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Abstract. The utilisation of biomass agglomerates is an attractive option for heat and power
production to reduce greenhouse gas emissions. Agglomeration of biomass, such as tableting, can
increase bulk density, improve storability, reduce transportation costs and increase the quality of
products. The purpose of this study is to analyse the effects of moisture content and particle size on
beech biomass agglomerates and also to identify the optimal conditions of the process for producing
tablets with high density. Beech biomass was compressed in a load cell by a hydraulic piston press
with 25 mm diameter. Effects of the independent variables, including moisture content (4.71 wt.% to
19.55 wt.% with particle size < 1 mm, and 4.74 wt.% to 19.45 wt.% with particle size < 2 mm) were
investigated. Results showed that at the same pressure, increasing moisture content resulted in lower
density of the tablet, tablets made from raw material with the smaller particle size have lower strength
than tablets made from material with the larger particle size, and a new compression equation can be
introduced, which contains moisture content as parameter.
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Introduction. Agglomeration is the mechanical process in which the particle size of solid
disperse materials (bulk materials, fine particles of slurry) is increased by bonding forces
between the particles. Agglomeration has three main types: pressure agglomeration
(briquetting, extrusion, tableting, pelletising), growth agglomeration, and sintering
(Tarjan 1986). In this paper pressure agglomeration is considered applied to biomasses.

Environmental issues, the increasing demand for energy and the decreased
availability of fossil fuels have all encouraged the development of sustainable
technologies based on renewable raw materials. One of the main advantages of biomass
as a source of energy is that it is a clean and renewable product, which contributes to the
reduction of greenhouse gas emissions and fossil fuel dependence. Biomass manipulation
requires great energy consumption due to its elevated moisture, irregular shapes and
sizes and low bulk density, which makes it difficult to transport, store and use the
material in its original form. The processing of biomass into pellets significantly reduces
the costs of storage and transportation; moreover, the pelleted biomass possesses higher
density, homogeneity and energy potential (Moya et al 2015).

Raw materials of biomass pellets include agricultural wastes, by-products and
forestry residues. According to Mustelier et al (2012), it is possible to produce pellets
even from undergrowth with physical and thermochemical characteristics similar to the
pellets sold on the market. A wood pellet is a densified fuel with homogeneous physical
properties suitable for use at various scales in domestic and industrial furnaces (Lee et al
2011).

Wood pellet production in Europe was estimated to be 10 million tonnes (Sikkema
et al 2011) and 6.2 million tonnes for North America (Spelter & Toth 2009) for the year
2009. Another study by Cocchi et al (2011) estimated between 2009 and 2010 global
installed production capacity of the pellet industry has recorded 22% increase reaching
over 28 million tonnes. The globally installed pellet production capacity for 2011 was
estimated to be about 30 million tonnes. All studies suggest strong growth for both the
European and North American pellet markets. The Finnish P6yry Industry consulting
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company has predicted growth in global pellet production capacity to 46 million tonnes by
2020 (Poyry 2011).

More than one fifth of Europe’s heating consumption is expected to come from
renewable energy sources (RES) in 2020. The share of RES in heating and cooling will
increase from 10.2% in 2005 to 21.3% in 2020. Biomass is expected to make up 17.2%
of heating and cooling consumption, heat pumps from aerothermal and hydrothermal
energy 1.6%o, solar thermal energy 1.2% and geothermal energy 1.3% (EREC 2011).

The parameters of biomass agglomerate production are especially important in
aspects related to product quality and economics. On the one hand the reduction of
moisture content usually results in better quality agglomerates; it is possible to achieve
higher density (also higher calorific value) and strength. On the other hand, moisture
content reduction (drying) has a large energy demand. To find the optimal production
parameters, the exact relation between moisture content and briquettability (applied
pressure agglomerate density) should be known. The grinding of raw materials also
demands a large amount of energy. Optimal particle size should be determined for
economical production and for good agglomerate quality.

This study investigates the effects of moisture content and particle size on the
density and strength of European beech (Fagus sylvatica) biomass tablets.

