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ABSTRACT Can biomass fuel pellets be manufactured from agricultural straw? Studies however point 
out that agricultural straw do not bind very well during pelleting resulting in poorly formed straw pellets, 
which are often dusty, difficult to handle, and costly to produce. Durable biomass pellet is required in the 
market so that it is easier to handle and transport. Binders, when added to the biomass, help to bind 
particles and improve the physical quality biomass fuel pellet. Glycerol, bentonite, lignosulfonate and 
softwood waste were investigated in this study as binders to improve pellet strength and enhance pellet 
quality. The physical, chemical, mechanical and fuel properties of wheat straw pellets made with 
addition of different binders in different proportions were investigated. Wheat straw with glycerol (5%), 
bentonite (2%), lignosulfonate (2%), wood waste (10%, 20%,30%), and pretreated wood waste (10%, 
20%, 30%) with glycerol (0, 5%) were compressed in a single pelleting unit at a temperature of 
95ºC.The wood waste was ground and pretreated with 1% NaOH solution and heated in a microwave 
oven (574W) for 15 min resulting in a dried pretreated product before mixing into the wheat straw grinds. 
The specific energy consumption, pellet density, dimensional stability, tensile strength, calorific value, 
ash content and chemical composition were determined. Results showed that pellet density value as 
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high as 1116.46 kg/m3 can be achieved with pellets from wheat straw with pretreated wood (30%) and 
glycerol (5%). The specific energy consumption for wheat straw densification significantly decreased 
with the addition of lignosulfonate, bentonite, wood waste and pretreated wood waste with glycerol (0, 
5%). With the addition of the binders chosen in this study, the pellet tensile strength was improved with 
values ranging from 1.13 to 1.63 MPa. There was a significant increase in the heating value 
(17.98~18.77 MJ/kg) when glycerol, wood waste and pretreated wood waste were used as binders. The 
addition of both pretreated and non-pretreated wood waste significantly decreased the ash content of 
wheat straw pellets.  

Keywords: binder, biomass fuel pellet, wood waste, densification, pelletization  

 

INTRODUCTION  

There is an increasing demand for the development of economical and environmentally friendly 
bioenergy production technologies to substitute fossil fuels. Agricultural residues are an abundant and 
inexpensive source of renewable energy. Agricultural residues are the largest (in terms of mass) 
biomass feedstock in the world (Kim and Dale, 2004). About 1500 Mt of straw from cereal crops are 
annually produced worldwide. Because of the availability of this enormous quantity of cereal straw, it 
has recently been considered as a potential feedstock for production of biofuel (Sun, 2010). However, 
biomass from wheat straw and other crops have the disadvantage of high porosity and low bulk density. 
Densification of straw is of great importance to achieve better handling, transport, and storage 
operations. Densification can enhance volumetric calorific value and enhance the uniformity of physical 
properties producing uniform, clean, stable energy denser pellets as environment-friendly fuel 
(Sokhansanj et al., 2005).  

The constituents such as lignin, protein, starch, and water soluble carbohydrates are natural binders in 
the biomass materials (Kaliyan, 2008; Kaliyan and Morey, 2009). Agricultural straws usually do not 
contain adequate amount of these natural binding components and the lignin is bound to the 
lignocellulosic matrix of biomass. Therefore, biomass pellets are usually costly to produce, difficult to 
handle, and dusty (Sokhansanj et al., 2005). Since the chemical structure of agricultural straw is a 
lignocellulosic matrix, the ground biomass could be bonded well by using physico-chemical and 
biological pretreatment such as application of different chemicals and additives, microwave 
pretreatment, steam explosion and other pretreatments (Kashaninejad and Tabil, 2011). A number of 
pretreatment methods have been explored to enhance the pellet durability and strength (Shaw 2008; 
Kumar et al., 2009; Kashaninejad and Tabil, 2011).  

Infrared spectroscopy of the fractured surfaces of the wheat straw pellets indicated high concentration of 
hydrophobic extractives that were most likely responsible for their low compression strength. Presence 
of this chemically weak boundary layer limits the adhesion mechanism by van der Waals forces (Stelte 
et al., 2011). Removal of the extractives significantly increased the pellet strength but also increased the 
energy requirements in all stages of the pelletizing processes corresponding to the extractives content 
(Nielsen et al., 2010). Binder addition could be another solution to improve the straw pellet durability and 
strength. A binder (or additive) can be a liquid or solid that forms a bridge, film, matrix, or causes a 
chemical reaction to make strong inter-particle bonding (Tabil, 1996; Kaliyan and Morey, 2009). When 
the strength and durability values of pellets do not match with the quality standards or marketing 
requirements, additives in the range of 0.5–5% (by weight) are added to improve pellet quality or to 
minimize the pellet quality variations (Tabil, 1996).  

Adding high natural binding capacity ingredient to agricultural material to make the pellet stronger has 
already been explored in feed industry. Lignocellulosic material with high lignin content, which has basic 
fuel quality along with excellent binding properties, can be used as additive to the biomass with poor 
binding ability to improve the strength and durability of densified products. This could be another 
promising way for biomass densification. Wood waste has higher lignin content compared to agricultural 
straw and could be used as a good natural binder. Fuel pellets from wood waste such as sawdust and 
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wood shavings, has been popular in European countries in the last decade. Wood pellets have good 
structural strength, and lower dust and lower ash content. It is environmentally friendly to recycle wood 
waste and can solve a disposal problem (Ståhl and Berghel, 2011). Generally softwood has higher lignin 
content than hardwood (Peng, 2012). Wamukonya and Jenkins (1995) studied the possibility of 
producing durable briquettes from wheat straw and sawdust as fuel for Kenyan households and small-
scale industries. The results showed that the durability of the wheat straw briquettes can be enhanced 
from 46.5% to 67.6% by blending the straw with wood waste at a ratio of 3:1 (wood: straw). Ståhl and 
Berghel (2011) investigated the effect of mixing two raw materials, sawdust and rapeseed cake, for 
producing pellets. They found that the energy consumption of the pelletizing machine decreased with an 
increasing amount of rapeseed cake being mixed in with the sawdust pellets, the durability of pellet 
increased with the increase in the sawdust proportion. Kaliyan and Morey (2009) suggest that biological 
binders (more than 20% by weight) such as sawdust, starch, and molasses can help improve the quality 
of the densified product.  

