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Abstract
Objective: The purpose of this paper is to explore the value of wooden dust char (WDC) as a reductant of 
iron ore.

Methods: The reduction of iron orepellet was performed using WDC, non-coking coal and low volatile 
weakly coking coal as a reductant at temperatures of 900, 950, 1000 and 1000°C and degrees of reduction 
of pellets were calculated by using the following formula:

Results: In WDC, the maximum reduction of iron ore particles, i.e. 89.86%, was obtained within 60min 
at 1050°C, while 82.16% and 46.52% were obtained for non-coking coal and low volatile coking coal, 
respectively, under same conditions.

Conclusion: Instead of referring to them as wastes, we should rather consider them biomass by products, 
which allows for a more efficient use of various types of biomass waste. Importantly, the iron and steel 
industries excel at reasonable utilization that shift the waste material into things of value.
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1 INTRODUCTION
The iron and steel industries (ISI) are playing a 

significant role in the present global growth and economy. 

Hematite (as a source of iron), coke and coal (as a reducing 
agent and energy source) are the major materials in iron 
processing industry[1]. The utilization of coke and coal 
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contribute to 7% of anthropogenic CO2 emission on a 
global scale[2]. The amount of coking coal is 33.47 billion 
tonnes, while the amount of residual coals, which includes 
low-grade coals such as poor coking and non-coking coals, 
is 252.40 billion tonnes[3]. Low volatile poor coking coals 
make up a significant portion of the overall quantity of low-
grade coals[4]. Due to the ongoing depletion of coking coal 
reserves and the need for green iron and steel production, 
the abundantly available low-quality coals are being used 
in place of coking coal. These coals pose a lower risk to 
the environment in terms of both climate change and the 
presence of environmental contaminants[2,5-7]. The use of 
biomass and its wastes is a feasible option in the context 
of alternative renewable sources of energy and reductant 
in ISI[8-10]. Biomass refers to any organic substance that 
is not derived from fossils and occurs in nature. It has a 
lower overall amount of nitrogen, sulphur, and nitrogen 
oxides, as well as a lower potential for contributing to acid 
rain or emissions of greenhouse gases[8,11,12]. The energy 
crops, urban, forestry, and agricultural waste that make 
up the biomass resources include things like crop wastes, 
forest residues, purpose-grown grasses, woody energy 
crops, algae, industrial wastes, sorted municipal solid trash, 
urban wood waste, and food waste[13]. The heating value of 
biomass crop leftovers is around 3×106kcal Mg-1, which 
is approximately the same as that of biofuels and coals but 
only 33% of diesel fuel. It is calculated that biomass crop 
leftovers have a fuel value of 18.6×109J Mg-1, which is 
comparable to 2 barrels of diesel[10, 14]. Biomass energy is 
expected to become a viable alternative for meeting fifty 
percent of the world’s energy needs in the next century[15]. 
Bio-char is a solid by-product, rich in carbon, produced 
during the thermal stabilization of biomass[16]. It is 
equivalent to coal in terms of feedstocks for fuel[17,18], and it 
produces no CO2

[9].

There have been a number of researches done on the 
pyrolysis of various types of biomass waste[19-21], but these 
wastes were unable to secure their entry into the process of 
manufacturing iron because of their non-coking qualities 
and lower heating value than coal. However, biomass 
wastes are sufficient for the conversion of energy, and they 
may be improved by first being carbonised to produce 
char[22,23]. In light of the information presented above, the 
goal of the current research was to investigate the feasibility 
of metallurgical applications for non-coking coal, low 
volatile coking coal, and wood dust char (WDC).

