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Abstract
With the increasing demand for low-carbon metallurgy, large-scale hydrogen-rich smelting has become an effective way 
to realize low-carbon ironmaking. The injection of hydrogen-rich fuel into blast furnace changed the reduced atmosphere, 
affecting the reaction behavior and structure of the burden. Production practice has proved that the use of nut coke is an 
important measure for alleviating the increasingly tense relationship between coke supply and realizing low reducing agent 
ironmaking. In this paper, the effect of mixed charging of nut coke and sinter on reduction and softening-melting properties 
in the hydrogen-rich smelting process of blast furnace is studied. The results showed that the close contact between nut coke 
and sinter promoted carbon dissolution and water–gas reaction to generate more CO and  H2, thus increasing the reduction 
potential in the gas mixture. With the increase of nut coke and hydrogen-rich ratio, the softening–melting properties of the 
burden were improved. This change narrowed and lowered down the position of cohesive zone, triggering to an enlargement 
of indirect reduction zone, which was conducive to strengthening blast-furnace smelting and saving coke. The permeability 
resistance of the burden bed was reduced, which was beneficial to the good airflow distribution and the gas utilization rate. 
There was a slag layer between nut coke and metal iron phase in the softening–melting process, and the slag could quickly 
fuse with the ash distributed on the nut coke surface to dissolve it, thus promoting the occurrence of carburizing reaction 
and improving the dripping behavior of the burden.

The contributing editor for this article was Veena Sahajwalla.
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Mixing appropriate amount of nut coke into the sinter and 
loading into the blast furnace on the premise of stabilizing the 
quality of hot metal has been widely used. Many investigators 
studied the effect of nut coke on the blast-furnace smelting. 
Mousa’s [8] research results show that mixing nut coke in the 
sinter bed inhibits the reduction retardation phenomenon and 
improves the sinter reducibility. Kashihara’s [9, 10] research 
results show that simultaneous use of coke mixing and hydro-
gen addition accelerated the reduction rate through the carbon 
gasification rate, and it also decreased pressure drop. Grvel's 
[11] research results show that the nut coke addition shortens 
the softening, melting, and dripping temperature ranges, which 
shows improved properties of the cohesive zone. Chang [12] 
investigated the effects of  CO2 and  H2O on the dissolution loss 
of coke at different temperatures. The results show that the 
average reaction rate of coke with  H2O is 1.3–6.5 times higher 
than that with  CO2, and the water vapor diffuses more eas-
ily into the coke. The previous studies mainly focused on the 
influence of nut coke mixed charging on the smelting process 
of traditional blast furnaces; however, facing the increasing 
desire for using hydrogen-rich blast-furnace smelting to reduce 
 CO2 emission, there still was a lack of systematic analysis 
on the influence of nut coke charging under the hydrogen-
enriched smelting conditions. Imagine a further increase in the 
proportion of hydrogen rich in blast furnace. The injection of 
hydrogen-rich fuel into the blast furnace changed the reduction 

Introduction

With the aggravation of global warming, low-carbon produc-
tion by reducing  CO2 emissions has become the focus of social 
attention [1, 2]. The energy structure of the iron and steel 
industry is dominated by coal, which leads to an increase in 
 CO2 emissions with the increase in iron and steel production. 
The traditional blast-furnace ironmaking technology has been 
mature, and both energy utilization and pollution emissions 
are close to its limit. Only by developing breakthrough blast-
furnace ironmaking technology can we further save energy and 
reduce emissions [3]. Hydrogen is an excellent reducing agent 
and clean energy. Replacing carbon with hydrogen on a large 
scale is an effective way to reduce  CO2 emission for blast-fur-
nace ironmaking and finally realize the low-carbon ironmak-
ing and green sustainable development [4, 5]. However, the 
reduction of coke resulted in a thinner coke split, increasing 
the coke load and worsening the gas permeability. To ensure 
the stable operation of hydrogen-enriched blast furnace with 
low coke ratio, the coke properties had to be improved to meet 
the higher requirements such as higher strength, relative larger, 
and more even particle size [6, 7]. Therefore, the small particle 
size coke will be produced more in the coke screening process, 
if they could not be used highly valuable and sufficiently, the 
cost of coke would be improved inevitably.
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atmosphere, affecting the reaction behavior and structure of 
the burden [13, 14]. Therefore, it is of great significance to 
investigate the influence of nut coke mixed charging on the 
smelting process of the hydrogen-rich blast furnace.

The effects of nut coke and hydrogen-rich ratio on the 
reduction and softening–melting behavior of burden were 
studied by program reduction simulation experiment and 
self-designed high-temperature softening–melting experi-
mental device. In addition, quenching experiments were car-
ried out at different temperatures to explore the microstruc-
ture characteristics of the interface reaction between coke 
and slag iron at high temperatures, and to analyze the change 
mechanism of softening–melting behavior under the mixed 
charging of nut coke and sinter. This paper is expected to 
provide a theoretical basis for the application of nut coke 
in the smelting process of the hydrogen-rich blast furnace.