Due to the high heating efficiency and ease of operation, microwave irradiation has been extensively 
used in many applications. Some studies have demonstrated that microwave irradiation in an aqueous 
environment can change the structure of lignocellulosic materials so that it disintegrates the lignin and 
hemicellulose, changes the ultrastructure of cellulose, and enhances the enzymatic hydrolysis of 
biomass materials (Zhu et al., 2006). Chemical agents such as NaOH and CaO have been added to 
wheat straw to reduce the resilience characteristics of the fiber, soften it, and enhance the particle 
interlocking bonding capability to increase pellet durability (Thomas et al., 1998). The key role of NaOH 
solution pretreatment is to disrupt the ester bonds between lignin and carbohydrates which results in 
solubility of lignin (Kashaninejad and Tabil, 2011).  Kashaninejad and Tabil (2011) utilized microwave-
chemical method to treat the biomass grinds before densification. Microwave and chemical pretreatment 
was significantly able to disintegrate the lignocellulosic structure of wheat and barley straw grinds and 
increased heating value, pellet density, and tensile strength of pretreated wheat and barley straw 
pellets.  

Pietsch (1976) classified binders for pelleting into three general groups, namely: a) matrix type, b) film 
type, and, c) chemical binders, of which lignosulfonate and bentonite are of the film type. They are 
commonly used binders in the feed industry in some countries. Lignosulfonate is the waste produced in 
the pulp industry. Lignosulfonate has been considered to be consistently the most effective binder for 
compounded animal feeds. Generally, lignosulfonates are effective as binding agent when used at 
inclusion levels of 1 to 3% (Anonymous, 1983b). Bentonite is a colloidal hydrated magnesium aluminum 
silicate clay used for making firmer feed pellets (Tabil, 1996), and is largely composed of Montmorillonite, 
which is a highly colloidal and plastic clay. When bentonite is dispersed in water, it breaks down into 
small plate-like particles negatively charged on the surface, positively charged on the edges. This 
unique ion exchange is responsible for the binding action which takes place. Pfost and Young (1973) 
determined that bentonite added at a rate of 2.6% reduced dust in poultry feed pellets. Addition of 
1.25% (by weight) of lignosulfonate, 5.0% of bentonite as a binder considerably improved the durability 
of alfalfa pellets from of 65.1% to 85.8% and 65.1% to 88.8%, respectively (Tabil, 1997)  

Glycerol is a byproduct of the transesterification process in the production of biodiesel. For every 10 kg 
of biodiesel produced, 1 kg of crude glycerol is co-produced through transesterification of triglyceride 
feedstock (Diversified Energy, 2012). Its production is expected to further expand with the spread of 
biodiesel production plants (Johnson and Taconi, 2007 and Pagliaro et al., 2007). Although the global 
production of biodiesel remains limited, the market price of glycerol has already rapidly dropped. If the 
production of biodiesel increases as expected, the supply of glycerol will be in excess of demand. Thus, 
there is a growing need to develop new application to use glycerol into value-added products to ensure 
this byproduct is not wasted (Johnson and Taconi, 2007 and Pagliaro et al., 2007). Crude glycerol is a 
good energy source (Yang et al., 2012). Adapa et al. (2010) reported that oil must be added to increase 
bulk density and improve the flowability of biomass pellet in a pilot-scale pellet mill. Cavalcanti (2004) 
studied the binding functionality of fat in different feeds and found that fat inclusion above 6.5% is not 
good for pellet durability. 
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A description of how wheat straw pellets were made using wood waste and selected binders are 
embodied in this paper. The objectives of this study were: a) to manufacture pellets from wheat straw 
with glycerol, lignosulfonate, bentonite, various percentage of ground wood shavings and ground  
pretreated wood shavings  with or without glycerol addition using a single pelleting unit; and b) to 
determine the effect of different binders on the physico-chemical and mechanical properties of wheat 
straw pellets.  

MATERIALS AND METHOD 

Raw materials and experimental design  

Five different raw materials were used for the present study: wheat straw (Triticum aestivum L.) 
acquired in small square bales with dimensions of 0.45x0.35x1.00m from the Central Butte area 
(53.11E, -106.47N) in Saskatchewan, Canada harvested in the fall of 2011. The wood waste is soft 
wood shavings obtained from Western Wood Shaving Inc. (Saskatoon, SK) with 60% of spruce and 
40% pine. Crude glycerol was acquired from Milligan Bio-Tech Inc. (Foam Lake, SK). Lignosulfonate 
was obtained from Dust Free Road Maintenance Inc. (Winnipeg, MB) and bentonite was obtained from 
Canadian Clay Products Inc. (Wilcox, SK). Table 1 shows the experimental design of binder or additive 
information. 

Table 1. Experimental design. 