Theoretical background. Five different compaction equations for describing briquetting
processes, are introduced here. The stress-strain behaviour of biomass and the
relationship between moisture content and porosity are also introduced.

Pressure agglomeration principle. During pressure agglomeration, new, enlarged entities
(tablets, briquettes, etc.) are formed by applying external forces to particulate solids in
more or less closed dies that define the shape of the agglomerated product (Figure 1)
(Pietsch 2005).

Figure 1. Pressure agglomeration.

Compaction equations. Different approaches have been taken in order to calculate the
connection between applied pressure and agglomerate density.
The Johanson equation (1965) can take two forms:

O

where k is compressibility factor, p is agglomerate density, p is tableting pressure, F is
tableting force, V is tablet volume, and p*, p*, Fo, V, are reference values (if surface
perpendicular to force and mass of tablet are constant) (Stiel3 1997).

Liu & Wassgren (2016) modified the Johanson model for improved relative density

predictions:
K
P n
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where ninitiar 1S the inlet relative density, Piiiai iS the corresponding pressure according to
the fit data; n is the powder’s relative density.
Walker (1923) reported a series of experiment on the compressibility of powder.
He expressed the volume ratio V as a function of applied pressure P:
V=a -KInp 3)
where a; and K; are constants (Walker 1923; Adapa et al 2009).
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Heckel (1961) proposed a model to express the compaction behaviour of compressed
powder. The equation expresses the density of powdered materials in terms of packing
fractions as a function of applied pressure:

In =mp+n andp - P “

1_pf p1X1 + pzxz
where p¢ is packing fraction or relative density of the material after particle
rearrangement, P is applied pressure (MPa); m, n are Heckel model constants, p is bulk
density of compacted powder mixture (kg m™3); X;, X, are mass fraction of components
of the mixture (Heckel 1961; Mani et al 2004).

Kawakita & Ludde (1971) performed compression experiments and proposed an
equation compaction of powders based on an observed relationship between pressure
and volume:

p_ 1 .p (5)

C ab, a,
where P is applied pressure, a, and b, are constants, and C is relative volume decrease or
engineering strain given by the equation:

ceYeVe (6)
V

where V, is the initial volume and Vp is volume measured at any given pressure
(Kawakita & Ludde 1971; Chevanan et al 2010). The model was further developed by
Sone (1969) and is used for understanding the compaction characteristics by tapping.
Sone’s model has close resemblance to the Kawakita and Ludde model and the pressure
term in the Kawakita and Lidde model is replaced with number of tappings. Equation (6)
can be rewritten in the form:

n_1 . n )

yn a3b3 a3
where v, is volume reduction ratio, n is number of tapping and az; and bz are constants.
The volume reduction ratio y, calculated using:
VO B Vn

\Y/

0o

Y, (®)
where V, is initial volume, and V, is volume after n taps.
A compression equation was proposed by Panelli & Filho (2001) given as:

h—L —A/p+B ©
1- (o8
where p;, is the relative density of compactness, A is a parameter related to densification
of the compacted agglomerate by particle deformation and B is a parameter related to
powder density at the start of compression (Panelli & Filho 2001).

Some papers have reported about the relationship between moisture content and
porosity. For instance, an increase in moisture content has been reported to increase the
bonding area of plastically deforming materials during compaction due to plasticising and
lubricant effects (Pande et al 1995; Steendam et al 2001). Moisture facilitates particle
rearrangement and deformation during compaction resulting in tablets with a lower
porosity at constant compaction pressure, and therefore increased area over which
interparticulate bonding can take place. This effect has been reported for pharmaceutical
powders as a reduction in the mean yield pressure derived from the Heckel equation
(Nokhodchi et al 1996; Sun 2008; Malaj et al 2010) and also by an increase in the
compressibility coefficient derived from the Walker equation (Walker 1923).