Experimental Materials and Methods

Experimental Materials

The sinter ore and coke used in this experiment were taken 
from a commercial steel company. The sinter used in the 
experiment was 10.0–12.5 mm in diameter. The coke with 
a diameter of 10.0–12.5 mm acted as regular coke, and the 
particle size of nut coke was 6.3–8.0 mm. The chemical 
analysis of sinter and coke is shown in Tables 1 and 2.

Isothermal Reduction Experiment

The simulation experimental device of coke and sinter 
mixed charging program reduction is shown in Fig. 1. 
The gas was introduced from the bottom gas inlet. At the 
beginning of the experiment, the burden was heated from 
room temperature to 950 °C at a rate of 8 °C/min in  N2 
atmosphere and then switched to reducing gas and kept 
at that temperature for 60 min. After that, the burden was 
cooled to room temperature in  N2 atmosphere. During the 
experiment, the volume percentages of  H2, CO, and  CO2 
in tail gas were recorded in real time by the gas infrared 
analyzer. The reduction degree of sinter and the mass loss 
rate of nut coke were calculated by weight change, and the 
calculation formulas are shown in formula (1) and formula 
(2). Based on the national standard of iron ores—deter-
mination of reducibility (GB/T13241-91) [15, 16]—the 

Table 1  Chemical composition 
of sinter (mass fraction, mass%)

Composition TFe FeO SiO2 Al2O3 CaO MgO

Proportion/% 58.23 15.65 4.77 2.58 9.88 2.29

Table 2  The chemical composition analysis of coke (mass fraction, 
mass%)

Fixed carbon Volatile matter Ash S SiO2 Al2O3

83.18 2.96 13.86 0.51 7.07 3.49

Fig. 1  Schematic diagram of 
simulation experimental device 
and the charging of burden for 
the reduction process
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isothermal reduction testing was carried out and the reduc-
tion degree of sinter was calculated. The mass of sinter 
and coke (regular coke+nut coke) remained unchanged in 
each experiment, which were 50 g and 15 g, respectively, 
and the thickness of regular coke burden decreased with 
the increase of the coke ratio. During the experiment, the 
reducing gas was kept at 50%N2-30%CO-20%H2, and the 
influence of the nut coke ratio (0%, 20%, 40%) on the 
reduction was explored. The ratio of nut coke was kept at 
40%, and the effect of gas composition (70%N2-30%CO, 
60%N2-30%CO-10%H2, 50%N2-30%CO-20%H2) on the 
reduction was explored.

where RI(%) = Reducibility index, %;  m0 = Initial mass of 
the sinter, g;  m1 = Mass of the sinter before starting the 
reduction, g;  mt = Mass of the sinter at the end of reduction, 

(1)RI(%) =

[

0.111A

0.430B
+

m1 − m
t

mo × 0.430B
× 100

]

× 100,

g; A = Content of FeO in the sinter before the test, (%); 
B = Content of total iron content before the test, (%).

where x(%) = Mass loss rate of nut coke, %;  m0 = Initial mass 
of the nut coke, g;  mt = Mass of the nut coke at the end of 
reduction, g

Softening–Melting Experiment

The softening–melting properties of the burden were 
tested by using the self-designed high-temperature sof-
tening–melting experimental device, as shown in Fig. 2. 
Based on the national standard of iron ores-method for 
determination of iron reduction softening dripping per-
formance under load (GB/T34211-2017), the experiment 
was carried out by adjusting the proportion of coke and 

(2)x(% ) =
m0 −mt

m0

,

Fig. 2  Schematic diagram of the 
high-temperature soft melting 
experimental device

Table 3  Softening–melting 
dropping parameters of iron-
bearing burden [17, 18]

Index Significance

T10%/ °C Initial softening temperature, the burden lays contraction of 10%
T40%/ °C Endpoint softening temperature, the burden lays contraction of 40%
Ts/ °C Melting starting temperature, the temperature in which the differen-

tial pressure rises rapidly
Td/ °C Dripping temperature, the temperature at which dripping starts
△Ta/ °C Softening temperature zone  (T40%-  T10%)
△Tm/ °C Melting temperature zone  (Td-  Ts)
△Pm/Kpa Maximum differential pressure, KPa
S/Kpa· °C Permeability index, S = ∫ Td

