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PHYSICAL AND CHEMICAL
PROPERTIES OF IRON(II) SULFATE

HEPTAHYDRATE AS FACTORS FOR
SELECTING THE DRYING PROCESS
MODE IN A FLUIDIZED BED
APPARATUS

The object of the study is iron(1l) sulfate heptahydrate — the main solid waste product of titanium dioxide sulfate production, the ac-

cumulation of which poses a significant environmental threat. The problematic stage of its processing is the technological stage of dehydra-
tion in a fluidized bed to a monohydrate form, for which it is important to select an acceptable hydrodynamic regime and drying regime.

Experimental studies included microscopic, sieve, pycnometric and titrimetric methods of analysis. The average equivalent particle
diameter was found to be 0.50 mm, with a shape factor of 0.75. The bulk density of the material is 911 kg/m?, and the true density is
1888 kg/m>. The free moisture content was found to be 2.2%, and the crystallisation moisture content was 38.7%, which corresponds to
the heptahydrate form of FeSO, - 7H>0. Chemical analysis showed that the mass fraction of FeSO, in the samples ranges from 48.8%
to 51.7%, and the Fe’* content is 18%. Free sulphuric acid is present in an amount of 0.3-1.3%.

Granulometric analysis revealed significant polydispersity of the material, in particular the presence of agglomerates and fine fractions
in samples No. 1-3 of the closed storage composition of iron(Il) sulfate heptahydrate. For sample No. 4, which was characterised by the most
uniform particle distribution, the minimum fluidization velocity of the largest particle fraction (0.7 m/s) and the fluidization velocity (0.97 m/s)
for the equivalent particle diameter of the material were calculated. It was found that particles with a diameter of less than 0.207 mm will
be carried out of the boiling layer, which requires additional measures to reduce material losses. The heat transfer coefficient for particles
of intermediate fractions (0.315-1.6 mm) is 77.79-349.17 W/(m? - K), which ensures efficient heat exchange during the drying process.

Based on the data obtained, the choice of a horizontal sectioned fluidized bed apparatus is justified. The proposed design provides for
the division of the process into independent zones with individual control and regulation of the drying agent parameters (temperature
and flow rate). This makes it possible to obtain a stable hydrodynamic regime for polydisperse materials and reduce the influence of

mixing on the driving force of the process.

The results obtained allow predicting the behaviour of the material in the fluidized bed apparatus and calculating the fluidization

and drying regimes.
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1. Introduction

The most popular white pigment in the world is titanium dioxide.
It is mainly used because of its whiteness and inert properties. There is
an annual, steady growth in the production of titanium dioxide [1, 2].
Its application areas are constantly expanding. The main consumers
of titanium dioxide are such industries as paint, paper, and plastic [3].
The basic industrial methods of titanium dioxide production are chlo-
ride and sulfate [4]. The sulfate production method has a number of
significant disadvantages: high energy consumption, a complex multi-
stage scheme, and high sulfuric acid consumption. The sulfate method
generates a large amount of waste: iron sulfates, diluted sulfuric acid
contaminated with impurities. Given the long-term activity of global
manufacturers of pigment titanium dioxide, a significant amount of

solid waste has accumulated, which remains a source of environmental
pollution. One of the main types of solid waste from the sulfate scheme
for the production of pigment titanium dioxide is iron(1I) sulfate hep-
tahydrate (ferrous sulfate). Currently, about 1.5 million tons of ferrous
sulfate waste have been accumulated in the Sumy region of Ukraine [5].
Currently, most companies operating using sulfate technology use the
resulting solid waste as secondary raw materials for other industries.
It should be noted that spent pickling solutions are another source of
environmental pollution by ferrous sulfates [6].

