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A B S T R A C T

Recent advancements in taphole clay binder development have focused on replacing toxic coal tar/pitch, which
contains polycyclic aromatic hydrocarbons (PAH), with greener alternatives. In this study, three different taphole
clays were prepared in the laboratory using different binder systems which include phenolic resin: 1) coal tar, 2)
glycerine, and 3) petroleum waxy oil. The clays were evaluated and compared to the conventional coal tar and
phenolic resin-containing clay used in platinum smelters. The evaluation methods employed included work-
ability and extrusion pressure ageing, hardenability, strength development, and high-temperature properties,
which comprised cold crushing strength after ageing at 200 ◦C, carbon yield, volatile organic compound con-
centration and apparent porosity. The results indicated that the preferred binder to replace coal tar was glyc-
erine, as this clay retained both its plasticity and hardenability during ageing, while also attaining comparative
strength development and high-temperature properties to those of the reference clay containing coal tar.

1. Introduction

The primary function of a taphole clay is to form a semi-permanent
protective seal inside the tapping channel where molten material exits a
smelter [1]. This material is considered granulo-viscoelastic as it con-
sists of a mixture of either oxide and carbonaceous solid particles and a
liquid binder [1–4]. Solid particles in a clay mixture are selected based
on various factors, such as operating temperature, slag composition,
anticipated wear from erosion, and thermal shock due to thermal
cycling. The types of binder systems currently used for taphole clays
include: 1) pitch-bonded, 2) resin-bonded, and 3) combination binders.
Pitch-bonded clays utilize coal tar or coal tar pitch as a binder and are
used for applications such as ferroalloy smelting (e.g., FeCr) [5].
Resin-bonded clays utilize phenol formaldehyde resin in either Novolac
or resole form. This binder system is generally used for taphole clay in
high-throughput blast furnaces that require short turnaround times be-
tween heats (casting durations) and experience higher degrees of
erosion in the taphole [2]. The third binder system is a combination of
both coal tar/pitch and phenolic resin. This binder systems is used for
both non-ferrous and ferrous smelting operations, allowing for better
control over the performance of the clay by adjusting the ratios of these
two constituents [3].

In most binder systems, coal tar or pitch is used as the primary
binder, which provides both benefits and limitations to the taphole clay.
Due to its relative high viscosity [6] compared to other binder types such
as oils [5], tar/ pitch increase the plasticity of the clay. The complex
composition of tar/pitch also results in a broad volatilization tempera-
ture range over which the clay can develop strength, forming fine pores
that enhance high-temperature strength and leave residual carbon in the
clay after heating [6]. However, the limitation of using tar/pitch is its
high polycyclic aromatice hydrocarbon (PAH) content [6], which is
more toxic than alternative aliphatic binders [6]. Therefore, alternative
binders with lower PAH content are being investigated for use in taphole
clay. Some of these include refined coal tar pitch (with higher boiling
point PAH species removed), petrochemical binders and oils. The use of
these binders helps to reduce the PAH content, however, most of them
have chained hydrocarbon structures [6], resulting in a higher average
mass loss over a narrow temperature range and lower carbon yield
during heating in the tap hole. This compromises the high-temperature
properties of the clay (i.e. corrosion resistance and high-temperature
strength) due to an increase in porosity. In binder systems where tar/-
pitch is replaced with lower PAH alternatives, phenolic resin can help
improve the strength of these clays. Using resin-bonded clays is another
way in which the PAH content of the binder can be reduced [7].
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However, one disadvantages of using phenolic-only binders is the
reduction in clay adhesion as the resin begins to volatilize and cross-link
at lower temperatures, which then decreases the extrudability and
adhesion of clay to the inner part of the tapping channel [8].

