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Abstract

Today, torrefaction is important technique for extending the potential of biomass for improvement of energy density. The
independent variables investigated for torrefaction study were temperature, retention time, acid concentration, and particle
size. The experiment was designed by central composite design (CCD) method using design expert (version 11). The three
dependent variables were higher heating value (HHV), energy enhancement factor (EEF), and mass yield (MY) were car-
ried out. Numerical optimization using response surface method (RSM) to maximize the HHV and EEF with lowest MY
was carried out. The maximum HHV of 25.05MJ/kg, lowest MY of 60.15%wt and highest EEF of 1.593 were obtained at
299.99°C, 31.89min of retention time, 0.75g/1 of acid concentration and 0.20mm of particle size. Proximate analysis, bulk
density, hydrophobicity, energy density, and ultimate analysis of raw and torrefied biomass were determined to analyze the
physiochemical properties of the fuel. In addition, thermo-gravimetric analysis (TGA), Fourier transform infrared spectros-
copy (FTIR), and X-ray diffractometer (XRD) were done to distinguish the behavior of raw and torrefied wheat straw. The
results implied that energy density of torrefied biomass was well improved when compared with raw biomass. All in all,
energy density of torrefied biomass was improved, which can be used as an alternative energy.
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1 Introduction

To meet the demand for a sustainable energy supply, it is
necessary to develop a new alternative energy source that
is renewable and sustainable, efficient, and economically
viable. This is due to our dependence on fossil fuels for
energy and the environmental consequences that result
from their use [1-3]. Residual biomass is a carbon-neutral
renewable resource that will play a significant role in the
future as an alternative energy source. Wheat straw (WS)
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is a possible renewable and economically secure source of
energy because it is an indigenous resource produced on a
vast scale, is widely available around country side, and is
very inexpensive [2, 4, 5].

Thus, increasing the energy from WS through the
development of green and ecofriendly methods increases
the added value of those waste materials. Torrefaction
is a thermochemical pretreatment method that uses
biomass at a limited temperature range value between
200 and 300°C [6]. Biomass undergoes torrefaction,
which boosts its carbon per oxygen and carbon per
hydrogen ratios and enhances its energy density [7—10].
The amount of fixed carbon in biomass rises following
torrefaction as a result of charring of the biomass and
cracking of volatiles. As hemicelluloses become more
thermally stable and energy density rises with torrefac-
tion temperature, the amount of fixed carbon increases
following torrefaction [9, 10]. Today, torrefaction is
perceived as a critical course for expanding the capa-
bility of biomass for huge scope creation of inexhaust-
ible strong fuel with high energy density [11-13]. Tor-
refaction is a treatment process for biomass, which is
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to reduce oxygen content and moisture absorption and
increases the energy content [14, 15].

Dry and hydrothermal technologies for biomass tor-
refaction have been utilized extensively for many years
[2, 16, 17]. Yet, according to the majority of the lit-
eratures, these traditional procedures were associated
with low energy density, high moisture content, high
O/C ratio, low hydrophobicity, low reactivity, and ignit-
ability of torrefied biomass [5, 6]. Another method that
was frequently utilized in reviews was the microwave
assisted torrefaction [18]. These techniques' drawbacks
include significant energy consumption, expensive,
and the breakdown of the lignin, hemicellulose, and
cellulose structures of torrefied biomass. As a result,
the product would have lower heat content and higher
ash content. These shortcomings in biomass torrefac-
tion technology need the use of novel techniques that
can reduce these shortcomings and enhance biomass
torrefaction.

The chemical-treated torrefaction technique is pre-
ferred over traditional torrefaction techniques because
of its significant benefits, including significant energy
savings, increase in energy density, increase in calorific
value, decrease in moisture content, decrease in the O/C
ratio, an increase in reactivity, and an improvement in the
ignitability of produced solid fuel. Because of chemical-
treated torrefaction involves pre-treatment of raw material
to improve the torrefied biomass fuel quality. Raw materi-
als are initially pre-treated with highly diluted sulfuric acid
to remove biomass impurities and improve raw materials.
Unfortunately, biomass torrefaction has not yet adopted
this cutting-edge chemically treated torrefaction method
[19-22]. It is an incredible idea to combine this new tor-
refaction method with process condition optimization for
biomass torrefaction.

In the current study, WS was torrefied utilizing a
newly created chemically treated torrefaction pro-
cedure. The optimization of chemically treated bio-
mass torrefaction has not been done in the previously
reported literatures by taking into account significant
process variables and numerous response variables
[19-23] . The current analysis took into account the
optimization of four crucial process factors that influ-
ence WS torrefaction with three responses in order to
close these research gaps. In this study, the optimiza-
tion process was designed and carried out using the
RSM methodology of CCD. The study’s objective was
to increase energy density or Energy enhancement fac-
tor (EEF), by optimizing HHV at the lowest MY of
torrefied biomass by applying chemical-treated tor-
refaction. It involved three levels of optimization of
the following input parameters: temperature in the
range of (200-300°C), retention time in the range of
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(30-60min), acid concentration in the range of (0.75-
2.25g/1), and particle size in the range of (0.2-0.4mm).
The physiochemical characteristics of the raw and tor-
refied biomass in current study were then identified and
compared to published data.

