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Abstract: This work concerns non-pressure granulation of mineral materials used for the production
of agricultural fertilizers for soil deacidification. In order to expand the product range of Nordkalk
Poland sp. z o. o. located in Poland, the granulation conditions of the gypsum-lime mix were
examined with the use of various granulation methods. The processed mixture was Jurassic lime
flour mined in the Stawno mine (Poland) and waste gypsum (sulfogypsum) obtained from the
largest coal-fired power plant in the EU, Befchatow Power Plant (Poland). This paper presents the
results of the optimization of the gypsum-lime fertilizer granulation process. The results of the
study of granulation of gypsum-lime mixture realized in one-stage technology in a disc granulator
were compared with the effects of two-stage agglomeration. During the research, a mixture (in a
1:1 ratio) of waste sulfogypsum and lime flour was used. Such a weight ratio provides maximum
use of the sulfogypsum waste while maintaining good mechanical properties of the granulate.
The granulated bed was moistened with a lignosulfonate solution. The process was carried out
periodically. After the experiment, the grain composition of the granulate obtained was determined
and tests were performed to determine the strength of the product. The test results were compared
with analogous ones obtained during granulation with the use of molasses (waste from sugar
production). The results obtained were verified during a trial carried out on an industrial scale.

Keywords: sulfogypsum; limestone flour; lignosulfonate; molasses; disc granulation; waste as fertil-

izers

1. Introduction

The term non-pressure granulation is understood as the production of solid particles of
appropriate shape, dimensions, and physicochemical properties, with an increase in the size
of the resulting granules by nucleation [1,2], surrounding granules [3,4], or coalescence [5,6].
Obtaining the desired product including agricultural fertilizers can be done in many
different ways and the process itself can be combined with other unit operations. It
should be understood that the entire process, especially on an industrial scale, does not
consist of only one stage, which is the formation of granules, but is the sum of many
technological processes, starting from the preparation of raw materials and ending with
the separated finished product. This happens especially when the aim of the process is
to produce agricultural fertilizer, the main component of which is a waste material with
favorable properties for soil fertilization, e.g., it contains calcium compounds [7], sulfur [8],
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or organic carbon [9]. Such material usually requires additional technological operations
adjusting its properties to the non-pressure agglomeration process. In the case of granular
materials, it must have an appropriate granulometric composition, moisture, bulk density,
and chemical composition, while it should be remembered that the waste materials used in
the granulation process can be either loose materials or those that can be crushed [10,11]
and sieved [12,13] to a preferred form, and liquids that serve as binders [14]. Examples
of waste bulk materials that can be used in the granulation of agricultural fertilizers are
phosphogypsum [15] and sulfogypsum [16], post-saturation mud [17] and ashes resulting
from biomass combustion [18], as well as maize straw [19], millet and cane [20], and coal
ashes [21]. Non-pressure granulation of mineral materials can be performed in a disc [22],
drum [23], in a batch [24], and in continuous operation [25], vibrating [26], mixing [27],
in a fluid bed [28,29], as well as in continuous and multi-stage technology, which uses
combinations of the above-mentioned devices. Depending on the choice of the process
variant, the wetting liquid for the processed bed can be supplied before the granulation
process, during the process in the form of one portion [30], or continuously with precisely
defined moistening parameters [31].

The non-pressure granulation process is influenced by the parameters of wetting [32],
parameters characterizing the granulated raw material [33], the liquid used to moisten the
granulated bed [34], and the applied granulation technologies [35].

Sulfogypsum used in the research came from the flue gas desulphurization process at
the Belchatéw Power Plant, and the limestone powder from the Mineral Raw Materials
Mine of the Nordkalk Stawno Plant. The limestone flour was characterized by moisture
content of 0.3% and a grain size below 300 pm, while the sulfogypsum had a moisture
content of 15%, and its grain size did not exceed 500 um. The purpose of composing a
mixture with the appropriate composition was to equalize its humidity. This was necessary
due to the difficulties encountered in granulating wet gypsum. Preliminary studies have
shown that when granulating very wet materials, they agglomerate before the moisturizing
liquid is supplied to them. As a result of the lack of integrating substances, unstable
granules are then formed, which are destroyed in subsequent technological operations.

Material moisture content was determined from formula (1).

w="""%100% )
Mg
where: w-raw material moisture; m,—water mass contained in the raw material; ms—mass
of dry material.

All the above-mentioned factors have an impact on the one hand on the dynamics of
the processed bed and, consequently, on the number of collisions of particles making up
the product and on the granulation mechanisms (nucleation, encapsulation, coalescence,
abrasion, and compaction) responsible for the formation of stable agglomerates. At the
same time, during the disc or drum granulation, apart from the agglomeration process,
the impact of the raw material bed takes place, leading to the disintegration of the newly
formed granules. The destructive effect of the raw material and the resulting granules
slows down the kinetics of the process, increasing the unit energy inputs [36].

