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A B S T R A C T

Direct Reduction Iron (DRI) of a natural hematite (Khumani Iron Ore, KIO), by lignocellulosic biomass (Mischantus Giganteous, MIS), has been carried out in a 
thermogravimetric apparatus (TGA) coupled with evolved gas analysis (EGA) at different temperatures (750–1200 ◦C) and weight ratios. The microstructural and 
morphological changes of KIO have been also investigated by means of X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM).

Biomass pyrolysis is scarcely influenced by the presence of iron up to 500 ◦C. At higher temperatures, the biochar left behind pyrolysis of biomass acts as reducing 
agent resulting in progressive reduction from hematite (Fe2O3) to metallic iron and, in parallel, gasification of the fixed carbon with release of CO2 and mainly CO.

The reduction degree of KIO with biomass turns out to be comparable or even higher than that obtained with gaseous H2 mixtures above ~ 900 ◦C. XRD shows that 
Fe2O3 is completely reduced to metallic iron at 1000 ◦C. Reduced iron particles show well-developed porosity, with formation of a sponge-like microstructure; EDX 
metal maps reveal a re-distribution of contaminants in the iron particles after complete reduction. Accumulation of gangue elements, Si, promotes the formation of 
inorganic rich micro-spheres within the iron sponge-like architecture.

1. Introduction

Biomass constitutes a carbon neutral and renewable energy source 
and has therefore been proposed as substitute of fossil fuels, in particular 
of coal, in several industrial processes [1,2]. Compared to coal, biomass 
has the advantage of a much lower ash and sulfur content, and some 
disadvantages such as higher humidity, lower energy density, lower 
grindability [3,4]. The properties of biomass can however be adjusted 
performing appropriate pre-treatments such as drying, torrefaction, 
hydrothermal carbonization (HTC) or even pyrolysis [5,6].

In order to reduce the carbon footprint of ironmaking, biomass has 
been proposed as coal substitute for Direct Reduction Iron (DRI) [7,8]. 
At high temperatures iron ore can be reduced to a molten or sponge by 
means of blast furnaces process by employing biomass as a reducing 
agent [9,10]. Biomasses are indeed capable to reduce Fe2O3 to metallic 
iron with a relatively high reaction rate and the advantage of low ash 
production [11,12].

When mixtures of biomass and iron ore processed under controlled 
atmosphere at high enough temperatures (typically above 800 ◦C) the 
first process to occur is pyrolysis of biomass with production of non- 
condensable products (gas), condensable volatiles (tar), and biochar 
[13,14]. Biomass and biomass pyrolysis products, biochar and volatile 
products, can interact with iron ore and promote its progressive 

reduction to metallic iron [15,16]. At the same time, iron can exert an 
action on biomass: on one side it can favor the cracking of volatiles, 
enhancing the yield in gaseous pyrolysis products compared to con
densable ones (tar/biooil) [17,18], on the other side, oxides can act as 
oxygen donors and promote oxidation and gasification of biomass and 
biomass products, as well known from the literature on chemical looping 
combustion [19,20].

The kinetics of all these reactive phenomena and their mutual in
teractions, as well as the yields and properties of gaseous and solid 
products, deserves attention from the scientific community. Indeed, 
several papers have investigated the kinetics of DRI with different solid 
carbonaceous materials, including biomass [21–26]. In particular, some 
papers focused on reduction kinetics of iron ore with gas produced from 
biomass pyrolysis [23,24]. Some other papers addressed, instead, the 
kinetics of reduction by the solid carbon itself [25,26], namely coke or 
the solid carbon deposited from thermal cracking of biomass volatiles 
[23].

Guo et al. investigated DRI of iron ore by a syngas produced from 
biomass composite pellets. They report a reduction degree of 88.1 % at 
850 ◦C and 99.95 % at 1050 ◦C and suggest that the reduction rate is 
controlled by the chemical reaction at the interface with an activation 
energy of 104.76 kJ/mol [27]. Similarly, Guo, Dabin et al. suggested that 
the FeO → Fe reaction occurs at the solid–gas interface with an apparent 
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activation energy of 86.05 kJ⋅mol− 1 [28].
Zulkania et al. studied reduction of iron ore with biomass pellets. In 

particular, they highlighted the heating rate effect on the reduction 
reactivity of iron ore-biomass pellets. Indeed, by increasing the heating 
rate, from 10 to 20 ◦C/min in temperature range of 600–900 ◦C an 
enhancement of the reactivity was observed. Furthermore, the gas 
analysis showed that carbon gasification becomes relevant at a tem
perature of 800 ◦C, thereby increasing the rate of iron ore reduction 
[29].

Zuo et al., investigated the reduction of iron ore by using different 
reducing agents such as biomass char (waste wood), coal and coke. In 
particular, they highlighted that biomass char has the best reduction 
properties compared to coal and coke. Reduction of Fe2O3 indeed, oc
curs at lower temperature with biomass char than with coal and coke, 
and the maximum reaction rate is 1.57 times higher [30].