2 Materials and methods
2.1 Materials

The raw material used for this study was WS which was taken
from damping site as agricultural waste.

2.2 Chemicals and reagents

Sulfuric acid (98%), used to treat biomass in chemical torrefac-
tion process, distilled water was used for washing the sample
in order to remove the impurities from the biomass sample.
Nitrogen gas was used during torrefaction to make the tor-
refaction environment inert. All chemicals and reagents used
in this study were obtained from cherikos marketing center
A.H plc., Addis Ababa, Ethiopia. All necessary materials used
in present experiments were analytical graded. The equip-
ment’s used in this study were balance, oven, Muffle furnace,
tubular Furnace with a stainless-steel tubular reactor, a glass
reactor, different size conical and Erlenmeyer flasks, beakers,
and measuring cylinders. Elemental analyzer (EA 1112 Flash
CHNS-O- analyzer) powder X-ray diffractometer (XRD-
7000), Fourier transform infrared spectroscopy (Spectrum 65
FT-IR, PerkinElmer), and thermo gravimetric analyzer (TGA)
were used.

2.3 Methods

2.3.1 Biomass sample preparation and experimental
design

Biomass sample preparation The pretreatment steps were
adopted before the performing the experiments as reported
literature [9]. WS was fractionated to remove the large (>4
mm) particles with the use of vibrating screen separator.
Then, sample was washed by distilled water to remove impu-
rities. Then it was kept in oven at 105°C for 30min. Then
dried WS sample size was reduced to 0.2mm, 0.4mm, and
0. 6mm. The generalized torrefaction of WS process was
described in Fig. 1.

2.4 Experimental design

From Table 1, the experiment was designed by CCD method.
Four influential factors with three levels were designed as
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Fig. 1 General Experimental
procedure of chemical-treated

torrefaction
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shown in Table 1. The sample size of WS taken for every tor-
refaction was 10+0.11gm.

2.4.1 Torrefaction process

A tubular reactor outfitted with a hot plate heater (AM
5250A), nitrogen cylinder, thermocouple, and pressure
gauge was used for all experiments. A thermocouple was
used to measure the reaction's temperature. To create an
inert atmosphere, a valve was connected the reactor to a
cylinder of 99.99% pure nitrogen gas that was flowing at
a rate of 40 mL/min. The tubular reactor was filled with
the samples and then completely purged with nitrogen gas
to completely remove all oxygen. The reactor had been
warmed at the set temperature for controlled residential
time. The biomass samples were removed from the furnace
after the prescribed amount of time had reached. In order
to prevent moisture exposure, the samples were immedi-
ately placed in desiccators. The samples were weighed and
put through the appropriate analysis after dried.

Table 1 Lower and upper limits designed by CCD

Factors Lower limit Upper limit
Torrefaction temperature (°C) 200 300
Retention time (min) 30 60

Acid concentration (g/1) 0.75 2.25
Particle size (mm) 0.2 0.6

2.4.2 Characterization of raw and torrefied biomass

Determination of moisture content 2+0.15g of raw or torre-
fied WS sample was weighed. The sample was placed in an
oven and dried at 105°C for 2 h. After drying in the oven; the
sample kept at desiccator for 30min. The weight of the sam-
ple was taken out every 10min. The procedure was repeated
until a constant weight obtained. Three experiments were
conducted. The average percentage of moisture content in
the sample was determined using Eq. (1).
%MC = T2 5 100%

1
Where, MC — moisture content of raw ortorrefied sample

W, — weight of sample drying, W, — weight of sample after drying
ey
Determination of volatile content The percentage volatile
content (VC %) was determined according to ASTM E 872
standard reported in literature [24]. The raw or torrefied
WS sample weight of 2+0.15g was measured and recorded
until a constant weight was obtained. Three samples were
then kept in a furnace at a temperature of 550°C for 3h and
weighed after cooling in desiccators. The average percentage

volatile matter was then calculated using the Eq. (2)
%ve = 2% 4 100

Where, %VC — percentcllge of volitle content

M; — initial mass of sample, M; — final mass of sample
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Determination of the ash content Ash content determination
was done according to the ASTM D2866-94 method sug-
gested by [25]. A 1540.15g sample in a standard condition
was placed in to a porcelain crucible and transferred into a
preheated muffle furnace set at a temperature of 1000°C and
kept for 1 h. After that the sample was cooled and weighed.
Three experiments were conducted. The average percentage
ash content was determined using the Eq. (3)

