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ABSTRACT

Stamp-charging technology has gained increasing importance in the coke-making industry, owing to its
ability to utilize lower-cost coals with inferior coking properties while maintaining the required coke
quality. This contributes to more efficient utilization of coal resources and improved economic performance
of the coking process. However, the successful application of this technology depends on the mechanical
integrity of the stamped coal cake during handling and charging into coke oven chambers. Insufficient
cake strength may result in its disintegration, causing operational disturbances and fugitive emissions of
raw coke oven gas to the atmosphere. This study investigates the potential of selected chemical binders to
improve the mechanical strength of stamped coal cakes without adversely affecting the coking behaviour
of the coal blend and the quality of the produced coke. Laboratory investigations were carried out to
evaluate the influence of binder additions on the mechanical strength of stamped coal cakes, selected
coking properties of the coal blend, including the Roga index (RI), free swelling index (FSI), maximum
fluidity (Fmax), contraction (a), and dilatation (b), as well as the coke reactivity index (CRI) and coke
strength after reaction (CSR) of the resulting coke. The maximum binder dosage was limited to 1 wt.% to
identify the minimum effective dosage capable of improving stamped coal cake strength while ensuring
industrial applicability, minimizing material consumption in accordance with the principles of resource
efficiency, and avoiding potential adverse effects of higher binder contents on the coking process and
the quality of the produced coke. The results demonstrated that chemical binders at dosages of up to 1
wt.% significantly improved the mechanical strength of stamped coal cakes without adversely affecting
the coking properties of the coal blend or the key quality parameters (CRI and CSR) of the produced
coke. These findings indicate that appropriately selected binders can enhance the operational reliability of
stamp-charging technology while enabling more efficient utilization of lower-quality coking coals, thereby
supporting resource efficiency and reducing the environmental impacts of coke production.
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INTRODUCTION

Around 70% of global steel production is based
on the integrated BF-BOF route (blast furnace-ba-
sic oxygen furnace), in which metallurgical coke
serves as the primary reductant and energy source
in the production of hot metal from iron ore (World
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Steel in Figures 2024). Despite advances in alter-
native technologies, the integrated BF-BOF route
will remain the dominant steelmaking method
over the next decade or so (Nesbitt et al., 2023).
The technological development of the global
coke-making industry is currently driven by Asian
countries, mainly China, Japan, India, Indonesia
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and South Korea. It is primarily related to strong
economic development (increased demand for
steel) and the accompanying progress in the met-
allurgical industry, which results in the operation
of blast furnaces with increasing volumes and
increased requirements as to the quality of coke,
in particular in relation to its strength parameters
(Rejdak et al., 2021). The coke-making industry
remains an important component of the European
Union’s economy, primarily due to its key role
in integrated iron and steel production. Although
the sector is not developing as dynamically as in
Asian countries, significant investments are still
being made in the European coke-making indus-
try, focusing on the modernisation and replace-
ment of coke oven batteries, improved energy
efficiency, and emission reduction. One example
is the modern coke oven battery commissioned in
2025 at the Przyjazn Coking Plant, with an annual
production capacity of approximately 610,000
tonnes of coke, making it one of the most ad-
vanced installations of its kind in Europe. In view
of the global deficit of coking coals with the prime
quality parameters, coking coal has been included
on the EU’s list of critical raw materials essential
for sustainable economic development and securi-
ty. Therefore, effective management of this scarce
raw material is extremely important. Moreover,
in recent years, low-carbon smelting technologies
have boomed up in blast furnace (BF) ironmak-
ing, such as pulverised coal injection in tuyere,
BF top gas recycle, injection into hydrogen-rich
gas from tuyere, etc. (Chen et al., 2025). There-
fore, the role of coke as a physical support in this
process is increasing, which requires extremely
high strength parameters. Meeting these stringent
requirements is possible using coke produced in
stamped-charged coke oven batteries. The use of
this technology allows for a very high charge den-
sity, which allows the use of smaller amounts of
the scarce prime coking coals or even non-coking
coals in the blend (Tiwari et al., 2014a). For this
reason, stamp-charged coke-making technology is
currently the most dynamically developing coke
production technology (Rejdak et al., 2021).

A fundamental prerequisite for the effective
implementation of stamp-charging coke-making
technology is the production of coal cakes with
sufficient density and mechanical strength to with-
stand handling, transportation, and charging into
coke oven chambers without structural damage.
Adequate mechanical integrity ensures stable op-
eration of the coke oven battery, complete chamber

filling, high process productivity, and the produc-
tion of metallurgical coke meeting the required
quality standards. Conversely, insufficient coal
cake strength may lead to cracking or disintegra-
tion during charging, resulting in production inter-
ruptions, incomplete utilisation of chamber capac-
ity, and deterioration of working conditions due to
the need for additional manual interventions.

Beyond its operational consequences, coal
cake failure also has important environmental im-
plications. Structural damage during charging may
increase fugitive emissions of untreated coke oven
gas. It may contain hazardous compounds such as
methane, hydrogen, carbon monoxide, volatile or-
ganic compounds and polycyclic aromatic hydro-
carbons (Bigda at al., 2017a, Bigda at al., 2017b).
These uncontrolled emissions contribute to atmo-
spheric pollution, increase greenhouse gas emis-
sions, and adversely affect occupational as well
as environmental safety. The emissions occurring
during stamped coal cake failure are not only a
significant environmental concern but, above all,
pose a serious risk to personnel directly involved
in emergency response and repair operations. Fur-
thermore, incomplete chamber filling and process
interruptions reduce the efficiency of coal utilisa-
tion, increase the specific consumption of raw ma-
terials and energy per unit of coke produced, and
consequently increase the environmental footprint
of the coke-making process.