Binders and additive  Percent addition of total weight 
Lignosulfonate 0, 2% 
Bentonite  0, 2% 
Glycerol  0, 5% 
Non-pretreated wood waste 0, 10%, 20%, 30% 
Microwave-pretreated wood waste 0, 10%, 20%, 30% 
Microwave-pretreated wood waste with 5% glycerol  0, 10%, 20%, 30%  

Size reduction of agricultural biomass 
A hammer mill (Serial no. 6M13688; Glen Mills, Inc., Clifton, N.J.) having 22 swinging hammers, 
attached to a shaft powered by a 1.5 kW electric motor was used. A dust collector (House of Tools, 
Model no. DC-202B, Saskatoon, SK) was connected to the outlet of the hammer mill to control dust 
during operation, provide flowability of chopped biomass through the hammer mill, and collect the 
ground biomass. A screen size of 3.2 mm was used for grinding the wheat straw and the wood wood 
waste. 

Moisture content of biomass 
The moisture content of the ground material and the pretreated wood waste samples were measured 
using oven drying at 103±2℃ for 24 hours (ASABE, 2006) in three replicates. The average initial 
moisture content of the wheat straw grind and the softwood grind was 6.76% (w.b.) and 9.49% (w.b.), 
respectively. The moisture in biomass both acts as a facilitator of natural binding agents and as a 
lubricant (Kaliyan & Morey, 2006a). Obernberger and Thek (2004) reported that production of high 
quality pellets is possible only if the moisture content of the feed is between 8 and 12%. Shaw (2008) 
observed that as the load increased from 1000 to 4000 N, the pellets made from ground biomass with 
moisture content of 9% (w.b.) became denser. Kaliyan and Morey (2007) observed that for both corn 
stover and switchgrass grinds at moisture content of 10% (w.b.) produced good quality compacts. Shaw 
and Tabil (2007) reported that lower moisture materials produce denser compacts. In this paper, the 
moisture content of wheat straw grinds was adjusted to 9%-10% by spraying water. Then the adjusted 
moisture materials were kept in the air-tight plastic bags for one week. 

Particle size analysis 
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The geometric mean particle diameter of wheat straw grinds, wood shaving grinds and pretreated wood 
shaving grinds was determined using ASABE Standard S319 (ASABE, 2008). A Ro-Tap sieve shaker 
(W. S. Tyler Inc., Mentor, OH) was used for particle size analysis.  U.S. sieve numbers 16, 20, 30, 50, 
70 and 100 (sieve opening sizes: 1.190, 0.841, 0.595, 0.297, 0.210 and 0.149 mm, respectively) were 
used for the analysis. A 100 g sample was placed on a stack of sieves and 10 min sieve shaking time 
was used. Particle size analysis was replicated 3 times. The particle size distribution of the wood 
shaving grinds and wheat straw grinds are showed in Figure 1. The mean geometric particle size of 
wood shaving grinds and wheat straw grinds was 1.022 ± 0.017 mm and 0.858 ± 0.001mm respectively. 

  
Figure 1. Particle size distribution of initial wood shaving grinds and wheat straw grinds using hammer 
mill with screen size of 3.2 mm. 

As the geometric particle size of wood shaving grinds is higher than wheat straw grinds, the mass 
percentage on sieve size of 1.19mm (sieve no.16) is chosen to be adjusted by the formula suggested in 
the ASABE Standard S319 (ASABE,2008) to attain a geometric mean diameter which is equal that of 
wheat straw grinds. Table 2 show the result of the adjusted mass percentage of each sieve size. After 
separating the initial wood shaving grinds by using the sieve size no.16, 20, 30, 50, 70, 100, wood 
shaving grinds sample were recreated by mixing grinds from each sieve with the adjusted proportion 
shown in Table 2. This new mixture of wood shaving grinds has nearly the same geometric mean 
particle diameter (0.858 mm) as the wheat straw grind.  

Table 2. The initial and adjusted wood particle size distribution. 

Sieve Size (mm) 
Average Percentage mass (%) 
Initial After adjustment 

1.190 61.77 41.27 
0.841 14.95 22.98 
0.595 10.75 16.52 
0.297 7.52 11.55 
0.210 1.61 2.48 
0.149 1.61 2.47 
pan 1.78 2.73 

Microwave pretreatment of softwood grinds 
Before pelletizing, a portion of wood waste samples were pretreated in a microwave oven (Model 
NNC980W, Panasonic Canada Ltd, Mississauga, ON). The power of the microwave oven ranged from 
220 to 1100 W. The chamber dimension was 0.24 m x 0.41 m x 0.42 m and it had a turntable that 
rotates a 381 mm diameter circular ceramic plate at the bottom. Wood shaving grinds was immersed in 
1 % (w/v) NaOH at the ratio of 1:9 where 20 g wood shaving grind were put in 180 g solution. After 60 
min soaking, the mixture was placed in a 600 ml beaker and positioned at the centre of rotating circular 
ceramic plate in the microwave oven for pretreatment at irradiation power of 574 W as calibrated (the 
P10 power level). According to the microwave power level, the pretreatment time is about 15 min. The 
mixture was exposed to microwave radiation until all water was evaporated and the moisture content of 
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materials reached 9%-10% (w.b.), appropriate for the densification process. Similar procedure has been 
adopted by Kashaninejad and Tabil (2011). 

Mixing wood waste and binders with wheat straw 
Non-pretreated and pretreated wood shaving grinds were first mixed with wheat straw grinds at 
proportions of 10%, 20%, and 30% by weight. Crude glycerol was heated to above 160°C with mini size 
magnetic stirrer at the speed of 220 rotations per minute by using the hot plate (IKA Works Inc., RCT B 
S1) to reduce the viscosity. The melted crude glycerol (5% by weight) was mixed with wheat straw 
grinds, wheat straw-wood mixture or wheat straw-pretreated wood mixture. In order to achieve uniform 
distribution of each material, the mixture was mixed for 15 minutes and then stored in air-tight bag. 
Subsequent mixing was carried out every 12 h for at least 72 hours. Lignosulfonate (2% by weight) and 
bentonite (2% by weight) were separately mixed with wheat straw grinds in a similar way. 