%Ash = MV % 100

Where, %Ash — percen'tage of ash content
M, —, mass of ash, M; — Initia mass of raw ortorrified sample
(3)
Determination of the fixed carbon Fixed carbon was deter-
mined by assuming that the sulfur content was negligible in
all cases. The fixed carbon content (FC) was given in Eq. (4)

%FC = 100% — %MC — %VC
where, FC is fixed carbon(%) ,MC is Moisture Content(%)
VC is Volatile Content(%)

“
Elemental analysis Elemental analysis of the biomass samples
were performed using an elemental analyzer (EA 1112 Flash
CHNS-O- analyzer). 0.5+0.15gm of raw and torrefied WS
sample was taken for elemental analysis. Conditions for the
ultimate analysis were: Carrier gas flow rate of 120 ml/min,
reference flow rate 100 ml/min, oxygen flow rate 250 ml/min;
furnace temperature of 900°C and oven temperature of 75°C.
Percentage of oxygen content was calculated by using Eq. (5)

Oxygen% = Carbon% — Hydrogen% — Nitrogen% — Ash%
®)

Determination of hydrophobic properties Hydrophobic
property of torrefied and raw biomass was analyzed by
equilibrium moisture content (EMC) analyzer. EMC was
determined using Eq. (6)

BEMC = Y=Ma 4 100
Md

Higher heating value determination According to the
ASTM D 3286 standard, the HHV of raw and torrefied
samples were determined using bomb calorimeter (XRY-
1A oxygen Bomb calorimetry) [26].

Mass yield (wt %) determination The products of torrefac-
tion process were solid residue, condensable liquid (bio-oil)
and non-condensable (NC) gases. The mass yield was cal-
culated using Eq. (8).

Wieght of torrefied biomass(g)

Mass Yield(wt%) =
ass Yield(wt%) Wieght of raw biomass(g) ®

Energy yield (wt %) Energy yield (EY) is a function of solid
product yield and their HHV. EY can be calculated using

Egq. (9).
HHY

Energy Yeild(wt%) = Mass yield « —T2 % 100
HHV g

Where, HHV 15 — is higher heating value of torrefied biomass
HHYV gy — is higher heating value of raw biomass

©))

2.6 Energy enhancement factor /energy density

This indicates the potential calorific value of biomass.
It was determined the correlation recommended by [24]
using Eq. (10).

EEF(-) = %

Where, HHV 15 — is higher heating value of torrefied biomass
HHYV gy — is higher heating value of raw biomass

(10)

2.7 Thermo gravimetric analysis

Thermal stability of torrefied WS sample was determined

Where Me is the mas of the sample at equilibrium with a humid
atmosphere and M is the mass o fdry sample.The sample was measured ©)

at 79% relative humidity and temperature of 25°C

2.5 Determination of bulk density

Bulk density is the ratio of mass of biomass to the volume of
water displaced. It was calculated using Eq. (7).

mass of sample(g)

Densijty(g/ml) = (N

volume of sample(ml)
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by thermo gravimetric analyzer (TA instrument, model:
SDT Q600). Thermal degradation of the sample was
undergone starting from temperature of (27°C) up to upper
limit temperature of 800°C with heating rate of 40.00°C/
min under nitrogen atmospheric condition with flow rate
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Table 2 Proximate analysis of

Raw biomass  Moisture Volatile matter (%wt)  Fixed carbon Ash content (%wt)  References
raw wheat straw and other raw content content (%wt)
biomass (%w)
WS 5+0.1 59.4+0.03 27.3+0.02 7.9+0.04 This study
Food waste 11.95 81.0 3.77 3.28 [17]
Rice husk 8.8 59.2 14.6 26.2 [27]
Coffee husk 6.7 83.2 14 32.5 [27]

of 20.0 ml/min. The percent weight loss of the sample with
corresponding temperature was determined.

2.8 FTIR characterization

FTIR spectroscopy (Spectrum 65 FT-IR, PerkinElmer)
was used to determine the available functional groups and
entire bonds of the raw and torrefied WS. The infrared
spectra bands were recorded by passing of a beam of light
through the solid sample at a resolution of 4cm™! in the
range of 4000 to 400cm™!. The differences among these
samples in respective of associated functional groups
were compared and discussed.

The powder X-ray diffractometer characterization The
powder X-ray diffractometer (XRD-7000) was applied to
determine the crystalline and amorphous structure of raw
and torrefied biomasses. The XRD scans over the 2 6 in
a range of 5-55°. The apparatus operated at current of
25mA and acceleration voltage of 30kv.

2.9 Numerical optimization

Numerical optimization will be carryout to identify
the optimum condition which results in high calorific
value with low mass yield by using numerical optimi-
zation feature of design expert software. The software
manipulates the factors combinations that satisfy the
requirements for responses and each of the factors.
Three response variables (HHV, MY, and EEF) were
determined and optimized.

