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Abstract: Energy consumption is rising dramatically at the price of depleting fossil fuel supplies
and rising greenhouse gas emissions. To resolve this crisis, barley waste, which is hazardous for
the environment and landfill, was studied through thermochemical characterization and pyrolysis
to use it as a feedstock as a source of renewable energy. According to proximate analysis, the
concentrations of ash, volatile matter, fixed carbon, and moisture were 5.43%, 73.41%, 18.15%, and
3.01%, consecutively. The ultimate analysis revealed that the composition included an acceptable
H/C, O/C, and (N+O)/C atomic ratio, with the carbon, hydrogen, nitrogen, sulfur, and oxygen
amounts being 46.04%, 6.84%, 3.895%, and 0.91%, respectively. The higher and lower heating values
of 20.06 MJ/kg and 18.44 MJ/kg correspondingly demonstrate the appropriateness and promise
for the generation of biofuel effectively. The results of the morphological study of biomass are
promising for renewable energy sources. Using Fourier transform infrared spectroscopy, the main
link between carbon, hydrogen, and oxygen was discovered, which is also important for bioenergy
production. The maximum degradation rate was found by thermogravimetric analysis and derivative
thermogravimetry to be 4.27% per minute for pyrolysis conditions at a temperature of 366 ◦C and
5.41% per minute for combustion conditions at a temperature of 298 ◦C. The maximum yields of
biochar (38.57%), bio-oil (36.79%), and syngas (40.14%) in the pyrolysis procedure were obtained at
400, 500, and 600 ◦C, respectively. With the basic characterization and pyrolysis yields of the raw
materials, it can be concluded that barley waste can be a valuable source of renewable energy. Further
analysis of the pyrolyzed products is recommended to apply in the specific energy fields.

Keywords: barley waste; ultimate/proximate analysis; HHV/NCV; TGA/DTG; pyrolysis yield

1. Introduction

Energy is one of the most important commodities for humanity, creating a strong bond
between nature and life. There are no alternatives to energy for the social and economic
development of a country; i.e., the requirements for energy are escalating day by day. The
main energy source is the burning of fossil fuels, which enhances greenhouse gas emissions,
especially carbon dioxide (CO2) [1]. Considering the effects of global environmental
alteration and humanity’s ecological obligation, the necessity of renewable energy sources
becomes unavoidable. Also, lessening fossil fuel reserves forces researchers to seek energy
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from renewable energy resources that should be environmentally friendly and economically
beneficial [2]. To address these issues, renewable energy sources such as biomass, wind,
sun, geothermal, and tidal power can be exploited. Among these sources, biomass to
bioenergy conversion is particularly promising for minimizing waste and converting the
waste into valuable energy products [3].

The major biomass sources are municipal waste, agricultural residues, food waste,
and wood waste, which are rising with time [4]. The growth of biomass waste in landfills
poses high risks to the environment and human health by producing greenhouse gases
and toxic leachate which go toward the surface and groundwater [5]. Agricultural wastes
can also be managed by burning, which is prohibited in many areas due to its ecological
risk [6]. Action is highly required to minimize the impact of agricultural waste on landfills
by recycling or converting it into valuable products. In this context, biomass conversion
techniques can be applied to utilize lignocellulosic waste materials for producing valuable
energy products and other usable materials [7]. Biofuel technologies are one of the best
methodologies to convert these wastes into bioenergy as a renewable energy resource [8].

To convert biomass into bioenergy materials, the thermochemical or biochemical
conversion processes are normally applied. The thermochemical process involves heat,
and the biochemical process involves enzymes. Among these processes, thermochemical
conversion is the easiest and most appropriate technique for transforming biomass into
bioenergy compared with the biochemical process [9]. Also, in the thermochemical process,
the complex compounds of the raw materials can easily be decomposed, whereas this is
tough in the biochemical process [10].

The thermochemical process includes pyrolysis, combustion, and gasification and is
hydrothermal, where pyrolysis is more convenient since it has numerous advantages in
storage, transportation, and flexibility in solicitation [11]. In the pyrolysis process, biochar,
bio-oil, and syngas are three primary products produced from biomass. Typically, biochar
is used for heat generation, soil development, CO2 detention, and activated carbon (AC)
preparation [12,13]. AC is useful for water/air purification applications due to its large
surface area, high porosity, and strong mechanical stability [14,15]. The bio-oils can be
applied as a low-grade fuel for heat energy generation and fuel in a diesel engine after
purification. Upon upgrading and refining, the syngas is used in the gas generator and the
fuel cell to produce power and electricity [16].