Granular mineral fertilizers, including calcium fertilizers, are obtained by agglom-
eration by mixing components in specific proportions, which result from the assumed
composition, and by moistening such dusty components with a binding liquid [37]. Such a
liquid is most often water [38] or aqueous solutions of substances such as gelatin, polymers,
resins, starch, glues, sugars, salts, or molasses [39,40]. This type of process can be carried
out in one-stage and two-stage technology and may also apply to products other than
agricultural fertilizers [41,42]. There is a known method [43] of agglomeration of dust
raised from kilns intended for the firing of cement clinker, fillers, powdery fertilizers,
ashes from electrostatic precipitators, and dyes, using drum or disc granulators in which
agglomeration by surrounding occurs and which is carried out in two stages. The first
stage of granulation (nucleation of agglomerates from the powdery raw material and the
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wetting liquid) takes place outside the granulator, most often in a two-shaft or single-shaft
blade mixer, while the size of the embryos and their spherical shapes increase as a result of
encapsulation, which is carried out in a disk granulator or drum.

A similar method of granulation [44] with the use of a granulating liquid concerning
powdery materials, especially fertilizers, is also performed in the two-stage granulation
technology. The first step of the process is carried out in a paddle mixer. The raw mate-
rial is mixed quite intensively by adding a liquid with a temperature of approx. 60 °C.
Agglomerates of 1-6 millimeters in size are obtained, characterized by a dense structure
and a moisture content of 6%. In a second step in the process, the previously formed
granules become spherical in shape as a result of enveloping mechanisms in the granu-
lating drum or plate. Water, a suspension or an aqueous solution of the ingredients to
be granulated as well as a solution of sodium salt, starch, molasses, or carboxymethyl
cellulose with a concentration of more than 3% were used as the wetting liquid. There are
also known [45-47] methods of granulating Jurassic lime flour or a mixture of lime flour,
dolomite, chalk, and sulphogypsum carried out in mixing, plate, and drum granulators, in
which water solutions of sugar and molasses are used to moisten such mixtures. Despite
numerous technologies for the production of granulated mineral fertilizers described in
the literature which use sugar, molasses, or other sugar production waste as a binder, there
is a need to optimize and improve the parameters of the agglomeration process, improve
the functional properties of the fertilizers obtained, and take into account economic factors
in industrial production. An additional problem that needs to be solved in the course of
further research is the issue of the storage of fertilizers produced with the use of sugar or
ingredients containing sugar. Such fertilizers can become moldy during storage, which
forces producers to look for a different binder. This is the case when storage takes place
during the wet season. The selected substitute should, therefore, allow the production
of fertilizer with the same or similar advantages as fertilizers made with sugars and at
the same time be resistant to fungi. The use of waste material such as sulfogypsum or
molasses for the production of fertilizers allows for the rational management of this waste
and has a positive effect on the quality of the soil by increasing the content of calcium and
other minerals contained in it. In the past, a common problem was that the mechanical
strength of the granules was too low, which caused problems in the transport, dosing, and
spreading of fertilizers. The granulated material was easily crushed and, as a result, dusted.
The spreaders used in agriculture (e.g., disc spreaders) require relatively even graining of
the fertilizer for proper operation. Therefore, methods of obtaining just such a granulate
are being sought.

The aim of this work was:

1.  to demonstrate the possibility of non-pressure granulation of gypsum-lime mixes
with the use of lignosulfonate,

2. to compare the effects of granulation of calcium—gypsum mixtures realized in the disc
and two-stage granulation technology,

3.  tocompare the effects of granulation of calcium-gypsum mixtures with the use of
various moisturizing liquids,

4. to demonstrate the usefulness (despite high humidity) of waste gypsum obtained
from the flue gas desulphurization process as a raw material for the production of
granular agricultural fertilizer,

5. to verify the research results obtained by implementing the process on an indus-
trial scale.

2. Experimental Part
2.1. Apparatus and Research Methodology

This paper compares two methods of granulating a mixture of waste gypsum (sulfo-
gypsum) and limestone flour. In the first method (whose successive attempts are marked
in this work with Arabic numerals) the process was carried out in a disk granulator, in the
second two-stage method (whose individual samples are marked with Roman numerals),
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the raw material was nucleated in a mixing granulator, and then the pre-agglomerated bed
was granulated in a disk apparatus. The granulation tests of the mixture of sulfogypsum
and limestone powder according to the first method were carried out in a laboratory disc
granulator as in Figure 1 with the disc diameter D = 500 mm.

Figure 1. Disc granulator, design, and execution by Lodz University and Technology. 1. geared
motor; 2. granulation plate; 3. Inverter; 4. tank for binding liquid; 5. Sprinkler; 6. rotameter.

Disc tilt angle « was 45°. Each test was carried out at a rotational speed of 12 rpm.
The construction of the granulator permits changes to be made in the diameter of the disc
in steps, the angle of its inclination, and in smoothing the rotational speed within a range of
0-50 rpm. The process parameters characterizing the disc granulation tests (first method)
are presented in Table 1. The moisturizing (binding liquid) in both methods was a 20%
aqueous solution of lignosulfonate.

Table 1. Parameters of disc granulation (first method).

