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Influence of drying and granulation process conditions
on the characteristics of micronutrient chelates granules
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Fluidized-bed spray granulation (FBSG) enables manufacturing particles with desired characteristics, including
particle size distribution (PSD), density, or dust content. This study investigated the effect of selected factors on
the granules obtained in a continuous FBSG of chelated fertilizers for foliar applications. The effect of surfactant
addition to the solution sprayed into the bed and perturbations of operating parameters on PSD and granules
morphology was studied. The experiments were supplemented with calculations based on a population balance
equation (PBE). It was shown that granules manufactured with the tenside addition are more regular in shape, and
thus less prone to mechanical wear. It was demonstrated that increasing rotational mill speed does contribute to
a slight increase in the amount of dust, but in the long term, it does not disturb the regular agglomeration process.
The computational results confirm that, despite the complexity of the process, its description with PBE is feasible.
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granule morphology.

INTRODUCTION

Fluidized-bed spray granulation (FBSG), also referred
to as wet granulation enables solutions, suspensions, or
melts to be converted into coarse-grained, dust-free,
and easy-to-handle granules. In the FBSG the liquid is
sprayed into or onto a bed made of particles that are
fluidized by a stream of hot drying gas inducing particles
(tablets, granules) enlargement!. Depending on the
material properties and adopted process conditions, this
enlargement occurs through layering or agglomeration.
Both mechanisms can take place in parallel, but only
one should prevail, given the end use of the granular
product?. The granulation process is usually accompanied
by a number of antagonistic phenomena such as attrition
or particle breakage®.

Nowadays, FBSG is widely implemented in such areas
as pharmaceutical, food, agricultural and chemical in-
dustries" 5. Its popularity results mainly from the fact
that through fluidized-bed granulation, desired particle
or product characteristics can be achieved, such as
porosity, particle size distribution (PSD), bulk density,
dust content, and solubility. In addition, since the liquid
sprayed on the solids can contain various additives, active
substances, or nutrients, the added value of the granule
can be easily gained. This feature is particularly impor-
tant in the manufacturing of pharmaceuticals products,
foodstuffs, detergents, or fertilizers®.

Despite the extremely wide range of industrial ap-
plications and the relatively mature character of this
technology, FBSG units still face significant challenges
for both experimenters and modelers. The enormous
complexity of the FBSG process arising, among other
things, from the three-phase nature of the flow and from
closely coupled phenomena of heat and mass transfer
contributes to the numerous difficulties associated with
the successful operation of FBSG units. Even some
recent works®”’ indicate that there are still enormous
literature gaps, and consequently a lack of theoretical
and practical knowledge inherent in FBSG technology.
In this context, one can mention the lack of complete

knowledge about the influence of the binder/sprayed
formulation on the agglomeration rate or the lack of
assessment of scalability of mathematical models. The
latter flaw translates into major problems in the opti-
mization and control of industrial units and difficulties
in early detection of failures, for example, uncontrolled
agglomeration arising from a phenomenon termed wet
quenching®.

A thorough understanding of the process is indispensa-
ble for the development of a methodology for obtaining
granules with the required properties, such as sufficiently
narrow size range, porosity, bulk density, and composition.
One of the paths towards achieving the right quality of
granules is proper control of wetting during the process.
This can be accomplished, for example, by adding the
right amount of surfactant to the formulation sprayed
onto the bed or by altering, either by means of additives
or by changing the ratio of dissolved solids, its viscosi-
ty®. The first approach is particularly attractive for the
production of granular foliar fertilizers such as various
micronutrient chelates of Mn, Zn, Fe based on IDHA,
i.e. iminodisuccinic acid®. The addition of surfactants
not only affects the kinetics and hydrodynamics of the
manufacturing process itself but also facilitates the pene-
tration of micronutrients into the waxy leaf surface'® !,
and has the potential to both increase the wettability of
the leaf surface and determine the direction of spread
of fertilizer droplets'!.