Although stamp-charging technology enables
the use of lower-cost coking coals with inferior cok-
ing properties, thereby improving the utilisation of
available coal resources and reducing dependence
on premium coking coals, its broader industrial
implementation requires maintaining adequate me-
chanical stability of the stamped coal cake. Despite
continuous improvements in stamping equipment
and process automation, coal cake damage during
charging remains an important operational chal-
lenge in industrial practice. Consequently, there is
a continuing need for the technological solutions
capable of enhancing coal cake integrity without
adversely affecting the coking behaviour of the
coal blend or the quality of the produced coke.

One of the approaches to improve the me-
chanical strength of stamped coal cakes is the
application of additives capable of enhancing
the interparticle bonding forces within the finely
crushed coking coal blend. Stronger interparticle
interactions increase the structural integrity of the
compacted cake, thereby reducing its susceptibil-
ity to cracking and disintegration during handling
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and charging into coke oven chambers. From
both technological and environmental perspec-
tives, improving coal cake stability is important
because it minimises process disturbances, re-
duces the risk of fugitive emissions of untreated
coke oven gas during charging, and contributes to
more efficient utilisation of coal resources.

Although numerous studies have investigated
the densification of carbonaceous materials, in-
cluding coking coals, using chemical additives
in briquetting processes (Borowski and Hycnar,
2013; Borowski et al., 2017; Fehse et al., 2017;
Nomura, 2019), relatively little information is
available regarding the use of chemical binders
specifically intended to improve the mechanical
strength of stamp-charged coal cakes. Previous
investigations conducted by Tata Steel demon-
strated that coal tar pitch (Krishnan et al., 2004)
and the proprietary additive X7 (Tiwari et al.,
2011; Tiwari et al., 2014b) could improve the
mechanical behaviour of stamped coal cakes.
However, the information on their industrial ap-
plication remains limited in the published litera-
ture. Moreover, chemical additives may influence
not only the mechanical properties of the coal
cake but also the thermoplastic behaviour of the
coal blend and, consequently, the quality of the
produced coke (Tiwari et al., 2011; Tiwari et al.,
2014b; Nag et al., 2015). Therefore, the selection
of suitable binders requires balancing improve-
ments in mechanical strength with the preserva-
tion of coking performance and coke quality.

In the present study, commercially available
chemical additives representing different func-
tional groups were selected to evaluate their ef-
fectiveness under conditions relevant to industrial
coke-making practice. Because all of the selected
substances exhibit binding properties in their pri-
mary applications, it was hypothesised that their
addition to the moist coal blend would enhance
interparticle bonding and thereby improve the co-
hesion and mechanical strength of the compacted
coal charge. The additives were selected based
on their commercial availability, compatibility
with existing coke-making technology, effective-
ness at low dosages (<1 wt.%), and technological
and environmental feasibility. Particular attention
was given to the formulations that could be read-
ily implemented under industrial conditions with-
out requiring substantial modifications to existing
production facilities.

The investigated additives comprised acryl-
ic-polymer and styrene-acrylic-based binders, a
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commercially available dust suppressant based on
an inorganic ionic system, and a viscous by-prod-
uct generated during the coke-making process.
The inclusion of the coke-making by-product was
intended to evaluate its potential for internal reuse
in accordance with circular economy principles,
thereby promoting the valorisation of process-
derived materials. The polymer-based binders and
the dust suppressant were selected because they
are manufactured on an industrial scale, readily
available on the global market, and suitable for ap-
plication at low dosages, making them promising
candidates for practical implementation. In addi-
tion, the investigated polymer binders were sup-
plied as water-based dispersions free of organic
solvents, thereby reducing the potential for volatile
organic compound (VOC) emissions and improv-
ing occupational and environmental safety during
handling and application. The application of com-
mercially available additives at low concentra-
tions is consistent with the principles of resource
efficiency, as it enables a significant improvement
in stamped coal cake strength while minimising
the consumption of auxiliary materials, limiting
potential impacts on the coking behaviour of the
coal blend and the quality of the produced coke,
and reducing the environmental burden associated
with the coke-making process.

The influence of these additives on the me-
chanical strength of stamped coal cakes was eval-
uated using the axial compression method, which
is widely applied for assessing the mechanical
properties of compacted particulate materials
(Borowski, 2012). In parallel, their effects on the
coking behaviour of the coal blend were assessed
through Gieseler fluidity, Arnu-Audibert dilato-
metric characteristics, the Roga index (RI), and
the free swelling index (FSI). The quality of the
produced coke was evaluated using the coke re-
activity index (CRI) and coke strength after reac-
tion (CSR), which are internationally recognised
as the principal indicators of blast furnace coke
quality (Ghosh et al., 2018; North et al., 2019;
Qin et al., 2025).

EXPERIMENTS

Materials

The base raw material was a coal coking
blend (RCB — reference coal blend) composed of
coals supplied by the largest Polish coke producer
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JSW KOKS S.A. with a fixed composition: coal
A—15wt.%, coal B—35 wt.%, coal C — 10 wt.%,
coal D — 20 wt.%, coal E — 20 wt.%. A proximate
and ultimate analysis of the RCB and an analysis
of the chemical composition of the ash were car-
ried out and the results are presented in Table 1.

Moisture content of reference coal was de-
termined according to the standards: PN-G-
04611:2020-06 (total) and PN-G-04560:1998
(analytical), ash content according to PN-80/G-
04512+Az1:2002, volatile matter content accord-
ing to PN-G-04516:1998, sulphur content accord-
ing to PN-G-04584:2001, carbon content accord-
ing PN-G-04571:1998, hydrogen and nitrogen
content according to PN-G-04571:1998, chlorine
content according to PN-G-04534:1999. Phos-
phorus content was determined using the ICP-
OES method according to the internal procedure
Q/LCA/55/A:2021. The chemical composition of
the ash was determined using the ICP-OES meth-
od in accordance with the internal procedure Q/
LCA/55/A:2021. Densification and coke-making
tests of coal blend were carried out with the ad-
dition of five selected chemical additives. These
were commercially available additives in the form
of aqueous solutions and dispersions, as well as
viscous by-product of the coke-making industry,
without any modifications. A brief description of
the tested additives is provided in Table 2.

