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ABSTRACT

Particulate materials and waste from industrial processes are troublesome in storage, transport and utilization,
mainly due to their large volume and dusting. Therefore, originally the main reason for developing the agglom-
eration processes was to eliminate the afore-mentioned disadvantages. However, the modifications introduced
to the merging processes of materials enabled obtaining a new type of products widely used in various applica-
tions. For the agglomeration of the inorganic materials, often containing hazardous substances, the disposal and
transformation technologies are available for the safe products that can be used, for example, in civil engineer-
ing and construction. In turn, the agglomeration of the materials containing organic substances or fine coal,
producing alternative fuels for energy recovery. Obviously, the combustion of these fuels results in a subsequent
generation of waste in the form of bottom and fly ash, but they can be successfully further agglomerated to
produce more valuable products. The numerous examples of the use of various agglomeration techniques to
complete utilization of fine grains was shown. An additional effect of the agglomeration processes was also the
fulfilment of the economy criteria, which matches with the principles of sustainable development of the envi-
ronment. Supporting by worldwide literature, the selected agglomeration techniques were discussed, such as:
solidification, granulation, extrusion, briquetting, as well as post-agglomeration high-temperature processing.
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SOLIDIFICATION

reduced substantially and the connecting paths
to the surface are blocked, preventing water in-
filtration. The leaching process is limited to the
surface or fracture surface of the final solidified
product [Mayer and Sussa 2020]. In the case of

The solidification, also known under the term
stabilization, is based on the physical encapsu-
lation of the contaminants and their chemical

fixation in the solid matrix of a newly generated
product. The input material and waste are inten-
sively mixed in continuous or batch wise operat-
ed mixers with additives like cement, limestone,
gypsum, fly ash or blast furnace slag and water
[Lakhani et al. 2014]. In the case of the physi-
cal encapsulation, the input material is merged
by the binders and additives. Thereby, differen-
tiation between micro encapsulation (encapsula-
tion of single particles) and macro encapsulation
(encapsulation of agglomerates of particles or
the whole waste matter) should be made. In the
case of the physical encapsulation, porosity is

the chemical addiction of the contaminants, the
impurities are joined into the solid matrix of the
agglomerated product. While the treatment of a
heavy metal, precipitation processes are frequent-
ly used to allocation the impurities to a non-leach-
able form and to close the harmful compounds in
the solidified body.

Generally, solidification is the simple technol-
ogy and requires the least energy input compared
to other agglomeration methods. It does not need
large investment outlays and can be carried out
even in small production plants. The solidifica-
tion process can be divided into: (i) preparation of
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mortar, (ii) mixing the mortar with the material/
waste, (iii) pouring mortar into matrix and shaking,
(iv) curing of solid molds [Borowski et al. 2014].
Depending on the specific of the waste to be
treated and the characteristic of the product ob-
tained, the solidified body is utilized at site, dis-
posed of, and stored at admitted landfills or used
for construction [Johnson et al. 2014]. Further-
more, the cement mortar can be cast to mold then
can be reuse [Rajgor and Pitroda 2013]. In order
to improve a mortar for a specific property of con-
crete, various types of additives can be used: (i)
inorganic additives from chemical industry, fly
ash and slag, specific minerals including hazard-
ous; (ii) organic additives from sewage sludge of
food and packaging industry [Mueller et al. 2008].
Typically, the ingredients are transported via
screw conveyors to the solidification unit. The
screw conveyors with shaft or spiral conveyors
without shaft are used depending on the applica-
tion and the specification of the additives. The
input material and additives are dosed via volu-
metric dosing units or gravimetric weighing
drums into the mixer. The mixers are the core
equipment of the solidification unit and ensure a

Fig. 1. Solidified concrete block
[Mayer and Sussa 2020]
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proper mixing of the input material or waste with
the additives and the water [Mayer and Sussa
2020]. The required mixing time, as well as the
rotation speed of the mixer shaft and the adjust-
ment of the mixing tools are controlled. The final
mixture can be cast into forms (Fig. 1).