Mass of the Solution Granulation Time Stream Type Concentration Lignosulfonate of the Binder
Sample No.

g min - %
1 70 12 continuous 20
2 125 6 continuous 20
3 100 6 continuous 20
4 80 12 continuous 20
5 70 6 vapor 20
6 150 6 vapor 20
7 90 6 diffused 20
8 80 6 diffused 20
9 110 6 diffused 20
10 125 6 diffused 20

During the experiments, the mixture of raw materials was moistened with a 20% water
solution of magnesium lignosulfonate. In order to moisturize, there was 90 g of dry weight
lignosuldonate per 1000 g of solution weight. The granulation time was variable and
amounted to 6 min for trials 2, 3, 5, 6, 7, 8, 9, 10, and 12 min for trials 1 and 4. During the
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main tests, the influence of the spray type on the course of the process was also examined,
distinguishing between a continuous stream, a dispersed stream, and a mist-Figure 2.
After completion of the granule forming process, the granulate obtained was dried at a
temperature of 65 °C for 24 h. A sieve analysis was performed using sieves of 1; 2; 3; 4; 5;
6.3; 8; 10; 12.5 mm. The final product, after performing the sieve analysis, was subjected to
strength tests.

continuos stream

o ¢ c""‘ "
vaper stream
[ g
Q e o

difused stream

.

Figure 2. Types of streams used to supply the binder (moisturizing liquid).

A two-stage granulation study was carried out using a high-speed mixer and a disc
granulator (Figure 3).

Drying, particle size
and strength analysis

Mixer granulation Disc granulation

Figure 3. Two-stage granulation scheme.

It was assumed that the processed mixture of sulfogypsum and limestone powder
would be pre-granulated in an Eirich mixer, which would ensure nucleation of the raw
material grains, and then “granulated” in a disc granulator. The operation carried out in
the mixer was aimed at greater compaction of the embryos formed (obtained as a result
of high inertia forces), while the disc granulation stage led to the appropriate particle size
composition and strength. Chronologically, the first step of this method was the mixer
granulation. The mixer agglomeration stage was carried out in the Eirich granulator, which
we can see in Figure 4. The figure shows a rotating bowl constituting the working chamber
of the granulator and the cover to which the stirrer is attached.
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Figure 4. Granule mixer by Maschinenfabrik Gustav Eirich GmbH and Co KG (Germany).

A mixture of 1000 g of lime flour and 1000 g of sulfogypsum was supplied to the
high-speed granulator. After the granulator cover was closed, the stirrer and the bowl were
put in rotation, with the directions of rotation being consistent. The circumferential speed
of the bowl and the stirrer were, respectively, 0.7 and 2.4 m-s~ L.

While the bowl and agitator were rotating, a 20% aqueous solution of magnesium
lignosulfonate was fed to the blend and the process continued for a predetermined time.
After the mixing time had elapsed, the moistened and pre-granulated material was placed
in the disc granulator. After a predetermined time of agglomeration without wetting
carried out in the disc granulator, the apparatus was stopped, the bed obtained was dried
and the material was screened for particle size analysis, and then the strength of individual
fractions was tested. In order to determine the ability of granulated fertilizer to apply
calcium and sulfur compounds to the soil, the time of granule disintegration in a humid
environment was examined. The disintegration time of the granules was measured during
a test in which the granules obtained were mixed in water. The parameters of Mixer
granulation: mass of solution and time of granulation were placed in Table 2. Two hundred
milliliters of water was poured into the vessel and 100 g of granules with a fraction size
of 1-8 mm were added. The mixture thus formed was mixed at a stirrer speed of 20 rpm.
The rotational speed was selected so that the agitator did not destroy the granules while
rotating. The time after which all the granules had disintegrated as a result of the binder
dissolution was determined. In order to determine the strength properties of the granulate
obtained, compressive strength tests were carried out, in which the compressive force
causing destruction of the granules was determined. The results obtained for trials 1-6 are
presented in Table 3 and for trials 7-10 in Table 4.

Table 2. The parameters of Mixer granulation.

Mass of the Solution Time of Granulation
Sample No. Mixer Disc
8
s
I 200 180 60
II 170 60 60

111 70 60 60
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Table 3. Strength test results, test 1-6.

Comparison of Granulate Strength

Destructive Force, N Final Humidity,%
Sample No. Fraction, mm
Min Max Average Absolute Mean Error
2 1.03 8.3 3.2 3.2
3 4.7 7.9 6 2.1
4 4.2 9.2 7.7 2.8
1 5 9.6 20.6 122 32 159
6.3 6.6 26.6 154 3.9
8 17.5 29.3 20.8 4.1
2 5.7 16.9 10.2 3.1
3 4.8 20.9 12.6 4.8
4 15.7 31.9 21.3 5.1
2 5 219 499 37 8.9 217
6.3 24 92 53 14.1
8 27.5 87.5 48.5 13.4
2 2.5 14 6.9 1.9
3 7 12 9.6 2.4
4 12.1 44.6 19.8 49
3 5 17 232 204 21 19.5
6.3 24.8 43.3 334 5.6
8 224 49.4 34.8 6.6
2 0.8 24 1.8 0.7
3 2.4 5.9 3.3 1
4 15 53 3.1 14
5 5 2.7 5.1 3.6 13 159
6.3 6.9 8.9 7.3 2.1
8 3.3 9.8 9.6 3.1
2 7 64.1 29.7 8.2
3 9.1 19.6 15.8 4.2
4 21.1 35 24.7 3.8
6 5 17 432 243 7.3 227
6.3 32 87.2 58 14.2
8 33.9 64.9 54.1 12.6

The work also compares the results of one-stage disc granulation with the use of 20%
magnesium lignosulfonate solution with analogous granulation tests with the use of 20%
molasses waste solution. The granular material was, in both cases, a mixture of waste
gypsum and lime flour. The results of granulation presented with the use of molasses
were obtained from the research, the results of which were published in the article. In the
relationships presented in Figure 10, the tests with the use of molasses are marked with the
letter M, and the tests in which the bed was moistened with magnesium lignosulfonate
with the letter L. The same granulation time was adopted for all the tests compared-12
min. The masses of the added 20% mr wetting solutions were 70 and 80 g per 1000 g of
gypsum-lime mixture.