Bulk and particle density of the materials  
The bulk density of the ground wheat straw samples and pretreated and unpretreated wood waste 
samples was measured using a standard cylindrical steel container (SWA95, Superior Scale Co. Ltd., 
Winnipeg, MB) with 0.5 L volume. The material was fed in to the cylinder by a funnel. A thin steel rod 
was used to clear any blockage in the funnel and free flow was ensured. The excess biomass materials 
were removed by passing a roller over the cylinder in a zigzag pattern.  The particle density of the 
ground wheat straw samples, pretreated and non-pretreated wood waste samples, lignosulfonate and 
bentonite were measured by a gas multi-pycnometer (Quanta Chrome, Boynton Beach, FL). Three 
replicates were performed for both bulk and particle density measurements. The particle density of the 
materials were 982.58 kg/m3, 1410.12 kg/m3, 1346.41 kg/m3 and 2767.01 kg/m3 for wheat straw grinds, 
wood shaving grinds, lignosulfonate, and bentonite, respectively. The bulk density of wheat straw grinds 
and wood shaving grinds is 155.91 kg/m3 and 84.36 kg/m3, respectively. 

Experimental set-up and procedure for densification 
Prepared samples were pelleted in a single-pelleting unit (Fig. 2) as shown by (Kashaninejad and Tabil, 
2011) and used in previous studies (Tabil and Sokhansanj, 1996a, Tabil and Sokhansanj, 
1996b and Tabil and Sokhansanj, 1997). The device is composed of a steel cylindrical die with internal 
diameter of 6.35 mm and length of 125 mm. The die was wrapped with a heating element maintaining 
the temperature at 95±1°C to simulate frictional heating in commercial pelleting (Adapa et al., 2006; 
Mani et al., 2006; Kashaninejad and Tabil, 2011). 

A plunge connected to the upper moving crosshead of an Instron Model 3366 (Instron Corp., Norwood, 
MA) universal testing machine which provided the necessary load to compress the biomass samples. 
The cylindrical die was slip fitted into a stainless steel base with a hole matching the outer diameter of 
die. The cylindrical die sat on a raised base equipped with sliding gate at the bottom. On the base, there 
was a hole allowing the densified sample to be discharged from the die when sliding gate was opened. 

 
Figure 2. Section view of single-pelleter die used for pelleting biomass (dimensions in mm). 
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When the temperature of the heating element is stable at 95 ± 1 °C, approximately 0.5 –0.6 g of binder-
straw grinds mixture was loaded into the cylindrical die. The compressive force applied (using the 
Instron machine fitted with a 5000 N load cell) was 4000 N corresponding to a pressure of 126.3 MPa, 
which was used here to densify the samples. The plunger compressed the sample at a crosshead 
speed of 50 mm/min. After compression and achieving the pre-set load, the plunger was stopped and 
held in position for 60 s (Kashaninejad and Tabil, 2011) to avoid spring-back of biomass pellet (Mani et 
al., 2006). After the pellet was ejected from the die at the speed of 50 mm/min via load application using 
the plunger, another steel plate with a centrally located hole was replaced under the cylindrical die for 
support. The force–displacement curve and data was recorded by the Bluehill software (Version 2.12, 
Illinois Tool Works, Inc., 2010). The single pelletization process of compression and ejection for 
manufacture pellet were replicated 20 times for all samples. 

Chemical analysis 
Crude protein, fat, lignin, ash, acid detergent fiber (ADF), neutral detergent fiber (NDF) composition of 
wheat straw, wood waste, pretreated wood waste, lignosulfonate, bentonite samples were done at the 
Animal and Poultry Science Laboratory (University of Saskatchewan, Saskatoon, SK, Canada) in two 
replicates. Association of Official Analytical chemists (AOAC) standard method 984.13 (AOAC, 2005a) 
was used to determine the crude protein content of the biomass. AOAC standard method 973.18 (AOAC, 
2005b) was used to determine lignin and ADF contents. NDF was determined using the method of van 
Soest et al. (1991). Hemicellulose percentage was calculated from percentage NDF and ADF (% NDF 
minus % ADF) (Mani et al., 2006). Cellulose percentage was also calculated by using % ADF minus % 
lignin (Mani et al., 2006). The total ash content was determined using AOAC standard method 942.05 
(AOAC, 1995). 

Pellet density and dimensional stability 
Immediately after removal from the cylinder, the pellet diameter and length was measured using digital 
caliper. The pellet mass was also measured. The pellets were sealed in bags and stored at ambient 
conditions for 14 days. Then, the length and diameter measurements were taken again to determine the 
diametric and longitudinal expansion, and the relaxed pellet density was determined.  

Specific energy consumption 
Compression and ejection energy consumption was calculated by integration of the area under the 
force–displacement curve and converted to specific energy values in MJ/t by dividing with pellet mass. 

Tensile strength  
The tensile strength of the pellet was evaluated though the diametral compression test (Tabil and 
Sokhansanj, 1996a; Shaw et al., 2009; Kashaninejad and Tabil, 2011). Diametral compression test was 
conducted to evaluate the tensile strength of the pellets formed from the wheat straw and wood waste 
and binders. Pellets were first cut diametrically into around 2 mm thick tablets. Due to the high strength 
of the binder-straw pellet, all pellet were cut using a diamond cutting wheel bit attached to a Dremel 
rotary tool (Robert Bosch Tool Corporation, Racine, WI) (Shaw et al., 2009).  