Ways of utilizing ferrous sulfate are determined by the presence of
a valuable component in its composition — iron. A common practice
is to process ferrous heptahydrate into tetrahydrate, monohydrate or
anhydrous forms. Ferrous sulfate is used in the production of: coagu-
lants for wastewater treatment, colored pigments, nitrogen-phosphorus
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sulfur-containing fertilizers. Recently, special attention has been paid to
two areas of utilization of ferrous sulfate. The first is the production of
animal feed additives, since iron in the divalent form is suitable for the
production of hemoglobin in their early stages of development. The ad-
ditive can be given in heptahydrate and monohydrate forms, but mono-
hydrate is the best, since it is a dry product with a high iron content [7].
The second is the production of an active additive to cement for use
as a reducing agent to reduce the content of water-soluble Cr(VT) [8].

The presence of a significant amount of water in ferrous sulfate crys-
tal hydrate complicates its further use, so it must first be dehydrated. The
introduction of effective and energy-saving technologies for processing
ferrous sulfate into forms that have market demand is possible provided
that the process of dehydration of ferrous sulfate is thoroughly studied,
and optimal methods and designs of technological devices are found.

Many studies are associated with the dehydration processes of
crystal hydrates, in particular of iron sulfate, which cover various drying
methods and their optimization. One of the effective ways to imple-
ment an effective process of dehydration of iron sulfate is its drying
in a suspended bed. Thus, studies [9] show that the use of suspended
beds significantly increases the efficiency of the process due to intensive
heat exchange, which reduces drying time and reduces energy costs.
The process of drying crystal hydrates of iron sulfate in a fluidized bed
depends on many parameters.

The final result of the process is significantly influenced by the
dispersed composition and particle size of the material, the content of
free and crystallization moisture, and other physicochemical properties
that determine a certain place for detailed research. These parameters,
among others, affect the hydrodynamics of fluidizing the material layer,
the general hydrodynamic picture in the apparatus, the intensity of the
evaporation process at the stages of constant and decreasing drying
rates, and the uniformity of drying. The work [10] presents the results of
the study of the physicochemical properties of iron sulfate obtained in
clean laboratory conditions. The work [11] studies the physicochemical
characteristics of the raw material and by-products of titanium dioxide
production, including the analysis of the shape of the particles of hep-
tahydrate and monohydrate of iron sulfate. The work [12] presents the
results of the thermogravimetric analysis of iron sulfate particles smaller
than 45 pum. The physicochemical characteristics of iron sulfate will
depend on the technology of its production, especially on the stage of
crystallization in the production of pigment titanium dioxide by the
sulfate method. There is a lack of research that covers a comprehensive
approach to studying these parameters in the context of data for convec-
tive drying in fluidized bed apparatuses.

The aim of research is to determine certain physicochemical proper-
ties of iron sulfate and their influence on the choice of drying mode in
fluidized bed apparatuses.

2. Materials and Methods

2.1. Object and hypothesis of the research

The object of research is iron sulfate — the main solid waste of sulfate
production of titanium dioxide, the accumulation of which poses a sig-
nificant environmental threat.

The objectives of research are to determine the granulometric
composition of iron sulfate, the shape factor of particles, the content
of free and crystallization moisture, impurities, the influence of the
granulometric composition on the hydrodynamic characteristics of the
suspended layer and to justify the design of a dryer for dehydration of
crystal hydrates. The hypothesis of research is that the dehydration of
crystal hydrates of a polydisperse composition with a significant mass
content of chemically bound crystallization moisture should be car-
ried out in a sectioned fluidized bed apparatus. In each section of the
apparatus, it is possible to organize an individual fluidizing mode and
heat and mass transfer.

The assumption of research is the selection of individual indica-
tors of the physicochemical properties of iron sulfate, which may have
a more significant impact on the drying process. The simplification of
the study is the selection of individual methods among a significant
number of existing ones. Also, a certain simplification of the study is
a certain selection of samples produced in Turkey and Ukraine, pre-
sented on the market.

