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Abstract

Rape straw is a waste product of rapeseed oil production that can be processed for use by burning. This

study examined the processing of rape straw ash into compound fertilizers containing phosphorus, potassium,

calcium, magnesium, and microelements by granulation using additives from sugar factories, such as sugar

factory lime and molasses. Rape straw ash was examined by chemical analysis, differential scanning calorime-

try-thermogravimetry, infrared spectroscopy, and x-ray diffraction analysis. The optimum parameters of com-

pound fertilizer granulation and the main physicochemical properties of the product, such as particle size dis-

tribution, moisture content, pH, and particle-crushing strength were determined using standard methods. The

results of our investigation show that compound fertilizers of 0-6-21-23Ca0O-2MgO grade can be obtained

from rape straw ash using sugar factory lime and molasses.
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Introduction

The high demand for alternative and renewable sources
of energy presents a suitable alternative for utilization of
part of the straw produced in Lithuania. Biodiesel fuel is
one option for reducing consumption of petroleum, as well
as energy dependence on imported mineral oil sources, and
rapeseed oil can be used as such. Methyl and ethyl esters
can be extracted from rapeseed oil by treatment with alco-
hols [1]. It has been reported that a blend of 30% biodiesel
and 70% mineral diesel is optimal for diesel engines [1, 2].
Biomass is a renewable resource whose utilization has
received great attention because of environmental consider-
ations and the increasing demand for energy worldwide [1,
3]. Various types of straw are a byproduct of grain produc-
tion. Approximately 10% of the straw produced in Lithuania
comes from summer and winter rape straw (Fig. 1), but crop
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production is expected to increase rapidly with the rising
demand for biofuel production [4]. Growing rapeseed for
biofuel will also generate large amounts of rape straw,
which can be used to replenish soil organic carbon, or recy-
cled back into the atmosphere and in the process producing
energy [4].

One alternative to chemical fertilizers is the use of bio-
mass ash [5, 6]. Different investigations of ash used as fer-
tilizer have shown beneficial effects [5-10]. The ash
improves the soil structure and supplie plants with nutrients
[5-15]. Straw ash and wood ash (especially hardwood ash)
are the types best suited to fertilization [5, 10, 12-16].

Rape straw ash (RSA) contains a significant amount of
plant nutrients such as phosphorus (P), potassium (K), cal-
cium (Ca), and magnesium (Mg), plus microelements such
as zinc (Zn), copper (Cu), cobalt (Co), manganese (Mn),
and iron (Fe), which makes RSA a valuable alternative fer-
tilizer option. The chemical composition and nutrient ratio
of rape straw ash will depend not only on soil fertility dur-
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Fig. 1. Average straw yield in Lithuania (x10° tons) [1].

ing the growth season, but also on combustion conditions,
such as temperature interval, excess air ratio, and furnace
design [10, 11, 15]. Therefore, the use of ashes as fertilizers
without special treatment is problematic.

The use of RSA as fertilizer could be improved if the
product is granulated and particle size is kept uniform.
Unprocessed RSA particles differ widely in size distribu-
tion and during storage the particles might form hardened
larger aggregates due to changes of moisture. Therefore, if
RSA is applied to the soil, it may be unevenly distributed,
resulting in uneven levels of fertilizer throughout the land-
scape. The alternative option is to aggregate the RSA into
uniform grains. No found data on RSA granulation
process, only certain results of fly ash granulation is
known. One problem associated with granulation of RSA
is the lack of plasticity, which makes its aggregation by
agglomeration difficult. What is known is that ash granu-
lation in drum granulators is more effective, and a more
uniform particle size can be obtained when binding mate-
rials are used. Formulations that are lacking in plasticity
can be granulated using additives of binders such as clay
at low moisture content. It has also been reported that the
presence of organic additives in the mix can increases the
compressive strength of the grains, making it more suit-
able for use as a fertilizer [3, 17]. Some authors have used
polyamine alkylol or dolomite to improve the ash granu-
lation process and product quality parameters [17, 18].
The equipment for the ash granulation process is devel-
oped and analyzed by American, Japanese, Chinese,

Al

Australian, and German companies [19-24]. Previous
studies have reported positive results from granulation of
sunflower ash using additives such as sugar factory lime
and molasses [25, 26]. The plasticity of the granulation
mixture and the commercial grade of product indicators
such as particle size distribution, crushing strength of
grains, were all increased.