Ts
(ΔPm − ΔPs) ⋅ dT(KPa °C)
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the composition of reducing gas. The furnace burden was 
loaded in a graphite crucible (φ94 × 210), and three layers 
of burden were placed in the crucible. When being free of 
nut coke, 40 g and 80 g regular coke were loaded acting 
as upper and lower burden layers, respectively, and 500 g 
sinter lied between the two coke layers. When the nut coke 
was loaded, it was mixed into the sinter layer, correspond-
ingly the amount of regular coke was reduced according 
to the proportion of nut coke. The burden was heated from 
room temperature to 900 °C in  N2 atmosphere and then 
switched to reducing gas meanwhile continued improv-
ing the temperature. When the droplet mass reached the 
maximum value, the experiment ceased, and the burden 
was cooled to room temperature in  N2 atmosphere. Dur-
ing the process of the experiment, the softening–melting 
dropping parameters of iron-bearing burden were auto-
matically recorded and generated by a computer. The sof-
tening–melting dropping parameters of the iron-bearing 
burden are shown in Table 3. During the experiment, in 
order to make the results more accurate, the experimental 
method commonly used by many researchers was adopted, 
that is, the method of enlarging the experimental condi-
tions in equal proportion. The reducing gas was kept at 
60%N2-30%CO-10%H2, and the influence of the nut coke 
ratio (0%, 20%, 40%) on the softening–melting properties 
was explored. The ratio of nut coke was kept at 20%, and 
the effect of gas composition (70%N2-30%CO, 60%N2-
30%CO-10%H2, 50%N2-30%CO-20%H2) on the soften-
ing–melting properties was explored.

Quenching Experiments

To explore the microstructure characteristics of the inter-
face reaction between coke and slag iron in the high-tem-
perature zone, and analyze the change mechanism of the 

softening–melting behavior of the burden, quenching experi-
ments (20%nut coke, 60%N2-30%CO-10H2) under differ-
ent temperature  (T40 = 1291 °C,  Ts = 1443 °C) conditions 
were carried out. After reaching the desired temperature, the 
burden was cooled to room temperature in  N2 (5L/min, gas 
quenching) atmosphere. After cooling, the sample crucible 
was cut vertically, and the experimental sample was embed-
ded with epoxy resin for further analysis.

Results and Discussion

Effect of Nut Coke and Hydrogen‑Rich Ratio 
on Sinter Reduction and Coke Reaction Behavior

The reduction degree of sinter and weight loss of nut coke 
in different reduction conditions are shown in Fig. 3. The 
experimental results showed that using the same reduc-
ing gas with 50%N2-30%CO-20%H2, when improving the 
nut coke from 0 to 40%, the reducibility index of the sinter 
increased from 20 to 54%, and the mass loss rate of nut coke 
increased from 0 to 8%. When keeping the nut coke ratio at 
40%, the reducibility index of the sinter increased from 29 
to 54% and the mass loss rate of nut coke increased from 
3 to 8% with the hydrogen ratio increasing from 0 to 20%.

The reducibility index of sinter and the mass loss rate of 
nut coke were promoted with the increase of the coke ratio. 
The possible reactions in the reduction process are shown in 
formulas (3–12). The reduction of iron oxide by  H2 and CO 
followed the principle of step-by-step transformation, iron 
oxides were reduced to produce  CO2 and  H2O, and nut coke 
and sinter were mixed in close contact. Therefore, the  CO2 
and  H2O produced by reduction could immediately gasify 
the nut coke to regenerate CO and  H2. The generated reduc-
tion gas reduced the nearest sinter in the burden, and the 
reduction speed was accelerated, consequently the reduc-
tion degree was improved. The indirect reduction rate in 
the upper part of the blast furnace was accelerated, and the 
reduction degree increased when the sinter arrived to the 
lower part of the blast furnace, which was a very effective 
factor to reduce the coke consumption of blast furnace. In 
the high-temperature zone, the solid-state reaction between 
carbon and FeO was carried out through physical contact, 
and the nut coke was in close contact with the sinter, and 
the contact surface increased, which was beneficial to the 
improvement of the solid-phase reaction rate. However, 
when the surface of iron oxide had been reduced, it was 
difficult for solid carbon to permeate and diffuse to the 
center of sinter for reduction, so the reaction rate between 
carbon and FeO was limited. At this time, the solid-phase 
reaction was restricted by water–gas reaction (formula 10) 
and water–gas replacement reaction (formula 11). The 
water–gas replacement reaction was reversible, and it was 

Fig. 3  The effect of the nut coke and hydrogen-rich ratio on sinter 
reduction and nut coke loss
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affected by temperature. When the temperature was higher 
than 1000 °C, the reaction proceeded in positive direction to 
form CO and  H2O, under the condition of high temperature, 
 H2 acted as an intermediary, promoting the direct reduc-
tion of carbon [4]. In addition, according to the electron 
cyclic donor–acceptor catalyzing theory, metallic iron could 
increase the number of active sites on the coke surface, thus 
improving the gasification reactivity of coke [19]. During 
the reduction process,  H2 and CO diffused to the sinter sur-
face through the gas boundary layer, and the iron oxides 
on the sinter surface were first reduced to metallic iron, 
and the reduced iron was used as a catalyst to promote the 
gasification of coke. To sum up, the reduction potential was 
improved by the carbon dissolution reaction and water–gas 
reaction promoted by nut coke. These continuous reactions 
were the key factors for the improvement of the reduction 
degree of the sinter.