Altogether, however, data on the mutual interactions between 
biomass and iron ores in such a complex reactive system are missing, in 
particular, both reliable kinetic expressions and detailed information on 
the physicochemical and structural evolution of iron ore are scarce.

Nevertheless, although great efforts have been made based on the 
kinetic investigation of DRI using carbonaceous materials, the DRI using 
a biochar fabricated by biomass pyrolysis one-pot and its kinetic analysis 
deserves further investigations.

In this scenario, the present work investigates DRI of a natural iron 
ore (Khumani Iron Ore, KIO) using a raw lignocellulosic biomass, Mis
canthus giganteus (MIS), which has been largely investigated as energy 
source thanks to its potential to produce a large amount of biomass [31]. 
Miscanthus giganteus (MIS) is indeed an herbaceous feedstock with 
some features such as highly productive, sterile, rhizomatous, C4 
perennial grass and can be considered as a feedstock for bioenergy 
production. In particular, MIS has been widely investigated and 
employed in Europe to fabricate electricity and heat via combustion. 
Furthermore, the US government has supported the employment of 
herbaceous feedstock, in the research activity, for conversion to ethanol 
for use as transportation fuel.

Microstructural, morphological analysis and kinetic modelling have 
been explored. In particular, the reduction kinetics of iron ore using the 
solid product (biochar) as reducing agent, fabricated by MIS pyrolysis, 
has been studied in order to investigate solid–solid reduction reactions.

Experiments have been carried out in a thermogravimetric apparatus 
under inert atmospheres at temperatures up to 1200 ◦C, with different 
biomass:iron ratios (MIS:KIO). Thermogravimetric analysis has been 
complemented with evolved gas analysis and with microstructural and 
morphological analyses of the reduced iron materials, including X-ray 
Diffraction (XRD) and Scanning Electron Microscopy (SEM). In partic
ular, XRD results have been worked out to calculate the degree of 
reduction of the iron samples. The rates of mass loss obtained by ther
mogravimetric analysis have, then, been compared with the reduction 
rate of KIO from XRD analysis, and furthermore, with the reduction rate 
of KIO with H2 (assumed as reference), while the evolved gas analysis 
allowed to address the role of char gasification.

In the framework of the fast-growing field of iron ore-based formu
lations science and technology, this work represents a first example in 
which a detailed investigation of the iron ore-based materials reduced 
with biomass, gives a reliable basis to link the functional behavior of 
biomass/iron ore formulations to their microstructure and to the fast 
understanding of their kinetic investigations in order to produce a 
functional materials for ironmaking industry.

2. Materials and methods

KIO and MIS in the sieve fraction of 90–200  μm were employed. Raw 
materials were provided by the laboratory of industrial chemistry, Ruhr 
University Bochum (RUB). KIO is a natural iron ore used in [32]. 
α-alumina (was purchased at Sasol, Italy, and used as a standard (10 wt 
%) for a quantitative XRF analysis. Proximate and Ultimate analyses on 

MIS were performed using a LECO TG701 and a LECO CHN 628 ac
cording to the standard procedures ASTM D5142 (UNI 9903) and ASTM 
D 5373, respectively. The results of the analyses (average over 3–5 
measures) are reported in Table 1.

Metal components of KIO and MIS were determined via X-Ray 
Fluorescence (XRF) [33,34], using a Nexde-Rigaku instrument. In 
particular, crystalline α alumina was used as an internal standard and 
the weight fraction (wt%) of each oxide that composes KIO was deter
mined and reported in Table 2, while a qualitative analysis of MIS metal 
components is reported in Table S1.

KIO and MIS at different weight ratios were mixed by means of a 
vortex for 2 min at 250 rpm at 25 ◦C obtaining the weight ratios reported 
in Table 3.

The weight fractions for MIS:KIO formulations were chosen in order 
to obtain the DRI, (Fe2O3 → Fe). In particular, the 3:1 MIS:KIO sample 
was first prepared and treated at different temperatures, as reported in 
Table 3. Subsequently, once the optimal temperature conditions were 
found, the amount of MIS was gradually decreased and investigated at 
all chosen temperatures in order to determine the best formulation, MIS: 
KIO, to obtain the DRI.

The thermal behavior of the different MIS:KIO mixtures was studied 
in a thermobalance (NETZSCH 409CD). Approximately 60 mg of sample 
were used for each test. Samples were heated up to the final temperature 
T, between 750–1200 ◦C, in a flow of nitrogen of 200 ml/min (STP) with 
a constant heating rate of 10 ◦C/min. The final temperature was held for 
2 h. The CO, CO2 and CH4, released throughout the TGA runs were 
measured online by gas analyzers ABB AO2020 (Uras 26). Double de
terminations have been performed to ensure the reproducibility of the 
results. Samples are labelled as x:y T, where x is the weight ratio of MIS, 
y is the weight ratio of KIO and T is the final temperature of the TG 
experiments. For example, the sample made of 50 wt% of MIS, 50 wt% of 
KIO and treated up to 750 ◦C in TG is labelled 1:1 750 ◦C.