2.2. Methodology for analyzing the dispersed characteristics
of the material
A number of standard methods were used to analyze the dispersed
characteristics of the material, in particular:
— particle size and shape: The structure of the material in terms of
size and shape determines the dynamic characteristics of the fluid-
ized bed, which are crucial for effective heat and mass transfer. The
mass exchange surface of the particles determines the rate of water
evaporation, and its reduction due to agglomeration or disruption of
the layer structure leads to a decrease in the rate of dehydration. The
study of granulometric characteristics allows to establish optimal gas
flow supply modes and prevent local overheating of the material;
- moisture content: The content of free and crystallization mois-
ture determines the further thermal behavior of the crystal hydrate.
Crystallization water is a structural component of the crystal lattice
of iron sulfate heptahydrate and is removed in stages through the
formation of tetrahydrate and monohydrate forms. This determines
the kinetics of its drying process;
—  bulk and true densities: These parameters affect the hydrodynam-
ics of the fluidized bed, and in addition, the true density changes sig-
nificantly during structural reorganization during phase transitions,
which will further determine the conditions for the deposition of
particles in the fluidized bed;
— the main components: Sulfuric acid, Fe* jons and titanium di-
oxide impurities. A high content of free sulfuric acid can cause the
formation of acidic solutions on the surface of the crystals, which can
complicate drying. A high drying rate in an oxygen-containing envi-
ronment promotes the oxidation of Fe?*. Control and preservation
of the content of Fe2*, as a target component, s critically important.
Since the accuracy and reliability of the results are crucial for fur-
ther improvement of the dehydration technology, all methods were
selected taking into account their reliability and representativeness
for the samples under study. All experiments were carried out taking
into account the requirements of the standards governing the study of
the physicochemical properties of materials. For this study, samples of
a closed warehouse for the production of titanium dioxide by the sulfate
method No. 1, 2, 3 and sample No. 4 (without TiO; content), presented
on the Ukrainian market, were selected.

2.3. Microscopic analysis

The algorithm for microscopic examination of dispersed particles
of iron sulfate included visual and analytical examination of samples
using photofixation. The shape of the particles was determined using
a POLAM-P312 microscope through analysis from several fields of view.

As regulatory documents for microscopic analysis of dispersed par-
ticles, the following were used: ISO 13322-1:2014 [13], which regulates
the use of microscopic analysis to determine the size and shape of par-
ticles, ISO/DIS 9276-1 [14], which establishes standards for processing
and presenting data on the dispersed composition.

The particle shape factor was determined based on measurements of
the geometric dimensions of the particles as the ratio of the average cross-
sectional area of the particles in three projections to the equivalent cross-
sectional area of a sphere in accordance with the recommendations [15].

The use of standards ensured the accuracy and repeatability of the
results. Given the ability of iron sulfate to dehydrate under the influence
of light or heat, the most moderate lighting conditions were chosen to
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minimize this effect during the analysis. The results of microscopic
analysis were compared with the results of sieve analysis.

2.4. Sieve analysis

Studies to determine the granulometric composition of iron sul-
fate were carried out according to the standard sieve analysis method.
A set of sieves with aperture sizes of 3; 2.5; 2; 1.6; 1.2; 1; 0.63; 0.315;
0.16 mm were used to analyze the dispersed composition. The study
was conducted using the "wet granulometric analysis” method. This
approach uses a liquid medium (in this case, 96% ethyl alcohol)
to disperse particles and prevent their aggregation. This makes it more
reliable for materials that are sensitive to moisture, tend to form ag-
glomerates, or that may change size when dried during the standard
procedure. The material remaining on each sieve was weighed and the
content of each formed fraction in the original sample was calculated
as a percentage by mass.

The equivalent diameter of the sample was determined by the
formula

L %
Z_Zd,’ M

where k — number of fractions in the sieve layer, mm; x; — weight frac-
tion of the fraction; d; — average diameter, mm, calculated as [16]:
— arithmetic mean
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2.5. Determination of bulk and true density of dispersed material

To determine the bulk density of samples, the methods established
by ISO 3923-1:2008 [17] and ISO 567:2021 [18] were used.

Bulk density is an important parameter that directly affects the hy-
drodynamics of the fluidized bed, as it determines the degree of particle
compaction and their interaction during drying in the fluidized bed.
The method consisted of using a toroidal cylinder and a pycnometer,
with accurate measurement of the mass of samples in different states.