The effect of nut coke ratio on tail gas composition is 
shown in Fig. 4a. The experimental results showed that mix-
ing the nut coke into sinter burden increased the proportion 

of CO and  H2 in reducing gas, which verified our inference 
above. In addition, compared to the absence of nut coke, the 
proportion of  CO2 in the early stage of the reduction process 
with nut coke used was lower but increased in the later stage, 
which was different from the research results of Mousa in 
pure CO atmosphere. Mousa's [8] research results showed 
that the  CO2 produced in the process of reduction with nut 
coke was always lower than that of no nut coke employment. 
We speculated that this was mainly because the hydrogen-
rich reduction process of iron oxide was not only affected by 
coke solution loss and water–gas reaction but also restricted 
by water–gas displacement reaction (formula 11). When the 
temperature was lower than 1000 °C, the reaction proceeded 
toward the positive direction to form  CO2 +  H2 [20]. The 
reduction potential was improved by adding nut coke, and 
the content of  H2O generated by the reduction in the burden 
bed increased. Part of the generated  H2O reacted with CO, 
thus resulting in the increase of  CO2 in the gas mixture.

The reducibility index of sinter and the mass loss rate 
of nut coke increased with a rise in hydrogen ratio. The 
increase of the proportion of hydrogen and the occurrence 
of water–gas reaction promoted the reduction potential of 
the mixture, thus promoting the reduction of sinter. The 
effect of hydrogen ratio on tail gas composition is shown in 
Fig. 4b. The experimental results showed that the proportion 
of CO in reducing gas increased significantly in the pro-
cess of hydrogen-rich reduction. In addition, the content of 
 CO2 increased significantly in the initial stage of hydrogen-
rich reduction. The reason for this was that  H2 had stronger 

(3)3Fe2O3 + CO = 2Fe3O4 + CO2,

(4)Fe3O4 + CO = 3FeO + CO2,

(5)FeO + CO = Fe + CO2,

(6)3Fe2O3 + H2 = 2Fe3O4 + H2O,

(7)Fe3O4 + H2 = 3FeO + H2O,

(8)FeO + H2 = H2O + Fe,

(9)C + CO2 = 2CO,

(10)C + H2O = CO + H2,

(11)CO + H2O = CO2 + H2,

(12)FeO + C = Fe + CO.

Fig. 4  The effect of the nut coke and hydrogen-rich ratio on tail gas 
composition
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diffusion and reduction ability than CO, and the rate of  H2O 
produced by  H2 reduction was higher than that of  CO2 by 
CO reduction [21]. It could be inferred that the reaction rate 
of  H2O and coke in the mixture burden bed at the initial 
stage of the reaction was higher than that of  CO2 and coke. 
At the beginning of reduction, the water–gas replacement 
reaction led to the rapid increase of  CO2 in the tail gas.

To sum up, the small specific surface area of nut coke 
had high reactivity, the sinter was in close contact with nut 
coke, and the reduced  H2O and  CO2 reacted quickly with 
nut coke to form CO and  H2 to promote the reduction reac-
tion. In addition, the coke consumption prevented the loss 
of conventional coke in the lump zone and maintains a good 
quality when it reached the lower part of the blast furnace, 
which was beneficial to improving the gas flow distribution, 
and reduce the coke ratio and stabilizing the operation of the 
blast furnace. But it should also be noted that the reaction 
(6–10) was endothermal, thus decreasing the temperature 
in the upper part of the blast furnace [22]. However, the 
water–gas replacement reaction was exothermal, and the 
decrease of temperature in the furnace promoted the positive 
formation to produce  CO2 and  H2, which led to the increase 

in the utilization rate of CO gas on the top of the furnace and 
the decrease of the utilization rate of hydrogen.

The microstructure changes of sinter and coke under dif-
ferent nut coke and hydrogen-rich ratio were analyzed by 
SEM–EDS (Scanning Electron Microscope–Energy-Dis-
persive Spectrometer), and the results are shown in Fig. 5.