The pellet tablet was placed longitudinally at the center of the base plate and pressed by the plunger of 
the Instron at a speed of 1 mm/min. The force displacement data was recorded and the fracture force 
was determined at the point of failure of the pellet tablet, i.e. the point when the tablet was split apart in 
to two semi-circular segments. Tensile strength of the pellet was determined and calculated using Eq. (1) 
(Tabil, 1996; Shaw et al., 2009). This test was replicated eight times for each sample. 

2
x

F
dl

σ
π

=                                                                        (1) 

Where: xσ = tensile (horizontal) stress (Pa); F = load at fracture (N); d = compact diameter (m); l= 
compact thickness (m). 
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Heating value 
The heating value of the pellet samples was measured in three replications using a Parr 1281 automatic 
isoperibol oxygen bomb calorimeter (Parr Instrument Company, Moline, IL) using the procedure of 
ASTMD5865-03 (ASTM, 2003). The colorimeter was standardized using around 1.00 g Parr standard 
benzoic acid, formed to a pellet, with calorific value of 26456000 J/kg for three replicates. About 0.5 g of 
each kind of pellet was put in the metal combustion capsule and placed in the sample holder in the 
bomb head. The data was transferred from the data logger to a laptop computer.  

Statistical analysis 
The effect of the binders on compaction characteristics of wheat and barley straw were determined 
using the analysis of variance (ANOVA) method and significant differences of means were compared 
using the Duncan’s test at 5% significant level using SPSS software 20.0 (IBM Corp., Armonk, New 
York). 

RESULTS AND DISCUSSION 
Chemical analysis 
The chemical composition of the samples of wheat straw (W), wood waste (Wood), pretreated wood 
waste (T wood) and different sample of wheat straw with lignosulfonate (L), bentonite (B), and glycerol 
(G) were shows in Table 3. Cellulose, hemicellulose, lignin are the main components of wheat straw, 
wood waste and pretreated wood waste. Protein and starch constitute small portion of these 
lignocellulosic materials. There are remarkable changes in the wood waste chemical composition after 
the microwave alkaline pretreatment, especially for component of hemicellulose, lignin, cellulose and 
ash content. The lignin content of wood waste (29.00%) and pretreated wood waste (23.32%) was 
higher than wheat straw (12.26%). Lots of studies reported that alkali pretreatment dissolves lignin and 
hemicellulose, and microwave irradiation can help dissolve these components in alkali solution (Kumar 
et al., 2009; Zhu, Wu, Yu, Liao, & Zhang, 2005; Kashaninejad and Tabil, 2011). Lignin becomes soft 
under certain temperature condition which could help particle bonding. However, the resilience 
characteristics such as stiffness and elasticity of the unpretreated biomass fibers may not let the 
particles bind well (Thomas et al., 1998) .The ester bonds between the lignin and carbohydrates in the 
biomass disrupted by utilizing microwave irradiation pretreatment results in the lignin soluble in the alkali 
solution, so that the wall structure was degraded. And ultimately this would help increase the strength 
and durability of the densified product. It is supported by the data in Table 6. The tensile strength of the 
pretreated wheat straw pellet added with pretreated wood is higher than the wheat straw pellet with non-
pretreated wood waste. The cellulose content of wheat straw, wood waste and pretreated wood were 
41.53%, 52.03% and 43.40%, respectively. The hemicelluloses content of pretreated wood and non-
pretreated wood are 10.90% and 13.13%, respectively. However, the hemicelluloses content of wheat 
straw was 22.92%, much higher than non-pretreated and pretreated wood waste pretreated. Protein, 
which can be plasticized under heat acts as a binder, which has positive effect on the strength of the 
densified product (Winowiski, 1988; Briggs, 1999). The protein content of wood waste, pretreated wood 
waste, lignosulfonate and bentonite were 0.31%, 0.33%, 0.70% and 0.21%, respectively, which are 
much lower compared to wheat straw (4.24%). Fat is a kind of lubricant in the densification process. 
After the pretreatment, the fat content of the wood waste decreased significantly from 1.42% to 0.35%. 

Table 3. Chemical composition (% dry basis) of wheat straw with different bindersⅰ. 

Material Protein Fat Lignin Cellulose Hemicellulose 
Wⅱ 4.24h 1.28bc 12.26b 41.53ab 22.92g 
Woodⅱ 0.31b 1.42c 29.00g 52.03e 13.13b 
T woodⅱ 0.33b 0.35a 23.32f 43.40c 10.90a 
L ⅱ 0.70c 0.16a 1.76a 0 0 
B ⅱ 0.21a 0.19a 0 0 0 
W and L (2%)ⅱ 4.17g 1.26bc 12.05b 40.70a 22.46fg 
W and B (2%)ⅱ 4.16g 1.26bc 12.02b 40.70a 22.46fg 
W and G (5%)ⅱ NAⅲ NA NA NA NA 
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W and Wood (10%)ⅱ 3.85f 1.29bc 13.93c 42.58bc 21.94efg 
W and Wood (20%) ⅱ 3.45e 1.31bc 15.61d 43.63cd 20.96def 
W and Wood (30%) ⅱ 3.06d 1.32bc 17.28e 44.68d 19.98cd 
W and T wood (10%)ⅱ 3.85f 1.19bc 13.37c 41.72ab 21.71efg 
W and T wood (20%)ⅱ 3.45e 1.18bc 14.47c 41.91ab 20.51cde 
W and T wood (30%)ⅱ 3.06d 1.00b 15.58d 42.09b 19.31c 
W, T wood (10%) and G (5%)ⅱ NA NA NA NA NA 
W, T wood (20%) and G (5%)ⅱ NA NA NA NA NA 
W, T wood (30%) and G (5%)ⅱ NA NA NA NA NA 

ⅰ Superscript letters of alphabet indicate that means with the same letters designation in a column are not significantly different at P = 0.05. 
ⅱ W = wheat straw; Wood = Wood waste; T Wood = pretreated wood waste; L = lignosulfonate; B = bentonite; G = glycerol. 
ⅲ NA = not available. 

