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ABSTRACT

After some other processes, o-Fe;03 red powder particles -by-product of regeneration of spent pickling
liquor in ARP in iron and steel industry- should be ground up to pigment grade to convert it to a value
added product, red iron oxide pigment. In this study, grinding tests on a-Fe,03 red powder were per-
formed using four different types of laboratory-scale mills, namely the vibrating cup mill, vertical ball
mill, planetary ball mill, and fluidized bed jet mill. The particle structure of the a-Fe,05 was investigated
by SEM, while its chemical composition was determined by ICP-OES, density, LOI, humidity, Cl content
etc. were determined by laboratory tests. Particle size distribution and surface area value of each ground
sample was determined using the laser diffraction method. Targeted particle size distribution ranges
could only be achieved with the jet mill. Other mills encountered caking and adhesion problem with
o~ Fe;0s3. It was assessed that the adhesion to the inner walls of the grinding chamber and the caking
effect were both caused by the humidity content of the material. The grinding yield of the material
was found to increase with increased jet mill grinding air pressure (0.8, 3.2 and 7 bars).

© 2020 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In the steel industry, the scales on the surface of the hot-rolled
steel are removed using a variety of acidic solutions. The most
commonly used acid for this purpose is hydrochloric acid (HCI).
The acid solution used for removal of the scales gets polluted with
the iron that dissolves inside it, and the concentration of HCI
decreases over time. The chloride ions within this waste acid solu-
tion are protonated at acid regeneration plants (ARP) and are
recovered as the pure hydrochloric acid, with a concentration vary-
ing between 18 and 20%. During this process, iron ions are oxidized
to o-Fe,05 red powder, and are collected at the bottom of the reac-
tor as a by-product [1-3].

Steel producers tend to sell a-Fe,05 red powder at a relatively
low price as a raw material to other companies that produce ferrite
[4,5]. Steel production companies can add this by-product to the
sintering process as an additional iron source, and obtain a small
amount of added value [6]. The companies which have a-Fe,03
red powder may sell it or use it in their sintering facilities, but in
both cases, their aim is to get rid of the a-Fe,03 red powder in a
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useful manner. Indeed, even a mid-sized pickling facility can pro-
duce up to 5,000 tons of a-Fe,05 red powder annually. When pro-
duced as a by-product in this manner, o-Fe,;03 red powder has a
low bulk density at approximately 0.5-0.6 ton/m>, and a closed
storage area of approximately 15,000 m? would be required to
store 5000 tons of a-Fe,03 red powder. If unsolved, it is evident
that this storage problem will grow out of proportions. For this rea-
son, steel producers with excessive amounts of a-Fe,03 red pow-
der often have to give it away for free [7].

Many studies are being conducted to investigate how the added
value obtained from the use of a-Fe,O3; red powder can be
increased, instead of selling it for ferrite production or using it as
a sintering raw material.

Ferreire and Mansur (2011) conducted a statistical analysis on
the operating parameters used in the regeneration of the waste
acid from a picking line that employed hydrochloric acid in order
to find the parameters that affected the quality of the o-Fe,03
red powder produced as a by-product. They examined the effect
of the reactor temperature of the acid regeneration plant, waste
acid supply rate and pressure, and supply air-blister gas (coke oven
gas) mixture rates on the quality characteristics of o-Fe,03 red
powder (such Cl, Fe, Si, and H,0 content). The researchers demon-
strated that the most important parameters that affected the ratio
of these components were the reactor temperature and the solu-
tion supply rate [8].
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Inoue and Suito (1990) worked on the purification of the o-
Fe,03 red powder from an acid regeneration plant of a steel pro-
ducer using the glass-ceramic method. They obtained high-purity
o-Fe,05 red powder from the flax treated with diluted HCl after
being sintered with the mixture of Na,O and B,05 [9].

A recent venue of study is to obtain Fe® (metallic iron) powder
by reducing the o-Fe,03 red powder obtained from the acid regen-
eration plants. Cho et al. (2013), described this method, character-
izing the metallic iron obtained with this method [10].

In recent years some studies focused on making this by-product
suitable for use as a coloring pigment in paints, inks, plastics and
construction chemicals, a method which would produce higher
added value than the alternatives [11,12].

