation coefficient value for all responses.

3.4 Gas product optimization

\\.0)\

The experimental results in term of gas product yield
responses were fitted to the proposed quadratic model
(Eq. (13)). Equation (13) confirms that the linear terms of
feed mass (X,) and nitrogen flowrate (X,) gave antago-
nistic effect towards gas yield. As discussed in the previ-
ous section, feed mass and nitrogen flowrate are directly

correlated with volatile organic compounds retention time
in the pyro-gasification reactor. Therefore, a shorter reten-
tion time will promote a higher tendency to produce more
condensable products (bio-oil) rather than gas products.
However, the quadratic terms of feed mass give positive

\\0)\

Predicted Values

(©) 0.15
045 020 025 030 035 0.40 0.45 050

Observed Values

Fig. 3 Surface 3D and contour plot of bio-oil yield response (a) effect of
feed mass and N, flowrate, (b) effect of feed mass and temperature, and
(c) effect of N, flowrate and temperature Fig. 4 Predicted value vs observed value plot of bio-oil response
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sign indicating its synergetic effect to the gas product.
Meanwhile, the reactor temperature shows synergetic
effect as proven by the positive sign for both linear and
quadratic terms in the model. Higher reactor tempera-
ture leads to a higher gas product and a lower tar prod-
uct due to the intensified thermal cracking of biomass.
These results are also in good agreement with the previ-
ous studies [28, 29].

Y,, =0.1289-0.0475.X, —0.0436.X, +0.0887X,

+0.0602X7 —0.0634X> +0.1066.X> +0.0066X,X,  (13)
~0.1111X, X, —0.0305X, X,

Table 7 presents the ANOVA study of the proposed
model to find the significance of independent variables
towards gas product response. The significance of the
model was verified based on the Fischer test (F-value)
and probability test (p-value). A higher F-value and low
p-value (p < 0.05) show the greater reliability of the
model and effect significance of the independent vari-
ables. According to ANOVA result of gas yield from the
rice husk pyrolysis, only interaction parameters of feed
mass and temperature (X X,) and nitrogen flowrate and
temperature (X,X,) exhibited low F-value of 0.1080 and
2.3259, respectively as well as high p-value of 0.7537 and
0.1781, respectively. Therefore, these independent variable
interactions are considered to be not significantly affect
the variation of gas yield.

Fig. 5 presents the 3D response surface plot that relates
interaction of the involving independent variables. These
plots are very useful to analyze the response behavior as
the function of the involving process variables through the
surface shapes. As clearly seen in Fig. 5, all surface plots

Table 7 ANOVA for the regression model and respective model term
for gas fractional yield

Source SS df MS F-value p-value  Remarks
X, 0.0077 1 0.0077 9.6436  0.0210  Significant
X? 0.0084 1 0.0084 10.5021 0.0177  Significant
X, 0.0065 1 0.0065 8.1250  0.0292  Significant
X; 0.0093 1 0.0093 11.6265 0.0143  Significant
X, 0.0269 1  0.0269 33.5910 0.0012 Significant
X2 0.0263 1 0.0263 32.8995 0.0012  Significant
XX, 0.0001 1 0.0001 0.1080  0.7537

XX, 0.0247 1 0.0247 30.9278 0.0014  Significant
XX, 0.0019 1  0.0019 23259 0.1781

Error 0.0048 6  0.0008
Total SS  0.1387 15

777

0
LN

0 N

Fig. 5 Surface 3D and contour plot of gas product yield response
(a) effect of feed mass and N, flowrate, (b) effect of feed mass and
temperature, and (c) effect of N, flowrate and temperature



show saddle shapes instead of dome-like shape. Saddle-
shaped surface has a hyperbolic contour type with a sta-
tionary point or saddle point that is neither a maximum nor
minimum point. According to Fig. 5 (a), the increasing of
feed mass below saddle point caused a decrease in the gas
yield due to the shortened retention time. At higher feed
mass, the gas product start increased due to more biomass
feedstock supplied. A similar trend was also exhibited by
temperature effect (Fig. 5 (b) and (c)) where at below sad-
dle point, the increase in temperature led to reduce the gas
product yield. This observation could be due to vaporiza-
tion of the free and bound moisture and volatile organic
compounds at low temperature. Subsequently, the eleva-
tion of temperature promoted biomass decomposition into
condensable organic compounds (bio-oil yield) thereby
decreasing the gas yield. However, further rise in tem-
perature resulted in a significant increase in the gas prod-
uct yield that primarily due to the occurrence of second-
ary reactions such as decarboxylation, decarbonylation,
reforming reactions, depolymerization, etc. Presumably,
these secondary reactions resulted in the higher amount
non-condensable gases. A similar phenomenon was also
reported by Gupta and Mondal [30] where at higher tem-
perature >550 °C the non-condensable gas yield contin-
uously increased due to faster devolatilization reaction
along with the reduction of bio-char residue.