Barley waste is one of the most abundant residues generated by the food industry. The
amount of this waste can be up to 85% of the total by-products [17]. Every year, millions
of tons of barley waste are produced by the food industries, which has a negative impact
on management from both ecological and economical points of view [18]. Most wastes
are thrown away or burned, which depletes resources and pollutes the environment by
releasing greenhouse gases (CO2, N2O, and CH4) and other air pollutants. Utilizing the
waste biomass can alleviate the energy crisis as well as pollution issues [19]. The primary
focus of this work is on barley waste, which is a readily available feedstock for pyrolysis
among other forms of biomass. The aim of this research is to characterize and pyrolyze
barley waste to evaluate the potentiality for the production of biofuels as a substitute for
renewable energy sources.

2. Experimental

The American Society for Testing and Materials (ASTM) methods were used for the
materials preparation and the characterization of the barley waste sample. It is a global
standards organization that develops and disseminates the technical standards for a variety
of components, systems, and services. For the basic characterization of any biomass sample,
the ASTM is widely used [20,21].

2.1. Sample Collection and Preparation

The barley waste sample was prepared following the American Society Testing and
Material (ASTM E1757-01) method. The waste sample was collected from a local firm in the
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UK. After collection, it was cleaned properly with water to remove the dirt and kept under
sunlight for one week. Then, the samples were placed inside the oven at 100 ◦C for 6 h to
eliminate the moisture properly. The samples were then ground into small particles. Finally,
the ground barley was sieved using a regular sieve No. 60 to obtain particles smaller than
0.25 mm and sealed in a sealed bag to avoid air interaction. The sample processing diagram
used in this research is shown in Figure 1.

Sustainability 2023, 15, x FOR PEER REVIEW  3  of  18 
 

The barley waste sample was prepared following the American Society Testing and 

Material (ASTM E1757‐01) method. The waste sample was collected from a local firm in 

the UK. After collection, it was cleaned properly with water to remove the dirt and kept 

under sunlight for one week. Then, the samples were placed inside the oven at 100 °C for 

6 h to eliminate the moisture properly. The samples were then ground into small particles. 

Finally,  the ground barley was  sieved using a  regular  sieve No. 60  to obtain particles 

smaller than 0.25 mm and sealed in a sealed bag to avoid air interaction. The sample pro‐

cessing diagram used in this research is shown in Figure 1. 

 

Figure 1. Biomass/sample preparation diagram. 

2.2. Biomass Characterization 

The analysis of the characteristics of the barley waste biomass sample is illustrated in 

Figure 2. 

 

Figure 2. Characterization diagram of biomass. 

2.3. Proximate Analysis 

Proximate analysis is one of the most crucial techniques for determining the qualities 

of biomass, including moisture content (MC), volatile matter (VM), fixed carbon (FC), and 

ash content (AC), as a source of energy. The proximate analysis of barley waste samples 

was evaluated using the ASTM methods. Around 1 g of biomass was used as the sample 

for each experiment. All of the tests were repeated three times, with the average findings 

presented. 

The ASTM D 3173‐11 methods [22] were used to measure the moisture content (MC). 

The proportion of MC was measured by Equation (1). 

MC (%) = 100 × 
         

   
  (1)

ASTM D 3175‐07 methods [23] were used to compute the ratio of volatile matter (VM) 

in the sample by Equations (2) and (3). 

Weight loss (%) = 
        

   
  × 100  (2)

Cutting Washing Drying Blending Sieving Storing

Figure 1. Biomass/sample preparation diagram.

2.2. Biomass Characterization

The analysis of the characteristics of the barley waste biomass sample is illustrated in
Figure 2.
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Figure 2. Characterization diagram of biomass.

2.3. Proximate Analysis

Proximate analysis is one of the most crucial techniques for determining the qualities
of biomass, including moisture content (MC), volatile matter (VM), fixed carbon (FC), and
ash content (AC), as a source of energy. The proximate analysis of barley waste samples was
evaluated using the ASTM methods. Around 1 g of biomass was used as the sample for each
experiment. All of the tests were repeated three times, with the average findings presented.

The ASTM D 3173-11 methods [22] were used to measure the moisture content (MC).
The proportion of MC was measured by Equation (1).

MC (%) = 100 × Biomass weight before dry − Biomass weight after dry
Biomass weight before dry

(1)

ASTM D 3175-07 methods [23] were used to compute the ratio of volatile matter (VM)
in the sample by Equations (2) and (3).



Sustainability 2023, 15, 1643 4 of 18

Weight loss (%) =
Biomass weight before heating − Residue weight after heating

Biomass weight before heating
× 100 (2)

VM (%) = Weight loss (%) − MC (%) (3)

Ash content (AC) of the biomass was measured as per the process of ASTM D 3174-
04 [24] by Equation (4), and the fixed carbon (FC) content was measured by Equation (5).

