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The method of thermal effect of reactions for E, . calculation for the processes of chromite ore and clay interac-

act
tion in solid phase was used in this research for obtaining kinetic data. These processes take place during harden-
ing roasting of chromite ore pellets in derivatograph Q-1500. The samples of chromite ore, clay from Sazdinskoe
deposit (Aktyubinsk region, Kazakhstan) and pellets were taken for examination of phase transformations during
hardening roasting. In the area of high temperatures, exothermic peaks with temperature maximum values 1340 and
1430 °C are clearly observed on the differential and thermal curve of chromite ore; these maximal values are caused
by recrystallization of chromium spinellid grains. Introduction of clay changes the features of diffusion processes in
chromite ore. Observed lowering of apparent activation energy for each peak is separately connected with decrease
of diffusion retarding processes. When conducting an experiment in argon neutral atmosphere, distinct peaks char-
acterizing diffusion processes and reconstruction of chromium spinellid lattice are not observed. In this case, the
value of apparent activation energy decreases seriously in comparison with activation energy of diffusion processes
for the mix of chromite ore and clay in oxidizing atmosphere. Respectively, hardening processes during heat treat-
ment of pellets, which are accompanied by diffusion of clay oxides in chromium spinellid lattice, will pass with
rather high speed and will reach high degree of completeness at the roasting temperature of pellets (1200—1300 °C).
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activation energy.
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Introduction

About 70—80 % of total mining volume of chromite ore
at Donskoy mining and concentrating plant (Khromtau,
Kazakhstan) is estimated for fine chromite ore (less than
20 mm). This plant is the main raw material base of ferroal-
loy plants in Kazakhstan. Use of fine ores in metallurgical
production makes melting processes more difficult and rises
energy expenses. Fine-dispersed materials are carrying away
from technological equipment via blowing and make compli-
cations in operation of gas cleaning systems. Thereby large
amount of initial ores at Kempirsaiskoe deposit in Kazakh-
stan, as well as part of enriched concentrates become practi-
cally inapplicably for direct use in technological processes
and require special preparing processing — agglomeration.

Analysis of global experience of preparation of chromite
ores to metallurgical processing displayed that pelletizing and
briquetting are the most widely distributed and successfully
used agglomeration methods abroad. It should be noted that
roasting of pellets is more preferable method at present time
in comparison with briquetting, which was widely used in

1970-ies. Despite successful use and distribution of pelletiz-
ing of chromite ores abroad, it should be mentioned that ores
from domestic and foreign deposits differ substantially [ 1—5].

Taking into account the above-mentioned parameters,
the experiments for pelletizing of fine fractions of chromite
ore (0—1 mm) from Kempirsaiskoe deposit, using keramzite
clay, were carried out. To understand the complete nature of
this process, it is necessary to conduct investigations for re-
vealing the temperature maximum values and the value acti-
vation energy for chromite ore and composition of chromite
ore with clay. Determination of these values will allow to tes-
tify that diffusion processes, occurring during heat treatment
and responsible for hardening of sintered materials with clay
participation, will pass at favourable conditions. However,
information about kinetic parameters of interaction process
between chromite ore and clay during hardening roasting
(in particular, activation energy) is required for studying and
optimizing the temperature and temporal procedure of hard-
ening roasting of chromite ore pellets.

At present time, the new methods for examination of
solid phase reactions, including those for determination of
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apparent activation energy in the conditions of heating of re-
actants with permanent speed, were developed. The follow-
ing methods can be mentioned here: differential and thermal
analysis (DTA), thermal gravimetric analysis (TGA) and dif-
ferential thermal gravimetric analysis (DTGA). TGA and
DTGA methods are widely used for examination of phase
transitions, dissociation reactions, reduction, oxidation, de-
hydration and other processes connected with varying of en-
thalpy and mass of a substance. Possibility of determination
of all kinetic constants (£, , 4and n) during one experiment
is a real advantage of the method of non-isothermal kinetics.

Solving the system of two equations, connecting the
constant of reaction speed k and the temperature 7and the
reaction speed V with transformation degree o is a general
approach for the task of determination of kinetic parameters:

k= A-exp(~E,RT) (1

V =kf(a) (2
where E,  — activation energy of the process;

A — pre-exponential multiplier, which does not depend
on the temperature within a small temperature range;

R — a gas constant; it is expresses by the equation
V= k(1—a), where n — is reaction order, for the case with
decomposition of solid substances.