Stress-strain behavior of wood. Ahmad et al (2010) introduced results for tropical
hardwoods. Stress-strain graphs for tensile strength of solid timber made from three
types of tropical hardwoods were determined. The graph shows that strain increases with
load and is approximately linear until the point the specimen fails. The slope of the graph
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represents the Modulus of Elasticity (MOE). The ultimate stress then occurs at the highest
point when the load reaches its maximum value. The samples break at that final stage
and the reading indicates an abrupt drop in strength. Therefore, solid timber is a brittle
material. The grade stresses for timber in structural size are relatively high compared to
the grade stresses based on a small clear specimen.

Moisture content dependence, novelty. Although many works have been devoted to the
study of a compaction equation between density and pressure, no equation was found in
the literature that includes the moisture content as a parameter of biomass raw
materials. The objective of the current work is to supplement the original Johanson’s
equation with the parameter moisture content. The spring-back ratio (SBR) was also
investigated because it has an effect on the density of tablets.

Material and Method. The biomass for experiment, hydraulic piston press and
experimental procedure are introduced. The study was carried out from the period of
February 2016 to April 2017.

Materials. Beech sawdust was chosen as raw material for our experiments. It originated
from Miskolc, Hungary (Borsodwood Ltd.). It was dried and then ground using a cutting
mill (Retsch SM2000) in one step (screen size 2 mm) and in two steps (screen sizes: 2
mm, 1 mm). The biomass was stored at room temperature (25°C), in closed plastic bags.
The moisture contents of beech biomass were determined to be 1.47 wt.% in the case of
particle size < 1 mm, and 1.44 wt.% (particle size < 2 mm).

The raw material of beech sawdust can be seen in Figure 2. It can be observed
that beech sawdust is a homogeneous material.

ik P y v
Figure 2. Beech sawdust with particle size < 2 mm; (left) optical camera; (right) optical
microscope: Zeiss AXIO Imager.M2m.

Hydraulic piston press. The hydraulic piston press (Figure 3) was designed by the

University of Miskolc. The press is supported by a pump motor unit with a pressure

limiter and a heatable load cell (20-140°C). The maximum force is 200 kN, and the

maximum velocity of the piston feedrate is 30 mm s™*. The measuring of the piston

position is done with an incremental encoder.
: -

Figure 3. Hydraulic piston press.
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Experimental procedure. The hydraulic piston press with diameter 25 mm was used for
two different kinds of tests and each tablet was made by the compression of 5 g sawdust.
Applied pressures on the surface of tablets were 50, 100, 150, 200, 250 and 275 MPa,
temperature 20°C.
In the first test, the applied moisture contents were 4.71, 9.27, 14.9, and 19.55 wt.%
with particle size < 1 mm and 4.74, 9.68, 14.6, and 19.45 wt.% with particle size < 2
mm.

In the second test, spring-back ratio experiments were carried out with particle
size < 2 mm, moisture content 4.9, 9.6, 13.9 and 18.8 wt.%.

The springback ratio (SBR) of a tablet can be determined by:

SBR = Mloo% (10)

tP
where H; is the height of the produced tablet, Hy, is minimum height of the tablet under
pressure.

The quality of tablets can be described easily by their density. The diameters and
heights of the tablets product were measured by Vernier caliper (a tablet can be extended
after agglomeration). The mass was measured and density was calculated for each test.
The minimum height of tablets under pressure was measured by the incremental distance
measurement method.

The determination of tablet strength was carried out by the well-known falling test
method. Tablets were released by freefall from a height of 2 m onto a concrete floor
repeatedly until they broke. The falling number is the number of falls the sample survived
undamaged. In each experiment three tablets were tested.

Raw material particles and cross sectional surfaces of tablets were investigated
with an optical microscope Zeiss AXIO Imager.M2m.

Results and Discussion. Tablet density, spring-back ratio, tablet strength, and the
structure of tablets were determined in our investigations.

Tablet density and compressibility. Tablets produced by processes with different
parameters are shown in Figure 4. The tablet density values are recorded as an average
of five measurements with particle size < 1 mm and also with particle size < 2 mm (T =
20°C).

Figure 4. Tablets made from particle size < 2 mm.