The statistical design of the experiment is a multivariate 
methodology that has been extensively employed across 
a wide range of disciplines to extract useful information 
for the purpose of the creation of goods, processes, 
and procedures. It analyses the impact of a variety of 
experimental conditions and concurrently finds the 
interactions among them, which is something that cannot 
be accomplished by the conventional method of focusing 

on one component at a time[24]. In a factorial design, a set 
of predefined experiments are determined to combine 
levels of the experimental (independent) variables and 
connect to the properties of interest (dependent variables) 
by models generated using multiple linear regressions. This 
is done in order to test the hypothesis that the levels of the 
experimental (independent) variables have some effect on 
the properties of interest. A single factorial design with two 
levels each for three variables (reduction duration, reduction 
temperature, and the percentage of bio char that is fixed 
carbon (FC)) was employed for the proposed research. 
Because of the model, we were able to generate response 
surface graphs that demonstrate the operability of the 
system over the whole experimental domain[25-27].

2 MATERIALS AND METHODS
2.1 Sample Collection and Preparation

Coal samples belonging to the non-coking coal and 
low volatile coking coal were obtained, respectively, from 
the Gajlitand and Rajapurareas of Dhanbad in the state of 
Jharkhand in India. wooden dust (WD) of Gamhar tree 
(Gmelinaarborea) was collected from a local timber factory 
in Dhanbad, Jharkhand, India. This material was then 
prepared to a size of 0.85/0.425mm in order to carry out 
conventional pyrolysis at a temperature of 700°C for 1h 
with a heating rate of 10-12°C per min. WDC is the name 
given to the finished product[28]. For reduction experiments, 
hematite iron ore was gathered from the Bailadila mines 
in Chhattisgarh, India. Prior to being analysed, the ore was 
heated at 900°C for 1h in order to remove both free and 
mixed moisture. The primary components of iron ore pellets 
are mullite (Al2O3), silica (SiO2), and iron oxides (FeO and 
Fe2O3)

[29]. Pellets are formed from hematite, which contains 
iron oxides.

2.2 Characterization Methodology
2.2.1 Proximate, Ultimate Analysis and Gross 
Calorific Value (GCV)

For proximate analysis[30], the ASTM (D1762-84) 
standard technique for WD and WDC and the ASTM 
(D7582-15) standard method for non-coking coal and 
low volatile coking coal were used to evaluate ash 
content, moisture content, volatile matter content, and FC 
content[30,31].

The CHNS (Carbon, Hydrogen, Nitrogen, and Sulphur) 
analyzer was used for the final analysis in order to 
determine the C, H, N, and So of the non-coking coal, low 
volatile coking coal, WD, and WDC samples. The standard 
methods ASTM E777, E778 and E775 were utilised for this 
determination. The difference[31] was used to calculate the 
amount of oxygen present.

The bomb calorimeter was used in order to ascertain the 
calorie content of each of the samples[32]. The standard test 
procedure (ASTM D4809-00) called for the employment of 
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a bomb calorimeter in the investigation.

2.2.2 Plastic and Caking Properties
Coal is malleable because heat changes the way the 

surface behaves, and it becomes as flexible as a liquid. 
When heated without air at 350-400°C, coal becomes 
plastic. This means that it swells, flows, expands, sticks 
together, and shrinks in size. The solid waste, called coke, 
is mostly made up of carbon and minerals. Different 
indices and tests, such as the free swelling index (FSI), 
the caking index (CI), and the low temperature Gray King 
assay test (LTGK), are used to measure how flexible coal 
is[33]. FSI calculates the change in volume of coal when it 
is heated under certain conditions. When the coal is still 
soft or semi-liquid, the gases generated during heating and 
decomposition are responsible for the expansion[34]. CI, 
also called “index of agglutination”, is a measure of how 
well coal sticks together when heated[35]. LTGK[36] tells how 
much coke is made from coal at low temperatures.

2.2.3 Field Emission Scanning Electron Microscope 
(FE-SEM) Image and Energy Dispersive X-Ray 
(EDX) Analysis

For FE-SEM and EDX analysis, non-coking coal, 
low volatile coking coal, WDC, and iron-ore were used. 
samples were first coated with 2-6nm of silver/gold 
using a sputter coater. This was done to keep the samples 
from getting charged during the SEM analysis. Using a 
secondary electron detector, images were taken with a 
variable pressure FE-SEM in high vacuum mode with an 
accelerating voltage of 2-15kV (the accelerating voltage 
was changed based on how the sample charged). Images 
were taken at different levels of zoom, from 50X to 
15000X[37]. As a semi-quantitative method, EDX is shown 
as a mass percentage of the sample[38]. They were found 
by analysing the sample at three different points, and the 
average value of those three points is taken into account.