Ismail et al. (1992) managed to obtain red iron oxide pigments
from the waste acid solution coming from the pickling line of a
steel plant working with H,SO4. In this method, the waste acid -
which is rich in FeSO4-7H,0- is subjected to dry O, atmosphere
at 700 °C for five hours. Moreover, the researchers also studied
on the color saturation and hiding power of the red iron oxide pig-
ment obtained [13].

Tang et al. (2016), produced nano-sized a-Fe,03 using the pre-
cipitation method. They also examined the effect of the reaction
temperature, mixing rate, and calcination temperature on the size
of the primary particle size of the o-Fe,05; produced. They mea-
sured the average primary particle size as 31.3 nm [14].

Kladnig (2004) conducted a comprehensive study on obtaining
Red Iron Oxide (Pigment Red 101) from the waste hydrochloric
acid solutions coming from the pickling lines at steel production
plants using the “spray roasting” method. Kladnig also provided
detailed information on the iron oxide pigment markets around
the world and noted that the red iron oxide pigment consumption
constituted more than half of the total iron oxide consumption.
Kladnig talked about the spray roasting technology, reactor equip-
ment, and process parameters, noting that the morphology and
primary particle size of the red iron oxide were decisive on the
color tone and strength. Noting that the red iron oxide pigment
produced with this method should be ground, Kladnig pointed
out that the material had surface area of approximately 3-
4.5 m?/g when removed from the reactor and using proper grind-
ing systems this value could be increased [11]. Any detail is not
given regarding the proper grinding system and operating param-
eters and performance of this grinding system in the study.

The red iron oxide pigments placed on the markets around the
world are produced from natural mines or through chemical syn-
thesis [15,16]. Four different methods are used for chemical syn-
thesis: Laux process, Penniman process, calcination, and
precipitation [11]. The material obtained from these chemical syn-
thesis has to go through grinding in order to have a specific particle
size distribution to be used as pigments. In these conventional red
iron oxide pigment production processes, vertical ball mills, plan-
etary ball mills or jet mills are used to grind these materials up
to pigment grade after synthesis [17-19]. Concerning the subject
material of this study, a-Fe,;03 red powder that is produced as a
by-product in the acid regeneration plants of steel producers, any
investigation on grinding systems and grinding parameters to con-
vert it to pigment is not encountered in the literature. Most of the
studies focused on purification of this by-product.

The o-Fe,03 red powder, produced as a by-product in the
acid regeneration plants of steel producers, consists of particles
with sizes (diameters) ranging between 0.2 pm and 1500 pm
[20,7]. This study aims to characterize and then determine the
method which allows for a high efficiency and quality for grind-
ing the a-Fe,05 red powder into red iron oxide pigment by test-
ing the use of different types of grinders. The targeted grinding
quality, represented by the particle size distribution, was deter-
mined as Dyg 0.5-1 pm, Dsg 1-2 pm, and Dgy 3-7 pm, which

are ranges that make the product suitable for use as paint
and/or in plastic production [21].

2. Experimental method
2.1. Physical and chemical properties of o-Fe;03 red powder

For all the tests and experiments carried out as part of the
study, a total of 500 kg of a-Fe,03 red powder, produced in a single
batch (which was supplied by the ARP of MMK Metalurji’s facilities
in Dortyol, Turkey) was used. The a-Fe,03 red powder bulk was
first mixed thoroughly to obtain a homogeneous test sample. The
bulk image of the o-Fe,03 red powder used for grinding taken
using Canon DSLR EOS 60D is given in Fig. 1.

Rigaku Smartlab X-Ray Powder Diffractometer (XRD) was used
for phase analyses of the material. 11 peaks were observed which
all referring to o-Fe,05. XRD patterns of the sample were matched
with JCPDS data, 01-080-5405 and 01-080-2377 patterns. Any
other phase structure of iron oxide was not found. XRD patterns
of the sample is given in Fig. 2.

Chloride content of the sample was determined using Hach
Lange DR5000 spectrophotometer. The samples were dissolved in
hot HCI solution and their chemical compositions were measured
using Agilent 5110 ICP-OES device. All the iron ions were
expressed as Fe,05; according to the XRD results, other physical
properties and chemical composition were measured using the
equipment and methods listed in Table 1.