After pre-mixing, the binding liquid was dispensed. The mixer granulation time was
180 s. Two hundred grams of the solution was added to the bed (test I). After completion
of the mixer granulation, the material was granulated in a disk granulator. After the
disc granulation, the material was placed in an oven and dried for 90 min at 100 °C. The
granulate obtained was subjected to sieve analysis and then its strength was tested. The
results are presented in Tables 3 and 4.
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Table 4. Strength test results, tests 7-10.

Comparison of Granulate Strength

Force, N
Sample No. Fraction, mm Final Humidity, %
Min Max Average
2 1.1 3.6 1.9
3 2.7 55 39
4 14 6.2 34
7 5 6 23 15 17.6
6.3 10 25 20
8 13.3 25.3 17.1
2 1.1 24 2
3 1 4.1 2.7
4 3.3 8.4 5
8 5 62 8.1 7.1 167
6.3 9.7 23.7 15.5
8 4 26 14.8
2 34 48 3.9
3 2.3 6.8 5.6
4 8.8 14.1 11
9 5 18.3 293 26.5 19:3
6.3 28.4 424 36
8 7 67.6 38.7
2 8.2 28.2 14.2
3 7.6 18.2 10.7
4 10.1 26.1 20.1
10 5 8.1 47.1 29.1 206
6.3 40.1 52.1 445
8 34.8 78.8 51

Due to the high content of the binding liquid, the granulate was characterized by good

strength parameters. Unfortunately, such an amount of added binder made the material
too wet after the mixer granulation step, which caused it to stick together (coalescence)
during the disc granulation (Figure 13). Thus, high material humidity disturbed the
granulation process by the encapsulation method. The longer the plate process was carried
out, the larger and more misshapen the granules formed. In further tests, it was decided
to reduce the weight of the added binder. Test II was also carried out with the use of
1000 g of limestone powder and 1000 g of waste gypsum. A 20% solution of magnesium
ligninsulfonate was reused. The rotation of the bowl and the stirrer were unchanged. The
bowl of the mixer granulator was filled with the raw mix, then the apparatus was started,
and the material was mixed for 60 s. Over the next 60 s, 170 g of the solution was added
to the bed. The pre-granulated and moistened bed was transferred to a disc granulator
and the granulation process continued. The product obtained was dried for 90 min at 100
°C. Then, the dried granules were subjected to sieve analysis and strength tests. The test
results obtained are presented in Tables 5 and 6.

Table 5. Results of the sieve analysis, test I-III.

Sieve Analysis

Test No. Oversize 4-8 mm 1-4 mm Undersize
- % % % %
I 26.3 41.2 30.8 1.7
II 2.6 48 484 1
111 44 49.2 38 8.4
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Table 6. Strength test results, test I-IIL.
Comparison of Granulate Strength
Force, N
Test No. Fraction, mm Final Humidity, %
Min Max Average Absolute Mean Error
I 1.04.0 185 72 36 12 8.5
4.0-8.0 36.4 1124 72.2 9.58 8.9
I 1.0-4.0 12.8 50.5 32.3 7.54 91
4.0-8.0 20.8 90.6 53.2 12.5
I 1.04.0 2.1 17.7 11.3 2.63 2
4.0-8.0 8 36.3 19.5 3.73 5.6

2.2. Testing the Compressive Strength of Granules and Their Disintegration

The compressive strength of granules was tested using an Instron 3345 device. The
analyzer was manufactured by Instron, part of Illinois Tool Works. The material to be
tested was placed between the squeezing jaws. The device registered the increase of the
compressive force along with the movement of the moving jaw (Figure 5). The value of the
pellet destructive force was considered to be the value equal to the extreme in the diagram
of changes of the compressive force due to the displacement of the compression jaw of the
apparatus. Ten granules from the size fraction were tested, and the results obtained were
used to determine the minimum, maximum, and arithmetic mean force causing damage.

Figure 5. Scheme of loading fertilizer granules with compressive forces F.

Tests are named according to the procedure below:

e tests 1-10 concerned the examination of granulated material in samples 1-10 (Table 1)
e tests I-III concerned the examination of granulated material in tests I-III (Table 2)

3. Research Results

The study compares the results obtained during the one-stage disc and two-stage
granulation. In both processes, a mixture of waste gypsum and lime flour was granulated.
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The binding liquid comprised 20% solutions of magnesium lignosulfonate and molasses.
In the course of the analysis, the granulation time, the weight of the moisturizing liquid,
and the type of spray were adopted as comparative criteria.