The mass recorded during TGA experiments was worked out in order 
to obtain TG and DTG plots of (m/mo) and (dm/dt/mo) vs. time, where 
and m and m0 are the actual and the initial weight of the sample.

The mass recorded during TGA experiments was worked out in order 
to obtain: 

• DTG curves of derivative mass loss 1
m0

dm
dt versus time where and m 

and m0 were the actual and the initial weight of the sample.
• instantaneous reaction rate curves of dx/dt versus x , with conver

sion x defined as x = m0 − m
m0 − m* where m and m0 are the actual and the 

initial weight of the sample, while m* is the weight at of the TG 
experiment at 500 ◦C. This conversion rate includes biomass 
pyrolysis.

• Instantaneous reaction rate curves of dx*/dt versus x*, with con
version x* defined as x* = m* − m

m* − mf 
where m* is the weight of the sample 

at 500 ◦C, while m and mf are still the actual and final samples 
weight. This conversion rate neglects the initial stage of biomass 
pyrolysis and refers, mainly, to iron oxides reduction

• the non-isothermal TGA data have been worked to obtain Arrhenius 

plots of ln
(

dx
dt

1
1− x

)

or ln
(

dx*

dt
1

1− x*

)

versus 1/T.

Analysis of reduced samples for has been performed by SEM FEI 
Ispect S, Column E-SEM W, Source: 200 V–30 KV, filament: tungsten 
equipped with an Everhart–Thornley detector (ETD).

Table 1 
Ultimate analysis of MIS (dry basis; *by difference).

Cd.b. wt% Hd.b. wt% Nd.b. wt% O wt%*

43.3 5.81 0.27 50.62
Moisture wt% Volatile wt% Fix Carbon wt% Ash wt%
4.7 67.6 20.5 7.2
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Microstructural investigations were carried out by means of X-Ray 
powder Diffraction (XRD) analysis in the 2Θ range 3-90◦ using a Rigaku 
Miniflex 600 automated diffractometer equipped with a CuKα radiation 
source. Phases were identified by using the PDF-5 + 2024 database 
(ICDD International Centre for Diffraction Data®, Newtown Square, PA, 
USA) and the Rigaku Smart Lab II software v4.5.162.0. The determi
nation of Indices Refraction Ratio (RIR) was performed without 
considering the amorphous phase.

3. Results and discussion

3.1. Microstructural investigations

Microstructural and morphological investigation of samples at 
different MIS:KIO ratios treated at different temperatures with N2 has 
been performed by XRD and SEM and EDX.

Results of the structural investigation carried out by XRD on different 
MIS:KIO mixtures treated at 750 ◦C (blue), 900 ◦C (red) and at 1000 ◦C 
(black) are reported in Fig. 1.

Microstructural investigations carried out by XRD on different MIS: 
KIO ratios treated at different temperatures are reported in Fig. 1, while 
XRD pattern of MIS:KIO (3:1) treated at 1200 ◦C, is reported in Fig. S1.

The XRD pattern of the MIS:KIO 1:1 treated at 750 ◦C shows 
diffraction peaks (labelled as 1) corresponding to crystalline phases of 
the Fe3O4 and FeO (labelled as 3) with a minor diffraction peak attrib
utable to the SiO2 (labelled as 2), Fig. 1a. By increasing the temperature 
from 750 to 900 ◦C at constant MIS:KIO ratios, a conversion of Fe3O4 → 
FeO and of FeO → Fe present in two different crystalline phases (labelled 

as 4 and 5) is detected. However, the further increase in temperature 
leads to a total conversion of FeO into the two crystalline phases of Fe 
which are composed of Fe and αFe. Conversely, by increasing the MIS: 
KIO ratio from 1:1 to 2:1, Fig. 1b, the treatment at 750 ◦C showed 
different crystalline phases composed of Fe3O4 and FeO. Further 
increasing the temperature from 750 ◦C to 900 ◦C a gradual conversion 
of Fe3O4 → FeO → Fe occurs. At 1000 ◦C with a MIS:KIO ratio of 3:1 wt 
%, two crystalline phases can be observed, namely Fe and αFe. The 
presence of these two crystalline phases is probably attributable to the 
possibility of liquid crystalline phases formation between the tar, 
deriving from MIS pyrolysis and Fe. Formation of a liquid crystalline 
phases, as described by Shibata et al., between Fe-C is verified at tem
perature higher than 1200 ◦C [35,36]; however, the formation of the 
probably liquid crystalline phases already at 1000 ◦C may be due to the 
presence of silica (Si is present in both KIO, ~5%, and MIS, ~34 % as 
reported by XRF analysis).

In order to determine the wt% of all crystalline phases RIRs of the 
MIS:KIO samples treated at different temperatures are reported in 
Table 4.