As mentioned above, the huge number of factors
conditioning the entire FBSG process, and thus the qu-
ality of the granules obtained, is up to now still a major
problem. The most important of these include (Fig. 1):
the design of the apparatus itself, the materials used, the
process conditions adopted, as well as the measurement
and computational procedures supporting the control of
the actual process.

For instance, there is an extremely close relationship
between the FBSG unit design and the properties of the
materials used and, additionally, the process conditions
adopted. The size of the droplets and their distribution
is intrinsically related to the type of nozzles used and



Materials

Pol. J. Chem. Tech., Vol. 25, No. 3, 2023 41

FBSG design

Granulating Overall \ Filter or cyclone
ent
ag Size  Moisture design /"/ / Inside  Over
Viscosity Solid ratio distribution content Balch or  Shape and the bed lhe bed
s / continuous  size anzh
Additives \ Granules Mill position
P Granule properites
Personel Granule analysis Drying particle size distribution,
air :
density, porosity,
CFD PBE Pressure Flow rate homogeneity, hardness,

PSD Phys. properties

Online
data analysis

Mathematical \ \
models /

Methods

Spray

Temperature Flow rate =
solubility, etc.
Bed load

N\
/

Process conditions

Figure 1. Ishikawa diagram indicating parameters and factors affecting granules properties

their arrangement in the apparatus, i.e. inside or above
the fluidized bed. The wetting and drying mechanisms,
and consequently also the agglomeration, are closely
related to the physicochemical properties of the liquid
formulation, such as its composition and viscosity, and
to the temperature and flow rate of the drying gaseous
medium. The fluidization velocity determines the hy-
drodynamics of the bed, and thus also the intensity of
phenomena antagonistic to granule enlargement such
as fragmentation or attrition'?, significantly affecting the
particle size distribution in the bed. The latter requires
particular attention, especially in the case of continuous
processes, where to maintain steady-state conditions, one
seed particle must be formed by nucleation or must be
added to the system for each product particle removed®.
Another factor influencing the efficiency of the granu-
lation process and therefore the final granule properties
is the broadly defined methodology (methods) (Fig. 1),
which includes all online and offline process monitoring
techniques, together with human factors and automatic
control systems or computational tools. It needs to be
underlined here that mathematical modelling, optimi-
zation, and control of FBSG processes remain also in
demand to refine existing or develop new computatio-
nally affordable mathematical and simulation tools®”’
Regardless of the operation mode of the process, i.e.,
continuous or periodic (batch), the modelling of granules
size enlargement can be performed employing various
approaches, ranging from the most popular macrosco-
pic description based on population balance equation
(PBE)"* ™ to the discrete element method coupled
with computational fluid dynamics (CFD-DEM)'S. The
development of a computational methodology that might
be implemented for model predictive control (MPC)
of FBSG processes or for fault detection (e.g. wet qu-
enching), and therefore implementable online (i.e. for
real-time calculations), definitely requires a focus on
a simplified description of the granulation process based
on PBE approach. However, PBE-based methodology
needs to be revisited and augmented with all relevant
elements and phenomena that are usually neglected, for
instance, phenomena antagonistic to granulation.
Considering the above-described concerns and knowl-
edge gaps this study provides an overview of the influence
of selected factors on the characteristics of granulated
chelates together with some findings on the process
modeling based on PBE approach. Since one of the

factors significantly affecting the drying process and the
granulation itself are various additives, the effect of the
addition of polyglucoside surfactants and betaines to the
fertilizer solution sprayed into the fluidized bed during
the production of N-(1,2-dicarboxyethyl)-D,L-aspartic
acid disodium zinc salt by PPC ADOB was analyzed. In
particular, the effect of surfactant addition on the granule
size distribution during the continuous operation of the
apparatus operation was studied. Furthermore, the effect
of changes in the selected operating parameter, namely
the rotational speed of the mill, on the stable process
was analyzed. In addition, using the experimental results,
the parameters of the continuous process model based
on PBE approach were determined.