AC (%) = 100 −
{

Sample weight before heating − Residue weight
Sample weight before heating

}
× 100 (4)

FC (%) = 100 − {MC (%) + VM (%) + AC (%)} (5)

2.4. Ultimate Analysis

The ultimate analysis of the biomass was accompanied by a CHNS analyzer, CE
Instruments (Flash EA 1112 Series) manufactured by Thermo Quest, Italy, in the science
equipment center at Prince of Songkla University (PSU), Hat Tai, Thailand. This method
was used to evaluate the weight proportions of carbon, hydrogen, nitrogen, and sulfur. The
Equation (6) was used to calculate the oxygen content.

Oxygen (%) = 100 − [Carbon (%) + Nitrogen (%) + Hydrogen (%) + Sulfur (%)] (6)

2.5. Morphology and Elemental Analysis (SEM/EDX)

The morphological and elemental research was performed in the SEM (Scanning
Electron Microscope) Laboratory, Department of Geology, FOS, UBD, with a JEOL Schottky
Field Emission SEM (JSM-7610F) from Akishima, Japan. SEM was used to obtain surface
images, and energy-dispersive x-ray (EDX) imaging was used to define the components
in the biomass. The photographs were taken at magnifications of 100, 1000, and 5000. To
achieve higher accuracy, biomass samples were carbon-coated before imaging. The atomic
percentage of the components was determined using the same SEM-EDX unit.

2.6. Calorific Value/Heating Value

Using ASTM D 5468-02 processes, a higher heating value (HHV) of the barley waste
sample was estimated [25], and the experiment was evaluated with a C-200 series bomb
calorimeter made by P.A. Hilton, UK. The equation was used to measure the lower heating
value (LHV) (Equation (7)) [26].

LHV = HHV − 0.212*(H) − 0.0245*(MC) − 0.0008*(O) (7)

2.7. Fourier Transform Infrared (FTIR) Spectroscopy

The functional groups of the sample were investigated by a VERTEX 70, Fourier
transform infrared (FTIR) spectrometer, manufactured from Bruker, Germany, at the science
equipment center at PSU, Hat Tai, Thailand. All spectra were obtained at wavenumbers
between 4000 and 500 cm−1.

2.8. Thermogravimetric Analysis (TGA) and Derivative Thermogravimetry (DTG)

The thermogravimetric analysis (TGA) and the derivative thermogravimetry (DTG)
of the barley waste biomass sample were performed in the science equipment center at
PSU, Hat Tai, Thailand, using a thermogravimetric analyzer (TGA7) made by Perkin Elmer,
USA. The TGA and DTG study was executed at temperatures ranging from 40 to 900 ◦C
with a constant heating rate of 10 ◦C/min for both pyrolysis and combustion conditions.
The pyrolysis state was maintained with pure nitrogen (N2) gas flow, while the combustion
condition was maintained with oxygen (O2) gas flow.
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2.9. Pyrolysis (Fixed-Bed)

The pyrolysis process of the barley waste was conducted by a lab-scale, fixed-bed
pyrolysis setup (Figure 3). The experiments were performed using the stainless steel reactor
(inside dia-27 mm, and length-500 mm) inserted horizontally inside the tube furnace (Gero
300–3000, Carbolite Electrical Furnaces, Hope Valley, UK). For each experiment, 25 g of
sample material were fed into the reactor. The biomass with the reactor was placed inside
the furnace to run the pyrolysis process. The pyrolysis procedure was carried out at 400,
500, and 600 ◦C temperatures with a steady heating rate of 25 ◦C/min under 0.5 L/min
of N2 (99.99% pure) flow rate. The procedure was continued after achieving the target
temperature until no more bio-oil was generated. Cold water was passed through the
condenser to support the condensable gases become condensed. Biochar was collected
from the reactor, whereas the bio-oil was taken from the Erlenmeyer flask. The percentage
of syngas was computed from the mass balance of the biomass.
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The percentage of the pyrolysis products is calculated as per the following Equa-
tions [27].

Biochar (wt.%) =

[(
wb
wf

]
× 100 (8)

Bio-oil (wt.%) =

[
w0

wf

]
× 100 (9)

Syngas (wt.%) = 100 − { Biochar (wt.%) + Bio-oil (wt.%) } (10)

where wf is the weight of feedstock; wb is the weight of the biochar from the reactor; and
wo is the weight of the bio-oils from the flask and condenser.

3. Results and Discussion
3.1. Proximate Analysis

By the proximate analysis, the moisture content (MC), volatile matter (VM), fixed car-
bon (FC), and ash content (AC) of any biomass sample can be determined. Table 1 illustrates
the proximate analysis relationship between barley waste samples and other biomass.
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Table 1. The proximate analysis of the biomass.