Table 4 shows the results of ash content of wheat straw with binder samples. Wheat straw has an ash 
content of 7.88% while wood waste has an obviously lower ash content that is only 0.47%. So it is not 
surprising that the ash content of wood waste addition facilitated a decrease of the ash from 7.88 % to 
5.87% with the proportion of wood waste addition increasing from 0% to 30%.  However, the addition of 
pretreated wood waste did not result in significant decrease of ash content of the sample. From the 
statistical analysis, we can see that there was no significant difference observed between the ash 
content of wheat straw and wheat straw with pretreated wood waste pellet samples. It can be concluded 
that adding both pretreated and non-pretreated wood waste do not increase the ash content of the 
wheat straw pellet. The ash content of the sample with addition of lignosulfonate and glycerol resulted in 
a significant increase, whose ash content is 8.68% and 8.44%, respectively. When microwave alkaline 
pretreated wood waste was added to the wheat straw and glycerol, the ash content achieved a 
significantly decrease, which is from 8.44 %( glycerol addition) to 7.64% (glycerol and pretreated wood 
(20%) addition). Higher ash content was recorded when it comes to the wheat straw and bentonite 
sample (9.47%), which is because of bentonite is a kind of clay. However, due to its low price and good 
binding performance and lower addition proportion, this ash issue can be seen as a dialectical issue to 
be addressed later. 

Table 4. Ash content (% dry basis) of wheat straw with wood waste and different bindersⅰ. 
Material Ash content (%) Material Ash content (%) 
Wⅱ 7.88±0.08f Wood (100%)ⅱ 0.47±0.04a 
W and L (2%)ⅱ 8.68±0.08h W and T wood (10%)ⅱ 7.81±0.09f 
W and B (2%)ⅱ 9.47±0.05i W and T wood (20%)ⅱ 7.79±0.04f 
W and G (5%)ⅱ 8.44±0.22g W and T wood (30%)ⅱ 7.75±0.05ef 
W and Wood (10%)ⅱ 7.30±0.09d W, T wood (10%) and G (5%)ⅱ 7.91±0.04f 
W and Wood (20%) ⅱ 6.56±0.03c W, T wood (20%) and G (5%)ⅱ 7.64±0.05e 
W and Wood (30%) ⅱ 5.87±0.11b W, T wood (30%) and G (5%)ⅱ 7.83±0.05f 

ⅰ Superscript letters of alphabet indicate that means with the same letters designation in a column are not significantly different at P = 0.05. 
ⅱ  W = wheat straw; Wood = Wood waste; T Wood = pretreated wood waste; L = lignosulfonate; B = bentonite; G = glycerol. 

Pellet density and dimensional expansion 
The initial diameter of wheat straw-binder pellet varied from 6.49 to 6.62 mm, bigger than the single 
pellet die diameter (6.43 mm). So, there is an immediately expansion right after pellet ejection. The 
length of wheat straw- binder pellet ranged from 10.51 to 17.88 mm which depends on the mass of 
material fed to the die. The initial pellet density, diametric and longitudinal expansion and relaxed pellet 
density (after 14 days) are shown in Table 5.The initial pellet density for pellets with binders were 
significantly higher than that of the wheat straw pellet. The initial average pellet density of wheat straw 
with no binder is 996.49 kg/m3 and was as high as 1116.46 kg/m3 with addition of pretreated wood (30%) 
and glycerol (5%). With the addition of microwave alkali pretreated wood (30%) without adding glycerol, 
the pellet density is also significant higher (1098.68 kg/m3) than the no binder pellet. There is no 
significant difference of pellet density between pellets with different proportion of pretreated wood waste 
from 10% to 20% with and without glycerol. Pellets made of wheat straw with pretreated wood waste 
have higher initial pellet densities than those made from non-treated wood and other binders. Generally 
adding wood waste significantly increased the wheat straw pellet density, but there was no significant 
difference in pellet density with respect to varying proportion as shown (Table 5). The lignocellulose 



 
 

10 

 

structure was disrupted by the microwave alkali pretreatment process which may have resulted in 
relatively disengaged lignin available to bind the particles so that the density of wheat straw pellet with 
pretreated wood was much higher.  

Table 5. Relaxed pellet density and density change (after 14 days) compared to initial pellet density with 
diametric and longititudinal expansion of different binders additionⅰ. 