The binder system of a taphole clay influences various performance
indicators (extrusion pressure, taphole length, casting duration) and
clay properties (taphole corrosion, sintering strength, molten metal/
matte/slag splashing) [9]. Utilizing a combination binder system allows
for better control over the abovementioned properties and processes.
The toxicity of the binders is commonly evaluated through an analysis of
their 16-EPA-PAH content and by calculating their benzene equivalent
(BE) from this analysis [10]. The term 16-EPA-PAH refers to a set of 16
polycyclic aromatic hydrocarbons (PAHs) that have been identified as
priority pollutants by the U.S. Environmental Protection Agency (EPA)
due to their toxicity and carcinogenicity, while the BE provides a mea-
sure for comparing the carcinogenic potency of organic substances.
Previous work have shown that coal tar (BE = 1.67) has a higher PAH
content than petroleum waxy oil (BE = 0.03) [6]. Phenolic resole resin
as a binder in blast furnace taphole clay has also shown to have a lower
PAH content than coal tar and coal tar pitch [7]. Glycerine has a primary
alcohol structure that is aliphatic and hence does not contain any PAH.
In this research, a combination binder system consisting of zero-PAH or
lower-PAH binders (glycerine or petroleum waxy oil) together with
phenolic resole resin was used in a taphole clay to assess the changes in
both the performance indicators, such as extrusion pressure and casting
duration, and high-temperature properties of the taphole clay. The
rationale for using either glycerine or waxy oil as a replacement for coal
tar/pitch is to investigate whether greener, low-PAH alternative binders
can be used in taphole clays and to observe the associated changes in the
material. The composition of the clay investigated in this research is
designed for use in platinum smelting furnaces.

2. Materials and methods

2.1. Taphole clay preparation

Three different taphole clays were produced in the laboratory using a
Hobart mixer with paddle beater to produce 15 kg samples for testing.
The formulations used are given in Table 1, which include the oxide,
carbide and carbonaceous raw materials, along with a lignin-substitute
resole resin (ChemRes) and one of three binders: coal tar (reference
binder) from the tar processing unit at ArcelorMittal, South Africa;
reseach-grade glycerine (Clay A) from Sigma-Aldrich; or petroleum
waxy oil from Sasol Limited South Africa (Clay B). The petroleum waxy

oil is a feedstock for production of green coke and diesel and primarily
consists of aliphatic alkanes [6]. The designation of ‘+’ indicates that the
liquids were added in excess of the dry components of the clay, which
total 100%. To achieve shear-thinning flow of the clay [11], the particle
size distribution was designed with a distribution modulus of q = 0.24,
according to the Andreasen model, shown in Eq. 1 [12].

CPFT = 100 ⋅
(
d
D

)q

(1)

where CPFT is the cumulative percent finer than particle size d, D is the
largest particle size in the distribution and, q, the distribution modulus.

The mixing procedure for producing taphole clay differs from that of
conventional monolithic refractories due to the higher viscosity of the
binder. The dry mixture is homogeonised in a mixer for 3 min. There-
after, 50% of the liquid binder (coal tar, glycerine or waxy oil) is added
and mixed for 2 min. After the first two minutes of wet mixing, the resin
is added and mixed for a further 2 min. Three quarters of the remaining
liquid is added and mixed until the wet clay reaches 45 ◦C. A sample of
the wet clay is then taken, and its workability is measured. If the
workability needs to be increased, a final addition of liquid is made at
the discretion of the operator to achieve the desired workability. The
clay is then placed in a container with a closed lid and stored at 23 ◦C.

2.2. Taphole clay evaluation

Three different taphole clays were prepared using three different
binders and evaluated for changes in plasticity, extrudability, harden-
ability, strength development and high-temperature properties. Fig. 1
shows the different evaluations conducted on each of the clay samples
and the conditions to which they were exposed and tested.

2.2.1. Plasticity and extrudability ageing
In this section, two properties of the clay being evaluated are

described: plasticity and extrudability. Plasticity was assessed through
workability (using a compactability test), while extrudability was
evaluated by measuring the extrusion pressure.