Biomass Sample MC (wt.%) VM (wt.%) FC (wt.%) AC (wt.%) Reference

Barley waste 5.43 73.41 18.15 3.01 This Study
Elephant grass 9.80 69.20 7.70 13.30 [28]

Imperata cylindrica 9.30 64.30 16.10 10.30 [29]
Switchgrass 8.40 84.20 11.90 3.90 [30]

The moisture content of biomass is classified as the amount of water available in the
dry sample. It has a significant effect on the quality and quantity of bio-oils during the
pyrolysis process. If the moisture content of the bio-oil is high, the consistency of the
bio-oil will degrade [31]. For effective thermochemical decomposition, the MC value of
the biomass sample should be less than 10%. The moisture content of this biomass was
achieved at 5.43%, which was less than 10% and comparable with the values of Elephant
grass (9.80%) [28], Imperata cylindrica (9.30%) [29], and switchgrass (8.40%) [30]. Since this
waste showed lower moisture content, it can be a potential candidate for biofuel production.

The volatile matter is the part of the biomass that is driven off at higher temperatures
as gases including moisture [32]. The major components of the volatile matters are the
combustible substances (tars, light hydrocarbons, CH4, CO, H2, C2H2, H2S, and other
similar substances) and certain non-combustible substances (CO2, HCl, H2O, N2, NO, NO2,
N2O, NH3, SO2, KCl, NaCl, SO3, NaOH, and KOH) [33]. The volatile matter of this biomass
was revealed as 73.41%, which was comparable to the values of Elephant grass (69.20%) [28],
Imperata cylindrica (64.30%) [29], and switchgrass (84.20%) [30]. Generally, it varies from 60
to 85% for biomass [32]. If the VM of the biomass is higher, the reactivity will be increased
during the thermochemical process. The reactivity depends on the original composition
of the biomass and the reactive functional groups of the sample during the pyrolysis
process [34]. A higher amount of volatile matter in the biomass indicates the desirable
characteristics in the pyrolysis process to convert the biomasses into useful biofuels, where
the value for grasses varies from about 70 to 80 wt.% [35]. In combustion, volatile matter
was burned firstly as gaseous, and biochar was burnt as a solid in the second stage [36].

Fixed carbon (FC) is the volume of biochar left after separating moisture, volatile
matter, and ash content from the feedstock. FC provides an approximate estimation of the
heating values during combustion [37,38]. This sample revealed the weight percentage of
fixed carbon was 18.15, which was higher than the values of Elephant grass (7.70%) [28],
Imperata cylindrica (16.10%) [29], and switchgrass (11.90%) [30]. During combustion, lower
fixed carbon and higher volatile matter are utilized in the majority to become gaseous.
Biomass with a higher fixed carbon carries a high energy value. The fuel value index
also increases if the FC in the biomass increases but decreases if the VM in the biomass
increases [39]. The presence of more fixed carbon makes biomass an ideal choice for biochar
and activated carbon processing [40].

Ash content (AC) is the non-combustible constituent that obstructs combustion and
causes fouling, erosion, and slagging. In the pyrolysis process, if the AC value is lower, it
shows high efficacy [41]. The AC value for this work was 3.01%, which was very low and
comparable to the values of Elephant grass (13.30%) [28], Imperata cylindrica (10.30%) [29],
and switchgrass (3.90%). These differences might be due to the harvesting method or soil
conditions for the plants in those specific areas. In the pyrolysis process, ash could show
catalytic activity for biofuel generation [31]. The lower amount of potassium added an
extra advantage in the pyrolysis process because a higher amount of potassium contributes
to slag formation in the furnace. The presence of phosphorus increases the yielding of
biochar during the pyrolytic decomposition of biomass [42].

3.2. Ultimate Analysis

Table 2 describes the ultimate analysis of the barley waste and the atomic ratios of H/C
with O/C. The carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) ratios of this waste
biomass were 46.04%, 6.84%, 3.89%, and 0.91%, respectively. Consequently, the oxygen
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(O) content was found as 42.32% from the deduction method. The ultimate analyses of the
barley waste biomass were compatible with values of Elephant grass (C-39.63%, H-6.31%,
N-1.70%, S-0.20%, and O-52.16%), and rice husk (C-39.48%, H-5.71%, N-0.665%, S-<0.10%,
and O-54.12%) in Table 2 [4,43]. The most significant ingredients for use as a heating fuel are
carbon, hydrogen, and oxygen in any biomass. With greater carbon and less oxygen content,
the calorific value of the feedstock can be enhanced [36]. The elemental composition of
biomass is also influenced by its ash content. The atomic ratios of H/C and O/C suggest
the energy concentration of biomasses on the basis of the bonding between O-C and H-C.
Carbon to oxygen (C-O) and carbon to hydrogen (C-H) bonds have lesser energy than
carbon to carbon (C-C) bonds for biofuel production [32].

Table 2. The ultimate analysis results of different biomasses.

Sample C (wt.%) H (wt.%) N (wt.%) S (wt.%) O (wt.%) H/C O/C Ref.