Activation energy E, . is determined via the tangent of
inclination angle for the relationship Igk = f(1/7), which was
obtained via taking the logarithm of the Arrenius equation
(1) [6]. To determine the constant of reaction speed k, it is
necessary to carry out the series of experiments at different
temperatures for isothermal conditions, with continuous
registration of mass loss.

Technical literature [7—10] describes the techniques,
which allow to determine activation energy of the processes
after data processing for the curves via TGA or DTA meth-
ods. The most of above-listed methods are connected with
selection of » values and requires labour-intensive calcula-
tions. More simple calculation method was suggested by
H. E. Kisinger [11], which is based on determination of the
maximal temperature (7,,,,) and the DTA curve form index.
However, it is not always possible to determine this index
due to its deviation from the zero line. H. E. Kisinger also
suggested the method for £, determination, when thermo-
grams of the same substance are recorded for different heat-
ing temperatures and the corresponding graph with coordina
tes Inb/T;-1/T , where T, — peak temperature in K, is
built based on these thermograms.

The work [12] proposes to make easier solving the task
of assessing E, values using the DTGA curves obtained
via derivatograph. DTGA curve reflects the relationship be-
tween speed of mass varying and temperature rise. In this
connection, technological speed can be determined for each
temperature, and this speed is calculated as follows:

V:h-l-po
T()'So

3)

where V'— speed of mass loss for concrete time, g/s;
h — deviation of DTGA curve from the zero horizontal
line, mm;
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[ —length of zero line, mm;

D, — sample mass, mg;

T— experiment duration, s;

S, — square restricted by DTGA curve and zero line, mm.

Thus, the graph with coordinates 1gV — 1/T was built
after determination of the values of technological speed and
temperature with definite time interval using a thermogram.
The straight section of this relationship is characterized by
the following equation: V' = B, (—E,/ RT). Activation
energy E, is determined via the tangent of inclination an-
gle of the straight section, while the section, which is cut
by continuation of the straight line on the ordinate axis, is
proportional to the Bvalue.

The research [13] suggested to conduct processing of
thermograms via determination of transformation degree
by mass loss and varying of enthalpy by thermal effect peak
square in order to examine metallurgical processes charac-
terizing by mass loss (decomposition of carbonates, carboth-
ermic reduction of metals etc.) via the methods of isothermal
kinetics. However, use of this method is restricted by the pro-
cesses accompanying by mass loss, they don’t relate to solid
phase reactions without mass loss.

Other researches [14, 15] are devoted to kinetic regu-
larities of the processes by reaction thermal effect, which is
evaluated by square of the corresponding DTA peak. Exact
square measuring is complicated, because downward branch
of DTA curve not always correspond to the zero line, so spe-
cial restriction techniques should be used [16]. Different
methods of square restriction lead to deviation in the results
up to 20 % and, respectively, to decrease of precision in de-
termination of activation apparent energy.

This method is based on the idea that the value of heat ab-
sorption by the system in the area from fixed beginning with
maximal process development, in the conditions of heat-
ing with permanent speed, is proportional to the constant of
transformation speed for each temperature value in isother-
mal conditions. Indeed, the authors of [17] underlined that
analysis of thermal effects in exothermic reactions should
take into account that the maximum point of DTA curve
coincides with the moment of reaction finishing; thereby,
we should use not more than 50 % of the peak in practical
calculations.

These arguments were the cause of searching a method
for determination of activation apparent energy by one ther-
mogram; this method does not include DTA peak square,
curve form index, reaction order in calculation. The main
equation of non-isothermal kinetics for solid phase reactions
is expressed as follows:

da /T =(A4/b)[ f'(a) ] f" (o) =(1-ax)" “)

The equation (4) is obtained from the formal kinetic
equation of solid phase reaction

do /dr =k(1-a)" 5)

of temperature relationship of a speed constant, so called

Arrenius equation
k=A-e % (6)
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and the equation of temperature varying for constant heat-
ing speed
T=T,+br,dT /dr=b 7
where o — transformation degree;
n — reaction order;
E — activation energy;
A — pre-exponential multiplier;
b — heating speed.