2.3 Pellet Preparation
The pellet of iron ore was made in a disc pelletizer with 

the addition of 10% moisture and 0.6% bentonite as an 
external binder. The moisture content was maintained at 
10% throughout the process. The size of the particle was 
maintained within a fairly narrow range the whole time 
(approximately 10-12mm). These pellets were dried in an 
oven at a temperature of 110°C for four to five hours. In a 
high temperature furnace, pellets that had been dried were 
heated to a temperature of 1250°C for 1h. Desiccators were 
used to keep the finally dried pellets before reduction tests 
were performed.

3 RESULTS AND DISCUSSION
3.1 Proximate and Ultimate Analyses, GCV, and 
Plastic Properties of the Samples

The values of proximate and ultimate analyses, calorific 
value, and plastic properties of thesamples non-coking 

coal, low volatile coking coal, WD and WDC are shown 
in Table 1.

From proximate analysis, it can be seen that the values of 
components of the proximate analysis for non-coking coal 
(M, 6.39; A, 37.24; VM, 23.24; and FC, 33.34%) and low 
volatile coking coal (M, 1.25; A, 23.28; VM, 20.10; and FC, 
55.47%) are within the prescribed limit range of non-coking 
coal (M, 4-10; A, 23-32; VM, 20-37; and FC, 24-35%) and 
low volatile coking coal (M, 0.37; A, 35.13; VM, 17.56; 
and FC, 46.94%), under Indian conditions, so they can be 
designated as non-coking coal[39] and low volatile coking 
coal[40], respectively. The VM range being (22-25%) for 
prime coking, (26-29%) for medium coking, and (34-44%) 
for semi-coking coals of India[38].The ultimate analysis 
indicates, the total carbon content is higher in case of WDC 
i.e. 78.40% followed by WD (68.92%), low volatile coking 
coal (67.70%), and Non-Coking Coal (34.70%)and hence 
the variation in the level of their GCV.

Further the FSI (1½) and CI (11), and LTGK (E) of low 
volatile coking coal also evince that it is low volatile poor 
coking coal and not suitable for extractive metallurgical[6]. 
Hence, an attempt can be made to find out the potential 
of these low-grade coals for iron ore reduction or for 
metallurgical purposes using appropriate technologies 
(like coke making after pre-treatments)[6,7,41-48]. Here the 
characteristics of both coals such as moisture, ash, VM, S, 
FSI, etc. are quite at par with the values prescribed for DRI 
coal[44]. The proximate and ultimate analysis WD, WDC, 
and GCV are comparable with the coals[11,15,17,18] and rather 
with relatively less content of N, S, and N[12].

3.2 FE-SEM Image and EDX Analysis
FE-SEM images were taken at several magnifications 

ranging from 50X to 15000X (Figure 1). Visual inspection 
of these images illustrates the differences in micro-structure 
among the char and coal samples, with observable distinct 
micro-pores[20]. This may be due to the different rates of 
evolution of the volatiles present in the samples, leading 
to the thermal expansion and contraction of the sample 
particles and the formation of voids. As can be seen in 
Figure 1, the evolution in every studied sample is quite 
similar.