3.1. One-Step Granulation 1

An example of a comparison of the results of single-stage disc granulation tests for
different moistening times is presented in Figure 6. This resulted in the supply of differ-
ent masses of lignosulfonate solution to the lime-gypsum mixture. The test was carried
out while moistening the bed with a continuous stream. The bed was moistened with a
hydraulic nozzle. The graphs compare the percentages obtained by mass of individual
fractions, i.e., the mass of individual fractions relative to the total mass of the granulate ob-
tained.
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Figure 6. Comparison of the mass fractions (percentages) of the granulate obtained for different amounts of the added

solution (liquid dosing by means of a continuous stream), (mr-mass of the solution).

In order to determine the strength properties of the granulate obtained, compressive
strength tests were carried out, in which the compressive force causing destruction of the
granules was determined. The results obtained for trials 1-6 are presented in Table 3.

The graphical relationships obtained show that with a small amount of moisturizing
liquid (70 g per 1000 g of feed), the mixture of raw materials was not completely granulated.
For the tests in which 70 g and 80 g of lignosulfonate solution were used, after the end of
the process, a significant share of the 0-1 mm fraction (48% for 70 g and 23% for 80 g) was
visible, which was considered non-granular. When 100 or 125 g of the solution is delivered
to the bed, it can be seen that ungranulated or abraded material (0—1 mm fraction) is only
1% for 125 g and 6% for 100 g of solution. The experiment in which 100 g of lignosulfonate
solution was injected into the bed was considered as the test in which the most favorable
particle size distribution of the product was obtained. It is characterized by a low mass of
non-granulated material and over 73% share of 1-10 mm fractions. By dosing the binder
with a continuous stream, it is very easy to obtain local moistening of the raw material.
This results in the possibility of wet material sticking together and a high probability of
the formation of granules with an equivalent diameter above 10 mm, which are oversized
in the production of fertilizer. This happens all the more when the continuous stream of
liquid collides directly with the material being processed. In order to counteract such a
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phenomenon, the liquid should be supplied from an appropriate height and pressure that
will break the continuous stream (the stream may break just above the bed) into drops with
an equivalent diameter of approximately 2-3 mm [48,49].

The work includes tests in which a different method of liquid delivery was also
proposed, with the help of fog and a dispersed stream. The experiments carried out have
shown that the delivery of the binding liquid through a mist-generating nozzle requires
careful dosing. The dispersed droplets settle on the walls, bottom of the disc, and the
scraper and disturb the process of granulate formation. Moreover, even moistening of
a large surface of the bed flowing in the plate results in the fact that we do not obtain
sufficient humidity in the discussed area to initiate the nucleation process of granules,
despite the fact that a lot of liquid was supplied to the bed. The mass of the supplied liquid
then penetrates evenly between the grains of the entire mass of the raw material. Although
the average humidity of the bed is relatively high, for a long time sufficiently high local
humidity is not obtained (as in the case of humidification with a stream) so as to allow
nucleation and subsequent granulation.

The results of the tests carried out when dispensing liquids with a nozzle producing a
micro-droplet vapor in Figure 7 show that when 70 g of solution was used, the fraction
of 0-1 mm constituted over 60% of the mass fraction. This proves that the mass of the
liquid supplied is too low, which inhibited the process. The comparison of both methods of
moistening showed that in the experiment, in which a continuous stream was used for the
same mass of solution (70 g), the proportion of non-granulated material after the end of the
process was lower by 13.5%. This shows that the punctual delivery of the liquid allowed
nucleation, unlike a method where the liquid was delivered evenly.

70

60

50

0,
%

40
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20
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Mass fraction of the faction,

Emr=70g

Omr=150g

B S

Screen mesh diameter, mm

Figure 7. Comparison of the mass fractions of the granulate obtained for tests in which the liquid was dosed with vapor

(mr-mass of the solution).

After increasing the mass of the moisturizing liquid to 150 g (trial 6), a 99% granulated
product was obtained, with even mass distribution. This granulate was characterized by
high resistance to compressive force (Table 3), which was the result of using a large mass of
the binding liquid. However, the addition of a large mass of liquid caused the granules to
be moistened and their size increased rapidly (Figure 8).
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Figure 8. Granules obtained after feeding 150 g of a solution in the form of a “vapor” to the bed
(trial 6).

The disadvantage of the granulate obtained was its very irregular shape (Figure 9),
which resulted from the phenomenon of coalescence, i.e., the sticking together of smaller
agglomerates. This phenomenon especially concerned granules larger than 10 mm. This
is disadvantageous, weakening the strength of the product (the product breaks along the
line of connecting the granules into a larger agglomerate), and also has a negative impact
on appearance, and thus on commercial properties. The disadvantage of such selected
parameters also included the high final humidity of the product, which resulted in higher
costs of drying the product.

35
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Figure 9. Comparison of the mass fractions of the granulate obtained in the tests with the dosing of the added solution by
means of a dispersed stream (mr-mass of the solution).