The compactability test indicates how workable or formable the
taphole clay is and how it compacts in the tapping channel after ageing
and drying in the mud gun. Good compactability is desired, as it ensures
proper closure of the tap hole [8]. The extrudability test indicates the
pressure required from a mud gun to extrude the clay into the taphole.
For any specific furnace, taphole clay will have a desired compactability
and extrudability, expressed as a percentage, known as workability and
extrusion pressure. Workability (or workability index) measures how
well the clay maintains its shape and can be compacted once a load is
applied, as in the case when it is rammed into the tap hole. Clay samples
for workability measurements were prepared according to ASTM
C181–11 (2018). Workability was evaluated using a AFS (American
Foundry Society) rammer and cylinder with inner diameter of 50 mm. A
350 g clay sample was compacted on both ends of the cylinder 10 times
and then removed from the cylinder. The compacted clay sample was
then placed in the AFS rammer (without cylinder) and compacted 3
times to allow for unconstrained movement, determining the change in
height before and after the 3 blows. This difference in height was
calculated as a percentage reduction in height and was used to deter-
mine the workability. For these specific clays, workability was tested at
20 ◦C, with samples aged (in a closed container) for 21 days at 22 ◦C and
tested intermittently, as shown in Fig. 1. For the clay considered in this
study, the target workability is given as 38%, which is a function of the
type of extruder/mud gun used for a specific furnace.

The extrusion pressure, also called the Marshall extrusion pressure
(MEP) [3], is a measure of how much pressure is required to push the
clay sample through an orifice, in this instance, the orifice of the mud
gun during ramming or closing of the tap hole. A 450 g clay sample was
placed inside the extruder cylinder-orifice configuration [3] (cylinder

Table 1
Clay formulation with three different binders.

Raw material Size range
(mm)

Percentage
(mass%)

Function

Calcined bauxite 3–5 16 Aggregate, abrasion
Calcined bauxite 1–3 17 Aggregate, abrasion
Calcined bauxite +0.045–1 24 Matrix, abrasion
Calcined bauxite − 0.045 21 Matrix, sintering
Silicon carbide − 0.045 5 Matrix, abrasion
Clay (high alkali oxide
content, carbon
containing)

− 0.045 12 Filler, sintering
(liquid-state sintering)

Carbon (coal) − 0.045 5 Gas permeability,
carbon network
(strength)

Lignin/
phenol–formaldehyde
resole resin

- +3.5 Low-temperature
strength development

Liquid binder:
Coal Tar (Reference)
Glycerine (Clay A)
Petroleum waxy oil
(Clay B)

- +16–17
+13–15
+13–15

Consolidating solid
particles into a clay
mass, plasticity,
flowability
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diameter = 50.7 mm; orifice diameter = 16.6 mm) and extruded
through the orifice while measuring the maximum force needed to
extrude the sample. The maximum force (LM) reading was used to
calculated the extrusion pressure (MEP) as shown in Eq. 2:

Maximum pressure at die (MPa) =
LM
SA

(2)

where SA is the curved surface area of the inner walls of the die in mm2.
The extrusion pressure was measured after 21 days of ageing, similar to
the workability test, and evaluated at 20 ◦C (average mud gun barrel
temperature), with samples aged at 22 ◦C in a closed container.

2.2.2. Hardenability (plasticity and extrudability thermal ageing)
Hardenability refers to the decrease in adhesion of the clay when it is

aged at a certain temperature. This simulates the scenario when taphole
clay is heated in the mud gun over a period of time before ramming the
clay into the tapping channel [9]. Excessive hardening of the clay, due to
loss of low temperature volaticles in the binder, causes a reduction in
adhesion of the clay to the refractory material in the tapping channel. It
is largely influenced by the type of resin used and the low-temperature
volatilization of the binder system when exposed to prolonged heating
in the mud gun. Hardenability also consists of two properties, similar to
the plasticity: workability and extrusion pressure. In this test, samples
were aged at 60 ◦C for a total of 48 hours, and also tested intermittently,
as shown in Fig. 1. The workability and extrusion pressure were evalu-
ated at 60 ◦C, with the MEP configuration allowing for heating of the
samples during analysis.