From the inspection of the Table 4 it is possible to observe that the 
Fe2O3 → Fe3O4 → FeO → Fe reaction progresses by increasing both the 
MIS:KIO ratios and temperatures.

XRD results have been further used to determine the reduction de

Table 2 
Quantitative XRF analysis of KIO.

Sample Metal Oxide Components wt%
Fe2O3 SiO2 Al2O3 K2O MgO MnO TiO2 P2O5 CaO

KIO 85.7 3.2 3.8 0.05 0.15 0.22 0.08 0.28 0.04

Table 3 
Different weight ratios of MIS:KIO formulations investigated at different final 
temperatures.

MIS:KIO (wt%) Final temperature (◦C)
750 900 1000 1200

1:2 ​ ​ x ​
1:1 x x x ​
2:1 x x x ​
3:1 x x x x

Fig. 1. XRD pattern of different MIS:KIO ratio treated at different temperatures. The crystalline phases, with ICDD codes, are indicated: 1 = Fe3O4, 01–088-0866; 2 
= SiO2, 01–089-8937; 3 = FeO, 01–073-2144; 4 = Fe, 01–089-7194; 5 = αFe, 01–080-3816. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article).

Table 4 
RIRs of the MIS:KIO samples treated at different temperatures.

RIR (wt%)
Fe3O4 FeO Fe αFe

1:1 750 ◦C 33 62 ​ ​
2:1 750 ◦C 31.7 67.3 1 ​
3:1 750 ◦C 72 15 1 1.5
1:1 900 ◦C ​ 38 9 44
2:1 900 ◦C ​ 28 6 66
3:1 900 ◦C ​ 18 4 68
1:2 1000 ◦C ​ ​ 15 75
1:1 1000 ◦C ​ ​ 10 80
2:1 1000 ◦C ​ ​ 5 85
3:1 1000 ◦C ​ ​ 3 87
3:1 1200 ◦C ​ ​ 2 88
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gree as a function of the MIS:KIO ratios and temperatures; not taking 
into account the 10 % of the crystalline phase composed of residual SiO2 
which is stable at all temperatures investigated. In particular, the 
reduction degree was determined according to O/Fe amount, by using 
the following Eqs. (1)–(2). Results are reported in Fig. 2: 

O
Fe

=
%wtFe2O3x O

Fe + %wtFe3O4x O
Fe + %wtFeOx O

Fe
100

(1) 

RD =
O
Fe s − O

Fe
O
Fe s

x100% (2) 

where in the O
Fe equation %wt of Fe2O3, Fe3O4 and FeO are the weight 

percentages obtained by XRD characterization, O
Fe are the components of 

each phase, while in RD O
Fe s represents the ratio of the starting materials 

(Fe2O3) while O
Fe is calculated as previously mentioned.

From the inspection of Fig. 2 it is possible to observe that at 750 ◦C 
the reduction degree of KIO (Fe2O3 → Fe) increases along with MIS:KIO 
ratios. However, a complete KIO reduction at 750 ◦C is not achieved, as 
it is possible to observe also from Table 4. This trend is observed even at 
900 ◦C where the reduction degree is higher than 750 ◦C for all weight 
ratios investigated; however, a complete DRI was not obtained because 
FeO crystalline phases are still detected, Fig. 1. Contrariwise, a complete 
reduction DRI of KIO is obtained at 1000 ◦C for all MIS:KIO ratios in 
which the RD is ~ 100 %.

3.2. Thermogravimetric and gas analysis

Fig. 3 shows the TG-DTG and gas release curves of MIS pyrolysis up 
to 900 ◦C.

The TG-DTG curves in Fig. 3a show that two main stages of pyrolysis 
take place between 250–500 ◦C, accounting for 68 % of mass loss. Py
rolysis tail above 500 ◦C accounts for less than 5 % of weight loss. The 
gas profiles in Fig. 3b consistently show two well resolved and compa
rable CO and CO2 peaks before 500 ◦C. The CH4 peak is shifted by 
approximately 50 ◦C, but its height is remarkably low compared to that 
CO and CO2. Notably also H2 profiles were recorded (Fig. S2), but the 
concentration was so low to be considered negligible.

Fig. 4 reports the TG-DTG curves of experiments with MIS and KIO at 
different weight ratios and temperatures between 750 and 1000 ◦C. The 
profiles of CO, CO2 and CH4 formed during the TG tests are reported in 
Fig. 5. The TG-DTG and gas profiles obtained at 1200 ◦C with the MIS: 
KIO ratio of 3:1 are reported in Fig. 6.

As already mentioned above for experiments on MIS alone, the H2 
profiles were recorded (Fig. S2), but the concentration was so low that 
its relevance to the observed phenomenology was considered negligible.