3 Result and discussion
3.1 Raw material characterization
3.1.1 Proximate analysis

According to Mhilu [27], moisture content of raw rice husk
and coffee husk are 6.7% and 8.8%, respectively, while in
current study, moisture content is 5.01%; this implied that
WS is more viable for torrefaction. The volatile content of
WS in current study is comparable with moisture content of
other biomasses of similar literatures [17, 27]. The raw WS
possessed low moisture content and reasonable amount of
volatile matter and fixed carbon that indicated that WS has
potential to use as energy source. The results contributed to
perform torrefaction to improve its energy. The experimental
results were in good agreement with the reported studies as
shown in Table 2.

3.1.2 Ultimate analysis

The ultimate analysis of raw WS possessed high carbon
and oxygen content, and reasonable amount of hydrogen.
According to Rasid et al. [17] and Mhilu [27], carbon
content of sawdust and food waste is 43.55% and 44.61%,
respectively; while in current study, carbon content of WS is
44% which is in reasonable agreement with the literatures.
High carbon content biomass is recommended for torrefac-
tion to improve energy [7]. In addition, in current experi-
ment, sulfur content is 0.3% which is too low and cannot
contribute any side effects at this amount. So, that WS can

Table 3 Ultimate analysis result

Biomass C H (0] N S H/C o/C HHV (MJ/kg)  References
of raw wheat straw and other
raw biomass WS 44 58 424 04 03 013 09 1572 This study
Sawdust 4355 854 5224 - - 0.2 1.20 17.02 [27]
Food waste  44.61 7.34 4416 348 04 0.166 0.99 19.67 [17]
Softwood 50.3 5.5 34.8 0.17 - 0.11 0.69 19.8 [7]
Peat pellets  52.8 5.2 374 1.17 0.098 0.708 209 [7]
@ Springer
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Table 4 Responses of 3-level-4
factorial CCD design for
torrefaction of wheat straw

Table 5 The ANOVA results
of quadratic model for the
correlations of HHV

@ Springer

Variables type:

Independent variables (factors)

Dependent variables (responses)

Run Tem- Time (min) Acid con- Particle ~ HHV (MJ/kg) MY (%wt) EET (-)
perature centration  size
©C) (e (mm)
1 300 30 0.75 0.2 25.05 59.34 1.59
2 250 45 1.5 0.4 22.65 81.72 1.44
3 300 30 2.25 0.2 23.01 64.45 1.46
4 300 60 0.75 0.2 21.30 58.72 1.35
5 300 30 0.75 0.6 17.50 77.92 1.11
6 250 45 1.5 0.6 18.40 89.42 1.17
7 200 60 2.25 0.6 17.80 73.53 1.13
8 200 30 0.75 0.2 22.20 73.43 1.41
9 200 60 2.25 0.2 20.20 76.63 1.28
10 200 30 2.25 0.2 20.70 85.45 1.32
11 250 45 1.5 0.4 22.02 82.32 1.4
12 250 45 0.75 0.4 24.03 81.32 1.53
13 250 60 1.5 0.4 18.60 74.32 1.18
14 250 45 1.5 0.4 22.43 81.32 1.43
15 200 30 0.75 0.6 17.43 92.63 1.11
16 200 30 2.25 0.6 16.08 81.86 1.02
17 300 60 0.75 0.6 17.50 77.63 1.11
18 300 30 2.25 0.6 18.20 62.86 1.16
19 250 45 2.25 0.4 22.01 79.32 1.4
20 300 60 2.25 0.6 18.65 64.82 1.18
21 200 60 0.75 0.2 21.05 62.35 1.34
22 250 30 1.5 0.4 20.24 82.64 1.29
23 200 60 0.75 0.6 19.04 83.73 1.21
24 250 45 1.5 0.4 21.92 82.34 1.39
25 250 45 1.5 0.2 23.40 81.32 1.49
26 250 45 1.5 0.4 21.83 83.32 1.39
27 300 45 1.5 0.4 22.97 69.53 1.46
28 300 60 2.25 0.2 20.93 64.53 1.33
29 250 45 1.5 0.4 21.67 82.54 1.38
30 200 45 1.5 0.4 22.05 83.21 14
Response 1: HHV
Source Sum of squares df = Mean square  F-value  p-value
Model 146.4 14 1046 36.89 < 0.0001  Significant
A-temperature 4.07 1 4.07 14.36 0.0018
B-time 1.58 1 1.58 5.59 0.032
C-acid concentration 3.14 1 3.14 11.08 0.0046
D-particle size 77.05 1 77.05 271.82 < 0.0001
AB 3.12 1 3.12 10.99 0.0047
AC 1.2 1 1.2 4.23 0.0575
AD 1.35 1 1.35 4.75 0.0457
BC 0.5184 1 0.5184 1.83 0.1963
BD 7.92 1 7.92 27.96 < 0.0001
CD 1.01 1 1.01 3.56 0.0786
Lack of fit 3.54 10 0.3545 2.51 0.1611  Not significant
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Table 6 The ANOVA results