MATERIALS AND METHODS

Experimental

An FSBG pilot installation shown schematically in
Fig. 2 was used to conduct the process of microelement
chelate agglomeration of N-(1,2-dicarboxyethyl)-D,L-
-aspartic acid disodium zinc salt. In such an installation,
the process of liquid spraying and granulation takes place
in a single volume. The granulated and dried fraction
is continuously collected from the fluidized bed, and
subsequently, the solid mixture is segregated on a sieve
where the granulate fraction of the target product is
collected outside the test system. On the other hand,
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Figure 2. Scheme of a continuous FBSG pilot installation with
external product separation and milling



42 Pol. J. Chem. Tech., Vol. 25, No. 3, 2023

dust and oversize granules are returned after grinding
into the fluidized bed in order to initiate the process
of nucleation, consolidation, and agglomeration. The
ADOB-specific type of dryer used for this experiment
was AE3B17143.

As a first step, the effect of the addition of polyglu-
coside surfactants and betaines to the fertilizer solution
sprayed into the fluidized bed during the production of
microelement chelate was analyzed. Then, during the
experiment conducted for microelement chelate granu-
lation with the tenside addition, the rotational speed
settings of the mill was raised by about 15%. For each
of the settings, the duration of the experiment was up
to 8 hours, during which samples were taken at equal
time intervals and then protected against the influence
of weather conditions.

The FBSG process was carried out based on the internal
procedure of the ADOB company. The so-called steady
state was maintained throughout the test and sampling
period. It means that fluidized bed pressure drop and inlet
temperature remained constant for a time correspond-
ing to the value of mean residence time of particles, 7:

M

T (1)

susp xf‘volwe + n’kuclei.exl

with liquid feeding and product outtake also being
constant. The mean residence time of solid particles
calculated by Eq. (1) resulted to be v = 2119 s where
my, is fluidized bed mass, 71, is mass flux of suspension
fed into the drying zone, x,,,, is suspension dry mass
and Mciei.ew is external nuclei mass flux (72, o = ).

Granule samples for analysis were collected from the
fluidized bed just above the gas distributor under the
established process conditions for which stability of the
fluidized bed was achieved The mixture of particles was
analyzed with regards to particle size ranges using sieve
analysis and image analysis. The analysis was conducted
with a Retsch AS 200 analyzer using a vibration am-
plitude of 60% (digital, 1-100%; 0-2 mm) and using
an automated particle characterization tool Malvern
Morphologi G3. The size and shape parameters of the
granules obtained with and without tenside addition were
evaluated, and a static microscope image analysis was
made to assess the nature of the bed material and fine
fraction recycled from the mill. Additionally, based on
the relevant standards'®8, the effect of tenside addition
on the specific, bulk density and specific surface area of
solid particles obtained in a continuous process were
determined (Table 1).

Process modelling

The general form of the population balance equation
(PBE)'*?! for a well-mixed system operating in a con-
tinuous mode and assuming (Fig. 2) that withdrawn
granules, 7,,, are sieved into three fractions, i.e. the
product that is removed from the system, R produer » the
oversized particles, , and fines, 7,,,, with the latter two

classes being returned to the granulator after milling,

n,.» can be written as follows:
on . . . . .
5 - ngrawth + nagg + nmi[l + nnuc,inr - nuut (2)

where n is the population density based on the total
number of granules in the bed, n is their growth

growth

due to layering and ﬂagg denotes granules size enlar-

gement by agglomeration, and flnu .int TETETS to internal
nucleation by overspray and attrition.

The growth rate due to the coating and solidification
of successive layers of suspension sprayed onto the bed,
i, usually is assumed to be size independent and is

expressed 3520:
2(1-x, Jm
( Itq) susp (3)

n =
growth
psoluteAp,tot

G@_n where G =
oL
where x;;, denotes the moisture fraction in the suspen-
sion sprayed into the bed with the mass flow rate, 7
Osone 18 the solute density and 4,
of particles.
Some of the droplets dry before hitting the surface of
the granules present in the bed, contributing to nucle-
ation, which yields the following modification®® of Eq. (3):

o 2(1-b)(1-x,, i, "

psoluteAp,tot

susp?

is the total surface

where b denotes the spray fraction contributing to
nucleation via overspray, i.e. spray-dried droplets. The
nucleation term due to overspray can be expressed as™:

6b(1—x, )i
_ ( ')9"/) mSuSpé(L_ Lo) (5)
ﬂ.Lopsolute

where L, denotes the nuclei diameter and 9 is the delta
function.