It is known that the thermal curve more and more devi-
ates from the preset state AC as soon as reaction in a sample is
developing (Fig. 1). The value of this deviation Az (ab, cdetc.)
is described by the following formula in first approximation:

At~ a5 9% ®),
dr
where AS — square under DTA curve during its deviation
from the basic line and consequent return to it (square ABC
on the Fig. 1).

Indeed, deviation of DTA curve from the preset direc-
tion At (when d T/ dt = b) in the initial section of substance
transformation is determined only by reaction speed.

At )

Fig. 1. Thermal effect and its parameters

If we take a logarithm by the expression (8), taking into
account the equation (4), we shall obtain the following ex-
pression:

1nAt:C+nln(l—a)_% ©)

where C = AS - A/ b — coefficient uniting all permanent
components of the equations (4) and (8). For small a val-
ues, we can neglect the value zln (1—a) and the equation (9)
will be as follows:

InAr=C—E,, /RT (10)

Using the equation (10), which provide connection be-
tween deviation of differential record from zero state and
apparent activation energy, we can calculate E, value via
tangent of inclination angle of direct relationship of devia-
tion from basic DTA curve in the coordinates IgAf — 1/ T.

The aim of this research is use of the methods of non-
isothermal kinetics for experimental determination of the
values of energy activation during hardening roasting pro-
cesses of chromite ores and pellets. This work proposes to
use the method of thermal effect in the reaction for Eact
calculation for interaction processes of chromite ore and
clay in solid phase, occurring during hardening roasting of
chromite ore pellets.

Materials and methods

To obtain DTA curves, a derivatograph Q-1500 was used.
The samples of chromite ore and clay from Sazdinskoe de-
posit (Aktyubinsk region, Kazakhstan), as well as pellets
obtained in laboratorial conditions were taken as initial ma-
terials for examination of phase transformations taking place
during hardening roasting.

When manufacturing pellets, choosing the most suitable
and cheap binding material is one of the main tasks. This
material should not lead to cost rise of pellets in production
conditions. Keramzite clay from Sazdinskoe deposit was se-
lected as such cheap binding material.

Based on the data of X-ray structural analysis [ 18], kao-
linite (Al,0,-2Si0,2H,0), quartzite (SiO,) and feldspar are
presented in keramzite clay. Respectively, keramzite clay
from Sazdinskoe deposit can be classified to the kaolinite
group, which is characterized by low bloating and relatively
high softening temperature.

Chemical composition of keramzite clay from Sazdin-
skoe deposit, chromite clay and pellets is presented in the
Table 1 and Table 2.

Laboratorial experiments for pelletizing of chromite ore
using keramzite clay were carried out in a disk granulator
with 1,000 mm diameter. The part of binding additive (clay)
was varied within the range from 1 to 10 %. Fractional com-
position of materials is presented in the Table 3.

The results of experiments for examination of influence
of keramzite clay additives and roasting temperature on
strength of pellets are presented in the Fig. 2.

Fig. 2 displays that strength of chromite ore pellets re-
mains low at the roasting temperatures 1000 °C and 1100 °C.
Varying of strength of pellets starts from the temperature
1200°C and higher, and then maximal strength value is
achieved. Thereby it can be concluded that introduction
of 8 % of keramzite clay in composition of pellets is rather
optimal.

The conducted laboratorial experiments for manufacture
of green and roasted pellets of chromite ore display principal
possibility to obtain chromite pellets with keramzite clay ad-
ditive.

It is known [ 18], that chromite ore consists of chromium
spinellid and rock-forming cementing mineral — serpentine
(3Mg0-28i0,-2H,0). X-tay phase analysis, which was car-
ried out by the authors, did not reveal serpentine (previously
presented in chromite ore) in roasted pellets. Composition of
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Fig. 2. Influence of hardening roasting temperature and clay
consumption on strength of chromium ore pellets
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Table 1. Chemical composition of chromite ore and clay

Chemical composition, %

Material
Cr,04 Sio, Ca0o MgO AlL,Oq4 FeO P S other
Chromite ore 47.76 8.65 0.24 19.87 6.99 12.11 0.0023 0.026 2.93
Clay 1.07 51.53 2.36 5.41 18.14 7.83 0.16 0.29 7.14