. Response 2: mass yield
of quadratic model for the

correlations of MY Source Sum of squares df =~ Mean square  F-value  p-value
Model 2407.93 14 172 166.18 <0.0001  Significant
A-temperature 709.64 1 709.64 685.65 < 0.0001
B-time 109.13 1 109.13 105.44 < 0.0001
C-acid concentration 10.31 1 10.31 9.96 0.0065
D-particle size 339.56 1 339.56 328.08 < 0.0001
AB 91.49 1 91.49 88.4 < 0.0001
AC 31.02 1 31.02 29.98 < 0.0001
AD 0.3306 1 0.3306 0.3194 0.5803
BC 2.09 1 2.09 2.02 0.176
BD 1.49 1 1.49 1.44 0.249
CD 462.9 1 462.9 447.25 < 0.0001
Lack of fit 13.14 10  1.31 2.75 0.1377  Not significant

be used as energy source. The experimental results were
in good agreement with the reported studies as shown in
Table 3.

3.2 Experimental and ANOVA results

The independent factors and dependent variables were repre-
sented in Table 4. The experiments were conducted accord-
ing to randomly displayed run order designed by designed
expert version-11 software. ANOVA results of quadratic
models for determination of HHV, MY and EEF were rep-
resented in Table 5, Table 6, and Table 7 respectively.

Fit summary of the quadratic model for dependent vari-
ables (HHV, MY and EEF) was shown in Table 8. The ade-
quacy of the model was evaluated by F-value, lack of fit,
P-value, and coefficients of determination. The adequacy of
the established model was further supported by high value
of coefficient of determination terms: R* value of 0.9718,
0.9936, and 0.9718 for HHV, MY, and EEF respectively. The

coefficient terms with P-value greater than 0.05 are not sig-
nificant, whereas P-values less than 0.0500 indicate model
terms are significant. Coefficient of variation of all three
response parameters indicated that model was matched with
experimental data.

Internal studentized residual is used to check goodness of
data fit on regression line under suggested model. In Fig. 2,
all the residuals were fitted on linear line. This implies that
data was well fitted with experimental results and is possible
to predict the response parameters.

Figure 3 represented that the actual verse predicted value
of HHV, MY, and EEF. These linear lines drown at 45°
indicated that the actual and predicted values of response
variables were closer to each other. This implies that experi-
mental data was in reasonable agreement with suggested
quadratic model, which means data was well with model
to predict response parameters at given range values. The
equation in terms of coded factors is an important to deter-
mine the influence of process parameters by comparing the

Table 7 The ANOVA results

. Response 3: EEF
of quadratic model for the

correlations of EEF Source Sum of squares df = Mean square  F-value  p-value
Model 0.5924 14 0.0423 36.89 < 0.0001  Significant
A-temperature 0.0165 1 0.0165 14.36 0.0018
B-time 0.0064 1 0.0064 5.59 0.032
C-acid concentration  0.0127 1 0.0127 11.08 0.0046
D-particle size 03118 1 0.3118 271.82 < 0.0001
AB 0.0126 1 0.0126 10.99 0.0047
AC 0.0049 1 0.0049 423 0.0575
AD 0.0054 1 0.0054 4.75 0.0457
BC 0.0021 1 0.0021 1.83 0.1963
BD 0.0321 1 0.0321 27.96 < 0.0001
CD 0.0041 1 0.0041 3.56 0.0786
Lack of fit 0.0143 10  0.0014 2.51 0.1611  Not significant
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Table 8 Fit summary of the quadratic model for HHV, MY, and EEF

parameters coefficients. By ignoring non-significant factors
and interaction of factors, the HHV, MY, and EEF can be

Fit summary HHV Mass Yield  EEF ) . B
determined by using coded equation Eq. (11), Eq. (12), and
R-square 0.9718 0.9936 0.9718 Eq (13) respectively‘
Adjusted R-square 0.9454 0.9876 0.9454 )
Predicted R-square 0.8445  0.9666 0.8445  HHV(MI/K)=2206+047564 = 029675
Adequacy precision 227767 48.4645 227767 ~OAITRE = 2,070~ AARI2AB ~ 029D (D
Sequential P-value <0000  <00001  <00001 tO7O3BDH0ATISAT-261E7- 113D
Std. dev. 0.5324 1.02 0.0339
Mean 20.7 76.48 132 MY (%) =8244 + A — 6.2832— 0.75672C + 4.4312 + 2.39A§
Coefficient of variation % 2.57 1.33 2.57 —L39AC - 5.38CD — 6.254" — 4.14B" — 2.30C" + 2'7??2)
Normal Plot of Residuals Normal Plot of Residuals Normal Plot of Residuals
99 99 4 99 4
5] ] 4 o
95 3 A "] 95_3 B -] 95_5 C B
% 0 903 /A 90 [
2 2 5] 2
g 80 g:'ﬂ g 80 2 E ;; 80 935
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z = jprg z / z o
10 a 102 10 o/
o o 22
53 ] 53 ] 54 g |
14 o 14 o 1 _‘ e
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Externally Studentized Residuals