2.2. Grinding mills used in this study

The laboratory models of four different type of mills were used
for dry grinding trial processes of the material. The properties of
the laboratory-scale mills used are given in Table 2.

2.3. Particle size distribution analyses

The particle-size distribution of the original o--Fe,053 red powder
was measured before beginning grinding trials and measurements
done also after grinding with each mill. Laser diffraction method is
traditionally used in determining the particle-size distribution in
paints, inks, plastics, construction chemicals and other areas where
red iron oxide pigments are used [22]. For this reason, this method
was used for particle-size distribution analysis.

Malvern Panalytical Mastersizer 3000 laser diffraction particle-
size analyzer was used for the measurement of the particle-size
distribution. All measurements were made in an aqueous suspen-

Fig. 1. Bulk image of the a-Fe,05 red powder.
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Fig. 2. XRD patterns of of the o-Fe,03 red powder.
Table 1
Physical and chemical properties of the o-Fe,03 red powder.
Property Unit Method Value
o-Fe,05 % Titrimetric 98.5
MnO % ICP-OES 0.25
Sio, % ICP-OES 0.15
Aly05 % ICP-OES 0.08
Ca0 % ICP-OES 0.01
MgO % ICP-OES 0.01
P,0s % ICP-OES 0.02
LOI (1000 °C) % Gravimetric 0.95
Cl- % Spectrophotometric 0.37
Bulk Density g/cm® Graduated Cylinder 0.51
Moisture Content (105 °C) % Gravimetric 1.08
pH (10% Suspension) - pH Meter 3.09
Table 2
Main properties of the laboratory-scale mills used.
Mill Type Brand/Model Speed Range Grinder
Reservoir
Capacity
Vibrating cup mill ~ Fritsch/ 600-1500 rev/min 250 ml
PULVERISETTE 9
Planetary ball mill Retsch/Planetary 100-650 rev/min 500 ml
Ball Mill PM 100
Vertical ball mill JM-31 100-1200 600 ml
Fluidized bed jet NETZSCH/CGS 16 Max 12,000 rev/min 210 mm
mill classifier Reservoir
diameter

sion using the ultrasonic agitator, without the need for any addi-
tional wetting agent.

The studies on the morphology of the a-Fe,03 red powder, pro-
duced as a by-product in the acid regeneration plants to be used as
pigments, report the material to be in the form of hollow micro-
spheres [11,23-25]. The images of the material taken before the
grinding using QUANTA 400F Field Emission scanning electron
microscope (SEM) were then studied to find out the structure of
the hollow microspheres mentioned in the literature. The empty
microspheres and the broken particles of these microspheres,
and the primary particles of the material were then examined
(Figs. 3 and 4).

Some pre-studies were run to find out optimum parameters for
particle size distribution measurements. The pre-studies showed
that applying ultrasonic agitation and increasing mixing speed
result out a shifting on the particle size distribution curve to smal-
ler side of the graph and cause an instability on measurements
unlike grounded samples. It was concluded that the hollow micro-
sphere particle shape of the unground samples shown in Fig. 2

WD |n
5.1 mm |160

d v
mag | HV HFW | vac mode |

u
METE-METU

53 mm |40 000 x| 20.0 kV|7.46 pml High vacuum

Fig. 4. SEM images of primary particles of the a-Fe,03 red powder.

have a tendency to crack down to smaller particles and using ultra-
sonic agitator and high mixing speeds during preparation of
unground samples for particle-size distribution measurement
would cause misleading results. Therefore, the ultrasonic agitator
was not used and the mixing speed was kept at a low level for
determining the particle size distribution measurement of
unground materials. The parameters used in the particle-size dis-
tribution measurements made using the laser diffraction method
are given in Table 3.

2.4. Particle size distribution analysis of «-Fe;03 red powder before
grinding

The particle size distribution measurements of the o-Fe,03 red

powder were taken both before grinding, and the measurement
results are given in Table 4.