The filled forms are transported via a roller
conveyor system from the solidification unit to
the hardening area. The molds can be removed
from the form just after 7 days, but the final
strength will be achieved after approximately 28
days. The hardened molds have a very low po-
rosity. Water infiltration is not possible further on.
Leaching is limited to the surface of the concrete
block [Borowski et al. 2014].

GRANULATION

Granulation is a widely used technique of
particle agglomeration, but the growth agglomer-
ation is used most commonly. During the granu-
lation process, small fine or coarse particles are
converted into larger agglomerates called gran-
ules. Granules are formed from the particulate
materials by wetting and nucleation, coalescence
or growth, and consolidation [Iveson et al. 2001].
Granulation is broadly classified into dry granu-
lation and wet granulation, the latter being used
the most widely (Fig. 2). The currently available
granulation technologies include roller compac-
tion, spray drying, supercritical fluid, low/high
shear mixing, fluid bed granulation. The recent
progress involves pneumatic dry granulation
technology, and reverse wet granulation, steam
granulation, moisture-activated dry granulation
or moist granulation, thermal adhesion granula-
tion, melt granulation, freeze granulation, foamed
binder or foam granulation [Shanmugam 2015].

Rotating Pan

Powder addition

Twin-screw Granulator 1iquid addition

‘Wet granules
to dryers

Fig. 1. Types of equipment used in wet granulation [Kumar et al. 2013]
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During granulation, the adhesion forces, usu-
ally enhanced by binders, cause particles to stick
together when they collide in a stochastically
moving mass of particulate solids. No externally
induced directional forces or pressures act on the
growing agglomerates. As a result, more or less
spherical agglomerates are grown. Because of the
relatively small forces caused by interactions in
the tumbling charge, the porosity of the granules
is high and increases as bed density decreases.
Additionally, since the adhesion forces are small,
so are the particles forming the granules [Pietsch
2008, Mangwandi et al. 2011].

The granulation technique usually produces
regular granules of the same or similar shapes
and dimensions in the range from 2 to 20 mm.
Granules may have a diameter above 20 mm, but
it should be noted that the granulation yield de-
creases rapidly with their increasing size. They
have a significantly higher bulk density than the
starting material and do not cause dusting or cak-
ing. There is also no segregation of ingredients,
which guarantees a homogeneous composition of
specific products [Kelbaliyev et al. 2013].

Individual grains form a stable agglomerate
only when there are adequately high forces con-
necting these grains. This requires a high degree
of fragmentation of the particles and maintaining
its humidity. The homogeneity of the mass sub-
jected to granulation has a very large impact on
the course of granule formation and their strength.
In order to increase the strength of the granulate,
specific amounts of binders are added to the mix-
ture [Medici 2000]. In addition to the prepara-
tion method of the material with the addition of a

binder, the quality of the granules also depends on
the type of device used and the parameters of its
operation, e.g. rotational speed, inclination angle,
water spraying capacity, as well as the material
dispenser capacity [Zainuddin et al. 2000].

The basic disc agglomerator (pelletizer) is an
inclined, flat-bottomed, shallow pan [Reynolds
et al. 2005]. The motoreducer drove the shaft at-
tached to the granulator disc by means of a belt
transmission. The damping liquid (water) was
delivered drop-wise onto the moving granular
bed by a sprinkler. The feeder comprised a tank
in which the raw material was mixed by means
of the built-in stirrer and a feeding screw with a
continuous regulation of rotational speed. The
finished product (wet granulate), tumbling over
the rim of the disc, was collected in a container.
So, in the disk granulation the main factors are
taken into consideration, as: disc rotations, the in-
clination angle, side wall height and plate diam-
eter [Holger and Lampke 2016] (Figure 3).