The method for determining the bulk density of iron sulfate in-
volved the following steps. The first is sample preparation (drying iron
sulfate in a drying oven at a temperature of 45°C to a constant mass to
remove free moisture. The second is cooling the sample in a desiccator,

filling the container (measuring cylinder) avoiding the formation of
cavities and additional compaction of the material, weighing. The third
is calculating the bulk density according to the formula

m

Pru = I ()

where pp, i — bulk density, g/cm®; m — sample mass, g; V - cylinder
volume, cm’.

The true density was determined by the pycnometric method.
It involves the use of a liquid. For iron sulfate, it is optimal to use a liquid
that does not cause the dissolution of crystals (alcohol or special organic
liquids). In this study, the liquid used was 96% ethyl alcohol, which well
wets the particles of the studied material to displace air from the pores
and cavities between the particles, and also prevents their aggregation
or dissolution.

Method of determination true density of iron sulfate provided for
the following stages. The first is sample preparation (drying iron sulfate
in a drying oven at a temperature of 45°C to a constant mass to remove
free moisture). The second is cooling the sample in a desiccator, mea-
suring the mass of the dried sample in a pycnometer, measuring the
mass of the dried sample in a pycnometer filled with 96% ethyl alcohol;
control measurement of the liquid. The third is calculation of the true
density according to the formula

m
=, 9
plmﬂ ‘/[ ( )

where py, — true density, g/cm®; m - sample mass, g; V; - volume of
the true phase of the sample, cm’;

v =y, =)o),

Py

(10)

where m; - the mass of the empty pycnometer, g; m, — the mass of
the pycnometer filled with the dried sample, g; m3 — the mass of the
pycnometer filled with the sample and liquid, g; m, — the mass of the
pycnometer filled with liquid, g.

The temperature coefficient of expansion of the liquid was not
taken into account when conducting these measurements, which at
low temperatures can be considered acceptable for this type of analysis.

2.6. Determination of the mass fraction of moisture (free and
crystallization)

The determination of the mass fraction of free and crystallization
moisture was carried out in accordance with DSTU 2463-94 [19]. Free
moisture was determined at a temperature of 45°C, and crystallization
moisture at 135°C, which allowed separating hygroscopic moisture
from that associated with the crystal lattice. Drying was carried out
in a drying oven to a constant mass, weighing was performed after
cooling the sample in a desiccator to avoid the influence of moisture
from the air.

The mass fraction of both free and hygroscopic moisture was cal-
culated by the formula

(m,—m,)-100

m

W= (11)

where m; - the mass of the box with the sample before drying, g;
m, — the mass of the box with the sample after drying, g; m is the mass
of the iron sulfate sample.

The method is standard and allows to accurately estimate the mois-
ture content of the samples, which is important for controlling the
dehydration process.

;20
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2.7. Determination of the mass fraction of FeSO,, Fe**, H,50,(free)
and TiO,

The purpose of this stage is to determine the mass fractions of
FeSO,, Fe?* (ferric ions), free H,SOy, and TiO, (titanium dioxide im-
purity) using standard chemical methods. The methods for determin-
ing the mass fraction of FeSO4and Fe?* were selected from titrimetric
procedures. A titration setup and standard titrant KMnOy4 were used
for this. The titrimetric method allows for the accurate determination
of the amount of Fe?*, which is the main component of iron sul-
fate. This method is convenient because it does not require complex
preliminary sample preparation and has high accuracy. This method
also determines the values for FeSO,, which is important for assessing
the degree of dehydration and the composition of the final product.

The calculation of the mass fraction of FeSO,4 was carried out ac-
cording to the formula

w _(V—Vl)~0.01519-100,

FeSO, ~

(12)

m

where V - the volume of potassium permanganate solution used to
titrate the analyzed solution, cm?; V; - the volume of potassium per-
manganate solution used to titrate the control experiment, cm?®; m — the
mass of the ferrous sulfate sample, g; 0.01519 - the mass of ferrous
sulfate corresponding to 1 cm® of potassium permanganate solution
with a molar concentration of exactly 0.1 mol/dm?, g.

The principle of the method is to quantitatively determine Fe?* and
is carried out using the same titrimetric method (as for FeSOy), since
Fe?* is the main component of FeSO.