It can be observed that for all the conditions investigated, the two 
stages of MIS pyrolysis before 500 ◦C are not affected by the presence of 
KIO. The weight loss up to 500 ◦C corresponds to what expected from 
pyrolysis of the MIS fractions, and no shift is observed in the DTG peaks 
(390 ◦C). Another well resolved stage of weight loss is observed for 
750 ◦C < T < 1000 ◦C, most likely attributable to KIO reduction. In the 
intermediate temperature (500–750 ◦C), the weight loss is relatively 
modest, however in this region MIS pyrolysis tails and initial stages of 
KIO reduction may overlap and even interfere with each other and a 
clear distinction between reactive phenomena is not possible.

For T < 500 ◦C (t < 50 min), the production of CO, CO2 and CH4 is 
attributed to the light gases generated during biomass pyrolysis. The 
addition of KIO does not shift the gas release peaks up to 500 ◦C (XRD 
pattern is reported in Fig. S3). For T > 750 ◦C further peaks of CO, CO2 
are detected. This effect is even stronger at 1000 ◦C for all MIS:KIO 
weight ratios.

From Fig. 6 it can be observed that when the temperature is further 
raised to 1200 ◦C, an even later peak of CO is observed, which parallels 
with an additional DTG peak.

The presence of other peaks of CO at high temperature, T > 700 ◦C is 
attributed mainly to Boudouard reaction, as will be better discussed in 
the paragraph on “mass balances”. A contribution to CO release from 
reactions involving other metals, cannot, however, not be excluded a 
priory, since the starting material (Fe2O3) contains also other metals, 
Table 2, and are not detected from XRD, and could in principle result in 
eutectics [37].

3.3. Mass balances

Tables 5–6 report the results of mass balances carried out on TG and 
evolved gas analysis.

The overall mass loss due to gaseous products has been calculated as 
follows: 
(

m
m0,MIS

)

Gas
=

MIS + KIO
m0MIS

Q
Vm

∫ t*

t0
28COdt+

∫ t*

t0
44CO2dt+

∫ t*

t0
16CH4dt

(3) 

(
m

m0,KIO

)

Gas
=

MIS + KIO
m0KIO

Q
Vm

∫ tf

t*
28COdt+

∫ tf

t*
44CO2dt+

∫ tf

t*
16CH4dt

(4) 

Where Q is the gas flow rate used in the TG experiment, Vm (= 22.4 L/ 
mol) is the volume of one mole of ideal gas at standard temperature and 
pressure, CO, CO2, CH4, and CO0, CO20 , CH40 are the molar fractions of 
the gas products measured by gas analyzers at any time t and at the 
beginning of the test. As far as the time intervals are concerned, two 
calculation sets have been carried out: from the beginning of the heat up, 
till the time t* when the temperature of 500 ◦C is reached, and from this 
time to the end of the experiments (when cooling down starts). This has 
been done because, at 500 ◦C within a first order approximation, 
biomass pyrolysis can be considered almost complete, while iron ore 
reduction can be considered negligible. Therefore, for the first-time in
terval, when pyrolysis of biomass dominates, data have been normalized 
with respect to the mass of MIS, m0,MIS = m*

0
MIS

(MIS+KIO)
, whereas for the 

second interval (above 500 ◦C) the data have been normalized with 
respect to the mass of the KIO loaded in the experiment, m0,KIO =

m*
0

KIO
(MIS+KIO)

.
From the overall mass balances in Table 5 it can be observed that the 

mass loss with light gases in the pyrolysis stage (below 500 ◦C) is smaller 
than the corresponding weight loss measured by the thermobalance. 
This is not surprising because CO, CO2, CH4 (and H2) are only a fraction 

Fig. 2. Reduction degree of KIO by using MIS at different both MIS:KIO ratios 
and temperatures.
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Fig. 3. TG-DTG and gas release curves of MIS pyrolysis up to 900 ◦C.

Fig. 4. TG-DSC curves of the MIS:KIO at different ratios and at different temperatures under N2 atmosphere.
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Fig. 5. Gas release curves at different KIO:MIS weight ratios and at different temperatures.

Fig. 6. TG-DTG and Gas release curves of MIS:KIO 3:1 (wt%) at 1200 ◦C.
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of the volatiles produced by biomass pyrolysis. Especially in the early 
stages of pyrolysis a multitude of hydrocarbon species are released, 
including gaseous species with more than two carbon atoms (C2-C6), and 
heavier hydrocarbons (tars) which have not been analyzed in the pre
sent work [38]. Notably, when the temperature and the biomass to iron 
ore ratio increase, the yield of light gases increases moderately, sug
gesting that part of the heavy pyrolysis products (TAR) may undergo 
cracking (resulting in higher CH4 concentration) because of catalytic 
effect of KIO.