Methods

Stamped charge preparation

The coal blend was prepared by thoroughly
mixing the coking coals with the selected chemi-
cal additive in a laboratory two-shaft Z-type mix-
er for 10 min to ensure uniform distribution of the
additive throughout the entire mass of the blend.
The additives were introduced in amounts not ex-
ceeding 1 wt.% of the dry coal blend. The dos-
age of each additive was calculated on a dry coal
basis. Water-based additives were dosed directly
into the mixer using their commercial formula-
tions, while the total amount of process water
was adjusted to obtain a final moisture content of
12 wt.%. This procedure ensured identical mois-
ture conditions for all tested mixtures, regardless
of the type of additive applied.

The additive designated as ‘T, supplied as a
highly viscous liquid, was preheated prior to mix-
ing in order to reduce its viscosity and facilitate its
uniform dispersion within the coal blend. During

mixing, particular attention was paid to achieving
homogeneous coating of the coal particles and
preventing the formation of local agglomerates
of the additive. After mixing, the prepared coal
blend was transferred to airtight containers and
conditioned for 24 h. This conditioning period
was introduced to simulate the residence time of
the coal blend in an industrial coal tower, allow-
ing moisture redistribution and stabilisation of the
interactions between coal particles and the chemi-
cal additive before the stamping process.

The coal blend used in this study had a par-
ticle size distribution in which approximately
97 wt.% of the material was smaller than 3.15
mm, corresponding to the particle size common-
ly used in industrial stamp-charging technology.
Following conditioning, the blend was com-
pacted using a laboratory mechanical stamping
apparatus. The design and operating principles
of the stamping device were described in detail
elsewhere (Rejdak et al., 2022).

Table 1. Properties of the reference coal blend (RCB)

Parameter Value [%]
Moisture (analytical), W2 0.9+0.1
Ash (analytical), A® 8.9+0.2
Volatile matter (analytical), V2 2459 + 0.17
Total sulphur (analytical), S 0.61+0.04
Sulfur in coal ash (analytical), S, 0.62 +0.06
Combustible sulphur (analytical), S_? 0.09 £ 0.05
Total carbon (analytical), C? 80.0+ 0.6
Total hydrogen (analytical), H? 4.38£0.27
Nitrogen (analytical), N@ 1.41+£0.15
Oxygen (analytical - calculated), O 2 9.39
Chloride (analytical), CI? 0.149 + 0.030
Phosphorus (analytical), P2 0.055 + 0.002

Chemical composition of ash
Silicon dioxide, SiO, 43.49 £3.04
Aluminum oxide, AL,O, 27.10 £ 2.67
Iron oxide, Fe,O, 6.91 +0.62
Calcium oxide, CaO 3.07+£0.17
Magnesium oxide, MgO 1.98 +0.17
Sodium oxide, Na,O 1.54£0.17
Potassium oxide, K,0O 2.70+£0.33
Titanium oxide, TiO, 1.20 £ 0.06
Manganese oxide, Mn,O, 0.07 £ 0.01
Phosphorus oxide, P,O, 1.43+0.14
Sulphur oxide, SO, 2.30+0.13
Barium oxide, BaO 0.28 £ 0.02
Strontium oxide, SrO 0.16 £ 0.02
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Table 2. Chemical additives used for research

Additive sign. Type
‘T By-product of the coke-making industry, viscous liquid.
‘A Commercially available binder for the paint production based on an acrylic polymer, an agueous emulsion.
‘SA Commercially available binder based on styrene-acrylic copolymer, aqueous dispersion.
‘SAG’ C_omme_rcially available binder based on a mixture of styrene-acrylic copolymer and ethylene glycol, aqueous
dispersion.
‘DS’ Commercial solution of dust suppressant based on a mixture of in-organic base in ionic equilibrium with acids.

Evaluation of the density of the stamped
charge

The density of the stamped coal charge was
determined as the quotient of the mass of the
charge and its volume. The mass of the stamped
charge was approximately 600 g on a dry basis.
The density of the coal charge was calculated as
an average value for twelve prepared samples of
stamped coal cake (six samples for compressive
strength and six samples for shear strength test).

Evaluation of the mechanical strength
of the stamped charge

The tests for assessing the mechanical
strength of the stamped coal charges were carried
out with use of universal strength testing machine
presented in Figure 1. This stand enables strength
tests to be performed at a maximum force of
5 kN. Research included tests of the compressive
and shear strength of stamped charges.

Compressive strength test procedure

The stamped coal charge was placed between
the pressure plates of the test device presented in
Figures 1a and 1b and then subjected to compres-
sion at a speed of 2 mm/min, recording the pres-
sure force on-line (Figure 1c). A sample during
the measurement of the shear strength presents
Figure 1d. The force increased until the stamped
cake was destroyed and then decreased. The
quotient of the maximum value of the measured
force to the surface of the sample subjected to
the load corresponds to the mechanical compres-
sive strength, expressed in kPa. The compressive
strength of stamped cake was determined for 6
individual charges with each chemical additive,
and the given strength value was the average of 6
tests. The accuracy of the mean value of the meas-
ured quantity for a given measurement series was
determined based on the extended uncertainty (U)
of the arithmetic mean.
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U(f)=k-u(9?)=k-\/s—ﬁ (1)

where: U(x) — expanded uncertainty, £k — expan-

sion factor (k = 2; significance level o =

0.05), u(x) — standard uncertainty of the

mean value, s — standard deviation of a

single measurement from a sample, n —
number of measurements (6 tests).