In subsequent tests (7-10), a dispersed stream was used to moisturize the mixture.
This is an intermediate stream between the continuous stream and the fog, i.e., the one
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whose drops most often have diameters of 0.25-2 mm. In tests 9 and 10, in which 110 g or
125 g of the solution were added to 1000 g of raw material, over 80% of the desired fraction
was obtained (see Figure 7). Moreover, the granulate in both tests was characterized by
high compressive strength (Table 4). Adding 90 g of the solution to the gypsum-lime
mixture in test 7 also obtained a fraction of over 80% of the 1-10 mm fraction, but the
granulate obtained in such moistening was more brittle and was damaged more easily.

Delivering 80 g of the solution in test 8 means that 26% of the granulate obtained is
sub-grain (d < 1 mm). The comparison of the mass fractions of the granules obtained in
the tests with the dosing of the added solution by means of a dispersed stream is shown
in Figure 9. This proves the role of the mass of the liquid supplied to the bed. It is clearly
visible that test 7, in which only 80 g of the solution was added, is characterized by a large
subgrain weight, while trial 10, although it has a satisfactory composition, yields about
10 % oversize, which then needs to be crushed for further processing. The weight of the
water supplied is important here, which determines the moisture of the bed (which favors
granulation) and the weight of the binder (in this case, lignosulfonate), which in turn affects
the strength of the obtained product. The results lead to the conclusion that the optimal
mass of the added liquid is that in which we obtain a bed with a small amount of oversize
and undersize, characterized by adequate strength. These conditions are met by test 9
(mr =110 g). Pictures of the granulate obtained in tests 9 and 10, in which the granules of
individual fractions were compared, are shown in Figure 10.

(a) (b)
Figure 10. Granulate obtained in tests 9 (a) and tests 10 (b).

Figure 11 presents a comparison of the granulation effects of the gypsum-lime mix as
a function of the type of moisturizing stream used. In both results of the tests presented
graphically, the granulation time was 6 min and 125 g of a 20% solution of magnesium
lignosulfonate was used. The dependencies presented confirm that the liquid dosing
method, and therefore the droplet size, has a great influence on the particle size distribution
of the product obtained. Using a continuous stream, it is easier to obtain granules with
larger diameters. The use of a dispersed stream allows granules to be obtained with smaller
equivalent diameters and a more uniform particle size distribution.

The analysis of the results presented in Figure 12 shows that granulation with moist-
ening of the gypsum-lime mixture with molasses allows more favorable particle size
compositions of the obtained products to be obtained than tests with the use of lignosul-
fonate. During granulation, which differed only in the moisturizing liquid used, a product
was obtained in which there were almost no granules above 10 mm, and the sub-grain
size was from 4% to 9%. The research conducted has shown that in the case of moistening
with 20% magnesium lignosulfonate solution, in order to obtain a favorable particle size
distribution, the granulation time should be extended. The comparison of granulation tests
with the use of both liquids for different granulation times (tests with molasses 12 min,
tests with lignosulfonate 6 min) is shown in Figure 13.
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Figure 11. Comparison of the mass fractions of the granulate obtained in tests carried out with liquid dosing by means of a
continuous (black color) and dispersed stream (white color).
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Figure 12. Comparison of the mass fractions of the granulate obtained for tests carried out during moistening with molasses
(M) and magnesium lignosulfonate (L) (granulation time, tg = 12 min), (mr-mass of the solution).

As a result of adding more liquid mass and reducing the granulation time by 6 min,
satisfactory particle size compositions were obtained, comparable to the results obtained
when moistening with molasses. The granules obtained had a smaller diameter, which
should be considered favorable. Unfortunately, this was associated with the appearance of
undersize (14-19%).

Regardless of the liquid used, for 80 and 90 g of the added binder, the granulometric
composition of the product was practically free of oversize. Such granulation effect with
the use of lignosulfonate was found to be satisfactory and in line with the manufacturer’s
expectations. It was found that during granulation on an industrial scale, the sub-grain
size of a dozen or so percent without additional operations and the related costs can be
returned to repeated granulation. Summarizing the results of one-step granulation, it was
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decided in Figure 14 to compare the results of the tests considered the most successful for
both liquids used. The most successful tests were those in which the largest amount of
agglomerate was obtained from the 2-8 mm fraction with simultaneous high resistance of
the granules formed to strength tests.
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Figure 13. Comparison of the mass fractions of the granulate obtained for different granulation
times-tests with molasses (M), tg = 12 min and tests with lignosulfonate (L), tg = 6 min, (mr—mass of
the solution).
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Figure 14. Comparison of the mass shares for the most successful trials. (M)-moistening with an
aqueous solution of molasses, (L)-moistening with an aqueous solution of lignosulfonate, (mr—mass
of the solution).

The results presented in Figure 14 confirm the conclusion that for the one-step gran-
ulation of agricultural fertilizers, composed of a mixture of limestone and sulfogypsum,
water solutions of molasses and magnesium lignosulfonate can be used interchangeably.
Granulation with the use of molasses permitted a 92% fraction of 2-8 mm to be obtained,
and granulation with lignosulfonate 84%. The disadvantage of the one-step method was
the high humidity of the product obtained, which resulted from the initial humidity of the
sulfogypsum (it was considered ineffective to dry the raw material and to moisten it later)
and the mass of the supplied liquid.
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3.2. Two-Step Granulation

In order to eliminate the disadvantages of one-step granulation, it was decided to
carry out two-step granulation trials. One thousand grams of limestone powder and 1000 g
of waste gypsum were used to carry out the two-stage granulation tests. A 20% magnesium
lignosulfonate solution was used as the binder liquid. The bowls and the stirrer rotated at
a peripheral speed of 0.7 m/s and 2.4 m/s, respectively. The ingredients were added into
the bowl of the mixer granulator and then mixed for 60 s to equalize the compositions.