A further modification of Eq. (3) and (4) can be made
to include the attrition mechanism in the internal nuc-
leation term*, 7,,,,,, since this antagonistic to particle
enlargement phenomenon influences also the rate of
diameter change, G. This results in the term associated
with internal nucleation to consist of two elements, i.e.
overspray and attrition, ﬁnuc,int =B overspray +B attrition*

The agglomeration term, 7,,, is described following
the model® expressed in relation to the particle size
L, represented in this study by particle diameter, d, as:

overspray

’;lagg =B agg -D agg (6)
PPN ol 23 13 .
Bagg :L_ZLﬂ((L ’ ) J’) ((L 2/31 ) : i) (ﬂ) dA (7)
29 (L3—ﬂ,3)
D,, = n(i)Tﬂ(L,i) n(A)dA (8)

where 4 is the variable of integration and S(L, 1) is the
coalescence kernel, containing information about the
probability of forming new agglomerates. In general, it
is the product of two contributions*, i.e. the aggregation
rate constant, 8,(¢), and a particle-size dependent term
B(L, L,). Based on the previous study concerning the
batch granulation process of fetilirizers®, an equipartition
kinetic energy* (EKE) kernel was used in this study to
describe the particle-size dependent term:

B(LoL,)=(L+1, ) 9)




Moreover, given the continuous nature of the process,
the time dependence of the kernel was neglected result-
ing in () = f, .

The granule flux being removed from the FBSG, 7
can be described using the formula®!:

n =Kn (10)

out

out >

with K being removal rate, accounting usually for the
classifying character of the outlet?®. The classes into
which the removed granules, 7,,,, are classified after
screening are:

out >

l;lﬁm’s =(1_T2)(1_T;)hout (11)
r'lproduct = ]-'2 (1 - ]I )hout (12)
’;lm/ersize = Ti};lout (13)

In the ideal case, it can be assumed that 7, and 7,
are the Heaviside functions:

7I/zZH(L_ l1/2) (14)
where, in the analyzed here case, L, = 900 um and
L, = 200 ym.

Taking into account that both the oversize granules
and fines are then transferred to the mill (Fig. 2), the
flux of granules subject to milling, 7 is:

mill inlet >
=(1-5+ 1 Jn,, (15)

Since milling is a complex process, and in this case
the effect is even more complex because fines also pass
through the mill, to evaluate the flux of particles fed
back to the granulator a particle number density function
determined experimentally, 71, was employed.

Assuming ideal mass control, it is possible to calculate
the drain value, K, in Eq. (10), which is required to
maintain a constant bed inventory during the continuous
operation mode of the FBSG. Keeping in mind that in
a steady state 0n/of= 0 and thus also om/dt = 0 , with m
being the mass, analysis of the scheme shown in Fig. 2
and the PBE given by Eq. (2), indicates that the dry mass
injected into the granulator per unit time, 771, must
be equal to the mass flow rate of the product, 7
resulting in the following equality:

(1=, ) ity =it =1 (16)

susp solute prod

n

‘mill inlet

prod

Assuming further uniform solid density and that par-
ticles are spherical in shape the above formula can be
rewritten as:

msolute = %psolute_[LSTZ (1 - T; )KndL (17)
0

Given the nature of the experimentally determined
particle size distribution with negligible amount of fi-
nes (refers to the tests with tenside addition only), all
granules were assumed to have the same probability of
leaving the apparatus through the drain, which yields:

K — msolute

EpsoluteJ.l?T’Z (1_ Ti)ndL
0

(18)
6

This means that the only parameter that needs to be identify
based on the experimental data is the agglomeration constant
in the coalescence kernel, . The parameter estimation was
conducted in Matlab by minimizing the sum of squares of the
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residuals between the PSD calculated using the discretized
PBE, following the discretization methodology proposed in
the literature'® ?°, and the experimental PSD. The param-
eter estimation procedure was implemented with the use
of fininsearch function with an embedded fsolve function.