Material  Initial pellet density 
(kg/m3) 

Relaxed pellet 
density (kg/m3) 

Diametric 
expansion (%) 

Longitudinal 
expansion (%) 

Wⅱ 996.49±4.22a 990.67±8.96a -0.30±0.11ab 1.44±0.63abc 
W and G (5%)ⅱ 1017.99±6.10b 1010.94±6.79b -0.37±0.25ab 1.46±0.31abc 
W and L (2%)ⅱ 1025.17±10.90b 1016.05±4.89b -0.21±0.17bc 0.65±0.18ab 
W and B (2%)ⅱ 1039.84±12.09c 1036.62±13.50c -0.18±0.17bc 0.66±0.11ab 
W and Wood (10%)ⅱ 1036.20±10.66c 1024.18±21.12bc -0.56±0.17a 1.97±0.91bc 
W and Wood (20%)ⅱ 1036.79±11.66c 1039.49±27.51c -0.41±0.09ab 1.24±0.57abc 
W and Wood (30%)ⅱ 1035.53±7.59c 1007.85±6.09ab -0.50±0.19a 2.23±0.75b 
W and T wood (10%)ⅱ 1081.22±8.02d 1076.11±7.72d 0.00±0.16cd 0.47±0.31ab 
W and T wood (20%)ⅱ 1080.04±6.19d 1083.68±12.68d 0.13±0.16d 3.78±3.18d 
W and T wood (30%)ⅱ 1098.68±5.05e 1075.29±7.34d 0.22±0.08d 1.16±1.19abc 
W, T wood (10%) and G (5%)ⅱ 1087.80±8.98d 1078.21±21.96d 0.00±0.23cd 0.50±0.82ab 
W, T wood (20%) and G (5%)ⅱ 1099.38±7.46e 1088.44±8.45d 0.09±0.07d 0.64±0.10ab 
W, T wood (30%) and G (5%)ⅱ 1116.46±5.03f 1113.33±5.71e 0.03±0.27cd 0.41±0.14a 

ⅰ Superscript letters of alphabet indicate that means with the same letters designation in a column are not significantly different at P = 0.05. 
ⅱ  W = wheat straw; Wood = Wood waste; T Wood = pretreated wood waste; L = lignosulfonate; B = bentonite; G = glycerol. 

Addition of bentonite and lignosulfonate resulted in higher pellet density than glycerol. The particles of 
lignosulfonate and bentonite are so small that it can fill in the gap between wheat straw grind particles. 
Glycerol being a viscous liquid acts as a good lubricant during pelleting, resulting in increased pellet 
density. After 14 days storage the relaxed density of wheat straw with binder pellet ranged from 990.67 
kg/m3 to 1113.33 kg/m3. All pellets had longitudinal expansion after storage. 

Energy consumption 
The specific energy consumption was the highest for wheat straw pellets without any binder addition. 
Significantly lower energy requirement for pelletization was observed when processing wheat straw with 
binders except glycerol as shown in Figure 5 (specific energy consumption and standard deviation error 
bar for wheat straw-binder pelletization). The lowest specific energy consumption was achieved when 
adding 10% and 30% pretreated wood to wheat straw. The addition of glycerol did not significantly 
reduce the specific energy consumption during pelleting.  

 
Figure 5. Specific energy consumption during pelletization. (Where: W = wheat straw; Wood = wood 
waste; T wood = pretreated wood; G = glycerol; B = bentonite; L = lignosulfonate)  

Figure 6 shows the proportion of average compression specific energy consumption (CSEC) and 
average ejection specific energy consumption (ESEC) during wheat straw-binder pelletization. For 
wheat straw pellet with no binder added, CSEC and ESEC accounted for 94.11% and 5.89% of the total 
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specific energy consumption, respectively. Adapa (2009) also observed similar result with the 
percentage of specific energy required for extruding wheat straw pellet varying between 4 and 7% at 
different pressure. The proportion of CSEC decreased with the increase of the wood waste proportion in 
the sample. With the addition of pretreated wood waste, there is a decrease of the proportion of ESEC 
compared to wheat straw pellet with no binder.  

 
Figure 6. Proportion of average compression specific energy consumption (CSEC) and ejection specific 
energy consumption (ESEC) during wheat straw-binder pelletization. (Where: wheat straw= W; wood 
waste = Wood; pretreated Wood= T wood; G= glycerol; B= bentonite; lignosulfonate=L) 

Tensile strength of pellets 
Tensile strength is a reflection of pellet quality with respect to pellet strength and hardness and its 
resistance to breakage and dust generation during handling and transportation. Table 6 shows the 
fracture load and tensile strength of wheat straw-binder pellets. The average diameter and thickness of 
the pellets are 6.51 and 2.20 mm, respectively. The average fracture load of the wheat straw-binder 
pellets ranged between 18.24 and 37.62 N. With the addition of binder, the tensile strength and fracture 
load of pellets were significantly higher compared to no binder pellets. Wamukonya and Jenkins (1995) 
also reported high durability briquettes from wheat straw mixed with sawdust. The tensile strength of 
wheat straw-binder pellets ranged from 0.84 to 1.63 MPa. Kashaninejad and Tabil (2011) reported that 
the fracture load and tensile strength of wheat straw pellet was 19.10 N and 0.81 MPa, respectively, 
which is close to the wheat straw pellet data in this paper (Table 6). As the proportion of wood waste 
increased, the average tensile strength of the pellet increased from 1.13 to 1.42 MPa. The significantly 
higher tensile strength was for pellets made from 20% pretreated wood (1.50 MPa) and 20% pretreated 
wood with 5% glycerol addition (1.63 MPa). Microwave irradiation with alkali solution can dissolve lignin 
(Kumar et al., 2009; Zhu et al., 2005) in the lignocellulosic biomass and as shown in Table 3 the freed 
lignin can be potential binder during pelleting by increasing the tensile strength of wheat straw pellets. 
However, the tensile strength of pellets with pretreated wood waste (10%, 30%) added did not result in a 
significantly higher tensile strength compared to the use of non-treated wood waste (10%, 30%). An 
optimum amount of wood or pretreated wood addition should be decided later by conducting further 
experiments. Using glycerol (5%), lignosulfonate (2%) and bentonite (2%) as binders also significantly 
increased the tensile strength of pellets over that of no binder wheat straw pellets.  

Table 6. Tensile strength and facture load of pellets manufactured from wheat straw, wood waste and 
binder. 