Shear strength test procedure

The stamped coal cake was placed in a special
form presented in Figure la. Half of the stamped
charge was immobilised between the mould press-
ing elements, the other half was subjected to pres-
sure at a speed of 2 mm/min. The pressure force
gradually increased until the sample broke into two
equal parts. The value of mechanical shear strength
for a given sample was calculated as the quotient
of the maximum recorded force and the area on
which the shear stress acted. The shear strength
was determined for 6 individual stamped charge
samples with chemical additives, and the given
strength value was the average of 6 tests. The ac-
curacy of the mean value of the measured quantity
for a given measurement series was determined
based on the expanded uncertainty of the arithme-
tic mean as in the case of compressive strength.

Testing the coke-making properties of coal
blend with chemical additives

Coal blends with five chemical additives were
subjected to evaluation of their coke-making prop-
erties. The determination of coal blend plastic
properties was carried out by the Gieseler method
based on PN-G-04565:1994 which is consistent
with ISO 10329:2009. Arnu-Audibert test which
allow determining of dilatometric properties of coal
blend was carried out based on the ISO 349:1975
standard. The Roga index (RI) determination was
based on the PN-G-04508:2020-05 standard. The
determination of the free swelling index (FSI) was
performed according to ISO 501: 2012.
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a)

Figure 1. Stand for testing the mechanical strength of the stamped coal charge (a); a sample during the
compressive strength measurement (b); an example of a screenshot during the compressive strength test (c);
a sample during the measurement of the shear strength (d)

Coking process simulation and coke
properties evaluation

Coke production tests of stamped charges were
carried out in the Karbotest installation, which
simulates the conditions of the coking process in
a coking chamber. The coking process continued
until the temperature of 950 °C was reached in the
charge axis. Karbotest installation and coking test
procedure was described in more detail in papers
(Rejdak et al., 2020; Scigzko et al., 2020). CRI
and CSR parameters of obtained cokes were deter-
mined according to ISO: 18894:2006.

RESULTS AND DISCUSSION

The study focused on evaluating the mechan-
ical strength and density of stamped coal cakes
containing chemical additives. In addition, the
coke-making properties of the coal blends and key
quality parameters of cokes produced with use of
these additives were determined. The crucial fac-
tors determining the proper coke production pro-
cess in stamp-charged coke oven batteries are the

appropriate density and strength of the stamped
coal cake. The density is responsible for the high-
er strength of the coke, the higher throughput of
the oven and has an impact on coke quality. Com-
pressive and shear strength enable safe loading
of the coal cake into the furnace. Safe loading of
coal cake is a necessity not only from a produc-
tivity perspective but also to control the heat input
to the furnaces, thereby ensuring the safety of the
furnaces and the quality of the coke.

The mechanical strength of the coal cake is
the resultant of a number of technological factors,
such as basic coal parameters (volatile matter
content, moisture content, mineral matter content
and particle size distribution), homogenisation of
the coal blend, as well as proper stamping oper-
ation, guaranteeing uniform density in the entire
volume of the coal charge (Rejdak 2018; Rejdak
et al., 2020). A particularly important condition
for the effectiveness of the compaction operation
is also ensuring the appropriate moisture con-
tent in the blend, which at the same time has a
negative impact on the economic and ecological
balance of the coking process (the higher energy
consumption and higher amount of waste water).
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The influence of five additives of various ori-
gins with concentrations in the range of 0—1 wt.%
on the mechanical properties of the stamped cake
i.e. compressive and shear strength, and density
have been investigated. The additives tested were a
by-product of the coke-making industry marked as
“T’, acrylic polymer ‘A’, commercially available
binders based on styrene-acrylic copolymer: ‘SA’
and ‘SAG’, and dust suppressant ‘DS’ (Table 2).

The basic coke-making properties of the ref-
erence coal blends with 1 wt.% of additives were
determined, namely: Roga index (RI), FSI, fluid-
ity index (F__) and the contraction and dilatation
using the Arnu-Audibert method. Technological
parameters of cokes with 1 wt.% of additives
were assessed, i.e.: Coke reactivity index (CRI)
and coke strength after reaction (CSR).

Compressive and shear strength, density of
the stamped coal cake

The introduction of the chemical additive into
the coal coking blend was aimed at enhancing the
mechanical integrity (stability) of the stamped
coal charge, with particular emphasis on improv-
ing its compressive strength. Among the mechan-
ical strength indicators, uniaxial compressive
strength was selected as the primary metric for
assessing charge integrity due to its widespread
use and reliability. Shear strength was employed
as a supplementary parameter to provide addi-
tional insight into the cohesion and stability of
the stamped cake. The results of average value
compressive strength, shear strength and density
of stamped coal cakes with all tested chemical ad-
ditives are presented in Table 3.

The tests of the mechanical strength and
the density of stamped cakes were carried out
for different concentrations of the ‘T’ additive
(by-product of the coke-making industry), name-
ly: 0.1, 0.3, 0.5, and 1.0 wt.%. The dependence
of the compressive and the shear strength on the
concentration of the ‘T’ additive in the stamped
charge is shown in Figures 2a and 2b.

This additive had a positive effect on the com-
pressive strength, with the maximum increase ob-
served at a content of 1%, amounting to 18.6%. At
0.5 wt.%, a slight deviation was observed, which
is most likely attributable to a measurement error
and does not significantly affect the overall inter-
pretation of the results. At the same time, for this
additive in amount in the range of 0.1-0.5 wt.%,
an increase in shear strength of 14.4-15.3% was
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recorded compared to the coal charge with no ad-
ditive. At an additive level of 1 wt.%, the positive
effect of T was no longer observed.

The dependence of the strength of the stamped
cakes on the concentration of ‘A’ additive is pre-
sented in Figures 3a and 3b.