Table 2. Chemical composition of pellets

Chemical composition, %
Cr,04 Sio, CaO MgO Al,O4 FeO P S other
Pellets 43.27 12.79 0.29 21.88 7.08 11.30 0.0036 0.034 2.03

Table 3. Fractional composition of chromite ore and keramzite clay

Material

Size of sieves, mm

Material o5 416 410 4063 +04 4031 +02  +016  +0.1 +0.063 +0.05 -0.05
Ore 1138 832 628 695 1051 585 1453 8.68 1647 7.52 247  1.03
Clay 0 0 0 0 0 1514 63.82 1063 7.26 126  1.89 0

pellets also includes quartzite (brought in by clay and formed
as a result of serpentine decomposition).

Researches and their results

To examine the processes taking place during hardening
roasting of pellets, derivatographic investigations of materials
were conducted (see Table 4).

Endothermic effect within the temperature range 70—
140 °C, which is observed during heating of a clay sample,
characterizes deletion of natural moisture (Fig. 3). Hydrate
moisture of a clay mineral (kaolin) is deleted at 523 °C and
organic clay impurities are oxidized and burnt at the tem-
peratures 455—540 °C.

Analysis of thermograms of other materials (Table 4,
Fig. 4) allowed to obtain thermal effects presented in the
Table 5. It shows that five typical peaks are observed in
thermograms of chromite ore and clay. At the same time,
thermal effects No. 2—5 are not seen in the thermogram of
pellets. Respectively, this circumstance allows to testify that
all processes during hardening roasting of pellets pass rather
completely.

The first endothermic effect at the temperatures 90—
150 °C corresponds to loss of adsorbed water (see Fig. 4, a-c).

The second endothermic effect at the temperatures
640—695 °C corresponds to extraction of “structural” water
from serpentines (antigorite and chrysotile), during its de-
composition with forming of forsterite, quartzite and water
(see Fig. 4, a-c) according to the following reaction:

2Mg,Si,05(0OH) = 3Mg,Si0,+Si0,+4H,0

where SiO, is presented as amorphous silica in the product
of serpentine decomposition [19].

Fig. 3. Thermogram of clay, captured within the temperature
range 20—1000 °C in the air atmosphere

The following exothermic effect within the temperature
range 770—820 °C is stipulated in thermograms by forming
of enstatite MgSiO, from serpentine decomposition products
[20—23].

This exothermic peak is rather different in its value. Per-
haps, dehydration process is replaced by enstatite forming so
quickly, that exothermic pear is overlapped by endothermic
one and decreased due to endothermic effect.

As for the high-temperature area, two exothermic peaks
with the temperature maximums 1340 and 1430 °C, which
are caused by recrystallization of chromium spinellid grains,

Table 4. Capturing procedure with derivatograph

No. Material Heating speed, grad/min Maximal temperature, °C Atmosphere
1 Clay 10 1000 Air
2 Chromite ore 15 1500 Air
3  Chromite ore + 8% clay 15 1500 Air
4 Chromite ore + 8% clay 15 1500 Argon
5  Pellets 15 1500 Argon
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Fig. 4. Thermograms of examined materials: a — chromite ore; b — chromite ore + clay; ¢ — chromite ore + clay in argon

atmosphere; d — pellets

Table 5. Thermal effects, °C

No. Materials from the Table 4
2 8 4
1 105 90 110
2 695 640 660
3 820 770 780
4 1340 1290 1312
5 1430 1340 1382

are seen clearly on the differential and thermal curve of chro-
mium ore (see Fig. 4, a). Separation of peaks testifies on
conducting of consequent reactions.

Introduction of clay changes the features of diffusion pro-
cessesin chromite ore. The exothermic peak in thermograms of
chromite ore and clay both in air and argon atmospheres starts
from more low temperatures (1036 °C in the air and 969 °C
in argon atmosphere) and passes within more wide temper-
ature range 200—300 °C. This pear is caused by occurring

Comment

150 Deletion of natural moisture
- Decomposition of serpentine
- Forming of olivine

Rebuilding of chromium spinellid lattice

solid phase exothermic reactions (1) — (7) with forming of
cordierite and enstatite. They are overlapped mutually in the
thermogram captured in argon atmosphere for chromite ore
and clay (see Fig. 4, ¢). Calculation results are displayed in
the Table 6.