A drum agglomerator represents a simple
type of equipment for growth agglomeration by
tumbling. They are used in industries for the pro-
cessing of large amounts of bulk solids. A drum
agglomerator normally consists of a cylindrical
steel tube with a slight (typically up to 10” from
the horizontal) slope a toward the discharge end.
Retaining rings are often fitted to the feed and dis-
charge ends of the drum to avoid spill-back and to
increase the bed depth of material and/or its resi-
dence time, respectively [Pietsch 2008]. A drum
agglomerator typically work in a closed circuit.
Green bodies leaving the drum are sized on vibrat-
ing or roller screens. Oversized load is shredded

Water spray

Material

Figure 3. Disc granulator with segregation effect: n — number of rotations of the disc, o — the
inclination angle, H — height of the side wall, D — diameter of the plate [Holger and Lampke 2016]
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and returned to the drum collected with the screen
fines. Commonly, there are granulating of waste
materials, as example: silicon carbide dust, stone
dust, fine coal, and fly ash [Gesoglu et al. 2012,
Borowski and Ozga 2020].

EXTRUSION

Extrusion is low-pressure agglomeration for
the production of caked material. This method is
widely used in the pharmaceutical industry, in the
agribusiness, and in the polymer industry. Recent
developments evaluated extrusion for utilization
of selected particulate waste materials, as: wood,
plastic, fiber, textile, and biochar. A few works
present the extrusion method of producing mixed
polymer and plant material biocomposites for use
as an alternative disposable product [Moad 2011,
Mitrus et al. 2017].

Extrusion is the process of converting a raw
material into a product of uniform shape and den-
sity by forcing it through a die under controlled
conditions. Extrusion can be operated as a con-
tinuous process, which is capable of material
flow at relatively high output. An extruder con-
sists of the conveying system which transports
the mixing material, and the die system which
forms the material into the required shape. Ex-
trusion may be generally classified into a mol-
ten system under the temperature control or a
semisolid viscous system. In molten extrusion,
heat is applied to the material in order to control
its viscosity and enable it to flow through the die.
In turn, semisolid systems are multiphase con-
centrated dispersions containing a high propor-
tion of solid mixed with liquid phase [Chokshi
and Zia 2004].

Material Feeding

Extrusion can be performed using four main
classes of extruders: screw, sieve and basket,
roll, and ram extruders. The screw-melt extru-
sion equipment consists of an extruder, auxiliary
equipment for the extruder, down-stream process-
ing equipment, as well as other monitoring tools
used for performance and product quality evalu-
ation. The extruder is typically composed of a
feeding hopper, barrels, single or twin screws, the
die and screw-driving unit (Fig. 4). The auxiliary
equipment for the extruder mainly consists of a
heating/cooling device for the barrels, a conveyer
belt to cool down the product and a solvent deliv-
ery pump [Chokshi and Zia 2004].

The monitoring devices on the equipment
include temperature gauges, a screw-speed con-
troller, an extrusion torque monitor and pressure
gauges. The theoretical approach to understand-
ing the melt extrusion process is, therefore, gen-
erally presented by dividing the process of flow
into four sections: (1) feeding of the extruder,
(2) conveying of mass (mixing and reduction of
particle size), (3) flow through the die, and (4)
exit from the die and down-stream processing
[Chokshi and Zia 2004]. Generally, the extruder
consists of one or two rotating screw inside a sta-
tionary cylindrical barrel (Fig. 5). The barrel is
often manufactured in sections, which are bolted
or clamped together. An end-plate die, connected
to the end of the barrel, determines the shape of
the extruded product. The heat required to melt or
fuse the material is supplied by the heat generated
by friction as the material is sheared between the
rotating screws and the wall of the barrel in com-
bination with electric or liquid heaters mounted
on the barrels.

Most commercial extruders have a modular
design. This enables to modify the process to
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Figure 4. Design of the extruder [Chokshi and Zia 2004]
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Fig. 5. View of the rotating screw (Phot. G. Borowski)

meet particular requirements, for example, from
standard to high shear extrusion or addition of
solvent and evaporating the solvent form the ma-
terial. Modifying the screw designs allows the
extruder to perform a mixing and reduction of
particle size in addition to extrusion, so that the
material can be blended into the extrudate or even
dissolved [Chokshi and Zia 2004].