Additive ‘A’ is a binder for paint production
based on an aqueous emulsion of an acrylic pol-
ymer. This additive significantly improved the
mechanical strength of stamped coal cake - both
compressive and shear. The compressive strength
increased by 1.0-16.4% in the tested range
(0.025-1.0 wt.%). The highest value of compre-
hensive strength was recorded for the additive
concentration of 0.3 wt.% — increase by 16.4%
compared to the stamped coal cakes produced
with use of pure reference coal blend. The shear
strength increased by 32.2% for 0.3 wt.% additive
addition. The minimum content of ‘A’ additive
improving the strength of the stamped coal cake
was 0.025 wt.%.

The effect of the ‘SA’ additive (binder, aque-
ous dispersion of styrene-acrylic copolymer) on
the strength and density of the stamped cakes was
tested for concentrations of 0.025, 0.05, 0.1, 0.3,
0.5, and 1.0 wt.%. The results are presented in
Figures 4a and 4b.

The ‘SA’ additive showed high effectiveness
even at low contents in terms of testing the com-
pressive strength of the stamped coal charge. A
significant increase in compressive strength was
observed by 7.8% for 0.05 wt.% of the substance,
up to a maximum of 16.7% for 0.3 wt.% of the
additive content. However, its effect of ‘SA’ addi-
tion on the shear strength was smaller. The max-
imum increase was achieved for 0.05 wt.% addi-
tive concentration, which was 11.0%.

Changes in the compressive and shear strength
of the stamped charge depending on the concen-
tration of the ‘SAG’ additive (binder, aqueous dis-
persion of styrene-acrylic co-polymer with ethyl-
ene glycol) are shown in Figures 5a and 5b.

‘SAG’ additive showed effectiveness at low
concentrations in the range of 0.025-0.1 wt.%.
However, at a higher concentration (0.3 wt.%), it
had a neutral effect on the mechanical properties
of the stamped cake and even tended to deteriorate
the strength parameters. The compressive strength
increased by 6.4-9.4% (in the range of 0.025-0.1
wt.% of the addition), while the shear strength in-
creased by 8.4% (for 0.025 wt.% of the addition)
and also by 19.5% (for 0.1 wt.% addition). Fig-
ure 6 presents the dependence of the compressive
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Table 3. Summary of the density, compressive and shear strength results of stamped coal charges for selected
additives depending on their quantity

Additive Density Compressive Change in compressive | Shear strength | Change in shear
content [wt.%] [kg/m?] strength [kPa] strength [%] [kPa] strength [%]
RCB
0 1000 + 1 154.0+54 - 11.8+1.2 -

RCB + T’
0.100 999 + 1 156.0 £4.2 1.3 13.6+0.9 15.3
0.300 1006 + 1 167.7£3.6 8.9 13.5+0.7 14.4
0.500 994 + 2 160.2+54 4.0 13.5+0.5 14.4
1.000 1008 + 1 1826+7.4 18.6 11.4+04 -3.4
RCB + ‘A
0.025 995 + 1 155.5+4.9 1.0 13.8+0.7 16.9
0.050 999 + 1 166.0 £ 5.2 7.8 13.8+ 1.1 16.9
0.100 997 + 2 173.7+54 12.8 12.8+0.8 8.5
0.300 996 + 3 179.3+4.0 16.4 15.6 £ 0.6 32.2
0.500 1000 + 1 1746 £2.0 13.4 14.8+0.5 25.4
1.000 995+ 2 172.1+5.8 11.8 152+ 0.6 28.8
RCB + ‘SA
0.025 1003 + 1 153.8+5.1 -0.1 12.3+0.6 4.2
0.050 1001 £+ 1 166.0 £6.3 7.8 13.1+0.7 11.0
0.100 1004 + 4 175.2+53 13.8 126+1.2 6.8
0.300 1000 + 4 179.7+£2.2 16.7 11.1+£0.5 -5.9
0.500 1004 £ 4 169.5+4.0 10.1 12.4+1.0 5.1
1.000 1000 + 3 169.1 £2.0 9.8 10.8+0.7 -8.5
RCB + ‘SAG’
0.025 1002 £ 1 166.4 + 5.1 8.1 12.8+0.8 8.5
0.050 998 + 4 163.9+7.6 6.4 11.5+£0.9 -2.5
0.100 999 + 1 168.5+54 9.4 141+15 19.5
0.300 995 + 4 154.9+4.2 0.6 10.9+0.8 -7.6
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0.300 1006 + 1 158.1 £3.2 2.7 13.0+1.0 10.2
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Figure 2. Compressive (a) and shear strength (b) of the stamped coal cake depending
on the amount of ‘T’ additive
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Figure 5. Compressive (a) and shear strength (b) of the stamped coal cake depending
on the amount of ‘SAG” additive

(Figure 6a) and shear strength (Figure 6b) of the
stamped charge on the concentration of the ‘DS’
additive (dust suppressant solution).

This additive did not significantly change the
compressive strength. The compressive strength
values obtained for individual amounts of additive
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did not differ significantly from the reference val-
ue and were within the measurement uncertainty
range. Although a certain increase in compressive
strength was observed (particularly at an additive
level of 0.1%), the obtained values fall within the
range of the expanded measurement uncertainty.



Journal of Ecological Engineering 2026, 27(11), 124-139

&
N~

ECE + D3 (compressive)
180
170
180

A% I:kPa]

140
130
120

4

Clomprassive strength avg., F,

0o 002F 005 01 03 05 10
Amonnt of addtive [Fa]

b)
RCE + DS (shear)
16
=l Ea
212
£ 10
3

Shear strangth avg,, F..
& bd e O

G 0035 005 01 03 05 1.0
Amount of zdditive [%E]

Figure 6. Compressive (a) and shear strength (b) of the stamped coal cake depending
on the amount of ‘DS’ additive

A similar situation was noted for shear strength: at
lower concentrations up to 0.1%, a slight increase
was observed (with the exception of the deviation
at 0.05%), but the changes are relatively small and
should be interpreted with caution.