Barley Waste 46.04 6.84 3.89 0.91 42.32 1.770 0.690 This Study

Elephant grass 39.63 6.31 1.70 0.20 52.16 1.897 0.988

[4,43]

Rice husk 39.48 5.71 0.665 <0.10 54.12 1.723 1.029

Torrefied camphorwood 53.05 6.06 0.23 – 40.60 1.361 0.575

Torrefied rape straw 48.86 5.79 – – 38.09 1.412 0.585

Indonesian coal 75.47 5.37 1.10 – 16.40 0.848 0.163

Indian coal 44.50 3.33 1.02 – 5.55 0.892 0.094

Indonesian brown Coal 69.20 5.14 0.89 0.28 24.49 0.885 0.266

Indonesian sub-bituminous coal 37.95 2.68 0.69 0.31 7.91 0.841 0.157

Raw anthracite 90.60 – – – 3.10 0.240 0.025

Anthracite 72.49 2.90 0.94 0.39 4.96 0.477 0.051

The existence of nitrogen and sulfur in biomass has a negative impact on biofuel
production since they form higher energy bonds (C-N, H-N, C-S, and H-S). Any biomass
with lower sulfur and nitrogen content is safer for the atmosphere as it produces less SOx
and NOx during burning [44]. The sulfur content of this biomass was stated to be less than
1%, making it suitable for bioenergy production.

According to the H/C atomic ratio, the biomass contains a corresponsive amount
of aliphatic and aromatic hydrocarbons. This biomass has a H/C ratio of 1.770, which
is higher than 1.5 and indicates that it includes alkanes (CnH2n+2) and alkenes (CnH2n)
as components [45]. Hydrocarbons with a single bond (-CH2-CH2-) and those with a
double bond (-CH=CH-) have H/C values close to 1 and 2, respectively. This biomass was
composed of both hydrocarbons (straight and/or branched chain), as shown by the H/C
value of 1.770 for the sample of biomass. This waste may be utilized as a possible feedstock
for biofuel due to the presence of these hydrocarbons [35].

The O/C atomic ratio is a good indicator to figure out the hydrophilic properties of
the biomass. The O/C atomic ratio of the biomass was found to be 0.690, suggesting the
hydroxyl (−OH) functional groups are made up of a single-bonded carbon-oxygen (C-O)
atom. Biomass has hydroxyl functional groups, and via hydrogen bonding, it can display a
hydrophilic character [35]. The (N+O)/C atomic ratios have a positive correlation with the
polarity of the biomass compounds. This biomass represented the (N+O)/C atomic ratio
of 0.762, meaning that one carbon atom was bound to both nitrogen and oxygen single
atoms [46]. Because of its polarity and hydrophilic behavior, barley waste can produce
acetic acid by reacting with large organic molecules and water if it is disposed of in a
landfill [47].
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Van Krevelen Diagram

Based on the data in Table 2, the Van Krevelen diagram was plotted according to the
atomic ratio of H/C vs. the atomic ratio of O/C which is represented in Figure 4. The
major four zones of anthracite, coal, torrefied biomass, and biomass are all presented in the
figure. It is the assessment to check the group of the sample. According to the H/C and
O/C results, this waste sample is perfectly fitted in the biomass zone. Barley waste is thus
a potential source of biomass for the generation of biofuels [4,43].
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3.3. Calorific Value/Heating Value

The quantity of energy released by biomass during burning is known as the calorific
value, commonly referred to as the heating value. The energy for the latent heat of moisture
vaporization is shown by the higher heating value, whereas the energy without the latent
heat of moisture evaporation is shown by the lower heating value [32]. Any thermochemical
process must take into account both values because, although HHV is obtained in the
laboratory calorimeter, LHV represents the actual energy for practical applications [48].
The HHV and LHV values for the barley waste sample were determined to be 20.06 MJ/kg
and 18.44 MJ/kg, correspondingly. The calorific values of this biomass are compared to
those of other biomasses in Table 3.

Table 3. Calorific Values of barley waste and other biomass.

Biomass HHV (MJ/kg) LHV * (MJ/kg) Reference

Barley waste 20.06 18.44 This Study
Imperata cylindrica 18.39 16.99 [49]

Miscanthus floridulus 11.05 9.67 [50]
Camel grass 15.00 13.40 [51]

* Calculated from Equation (7).

Calorific values provide accurate information for the heating values of biomass to
rationalize the probability of being an effective source of the energy [52]. For any biofuel,
the calorific values are typically computed as the energy content per unit mass of solids
(MJ/kg) and the energy content per unit volume of liquids (MJ/L) and gases (MJ/Nm3).
The literature states that when carbon and hydrogen concentration rises, the HHV values
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rise as well, while nitrogen content rises and decreases [53]. According to Sheng et al., HHV
values exhibited a positive connection with the volatile matter and a negative correlation
with ash content. The moisture content must be mentioned when quoting the calorific
value of any biomass since the values decrease proportionally with moisture content [32].