RESULTS AND DISCUSSION

In a previous study®, it was demonstrated that the
addition of surfactant to the solution sprayed into the
bed increases granulation kinetics during batch operation
of a FBSG and that the mechanism of agglomeration
prevails over the mechanism of layering. The addition of
surfactant not only lowers the surface tension, but also
increases the ability of successful granule aggregation
due to the longer-lasting sticky surface of the granules.
The latter effect is due to the altered final stage of water
evaporation from the solution containing tenside. Given
that the manufacturing process of granular fertilizers
is usually carried out in a continuous mode, this study
focuses on the properties of granules obtained from
such a process.

Figure 3 shows a comparison of the volume, g, and
number, ¢,, density distributions of granules collected
during a stabilized continuous process carried out without
and with the addition of surfactant and determined using
automated image analysis (Malvern Morphologi® G3).
The results shown in Fig. 3 refer to the target product,
i.e., the sample from which the oversize (> 0.9 mm) and
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Figure 3. Volume, g, (a) and number, g, (b) density distributions
of the target product fraction obtained during the test
conducted with and without tenside addition
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undersize (< 0.2 mm) granules were separated within
the FBSG installation (71,,, flux in Fig. 2).

Despite the product screening, the volume distribu-
tions of the product obtained without the addition of
tenside (Fig. 3a) are bimodal in nature, with a second
slight peak in the curve between the diameter range of
about 10 to 100 um. This indicates a non-negligible, in
terms of volume/mass, fraction of granules within this
diameter range in the final product. Their presence is
even more evident on the number density distribution
shown in Fig. 3a. The g, curves obtained for samples
without tenside are shifted clearly to the right, i.e. toward
larger diameters (i.e. coarser dust), compared to samples
obtained with tenside. While the presence of fines in the
product may be justified by abrasion of the surface of the
granules, e.g. at the stage of transport and storage, the
observed here difference in PSD indicates the existence
of additional factors. Indeed, the conducted imaging
analysis of the granules reveals differences in the outer
surface of the granules obtained in the process with and
without the tenside addition (Fig. 4). While the sample
of the final product manufactured with tenside contains
almost no fines resulting from abrasion (Fig. 4b and 4d),
coarser dust is present in the sample from the test run
without tenside (Fig. 4a). This is likely to be the result
of a different surface structure. The surface of granules
obtained with tenside is relatively smooth (Fig. 4d), which
is the result of better spreading of the solution on their
surface before solidification and more plastic surface
during the granulation stage. On the other hand, the
contour of the projection of the granule without tenside
(Fig. 4c) is characterized by high irregularity. Such an

a)
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irregular surface contributes to the tendency to form
coarser dust particles.

The greater amount of dust in the product obtained
without tenside is also reflected in the average granule
diameters determined by averaging the results obtained
from three measurements performed using automated
image analysis, both for granules manufactured with
and without tenside. The median granule diameters,
dsy, by volume (g;, Fig. 3a) are, respectively, 751.3 and
754.4 um for particles produced without and with the
addition of tenside. The ds, of the number distributions
(q,, Fig. 3b) are also relatively close to each other and
are 19.4 um (without tenside) and 16.5 um (with tenside
addition). However, analysis of the Sauter diameter, d,
(calculated for g;) and the arithmetic mean diameter, d,,,
(calculated for ¢g,) indicates a decrease in these values
when there was no surfactant added to the suspension
sprayed into the bed. These values are, respectively,
for the product obtained with and without the addition
of tenside, d;, = 725.7 um and d,, = 2144 um, and
dy, = 667.9 um and d,, = 38.6 um.

To further explore the effect of tenside addition, its impact
on the morphological parameters of the granules obtained
in the test drying after obtaining the stable state of the
fluidized bed was evaluated. In particular, with the use of
Malvern Morphologi® G3, the circularity and concavity of
the granules were determined.