The extrusion channel is conventionally divid-
ed into three sections: (i) feeding zone, (ii) transi-
tion or kneading zone, and (iii) cooking or meter-
ing zone. The starting material is fed from a hopper
directly in to the feed section, which has deeper
flights or flights of greater pitch. This geometry en-
ables the feed material to fall easily into the screw
for conveying along the barrel. The pitch and helix
angle determine the throughput at a constant rota-
tion speed of the screws. The material is transport-
ed as a solid plug to the transition zone where it is
mixed, compressed, melted and plasticized

Compression is developed by a decreasing
the thread pitch but maintaining a constant flight
depth or by decreasing flight depth while main-
taining a constant thread pitch. Both methods
result in an increased pressure as the material
moves along the barrel. The melt moves by cir-
culation in a helical path by means of transverse
flow, drag flow, pressure flow and leakage; the
latter two mechanisms reverse the flow of ma-
terial along the barrel. The space between the
screw diameter and the width of the barrel is
normally in the range of 0.1-0.2 mm. The mate-
rial reaches the metering zone in the form of a
homogeneous plastic melt suitable for extrusion.
For an extrudate of uniform thickness, the flow
must be consistent and without stagnant zones
right up to the die entrance. The function of the
metering zone is to reduce the pulsating flow
and ensure a uniform delivery rate through the
die cavity [Chokshi and Zia 2004].

The twin-screw extruder has two agitator
assemblies mounted on parallel shafts. These
shafts are driven through a splitter/reducer gear
box and rotate together with the same direc-
tion of rotation (co-rotating) or in the opposite
direction (counter rotating) and are often fully
intermeshing. In such case, the agitator element
wipes both the surface of the corresponding
element on the adjacent shaft, and the internal
surfaces of the mixing chamber and ensures a
narrow and well-defined residence time distri-
bution. In general, co-rotating shafts have bet-
ter mixing capabilities as the surfaces of the
screws move towards each other. This leads to a
sharp change in the mass flow between the screw
surfaces. As the screws rotate, the flight of one
screw element wipes the flank of the adjacent
screw, causing the material to transfer from one
screw to the other. In this manner, the material is
transported along the extruder barrel. The twin-
screw extruder is characterized by the following
descriptive features [Chokshi and Zia 2004]: (1)
short residence time, (2) self-wiping screw pro-
file, (3) minimum inventory, (4) versatility, (5)
superior mixing.

Typical twin-screw laboratory scale machines
have a diameter of 1-18 mm and length of four to
ten times the diameter. A typical throughput for
this type of equipment is 0.5-5 mm-min’'. As the
residence time in the extruder is rather short and
the temperature of all the barrels are independent
and can be accurately controlled from low tem-
peratures (30 °C) to high temperatures (300 °C),
the degradation by heat can be minimized [Chok-
shi and Zia 2004].

Extrusion processing involves consider-
ate of various parameters: viscosity with shear
rate and temperature, elasticity and extensional
flow within nozzle. The extruders allow the in-
process monitoring and control of parameters,
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such as the temperature, as well as the pressure
in extruder and die. The main controlling param-
eters are process temperature, feed rate, screw
speed, motor load and melt pressure. The extru-
sion is a very effective means of transforming
raw materials and waste in particulate form into
agglomerated products of various sizes, shapes,
textures, composition and content. The process
parameters, in combination with screw and die
selection, allow a high degree flexibility in pro-
cessing [Mitrus et al. 2017].

BRIQUETTING

Briquetting is a pressure agglomeration that
allows obtaining a high degree of concentration
of matter. This requires an increase in the en-
ergy expenditure [Huang et al. 2008]. Briquet-
ting enables to obtain homogeneous nuggets of
many shapes (e.g. barrel, cushion, saddle etc.)
and dimensions usually larger than 20 mm (Fig.
6). The essence of briquetting is that as a result
of exerting pressure on the particulate material,
the grains move closer together. Close direct
contact of the grains helps adhesion, which has a
significant impact on the surface joining of these
grains [Purohit et al. 2006].