3.4. Scanning Electron Microscope (SEM)

For morphology analysis, SEM is one of the most reliable techniques as it can provide
complete, extensive, well-contrasted, and high-resolution images [54]. SEM micrographs
of this biomass are shown in Figure 5a–c at 100, 1000, and 5000 magnification levels,
respectively. From the images, the barley waste exhibits numerous fibers stuck together
with no pores. The surface of the sample is uneven for the durable bond between the pectin
and non-cellulosic constituents [55]. The fibrous surface of the sample can be promising for
biofuel creation, as this escalates the compressive strength and the impact resistance [56].
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An energy dispersive X-ray is considered one of the most authentic and reliable
methods to detect the elements and find out their percentage in biomass [57]. The EDX
results for this biomass are shown in Table 4 and Figure 6. The results indicate a high
density of carbon and oxygen with C-O bonds is available in the biomass [58]. The inorganic
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components, magnesium (Mg), silicon (Si), aluminum (Al), sulfur (S), phosphorus (P), and
calcium (Ca), for this biomass are comparable with the literature [59].

Table 4. Biomass elements from EDX results.

Element Wt. (%) Atomic (%)

Carbon (C) 67.20 73.96
Oxygen (O) 30.08 24.85

Magnesium (Mg) 0.12 0.07
Aluminum (Al) 0.38 0.19

Silicon (Si) 0.24 0.11
Phosphorus (P) 1.00 0.43

Sulfur (S) 0.62 0.26
Calcium (Ca) 0.38 0.13
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3.5. Fourier Transforms Infrared Spectroscopy

Fourier transform infrared spectroscopies are used to determine the connection be-
tween the arrangement and the chemicals of the biomass. Figure 7 depicts the FTIR results
from 4000 to 500 cm−1 wavenumbers. Table 5 describes the corresponding groups accord-
ing to the benchmarks of the literature [60,61]. The reported peaks in the wavenumbers,
2931 (cm−1) and 2860 (cm−1), were for the stretching of C-H bonds in the aliphatic structure
of hemicellulose, cellulose, and lignin [62]. The bending of C-H for hemicelluloses and
cellulose is between 2000 and 1650 cm−1 where the sample represented 1749 cm−1 [61].
The crest at 1668 cm−1 was for the C=O bond extension within hemicellulose [62].
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Figure 7. Fourier Transform Infrared of barley waste sample.

The crests at wavenumber 1558 cm−1 wase for C=C bending of the aromatic rings
of hemicellulose [63]. The peak is located at 1467 cm−1 due to the C-H distortion in the
aliphatic structure [64]. The stretching of the C=C bond and the twisting of the O-H bond
happened due to the accessibility of moisture [62].

Table 5. Functional groups of barley waste biomass.

Functional Groups Wave Number (cm−1) Reference

C-H stretching in aliphatic creation 2931, 2860 [62]
C-H stretching in cellulose and hemicellulose 1749 [61]

C=O Bending of hemicelluloses 1668 [62]
Aromatic C=C ring stretching 1558 [65]

Aliphatic C-H deformation 1467 [64]
C-H deformation in cellulose and hemicellulose 1396 [62]

C-O stretching in lignin and xylan 1271 [62]
C-O stretching vibration in cellulose

and hemicelluloses 1089, 1056 [4]

C-O stretching in cellulose 912 [64]
Aromatic rings 734–612 [66]

The C-H group bending in hemicellulose and cellulose was represented by the crest
that appears for wavenumber 1396 cm−1. With the extension of C-O in lignin and the
xylan, the peak was formed at wavenumber 1271 cm−1 [62]. Notable peaks of this test
were discovered at 1098 and 1056 cm−1, demonstrating the stable C-O bond expanding in
hemicellulose and cellulose [4]. The C-O bond was stretched for the alkene in cellulose
with a wavenumber of 912 cm−1 [64]. The aromatic rings of the biomass were revealed
within the wavenumber range of 734–612 cm−1 [67].

3.6. Thermogravimetric Analysis (TGA) and Derivative Thermogravimetry (DTG)

Thermogravimetric analysis is a significant method for understanding the series
of reactions that take place during thermochemical processes [68]. The TGA and the
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DTG graph of the barley waste under the pyrolysis and the combustion conditions are
represented in Figures 8 and 9, correspondingly. The consequent weight loss of the sample
is described in Table 6 at different temperature ranges for both conditions. There are three
main stages for calculating moisture in biomass and the breakdown of lignocellulosic
constituents (hemicellulose, cellulose, and lignin) [51]. Weight loss occurs when light
volatile matter is removed at temperatures up to 100 ◦C, when moisture is removed at
temperatures up to 130 ◦C, when heavy volatile matter is removed at temperatures up to
250 ◦C, when cellulose is decomposed at temperatures up to 500 ◦C, and when lignin is
gradually broken down at temperatures up to 900 ◦C [69].
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Figure 8. TGA and DTG curves for barley waste biomass under pyrolysis conditions.
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Figure 9. TGA and DTG curves for barley waste biomass under combustion conditions.
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Table 6. Biomass weight loss in three steps for both conditions.