The composition of sugar factory lime (SFL) varies in
accordance with that of the limestone used in the manufac-
ture of lime milk and the chemical composition of the beets
used for sugar [27, 28]. Most of this waste consists of cal-
cium carbonate containing up to 50% CaO. Molasses is
also a byproduct of the sugar industry and is a useful mate-
rial for the production of fertilizers due to its potential to
increase plasticity for ash granulation [29]. A small concen-
tration of macroelements, such as N, P, K, Mg, and Na, is
also present in SFL and molasses. SFL and molasses also
contain microelements such as Fe, Cu, Zn, Mn, Co, and
Mo, making them potential micronutrient sources in fertil-
izers.

The purpose of this study was to determine the oppor-
tunities for RSA granulation in a drum granulator when
sugar factory wastes, such as SFL and molasses, were used
as binders for granulation. The rape straw ash granulation
parameters were determined and the physical and chemical
properties of the final product were evaluated.

Materials and Methods

RSA and two types of waste from a sugar factory in
Marijampol¢, Lithuania, SFL and molasses (M), were used
for the granulation process. Sugar factory lime and
molasses were chemically analyzed previously and results
can be found at [25, 29]. RSA was obtained by burning
straw in a laboratory furnace at 400-500°C. Ground water
(W) was used for moistening the granulation mixture.

In this work, nitrogen, phosphorus, magnesium, calci-
um, potassium, and sodium content were determined by the
standard methods [30-32]. Microelement content was ana-
lyzed by the atomic absorption spectrometry method with
the A Analyst 400 device from PerkinElmer [33-35]. Ash x-
ray radiation diffractive analysis [34, 36] was carried out
using the Dron-6 x-ray difractometer. Infrared spectroscopy
(IR) spectra [35, 36] were obtained on a PerkinElmer FT-IR
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Fig. 2. Laboratory drum granulator-dryer.
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spectrometer. The samples were produced by the standard
method with KBr. Simultaneous thermogravimetric (TG)
and differential scanning calorimetry (DSC) [36] was car-
ried out using the Netzch Sta 409 PC Luxx thermal analyz-
er. Samples were heated to 600°C.

Rape straw ash was granulated in an upgraded labora-
tory drum-type granulator-dryer at 3 degrees of tilt angle
and a constant (26 rpm) rotation speed (Fig. 2). The operat-
ing principle of this device is described in the literature [3,
37]. For drying the mixture, hot air, preheated up to 70°C,
was supplied to the granulator. The 1-20 samples of RSA
(fraction <2 mm) with sugar factory waste (SFL and M in
the laboratory technique) were granulated. The resulting
granular product was dried for 7 to 21 hours at 60-70°C
(depending on the content of SFL, M, and W), and then its
physical and chemical properties were identified.

Crushing strength of grains is expressed as the force
necessary to destroy the grain as such N/grain [38]. The
strength of grains, as the average value of 20 grains (frac-
tion 2-5 mm) subjected to crushing, was determined by
using an IPG-2 device under standard conditions [31]. The
hygroscopic moisture of granulated fertilizer, pH, granulo-
metric composition, and bulk density of ash were deter-
mined using standard procedures [31].

Some experimental results (granulometric composition
of product and crushing strength of grains) were estimated
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Fig. 3. X-ray diffractive curve of rape straw ash.
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Table 1. Chemical composition of rape straw ash.

Element or Concentration, Element Concentration,
element oxide % mg/kg
N 0.01 Fe 1201.87
P,0, 6.23 Cu 7.03
K,0 20.72 Zn 125.06
CaO 23.24 Mn 475.88
MgO 2.12 Co 90.40
Na,O 0.19 Mo 806.80

by statistical methods. The calculations of the experimental
data were carried out on the basis of three replicates [31,
38]. Experimental results are given in Tables 1-4 as arith-
metic means.