Material  Fracture load 
(N) 

Tensile 
strength (MPa) Material  Fracture load 

(N) 
Tensile 
strength (MPa) 

Wⅱ 18.24±3.71a 0.84±0.14a    
W and L (2%)ⅱ 25.95±3.44bc 1.18±0.16bcd W and T wood (10%)ⅱ 28.14±4.59bcde 1.20±0.22bcd 
W and B (2%)ⅱ 32.07±4.50cdef 1.38±0.17cde W and T wood (20%)ⅱ 37.62±3.67f 1.63±0.13f 
W and G (5%)ⅱ 30.54±4.85bde 1.30±0.17bde W and T wood (30%)ⅱ 31.73±2.60bcdef 1.34±0.12bcde 
W and Wood (10%)ⅱ 24.65±5.08b 1.13±0.14b W, T wood (10%) and G (5%)ⅱ 27.03±6.34bcd 1.18±0.24bc 
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W and Wood (20%) ⅱ 27.57±3.31bcd 1.30±0.09bcde W, T wood (20%) and G (5%)ⅱ 35.05±6.13ef 1.50±0.16ef 
W and Wood (30%) ⅱ 33.42±4.46def 1.42±0.14de W, T wood (30%) and G (5%)ⅱ 27.09±2.64bcd 1.22±0.09bcd 

ⅰ Superscript letters of alphabet indicate that means with the same letters designation in a column are not significantly different at P = 0.05. 
ⅱ  W = wheat straw; Wood = Wood waste; T Wood = pretreated wood waste; L = lignosulfonate; B = bentonite; G = glycerol. 

 Heating value  
Table 7 shows the heating value of the wheat straw, wood waste, pretreated wood waste, lignosulfonate, 
bentonite, glycerol, and wheat straw grinds added with different binders. The average gross calorific 
value of wheat straw, wood waste and pretreated wood waste are 17.74, 20.13 and 18.48 MJ/kg, 
respectively. The heating value is 1.65 MJ/kg lower after the wood waste was pretreated by microwave 
alkali solution, while an increase in ash content was also observed (Table 4), which demonstrates an 
inreverse relationship between ash content and heating value. Similar results was reported by other 
researchers (Kashaninejad and Tabil, 2011; Shaw, 2008; Mani et al., 2004). Glycerol, with a heating 
value of 27.10MJ/kg, has a very good energy potential, which is much higher than wood waste, while 
bentonite almost has no heating value. Except adding bentonite and lignosulfonate into the wheat straw, 
all other binder addition can significantly increase the heating value of the sample.  

Table 7. Heating value (% dry basis) of wheat straw with bindersⅰ. 
Material Heating value (MJ/kg) Material Heating value (MJ/kg) 
Wⅱ  17.74±0.00d W and Wood (10%)ⅱ  17.98±0.00g 
Woodⅱ    20.13±0.05n W and Wood (20%) ⅱ  18.23±0.01h 
T woodⅱ  18.48±0.04j W and Wood (30%) ⅱ  18.46±0.01i 
Lⅱ  17.12±0.03b W and T wood (10%)ⅱ  17.81±0.00e 
Bⅱ  0a W and T wood (20%)ⅱ  17.89±0.01f 
Gⅱ  27.10±0.08o W and T wood (30%)ⅱ  17.96±0.01g 
W and L (2%)ⅱ  17.73±0.00d W, T wood (10%) and G (5%)ⅱ  18.62±0.00k 
W and B (2%)ⅱ  17.39±0.00c W, T wood (20%) and G (5%)ⅱ  18.70±0.01l 
W and G (5%)ⅱ  18.55±0.01j W, T wood (30%) and G (5%)ⅱ  18.77±0.01m 

ⅰ Superscript letters of alphabet indicate that means with the same letters designation in a column are not significantly different at P = 0.05. 
ⅱ  W = wheat straw; Wood = Wood waste; T Wood = pretreated wood waste; L = lignosulfonate; B = bentonite; G = glycerol. 

CONCLUSION 

From this investigation, the following conclusions can be drawn: 

1. The chemical composition of the wheat straw, wood waste, treated wood waste and wheat straw-
binder samples were tested and derived such as protein, fat, lignin, cellulose and hemicelluloses based 
on the dry matter. 

2. A decrease in ash content of pellets resulted when wheat straw was added- with pretreated and non-
pretreated wood waste, while it increased with the addition of lignosulfonate, glycerol and bentonite. 

3. Pellet density was significantly higher as a result of adding binders to wheat straw, especially with the 
addition of microwave alkaline pretreated wood (1116.13 kg/m3).   

4. Binder addition (lignosulfonate (2%), bentonite (2%), wood waste (2%), pretreated wood waste (10%, 
20%, 30%), and pretreated wood waste (10%, 20%, 30%) with glycerol (5%)) can significantly decrease 
the energy requirement for pelletization compared to no binder condition, except the addition of glycerol 
(5%). The proportion of compression specific energy consumption proportion within the total energy 
consumption increased while the proportion of ejection specific energy consumption proportion 
decreased when binders were used in pelleting. 

5. Binder addition improved pellet tensile strength. While pellet tensile strength values were not 
significant different between wheat straw pellets containing glycerol (5%), lignosulfonate (2%) and 
bentonite (2%). Pretreated wood waste did not result in a significantly higher tensile strength compared 
to non-treated wood waste. 
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6. Wheat straw pellets with wood waste, pretreated wood waste and glycerol increased the heating 
value was significantly. Glycerol is a potential resource to enhance heating value which is also can be a 
good binder to enhance the density and tensile strength of wheat straw pellet.  
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