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Development of thermally stable environment-friendly
taphole clay
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Abstract

The clearest problem of taphole clay is that coal tar is used as a binder. Coal tar contains a large
amount of polycyclic aromatic hydrocarbons, particularly benz [a]pyrene, which is highly carcinogenic.
Although regulations have been strengthened worldwide, the magnitude of thermal stability exhibited by
polycyclic aromatic hydrocarbons is an important property for taphole clay. In this report, an environmental-
friendly taphole clay adopting a phenolic resin-based binder with a thermal stability close to that of coal tar
was developed, and the developed taphole clay showed superior characteristics compared with the
conventional taphole clay.

1 #S 1 Introduction
<y FHIEEEO B SEILE B 232 7o v The taphole clay is an irregular refractory used
— N to plug the taphole of the blast furnace, and it is an
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important refractory indispensable in the blast furnace

WEELRMT K TH B0 £ Ofl FTARILEHE Ol process. Its use process is very specific in comparison
KPpe R L CIEE IR TH Y, KEDE with ordinary refractories, and is introduced below
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of taphole clay binder, which is the main content of

W2HLUMIZHE S 50 MKW TFIRICECHE S 7z this report. If the diagram described in the refractory
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arge-sized plugging device called a mud gun is used for

R ERFEN B RO TEFEEDS SN 5, plugging taphole clay into the blast furnace. Hundreds
EX3mllb EES100 mm OHEEILERT, of kirograms of taphole clay are plugged in a short time

1500 UL &b BEROEFENT. 47 ke as 1 min in a high-temperature blast furnace of 1500 “C

or more through a taphole of length 3 m or more and
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LD~y FMHY 1 min BEOHER R THEIN 5, about 100 mm in diameter. Therefore, although the
L7235 T~y RMIZIEESIRI BT A4 72 i vk taphole clay is required to have sufficient plasticity at
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high temperature, the degree of plasticity is determined
by the plugging condition at the time of plugging, and
the like. After plugging, the cylinder tip of the mud
gun until the taphole clay is cured (discharge portion)
for a predetermined time to the taphole portion is
crimped. Therefore, taphole clay after being plugged
into the blast furnace is required to cure quickly
without cracking within 20~30 minutes. After
plugging, releasing the crimping of the cylinder tip, the
plugged taphole stands by until the tapping of pig iron
from other taphole is completed. In the case of a large
blast furnace, which is common today, the tapping
time is about 100~200 minutes. After that, tapping of
pig iron is started by penetrating the hole to the inside
of the blast furnace using a special drill called a drilling
machine.

It can be seen that taphole clay is used in these
series of processes and is considerably different from
the process of using other refractories. The key factor in
determining the plasticity during taphole clay plugging
is the binder and particle size configuration, and the
thermal stability of the binder is particularly important.
At present, coal tar is widely used as a binder of taphole
clay worldwide, which is a mixture of coal tar pitch
derived from coke and light oil derived from coke. In
other words, they are all composed of substances that
are by-product when coke is produced in a coke oven,
and are in line with the concept of material recycling.
Coal tar pitch is mainly composed of polycyclic
aromatic hydrocarbons, but it is not a component of a
single composition, and it is a complex group of
compounds with various molecular weights and
chemical structures*” . There are many compounds
with peculiar characteristics, and they are used as
various applications or raw materials from the past to
pharmaceuticals, paints, resins, and advanced materials,
and they are the main raw materials for coal science.? It
is also a carcinogen classified as Group 1 (carcinogenic
to humans) in the carcinogenicity classification of the
International Agency for Research on Cancer. Ichikawa
and Yamagiwa showed the carcinogenicity of coal tar in
animal experiments by rabbit ahead of the world, and
it became the start of the pathology research after”. On
the other hand, coal tar is still used as an extremely
effective and inexpensive drug for the treatment of skin
diseases such as psoriasis, and it does not increase the
risk of skin cancer if used properly”. The variety of
compounds in coal tar, and the variability in compound
types and levels depending on coal tar formation
conditions, makes it difficult to understand the
toxicological properties of coal tar. However, it is
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fundamentally clear that all materials and energetic
carcinogenic factors, not limited to coal tar, are basically
based on their effects on deoxyribonucleic acid (DNA).
The mechanism of carcinogenicity of polycyclic
aromatic hydrocarbons, which has been known to date,
is presented, with an example of the carcinogenic
mechanism of benzo [a]pyrene, which is particularly
carcinogenic. Note that benzo [a]pyrene is also included
in coal tar used as a taphole clay binder. When benzo
[a]pyrene is metabolized to 7,8-diol-9,10 epoxide by
the metabolic enzymatic cytochrome P-450 in the
body, it is carcinogenic by damaging DNA by forming
an adduct at C10 position to the 2-amino group of
guanine in DNA. It has also been found that when
benzo [a]pyrene undergoes enzymatic metabolism and
its product oxidizes to give benzo pyrene-7,8-dione,
oxidative DNA injury is caused in the presence of
divalent

adenine dinucleotide?.