Figure 5 shows the evolution of morphological param-
eters as their diameter increases determined for samples
collected directly from the bed (without prior sieving). The
results presented here are average values calculated from
three measurements. The individual measurements provided
consistent results. A clear impact of tenside addition on the

b)

50 pm

Figure 4. Representative particles sampled from the final product, i.e. from the fraction with a diameter range of 0.2-0.9 mm, ma-
nufactured without the addition of surfactant (a) and (c), and with its addition: (b) and (d)
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Figure 5. Evolution of the shape parameters with granule
enlargement determined for the material sampled
directly from the fluidized bed

granules circularity and convexity can be observed, which
in the same fraction sizes are larger than those of granules
without tenside. The latter have more irregular and less
circular shapes, which may be related to a greater tendency
for abrasion, breakage of granules during the agglomeration
process or their degradation during pneumatic transport.

The decrease in the values of morphological parameters
with increasing diameter of granules manufactured with
tenside is due to their lower tendency to abrasion and greater
tendency to growth by agglomeration than by layering.
This, as a result, leads to the formation of raspberry-like
granules. While the mechanism of growth by agglomeration
also predominates in the case of granules produced without
the addition of tenside, their greater tendency to abrasion
implies that: (1) mainly larger granules are exposed to this
phenomenon, hence the increase in the values of morpho-
logical parameters with the increase in diameter (from about
450 um); (2) the presence of a relatively large amount of
dust in the dryer chamber causes the suspect that one of
the mechanisms affecting the growth — especially of larger
granules — might be also the dust integration?®. In both cases,
the smallest fractions characterized by the highest values
of circularity and convexity correspond to granules result-
ing from effects antagonistic to granulation (e.g., breaking
or mechanical grinding in the mill) and granules formed
primarily as a result of layering on the nuclei.

There is also a visible influence of the addition of tenside
on the specific density (Table 1) of granules obtained in the
continuous drying and granulation process which is gener-
ally lower for granules with tenside. This may be due to
the foaming effect when spraying using a nozzle (two fluid
nozzle). The foaming also likely affects the higher specific
surface area values of granules prepared with the addition
of tenside to the solution (Table 1).

As demonstrated above, the surfactant additive implies
variations in the micronutrient chelate granule morphology,
which in turn is closely related to antagonistic to granulation
phenomena and therefore also to nucleation processes. In
addition to internal nucleation promoted by abrasion and
overspray, dust recirculation is a very important element for
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process continuity. For this reason, in the next stage of the
study, the focus was on the nucleation process.

Figure 6 shows a comparison of the volume density distri-
butions derived by means of image analysis for a sample col-
lected directly from the bed, a sample collected from the mill
and a sample of the sieved product (0.2 mm < d < 0.9 mm).
These samples were collected during a stable process
conducted with the tenside addition. The values of mean
diameters calculated from the PSDS shown in Fig. 6 are
respectively: dy, = 777.5 pm and d, = 757.8 pm (bed
material), dy, = 674.5 um and d,, = 608.1 um (sieved product),
dy, =176.2 pym and d,, = 122.5 pm (material sampled from
the mill). Zooming in the plot for diameters below 100 um
confirms previous conclusions about abrasion occurring in
the final product (anyhow, due to the use of tenside, this
effect is here negligible). Of particular interest, however, is
the shape of the distribution of particles originating from
the mill. It is suspected that the first rather smooth part
of the PSD curve (up to d = 40 um) is related to the dust
particles that enter the mill along with the oversize granules.
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Figure 6. Volume density distributions of the sieved (target
product) material, bed material and material sampled
from the mill. Granules obtained with tenside addition

The second part of the distribution is strictly a consequence
of the milling operation. This conclusion is confirmed by
some visual observations of the granules shown in Fig. 7.
In the material collected from the mill (Fig. 7c and 7d), it
is possible to observe both relatively large particles with
irregular shapes and sharply cut surfaces (Fig. 7d), as well
as, for example, dried drops of overspray (Fig. 7c), which
are formed earlier in the phase of spraying of the solution
into the fluidized bed (Fig. 7a).