The peculiarity of the method is that if the sample contains other
forms of iron (for example, Fe**), they must be converted to Fe** by
reduction.

2.8. Determination of free H,SO,

Based on the work of the authors [20], a method for determining
the content of free sulfuric acid was adopted. The mass fraction of free
sulfuric acid was determined using acid-base titration with NaOH as
the titrant and a metallic orange indicator. The mass fraction of free
H,SO, was calculated using the formula

(V=V;)-0.0049-250-100
Wirso, = m-100 ’

(13)

where V - the volume of sodium hydroxide solution used to titrate the
analyzed solution, cm?; V) - the volume of sodium hydroxide solution
used to titrate the control experiment, cm?; 0.0049 — the mass of sulfuric
acid corresponding to 1 cm? of sodium hydroxide solution with a molar
concentration of exactly 0.1 mol/dm?, g; 250 - the initial volume of
the analyzed solution, cm?’; m — the mass of the iron sulfate sample, g;
100 - the volume of the aliquot part of the analyzed solution taken for
titration, cm?.

This method is classic for such types of analysis and allows to ob-
tain accurate data on the presence of free sulfuric acid in the sample,
which is important for controlling the purity and composition of the
product obtained after dehydration.

2.9. Determination of TiO, content

To determine titanium impurities in iron sulfate samples, a spec-
trophotometric method was used, which is extremely sensitive to the
presence of titanium in the samples. This method allows for accurate
measurement of TiO, even at low concentrations, which is important
for assessing the influence of impurities on the physicochemical proper-
ties of the material. The method is based on the formation of a colored
complex with hydrogen peroxide, which allows for the quantitative
determination of titanium content.

2.10. Comparison of methods with analogues

The methods used meet modern standards for the analysis of pow-
der materials and chemical compounds. Analogues of the methods used
in other studies also include titrimetric and spectrophotometric methods
for determining the content of FeSOy4 and Fe?*, which confirms their ef-
fectiveness and accuracy in such studies. However, in this study, a wider
set of methods was used to determine various components of the sample,
which allows for comprehensive results on physicochemical properties.

One of the main problems of the presented research methodology is
the stage of applying titrimetric procedures, namely: the accuracy of titrant
dosing and determination of the titration endpoint, which requires high
attention and experience. Another problem is the possibility of the pres-
ence of foreign impurities in the samples, such as Fe** or water-insoluble
salts, which can affect the accuracy of the results. As a way to solve the
problem, a stage of preliminary filtration of samples was introduced to
minimize the influence of impurities to improve the accuracy of the results.

2.11. Correlation of the granulometric composition of dispersed
particles with hydrodynamic and heat exchange parameters

To determine the minimum and operation fluidization velocities
the universal Todes formulas were used [21]:

Ar
Remv _— (14)
7 1400+5224 Ar
Ar-e'”
Re, = (15)

1840.61-Ar&

where Ar — the Archimedes criterion, & — the porosity of the layer.
The formula [21] was used to determine the criterion

d‘(pt_:l)zd)'pd.g’ (16)

Ar=

where d — the particle diameter, mm; p, — the true particle density, kg/ m3;
pa— the density of the drying agent, kg/m?; u — the dynamic viscosity
of the drying agent, Pa - s.
The optimal porosity of the layer was determined by the formula [21]
£=1-0.1923- Ar"®, (17)
From equations (14), (15), solved with respect to Reynolds num-
bers, it was found:

Re .-
W = Y #) (18)
d-p,
Re -
w=—1E (19)
d-p,

To determine the heat transfer coeficient, the equation used for
Re <200 [21] was used

13
a=16-10’2&~ R ppos
d\ ¢ '

(20)

where 4 - the thermal conductivity of air at an average temperature,
W/(m? - K); Pr - the Prandtl criterion.

3. Results and Discussion

3.1. Results

The results of the microscopic analysis are presented in Fig. 1.