In the second stage, above 500 ◦C, the weight loss increases pro
gressively with temperature and MIS:KIO ratios. Notably data has been 
normalized with respect to the KIO content. When the Fe2O3 is 
completely reduced to metallic iron, it loses 30 % of its mass. Therefore, 
if only the reduction of iron took place above 500 ◦C, the maximum 
allowed values in Table 5 should be 30 %. Instead, when the tempera
ture exceeds 900 ◦C, for high enough MIS:KIO ratios, much larger weight 
loss is obtained. This clearly indicates that in the temperature range 
above 500 ◦C biomass gasification occurs in parallel with KIO reduction. 
Carbon gasification explains also the late CO peaks shown in the gas 
profiles curves of Fig. 4.

The temperature range above 500 ◦C has been further investigated 
by looking at the mass balances on carbon. The overall reaction for KIO 
reduction and carbon oxidation is considered to occur above 500 ◦C, Eq. 
(5): 

Fe2O3 +
3

2 − α C→2Fe+
3

2 − α αCO+
3

2 − α (1 − α)CO2 (5) 

The CO, CO2 and overall carbon loss as gaseous species above 500 ◦C 
was calculated according to the following equations: 
(

CCO

C*

)

mol
=

1
C*

Q
Vm

∫ tf

t*
COdt (6) 

(
CCO2

C*

)

mol
=

1
C*

Q
Vm

∫ tf

t*
CO2dt (7) 

(
Cgas

C*

)

mol
=

1
C*

Q
Vm

∫ tf

t*
(CO + CO2 + CH4)dt (8) 

Here t* is the time when temperature reached 500 ◦C and tf is the 

time at the end of the experiment. Notably, the C* is the molar carbon 
content of the sample at 500 ◦C, which can be roughly considered the 
fixed carbon of the biomass. Based on the TG results on MIS and on its 

proximate analysis, C* has been calculated as C* = m0

(
MIS

MIS+KIO

)
0.23
12 , 

where mo is the total mass of sample (KIO + MIS) loaded at the begin
ning of the experiment.

Results of the overall carbon loss, from 500 ◦C till the end of the 
experiment are reported in Table 6, together with the values of α =

CO
CO+CO2

.
From the inspection of Table 6, it emerges that for the fixed MIS:KIO 

ratios of 1:1, the fraction of fixed carbon which is oxidized (above 
500 ◦C) increases progressively with the final reaction temperature, 
while for a fixed temperature it decreases with increasing MIS:KIO ra
tios.These results can be explained by the fact that, even when tem
perature was high enough to reduce Fe2O3, the amount of KIO was 
insufficient to oxidize all the fixed carbon present in the biomass.

In fact, the molar ratios of OKIO/C* are also reported in the table, 
where OKIO is the total content of elemental oxygen present in the loaded 

sample, calculated as OKIO = m0

(
KIO

MIS+KIO
1

156
3
2

)

.

It can be observed that carbon was in excess with respect to KIO 
(

OKIO
C* < 1

)

in all the tests, with the only exception of the test carried out 

with MIS:KIO ratio of 1:2, which was indeed the case with the highest 
conversion of fixed carbon (Cgas/C*=0.84).

As far as the overall stoichiometry of the reaction is concerned, the 
value of α = CO

CO+CO2
, reported in Table 6, increases with temperature, 

reaching values of 0.7–0.8 above 1000 ◦C, where reduction of KIO to Fe 
is complete. Notably the result is consistent with the thermodynamic 
considerations reported in [23] which show that at 1000 ◦C with α 
values of 0.7 the stable iron form is Fe.

3.4. Role of biochar in KIO reduction

It is important to understand if the reduction of KIO can be attributed 
to (solid–solid) reaction of KIO with the biochar formed in the pyrolysis 
stage, or rather it should be attributed to (gas–solid) reaction of KIO with 

Table 5 
Mass balances carried out on TG and evolved gas analysis; (1 wt% calculated respect to weight of the biomass loaded; 2 wt% calculated respect to weight of the iron ore 
loaded).

MIS 1:1 
750 ◦C

2:1 
750 ◦C

3:1 
750 ◦C

1:1 
900 ◦C

2:1 
900 ◦C

3:1 
900 ◦C

1:2 
1000 ◦C

1:1 
1000 ◦C

2:1 
1000 ◦C

3:1 
1000 ◦C

3:1 
1200 ◦C

Pyrolysis 
T <
500 ◦C

%wt lost 
TG1 

Biomass 

normalized

68.2 64.6 68.4 66.3 65.2 82.4 97.6 75 70 67.5 69.3 78. 7

%wt gas1 

Biomass 

normalized

11.2 11.2 12.5 13.8 12.3 14.4 14.2 13.2 13.2 12.8 15.5 18.5

Reduction 
T ≥
500 ◦C

%wt lost 
TG2 

KIO 

normalized

​ 8.2 9.9 16.4 12.2 37.5 48 25.5 50 63 84 92

%wt gas2 

KIO 

normalized

​ 4.6 12 17.2 16.2 38.4 54 25.3 46 57 80 84

Table 6 
Mass balance at T ≥ 500 ◦C of different temperatures and MIS:KIO weight ratios.