To further investigate the impact of the mill and dust
recirculation on the entire process, during the experiment
conducted for microelement chelate granulation with the
tenside addition, the rotational speed settings of the mill
was raised by about 15%. Figure 8a shows the effect of
increasing the mill rotational speed on PSDs, determined
here by both sieve and image analysis. Comparison of the
distributions (Fig. 8a) with those obtained from a stable
process run at lower rpm (Fig. 6), reveals that increasing
the grinder rotation speed significantly influences the PSD

Table 1. Density and specific surface of the granule obtained in the test without and with addition of the tenside

Sample Specific density, g/cm’ A"e’agegf’cur:qks density, BET MP, m?/g BET SP, m%g
Without tenside 2.031 0.82 0.153 0.122
With tenside 1.861 0.71 0.275 0.245
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Figure 7. Fine particles found in the material sampled from the fluidized bed (a)-(b) and in the material sampled from the mill

(c)—(d). Granules obtained with tenside addition
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Figure 8. Volume density distributions of the bed material
sampled 30 min and 7 h after increasing the rpm of
mill (a), and influence of the milling of the shape
parameters of granules (b). Granules obtained with
tenside addition

in the fluidized bed. After changing the mill setpoint to
a higher rotational speed, the concentration of larger
particles (0.2-1 mm) drops and concentration of fine
fraction increase. It should be noted that in the initial
phase (curves corresponding to 30 min after increasing
the rpm in Fig. 8a) there is a significant increase in the
fractions with a diameter range between 40-100 wm,
which, as previously mentioned, are typical outcome of
the grinding effect. These contribution drops again after
the process stabilizes (7 h after increasing the rpm in
Fig. 8a), but remains at a slightly higher level than it
was for the process conducted at lower mill rotations
(Fig. 6). According to mass distributions obtained from
sieve analysis the mean particle size dy, of granules
involved in the process show slightly decrease after the
rotor speed was increased, from 585 um to 539 um. In-
creasing the mill rotational speed and thus increase in
the comminution of the returned fraction also results in
changes in the morphological parameters of the granules
such as circularity or convexity (Fig. 8b and 9). However,
these parameters also go back to their previous level
after some time. Therefore, the greater fragmentation
of the returned fraction promotes agglomeration without
disturbing the steady state under stable operation mode.
Note, that increased fine fraction may increase nucle-
ation tendencies, and thus in a situation of excess dust,
dust deposition on the walls of the apparatus could be
expected, however, no such phenomenon was observed.
Considering these factors, higher mill settings can be
considered more favorable.

The final part of the work involved solving the popula-
tion balance equation (PBE) while using experimental
data to fit the model, in particular to determine the
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Figure 9. Particles sampled from the fluidized bed before (a) and (c), and 30 min after (b) and (d) increasing the mill rpm. Granules

obtained with tenside addition

value of coalescence kernel, 3,. The drain rate, K, was
calculated on the fly, internally within the optimization
procedure, from the formula given by Eq. (18). Details
on PBE discretization can be found in the literature'> %,
and in the previous study®. Due to the complexity of the
grinding process, an experimentally determined PSD was
used to describe the particle flux leaving the mill. In
addition, due to the small amount of overspray in the
samples analyzed and because of the impossibility of
estimating its actual contribution, the nucleation caused
by this mechanism was neglected thus giving b = 0.
Before analyzing the model results, it is worth to ex-
amine the separation (screening) functions (Eq. (14))
effect on the distribution of granules in the flux leaving
the apparatus, 7, (Fig. 10). Due to ideal mixing and
adopted here assumption that all granules have the
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Figure 10. Effect of separation functions 71 and 72 on the volume
density distribution of the bed material, 3,4, compared
to the distribution of the particles sampled from the mill,
¢3.mi- Granules obtained with tenside addition