Briquetting results in agglomerated prod-
ucts of a specific shape and dimensions, and
high mechanical strength. In addition to the ag-
glomeration of mineral resources, fibrous filling
and various mixtures of other particulate mate-
rials are also briquetted. The fibrous materials
should be shredded to a state of loss of elasticity.

Fig. 6. View of the briquettes from the
roller press (Phot. G. Borowski)
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Briquetting of fibrous material leads to the dis-
appearance of its existing structure and modifi-
cation of some properties, e.g. thermal insula-
tion [Muazu 2017].

Stamp, screw and cylindrical presses are the
most commonly used for briquetting [Tem-
merman et al. 2006]. The stamp presses allow
achieving high pressures. Due to their low ef-
ficiency, they are used in low volume produc-
tion and in laboratory tests. The roller presses
are characterized by high performance. Most
often, the fine-grained mineral materials and
post-production waste are briquetted [Lazaro
et al. 2007, Yilmaz 2011].

Briquetting is often used to merge bulk ma-
terials with binding additives (binders) [Kumar
2012]. The addition of a binder significantly
increases the mechanical strength of briquettes
[Taulbee et al. 2009]. Further improvement of
the mechanical properties is obtained by curing
(seasoning) briquettes. Owing to this property,
briquettes can be loaded, transported and stored
until development, without fear of losing their
consistency.

The briquetting of fine-grained minerals and
industrial waste plays an important role in the
economy due to enabling the rational use of raw
material base and energy resources with meet-
ing the environmental protection requirements
[Weyenberg et al. 2005, Herting and Kleinebudde
2007]. The briquetting for waste utilization is
widespread used, including: metal scraps, stone
dust, fine coal with biomass, and fly ash.

SINTERING

Sintering is a process of agglomeration with
high temperature post-treatment to create the eco-
logical-safely final agglomeration products. Sin-
tering is a binding mechanism and two technolo-
gies may be used [Pietsch 2008]: (i) batch sinter-
ing in stationary furnaces for the post-treatment
of agglomerated products, (ii) continuous sinter-
ing, mostly in tunnel kilns for ceramics.

The sintering of agglomerated materials is
an effective, simple and economical processing
method. Consequently, the two-step sintering is
a promising method for obtaining high-density
bodies and smaller grain sizes. The sintering pa-
rameters, including the temperature, heating or
cooling rate, sintering time and atmosphere type,
were determined to obtain the best characteristic
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of the final body [Loh et al. 2016]. Micro-
wave sintering has achieved greater acceptance
against conventional sintering methods, because
of: much lower energy consumption, diffusion
process intensification, sintering time reduction,
and better properties of bodies [Oghbaei and
Mirzaee 2010].

The post-treatment sintering is widely used
for the agglomerates that grew during tumbling/
pelleting in the presence of a binder and must
be cured to achieve a permanent state. This pro-
cess has been widely studied, for example in
the iron and steelmaking industry. Achieving
an adequate sintered product depends on the
adequate raw materials supply and the previ-
ous stage the iron ore granulation [Fernandez-
Gonzalez et al. 2017].

Sintering of the rubber granules made from
used tires can be a source of ‘environmentally
friendlier’ composites. A wide range of these
composite materials are characterized by quite
good mechanical and functional properties
[Sienkiewicz et al. 2017]. Fathi and Kharaziha
[2009] investigated compacted bioceramics
which were produced at 7, temperature ranging
from 1100 to 1300 °C and a 6-min holding time
as well as with 7, temperature at 750 and 850 °C
for 2—15 h. The heating rate was 10 °C-min’,
and the cooling rate between 7', and 7, was 50
°C-min’'. The best results were obtained with
T, at 1300 °C, T, at 750 °C, and a 15-h holding
time. The obtained bodies were characterized by
relative density of approximately 98.5%.