Molar ratios 1:1 750 ◦C 2:1 750 ◦C 3:1 750 ◦C 1:1 900 ◦C 2:1 900 ◦C 3:1 900 ◦C 1:2 1000 ◦C 1:1 1000 ◦C 2:1 1000 ◦C 3:1 1000 ◦C 3:1 1200 ◦C

Cgas/C* 0.09 0.11 0.12 0.25 0.33 0.30 0.84 0.75 0.51 0.47 0.50
OKIO/C* 0.52 0.26 0.17 0.52 0.26 0.17 1.05 0.52 0.26 0.17 0.17
α 0.60 0.55 0.66 0.53 0.68 0.67 0.69 0.70 0.78 0.70 0.80
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the volatile products of biomass pyrolysis. For this reason, biochar from 
MIS was produced at 600 ◦C in TG in a flow of N2 and 10 ◦C/min heating 
rate. KIO was then mixed with the char with the weight ratio 3:1 and 
treated at 1000 ◦C in the TGA, Results are shown in Fig. 7.

The TG curve shows that the weight loss starts only above 700 ◦C in 
correspondence of the release of the first peak of CO2. For T > 870 ◦C, 
the reaction proceeds with the release of 3 peaks of CO2 and one 
remarkable release of CO. These results confirm the prevalent role of 
biochar’s fixed carbon on reduction of KIO. The three stages of reaction 
might be associated with the three-reduction stapes: Fe2O3 → Fe3O4 → 
FeO → Fe. The Boudouard reaction contributes to the large formation of 
CO at T > 700 ◦C.

Notably, even though in the present set up, the contribution of vol
atiles to overall reduction of KIO was small compared to that of char, the 
situation could be different in an industrial scale up where volatiles and 
iron ores are in more prolonged contact at high temperature than in the 

present work [39].

3.5. Kinetic analysis

Arrhenius plots have been calculated for assuming a simple kinetic 
law, as reported in the following equations: 

dx
dt

= k0exp
− Ea
RT (1 − x) (9) 

dx*
dt

= k0exp
− Ea
RT (1 − x*) (10) 

where x is the conversion degree, k0 the pre-exponential factor, the 
activation energy (Ea) and R the gas constant.

Example of the Arrhenius plots obtained from the sample with MIS: 
KIO weight fraction of 1:1 at 1000 ◦C is reported in Fig. 8.

Fig. 7. TG and gas release curves of KIO:CHAR (MIS) 3:1 wt% at 1000 ◦C.

Fig. 8. Arrhenius plots of 1:1 MIS:KIO at 1000 ◦C.
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It can be noted that the Arrhenius plot in the low temperature range 
exhibits two linearity ranges which correspond to the two main stages of 
biomass pyrolysis. In the intermediate temperature range the over
lapping of pyrolysis tails and early reduction stages makes it difficult to 
obtain reliable kinetic data. Another linearity range can be well identi
fied, instead, for T > 750 ◦C. The latter could be attributed to the 
reduction of KIO with biochar and the kinetic parameters obtained by 
linear fitting are reported in Table 7.

The reported value of Ea can be compared and discussed against 
available results from other research groups [40–43]. Some papers on 
reduction of iron oxides in mixtures with carbon (also known as self- 
reduction) report values of the order of 300–450 kJ/mol [44,45], 
much higher indeed than the one obtained in the present work. Such 
high activation energy was explained within the two-step reaction 
mechanism: 

FexOy(s) +CO(g)⇄FexOy− 1(s) +CO2(g) (11) 

C(s) +CO2(g)⇄2CO(g) (12) 

Accordingly, the rate limiting step of the iron ore reduction would be the 
solid carbon gasification reaction, which indeed has relatively high 
activation energy [43]for fossil carbon. On the other hand the activation 
energy for reaction of iron ore with CO reported in the literature can be 
as low as 30–53 kJ/mol [46]. However, also for carbon gasification, 
kinetics depend on the structure of the solid carbon material.

In the present work the carbon material is the biochar produced 
during the early stage of heat up, whose gasification reactivity is ex
pected to be higher than that of more graphitic carbons. Values of 
activation energy of 127 and 171 have been reported for gasification of 
Miscanthus chars [47], prepared at 600 ◦C and 800 ◦C, respectively. 
Indeed, more severe heat treatment of the biochar can induce thermal 
annealing [48] with subsequent loss of reactivity, microstructural 
tranformations and changes in the kinetic parameters.

In Fig. 9, the Arrhenius plots obtained from TG tests in the KIO 
reduction domain at different MIS:KIO rations are compared with the 
Arrhenius plot obtained for reduction of KIO with 6.7 % of H2 in a 
previous work [32]. As a matter of fact a detailed kinetic analysis carried 
out on KIO reduction with H2 by non-isothermal thermogravimetric 
analysis revealed three stages of reaction with three values of activation 
energy depending on the temperature range: Ea = 133 kJ/mol (T <
550 ◦C), Ea = 33 kJ/mol (550 ◦C < T < 700 ◦C) and Ea = 83 kJ/mol (T >
700 ◦C), which are related to the three reduction steps of KIO (Fe2O3 → 
Fe3O4 → FeO → Fe) [49].