3. Grinding results and discussions

Following its physical, chemical and morphological characteri-
zation, the o-Fe,03 red powder was ground to attain the targeted
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Table 3
Parameters for the laser diffraction particle size distribution measurements.
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Sample Dispersant Refractive Index of the Dispersant  Ultra sound (%) Mixing Rate (Rev/Min) Refractive Index of a-Fe,03; Laser Saturation (%)
Unground Demineralized 1.33 None 300 2.98 8-12
Water
Ground Demineralized 1.33 10 2000 2.98 8-12
Water
Table 4
The particle-size distribution of the o-Fe,05 red powder before grinding.
Do7 (um) Dgo (nm) Dso (um) Dio (um) Surface Area (m?/g)
812.1 4123 105 2.7 2.968

particle size using four different laboratory-scale mills. The grind-
ing parameters of the equipment were differentiated depending on
the laboratory conditions and the results of each grinding were
visually inspected before the particle-size distribution and surface
area were measured, and issues such as adhesion and caking were
recorded.

3.1. Vibrating cup mill grinding

Samples, each weighing 100 g, were ground in the vibrating cup
mill at five different speeds varying between 600 and 1400 rev/
min, for three minutes each. High levels of adhesion to the cup
walls and the caking of the o-Fe;03 red powder were observed.
The particle-size distribution was measured after each grinding
run. The grinding parameters and measurement results are given
in Table 5, while the images of the a-Fe;O3 red powder that
adhered to the cup walls and caked are given in Fig. 5.

3.2. Vertical ball mill grinding

Samples, each weighing 100 g, were ground in the vertical ball
mill using different grinding parameters. Adhesion to the cup walls
and the caking of the o-Fe,0O3 red powder at inner walls of the
reservoir were observed. The particle-size distribution was mea-
sured after each grinding run. The grinding parameters and mea-
surement results are given in Table 6, while the image showing
the caking of the o-Fe,03 red powder is given in Fig. 6.

3.3. Planetary ball mill grinding

Samples, each weighing 100 g, were ground in the planetary
ball mill using different grinding parameters. Adhesion to the cup
walls and the caking of the o-Fe,03 red powder at ball surfaces
were observed. The particle-size distribution was measured after
each grinding run. The grinding parameters and measurement
results are given in Table 7 while the image of the o-Fe,O5 red
powder showing adhesion to ball surfaces and caking are given
in Fig. 7.

Table 5
Measurement results after the vibrating cup mill grinding.

adhesion to walls

Fig. 5. Intensive adhesion and caking at cup walls.

3.4. Fluidized bed jet mill grinding

The fluidized bed jet mill differed from the other types of mill
used in this study as it offered continuous grinding process and
it had the ability to select the part of the ground materials with
desired particle size, using a classifier/sorter. The fluidized bed
jet mill also differs in that it grinds materials by colliding the par-
ticles to be ground with each other and with the reservoir inner
wall.

Due to these characteristics of the fluidized bed jet mill, the
grinding trials were performed using three different grinding air
pressures. In all grinding runs, the classifier’s speed changed from
lower to higher rates until the desired particle-size distribution
could be obtained at each pressure value, which was then kept
constant during each particular grinding process. When desired
distribution ranges were obtained, a 30-minute grinding run was
performed and the amount of the red powder iron oxide ground
at the relevant pressure value was recorded and the hourly yield
was calculated.

The grinding parameters used in the grinding runs with the flu-
idized bed jet mill and the particle size measurement values
obtained at each run are given in Table 8.