In the absence of coke, the structure of the sinter was 
dense (a1), and the dense structure was unfavorable to the 
diffusion of reducing gas, thus reducing the reduction rate. 
For the mixed burden with nut coke and sinter, the surface 
structure of the sinter was relatively porous (a2), so the 
reducibility of the sinter was improved, which was consist-
ent with the research results of Mousa [23]. The cracks and 
pores of sinter using pure CO reduction were less (a3), and 
they mainly concentrated on the surface, correspondingly 
the internal structure was dense, while the overall cracks and 
pores of the reduction sinter increased with the addition of 
 H2, which contributed to the strong penetration and diffu-
sion ability of  H2. Along with the reduction,  H2 diffused into 
the sinter through the cracks and pores, thus accelerating 
the internal reduction of iron oxides in the sinter. The rapid 
internal reduction reaction of the sinter produced a large 

Fig. 5  Representative SEM–
EDS analysis of reduced sam-
ples. a1 20%H2-0%Nut coke; 
a2, b1, b2 20%H2-40%Nut 
coke; a3, b3 0%H2-40%Nut 
coke
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amount of iron, forming a large number of cracks due to 
the shrinkage of internal volume. In addition, the water–gas 
reaction between  H2O and the residual carbon in the sin-
ter increased the internal pressure, leading to an increase in 
porosity [4].

Under the same experimental conditions, the microstruc-
ture of regular coke and nut coke is shown as (b1) and (b2). 
The regular coke exhibited more pores at the edge and fewer 
inside of the coke, while the overall pores of nut coke were 
increased and the solution loss was obvious, indicating that 
the coke consumption prevented the loss of regular coke in 
the lump zone. The effect of hydrogen rich on the micro-
structure change of nut coke is shown as (b2) and (b3). Com-
pared with pure CO, the pore size of coke was significantly 
larger and the solution loss was obvious due to the increase 
of  H2O content in a hydrogen-rich atmosphere.

Effect of Nut Coke and Hydrogen‑Rich Ratio 
on Softening and Melt‑Dropping Properties

Effect of Nut Coke and Hydrogen‑Rich Ratio on Softening–
Melting Properties

The softening–melting properties of the burden under differ-
ent reduction conditions are shown in Fig. 6. The experimen-
tal results showed that when the reducing gas was 60%N2-
30%CO-10%H2, with the nut coke content increasing from 
0 to 40%, the  T10 increased from 1140 to 1178 °C and the 
 T40 increased from 1269 to 1345 °C. Compared to the rapid 
growth of  T40, the change of  T10 was slight, correspondingly 
the △Ta increased from 129 to167 °C. The  Ts increased 
from 1432 to 1503 °C, and the  Td decreased from 1508 to 
1505 °C, finally the △Tm decreased from 76 to 2 °C.

The results of chapter 3.1 showed that the increase of 
nut coke ratio promoted the indirect reduction of iron ore 
and the FeO content increased when the burden reached 

the cohesive zone. With the increase in temperature, a large 
amount of FeO was reduced to form a thicker shell of metal-
lic iron and the shell had strong deformation resistance. The 
reduction of FeO led to the decrease of low melting point 
compounds and an increase in porosity; moreover, the skel-
eton action of nut coke in the burden bed led to the slow 
shrinkage of the burden column. Therefore, the  T10 and  T40 
increased and the △Ta became narrow. The mixed charg-
ing of nut coke and sinter strengthened the reduction of 
FeO, improving the melting point of the slag, thus the  TS 
increased. The close contact between nut coke and sinter cre-
ated a good condition for the carburization, which decreased 
the melting point of iron, and therefore, the dripping tem-
perature dropped slightly. Because of the increases of  Ts and 
the decreases of  Td, the range of △Tm decreased, when the 
ratio of nut coke was 40%, the △Tm approached to be zero, 
meaning that the air permeability of the burden column was 
significantly improved. In addition, the heat transfer condi-
tion between the gas flow and the burden bed was improved 
by the mixed charging of nut coke and sinter and improved 
the heat transfer efficiency, thus the cohesive zone was nar-
rowed and moved down.

When the nut coke ratio was 20%, with the hydrogen-rich 
ratio increasing from 0 to 20%, the  T10 increased from 1149 
to 1173 °C, and the  T40 increased from 1254 to 1335 °C, 
correspondingly the △Ta increased from105 to162 °C. The 
 Ts increased from 1332 to 1456 °C, and the  Td dropped from 
1516 to 1490 °C, and finally, the △Tm narrowed from 184 
to 34 °C.