It was observed that the additives introduced
into the coal blend for the coking process, while
enhancing the cohesion of the coal charge, did not
result in significant change in the density of the
stamped charges. The changes in density observed
as a result of the introduction of chemical additives
are relatively small (0.1-0.8%) and fall within the
range of the measurement uncertainty (Table 3).

The influence of the additives on the cohesion
of the compacted coal charge most likely results
from their direct modification of the interaction
forces between wetted coal particles. The cohe-
sion of a compacted coal charge is governed by
several factors, including particle-size distribution
and the degree of comminution, which determine
the available interparticle contact area; bulk den-
sity, which controls particle packing and therefore
the number of interparticle contacts as well as the
cumulative magnitude of the interaction forces;
particle shape, which affects mechanical inter-
locking; and the surface properties of the parti-
cles, including the forces associated with interpar-
ticle moisture, such as capillary forces and liquid
bridges. The addition of chemical agents modifies
both the interparticle interactions and the prop-
erties of the liquid phase present in the mixture,
which, in the reference blend, consists of water. In
particular, the additives may alter the surface ten-
sion and contact angle, thereby affecting both the
strength of existing water bridges and the forma-
tion of new polymer-solution liquid bridges (Si-
mons at al., 2024). The additives may also change
the viscosity of the liquid phase between the coal

particles, which in turn affects the work of adhe-
sion and determines the degree of cohesion of the
coal agglomerate (Ennis at al., 1990).

Owing to their different physicochemical
properties, the individual additives affect these
parameters in different ways, and their overall in-
fluence therefore represents the combined result
of several competing mechanisms. The differenc-
es observed between the compressive- and shear-
strength measurements may likewise arise from
the different failure mechanisms involved in the
two tests. During uniaxial compression of granu-
lar materials, considerably more complex inter-
actions occur between the particles, including
the simultaneous development of compressive,
tensile and shear stresses, accompanied by me-
chanical interlocking that is strongly influenced
by particle shape (Kun at al., 2013). In a shear
test, by contrast, particle sliding along a defined
failure plane plays a more prominent role, and the
introduced additives may facilitate this process
by reducing interparticle friction. Consequently,
the result of the uniaxial compression test reflects
the combined effects of compression, shear, ten-
sile stresses, friction, particle interlocking and the
failure of interparticle bridges, rather than merely
the intrinsic resistance of the material to compres-
sion. As indicated above, compressive strength
therefore constitutes the principal parameter used
to assess the mechanical integrity of the produced
compacted coal charges. Moreover, the shear
strength test demonstrated higher sensitivity and
susceptibility to inconsistencies, likely due to the
increased vulnerability of the compacted struc-
ture to damage or disruption during testing. This
increased sensitivity is presumed to contribute to
the greater measurement error and result scatter
observed in the shear strength data.
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The decrease in strength observed at higher ad-
ditive dosages may result from excessive surface
coverage of the particles, which can enhance lubri-
cation and plasticization of the contact zones, there-
by reducing the internal friction of the material.

As mentioned earlier, although the problem
of the destruction of the stamped charge during
the charging of coke oven chambers is a real is-
sue, there is not much information in the literature
on this subject. This topic, however, has been ad-
dressed in only a few articles. In one of them, re-
searchers from India investigated the effect of coal
tar pitch on the strength of the stamped charge and
the quality of the coke produced (Krishnan et al.,
2004). When 0.5 wt.% coal tar pitch was added to
a coal blend with 7 wt.% moisture content, a sig-
nificant increase in coal cake strength (both com-
pressive and shear) — approximately 10% — was
observed, relative to a reference blend with 9 wt.%
moisture and no binder. However, at concen-
trations above ~2 wt.%, a decline in mechanical
strength was observed. The incorporation of coal
tar pitch also contributed to a reduction in energy
consumption during the stamping and coking pro-
cess stages, while simultaneously improving the
rheological characteristics of the coal blend. This
facilitated the use of lower-grade coals in coke
production. Researchers at Tata Steel (India) have
developed also a novel binder, designated ‘X7°,
which has been shown to significantly enhance the
structural integrity of stamped coal cakes and in-
crease throughput in coking ovens (Tiwari et al.,
2011; Tiwari et al., 2014b). The application of ‘X7’
not only improved the quality parameters of the
produced coke but also contributed to a reduction
in specific energy consumption associated with
stamp-charged coke production. Laboratory-scale
experiments demonstrated that the addition of ‘X7’
to coal blends, at concentrations ranging from 0.10
to 0.50 wt.%, led to an increase in coal cake me-
chanical strength by approximately 3.0-5.0%.

However, in authors’ case, experimental in-
vestigations showed that the incorporation of
chemical additives into the coal blend had no sta-
tistically significant effect on the density of the
resulting stamped coal charges.

In summary, it should be concluded that in-
troduction of a binder additive to the coal cok-
ing blend modified the surface properties of coal
particles and strengthened intermolecular interac-
tions. This modification may have some influence
on coal particle rearrangement during the stamp-
ing process, thereby improving the mechanical
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integrity of the stamped charge. In this context,
beyond the known interdependencies between
bulk density, cohesion, blend characteristics, and
stamping parameters, an additional influential
factor is introduced — namely, the type and con-
centration of the additive employed.

Coke-making properties of the reference
coal blends with chemical additives

The additive may influence not only the densi-
fication behaviour and mechanical performance of
the stamped coal charge, but also the coke-making
properties of the coking blend and the quality of
the final coke produced. Therefore, the primary
technological challenge lies in optimising the me-
chanical strength of the stamped coal charge with-
out compromising and ideally enhancing of coke-
making properties and quality characteristics of
the produced metallurgical coke.