copper-ions and reduced nicotinamide
Regarding the volatilization
and decomposition characteristics of benzo [a]pyrene,
a plurality of related physical property values and
characteristics” are described with reference to the
environmental risk assessment of chemical substances
of the Japanese Ministry of the Environment. Benzo [a]
pyrene has a boiling point as high as 310-495 “C even
under low pressure conditions in 10 mmHg, and the
vapor pressure at room temperature of 25 “C is in 107
~10? mmHg order. Therefore, it is presumed that
benzo [a]pyrene is very difficult to volatilize at normal
temperature, although it volatilizes and diffuses at high
temperatures when used as taphole clay . Regarding
decomposition characteristics in natural environments,
aerobic decomposition has been reported to have a
half-life of 290 days in soil. However, it is considered
that coal tar is not decomposed basically in the
environment of a coke oven, a taphole clay
manufacturing plant, and a blast furnace. Therefore,
the workplace where coal tar is manufactured and used
is considered to be contaminated by accumulation. In
addition, when coal tar is mixed with powder and used,
such as taphole clay, it is also necessary to sufficiently
consider the possibility that particulate matter to which
carcinogenic substances such as benzo [a]pyrene are
adhered scatters and adheres, thereby spreading the
contamination range, and that the carcinogenic
substances are scattered by heating the taphole clay
containing coal tar.

The history of coal tar being used as a binder for
taphole clay is old. When the blast furnace has become
to be composed of carbon bricks after the World War
11, the deterioration of carbon bricks caused by steam
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oxidation due to use of water in a chamotte-made
taphole clay became severe, therefore coal tar was used
as a binder for taphole clay instead of water®. Since coal
tar is more thermally stable than water and deterioration
of carbon brick caused by steam oxidation by water has
been suppressed and its properties as a taphole clay
have been dramatically improved by change of binder

coal the

aforementioned physical properties and characteristics

from water to tar. However, from
of the coal tar, the working place has accumulatively
been polluted by carcinogenic compounds such as
PAHs especially when the coal tar is heated. In order to
solve such a problem, a taphole clay using a phenol
resin9) has been developed and is also used. However,
since phenol resin is inferior in thermal stability to coal
tar, seizure troubles in which taphole clay hardens

inside mud gun tend to occur'®!V

. In this report, the
contents of developing and evaluating the environment-
friendly taphole clay binder which imparted the

thermal stability close to coal tar are introduced.

2 The concept of development and evaluation
Table 1 shows the properties of the developed
clay contains developed binder in conjunction with
coal tar clay and conventional resin clay. In addition,
we have been dealing with taphole clay incorporating
the advantages of both binder components by
combining coal tar and novolac type phenolic resin
from the past. There are patents and reports'>'?. The
developed binder was designed to solve the problem
that the coal tar clay and the conventional resin clay, or
the combined those binders clay could not be solved. It
is designed not to contain toxic and odorous substances
such as coal tar and formaldehyde, and to eliminate the
low thermal stability found in conventional resin clay.
As a result, it is an environmental-friendly taphole clay
that does not contain toxic substances and has less odor
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Table 1 Comparison of properties

Binders
Coal tar Conventional Developed
resin
Plugging Good Fair Good
Taphole length Good Fair Good
Taphole clay Cast duration Fair Fair Good
properties  Handling Good Poor Good
Rapid hardening Poor Good Good
Toxiticy Very Poor Poor Good
fS'J.f'z'l"[g?:;rﬂﬁS 7000 Free Free
Binder Free phenol /% — >1% <1%
rroperties Rlz:;’rizzl: phenol) B >25% Free
Formaldehyde —_ Contain Free
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and smoke generation when used, while achieving both
thermal stability like coal tar and early strength
manifestation like conventional resin clay. In order to
clarify the excellent characteristics of the developed
product, the following evaluation was carried out.