The graphical illustration of the observed value ver-
sus predicted value of gas yield responses is depicted
in Fig. 6. The observed of gas yield varied between 1.65%
and 37.01%. Fig. 6 exhibits that the observed gas yield
data are very close with those predicted values presented
as red line. This result suggests that the model possesses
a high accuracy to predict the gas yield. The coefficient

Predicted Values

01 0.0 01 0.2 03 04 05
Observed Values

Fig. 6 Predicted value vs observed value plot of gas product response
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of determination (R?) value is 0.9654 describing that
96.54% of the response variations are influenced by pro-
cess variables and the 3.46% of total variations could not
be explained by the model. The adjusted R? value is 0.9316
that further advocates for a high accuracy of the model.

3.5 Optimization analysis

The multiple objectives consisted of bio-oil and gas yields
were optimized by taking into consideration all influenc-
ing parameters using Statistica Software V12.5.192.7 [31].
The ultimate objective of this study was to determine
the optimum process parameters to produce highest bio-
oil product from rice husk pyro-gasification. The overall
analyzed ranges of three independent variables and two
responses were evaluated to achieve the optimization tar-
get. The critical values according to the software analysis
were 897 g of feed mass, 1.97 mL/min of nitrogen flow-
rate, and 593 °C of reactor temperature. These optimum
operating conditions gives predicted bio-oil and gas prod-
uct yields of 47.78% and 11.41%, respectively. The com-
parison of the result of this study with previous reports is
presented in Table 8 [30, 32-37].

3.6 Bio-oil composition analysis
Table 9 exhibits the of hydrocarbon components identified
in the bio-oil derived from rice husk through GC-MS anal-
ysis. It is clearly seen in Table 9, rice husks pyro-gasifica-
tion process produced bio-oil containing numerous hydro-
carbons fractions. The percentage of peak area (%) for
each identified compound demonstrates its relative mass
percentage in the bio-oil.

Based on the results of the GC-MS test tabulated in the
Table 9, the major compounds identified in bio-oil are clas-
sified as long-chain alkanes that amounting to 66.98%.

Table 8 Bio-oil yield at optimized process parameters of previous studies

Biomass Bio-oil yield Optimization tool ~ References
(Wt%)
Saccharum munja 46.00 RSM based CCD (32]
grass
. 5111 RSM

Pine needles 5170 ANN [30]
HDPE waste 78.70 RSM based FCCD [33]
Napier grass 50.57 RSM based CCD [34]
Sagwan sawdust 48.70 RSM based BBD [35]
Neem press seed 52.10 RSM based BBD [36]
cake

Euphorbia rigida 35.30 RSM based CCD [37]
Rice husk 4778 RSM based CCD  This work
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Table 9 Chemical composition of bio-oil from rice husk pyro-gasification
according to the GC-MS analysis

Molecule Mole

No. Compound name formula  fraction (%)
1 Pentadecane C,H,, 21.00
2 Tetradecane CH,, 9.24
3 Tridecane CH, 7.28
4 Hexadecane CH,, 6.78
5 1-Tridecene C;H, 6.49
6 1-Tridecanol C,H,,0 5.90
7 Dodecane C,H, 4.50
8 Undecane C,H,, 3.60
9 Nonane CH,, 3.18
10 1-Tetradecanol C,H,0 2.93
11 Decane C,H,, 2.90
12 1-Dodecene C,H,, 2.89
13 n-Hexadecanoic acid CH,,0, 2.63
14 Cyclopropane, Nonyl C,H,, 2.28
15 9-Octadecenal CH,,0 2.11
o eI o, i
17 Toluene C,H, 1.83
18 Oleic Acid C,H,,0, 1.79
19 1-Decene CHy, 1.73
20 1-Hexadecanol C,H,,0 1.56
21 Heptane, 2,4-dimethyl C,H,, 1.50
22 Heptane CH,, 0.96
23 Phenol, 2-ethyl CH, 0 0.93
24 1-Nonadecene CHy, 0.91
25 Cyclopentadecane C H,, 0.87
26  9-Borabycyclo, Nonane, 9-hydroxy ~ C.H ;BO 0.84
27 1-Heptene CH, 0.84
28 3-Eicosene C, H 0.72

20" 40

In addition, other compounds were also present, such as
phenolic compounds 13.43%, long-chain alkenes 11.53%,
esters 4.47%, toluene or methyl benzene 1.83%, and acid
compound which is just oleic acid is 1.79%.

In this study, rice husks pyro-gasification produced
complex mixtures of hydrocarbons because they contained
cellulose, hemicellulose, lignin and other extractable
compounds that can react through the thermal cracking.
The cellulose and hemicellulose contents in rice husks were
respectively 25-35% (w/w) and 18-21% (w/w). Meanwhile,
lignin and minerals contents in rice husks were 26-31%
(w/w) and 15-17% (w/w), respectively [38]. The primary
products of cellulose and hemicellulose decomposition
were condensable vapors (bio-oil) and gas, whereas lignin

decomposition mainly resulted in bio-oil, non-condensable
gases, and solid (char) [39].