Figure 5 (left) shows the pressure density values and the fitted Johanson curves in the
case of particle size < 1 mm raw material at 4.71, 9.27, 14.9 and 19.55 wt.%. Table 1
shows the constants of the fitted curves and coefficient of determination (R?), residual
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mean square (o) and calculated deviation (Vs). Results for particle size < 2 mm are
introduced in Figure 5 (right), and Table 2.
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Figure 5. Compressibility data for biomass with different moisture content; (left) particle
size < 1 mm; (right) particle size < 2 mm.

Table 1
Constants of Johanson’s equation for different moisture content (particle size < 1 mm)

Spread deviation: Vg

MOISE\ljJte ;ﬁ]ntent Conitant Conls/';ant Coefficient of determination: R?
) Residual mean square: o
4.71 237.8374 0.2687 R?= 0.9858; ¢ = 0.00055; Vs = 1.9 %
9.27 273.9956 0.2352 R?= 0.9782; ¢ = 0.00066; Vs = 3.0 %
14.9 318.1958 0.2002 R?= 0.9775; ¢ = 0.00049; V. = 2.3 %
19.55 352.8749 0.1674 R?= 0.9835; ¢ = 0.00025; V. = 1.9 %
Table 2

Constants of Johanson’s equation for different moisture content (particle size < 2 mm)

Spread deviation: Vg

M0|sturte g/ontent Constant Coris/tant Coefficient of determination: R?
[we. %] “ x Residual mean square: o
4.74 293.8512 0.2360 R?= 0.9919; ¢ = 0.00015; Vs =1.1 %
9.68 307.3354 0.2205 R?= 0.9934; ¢ = 0.00011; Vs =2.2 %
14.6 377.0277 0.1729 R?= 0.9588; ¢ = 0.00044; Vs =2.6 %
19.45 478.6041 0.1070 R?= 0.9660; ¢ = 0.00013; Vs =1.4 %

Tablets compressed at lower pressure have lower density. If pressure and particle size
are kept constant, an increasing moisture content resulted in lower tablet density (in the
case of < 1 mm raw material at 100 MPa tablet densities: 847.2 kg m=> (MC = 4.71
wt.%) and 773.76 kg m> (MC = 19.55 wt.%)). The reason for that could be the
increasing SBR. Moisture content may have an effect on the strain-stress behaviour of
biomass particles, and on the volume of particles, both of which affect SBR.

Tablets made from particle size < 2 mm have higher density than those made
from particle size < 1 mm, at constant pressure, temperature and similar moisture
content. For instance, at 200 MPa and T = 20°C, the tablet densities were 975 kg m™
(particle size < 1 mm, MC = 4.71 wt.%) and 1024 kg m™ (particle size < 2 mm, MC =
4.74 wt.%).

To describe the compressibility of beech sawdust Johanson’s equation was used. As
the original equation for describing compressibility, it is universal. It is possible to insert
other parameters in it, such as moisture content.
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The spread deviation values (V) of fitted Johanson’s equations are calculated (Table 1)
and shown to have a value smaller than 3%. At the same temperature the higher
moisture content results in higher constant a, and constant k. A linear equation can be
found, that describes the moisture content dependence of values a, and k, and so
compression can be described by an equation based on the original Johanson’s equation
and containing moisture content as a parameter.

Johanson’s equation: p= a.pl’K = a.pb
Where a=f(m)=am+a, =7.763917m +201.724288 and
1

b=f(m)=bm+b,===-0.006749m +0.299591
K

The new equation for particle size < 1 mm beech sawdust:
p = (7.763917m + 201.724288)p 0 ®0#om+029%9 (11)

where m is moisture content.

Spread deviation values (Vs) were calculated and found to have a value smaller
than 2.6% (Table 2).

The new equation for particle size < 2 mm beech sawdust:

p = (12.704515m + 210.257636) p*-008%14m+029132) (12)

The processes were well described by the applied Johanson functions at each
moisture content.