Externally Studentized Residuals
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Fig.2 Normal plot of residuals for A HHV, B MY, and C EEF of the torrefaction.
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Fig. 3 Predicted verses actual responses of A HHV, B MY, and C EEF of torrefaction
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EEF(-) =140+ 0.0303A4 — 0.0189B
—0.0266C — 1316D — 0.0281AB — 0.0184AD + 0.0448BD
+0.0305A2 — 1661B? + 0.0629C? — 0.0719D? (13)
where; A — torrefaction temperature(° C), B — retention time(min)

C — acid concentration(g /1) and D — particle(mm)

3.3 Single and interaction effects of process
variables

Three responses were used to study and compare the effect
of process conditions on torrefaction process. All single fac-
tors; temperature (A), time (B), acid concentration (C), and
particle size (D) had significant effect on torrefaction pro-
cess. As torrefaction temperature increased, the HHV also

Fig.4 Interaction effects of
process variables on HHV and
EEF of torrefied process

HHV (MJ/Kg)

HHV (MJ)/Kg)

04
D: Particle Size (mm)

EEF ()

06

D: Particle Size (mm)
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increased while MY decreased. Low particle size and acid
concentration resulted in maximum HHV. This is because of
small particles can store energy, since specific surface area
to store kinetic energy is high. The independent variables
effect in this study is in reasonable agreement with simi-
lar literatures [28]. A% harmed the HHV and EEF. This is
because, at double temperature, the energy containing mol-
ecules damaged. The 3D surface plots show the effect of any
two process conditions on individual responses, keeping the
third condition at mid-point was investigated. Figure 4 indi-
cates the interaction effect of process variables on HHV and
EE. Figure 5 indicates the interaction effect of process vari-
ables on MY. These plots make it possible to study how each
response changes while varying process conditions simul-
taneously, i.e., avoiding considering one factor at a time.
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Fig.5 Interaction effects of process variables on MY of torrefaction process

3.3.1 The effect of process conditions on higher heat
and energy enhancement factor

As temperature increased, the HHV increases also.
ment in temperature has positive effect. The same

Table 9 Proximate analysis
result of torrefied WS and
another torrefied biomass

value for EEF. The combined parameters effect on HHV was
shown in Figure 4. It is shown that the HHV of biomass
is highly significantly (i.e., P <0.0001) influenced by the
Incre-  reaction temperature, particle size, retention time and
is true  acid concentration. As temperature and retention time
Torrefied biomass Moisture con-  Volatile mat-  Fixed carbon Ash content  References
tent (%wt) ter (%wt) content (%wt) (%owt)
WS 2.02 33.04 47.56 17.3 This study
Acacia nilotica 1.67 44.78 52.13 1.42 [30]
Poultry litter - 47.12 25.02 30.13 [31]
Digested sewage sludge - 54.26 19.48 19.28 [31]
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Fig.6 All the factors and responses with their constraint of optimization criteria

increased, HHV increased. Further, Increment of these
two variables decreased the HHV and EEF. This is due to
breaking of heat storing molecules of biomass. At middle
value of both variables resulted in maximum HHV and
EEF. This was conformed to reported literature [12].

3.3.2 The effect of process conditions on mass yield

The graphical representation of the effect of process condi-
tions on the mass yield of fuel is shown in Figures 5 during
torrefaction. It was observed that in increment of torrefac-
tion temperature, retention time and acid concentration,
the mass loss of biomass fuel was increased. This is due to
the methoxy group removal from the lignin part of wheat
straw and end of the carboxyl group from the WS hemi-
cellulose [25]. When acid concentration increased with
increasing time, mass loss increased. As acid concentration
increased, biomass loses its amorphous structure which lead
to decrease in weight.

The evacuation of both the carbonyl and carboxyl com-
ponents from the cellulose part of WS could likewise be
reasons for the mass loss. But, in an increment of particle
size, the mass loss of biomass fuel decreased. This indicates
that lignin, cellulose, and hemicellulose of biomass sample
having large particle size cannot be easily destructed. This
was supported by reported research [29].

3.4 Optimization of process conditions

In current study, optimization was pinned because the aim
of the study is to identify the best process condition suitable
to perform torrefaction. To increase the HHV and EEF, and
to decrease the MY of the biomass, numerical optimization
was performed. The best identified conditions of four fac-
tors such reaction temperature, acid concentration, reaction
time, and catalyst weight were determined by design expert
software feature of RSM. The software displayed the best
condition which can result in maximum HHV and minimum

Table 10 Ultimate analysis

Biomass C H O N S H/C o/C HHV (MJ/kg)  References
result of torrefied WS and
another torrefied biomass WS 6544 305 31.05 005 003 005 047 2505 This study
Softwood 5193 653 2607 041 - 0.126 050 2212 (28]
Ricehusk 6676 3.12 2389 1775 075 0047 0358 225 [32]
Corncob ~ 81.56 3.84 482 832 146 0047 0059 195 [32]
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Fig.7 TGA curves for raw wheat straw and torrefied wheat straw

MY. The four factors and three responses with their criteria
were available in Fig. 6. The best torrefaction condition was
identified and suggested by software.