2.2.3. Strength development
Sample preparation for determining the strength development pro-

file was similar to that used for workability testing. Five cylindrical
samples (approximately 350 g, diameter = 50 mm, height = 120 mm)
were prepared and evaluated at 200 ◦C. The selection of heating tem-
perature depends on the binder system and is a function of the phenolic
resin used, which may vary [13]. The cylindrical samples were heated
for various times (Fig. 1) and removed from the oven to cool down
before testing. The mass difference of the samples before and after
heating was recorded to determine mass loss during heating. The cooled
cylindrical samples were then tested for cold compressive strength (CCS)
at 22 ◦C in accordance with ASTM C133–97 (2021).

2.2.4. High temperature properties
The high-temperature properties of the taphole clays that were

evaluated include volatile organic compound (VOC) content, carbon
yield, CCS and apparent porosity (AP). Cylindrical samples similar to the
workability samples were prepared, placed in a coke bed and heated to
800 ◦C for 30 min to prevent oxidation of the carbon material inside the
clay. The samples were slow cooled in the furnace to room temperature,
after which they were analysed. The carbon yield of the clay sample was
tested in accordance with ASTM C571–81 using a Leco CS844 analyser.
Apparent porosity was measured in accordance with ASTM C380–00,
using Archimedes’ principle.

3. Results and discussions

This section reports on the behaviour of the conventional taphole
clay (reference) and the changes that occurred in both the process pa-
rameters and clay properties when alternative binders were used. The
two alternative binder systems investigated were glycerine with resole
resin (Clay A) and waxy oil with resole resin (Clay B). The reference clay
sample utilized a combination binder system of coal tar with resole
resin. All clays had the same resin content.

3.1. Plasticity and extrudability ageing

The workability and extrusion pressure ageing results are shown in
Fig. 2. The workability specification is set at a minimum of 38% for the
specific mud gun for which this clay is designed. This specification is
important as a reduction in workability increases the MEP, resulting in
difficulty extruding clay from the mud gun. This trend is evident in the
results shown in Fig. 2. The reference clay experienced a 14.2% decrease
in workability in 21 days. The extrusion pressure increased in the first 7
days as the workability decreased. The decrease in workability is more
rapid in the first 7 days, after which it gradually decreases. For the
reference clay, after 7 days the MEP decreased, which can cause bypass
[14] of clay inside the furnace whenmore clay is pushed into the taphole
than necessary. The desired MEP behaviour is a small increase in MEP
during the first 7 days of ageing, followed by a plateau, as observed with
Clay A and Clay B. For Clay A, there is a small increase in MEP in the first
4 days, followed by a plateau, with the smallest decrease in workability
observed for this sample. For Clay B, workability decreases over the first
4 days and then unexpectedly increases. This can be attributed to the
lubrication effect of the binder. During ageing of the clay, the liquid
binder penetrates the open pores of the solid particles, which is a slow
process due to the relatively high viscosity of the binders. Once the open
pores are filled, any excess liquid causes slippage of particles relative to

Fig. 1. Experimental setup and conditions for evaluating taphole clay samples from three different binders.
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one another, which is observed in Clay B after 4 days of ageing. Clay A
exhibits a similar trend after 7 days of ageing, though to a lesser extent.

3.2. Hardenability (plasticity and extrudability thermal ageing)

The hardenability of a taphole clay indicates the effect of extended
heating at higher temperatures (60 ◦C) on the extrusion and workability
of the clay. It is a function of volatile loss of the binder system, which
causes an increase in viscosity and consequently an increase in extrusion
pressure [3]. The extrusion pressure directly influences the taphole
length and corrosion of the inner part of the tapping channel (closer to
the inside of the furnace). During ramming, the mud gun extrudes clay

into the tapping channel with a constant pressure. If the clay hardens
quickly, the same maximum extrusion pressure will be used, resulting in
less material being rammed into the taphole and consequently, shorter
taphole filling lengths. This can lead to increased corrosion on the inner
part of the tapping channel as insufficient material is pushed into the
taphole to coat and protect it.

During ramming of the taphole, the mud gun is exposed to elevated
temperatures due to heat that radiates from the tapping launder onto the
mud gun barrel. This increased heat causes low-temperature volatiles to
be released from the binder, which increases the viscosity of the binder.