The sintering process is an alternative
method to fabricate glass-ceramics from the

Fig. 7. View of the surface of sintered
artificial aggregate (Phot. G. Borowski)

incinerator residues — mixing bottom ash and
fly ash [Arslan and Baykal 2006]. This process
consists of the shaping a powder by cold-com-
pacting, followed by a high temperature heat
treatment to sinter the compact for the fabrica-
tion of ceramics [Dinh Hieu et al. 2012]. Vari-
ous processes of sintering can be adapted for
the manufacturing of artificial aggregates from
industrial wastes, usually fly ash and bottom
ash. Sintered lightweight aggregates are appro-
priate for structural applications [Huang et al.
2007, Zhang et al. 2011].

Borowski [2011] produced an artificial ag-
gregates in the process of sintering the previously
briquetted fly ashes, in an amount of about 50
wt%, with the addition of silica dust (40 wt%) and
milled glass waste (10 wt%) (Fig. 7).

The addition of glass dust is beneficial, be-
cause it lowers the temperature of thermal syn-
thesis. After mixing all ingredients, briquettes
were made, which were then heated in a cham-
ber oven at 1100 °C for 1.5 hours. The obtained
products proved to be durable and resistant to the
environmental conditions corresponding to the
materials proposed for foundations of paved road
surfaces [del Valle-Zermefio 2013].

CONCLUSIONS

The numerous examples were shown, that
agglomeration processes were an effective way
to prevent the dusting of particulate materials
and was excellent for the utilization of many
types of industrial waste. The conglomerates
produced were fully utilized for waste reduction
in material management. The effect of agglomer-
ation was also benefiting to reduce the consump-
tion of natural resources and fossil fuels aa well
as eliminate waste and pollutant emissions into
the environment.

In the case of solidification of waste from
the thermal transformation in fluidized bed fur-
naces, the neutralization of harmful substances
contained was immobilised. Briquetting of raw
and utilized minerals was carried with use of
binders, which was affecting with high strength
of bodies. The extrusion technique was used in
transforming of bio-wastes into agglomerates
that might be an alternative fuel. And last but not
least, the high-temperature sintering for agglom-
erate post-treatment was widely used to produce
an artificial aggregate.

269



Journal of Ecological Engineering 2021, 22(9), 263-271

REFERENCES

1. Arslan, H., Baykal, G., 2006. Utilization of fly ash as
engineering pellet aggregates. Environmental Geol-
ogy, 50(5), 761-770.

2. Borowski G. 2011. Processing of ash from the in-
cineration of sewage sludge into building material
(in Polish). Inzynieria Ekologiczna, 25, 251-258.

3. Borowski G., Gajewska M., Haustein E. 2014. Pos-
sibilities of ashes utilization from sewage sludge
thermal processing in a fluidized bed boiler (in
Polish). Inzynieria i Ochrona Srodowiska, 17(3),
393-402.

4. Borowski G., Ozga M. 2020. Comparison of the
processing conditions and the properties of granules
made from fly ash of lignite and coal. Waste Manage-
ment, 104C, 192-197.

5. Chokshi R., Zia H. 2004. Hot-melt extrusion tech-
nique: A review. Iranian Journal of Pharmaceutical
Research, 3, 3—16.

6. del Valle-Zermefio R., Formosa J., Chimenos J.M.,
Martinez M., Fernandez A 1. 2013. Aggregate mate-
rial formulated with MSWI bottom ash and APC fly
ash for use as secondary building material. Waste
Management, 33(3), 621-627.

7. Dinh Hieu V., Kuen-Sheng W., Jung-Hsing C., Bui
Xuan N., Bui Hoang B., 2012. Glass-ceramic from
mixtures of bottom ash and fly ash. Waste Manage-
ment, 32, 2306-2314.

8. Fathi M.H., Kharaziha M., 2009. Two step sintering
of dense, nanostructural forsterite. Materials Let-
ters, 63(17), 1455-1458.