The validation of model was carried out through experi-
mentation. The obtained condition was then evaluated by
conducting triplicate experiments and composite desir-
ability. The maximum desirability given by software was
0.986 which was much closer the maximum value (1). This
indicates that the obtained optimum variables condition
was interesting. In addition, the average values of triplicate
experiment results of HHV, MY, and EEF were 25.03MJ/kg,
60.02%w/w, and 1.59224 respectively. There was too small
difference in experimental values and the predicted values
suggested by software. This indicates that suggested model
and experiments were well fitted. This result is good when
compared with dry torrefied WS reported in literature [29].

3.5 Characterization results of optimum torrefied
wheat straw

3.5.1 Proximate analysis

The proximate analysis result of torrefied WS showed sig-
nificant change from the raw WS. Reduction in moisture
content observed. In addition, small amount of light volatile
matter released and its fixed carbon content increased. The
results were conformed to literatures as shown in Table 9. As
summarized in Table 9, according to Singh et al. [30], vola-
tile matter and fixed carbon contents are 44.78% and 52.13%
which are comparable to current study having 33.04% and
47.56% for volatile content and fixed carbon respectively.
Torrefied biomass having high volatile matter and fixed
carbon are recommended fuel, because they contain high

@ Springer

amount of energy and the life time during burning is also
high [30]. In contrast, according to Barskov et al. [31], fixed
carbon content of poultry litter and digested sewage sludge
are low when compared to present study. Torrefied biomass
having low fixed carbon cannot be thermally stable, since
which resulted in high amount of ash content.

3.5.2 Ultimate analysis

The elemental analysis of torrefied WS in Table 10 shows
that the content of carbon increased as a result of torrefaction
while the content of hydrogen and oxygen were decreased.
According to Mukhtar et al. [32], carbon content of rice husk
and corncob are 66.76% and 81.56% respectively. While in
according to Lee et al. [11], carbon content of softwood is
51.93%. In current study carbon content is 66.44% which is
comparable result with reported literatures summarized in
Table 10. As the result of a change in chemical composition,
the atomic ratio of O/C and H/C of the torrefied WS are 0.47
and 0.05 respectively, which are low in comparison to raw
WS. This is due to the release of volatile-rich in hydrogen
and oxygen, such as water, carbon mono oxide, and carbon
dioxide during torrefaction [33]. There is low nitrogen and
sulfur detected in torrefied WS.

3.5.3 Hydrophobicity and bulk density

A significant amount of oxygen was removed, and the
hydroxyl groups in the hemicelluloses were broken, accord-
ing to the EMC result of the current experiment, which is
shown in Table 10. Torrefied WS become more hydropho-
bic as a result of the dissolution of these hydroxyl groups
after torrefaction. Torrefaction replaces OH groups with
non-polar groups, which gives the torrefied biomass its
hydrophobic properties. Due to this, even in damp storage
environments, the torrefied product is less prone to biodegra-
dation, moisture uptake, and self-ignition [25]. Bulk density
of torrefied biomass was lower than that of raw biomass for
hydrothermal torrefaction. Nonetheless, the bulk density of
torrefied biomass is higher than raw biomass in the case
of dry torrefaction. In the current experiment as shown in
Table 11, torrefied WS was denser than raw WS. This was
accomplished by properly pretreating the material in the cur-
rent study. This demonstrates that torrefied WS occupied
little area while having its mass.

Table 11 Hydrophobicity and bulk density of raw and torrefied WS

Biomass Equilibrium moisture Bulk density (kg/m®)
content (%)

Raw WS 5.3+ 0.02 160+ 0.07

Torrefied WS 2.1+ 0.04 172+ 0.04
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Fig.8 FTIR spectrum of raw and torrefied wheat straw

3.6 Thermo gravimetric analysis

The TGA curves of raw and torrefied WS presented were in
Fig. 7. It involved three main stages: initial stage (<200°C),
destruction/devolatilization stage (250—510°C), and char/
ash formation stage (>500°C). For both samples, it was
observed that an initial low weight loss occurs in the range
of 35-200 °C, due to the removal of adsorbed moisture
and low molecular weight volatile matters. TGA curve of

Raw WS
Torrefied WS 4

Intensity (a.u)
1

26 (degree)