Results and Discussion

Chemical analysis (Table 1) of rape straw ash showed
that it is composed of 20.7% K0, 23.2% CaO, 6.2% P,0;,
and 2.1% MgO, as well as trace amounts of Na,O and N.
Microelement concentration was found to vary and the
most abundant elements were iron (1202 mg/kg), Mo (807
mg/kg), Mn (476 mg/kg), and Cu (406 mg/kg); with lower
amounts of Zn (125 mg/kg) and Co (90 mg/kg). Chemical
composition exspresed in elements or element oxides as is
done in European Fertilizers Reglament [31]. The obtained
results are similar as published [10]. For example, the
chemical composition of rape ash from Poland is as fol-
lows: phosphorus, 15.1 g/kg; potassium, 155.7 g/kg; calci-
um, 124.0 g/kg; magnesium, 7.3 g/kg; copper, 34.3 mg/kg;
manganese, 836.4 mg/kg; zinc, 185.0 mg/kg; and iron,
3661.7 mg/kg [10].

The x-ray diffractive analysis curve (Fig. 3) shows
peaks that correspond to calcium carbonate, potassium car-
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Fig. 4. IR spectrum of rape straw ash.
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Table 2. Physical properties of rape straw ash.

Bulk density, Granulometric composition, %
P kgfm’ <l mm 1-2 mm 23 mm 3-5 mm >5 mm
10.5 618 31.09 57.44 8.00 2.31 1.16
Table 3. Quantities of components (%).
Sample Ash SFL Molasses Water Recycle
1 75.00 0.00 0.00 25.00 0.00
2 60.00 0.00 0.00 40.00 0.00
3 33.33 0.00 0.00 33.33 33.33
4 31.25 0.00 0.00 37.50 31.25
5 0.00 0.00 0.00 37.50 62.50
6 0.00 0.00 0.00 28.57 71.43
7 41.67 41.67 0.00 16.67 0.00
8 17.86 17.86 0.00 28.57 35.71
9 58.82 0.00 41.18 0.00 0.00
10 50.00 0.00 25.00 25.00 0.00
11 58.82 0.00 30.88 10.29 0.00
12 58.82 0.00 2741 13.76 0.00
13 58.82 0.00 13.76 27.41 0.00
14 35.71 0.00 14.29 14.29 35.71
15 35.71 35.71 28.57 0.00 0.00
16 35.71 35.71 14.29 14.29 0.00
17 35.71 35.71 21.43 7.14 0.00
18 35.74 35.74 19.01 9.51 0.00
19 35.74 35.74 9.51 19.01 0.00
20 19.23 19.23 11.54 11.54 38.46

bonate, magnesium carbonate, sodium and potassium sul-
fate, calcium, magnesium, phosphorus oxide, and diffractive
reflexions characteristic of elemental carbon [34]. In the
spectrum obtained during the IR spectral analysis (Fig. 4), in
the area of approximately 3600-3400 cm™ the low intensity
typical of OH connection valentic vibration of water mole-
cules can be distinguished [35]. Oscillations in the frequen-
cy range of approximately 3200-2800 cm™ can be attributed
to the CH group, and nonintensive vibrations in the range of
2500-1600 cm™ are typical of the CO connection [35]. The
spectrum has a very pronounced vibration of the CO?} func-
tional group in the frequency range of approximately 1400-
800 cm™ [36]. The vibration in the frequency range of 800-
700 cm™ corresponds to the SO;™ functional group, and that
in the range of 600-500 cm™ corresponds to PO, [35]. The
data from the simultaneous DSC-TG analysis (Fig. 3) indi-

cated that at 150°C, the DSC curve displays an insignificant
endothermic effect, and in the TG curve it corresponds to the
mass loss, which is attributed to the adsorptive water
removal in ashes. The significant exothermic peak at 470°C
corresponds to the mass loss (3.56%) in the TG curve. The
mass decrease is obtained due to incompletely burnt straw at
a low combustion temperature [36].