TGA and DTG
Conditions

Weight Loss (%)

Residue (%)
DTG Peak

Temperature (◦C)
DTG Peak
(wt.%/min)Stage I

40 to 200 (◦C)
Stage II

200 to 450 (◦C)
Stage III

450 to 900 (◦C)

Pyrolysis (N2) 9.02 59.54 10.29 21.15 366 4.27
Combustion (O2) 7.11 63.03 26.85 3.01 298 5.41

Due to the removal of moisture content and light volatile matter from the biomass,
weight loss occurred during the first phase of the pyrolysis situation (40–200 ◦C temper-
ature) [15]. In this stage, the weight loss is 9.02%, which is comparable to the moisture
content of other biomasses (9.80% and 12.20%) [28].

The breakdown of hemicellulose and cellulose caused a weight loss of 59.54% during
the second stage (200–450 ◦C). This indicates that this sample can decompose easily in the
thermal decomposition processes [70]. The percentage of weight loss is equal to camel
grass weight loss values (59.34%) [51]. At this stage, the highest decomposition occurred
where two peaks occurred for the different degradation levels. Due to the breakdown of
hemicellulose in the biomass, the first peak was produced at a temperature of 306 ◦C and a
degradation rate of 4.05 wt.%/min. The degradation of the cellulose components in the
biomass was the primary factor of the second peak, which developed at 366 ◦C and had a
degradation rate of 4.27 wt.%/min [71].

In the pyrolysis condition, the weight loss rate was slowed down in the third stage
(450–900 ◦C), indicating the steady decomposition of the biomass. The slow degradation is
due to the breakdown of the compound chemical configuration of lignin in biomass [72].
The weight loss at this point was 10.29%, which is an indication of the extended breakdown
of lignin components. The residue achieved at 21.15% after 900 ◦C temperature was
considered biochar.

The weight loss in the combustion condition was reported to be at 9.11%, mostly
due to the removal of moisture content and light volatile matter. Due to the breakdown
of the volatile matter of hemicellulose and cellulose, the maximum weight loss (63.03%)
was found in the combustion conditions [66]. Two notable peaks from the DTG curve
were achieved in the biomass due to the maximum breakdown attained in this stage. The
breakdown of hemicellulose in the biomass caused the first peak to appear at 298 ◦C with
a degradation rate of 5.41 wt.%/min. The second peak, which was mostly caused by the
breakdown of the cellulose components in the biomass, appeared at 324 ◦C and had a
degradation rate of 4.99 weight percent per minute [71].

In the third phase, the weight loss of 26.5 percent was brought about by the tedious
and gradual breakdown of lignin components in biomass. With respect to values published
for other biomasses, the findings of this study are quite competitive [66]. At higher temper-
atures, the polycyclic arrangement of biochar results in the creation of rings that resemble
benzene. After 900 ◦C, there remained 3.01% residual material, the majority of which was
ash from the biomass. This waste biomass can serve as a source for the manufacture of
biofuels, according to the thermochemical breakdown pattern of the material [4].

3.7. Pyrolysis Yields

During pyrolysis, the thermal breakdown of biomass into smaller particles occurs due
to higher temperatures in an inert atmosphere [16]. Fast pyrolysis is primarily used to
produce higher amounts of bio-oil and syngas, whereas slow pyrolysis is associated with
increased biochar generation [43]. The yields of biochar, bio-oil, and syngas from pyrolyzing
barley waste in a fixed-bed reactor are shown in Table 7 at three different temperatures (400,
500, and 600 ◦C). This suggests that this biomass sample could be an efficient source of
biofuels. With the proximate and ultimate analysis results, the lignocellulosic components
(lignin, cellulose, and hemicellulose) also play a vital role in the quality and quantity of
the products from the thermochemical conversion process [73]. From the literature, it was
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found that the percentages of lignin, cellulose, and hemicellulose in barley straw from
agro-industrial residue were 13.8%, 33.8%, and 21.9%, respectively [74].

Table 7. Products yield of barley waste for the single fixed-bed reactor.