Fig. 9 XRD diffraction peak patterns of raw and torrefied wheat straw

raw WS showed rapid weight loss from 250 to 510°C; this
indicates that removal of untreated light solid particles and
destruction of hemicellulose and cellulose. While in torre-
fied WS, removal of untreated light solid matters has not
been observed, owning sample was well treated with dilute
H,SO,. By other word, unnecessary material which affects
torrefaction process was removed at treatment stage. But,
destruction of hemicellulose and cellulose has been observed
at 253-510°C. This was in agreement with literature[30].
From 510 to 800°C, it was observed that very small weight
loss in both samples. This was due to the decomposition of
lignin. Similar report was reported in [33]. In Fig. 7, as TGA
profile indicating, residue of torrefied sample was lower
than that of raw sample. This indicates that torrefied sample
resulted in low ash formation after firing that was the result
of treatment. As a whole, TGA curve of chemical-treated
torrefied WS was good, so it can be useful fuel.

3.7 FTIR analysis

Figure 8 shows the FTIR spectrum of raw and torrefied WS
to examine the entire bond and functional groups. In a raw
biomass, a strong O—H stretching absorption was observed
at 3329 cm™! and C-H stretching absorption at 2909 cm™!
can indicates the aliphatic chain [34]. There are many clear
peaks observed in the region in between 1750 cm™" and 1000
cm~! in raw WS. The peaks at 1732 cm™! associated for
unconjugated C=0 in hemicellulose. The associated peaks at
1630—1645 cm™" and 1400—1510 cm™" indicate C=C vibra-
tion peaks of benzene ring in lignin. Stretching vibration peaks
at 1210—1255 cm™! is assigned to C-O stretching in lignin
[35]. Strong peak of raw WS at 1000cm™! is the peak of the
C—O bond in hemicellulose and cellulose. The peak at 785
cm™! indicates wagging vibrations of C-H in cellulose [34].

After torrefaction, the peak at 3329 cm™! indicating O-H
band was weakened. The decrease in peak intensity indicates
that the hydroxyl group almost disappeared after torrefaction.
This was due to loss of water in torrefied biomass [36—38]. The
adsorption of C—H bond at 2909 cm™! also weakened. This
indicates that during the torrefaction process, the demethyl-
ene reactions and demethylation occurred to the glucose unit
in cellulose and xylan unit in hemicellulose, resulting in the
decrease of C—H [37]. Its disappearance explains disruption of
cellulose and hemicellulose. The aliphatic chain can produce
C,Hy, C,H,, and CH, in gaseous products. The at 1000cm’!
in raw WS shifted to 970cm™! in torrefied WS and almost
disappeared, which clearly shows that when torrefaction is
carried out, decarboxylation reactions occurred in cellulose.
The FTIR analysis results of current study were in agreement
with reported literatures[31-33]. All the structural changes
observed in torrefied WS is due to de-oxidation process, and
can be applied for efficient use for energy generation.
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3.8 XRD analysis

The XRD diffraction patterns of raw and torrefied WS rep-
resented in Fig. 9. It showed similar XRD diffraction peak
patterns, indicating that oxidative torrefaction had no signifi-
cant effect on the crystal type of the biomass. The diffraction
angle (20) at 16.10—16.30° can indicate amorphous phase.
The diffraction angles (20) at 21.90—22.30° and 44.5-50°
can indicate crystallographic phase [37]. The peak appear-
ing at 16.10—16.30° decreased in torrefied WS, which indi-
cates destruction of cellulose and increment of crystallinity.
This can result in low ash content in torrefied biomass in
large thermal stability. The result of current study is in good
agreement with other results of present study and reasonable
agreement with similar reported literatures[32, 33].

4 Conclusion

Optimization of chemical-treated torrefaction to maxi-
mize HHV and (EEF) with lowest MY was carried out.
The 3-level 4-factors (torrefaction temperature, retention
time, acid concentration, and particle size) experiment
was designed by central composite design (CCD) method.
Numerical optimization was carried out using RSM with
three response variables HHV, MY, and EEF. The maxi-
mum HHYV of 25.05MJ/kg, lowest mass yield of 60.15%wt,
and maximum EEF of 0.20 were obtained at 299.99°C,
31.89min, 0.75g/1 H,SO,, and 0.20mm of particle size.
Proximate analysis, hydrophobicity, ultimate analysis, bulk
density, and energy density of raw and torrefied WS were
determined. As temperature increased, HHV, energy den-
sity, and bulk density increased while MY decreased. TGA,
FTIR, and XRD resulted indicated that torrefied biomass
was good when compared to raw biomass. In view of the
results obtained in this article, the torrefied WS has a poten-
tial to be used as a source of alternative energy.

5 Recommendations

It is better if future research carried out the optimization
using general factorial design to compare with present work
results and conducted all the physiochemical properties and
compared with latest reported work on different biomass.

6 Limitations
Some limitations happened during conducting this work,

such as: lack of scanning electron microscopy to analysis
the detail microstructure of the raw and torrefied sample.
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