Thermal ageing results (Fig. 3) reveal that the reference clay loses
almost half of its workability, resulting in a continual increase in

Fig. 2. Workability and MEP ageing of the three examined taphole clays (21 days ageing at 22 ◦C; test temperature 20 ◦C).

Fig. 3. Hardenability (thermal ageing) results of the three examined taphole clays (21 days ageing at 22 ◦C; test temperature 20 ◦C).
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extrusion pressure. If the clay is heated for extended periods, this in-
crease in extrusion pressure will lead to shorter tapping lengths. The
workability of Clay A remained relatively constant, resulting in only a
small increase in extrusion pressure. Clay B showed a decrease in
workability of 22.4%, however, compared to the reference clay, this
decrease only occurred after 24 hours of ageing. This decrease in
workability caused an increase in extrusion pressure, however, the
anticipated increase in extrusion pressure after 48 hours of heating
would be significantly less for both Clay A and Clay B, compared to the
reference clay.

3.3. Strength development

The strength development of a taphole clay is important as it in-
dicates the hardening rate during heating and the corresponding in-
crease in low-temperature strength [13]. Factors that influence the
strength development include the quantity and type of binder, heating
rate and final temperature (200–400 ◦C) [13] [15],. The increase in
strength with heating, shown in Fig. 4, can be attributed to the increase
in viscosity of the binder as low-temperature volatiles are released up to
the decomposition temperature of the binder, which is higher than 600
◦C for pitch and approximately 300 ◦C for resole resin. The resin in the
clay imparts low-temperature strength up to the point where sintering
begins at higher temperatures.

The resin selected for evaluation in taphole clay in this study has a
curing temperature of approximately 200 ◦C. Therefore, the heating
temperature for the samples in Fig. 4 was set at 200 ◦C. The volatile
release of the samples during heating is shown in Fig. 4, where the
masses before and after heating for the stipulated times (Fig. 1) were
recorded to investigate the effect of binder volatilization on strength
development.

The results in Fig. 4 show similar strength development trends for the
reference clay and Clay A, namely a progressive increase in CCS as
heating time is prolonged. There is a relaxation in CCS between 30–60
min in Clay B, which can be attributed to the slow cross-linking kinetics
of the phenolic resin in the binder, as the temperature is close to the

curing temperature of the resin (200 ◦C). The continual increase in CCS
is desirable as it fulfils two requirements: (1) it ensures that the taphole
seal is formed as quick as possible, and (2) it allows for quick drilling.
The latter is dependent on the final CCS value after 120 min of heating,
as higher CCS can increase in drilling time during taphole opening.
Other related issues, such as increased taphole wear [14] due to high
molten flow rate or lancing if taphole clay sintering causes difficulty
with opening, can also occur. Damage to tap hole refractories may result
from excessive vibrations from drilling. For the platinum smelting
furnace for which this clay is designed, the required final compressive
strength at 800 ◦C is from 2.1 to 3.0 MPa.

The reference clay and Clay A achieved similar final CCS values after
firing at 200 ◦C, but these values were lower than the specified limit of
2.1 MPa at 800 ◦C. Clay B showed a different trend, where after 15 min
of heating, the CCS began to decrease. This reduction in strength at
lower temperatures can affect the sintering strength of the clay at higher
temperatures. A possible reason for this downward trend could be poor
wettability and adhesion between the oxide particles and waxy oil
binder, resulting in an inhomogeneous clay mass after mixing [3].

The volatile release from the reference clay and Clay A (expressed as
% mass loss) shows a good correlation with strength development
(Fig. 4) [13]. These two samples exhibit a gradual increase in mass loss
as the CCS increases. For Clay A, the mass loss was the highest, while
Clay B showed the lowest. Between 30 and 120 min, the mass loss of
Clay B increased by 0.51%, compared to more than 1% for both refer-
ence clay and Clay A. The lower CCS of Clay B after heating is due to its
lower rate of volatilization [6]. This lack of volatilization with extended
heating time causes the viscosity to remain constant. As a result, the
transition from liquid to semi-solid and finally to solid does not occur as
readily with this binder system. As previously mentioned, the decrease
in strength development can affect high-temperature strength and, as a
consequence, may result in the spontaneous opening of the tap hole
when a load (caused by the hydrostatic pressure of the molten material
in the furnace) is applied to the sintered clay in the tapping channel.