The ash properties (pH, bulk density, and granulometric
composition) were measured and are presented in Table 2.
The pH value of 10% aqueous ash solution was 10.5 at 20°C.
The bulk density of rape straw ash was 618 kg/m’. The major-
ity of ash consists of particles less than 2 mm in diameter.

The composition of the granulated mixture (1-20 sam-
ples) with RSA, SFL, M, W, and recycling part is given in
Table 3. Rape straw ash was granulated by moistening with
water in samples of pure RSA, (samples 1 and 2), RSA with
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Table 4. Rape straw ash granulating conditions and product indicators.
Sample rfvt,mnlli;igj ;)12 ’ Quantity of Granulometric composition of product, % 12\1/;?:: gil;illi? pH S;l;l;;f
o recycle, % ~5 mm 2.5 mm <2 mm %, (10%) N/grain
1 25.00 - 10.28 14.54 75.19 15.184 10.27 2.2
2 40.00 - 44.42 29.77 25.81 32333 10.46 6.0
3 3333 50 3.68 15.59 81.73 15.685 10.85 1.9
4 37.50 50 6.13 18.49 75.38 20.420 10.55 3.8
5 37.50 100 4.85 4.99 90.16 24.970 10.75 34
6 28.57 100 4.74 9.42 85.84 23.978 10.56 33
7 28.20 - 6.18 16.52 77.30 11.510 11.04 3.8
8 33.51 50 8.81 24.64 66.54 23.491 10.65 3.2
9 24.71 - 61.35 33.44 521 8.815 10.89 38.5
10 30.00 - 25.46 30.05 44.49 17.282 10.48 6.6
11 16.47 - 39.39 44.71 15.89 11.317 10.89 64.5
12 19.25 - 25.52 45.15 29.33 7.259 10.86 19.6
13 30.16 - 22.84 30.87 46.29 15.765 11.33 204
14 17.14 50 42.90 22.06 35.04 0.455 11.19 244
15 15.60 - 81.05 17.22 1.72 14.163 10.64 304
16 27.03 - 16.55 33.27 50.18 15.051 10.25 8.0
17 2131 - 48.43 44.47 7.10 14.934 10.84 28.0
18 23.20 - 44.89 46.43 8.68 15.672 10.46 339
19 30.80 - 24.77 54.58 20.66 24231 10.74 8.4
20 19.17 50 25.81 32.44 41.73 11.914 10.88 20.5

50% recycle (samples 3 and 4), and pure recycle (samples
5 and 6). After primary agglomeration of raw material par-
ticles by drum granulation, the granulated product is sieved,
a small fraction (less than 1 mm in diameter) is returned
into the granulator as recycle. In practice, for fertilizer gran-
ulation, the ratio of recycle to raw material may range from
2:1 to 1:2. The content of recycle in a granulator depends
on the physical and chemical properties of materials, such
as plasticity, moisture content, and chemical composition,
for example. During this investigation, the raw materials,
pure recycle, and a mixture of raw materials with 50% recy-
cle were granulated.

The product was obtained by granulating, drying at 60-
70°C, and fractionating. The results for humidity, granulo-
metric composition, mass change after drying, pH of 10%
solution, and static crushing strength of 3 to 5 mm fraction
for the grains are presented in Table 4.

The static strength of grains depends on the quantity of
water and recycle and varies from 1.9 N/grain to 3.6
N/grain. Compared with pure ash granulation, a smaller
(approximately 5%) marketable fraction of product (grain
diameters of 2-5 mm) was obtained when recycle was used
in the granulation process.