2+1 Thermal analysis

Thermogravimetric analyses of the developed
binder and coal tar were performed using a
thermogravimetric analyzer (Hitachi High-Tech Co.,
Led. STA7000). Alumina made sample vessel and
@ -alumina powder as the reference material were used
for analysis. The temperature was raised from room
temperature to 800 “C with the heating rate of
10 “C+min’'. The ambient gas was N> (99.99% purity)
and the gas flow rate was 300 ml*min™.

2 *2 Evaluation of viscosity properties in shear

system using rheometer

The hardening behavior of the developed binder
and coal tar was evaluated using the analyzing system
of the mechanical properties of a shear system called a
theometer (TA Instruments Corporation AR2000ex)
shown in Fig. 1. Further, paste samples were prepared
by kneading the powder portion of taphole clay (Under
100-mesh sieve of the taphole clay as shown in Table 2)
with both binder and a high-temperature hardening
behavior was evaluated under the same conditions as in
the case of the binder. Specifically, an aluminium flat
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Table 2 Composition of powder

part of taphole clay
Raw material mass%
Roseki 20
Al O 32
SiC 10
C 8
SizNg—Fe 30
Total 100

14, 15)

plate of 25 mm diameter was used and evaluated by
applying periodic shear stresses sandwiching a
sample'® 9. At this time, the gap length between the
upper and under plates was set to 1.5 mm for binder
evaluation and 5 mm for paste evaluation. Asa common
experimental condition, the heating rate 10 °C+min’,
strain rate 1Hz, ambient gas was N, (purity 99.99%)
and the gas flow rate was 10 L*min".

2 *3 Thermal stability evaluation of taphole clay

Each binder was added to the taphole clay
powder portion shown in Table 2, and the taphole clay
sample was experimentally manufactured by heating
and kneading. In order to evaluate the thermal stability
of the obtained taphole clay samples, 1 kg + 50 g was
wrapped in aluminum foil and stored for 3 days at an
ambient temperature of 80 ‘C and 100 °C., and then
the extrusion pressure was measured. The measurement
of the extrusion pressure was carried out using an
extrusion evaluation system'® as shown in the figure,
which is described in the refractory notebook, under
common conditions. The temperature of the taphole
clay and the metal mold at the time of measurement
was set in the range of 60 ‘C + 2 °C. As a reference
extrusion pressure, the extrusion pressure was measured
at 60 °C. The ratio of the extrusion pressure after
heating and without heating were defined as a ratio of
extruding pressure change to evaluate thermal stability
of taphole clay.
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2 *4 Evaluation of thermohardening properties of

taphole clay

The taphole clay samples were formed as to
shape of cylinder with diameter 35 mm, height 50 mm
at about 7 MPa hydraulic press. At this time, the
temperature of taphole clay samples were set to 65 °C +
5 °C. Subsequently, the temperature of the sample
stationary portion in the electric furnace was confirmed
to be 300 °C £ 5 °C or 500 °C + 5 °C by using a
radiation thermometer, after standing the taphole clay
sample for an arbitrary time, immediately taken out
and subjected to a compression test using a manual
compression testing machine to evaluate hardening
behavior of taphole clay samples. .

2 *5 Evaluation of MOR, CCS and apparent

porosity

The taphole clay samples were formed into a 40
x 40 x 160 mm square cylinder shape at a temperature
of 65 °C = 5 °C and a pressure of 7 MPa. Degreasing
was performed at 500 “C by restraining the long
column-shaped sample after molding with a restraining
metal frame. After that, fired at 1200 “C keeping in a
state packed in coke. Incidentally, during firing is not
particularly constrained samples. Modulus of rupture
(MOR) based on JIS R2213, cold crushing strength
(CCS) based on JIS R2206, and apparent porosity
based on JIS R2205 were compared for various
properties of fired samples.

2 *6 Hot plugging test

The hot plugging characteristics of the taphole
clay was evaluated using the hot plugging test system
shown in Fig. 2'7. Samples were injected into SiC
sleeves with cavities of diametral 100 mm, depth 900
mm fixed in a furnace of an atmosphere temperature of
1200 “C using a small mud gun. After plugging the
sample, firing was performed by holding for 3 h at an
atmosphere temperature of 1200 “C. As it is, after
cooling to room temperature by naturally cooling, for
observation of the plugging state of the taphole clay,
cutting of the central portion of the plugging body was
performed. Image data was acquired by capturing the
cross section of the packing after cutting with a camera.
Image analysis was performed by image analysis
software Image ] to obtain the area ratio of the cracked
area in the area to be analyzed.
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2 *7 Evaluation of volatile phenol and odor

The developed binder and conventional resin
binder were heated to 70 °C = 5 °C, and the
determination of volatile phenol generated in the
container was performed with a Kitagawa gas detector
tube. The odor was also checked.