From the inspection of Fig. 9 it can be observed that from 750 ◦C to 
900 ◦C the reduction of iron ore using H2 (grey) as reducing agent is 
faster than reduction with MIS. However, at temperature higher than T 
> 900 ◦C, the trend is reversed suggested that the reduction of KIO using 
MIS results more rapidly than using H2 at all weight ratios used.

3.6. Morphological investigation

Morphological investigation of samples at different MIS:KIO ratios 
treated at different temperatures with N2 has been performed and SEM 
and EDX. Selected SEM micrographs of samples at weight ratio of 1:1 at 
750 ◦C, 900◦c and 1000 ◦C are reported in Fig. 10.

From the inspection of the Fig. 10 it can be noted that KIO particles 
reduced at 750 ◦C appear edgy and with rather smooth surface; how
ever, porosity in these particles seems to be negligible. Furthermore, MIS 

particles treated up to 750 ◦C seem to retain the original morphology of 
the raw biomass (as reported in Fig. S4). Increasing the temperature 
from 750 ◦C to 1000 ◦C, a variation of the KIO particles’ surface from 
smooth to rough is detected. Indeed, the particles contour becomes less 
edgy and at higher magnification longitudinal cricks become evident. At 
1000 ◦C, some deposits with spherical shape are detected on the MIS 
surface.

EDX analysis, reported in Table 8, reveals that the spherical deposits 
with smooth surface (blue box) come from the biomass pyrolysis, while 
the rough spherical deposits (orange box) are an agglomerate of carbon 
and smaller particles of iron material.

Fig. 11 reports KIO particles treated at 1000 ◦C where an extensive 
development of porosity is observed with formation of a sponge-like 
microstructure; this morphological architecture has been observed 
even for KIO reduced with H2 [32].

EDX metal maps reveal a re-distribution of contaminants in the iron 
particles after complete reduction at 1000 ◦C. Indeed, the accumulation 
of gangue elements, Si, forms spherical drops within the iron sponge-like 
microstructure architecture.

4. Conclusions

The present work reports the results of an experimental campaign of 
reduction of Khumani Iron Ore, using Mischantus Giganeteous biomass 
as reducing agent, in controlled atmosphere, N2, at different weight 
ratios and temperatures. 

1. Biochar produced by biomass pyrolysis has been shown to be capable 
of reducing Fe2O3 to metallic iron. In particular, it has been shown 
that the reduction of Fe2O3 to metallic iron is not due to the volatiles 
generated during biomass pyrolysis but is due to the reaction be
tween biochar and Fe2O3. Furthermore, it has been shown that 
increasing both the biomass to Fe2O3 ratio and the temperature in
creases the reduction degree of the following reaction Fe2O3 → 
Fe3O4 → FeO → Fe. In particular, 90 % of crystalline phases 
composed of metallic iron have been obtained from the mixture 
composed of MIS:KIO 1:1 at 1000 ◦C which corresponds to iron 
sponge-like morphological architecture.

2. Based on mass balances, two different regions of temperatures have 
been identified: a) at T < 500 ◦C the mass loss is due to pyrolysis of 
biomass, b) at T > 500 ◦C the mass loss increases with the MIS:KIO 
ratio. The mass loss cannot be attributed only to the reduction of 

Table 7 
Kinetic parameter of iron oxides reduction with biomass.

Kinetic parameters
Ea kJ/mol k0 1/min

180 4.8.106

Fig. 9. Iron ore reduction kinetics with different weight ratio of biomass and 
with 6.7% H2.
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Fe2O3, but also biomass gasification occurs. This is evident in the 
appearance of remarkable CO peaks above 900 ◦C.

3. It is shown that kinetics of biomass pyrolysis at T < 500 ◦C is not 
influenced by the presence of KIO. Kinetics of KIO reduction has been 
obtained fitting the mass loss data above T > 750 ◦C.

In conclusion, our findings suggest that biochar fabricated by 
biomass pyrolysis is an alternative promising reducing agent for the 
reduction of a desired iron-based materials, from magnetite to metallic 
iron, in the ironmaking industry; however, further investigations will be 
carried out on the condensable volatiles.

Fig. 10. SEM images of MIS:KIO 1:1 (wt%) treated at different temperatures.

Table 8 
EDX analysis on selected spot on the surface of a biomass particle of 1:1 1000 ◦C 
sample.

Element Orange box (wt%) Blue box (wt%)

Carbon 32.7 89.6
Oxygen 18.7 6.7
Iron 41.6 1.6
Silicon 5.7 1.7
Aluminium 1.3 0.4

Fig. 11. SEM micrographs and EDX metal maps of KIO particles treated at 1000 ◦C.
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