The influence of recycle on granulometric composition
of the rape straw ash is shown in Fig. 6. Granulation of pure
ash with lower moisture content (30%) (Fig. 6a) and the use
of recycle slightly changed the granulometric composition.
In all cases (using 0%, 50%, and 100% recycle), the ashes
with lower moisture produced a greater proportion of small
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Fig. 5. DSC-TG analysis curves of rape straw ash.
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(<2 mm) fraction and a lower amount of large (>5 mm)
fraction. The use of recycle worsened the granulometric
composition of products when the moisture content was
increased to approximately 40% (Fig. 6b). The content of
marketable fraction decreased from 29.77% without recy-
cle to 9.42% with 100% recycle. When the RSA and SFL at
aratio of 1:1 using water (sample 7) were granulated, a low
strength of grains was observed (3.8 N/grain). When 50%
recycle was added to the RSA and SFL mixture, the
strength of grains was decreased even further, but the mar-
ketable fraction was increased from 16.52% (sample 7) to
24.64% (sample 8).

As an attempt to improve the physical properties of the
grains, RSA was mixed with molasses (sample 9) or with a
solution of molasses in water at different concentrations
(samples 10-14). Molasses content in the mixtures prepared
for granulation varied from 14% to 41%. The data show
that the physical properties of the grains were improved by
the addition of molasses. When molasses content was
greater than 31%, the mixture becomes very sticky, and the
drying time of the grains was significantly extended.
Increased grains characteristics — such as marketable prod-
uct yield of approximately 45% and a grain crushing
strength of 64.5 N/grain were obtained with the addition of
30.9% molasses. When the mixture of ash with SFL (ratio
of 1:1) containing 28.7% molasses was granulated (sample
15), a grain strength was sufficiently high and equal to 30.4
N/grain, but only a very low proportion of marketable
material — approximately 17% — was obtained. Better grain

a)
100

5 Z B
| I |

b
=
]

Granulometric composition, %

i

0 50 100
Recycled quantity, %

O
~
—_
o}
e}
1

]
=
]

[}
=
]

E@ =5
= 2-5 mm
B <2 frun

B

b
=
]

Granulometric composition, %

0 50 100
Recycled quantity, %

Fig. 6. Dependence of RSA granulometric composition on
recycled quantity for ~30% (a) and ~40% (b) moisture content.

properties were obtained by granulation of an RSA and SFL
mixture with a solution of molasses in water (samples 16-
19). However, the static strength of the resulting grains
depended on the quantity of molasses added. When the ash
was granulated using 40% water (sample 2), the grain
strength was 6.0 N/grain. The addition of similar quantities
of molasses (sample 9) increased the grain strength to 38.5
N/grain. The best grain strength and product marketable
proportion was obtained at a 2:1 ratio of M:W (sample 18).
The static strength of grains was 33.9 N/grain, and the
quantity of marketable fraction was approximately 46%.

The results obtained by granulation of rape straw ash,
sugar factory lime, and molasses-water solution mixture
using 50% recycle (sample 20) show that characteristics of
granulated product were lower than those of sample 18.
This means that using recycle slightly improved granula-
tion parameters and properties of granulated ash.

Conclusions

The chemical composition and the physical and chemi-
cal properties of rape straw ash were determined by chem-
ical and instrumental methods. The most abundant nutrients
in the ash were found to be phosphorus (6.2% P,0;), potas-
sium (20.7 K,0 %), calcium (23.2% CaO), and magnesium
(2.1% MgO) in addition to smaller amounts of micronutri-
ents: Fe (1202 mg/kg), Mo (807 mg/kg), Mn (476 mg/kg),
Cu (406 mg/kg), Zn (125 mg/kg), and Co (90 mg/kg). This
study showed that a granular product could be obtained by
granulation of rape straw ash and certain grain properties
were improved by granulation of ash and a sugar factory
lime mixture. The granulation process and the parameters
of the marketable product were improved by the addition of
molasses. The best physic-chemical and marketable prop-
erties were obtained by granulation of rape straw ash with
sugar factory lime (ratio of 1:1) and a solution of molasses
in water (ratio of 2:1). This mixture resulted in a product
with a static strength of grains of 33.9 N/grain and 46% of
marketable fraction. Using recycle slightly improved the
properties of the granulation product. The results of granu-
lating the RSA and SFL mixture with a solution of molasses
in water showed that fertilizer of 0-6-21-23Ca-2MgO
grades with suitable marketable parameters could be
obtained.
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