Speed rev/min Caking Time (min) Dg7 (pm) Dgo (pm) Dso (pm) D1o (pm) Surface Area (m?/g)
600 Yes 3 201.6 98.5 7.2 2.1 3.345
800 Yes 3 189.6 92.8 8.8 2.2 3.261
1000 Yes 3 191.0 94.8 7.8 1.9 3.221
1200 Yes 3 180.5 90.9 7.1 2.0 3.310
1400 Yes 3 187.4 95.8 8.9 2.2 3.340
Average of measurements: 190.0 94.6 8.0 2.1 3.259
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Table 6
Measurement results after the vertical ball mill grinding.
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Speed 1. Ball Size 1. Ball Amount 2. Ball Size 2. Ball Amount Time Caking Doz Dgo Dso D1o Surface Area
(rev/min) (mm) (8) (mm) (g) (min) (nm) (nm) (nm) (pm) (m?/g)
700 2.97 4435 - - 5 Yes 157.6 79.8 5.9 1.5 3.624
700 2.97 4435 8.49 336 5 Yes 165.2 78.1 43 1.4 3.597
400 2.97 4435 - - 10 Yes 154.5 77.7 4.2 1.2 3.658
700 297 4435 - - 10 Yes 158.6 69.8 4.1 1.1 3.789
1000 2.97 4435 - - 10 Yes 149.0 69.8 3.9 1.1 3.800
400 2.97 4435 8.49 336 10 Yes 136.5 59.4 4.8 1.2 3.781
700 2.97 4435 8.49 336 10 Yes 132.8 66.5 5.1 1.1 3.799
1000 297 4435 8.49 336 10 Yes 1384 62.7 44 1.2 3.823
Average of measurements: 149.1 70.5 4.6 1.2 3.734
grinding balls

Fig. 6. Caked material after the vertical ball mill grinding.

3.5. Summary and discussion on grinding results

In the study conducted for grinding the o-Fe,03 red powder to
the pigment grade, the summary of the particle-size distribution
results before grinding the material, the targeted values, and the
values obtained after grinding with each mill, are given in Table 9.

Before grinding, 90% of the a-Fe,O3 red powder contained par-
ticles smaller than 412.3 um, 50% smaller than 10.5 pm, and 10%
smaller than 2.7 um. During all the grinding tests it is targeted to
change aforementioned distribution of the unground material to
the ranges 3-7 um, 1-2 pm and 0.5-1 um, respectively, and an
increase in the surface area of a-Fe,03 red powder was also sought.
This targeted distribution was obtained using the jet mill. In the
trials conducted using the vibrating cup mill, vertical ball mill,
and planetary ball mill, the targeted particle-size distribution val-
ues could not be reached.

Table 7
Measurement results after the planetary ball mill grinding.

Fig. 7. Caked material after the planetary ball mill grinding.

With all the mills which failed to provide the targeted distribu-
tion values, it was observed that the a-Fe,03 red powder adhered
to the reservoir walls, cups, or partially to the balls, and the mate-
rial was caked, which resulted in lower grinding performance.
Some SEM images from caked material after milling are given in
Fig. 8. This phenomenon of adhesion and caking is also observed
during the grinding of other materials, particularly the foodstuff,
depending on their structure. In the literature, the factors affecting
the caking during the grinding process are listed as glass transition
temperature, adhesion point temperature, and moisture content
[26,27]. Given the moisture content of over 1%, it is believed that
the basic factor for the adhesion and caking that decreased the
grinding performance in the specified mill types for the grinding
of the a-Fe,05 red powder in our study was the moisture content.

Caking was not observed in any of the trials performed with the
fluidized bed jet mill (none of three different grinding pressure set-
tings), and all targeted particle-size distributions were reached.
The present study indicated that the classifier speed should be
lowered as the grinding pressure increases, so that the targeted
distribution can be obtained and the amount ground per unit time

Speed (rev/min) Ball Size (mm) Ball Amount (g) Time (min) Caking Do7 (um) Dgp (um) Dsp (um) Do (um) Surface Area (m?/g)
200 5 500 5 Yes 197.6 91.6 5.1 1.5 3.692
400 5 500 5 Yes 175.4 86.1 6.0 14 3.620
600 5 500 5 Yes 164.0 82.3 53 1.2 3.785
200 3 620 5 Yes 168.3 88.9 5.8 1.1 3.501
400 3 620 5 Yes 159.6 79.8 5.0 1.1 3.499
600 3 620 5 Yes 126.5 88.1 6.0 1.2 3.622
Average of measurements: 165.2 86.1 55 13 3.620
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Table 8
Fluidized bed jet mill grinding parameters and measurement results.