The increase of the proportion of hydrogen promoted 
the reduction potential of the mixture, and the sinter was 
rapidly reduced to form a thick metallic iron shell. Fur-
thermore, the reduction of FeO led to the decrease of low 
melting point compounds. Therefore, the  T10 and  T40 
increased and the △Ta became narrow. With the increase 
in the hydrogen-rich ratio, the FeO content decreased and 
the melting point of the slag phase was improved as a 
result the  Ts increased. The  Td decreased with the rise 
of the hydrogen-rich ratio. However, Qie [24] and Lan's 
[25] research results showed that the  Td increased with the 
increase of hydrogen-rich ratio without adding nut coke, 
which was contrary to the experimental results. Our previ-
ous research results also showed that the  Td increased from 
1508 to 1533 °C with an increase in hydrogen-rich ratio 
from 10 to 20%. The  Td of the burden in the high hydro-
gen-rich atmosphere was reduced by adding nut coke [26]. 
The  Td of molten iron was mainly determined by carbon 
content. The content of cementite increased with carbon 
content, compared to the metallic iron, and the melting 
point of cementite was lower, so the  Td decreased with the 
increase of cementite content. Combined with the study 
of the influence of nut coke on the reduction process in 
chapter 3.1, we speculated that three reasons contributed 

Fig. 6  Effect of the nut coke and hydrogen-rich ratio on softening–
melting properties
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to the results: (1) The addition of nut coke promoted the 
reduction of sinter, the amount of sponge iron increased, 
and the newly reduced sponge iron as a catalyst to promote 
the CO decomposition and form carbon black. Carburiz-
ing reaction between sponge iron and precipitated carbon 
increases the carbon content of hot metal; (2) The iron 
shell formed by sinter reduction at high temperature was in 
close contact with the nut coke in the burden bed, and the 
carburizing rate of the iron shell was increased compared 
with being free of nut coke, which reduces the dripping 
temperature; (3) The FeO content in the slag determined 
the carbon content in iron, and the decarburization reac-
tion of slag to hot metal is shown in formula (13). The 
addition of nut coke promoted the reduction of sinter, and 
the decrease of FeO content retarded the decarburization 
reaction of slag to hot metal [27], leading to the increase 
of carbon content in pig iron. To sum up, although the 
addition of nut coke made the regular coke bed thinner and 
the carbon accumulated when molten iron flows through 
the regular coke bed at high temperature, more carbon 
was accumulated from sponge iron carburizing and direct 
contact.

To sum up, with the increase of nut coke and hydrogen-
rich ratio, the softening–melting properties of the burden 
were improved, and the cohesive zone was narrowed and 
moved down. The narrowing of the cohesive zone could 
effectively improve the air permeability of the burden col-
umn, and the downward movement of the cohesive zone 
expands the indirect reduction zone, which is beneficial to 
strengthen blast-furnace smelting and save coke.

The cohesive zone of the blast furnace with the largest 
differential pressure loss accounts for more than 50% of the 

(13)(FeO) + [C] = Fe(l) + CO(g).

total resistance loss of the burden column. As the furnace 
burden begins to soften and the volume shrinks, the poros-
ity decreases continuously, which leads to a sharp increase 
in the resistance loss when the gas passes through [28]. The 
effects of nut coke and hydrogen-rich ratio on the S and △Pm 
of the softening–melting process are shown in Fig. 7.

When the reducing gas was 60%N2-30%CO-10%H2, with 
the nut coke content increasing from 0 to 40%, the △Pm 
declined from 2.4 to 1.2 kPa, and the S value decreased 
from 95.3 to 1.0 kPa °C. Nut coke acted as the role skel-
eton, improving the permeability of the cohesive zone of 
the original sinter. In addition, combined with the research 
results of chapter 3.1, it showed that the dissolution loss of 
nut coke increased the porosity, which provided excessive 
micropores for the gas flow to diffuse to the sinter surface. 
At the same time, the addition of nut coke could reduce the 
carbon dissolution of regular coke, which was beneficial to 
improving the skeleton function of regular coke. Besides, the 
cohesive zone was narrowed and characterized with a thin 
and non-dense shell, permitting the gas permeated easily.

When the nut coke ratio was 20%, with the hydrogen-rich 
ratio increasing from 0 to 20%, the △Pm declined from 5.3 to 
2.0 kPa, and the S value significantly decreased from 517.5 
to 42.9 kPa· °C. The reduction was strengthened through 
improving the hydrogen-rich ratio, and a large amount of 
FeO in the burden was reduced to metallic iron, forming a 
smaller amount of liquid oxides and more porous metallic 
iron particles, and the cohesive zone changed in the shape 
to form a thin shell with non-dense and good permeability. 
In addition, hydrogen rich reduced the dripping temperature 
and narrowed the melting temperature zone. When the tem-
perature raised to a certain level, a large number of metallic 
iron melted and dropped, thus providing a lot of space and 
reducing the resistance of the updraft. At the same time, 
because the smaller atomic radius of hydrogen had strong 
permeability, the resistance of the burden column decreased, 
and thus, the improvement of hydrogen content could pro-
mote the gas permeability of the burden bed.