The granulometric analysis shows that the total percentage by weight of the most
favorable fraction (1-8 mm) was 96.4%. Reducing the amount of binder by 30 g, compared
to test I, also allowed the reduction of the oversize fraction by 23.7% to the level of 2.6%. A
product with satisfactory strength results as well as a satisfactory appearance was obtained.
The humidity of the granulate mass was adequate, the surface of the agglomerates after
the first stage of the process was dry enough to allow efficient disc granulation. It shows
wet granules, which could, in the future, hinder and irritate the drying process and cause
additional, this time unfavorable agglomeration in its duration. In trial III, analogous
parameters of the two-stage granulation were used as in the previous trials, with the only
difference being the dosing of 70 g of lignosulfonate solution. After completion of both
granulation stages, the material was dry on the surface (Figure 15), which was placed in an
oven and dried for 90 min at 100 °C. The granulate obtained was subjected to sieve analysis
and then its strength was tested. The results are shown in Tables 5 and 6. The photo in
Figure 16 shows the granulate obtained after the second stage of two-stage granulation,
i.e., after disc granulation.

Trial 1 Trial IIT

Figure 15. Dampened granules (tests I and III) on a plate prior to disc granulation.

The results of the sieve analysis show that the two-step granulation carried out with
dosing 70 g of lignosulfonate solution per 2000 g of the blend gives satisfactory results.
During the process, it could be observed that a small amount of non-granulated material
remained on the granulator plate. The share of the sub-grain was slightly higher than in
the previous sample. The share of the desired fraction is 87.2%, which is a worse result
than in test II, but satisfactory. Obtaining the average strength of the granulate with a grain
size in a range of 1-8 mm above 10 N is also a good value. It is worth noting that reducing
the mass of liquid by 100 g per 2000 g of raw material will radically reduce the costs of
drying, which in the case of the granulation methods discussed constitute the majority of
production costs. The comparison of the results of two-stage disc granulation with the
use of 20% magnesium lignosulfonate solution and 20% molasses solution is shown in
Figure 17. The tests differed in the liquid used and the weight of the liquid delivered to the
bed.
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Figure 16. Material after granulation in the mixer and plate, test II.
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Figure 17. Comparison of the mass fractions of the granulate obtained for two-stage granulation,
(mr-mass of the solution).

Where 200 g of the lignosulfonate solution is used, the obtained product obtained was
clearly overwhelmed. The granules stuck together to form large, irregular shapes. This
contributed to the high proportion of oversize grain. This was not the case with the use
of 200 g of molasses solution. In this test, 83.8% of the beneficial fraction was obtained,
and the share of oversize was 12%, i.e., 14% less than in the corresponding test with the
lignosulfonate solution. The trial in which 170 g of the lignosulfonate solution was dosed
gave a product that constituted 96% of the total mass fraction. In the experiment in which
70 g of lignosulfonate was delivered (the weight of the binder was reduced by 100 g),
87.2% of fractions 1-8 were obtained. In both above-mentioned tests, the final product was
characterized by a spherical shape. Granulating in two stages with the molasses solution
used in the amount of 150 g, 80% of the beneficial fraction was obtained. The results
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presented also show that during the trial in which 100 g of molasses solution was used
satisfactory results were not obtained. A lot of non-granulated material was produced
and the proportion of fractions 1-8 was only 52%. The study of the disintegration time
of granules in water showed that for all the trials carried out in the one and two-stage
technology, the duration of grain disintegration in a humid environment did not exceed
8 h. This guarantees the possibility of enriching the soil with minerals and elements that
were part of the granule. In the case of calcium fertilizers, this time is required to be short,
and the necessary condition for the release of soil deacidification elements is the possibility
of their migration beyond the volume of the granule. This condition is met when the
granulate meeting the strength requirements at the same time has the ability to disintegrate
immediately after application to the soil as a result of precipitation or under the influence
of moisture contained in the ground.

3.3. Verification of the Results Obtained in Industrial Trials

The effectiveness of the granulation method of the two-stage gypsum-lime mixture
analyzed during laboratory tests was verified in an industrial installation at Nordkalk sp.
z 0. 0. The test was carried out on the efficiency of the feed delivered amounting to 10,000
kg/h. The first stage was carried out in a continuous high-speed mixer granulator, the
second stage was carried out in a disc granulator with a disc diameter of 2.5 m.

The test was carried out while wetting the bed with a 20% molasses solution. After
the nucleation step in the high-speed mixer (granulator), before the disc granulation, the
moisture of the processed bed was 11.7%. After the disc granulation and drying steps, a
product with the properties shown in Tables 7 and 8 was obtained.

Table 7. Sieve analysis results, industrial test.

Sieve Analysis

Oversize 4-8 mm 1-4 mm Undersize
% % % %
4.1 45.8 46.9 3.2

Table 8. Strength test results, industrial test.