EDX analysis results are shown in Figure 2, where 
results are presented in mass percentage of the elements. 
In non-coking coal, low volatile coking coal, WDC and 
iron-ore, 37.38, 68.04, 80.66 and 4.06 weight percent 
carbon is present. The amount of oxygen in WDC and low 
volatile coking coal is less than non-coking coal and iron-
ore. Few traces of silicon is also found in non-coking coal, 
low volatile coking coal and iron-ore. Some amounts of 
potassium, magnesiumand calcium can also be seen in 
WDC. These elements are basically the major secondary 
nutrients for the plant life[49,50].
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Table 1. Proximate, Ultimate, Gross Calorific Value and Plastic Properties of the Samples

Characterization Samples

Proximate analysis

Non-Coking Coal Low Volatile Coking Coal WD WDC

Moisture (M) 6.39 1.25 6.10 2.90

Ash (A) 37.24 23.28 4.02 10.08

Volatile Mater (VM) 23.24 20.10 71.63 15.96

Fixed Carbon (FC) 33.34 55.47 18.27 71.14

Ultimate analysis

N% 0.60 3.27 0.50 0.57

C% 33.83 66.72 68.92 78.40

H% 3.95 2.85 7.38 1.36

O% 60.27 26.50 21.79 19.45

S% 1.35 0.70 0.05 0.22

Plastic properties

GCV (Kcal/Kg) 4224 6612 4335 7456

Free Swelling Index - 1.5 1 -

Caking index
LTGK

7
B

11
E

8
C

-
A

Figure 1. FE-SEM image analysis of all reductants and iron-ore (A) non-coking coal, (B) low volatile coking coal, (C) 
WDC and (D) iron-ore sample.

A B

C D

3.3 Reduction Study
The effects of the reduction time, temperature, and ash 

content of the reductants on the extent of reduction of 
iron-ore pellets is being studies. Thereafter the reduction 
potential of non-coking coal, low volatile coking coal and 
WDC is measured and compared when used as a reductant 
for iron ore pellets. WDC contains very low levels of 
gangue, sulphur and volatile matter and can be used as an 
alternative reductant of iron ore (Table 1). The experiments 
were carried out at reduction temperatures of 900, 950, 
1000 and 1050°C at a heating rate of 10-20°C/min for a 

varying reduction period of 15, 30, 45, 60, and 75min. 
Figure 3 illustrates the different curve characteristics for 
each of the reductants. Following is the formula that was 
used in the calculation of the pellets’ degrees of reduction 
Equation (1).

It can be seen from Figure 3 that the shape of the curves 
is essentially same across all four temperatures of reduction 
for each of the reductants, and that the degree of reduction 
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Figure 2. EDX analysis of all reductants and iron-ore, non-coking coal, low volatile coking coal, WDC and iron-ore 
sample.

Figure 3. Effect of time and temperature on reduction percentage of iron ore pellets usingreductants non-coking coal, 
low volatile coking coal and WDC.

A B

C

rises both with time and temperature as the experiment 
progresses. WDC realized the maximum reduction of 
89.86% at 1050°C for 60min, but the reductions for non-
coking coal and low-volatile coking coal were 82.16% and 
46.52%, respectively, under the same conditions.

The rate of reduction was highest at the beginning, 
lasting 60min, and then began to gradually slow down. 
This is due to a combination of factors, including the 
higher thickness of the metal layer of the product and 
the reduction of volatiles from the coal[51]. The rate 
of reduction is slower at lower temperatures due to 
the high endothermic nature of the coal gasification 
reaction, which requires a greater quantity of energy[51]. 
An increase in the thickness of the product iron layer 
provides a greater resistance to the diffusion of carbon 
and reducing gas to the surface of unreduced iron oxide, 

establishing a more favourable environment for the 
formation of product iron layers.

3.4 Statistical Approach
In this study a single factorial design (Table 2) of 

the experiments has been used with two levels of three 
variables viz. reduction time, reduction temperature, and ash 
percentage of non-coking coal, low volatile coking coal, and 
WDC[24-27].