Effect of Nut Coke and Hydrogen‑Rich Ratio 
on the Melt‑Dropping Property

The drop of molten iron and the separation of slag and iron 
during blast-furnace smelting are closely related to the pro-
ductivity of the blast furnace. The increase of nut coke and 
hydrogen-rich ratio leads to an enhanced reduction atmos-
phere in the furnace, changing the reaction behavior and 
structure of the burden. This may affect the separation and 
dripping behavior of iron slag in the softening–melting 
process. Therefore, it is of great significance to explore the 
influence of the nut coke and hydrogen-rich ratio on melt-
dropping behavior.Fig. 7  Effect of the nut coke and hydrogen-rich ratio on permeability 

index and maximum differential pressure
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The macroscopic morphology of droplets under different 
nut coke and hydrogen-rich ratio is shown in Fig. 8. When 
the hydrogen-rich ratio was 20% and the nut coke ratio was 
20%, the slag and iron were separated more thoroughly, 
which was attributed to the acceleration of reduction when 
improving the nut coke and hydrogen-rich ratio. At the same 

time, the carburizing reaction in the reduction process was 
promoted, and the dripping temperature was reduced. There-
fore, when the temperature arrived at the dripping tempera-
ture, a large number of iron dropped, and a good separation 
of slag and iron was realized. The drop of a large number 
of iron resulted in the release of space in the furnace bur-
den, which was consistent with the above law of pressure 
difference.

In the process of the softening–melting experiment, start-
ing from the first drop of molten iron, the weight changes 
of drops at different times were automatically recorded by a 
computer. The slag on the surface of the drop was separated 
to get iron and slag, and the carbon content in iron and the 
chemical composition of slag were detected. The weight of 
drop and the carbon content in iron under different nut coke 
and hydrogen-rich ratio are shown in Fig. 9. The chemical 
composition of the slag is shown in Table 4.

When the reducing gas was 60%N2-30%CO-10%H2, 
with the nut coke content increasing from 0 to 40%, the 
dripping quality increased at first and then decreased, 
and the carbon content in iron increased gradually. With 
the increase of nut coke content, the shrinkage of regular 
coke beds was beneficial to the increase of dripping qual-
ity. However, improving the nut coke ratio further, the 

Fig. 8  Effect of the nut coke and hydrogen-rich ratio on macroscopic 
morphology of droplet. a 10%H2-0%Nut coke; b 10%H2-20%Nut 
coke; c 20%H2-20%Nut coke

Fig. 9  Effect of the nut coke and hydrogen-rich ratio on the weight of 
drop and the carbon content in iron

Table 4  The chemical composition of the dripping slag

Roasting system CaO SiO2 MgO Al2O3 FeO

0% nut coke(6N2-3CO-1H2) 47.93 26.72 9.36 12.37 2.15
20% nut coke(6N2-3CO-1H2) 47.39 26.82 9.49 12.48 1.755
40% nut coke(6N2-3CO-1H2) 47.26 27.01 9.94 12.75 1.377
20% nut coke
(7N2-3CO)

46.51 26.91 8.99 13.69 1.91

20% nut coke(5N2-3CO-2H2) 48.94 27.14 8.26 12.33 1.35
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enhanced wettability between slag and coke and the dete-
rioration of slag fluidity made the hold-up of slag increase 
[29]. Therefore, there was a certain limit to the proportion 
of nut coke. With the increase of sinter reduction degree 
and carburization amount in metallic iron, the erosion of 
coke bed by dripping zone was alleviated, and the pro-
tection to the regular coke will be more obvious, which 
is beneficial to improving the air permeability of burden 
column. The fusion of the slag and the ash distributed on 
the nut coke surface increased the content of  SiO2 and 
 Al2O3 in the slag, and the addition of nut coke promoted 
the reduction, thus reducing the content of FeO in the slag.

When the nut coke ratio was 20%, with the hydrogen-
rich ratio increasing from 0 to 20%, the dripping quality 
decreased, and the carbon content in iron increased gradu-
ally. With the decrease of FeO content in slag, the melt-
ing point and viscosity of slag increased, resulting in the 
decrease in dripping rate. In addition, Pan’s [30] research 
results showed that an over-high reduction degree would 
cause difficulty in dripping due to more iron remaining in 
the slag. As a result, the dripping quality was reduced. The 
carbon content in iron increased along with the hydrogen-
rich ratio, which was consistent with the dripping tempera-
ture analysis above.

Characteristics of Coke‑Slag‑Iron Interface 
in Softening–Melting Process

The macroscopic morphology and interface microstructure 
of the burden column when the quenching temperature was 
at 1291 °C and 1443 °C are shown in Figs. 10 and 11.