9. Fernandez-Gonzalez D., Ruiz-Bustinza I., Mochén
J., Gonzélez-Gasca C., Verdeja L.F. 2017. Iron ore
sintering: raw materials and granulation. Mineral
Processing and Extractive Metallurgy Review,
38(1), 36-46.

10. Gesoglu M., Giineyisi E., Oz H.O. 2012. Proper-
ties of lightweight aggregates produced with cold-
bonding pelletization of fly ash and ground granu-
lated blast furnace slag. Materials and Structures,
45, 1535-1546.

11. Giemza H., Gruszka G, Hycnar J., Jozefiak T., Ki-
ermaszek K. 2007. Optimization of coal sediment
management — sediment briquetting technology (in
Polish). Polityka Energetyczna, 10(2), 417-429.

12. Herting M.G., Kleinebudde P. 2007. Roll compac-
tion/dry granulation: Effect of raw material particle
size on granule and tablet properties. International
Journal of Pharmaceutics, 338, 110-118.

13. Holger L., Lampke J. 2016. Technical and econom-
ic aspects of granulation of coal. In: Litvinenko V.
(Ed.) XVIII International Coal Preparation Con-
gress, Springer, Cham, pp. 383-389, https://doi.
org/10.1007/978-3-319-40943-6 _57.

270

14. Huang G.X., Chen L.J., Cao J. 2008. Briquetting
mechanism and waterproof performance of bio-bri-
quette. Journal of China Coal Society, 33, 812—-815.

15. Huang S.-C, Chang F.-C, Lo S.-L., Lee M.-Y, Wang
C.-F,, Lin J.-D. 2007. Production of lightweight ag-
gregates from mining residues, heavy metal sludge,
and incinerator fly ash. Journal of Hazardous Mate-
rials, 144(1-2), 52-58.

16.Iveson S.M., Litster J.D., Hapgood K., Ennis B.J.
2001. Nucleation, growth and breakage phenom-
ena in agitated wet granulation processes: a review.
Powder Technology, 117(1-2), 3-39.

17. Johnson O.A., Napiah M., KamaruddinI.,2014. Po-
tential uses of waste sludge in construction industry:
A review. Research Journal of Applied Sciences,
Engineering and Technology, 8(4), 565-570.

18. Kelbaliyev G.I., Samedli V.M., Samedov M.M.,
Kasimova R.K. 2013. Experimental study and cal-
culation of the effect of intensifying additives on
the strength of superphosphate granules. Russian
Journal of Applied Chemistry, 86(10), 1478—1482.

19. Kumar A., Gernaey K.V., De Beer T., Nopens 1.
2013. Model-based analysis of high shear wet
granulation from batch to continuous processes in
pharmaceutical production — A critical review. Eu-
ropean Journal of Pharmaceutics and Biopharma-
ceutics, 85(3)B, 814-832.

20. Kumar S.A.2012. Rheological investigation of coal

water slurries with and without additive. Thapar
University Patiala — 147004, India.

21. Lakhani R., Kumar R., Tomar P. 2014. Utilization of
stone waste in the development of value added prod-
ucts: A state of the art review. Journal of Engineering
Science and Technology Review, 7(3), 180—-187.

22.Lazaro M.J., Boyano A., Galvez M.E., Izquierdo
M.T., Moliner R. 2007. Low-cost carbon-based
briquettes for the reduction of NO emissions from
medium—small stationary sources. Catalysis Today,
119, 175-180.

23.Lo6h N.J., Simdo L., Faller C.A., De Noni Jr A.,
Montedo O.R.K. 2016. A review of two-step sin-
tering for ceramics. Ceramics International, 42,
12556-12572.

24 Mangwandi C., Adams M.J., Hounslow M.J.,
Salman A.D. 2011. Effect of batch size on mechani-
cal properties of granules in high shear granulation.
Powder Technology, 206(1-2), 44-52.