Visualization of iron sulfate particles (Fig. 1) allowed to determine
their shape. When taking samples No. 1-3 from storage sites, a fraction
of settled material (agglomerates over 3 mm) was screened out.
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Fig. 1. Iron sulfate particles

The results of the granulometric analysis of samples No. 1-3 are
shown in Fig. 2 in the form of differential curves of the granulometric
composition, and sample No. 4 is shown in Fig. 3. For sample No. 4, an
approximation line with an equation and a coefficient of determination
is presented.

Granulometric analysis showed that samples No. 1-4 differ sig-
nificantly in particle size distribution. Samples from the iron sulfate
storage site, unlike sample No. 4, contain a significant amount of settled
agglomerates and dust.

100
90
80
70
60
50
40
30

C, %

—e—Sample No. | —@—Sample No.2 —@—Sample No. 3

Fig. 2. Differential particle size distribution curves of samples No.

100.00
90.00
80.00
70.00
60.00

y =27.52x - 114.55x*> + 119.70x —

The values of the equivalent particle diameter of iron sulfate sam-
ple No. 4, calculated by formulas (1) and (2)-(7), are given in Table 1.

Table 1
Calculation of equivalent particle diameter
Equivalent particle diameter, 4,, mm
by the by the by the by the by the by the
formula formula formula formula formula formula
(2) 3) (4) (5) (6) (7)
0.50 0.53 0.51 0.54 0.54 0.60

For formulas (2), (6), (7) the size of the lower sieve is set to 0 mm,
for formulas (3)—(5) the size of the lower sieve is set to 0.16 mm. The
arithmetic mean value calculated by formulas (1)—(7) is 0.54.

For sample No. 4, the shape factor (0.75), bulk density (911 kg/m’)
and true density (1888 kg/m?) were determined. The mass fraction
of hygroscopic moisture was 2.2%, and the crystallization moisture
was 38.7%. Free sulfuric acid in the samples was present in an amount
0f 0.3 to 1.3%.

Data on the mass fraction of FeSOy in the samples are presented
in Table 2.

Table 2
Mass fraction of FeSOy4
Mass fraction of FeSOy, %, not less
Sample No. 1 Sample No. 2 Sample No. 3 Sample No. 4
49.9 51.7 50.9 48.8

For sample No. 4, the calculation of hydro-
dynamic criteria and parameters, as well as the
heat transfer coefficient, was carried out accord-
ing to formulas (14)—-(20) at a drying agent tem-
perature of 110°C. The equivalent diameter was
determined as the harmonic mean according to
formula (1), the representative mean for the frac-
tion according to formula (2). The results of the
calculation of the minimum fluidization veloc-
ity and the velocity of floating, as well as the heat
transfer coefficient for particles of intermediate
fractions are presented in Table 3.

According to formula (15), the diameter of the
particles d, that will be removed from the fluidized
bed was calculated. At & = 1, the drying agent veloc-
ity is 0.97 m/s, determined for a diameter equivalent
to 0.50 mm for a true density of 1888 kg/m” of iron
sulfate in the heptahydrate form, d, = 0.207 mm.

The results of the study confirmed that the
physicochemical properties of iron sulfate heptahy-
drate vary depending on the particle size, dispersion
composition and the presence of impurities. The
most uniform composition was obtained for sam-

1-3

2.73

R?>=0.81

C, %

50.00
40.00
30.00
20.00
10.00

0.00

39.00
23.80

1.00
di, mm

—@— Sample No. 4

Fig. 3. Differential particle size distribution curve of sample No. 4

ples with an average particle size of 0.315-1.6 mm.
The results obtained indicate a high potential of
sample No. 4 of iron sulfate for further use in the
study of drying processes in a fluidized bed. In
sample No. 4, large particles larger than 1 mm are
25% (Table 3), so this must be taken into account
during the drying process. Since the minimum flu-
idization and operating fluidization velocities of
large and small particles are significantly different,
it is advisable to represent fluidized bed dryers as
a horizontally sectioned apparatus (Fig. 4).