The macrostructure of burden bed quenched at 1291 °C 
is shown in Fig. 10a. It could be seen that nut coke played a 
skeleton role in maintaining the burden bed structure, hin-
dering the bonding between sinter ores, ensuring the forma-
tion of voids and gas channels, and promoting the diffusion 
of reducing gas. Because the bonding strength between sin-
ter and coke was low, the sinter and nut coke were separated 
during the sampling process, so the sinter and nut coke were 
embedded, respectively, to observe the interface structure 
between them. The micro-morphology and element distri-
bution of the sinter are shown in Fig. 10b. The surface part 
of the sinter was rapidly reduced, and the produced metal-
lic iron on the interface was interconnected to form an iron 
layer. Entering inside of the sinter, the amount of metallic 
iron decreased gradually. The micro-morphology and ele-
ment distribution of nut coke are shown in Fig. 10c. The 
ash began to accumulate on the surface of nut coke, and the 
wettability of solid oxide to molten iron was poor. If the nut 
coke surface was covered with solid ash, it was difficult for 

Fig. 10  The macrostructure of the column and representative SEM–EDS analysis of quenching samples (1291 °C). a burden column; b sinter; c 
nut coke
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the molten iron to pass through, which was disadvantageous 
for carburizing. Therefore, the carburization of metallic iron 
was inhibited by the ash layer formed on the interface of nut 
coke. The key to improving the carburization speed of iron 
was to remove the solid ash at the interface.

The macrostructure of burden bed quenched at 1443 °C 
is shown in Fig. 11a. It could be seen that the sinter ores 
free of nut coke gradually collapsed and stuck together, 
resulting in a significant decrease in column porosity and 
hindrance of the gas passage. Where the nut coke existed, 
the nut coke was used as the skeleton of the burden col-
umn, which limited the aggregation of particle clusters, and 
ensured the existence of voids and channels, thus improving 
the air permeability of the cohesive zone. Nut coke was in 
close contact with the sinter, and the reducing gas could 
diffuse to the sinter through the pores between nut cokes, 
which promoted the reduction and improved the utilization 
rate of gas. In addition, Mousa's [23] research showed that 
the surface structure of the sinter was loose by adding nut 
coke, which was beneficial to the gas diffusion, thus pro-
moting the reduction. The micro-morphology of the sinter 
is shown in Fig. 11b. The reduction degree of the sinter was 
high, the amount of metallic iron increased significantly and 
connected in a dendritic, and the slag phase was partially 
wrapped by iron and partly gathered on the surface of the 

sinter. The micro-morphology and element distribution of 
the contact interface of coke-iron-slag are shown in Fig. 11c. 
Iron existed mainly in the form of metallic iron. There was a 
slag layer between metallic iron and coke, which was evenly 
distributed and narrow, and a small amount of iron was in 
direct contact with coke. A small amount of molten slag 
and iron entered the pores between nut cokes, which might 
be the result of the improvement of the fluidity of the slag 
phase infiltrating into nut coke. Compared to that of being 
quenched at 1292 °C, the reaction interface between coke 
and slag iron was closely intertwined, and the slag could be 
rapidly fused with the ash distributed on the coke surface. 
Shin’s [31] research results show that the wettability of metal 
iron and carbon was better, and the wettability with molten 
slag was poor. Therefore, with the preceding the reaction, 
the slag formed on the surface of metallic iron covered the 
ash layer on the surface of coke and dissolved it, thus pro-
moting the direct contact between iron and carbon, and then 
the reaction cycled to promote the carburization to iron. In 
addition, the graphitization degree of coke increased with 
the increase of temperature, which promoted the carburizing 
reaction [25]. All these conditions could lead to carburi-
zation and rapid melting in a relatively small temperature 
range. Therefore, carburizing of metallic iron reduced the 
dropping temperature.

Fig. 11  The macrostructure of 
the column and representative 
SEM–EDS analysis of quench-
ing samples (1443 °C). a burden 
column; b sinter; c coke-iron-
slag
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Conclusions

(1) The reduction degree of sinter and the mass loss of nut 
coke increased with improving the nut coke content. 
The reduction of iron oxides was restricted by coke 
solution loss and water–gas reaction. The gasification 
reaction produces CO and  H2, which increases the 
reduction potential and accelerates the reduction rate 
of the sinter. In addition, the reduction process was also 
restricted by the water–gas replacement reaction, and 
the gasification heat absorption was beneficial to the 
positive reaction to produce  CO2+H2.

(2) With the increase of nut coke and hydrogen-rich ratio, 
the softening temperature zone increased, the melting 
temperature zone decreased, the average differential 
pressure of the stock column decreased, and the air 
permeability increased. The cohesive zone was nar-
rowed and moved down. This change was beneficial to 
strengthen blast-furnace smelting and save coke.

(3) During the softening–melting, the ash was concen-
trated on the surface of coke, and the poor wettability 
of solid oxides to hot metal prohibited the direct con-
tact between iron and carbon. As the temperature was 
improved, the reaction interface of coke and slag iron 
was closely intertwined, and the slag formed on the 
surface of metallic iron would cover the ash layer on the 
surface of coke and dissolved it, which made the carbon 
exposing to the iron due to removal of ash layer, thus 
the carburization was promoted.
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