25.Mayer J., Sussa J. 2021. Solidification immobiliza-
tion and encapsulation of waste and contaminants.
Puratek Anlagentechnik GmbH, Germany (www.
puratek.eu), pp. 8.

26.Medici F., Piga L., Rinaldi G. 2000. Behaviour of
polyaminophenolic additives in the granulation
of lime and fly-ash. Waste Management, 20(7),
491-498.



Journal of Ecological Engineering 2021, 22(9), 263-271

27.Mitrus M., Wojtowicz A., Oniszczuk T., Gondek
E., Moscicki L. 2017. Effect of processing condi-
tions on microstructure and pasting properties of
extrusion-cooked starches. International Journal of
Food Engineering, 13(6), 1-12.

28.Moad G. 2011. Chemical modification of starch by

reactive extrusion. Progress in Polymer Science,
36(2), 218-237.

29.Muazu R.I., Stegemann J.A. 2017. Biosolids and
microalgae as alternative binders for biomass fuel
briquetting. Fuel, 194, 339-347.

30. Mueller A., Sokolova S.N., Vereshagin V.I. 2008.
Characteristics of lightweight aggregates from pri-
mary and recycled raw materials. Construction and
Building Materials, 22(4), 703-712.

31. Oghbaei M., Mirzaee O. 2010. Microwave versus
conventional sintering: A review of fundamentals,

advantages and applications. Journal of Alloys and
Compounds, 494, 175-189.

32. Pietsch W.B. 2008. Agglomeration processes: Phe-
nomena, technologies, equipment. John Wiley &
Sons, pp. 622.

33. Purohit P., Tripathi A.K., Kandpal T.C. 2006. Ener-
getics of coal substitution by briquettes of agricul-
tural residues. Energy, 31, 1321-1331.

34. Rajgor M., Pitroda J. 2013. Stone sludge: Economi-
cal solution for manufacturing of bricks. International
Journal of Innovative Technology and Exploring En-
gineering, 2(5), 16-20.

35.Reynolds G.K., Fu J.S., Cheong Y.S., Hounslow
M.J., Salman A.D. 2005. Breakage in granulation:
A review. Chemical Engineering Science, 60(14),
3969-3992.

36. Shanmugam S. 2015. Granulation techniques and
technologies: Recent progresses. Bioimpacts, 5(1),
55-63.

37. Sienkiewicz M., Janik H., Borzgdowska-Labuda K.,
Kucinska-Lipka J. 2017. Environmentally friendly
polymer-rubber composites obtained from waste tyres:
Areview. Journal of Cleaner Production, 147, 560-571.

38. Taulbee D., Patil D.P., Honaker R.Q., Parekh B.K.
2009. Briquetting of coal fines and sawdust. Part
I: Binder and briquetting-parameters evaluations.
International Journal of Coal Preparation and Uti-
lization, 29(1), 1-22.

39. Temmerman M., Rabier F., Jensen P.D., Hartmann
H., B6hm T. 2006. Comparative study of durability
test methods for pellets and briquettes. Biomass and
Bioenergy, 30, 964-972.

40. Weyenberg W., Vermeire A., Vandervoort J., Remon
J.P., Ludwig A. 2005. Effects of roller compaction
settings on the preparation of bioadhesive granules
and ocular mini-tablets. European Journal of Phar-
maceutics and Biophar-maceutics, 59, 527-536.

41.Yilmaz E. 2011. Advances in reducing large vol-
umes of environmentally harmful mine waste rocks
and tailings. Gospodarka Surowcami Mineralnymi,
27(2).

42. Zainuddin M.I., Tanakaa S., Furushimaa R., Uemat-
su K. 2010. Correlation between slurry properties
and structures and properties of granules. Journal
of the European Ceramic Society, 30, 3291-3296.

43. Zhang H.Y, Zhao Y.C., Qi J.Y. 2011. Utilization of
municipal solid waste incineration (MSWI) fly ash in
ceramic brick: Product characterization and environ-
mental toxicity. Waste Management, 31(2), 331-341.

271