;22
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Table 3
Results of calculations of hydrodynamic parameters and heat transfer coefficient
Sieve mesh sizes, mm | Partial residues, % d;, mm Ar- 107 Re,,s Eopt Re, W, M/s wp m/s a, W/(m? - K)
1.6 12 1.8 19.757 53.11 0.60 177.30 0.70 2.35 505.50
1 23.8 13 7.443 26.35 0.62 109.09 0.48 2.00 349.17
0.63 25 0.815 1.834 8.70 0.65 50.55 0.26 1.48 187.94
0.315 39 0.473 0.358 2.09 0.69 18.15 0.11 0.92 77.79
<0.315 11 0.158 0.013 0.09 0.74 1.51 0.01 0.23 7.67
Equivalent diameter, mm 0.50 0.423 243 0.68 20.29 0.12 0.97 85.85
FeS0,7H0
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Fig. 4. Schematic diagram of the apparatus

A horizontal sectioned fluidized bed apparatus is the optimal so-
lution for this process, as it allows for flexible control of drying para-
meters and prevention of undesirable phenomena. The scheme of the
proposed apparatus is presented in Fig. 4.

Fig. 4 shows the flows of:

a) drying agent at the inlet (in) and outlet (out) of the apparatus
and the i-th section: Ly, Y, T, - flow rate, moisture content, temperature;

b) material at the inlet (in) and outlet (out) of the apparatus and the
i-th section: Gy, X;, T; — flow rate, humidity and temperature.

3.2. Discussion

The study of the physicochemical properties of iron sulfate made it
possible to obtain objective characteristics of the material, important
for determining the task of organizing an effective dehydration pro-
cess to the monohydrate form. The main attention was focused on the
granulometric composition (Fig. 1, 2), bulk and true density, moisture
content and chemical composition.

The study of the granulometric composition showed that the par-
ticle size distribution varies significantly between samples. For example,
for samples No. 1-3, the main fractions were divided into relatively
large (over 1 mm) and dust (up to 0.315 mm) (Fig. 1). Fluidized bed
drying of samples with an uneven particle distribution will be less effec-
tive, a high proportion of fine particles should demonstrate a tendency
to remove material from the fluidized bed.

The bulk and true density determined by formulas (9), (10) cor-
relate well with the results of studies [22].

According to the measurement results, the mass fraction of hy-
groscopic (free) moisture was 2.2%, and the crystallization moisture
was 38.7%. The latter value corresponds to the characteristic of iron
sulfate common in the reference literature. Small differences in mois-
ture content between samples may be due to storage conditions, but the
high moisture content of crystalline moisture demonstrates the absence
of mixtures with tetra- and monohydrate compounds in the samples.

Chemical analysis showed a stable content of FeSOy (~ 49-52%)
(Table 2) in all samples. This confirms compliance with the II grade
according to DSTU 2463-94 [19]. The mass fraction of Fe** (18%)
indicates the absence of oxidation of iron to trivalent, which is a crucial
factor for the further use of sulfate, for example, in the production of
feed additives and cement additives.

The absence of TiO; in sample No. 4 confirms that the material is
most likely a product of galvanic metal etching processes.

The values of the equivalent diameter of iron sulfate particles of
sample No. 4, calculated by formulas (1) and (2)—(7), presented in
Table 1, are highly similar. The minimum fluidization velocity calcu-
lated by formula (18) for the largest fraction of sample No. 4 is 0.7 m/s
(Table 3), which is less than the drying agent velocity of 0.97 m/s, deter-
mined for the equivalent diameter of the material. This will prevent the
deposition of large particles on the gas distribution grid of the fluidized
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bed apparatus. The heat transfer coeflicient for particles of intermediate
fractions (0.315-1.6 mm) is 77.79-349.17 W/(m” - K), which ensures
effective heat exchange during the drying process.

Research limitations. The results obtained revealed a significant dif-
ference in the structure of the samples in places of their long-term stor-
age and a fresh sample. This can be crucial when designing industrial
equipment for processing iron sulfate due to the uneven fluidization in
the apparatus, the difference in dehydration time and the risk of chan-
neling of the drying agent. Since iron sulfate particles have a crystal-
line structure, the results obtained can be extended to materials which
particles have a similar nature.