The investigations into the coke-making
properties of blends enriched with chemical ad-
ditives were undertaken to assess their impact on
the quality of the produced coke. The primary
objective was to verify whether the presence of
such substances induces any adverse effects. As
is known from the available literature data, addi-
tion of various additives of different origin to coal
blends used for coke production may have vary-
ing effects on the coking properties of the blend
and, consequently, on the quality of the coke pro-
duced (Kieush et al., 2022; Koveria et al., 2020;
Koskela et al., 2019; Nomura et al., 2003; Diez et
al., 2005; Yustanti et al., 2021).

Even if their application were to enhance the
mechanical strength of the stamped coal charge
but simultaneously deteriorated the quality pa-
rameters of the resulting coke, the use of these ad-
ditives would have to be considered unjustified.
Coke-making properties characterise the behav-
iour of the coal charge blend during the pyrolysis
process, in particular when coal passes through
the plastic state. Based on their changes, it is pos-
sible to determine the potential impact of the in-
troduced chemical additive on the quality of the
main final product of the coking process — coke.

The subject of the research was the assess-
ment of the following parameters: the RI, the
FSI, the F__ and contraction (a) and dilatation (b)
index using the Arnu-Audibert method. One of
the key parameters in metallurgical coke produc-
tion is the “caking-ability” of the coal blend, of-
ten characterised by its sintering capacity, which
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reflects the ability of coal to form coherent coke
structures during carbonisation. This property is
quantitatively assessed using the RI. Higher RI
values indicate a greater tendency to form larger
and mechanically stronger coke sinters in the de-
volatilisation zone of the coke oven. The FSI is a
measure of the ability of coal to swell and cake
when heated. It is a test that indicates the cak-
ing capacity of coal, which is important for deter-
mining its suitability for coke-making processes.
More information on the importance of these pa-
rameters for the coking process can be found in
the publication (Rejdak et al., 2022).

In both the investigations of the effect of addi-
tives on coking properties and the coking tests, a
1% addition of the substances was applied. It was
assumed that if an additive at this concentration
does not exert an adverse effect on the considered
properties, then lower dosages are likewise un-
likely to cause significant alterations. The results
of coke-making properties of reference coal blend
with chemical additives are presented in Figures
7—-11, the addition of 1% of the substance did not
exert a significant effect on the coking properties
of the reference coal blend.
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Figure 7. Influence of the chemical additive
on the RI value
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Figure 9. Influence of the chemical additive
on the contraction parameter (a)

The observed variations in the Roga index
and the free swelling index fall within the lim-
its of the expanded uncertainty of these determi-
nations. Some variations were observed in the
maximum fluidity value determined by the Gie-
seler method (F_ ). For additives ‘A’ and ‘SA’,
a slight decrease in F_was recorded, which is
unlikely to be of technological significance. In
contrast, additives ‘T’, ‘SAG’, and ‘DS’ exhib-
ited a beneficial effect on the plastic properties of
the reference coal blend, which can be considered
a favourable outcome. The Fmax index increased
by 38%, 31% and 16%, respectively, compared
to the coal without the additives. The presence of
thermoplastic components contributed to the en-
hanced softening and flow characteristics of the
blend. This enhanced flow behaviour improves
the uniformity and homogeneity of the plastic
phase, which is critical for optimal coke forma-
tion. Improved plasticity and fluidity during the
coking process contribute positively to the sinter-
ing and consolidation of coal particles, enabling
the formation of a more coherent and mechani-
cally robust coke structure. Consequently, the el-
evated Fmax values resulting from the addition
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Figure 8. Influence of the chemical additive on the
free swelling index (FSI) value

100
90

80 + _I» «}
70 ﬂ} BRCE
é &0 ‘F ORCE+T
% 50 ORCE + A
% OFRCE + 84
g 40 ORCE + SAG
30 OFRCE + D8
20
10
0 SN B N I S I S —

Figure 10. Influence of the chemical additive
on the dilatation parameter (b)
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of these binders may lead to improved quality
parameters of the final metallurgical coke, such
as increased mechanical strength and stability,
which are essential for blast furnace performance.

The CRI and CSR parameters of the coke ob-
tained from the reference coal blends with chemi-
cal additives. The results of the assessed proper-
ties of cokes with 1 wt.% addition of the chemical
additives, i.e. CRI and CSR are presented in Fig-
ures 12 and 13.

Given that chemical additives may influence
not only the mechanical strength of stamped coal
cakes but also the coking behaviour of the coal
blend and the quality of the resulting coke, their
effect on the key technological properties of coke
was also evaluated. The assessment focused on
the CRI and CSR, which are internationally rec-
ognised indicators of blast furnace coke quality.
CRI characterises the reactivity of coke toward
carbon dioxide at elevated temperatures, whereas
CSR reflects its mechanical strength after gasifi-
cation and, consequently, its ability to withstand
the severe thermo-mechanical conditions prevail-
ing in the blast furnace.

The coking tests were performed using an
additive concentration of 1 wt.%, which was
selected as a common reference level for all in-
vestigated substances. This concentration repre-
sented the maximum dosage applied in the study
and therefore constituted a conservative (“worst-
case”) scenario for assessing any potential influ-
ence of the additives on the carbonisation process
and the quality of the resulting coke. In contrast,
the mechanical strength of the stamped coal
cakes was evaluated over a broader range of ad-
ditive dosages to identify the minimum effective
concentration for each additive. Consequently,
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Figure 12. Influence of the chemical additive
on the CRI of cokes

136

demonstrating the absence of adverse effects at 1
wt.% provides confidence that the lower concen-
trations required to improve coal cake strength
are likewise unlikely to impair the technological
properties of the produced coke.