The modified Johanson’s equation, which contains moisture content m as a
parameter, provides only a small deviation of density of approximately 0.7%.

Thus, we conclude that the modified Johanson’s equation gives accurate results,
particle size < 1 mm, MC = 4.71 wt.%, p = 50 MPa, density of Johanson’s equation 680
kg m™; density of modified Johanson’s equation 679 kg m™ and also for particle size < 2
mm, MC = 19.45 wt.%, p = 75 MPa, density of Johanson’s equation 765 kg m™, density
of modified Johanson’s equation 759 kg m™.

Spring-back ratio. Figure 6 shows the relationship between applied pressure and SBR in
the case of different moisture contents of raw materials (4.9, 9.6, 13.9 and 18.8 wt.%0).

This relationship can be described by following function: SBR = ap® . The constants
¢ and a are corresponding to each moisture content.

Tablets made from raw material with larger moisture content had larger SBR (at
the same pressure, temperature and particle size). In the case of 18.8 wt.% moisture
content SBR of over 50% was measured. Tablets with 4.9 wt.% moisture content had
only 20.1 to 35.8% SBR depending on pressure, in the examined pressure range.
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Figure 6. Relationship between pressure, spring-back ratio and moisture content
(particle size < 2 mm).
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Tablet strength. Falling number values are shown in Figure 7 as a function of moisture
content at different pressures for both particle size < 1 mm and < 2 mm raw materials.
Increasing moisture content resulted in lower tablet strength at the same pressure and
with same particle size. Adsorbed moisture on the particle surface can also interfere with
intermolecular forces, thus reducing the bond strength and resultant tablet strength
(Herrmann 1971; Lordi & Shiromani 1983; Nystrom et al 1993). Tablets made from
particle size < 2 mm form tablets with higher strength (falling number: 5.66 at 250 MPa
and 4.74 wt.%) than tablets made from particle size < 1 mm biomass (falling number:
4.33 at 250 MPa and 4.71 wt.%) if moisture content and pressure are constant. The
reason for this may be that the larger particles size connects together better than small
particles size under the same experimental conditions.

7
6
5
3
2 |.|.| |.I.I
1
0 | FE
4.71 9.27 14.9

19.55 4.74 9.68 14.6 19.45

Vi oy~
Fallingnumber

Falling number
O = N W

Moisture content Moisture content
®100MPa ®150MPa ®200MPa 250MPa W 275MPa

Figure 7. Relationship between falling number, moisture content and pressure;
(left) particle size < 1 mm; (right) particle size < 2 mm.

Structure of tablets. The cross sectional surfaces of tablets are shown in Figure 8. The
tablet made at pressure 50 MPa had more space between particles (porosity is higher)
than the tablet made at 250 MPa, with the same moisture content 4.71 wt.%. The same
effect can be recognised in the case of MC = 19.55 wt.%. In the optical microscopy
pictures no relevant differences can be seen between tablets made with 4.71 wt.% and
19.55 wt.% moisture content. The reasons for that are that generally, with increasing
external forces acting upon the particulate matter during size enlargement, porosity and
characteristics related to this parameter decrease while density and strength increase
(Pietsch 1991).

MC 471 %_ 50 MPa Patticlesize < 1 mm  MC 471 %_250 MPa

s ¥ =

B ) ek e » B A Tha WA, Ty = O

Figure 8. Cross sectional surface of tablets (optical microscope: Zeiss AXIO Imager.M2m).
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Conclusions. This paper has presented tools and methods to evaluate the effect of
moisture content, pressure and particle size on tablet density in the case of beech
sawdust. The description of the processes is essential to be able to determine the optimal
production parameters.

While the applied Johanson functions describe the processes well (at 9.27 wt.%, in
the case of < 1 mm raw material Vs = 3.0 %, when using < 2 mm raw material Vs = 2.2
%) the modified Johanson’s equation for compression introduced here contains also
moisture content as a parameter.

Experiments found that if pressure and particle size are kept constant, increasing
moisture content results in lower density tablets.