On the one hand, the use of a fluidized bed has advantages: a de-
veloped contact surface of the gas and solid phases, the possibility of
organizing a continuous process, high efficiency and productivity,
which is due to the high intensity of convective drying in the fluidized
bed. On the other hand, the fluidized bed has a number of disadvan-
tages that limit the scope of its application: insufhicient hydrodynamic
stability, low permissible polydispersity index of the materials being
dried, a complex hydrodynamic model. To solve the above challenges
for effective dehydration of iron sulfate, it is proposed to carry out
the process in a sectioned fluidized bed apparatus. This can be verti-
cal [23] or horizontal sectioning [24]. The way to improve the model
should be a model of a horizontally sectioned apparatus. In the model,
the apparatus is divided into n sections, in each of which, as a result of
intensive mixing of particles, both the temperature and humidity of the
material are equalized. This brings the section closer to the apparatus
with complete mixing of the material and complete displacement of the
drying gas. Sectioning leads to a reduction in the undesirable effects of
the effect of longitudinal mixing and more uniform processing of the
dispersed product at the outlet of the apparatus. Therefore, the directed
movement of the layer according to the model of ideal displacement of
the material between the sections reduces the influence of the mixing
effect on the magnitude of the driving force [25].

Practical significance. The obtained data on the physicochemical
properties of iron sulfate are part of the scientific study of the drying
process in a fluidized bed. In particular, taking into account the poly-
dispersity of the material, the particle shape coeflicient, density, and the
content of free and crystallization moisture will allow building a drying
model in a horizontal sectioned fluidized bed apparatus. Analysis of the
disperse composition factor allows excluding the negative phenomena
of significant particle entrainment from the apparatus with the drying
agent and bed lodging. The parameters of the polydisperse granular
mass of iron sulfate determined as a result of the research are an impor-
tant aspect for making decisions regarding its dehydration. Prospects for
further research. Solving the problem of heat transfer in a fluidized bed is
complicated by the need to take into account boundary conditions. They
must take into account the forces of interaction of particles moving with
the flow of the medium. The description of such conditions and obtaining
criterion dependencies for fluidization, heat and mass transfer between
the dispersed phase and the gas flow is possible only through physical
experimental studies. Therefore, the priority direction is determined to
study the influence of the dispersed composition on the hydromechanical
processes of fluidization particles by a drying agent, as well as the kinetics
of dehydration with the analysis of the influence of temperature gradients
on the rate of removal of crystallization moisture. The obtained experi-
mental data will become the basis for the development of a CFD model of
the fluidized bed, which will allow predicting the behavior of the system.

4. Conclusions

A set of physicochemical parameters of iron sulfate crucial for fluid-
ized bed drying was determined: average equivalent particle diameter
0.5 mm, shape factor 0.75, bulk density 911 kg/m?, true density 1888 kg/m”,
hygroscopic moisture content 2.2% and crystallization moisture content

38.7%. Chemical factors of the material were established: FeSO, content
48.8-51.7%, Fe** content at 18%, free H,SO,4 content 0.3-1.3%. With
a uniform granulometric composition, absence of agglomerates and
stable chemical composition, the possibility of sample No. 4 for indus-
trial processing without additional preparation stages was confirmed.

The influence of the dispersed composition of the material on the
hydrodynamics of the process was determined. For particle diameters
less than 0.207 mm, the drying agent velocity determined for an equiva-
lent diameter of 0.5 mm leads to their entrainment and material losses.
The minimum fluidization velocity of 0.7 m/s of the largest fraction
is less than the hovering velocity of 0.97 m/s, which will ensure their
movement along the gas distribution grid of the fluidized bed apparatus.

The choice of a horizontally sectioned material is justified. In each
section, as a result of intensive mixing of the particles, the temperature
and humidity of the material are equalized. Sectioning leads to a reduc-
tion in the undesirable consequences of the effect of longitudinal mix-
ing and more uniform processing of the dispersed product at the outlet
of the apparatus. The proposed design provides control and regulation
of the velocity and temperature of the drying agent in individual sec-
tions, reducing the risk of particle entrainment, and the directional
movement of the layer according to the model of ideal material dis-
placement between sections reduces the influence of the mixing effect
on the magnitude of the driving force.
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