The results demonstrated that the investigated
additives did not produce statistically significant
changes in either CRI or CSR. The CRI values
of all the tested cokes fell within a relatively nar-
row range of 31.7-32.3, while the CSR values
ranged from 53.6 to 55.6. The measured values
remained within the range of expanded measure-
ment uncertainty relative to the reference blend
(Table 8; RCB), indicating that the additives did
not adversely affect the reactivity, post-reaction
mechanical strength, or overall high-temperature
performance of the coke. This finding is particu-
larly important from the perspective of blast fur-
nace operation, as maintaining stable CRI and
CSR values is essential for ensuring adequate
burden permeability, preserving the mechanical
stability of the coke column, and maintaining effi-
cient reducing conditions throughout the furnace.

Overall, the results indicate that appropri-
ately selected chemical binders can significantly
improve the cohesion and mechanical strength
of stamped coal cakes without compromising the
technological quality of the resulting coke. This
confirms that the strengthening effect is achieved
without substantially altering the carbonisation
process or the microstructure responsible for the
metallurgical performance of the coke.

Nevertheless, laboratory investigations repre-
sent only the first stage in evaluating the indus-
trial applicability of the proposed approach. Be-
fore implementation in commercial coke plants,
long-term industrial-scale trials are required to
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Figure 13. Influence of the chemical additive
on the CSR of cokes
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verify the performance of the selected additives
under real operating conditions. Such investi-
gations should assess not only the durability of
the strengthening effect but also the influence of
the additives on each stage of the technological
process, including dosing, homogenisation, trans-
port and storage of the coal blend, operation of
the coal tower, stamping, charging, carbonisation,
and the performance of coke oven by-product re-
covery systems.

The results of this study indicate that im-
proving the mechanical integrity of stamped coal
cakes may provide benefits extending beyond
the technological performance of the coke-mak-
ing process. Increased coal cake strength reduces
the risk of structural failure during handling and
charging, thereby limiting process disturbances,
material losses, and fugitive emissions associat-
ed with coke production. In particular, preventing
coal cake disintegration may reduce the release of
untreated coke oven gas as well as the generation
of coal dust, contributing to improved air quality,
reduced occupational exposure, and lower diffuse
emissions from coke plants.

Enhanced mechanical stability also promotes
more efficient utilisation of coal resources by en-
abling more complete chamber filling, reducing
coal losses caused by spillage and dust entrain-
ment, and improving process continuity. This is
particularly important for stamp-charging tech-
nology, which enables the use of lower-quality
coking coals while maintaining the required coke
quality, thereby reducing dependence on scarce
premium coking coals.

The environmental performance of the pro-
posed approach is further supported by the se-
lection of commercially available water-based
binders and industrial by-products. The investi-
gated polymer binders were supplied as aqueous
dispersions free of organic solvents, eliminating
additional volatile organic compound (VOC)
emissions during preparation of the coal blend.
Furthermore, the potential reuse of coke-making
by-products as functional binders is consistent
with the circular economy principles by promot-
ing the valorisation of internally generated pro-
cess streams and reducing the consumption of
virgin auxiliary materials.

An additional opportunity offered by chem-
ical binders is the potential reduction of coal
blend moisture while maintaining adequate me-
chanical strength of the stamped coal cake. Low-
er moisture content would reduce the amount of

water introduced into the coking process, decrease
wastewater generation, lower the energy required
for water evaporation during carbonisation, and
consequently reduce indirect CO2 emissions as-
sociated with heating the coke oven battery. Al-
though these environmental benefits should be
confirmed under full-scale industrial conditions.

CONCLUSIONS

Based on the laboratory investigations, the
following conclusions can be drawn:

1. The addition of the investigated substances had no
significant effect on the bulk density of the stamped
coal cakes. The observed variations in bulk den-
sity were relatively small and remained within
the range of the expanded measurement un-
certainty, indicating that the improvements in
mechanical strength resulted primarily from
enhanced interparticle bonding rather than
changes in the degree of compaction.

2. Several of the investigated additives significantly
improved the mechanical strength of the stamped
coal cakes. The highest increases in compres-
sive strength were obtained for additives T
(18.6%), SA (16.7%), and A (16.4%). Particularly
noteworthy is that additives A and SA achieved
comparable strengthening effects at a dosage
of only 0.3 wt.%, whereas additive T required
1.0 wt.% to obtain similar performance. This
indicates that low-dose polymer binders may
represent an efficient solution for improving
coal cake stability while minimising the con-
sumption of auxiliary materials.

3. The investigated additives did not significantly
affect the coking behaviour of the reference coal
blend. The values of the Roga Index, Free
Swelling Index, Arnu-Audibert dilatation pa-
rameters, and maximum contraction remained
within the normal range of experimental varia-
bility. A moderate increase in maximum Giese-
ler fluidity (F__ ) was observed for additives T,
SAG, and DS, suggesting that these substances
may slightly modify the thermoplastic behav-
iour of the coal blend without adversely affect-
ing the coking process.

4. No significant changes were observed in the quality
of the produced coke. The values of the CRI and
CSR remained comparable with those of the
reference coke, confirming the neutral effect of
using additives for amounts <1%. This finding
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is particularly important from the perspective
of blast furnace operation, as maintaining sta-
ble CRI and CSR values should contribute to
stable and efficient process performance.

. From a technological perspective, the obtained re-

sults indicate that selected chemical binders may
improve the operational reliability of stamp-charg-
ing technology. Increasing the mechanical
strength of the stamped coal cake can reduce
the risk of cracking during handling and charg-
ing, thereby limiting production disturbances,
incomplete chamber filling, and losses of coal
associated with cake disintegration.

. The investigated approach may also provide en-

vironmental benefits. Improved coal cake in-
tegrity has the potential to reduce fugitive
emissions of coal dust and raw coke oven gas
during charging operations. Moreover, the use
of water-based binders and selected industrial
by-products is consistent with the principles of
resource efficiency and circular economy. The
possibility of achieving the desired strength-
ening effect using very low additive dosages
(0.3-1.0 wt.%) further supports the environ-
mental and economic feasibility of the pro-
posed solution.
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