Eight experiments were performed with all possible 
combinations at 1050°C and 950°C reduction temperature, 
while three experiments were performed at 1000°C and a 
design matrix (Table 3) is formulated to obtain the regression 
equation for the degree of reduction (Y)[24-27].
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Table 2. Using Levels- Upper, Base and lower the Coded and Actual Values of the Variables

Levels Temperature
(x1)oC

X1

Coded
Time (Min)

(x2)
X2

Coded
Ash(wt%)

(x3)
X3

Coded

Upper 1050oC +1 60 +1 38 +1

Base 1000oC 0 45 0 24 0

Lower 950oC -1 30 -1 10 -1

Notes: X1=(x1-1000)/50 (2) X2=(x2-45)/15 (3) X1=(x3-24)/14 (4). Where, X= represents the coded value of the variables (time -X1, 
temperature -X2 and ash -X3), and x= represents the actual value of the variables (time -x1, temperature -x2 and ash -x3).

Similarly, a2=1 0.28, a3=-1.71, a12=-0.89, a23=-1.23, a13=-
0.99, a123=0.09.

3.4.1 Regression Equation

In order to determine whether or not each of the 
coefficients is significant, Students T-test and Fisher test are 
run with a confidence level of 95%.

3.4.2 Student’s T-test[26]

Table 3. Design Matrix

Exp. No. X1 X2 X3 X1X2 X2X3 X1X3 X1X2X3 %R(Y)

1 1 1 1 1 1 1 1 82.16

2 1 1 -1 1 -1 -1 -1 89.86

3 1 -1 1 -1 -1 1 -1 65.66

4 -1 1 1 -1 1 -1 -1 69.40

5 -1 -1 -1 1 1 1 -1 48.50

6 -1 -1 1 1 -1 -1 1 49.70

7 -1 1 -1 -1 -1 1 1 73.50

8 1 -1 -1 -1 1 -1 1 68.78

9 0 0 0 0 0 0 0 38.90

10 0 0 0 0 0 0 0 40.20

11 0 0 0 0 0 0 0 40.55

When the degree of confidence is set to 95%, the 
alpha level is set to 0.05, and the value of v is set to 2; 
where n is the number of grouped experiments, t=4.3. As 
a result, the only meaningful t coefficients are those that 
are more than 4.3; the rest are deemed inconsequential.

Therefore, the answer to the regression Equation (1) is 
now:

So, number of significant coefficients (I) = 4

3.4.3 Fisher Test[26]

Where, Yiexp= Experimental degree of reduction; Yicalc= 
Calculated degree of reduction; N=8; I=4; Sres

2=3.56.

The tabulated value of Fisher’s F for α=0.05, ν1=4 and 
ν2=2

Thus, F<F1- α(ν1, ν2) and the estimated regression equation 
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above fits the experimental dataadequately.

As seen from the Table 3 above, the difference between 
experimental and calculated value of percentage degree of 
reduction is negligible, so it can be said that the regression 
equation is adequate. From the equation, it can be seen that 
the coefficients a1, a2 have positive value, which shows that 
with increase in temperature and time, degree of reduction 
increases, and coefficient a3 is having negative value, 
which shows that with increase in ash percentage degree of 
reduction decreases. The interactional effect of time and ash 
has least effect on degree of reduction.

4 CONCLUSIONS
Following are some of the findings that may be inferred 

from the current work:
(1) The regression equation that was developed for 

calculating the degree of reduction of iron ore will help in 
predicting the degree of reduction of low rank coals and 
agricultural wastes under specified conditions of time and 
temperature. This equation is Y=68.44+8.17X1+10.28X2–
1.71X3–1.23X2X3, and it will be helpful in calculating the 
degree of reduction of iron ore; 

(2) Of all of these different components, time has the 
most significant impact, followed by temperature and then 
ash in the following order: time > temperature >1/Ash;

(3) The effect of temperature is four times that of ash, 
and the effect of time is five times that of ash;

(4) In addition to non-coking coal, biomass wastes 
with a greater calorific value than non-coking coal may be 
utilised for iron ore reduction procedures. Some examples 
of this biomass waste include timber dust char, and low 
volatile coking coal can also be used for the same purpose; 
and

(5) The correct utilisation of other types of biomass 
wastes can also be accomplished in this manner; however, 
rather than referring to these types of materials as wastes, 
we can refer to them as biomass byproducts. Last but not 
least, the ISI are able to make use of these wastes.
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