3 Results and Discussion
Results and considerations are shown in next for
each evaluation method introduced in chapter2.

3 *1 Thermal analysis

Figure 3 (1) and (2) show the thermogravimetric
changes of the developed binder and coal tar as well as
their temperature-derivative curves (dTG). From the
results shown in Fig. 3 (1), the weight loss of both
binders begins at 100°C, the volatilization of coal tar is
about 10% at 200 ‘C and about 44% at 300 “C. The
developed binder volatilizes of about 23% at 200 C,
larger than coal tar, but the volatilization of 47% at
300 °C, which is almost equivalent to that of coal tar.
In addition, the temperature derivative curve of
Fig. 3 (2) shows that coal tar exhibits continuous peaks
around 230 “C t0 350 “C, resulting in slow volatilization
over a wide temperature range. This is because coal tar
used in taphole clay contains so many compounds”.
The exhibited

volatilization behavior comparable to that of coal tar

developed  product a  sluggish

over a wide temperature range from 180 to 350 °C.
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3 *2 Evaluation of viscosity properties in shear

system using rheometer

Figure 4 (1) shows the hot softening-hardening
behavior evaluated with a rheometer. It can be seen that
up to 100 °C., the viscosity of both binders is reduced
by temperature, and generally exhibits a change
equivalent to that of coal tar. In the temperature range
of 100 “C or higher, both of the binders, the viscosity
of the sample is extremely lowered. The binder sample
between the measurement plates is dropped and
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Fig. 4 (2) Hardening behavior of each pastes.
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missing and the volume is lowered by volatilization
may be resulting in a low viscosity. In coal tar, however,
the viscosity increased slowly from about 200 °C with
the increase in temperature, and the polycondensation
reaction of polycyclic aromatic hydrocarbons, which is
the main component, was expected to proceed. The
developed binder, unlike coal tar, showed a sharp
increase in viscosity at around 400 °C. This is considered
to be because the composition of the low molecular
weight novolac type phenol resin remaining at around
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400 “C is uniform as compared with that of coal tar.
The rise of the viscosity is sharpened due to the rapid
progress of the polycondensation reaction at a specific
temperature. The property of being stable up to about
400 °C as in the developed binder and hardening
sharply at 400 “C above it is considered an ideal
behavior suitable for the plugging process of taphole
clay.

Figure 4(2) shows the results of the same
evaluation of paste samples. The hardening behavior of
the developed binder paste shown as G’ increase was
rapid (large slope) and similar to hardening behavior of
the developed binder. While the G’ increase temperature
of the developed binder paste was decreased for the
developed binder. As a reason for this, it is considered
that the shear resistance of the paste was increased due
to a decrease in the liquid content ratio of the paste at
an arbitrary temperature due to an increase in volatile
components with an increase in temperature. It is
expected that the developed binder clay will realize
strength earlier than the coal tar clay.

3 *3 Thermal stability evaluation of taphole clay
Table 3 summarizes the rate of change in the
extrusion pressure of each taphole clay measured at
60 °C after holding at 80 °C or 100 °C for 3 days. The
rate of change in extrusion pressure of the developed
binder clay was 1.7 and 2.1 for heating at 80 “C and
100 “C, respectively. Although the extrusion pressure
increased more than that before heating, it could be
extruded without any problems. However, in general
resin clay, hardening progressed even under heating
conditions at such relatively low temperatures, making
it impossible to measure the extrusion pressure.
Situations in which taphole clay is heated include heat
insulation in equipment such as auger machine when
taphole clay is used and radiant heat from slag or pig
iron in trough. The excellent thermal stability equivalent
to that of coal tar found in the developed binder
contributes to the reduction of clogging by thermally



Table 3 Comparison of extruding pressure change of taphole clay
with 3 days heat treatment at 80 C or 100 °C

Condition Conventional resin Developed
Extrusion pressure N dod 1.7
ratio / 80 °C treated ot extrude ’
Extrusion pressure Not extruded 2.1
ratio / 100 °C treated ot extrude '
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set due to heat receiving of taphole clay in the actual
usage.