Comparison of Granulate Strength

Fraction, Force, N Final
Test Name Humidity, %
mm Min Max Average Y
p 14 14.3 34.8 18.5 2.1
4-8 34.8 51.8 28.7 3.6

The granulate obtained divided into fractions of 1-4 mm and 4-8 mm, shown in
Figure 18. During granulation on an industrial scale, comparable results for granulation
on a laboratory scale were obtained. The product obtained is of high strength and granulo-
metric composition, in which the total weight of undersize and oversize is less than 10%
of the total weight of the product. The concept of two-stage granulation of gypsum-lime
fertilizer using liquids such as molasses or magnesium lignosulfonate has been positively
verified on an industrial scale.

In the research conducted it was found that during granulation of the lime-gypsum
mixture, both in the one-stage and two-stage mode, water solutions of molasses and
magnesium lignosulfonate can be used interchangeably as a binder. Both liquids mentioned
allow granules to be obtained with satisfactory quality parameters. It has been proven that
less lignosulfonate weight (based on feed weight) can be delivered to achieve the desired
effect than molasses. The use of molasses solutions is justified by the fact that it is an
organic waste material from sugar production. The use of such a binder is, therefore, part
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of the philosophy of the circular economy. Moreover, the granulate produced is an organic-
mineral fertilizer. Proving the possibility of replacing the molasses solution with the
lignosulfonate solution is of great importance due to the cases of mold growth in fertilizers
containing sugar in their composition. At certain times of the year, when there is less
demand for fertilizers and weather conditions directly affect the level of humidity in storage
rooms, it is possible to alternatively produce fertilizer with a different composition (in an
extension of the production range) that is resistant to the above-mentioned inconvenience.

(@) (b)

Figure 18. Granulate obtained after class III 1-4 mm (a) and 4-8 mm (b).

This study verified the two-stage method of granulation of gypsum-lime fertilizer on
an industrial scale. A fertilizer granulation test was performed at the Nordkalk sp. z o. o.
plant. in Stawno (Poland). The proposed concept of granulation of a two-stage gypsum-
lime mixture was verified in a trial with a capacity of 10,000 kg/h. The granulometric
compositions obtained and the compressive strength of the fertilizer were better than the
product obtained in the laboratory scale tests.

4. Conclusions

It is worth emphasizing that the proposed granulation methods do not dry the gypsum
which is moist after the flue gas desulphurization process, thus reducing production costs.
In both cases, it was found that there is an optimal quotient of the mass of the supplied
liquid in relation to the mass of the processed loose material. Thus, both during one-
stage and two-stage granulation, it is possible to control the humidification parameters
by supplying the processed bed with different masses of the moisturizing liquid. This
is important as there is a high probability that the sulfogypsum received at a different
time of the year or from a different supplier may have a different moisture content. Due
to the method of dispensing the liquid, the operation is less problematic for the mixer
granulation, where the liquid of a fixed mass (or capacity in the case of a continuous mixer)
is delivered practically in one portion. In the case of disc granulation, a constant flow
rate of the supplied liquid should be ensured, and the time and place of moisturizing the
bed circulating in the plate should be determined. In this method, the phenomenon of
wet material sticking to the camera walls is also a bigger problem. Moreover, the use of
multi-stage granulation allows a product to be obtained with properties comparable to
disc granulation with much lower bed moisture. This results directly from the nucleation
conditions that take place in the high-speed granulator (mixer—mixer). Rotary movement
of the stirrer and the granulator bowl with a relatively high rotational speed results in
the formation of large inertial forces acting on the processed bed. Moist as a result of
the previous processes and liquid supply, the material subjected to centrifugal force is
deprived of water accumulated in the pores, which penetrates the surface of the formed
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seed granulation and, together with the delivered lignosulfonate or molasses solution,
initiates the growth of nuclei and granules to the size of approximately 1-2 mm. In the
case of disc granulation-one-stage granulation, part of the water is still accumulated in
the pores of the gypsum and does not support the agglomeration process. Only after
compacting the resulting granules, does it suddenly flow to the surface of a few millimeter
agglomerates, causing them to stick together and quickly, unfavorably, increase their size.
Taking into account the above, it can be concluded that the more advantageous technology
is two-stage granulation. However, the higher investment costs of such a solution should
be remembered.
Summarizing the conclusions, the following sub-items can be formulated:

1. The research results allow us to state that the expected granulation effect can be
obtained with each of the methods analyzed. The more advantageous method is the
two-stage granulation, which allows comparable results to the one-stage granulation
to be obtained, with a lower moisture content of the granulate obtained. The quality
of the granulate obtained, its strength, and granulometric composition meet the
operational requirements, regardless of the selected granulation technology.

2. The use of multi-stage granulation allows a product to be obtained with properties
comparable to disc granulation with much lower bed moisture. This facilitates a
reduction in drying costs.

3. During the granulation of the lime-gypsum mixture, molasses and magnesium ligno-
sulfonate can be used interchangeably. In order to obtain granulate with satisfactory
parameters, lower weight of lignosulfonate than molasses is needed.

4. The proposed concept of granulation of a two-stage gypsum-lime mixture has been
verified on an industrial scale.
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