Among the compounds listed in Table 9, the ali-
phatic hydrocarbon compounds were mainly composed
of alkanes and alkenes, which are well-known to be the
main constituents of fossil fuels. Aliphatic hydrocarbons
are of great importance in fuel applications. When the
temperature raises from 450 °C to 650 °C, the relative
content of the aliphatic hydrocarbon compounds grad-
ually increased and reached a maximum of 13.58% at
650 °C. In this case, the temperature range 500—600 °C
that major compound long-chain alkanes 66.98% and
long-chain alkenes 11.53% [40].

The formation of alkanes and alkenes can be attributed
to the generation of an RCOO radical through triglyceride
cleavage and followed by decarboxylation. The formation
of aromatic compounds is supported by Diels—Alder eth-
ylene addition of a conjugated diene and carboxylic acids
that are most likely formed through the cleavage of glycerol
moiety [41]. The yields of hydrocarbons as useful chemi-
cals contained in bio-oil are also expected to be increased
for the attainment of bio-oils of desirable quality [42].

The second major compound in this result is phenolic
compound. Akalin et al. [43] found that phenolic com-
pounds such as tridecanol, tetradecanol, hexadecanol,
phenol, and octadecenal can also be formed from the
decomposition of furfural and furfural derivatives. They
also reported that the content of phenolic compounds
increased with an increase in the temperature. Besides,
Liu et al. [44] reported that phenolic compounds can also
be formed from the degradation of the lignin component
in risk husk (by cleavage of the aryl ether linkages in lig-
nin). The basic unit of lignin is the phenyl propane (substi-
tuted), which is a rich source of phenolic compounds in the
liquid hydrocarbons [45].

A large quantity of esters was obtained from the
liquefaction of rice husk with phenolic compound, which
may be ascribed to the esterification reactions between
fatty acid and phenolic compound in rice husk. Fatty
acid can also be partly degraded through decarboxylation
at hydrothermal conditions to form various long-chain
hydrocarbons [39].

3.7 Gas product composition analysis

The rice husks pyro-gasification process of produces gas,
which contains a complex mixture of hydrocarbons as
analyzed with GC-MS. The details of hydrocarbon com-
ponents in the gas product are presented in Table 10.



Table 10 Chemical composition of gas from rice husk pyro-gasification
according to the GC-MS analysis

No. Compound name Molecule formula Mol (%)
1 1-Propene CH, 24.42
2 2-Butene C,H, 24.42
3 1-Pentene CH,, 18.11

4 Cyclopentene CH, 3.28

5 2-Propanol CH,0 18.66
6 Butyl cyclobutane CH,, 5.43

7 Hexane CH, 3.61

8 Cyclopropane, dimethyl CH, 2.07

Based on the GC-MS results presented in the Table 10,
most compounds are identified as condensable gas, such as
alkenes 70.23%, phenolic compounds 18.66% and alkanes
11.11%. Linear alkanes and alkenes are well-known prod-
ucts derived from direct deoxygenation of the fatty acid
feed or the cracking of deoxygenated hydrocarbon prod-
uct through free radical mechanism. In addition, phenolic
compounds are formed from the degradation of the lignin
component in risk husk through the cleavage of the aryl
ether linkages in lignin structure [44].

Although the gas produced is condensable gas, but
it obtained in the gas sampling point. It could be due to
the condensing system couldn’t accommodate the com-
plete condensation process. It may also as a consequence
of the inappropriate nitrogen flow rate, the inlet tempera-
ture of cooling water, available heat transfer area, and gas
residence time in the condensing zone of the condenser.
This phenomenon supports the reason why bio-oil yield
achieved in this study was far below the bio-oil yield
reported in the previous study.
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4 Conclusion

In this study, the pyro-gasification process of rice husk
and the optimization of process parameters have been
studied in a semi-batch fixed bed reactor. The character-
ization of rice husk has shown the potential energy uti-
lization up to 13.79 MJ/kg. The rice husk pyro-gasifica-
tion exhibited three stages of decomposition: moisture
evaporation, light hydrocarbon release from biopolymer
decomposition, and decomposition of lignin and char.
The developed RSM models exhibited high determination
coefficient and high significance parameter values indi-
cating the model strongly represented the experimental
data. The predicted optimum conditions were 897 g for
feed mass, 1.97 mL/min for N, gas flowrate, and 593 °C
for reactor temperature, resulting in bio-oil yield and gas
yield of 47.78% and 11.41%, respectively. The statistical
analysis indicates that reactor temperature is the most
important factor that control product distribution. But N,
flowrate and feed mass are influential factors for affecting
residence time and energy consumption in the process.
The main composition of bio-oil was paraffinic hydrocar-
bon (C,; up to 21%) and the main composition of gas prod-
uct was petroleum hydrocarbon gas (C, up to 24%). Thus,
it may be concluded that the pyro-gasification of rice husk
potentially produce biofuel at a commercial scale due to
its improved overall sustainability.
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