3 *4 Evaluation of thermohardening properties of

taphole clay

Figure 5 (1) and (2) show the strtength increase
of each taphole clay at furnace temperatures of 300 °C
and 500 °C. From Fig. 5 (1), at a furnace temperature
of 300 °C, the conventional resin clay reached a
compressive strength of SMPa, the upper limit of the
measurement after 20 minutes. While the developed
binder clay had a strength close to zero even after 30
minutes and did not cure at all at 300 °C. Further, as
shown in Fig. 5 (2), when the furnace temperature is
500 °C, the developed binder clay is cured in about 5
minutes however the coal tar clay is cured after 30

ALICIEH 30 min L 72 2O LIS, BAFS~ Y minutes. Thus, it can be seen that the developed binder
5
®
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Fig. 5 (1) Hardening behavior of each taphole clays at 300 °C.
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Fig. 5 (2) Hardening behavior of each taphole clays at 500 °C.
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clay exhibits an intermediate hardening behavior with
respect to a coal tar clay and a conventional resin clay,
and is superior in plasticity in a blast furnace than a
conventional resin clay, while exhibiting a strength
earlier than a coal tar clay after plugging.

3 *5 Evaluation of MOR, CCS and apparent
porosity
Table 4 summarizes MOR and CCS, and
apparent porosity of each taphole clays after 1200 “C
firing. All of the developed binder clay showed superior
characteristics as well as those of coal tar clay,
conventional resin clay.

Table 4 Basic properties of taphole clays with each binders fired at 1200 °C

Coaltar Conventional Developed
resin
Modulus of rupture / MPa 5.5 4.8 6.8
Cold clushing strength / MPa 26.0 25.5 26.2
Apparent porosity / % 23.0 20.5 21.0
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by Image J 7). The area ratio of the crack in the analysis
region is also shown. It can be seen that the developed
binder clay has superior plugging property, with less

cracking than coal tar clay or conventional resin clay.

3 *7 Evaluation of volatile phenol and odor

Since phenol could not be detected by the
phenol detector tube even when the developed binder
was heated to 70 °C, the phenol level in the gas in the
container was below 0.5ppm, which is the lower
detection limit of the gas detector tube, and the odor
was also small. It was proven that the conventional
resin binder shaken out the display value of the phenol
detector tube, and that phenol of the concentration
over 25ppm occurred at least in the container. Also, the
odor was obviously stronger than the developed binder.

Conclusion

An environmentally friendly taphole clay with
thermal stability such as coal tar and early strength
expression characteristics such as conventional phenolic
resin was developed. The developed binder clay shows
little change in extrusion pressure even when held for 3
days at 100 “C and does not harden in the 300 C
compared with the conventional resin clay. Therefore,
there is less concern that it will become hard in the clay
heating facility or that it will hardens in the mud gun
by heating. Results of hot plugging test of developed
clay showed crackless plugging compared with the
conventional resin clay and close to coal tar clay. On
the other hand, since it cures at a lower temperature
than coal tar, it develops strength early after plugging.
Strength and apparent porosity after calcination is
equal to or higher than that of coal tar clay or
conventional resin clay. Further, even when the binder
temperature of 70 °C, the volatile phenol level is very
low as low as 0.5ppm or less, and the odor is also small.
From these excellent characteristics of the developed
binder contributes to the stabilization of the tapping
process and the improvement of the working
environment. Coal tar is not only a very good binder of
refractory, but also a by-product in the production of
coke, and is excellent from the viewpoint of utilization
efficiency of materials. Therefore, it seems that there
were aspects that have long been allowed for its hazard.
However, the regulation of polycyclic aromatic
hydrocarbons with carcinogenicity contained in coal
tar has been strengthened worldwide for protection of
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workers, and further improvement or change to
unmanned work environment are clear goal for blast
furnace operation in the future. In fact, there seems to
be an increasing number of reports about a taphole clay
without coal tar'®2V. The developed binder and taphole
clay has been developed in line with the background of
taphole clay usage and the conventional development
history, and shows excellent characteristics that can
solve problems that the conventional taphole clay could
not solve, and it is expected that it can contribute to
improvement of working environment and stabilization
of blast furnace operation in a series of processes from
the manufacture of taphole clay to the use in blast
furnace.
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