Pyrolysis Temperature (◦C) Biochar (wt.%) Bio-Oil (wt.%) Syngas 1 (wt.%)

400 38.57 33.28 28.15
500 34.04 36.79 29.17
600 30.61 29.25 40.14

1 Calculated by deduction.

It is found that the amount of biochar declined from 38.57 to 30.61% for the rise in
temperature from 400 to 600 ◦C. These results are comparable to the values of barley waste
in the same temperature range (37.5% at 400 ◦C and 25.6% at 600 ◦C) [75]. Biochar creation
is the procedure of breaking down weaker bonds and forming stronger structures through
the degradation of lignin. Higher ash content contributes to biochar formation, particularly
the inorganic components with sulfur and phosphorus [76,77]. The biochar with a high
carbon (63–91%) and low oxygen (10–30%) content can be used to produce greater heat
energy [78]. Devolatilization enables the production of biochar with a better grade of
porosity and reactivity when biomass is subjected to high pyrolytic temperatures [79]. A.
Aqsha et al. achieved the biochar produced from barley straw contain moisture content
(2.26%), volatile matter (23.14%), fixed carbon (69.09%), and ash content (5.52%) from
proximate analysis, as well as the carbon (72.61%), hydrogen (3.09%), nitrogen (1.73%),
sulfur (0.62%), and oxygen (16.44%) from ultimate analysis along with a heating value of
27.70 MJ/kg [74].

In this reactor, bio-oil yields of 33.28%, 36.79%, and 29.25% were achieved at 400, 500,
and 600 ◦C pyrolysis temperatures, respectively [75]. Bio-oils are a mixture of complex
compounds such as phenols, aromatics, ketones, sugars, amines, esters, ethers, alcohols, and
water. Since oil production depends mostly on the heat breakdown of cellulose, the higher
cellulose content of the biomass was responsible for the higher bio-oil production [80].
Production of bio-oil can be raised to 70% in the pyrolysis procedure [81]. After refining,
bio-oil may be used as conventional oil for vehicles or as a source of chemical goods. It
can also be applied directly as fuel for a boiler or furnace. Bio-oils could be perceived as a
suitable fuel for rural areas to resolve socioeconomic difficulties, environmental protection,
and energy security [82]. The literature revealed that the major components of the bio-oil
(27.47 MJ/kg of heating value) from barley straw were acetic acid, 1-hydroxy-2-butanone,
trans-1,3-cyclopentanediol, furfural, 2-furanmethanol, acetoxyacetone, 4-hydroxybutyric
acid lactone, 3-methyl-2-cyclopenten-1-one, phenol, 2-cyclopenten-1-one, guaiacol, and
2,6-dimethoxyphenol [74].

In the rise of pyrolysis temperatures from 400 to 600 ◦C, the syngas yield for this
biomass increased from 28.15 to 40.14%. This is because of the secondary cracking of
pyrolytic vapor into non-condensable gases (H2, CH4, CO2, and CO) at higher tempera-
tures [83]. Syngas is utilized as a source of heat during the pyrolysis procedure as well as a
fuel for gas turbines that generate power [84]. In a fuel cell, these gases may be utilized
directly to generate energy with water as a byproduct. Multiple procedures were needed to
remove carbon dioxide and carbon monoxide before the hydrogen gas could be separated
from the syngas [66]. C. A. Mullen et al. found the pyrolytic non-condensable gases from
barley straw were H2 (9.3%), CH4 (11.7%), CO2 (23.5%), and CO (55.5%) [85].

4. Conclusions

This study shows that barley waste has great potential as a source of biomass for the
production of bioenergy. The moderate moisture content (5.43%) and lower ash content
(3.01%) represented the better source of biofuels. The atomic ratios of (N+O)/C (0.760),
O/C (0.690), and H/C (1.770) and the percentages of carbon (46.04%), hydrogen (6.84%),
and other elements are very competitive to other biomass for the generation of bioenergy.
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The small quantity of sulfur (0.91%) indicates less SOx component formation. This biomass
is promising for the generation of biochar, bio-oil, and syngas due to the higher HHV
(20.06 MJ/kg) and LHV (18.44 MJ/kg) values. The higher level of fibers in the biomass
was shown by the SEM analysis can be effective for biochar production to be used for
filtration and soil amendment applications. Additionally, the EDX results showed that
the waste had increased levels of carbon and oxygen. The substantial bonding between
hydrogen, carbon, and oxygen in this biomass from the FTIR indicated the higher possibility
of bioenergy generation. According to TGA and DTG, the double peaks for both pyrolysis
and combustion conditions are the indication of hemicellulose and cellulose contents in
the biomass. The biochar revealed in this study demonstrated the potential application for
soil amendment as well as air and water purification. The highest pyrolysis yields were
achieved at 400 ◦C for biochar, at 500 ◦C for bio-oil, and at 600 ◦C for syngas. The use of
barley waste as a source of biofuel may assist in lessening the impact on landfills and has
the potential to be a sustainable energy source that can minimize CO2 gas emissions when
compared to fossil fuels. In summary, the conversion of waste biomass into bioenergy
appears to be a workable solution to the energy crisis. The detailed characterization and
analysis of pyrolyzed biochar, bio-oil, and syngas from barley waste are necessary to apply
to the energy sector.
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