Increasing moisture content resulted in lower tablet strength at the same pressure
and with the same particle size. An effect of particle size was also identified: tablets
made from sawdust with particle size < 2 mm form tablets with higher strength than
those made from particle size < 1 mm biomass when moisture content and pressure are
kept constant.

The introduced experimental method can be used for other materials as well to
find the optimal conditions of pressure, moisture content and particle size during
agglomeration.

Acknowledgements. The authors thank Dr Jézsef Faitli for his assistance with the data
acquiring system and for writing the data acquisition software. Dr Gabor Mucsi is thanked
for his valuable comments and suggestions.

This publication was carried out as a work of the Centre of Excellence of
Sustainable Resource Management, in the framework of the New Széchenyi Plan. The
realisation of this project is supported by the European Union, co-financed by the
European Social Fund.

The research work of Trinh Van Quyen was supported by a Stipendium
Hungaricum Scholarship.

References

Adapa P., Tabil L., Schoenau, G., 2009 Compression characteristics of selected ground
agricultural biomass. Agricultural Engineering International: the CIGR Ejournal,
Manuscript 1347, Vol. X1, 19 pp.

Ahmad Z., Bon Y. C., Wahab E. S. A., 2010 Tensile strength properties of tropical
hardwoods in structural size testing. International Journal of Basic and Applied
Sciences 10:1-6.

Chevanan N., Womac A. R., Bitra V. S. P., lIgathinathane C., Yang Y. T., Miu P. 1.,
Sokhansanj S., 2010 Bulk density and compaction behavior of knife mill chopped
switchgrass, wheat straw, and corn stover. Bioresource Technology 101:207-214.

Cocchi M., Nikolaisen L., Junginger M., Goh C. S., Heinim6 J., Bradley D., Hess R.,
Jacobson J., Ovard L. P., Thran D., Hennig C., Deutmeyer M., Schouwenberg P. P.,
Marchal D., 2011 Global wood pellet industry market and trade study. International
Energy Agency, Paris, volume 40, 190 pp.

EREC (European Renewable Energy Council), 2011 Mapping renewable energy pathways
towards 2020. 103 pp.

Heckel R. W., 1961 Density-pressure relationships in powder compaction. Transactions of
the Metallurgical Society of AIME 221:671-675.

Herrmann W., 1971 The effect of water vapour on the shear strength of briquettes.
Powder Technology 5:25-30.

Johanson J. R., 1965 A rolling theory for granular solids. Journal of Applied Mechanics
32:842-848.

Kawakita K., Ludde K. H., 1971 Some consideration on powder compression equation.
Powder Technology 4:61-68.

Lee Y. W., Ryu C., Lee W. J., Park Y. K., 2011 Assessment of wood pellet combustion in a
domestic stove. Journal of Material Cycles and Waste Management 13:165-172.

AAB Bioflux, 2017, Volume 9, Issue 2. 87
http://www.aab.bioflux.com.ro



Liu Y., Wassgren C., 2016 Madifications to Johanson’s roll compaction model for improved
relative density predictions. Powder Technology 297:294-302.

Lordi N., Shiromani P., 1983 Use of sorption isotherms to study the effect of moisture on
the hardness of aged compacts. Drug Development and Industrial Pharmacy 9:
1399-1416.

Malaj L., Censi R., Gashi Z., Martino P. D., 2010 Compression behaviour of anhydrous
and hydrate forms of sodium naproxen. International Journal of Pharmaceutics
390:142-149.

Mani S., Tabil L. G., Sokhansanj S., 2004 Evaluation of compaction equations applied to
four biomass species. Canadian Biosystems Engineering 46:355-361.

Moya R., Rodriguez-Zuniga A., Tenorio C., Valdez J., Valaert J., 2015 Pellets evaluation
made from tropical-climate agricultural and forestry crops of Costa Rica with a
domestic stove. Waste and Biomass Valorisation 6:1037-1046.

Mustelier N. L., Almeida M. F., Cavalheiro J., Castro F., 2012 Evaluation of pellets
produced with undergrowth to be used as biofuel. Waste and Biomass Valorisation
3:285-294.