same probability of leaving the apparatus through the
drain, this distribution is equivalent to the distribution
of particles in the fluidized bed. Ignoring the influence
of the classifying air on the distribution of the removed
particles seems reasonable only in case of negligible
amount of fines present in the bed when the process
is run with tenside addition. Moreover, a comparison
of the shape of the size distribution of granules in the
bed in the range of small diameters (~5-70 um) with
the size distribution of particles from the mill suggests
that the presence of this fraction in the latter may be
the result of the abrasion described earlier, occurring in
the plant already after sieving, or is the result of cohe-
sion forces. In the latter scenario, the fines can adhere
to larger granules in the bed and leave the apparatus
even at classification air velocities much higher than
their terminal velocity. This is also confirmed by the
previously described presence of overspray in samples
taken from the mill (Fig. 7c).

The numerical solution of the PBE requires its dis-
cretization, which in the first step involves dividing the
particles into a predefined number of diameter classes/
cells, each of which containing a certain number of
particles, N. After numerical determination of N cor-
responding to each class, this result can be converted to
volume or number density distribution. Figure 11 shows
a comparison of experimental and numerically deter-
mined particle numbers, N, in each discrete diameter
class (Fig. 11a) and the corresponding volume density
distributions, g5 (Fig. 11b). The curves shown here were
calculated by first fitting the model to the experimental
data to obtain missing parameter 3,. The determined via
optimization procedure value of aggregation rate of the
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Figure 11. Comparison of experimental and numerically determined:
(a) number of particles in each particle size class, N,
and (b) volume density distribution, g,

EKE kernel resulted to be f, = 2.657 - 107", with the
corresponding value of the drain rate K = 2.946 - 107
1/s. Interestingly, the obtained value j is very close to
that determined in previous work® for a process run in
batch mode (8, = 2.497 - 107'?). Figure 11 demonstrates
that, except for some inaccuracies in the small diameter
range, the model based on PBE performs surprisingly
well. This inaccuracy may be due to the assumptions
made for the fines, i.e. neglecting nucleation from over-
spray or abrasion, or assuming a uniform probability of
particle removal from the fluidized bed, including fines.

CONCLUSIONS

The study explores the influence of drying and gra-
nulation process conditions on the characteristics of
micronutrient chelates granules. The process under
investigation was carried out in a continuous mode in
a pilot-scale FBSG installation. The facility used consisted
of a fluidized bed apparatus with an external product
separation system and a mill used to grind the oversize
granules, which were then returned along with the dust
to the fluidized bed.

The impact of the addition of surfactants to the fer-
tilizer solution sprayed into the fluidized bed during
the production of N-(1,2-dicarboxyethyl)-D,L-aspartic
acid disodium zinc salt on the granules PSD and their
morphology was analyzed. The influence of changing
the mill rotational speed on the continuous granulation
process was also examined. Experimental research was
complemented by computational studies based on the
PBE approach.

It was shown that granules produced with the addition
of tensides in the continuous FBSG process have a more
regular shape than granules obtained without tensides.
As a result, they are less likely to suffer mechanical wear
both during the process and later during transportation
and storage of the product.

It was demonstrated that changing the rotor speed
in the universal rotor mill affects the PSD and granule
morphology without significantly disturbing the steady
state. No dust deposits were observed on the granulator
walls. However, an excess of seeds still helps to keep the
process far from the so-called wet quenching, and the
process air flow needs to be well-controlled. By using
a higher rotor speed and, consequently, obtaining a higher
mass air flow, the negative effect of dust accumulation
is delayed or eliminated, thus preventing pipes from
becoming clogged.

The results obtained from numerical solution of the
population balance equation, indicate that, despite the
relatively simple structure of the model, its use for
predicting the operation of the apparatus or its control
is still feasible. The advantage of the model employed
is that it incorporates a limited number of parameters
that can be fitted based on experimental results. The
accuracy of the numerical results obtained in this study
can undoubtedly be improved by incoropration additio-
nal nucleation mechanisms such overspray or attrition
within the model. The same applies to a more accurate
description of the mechanism for classifying granules
withdrawn from the bed. However, these issues require
additional work of both experimental and numerical
nature and will be the subject of further research
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