Grinding No Grinding Pressure Classifier Speed Time Grinding Yield Caking Dy Dgo Dso Dio Surface Area
(bar) (rev/min) (min) (kg/hour) (um) (um) (um) (um) (m?/g)
G1 0.8 2000 12 - None 229 12.5 3.0 1.2 4.358
G2 0.8 3000 10 - None 15.8 9.8 29 1.1 4519
G3 0.8 4000 11 - None 124 7.9 2.6 1.0 4.685
G4 0.8 5000 12 - None 9.4 6.3 24 0.9 4.781
G5 0.8 6000 10 - None 7.3 5.2 2.0 0.9 4.982
Gos 0.8 6000 30 6.3 None 6.9 5.1 1.9 0.8 5.024
G6 3.2 2000 10 - None 18.1 113 24 1.0 4.521
G7 3.2 3000 10 - None 121 7.9 2.2 0.9 4.671
G8 3.2 4000 11 - None 9.0 6.2 1.9 0.9 4.802
G9 3.2 5000 10 - None 7.0 5.7 1.8 0.9 4.958
Gs 3.2 5000 30 11.7 None 6.9 5.0 1.6 0.7 5.109
G10 7 2000 10 - None 124 6.9 1.8 0.8 4.796
G11 7 3000 10 - None 7.6 5.8 14 0.6 5.098
G7o 7 3000 30 235 None 7.5 5.5 14 0.6 5.168
Table 9
Summary of the grinding trials.
Grinding Trial Caking Yield Dy Dgo Dsg Do Surface
(kgfhour)  (pm)  (um) (pm) (pm) Area
(m*/g)

Unground - - 812.1 4123 105 2.7 2.968

o-Fe,05
Vibrating Yes - 190.0 94.6 8.0 21 3.259

cup mill
Vertical Yes - 1491 705 46 1.2 3.734

ball mill
Planetary Yes - 1652 86.1 5.5 13 3.620

ball mill
Jet Mill Gog None 6.3 6.9 5.1 1.9 0.8 5.024 T
Jet Mill G35 None 11.7 6.9 5.0 16 07 5.109 o oe
Jet Mill Gy None 235 7.5 5.5 14 0.6 5.168
Grinding - - 3-7 1-2 05-1 -

Target

can be increased. The average yields for three different pressures
are given in Fig. 9.

On the other hand, the studies that will look for a solution to the
problem of the decreasing grinding performance due to the caking
in the vibration cup and ball mills may contribute to the efforts of
increasing the added value of the o-Fe,Os; red powder, a by-
product of the acid regeneration plants. The studies for optimizing
the parameters, and undertaking the mathematical modeling of,
the grinding with the fluidized jet mill will make similar
contributions.

4. Conclusion

The efforts to obtain products with higher added value from the
o-Fe,05 red powder, which is produced as a by-product in the acid
regeneration plants, is important particularly for the steel sector,
and include the process of producing red iron oxide pigments from
the red powder. This study focused on the physical, chemical and
morphological characterization of the red powder, along with its
grinding at the pigment grade.

Grinding trials were conducted using four different laboratory-
scale mills, namely the vibrating cup mill, vertical ball mill, plane-
tary ball mill, and fluidized jet mill. Before and after the grinding
process, the particle-size distribution and surface area measure-
ments of the red powder were performed using the laser diffrac-
tion method. SEM, ICP-OES, and other laboratory tests were used
for the characterization of the red powder.

Fig. 8. A. x1000 B. x2000 and C. x10k SEM images of caked o-Fe,05 red powder.

With all mills, except the fluidized jet mill, adhesion to the
reservoir walls and caking were observed, and the targeted
particle-size distribution could not be achieved. It was concluded
that the main factor for the caking was the high moisture content
of the o-Fe,05 red powder.
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23.5

15.0 11.7

Grinding Yield (kg/h)

0.0
0.0 2.0 4.0 6.0 8.0

Grinding Pressure (bar)

Fig. 9. Fluidized bed jet mill grinding pressure - grinding yield graph.

The targeted particle size was reached in all the trials per-
formed with the jet mill with different grinding pressures (at 0.8,
3.2 and 7 bars), and the Dgg value of the red powder before the
grinding could be lowered from 412.3 pum down to 5.0 um, while
its surface area was increased from 2.968 m?/g to 5.168 m?/g. It
was found that in the grinding runs made with jet mill, increasing
the grinding air pressure resulted in an increased amount of
ground material, and the amount of the material ground per hour
at the grinding pressure of 7.0 bars was measured to be 23.5 kg.
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