Nokhodchi A., Ford J. L., Rowe P. H., Rubinstein M. H., 1996 The effect of moisture on
the heckel and energy analysis of hydroxypropylmethylcellulose 2208. Journal of
Pharmacy and Pharmacology 48:1121-1127.

Nystrom C., Alderborn G., Duberg M., Karehill P. G., 1993 Bonding surface area and
bonding mechanism - two important factors for the understanding of powder
compactability. Drug Development and Industrial Pharmacy 19:2143-2196.

Pande G. S., Shangraw R. F., 1995 Characterization of p-cyclodextrin for direct
compression tableting Il. The role of moisture in the compactibility of B-
cyclodextrin. International Journal of Pharmaceutics 124:231-239.

Panelli R., Filho F. A., 2001 A study of a new phenomenological compacting equation.
Powder Technology 114:255-261.

Pietsch W., 1991 Size enlargement by agglomeration. John Wiley & Sons Ltd, 532 pp.

Pietsch W., 2005 Agglomeration in industry: occurrence and applications. Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim, pp. 47.

Poéyry, 2011 Pellets - becoming a global commodity. Perspectives on the global pellet
market to 2020. View point report, Poyry, Vantaa, Finland, pp. 4.

Sikkema R., Steiner M., Junginger M., Hiegl W., Hansen M. T., Faaij A., 2011 The
European wood pellet markets: current status and prospects for 2020. Biofuels,
Bioproducts and Biorefining 5(3):250-278.

Sone T., 1969 Consistency of foodstuffs. Reidell Publishing Company, Dordecht, Holland.

Spelter H., Toth D., 2009 North America’s wood pellet sector. Research Paper FPL-RP-
656, Madison, WI: U.S. Department of Agriculture, Forest Service, Forest Products
Laboratory, 21 pp.

Steendam R., Frijlink H. W., Lerk C. F., 2001 Plasticisation of amylodextrin by moisture.
Consequences for compaction behaviour and tablet properties. European Journal of
Pharmaceutical Sciences 14:245-254.

Stie3 M., 1997 Mechanische Verfahrenstechnik, Band 2. Springer Lehrbuch, pp. 213.

Sun C. C., 2008 Mechanism of moisture induced variations in true density and
compaction properties of microcrystalline cellulose. International Journal of
Pharmaceutics 346:93-101.

Tarjan G., 1986 Mineral Processing (Volume I11). Akadémiai Kiad6, Budapest, pp. 606.

Walker E. E., 1923 The properties of powders. Part VI: the compressibility of powders.
Transactions of the Faraday Society 19:73-82.

AAB Bioflux, 2017, Volume 9, Issue 2. 88
http://www.aab.bioflux.com.ro



Received: 19 May 2017. Accepted: 01 June 2017. Published online: 29 August 2017.

Authors:

Van Quyen Trinh, Institute of Raw Material Preparation and Environmental Processing, University of Miskolc,
H-3515 Miskolci Egyetemvaros, Miskolc, Hungary, e-mail: trinhquyennd@gmail.com

Sandor Nagy, Institute of Raw Material Preparation and Environmental Processing, University of Miskolc, H-3515
Miskolci Egyetemvaros, Miskolc, Hungary, email: ejtnagys@uni-miskolc.hu

Barnabas Csdke, Institute of Raw Material Preparation and Environmental Processing, University of Miskolc,
H-3515 Miskolci Egyetemvaros, Miskolc, Hungary, e-mail: ejtcsoba@uni-miskolc.hu

This is an open-access article distributed under the terms of the Creative Commons Attribution License, which
permits unrestricted use, distribution and reproduction in any medium, provided the original author and source
are credited.

How to cite this article:

Trinh V. Q., Nagy S., Cs6ke B., 2017 Effect of moisture content and particle size on beech biomass
agglomeration. AAB Bioflux 9(2):79-89.

AAB Bioflux, 2017, Volume 9, Issue 2. 89
http://www.aab.bioflux.com.ro