Fig. 4. Strength development profile and associated mass loss at 200 ◦C of the three examined taphole clays.
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3.4. High temperature properties

The VOC concentration, retained carbon (% carbon yield), cold
crushing strength and apparent porosity after firing at 800 ◦C under
reducing conditions for 30min for the examined taphole clays are shown
in Table 2. The results indicate that Clay B did not maintain its integrity
for testing after firing, as the sample crumbled in the furnace. This
outcome was expected based on the strength development profile of
Clay B.

The carbon yield in Table 2 reflects contributions from the solid
carbon in the clay, the binder and the resin. For Clay A and Clay B, the
carbon contribution from the binder is mainly due to the carbonization
of the resin, given the low carbon yield of these binders [6]. The refer-
ence clay had a higher VOC concentration and carbon yield than the
other clay samples. Clay A had the lowest carbon yield, however, it still
retained its shape to achieve a CCS of 2.4 MPa after heat treatment at
800 ◦C. The reference clay exhibited a higher CCS (3.1 MPa), likely due
to the relative higher carbon yield. For the PGM smelter for which this
clay is being developed, a minimum high-temperature strength of 2.1
MPa is required to ensure that the clay can withstand the molten load in
the furnace. Due to the lower CCS of Clay A compared to the reference
clay, it is anticipated that Clay A will result in shorter drilling times
because of its lower sintering strength. The apparent porosity of the
reference clay and Clay A were comparable, although the Clay A sample
had a higher mass loss, which did not seem to influence the strength of
the clay.

The results in Table 2 show the effect of substituting coal tar/pitch in
taphole clay with alternative binders and highlight areas for improve-
ment. The temperature range in which a binder increases its viscosity
below 200 ◦C is a critical factor in ensuring sufficient low-temperature
strength development that translates into high-temperature strength.
Another observation is the slight reduction in carbon yield. While this
reduction is one of the factors influencing the high-temperature strength
of the clay, its effect is evident in the difference in CCS values. Therefore,
when substituting the binder for coal tar in taphole clay, adjustments to
the binder-to-resin ratio are required to compensate for the reduced
carbon yield and lower CCS. The extent of these adjustments depends on
the specific furnace load requirements for the clay.

4. Conclusions

This study evaluated the effect of replacing high-PAH coal tar with a
zero-PAH or lower-PAH alternative binder on the performance in-
dicators and properties of a taphole clay intended for use in a platinum
smelter. The following conclusions can be drawn:

1) Simulated tests for ramming, extrusion, and strength development
indicated that Clay A (glycerine and resole resin) was the most
suitable replacement for coal tar in taphole clay. Clay A showed the
smallest decrease in workability ageing, the smallest increase in
MEP, and the lowest hardenability.

2) Strength development trends revealed Clay A developed strength
during heating similarly to the reference clay (coal tar), though with
a higher mass loss over the heating period. Clay B did not show a
sufficient increase in strength development, which was attributed to
the limited mass loss that occurred in the binder during heating.

3) High-temperature testing revealed that Clay B did not maintain
sample integrity, which is related to insufficient strength develop-
ment at lower temperatures. The reference clay and Clay A had
comparable compressive strength values after firing at 800 ◦C of 3.1
MPa and 2.4 MPa, respectively, despite Clay A experiencing a higher
mass loss during strength development. The reference clay sample
had the highest carbon yield and VOC concentration. The carbon
yield results for Clay A and Clay B indicated a decrease in high-
temperature strength due to the lower carbon yields of these binders.

4) Among the binder systems examined, the most suitable replacement
for coal tar in taphole clay was found to be a combination binder
system of glycerine and phenolic resin.
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