Thus, the conducted derivatographic investigations of
interaction between chromite ore and keramzite clay pro-
vided experimental confirmation of conclusions in the form
of thermodynamic and diagram analysis on possibility of
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Table 6. Values of apparent activation energy, which was determined by the tangent of inclination angle of IgAz — 1/T direct

relationship

No. Material Atmosphere Equation R E.oi» kd/mol Temperature range, ‘C

InAt = -748.54/T + 9.8956 0.988 14.33 547-695
InAt=-4840.6/T + 52.8069 0.979 92.68 782-820

1 Chromite ore Air
InAt=-3487.7/T + 22.3061 0.986 66.78 1259-1340
InAt=-9389.9/T + 56.9126 0.954 179.79 1396-1430
InAt=-1131.7/T + 13.7334 0.985 21.67 580-640
InAt=-3684.4/T + 37.1595 0.964 70.54 735-770

2 Chromite ore + clay Air
InAt=-1217.9/T + 9.9932 0.940 23.32 1036-1290
InAt=-7704.1/T + 48.7950 0.955 147.51 1294-1340
InAt=-874.6/T+10.3110 0.962 16.75 574-660
InAt=-2932.3/T + 29.0930 0.994 56.15 716-780

3  Chromite ore + clay Argon
InAt=-986.2/T + 7.3839 0.967 18.88 969-1312
InAt=-5049.2/T + 31.5156 0.919 96.68 1325-1382
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Fig. 5. Relationship of DTA peak height in semi-logarithmic coordinates from reverse temperature: ¢« — chromite ore; » — chromite
ore + clay; ¢ — chromite ore + clay in argon atmosphere; numbers of peaks under the figures see in the Table 5

solid phase reactions on composition of pellets, which will
promote hardening of pellets due to cordierite forming.
These reactions start at 1036 °C and finish at 1360 °C.

Based on the determination of the temperature values
and DTA curve deviation value from preset direction, re-
lationships in the coordinates IgAz — 1/T for each thermal
effect were built according to the data from the Table 4, and
E, , values of the processes corresponding to peaks in ther-
mograms were calculated by the tangent of inclination angle
IgAt — 1/T of direct relationship. The results of lineariza-
tion of the upward branch of DTA peak in the coordinates
IgAt— 1/T are presented in the Fig. 5.

Analysis of the temperature maximums and activation
energy level for technological processes are accompanied
by peaks for DTA curves of chromite ore and composition
of chromite ore with clay (Table 6). It allows to testify that
reactions occurring during heat treatment and responsible
for hardening of sintered materials with clay participation
take place in favourable conditions.

Thus, the observed lowering of apparent activation en-
ergy for each peak separately is connected with decrease of
diffusion retarding processes. When conducting an experi-
ment in argon neutral atmosphere, distinct peaks character-
izing diffusion processes and reconstruction of chromium
spinellid lattice are not observed (see Fig. 2, ¢). In this case,
the value of apparent activation energy decreases seriously

in comparison with activation energy of diffusion processes
for the mix of chromite ore and clay in oxidizing atmosphere.
Respectively, hardening processes during heat treatment of
pellets, which are accompanied by diffusion of clay oxides in
chromium spinellid lattice, will pass with rather high speed
and will reach high degree of completeness at the roasting
temperature of pellets (1200—1300 °C).

Conclusions

1. Activation energy of the processes occurring during
hardening roasting of chromite ore and pellets (on the exam-
ple of the mixture of chromite ore and clay) in oxidizing and
neutral atmosphere was determined on the base of conducted
researches via the method of non-isothermal kinetics.

2. Analysis of the temperature maximums and activation
energy level for technological processes are accompanied by
peaks for DTA curves of chromite ore and composition of
chromite ore with clay. It allows to testify that reactions oc-
curring during heat treatment and responsible for hardening
of sintered materials with clay participation take place in fa-
vourable conditions. Respectively, it can be concluded that
hardening processes during heat treatment of pellets, which
are accompanied by diffusion of clay oxides in chromium spi-
nellid lattice, will pass with rather high speed and will reach
high degree of completeness at the roasting temperature of
pellets (1200—1300 °C). ais
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