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Abstract: Currently, fossil fuels are still the primary fuel source and reducing agent in the steel
industries. The utilization of fossil fuels is strongly associated with CO, emissions. Therefore, an
alternative solution for green steel production is highly recommended, with the use of biomass as a
source of fuel and a reducing agent. Biomass’s growth consumes carbon dioxide from the atmosphere,
which may be stored for variable amounts of time (carbon dioxide removal, or CDR). The pellets
used in this study were prepared from a mixture of low-grade iron ore and palm kernel shells (PKS).
The reducing reactivity of the pellets was investigated by combining thermogravimetric analysis
(TGA) and laboratory experiments. In the TGA, the heating changes stably from room temperature
to 950 °C with 5-15 °C/min heating rate. The laboratory experiments’ temperature and heating rate
variations were 600-900 °C and 10-20 °C/min, respectively. Additionally, the reduction mechanism
was observed based on the X-ray diffraction analysis of the pellets and the composition of the reduced
gas. The study results show that increasing the heating rate will enhance the reduction reactivity
comprehensively and shorten the reduction time. The phase change of Fe;O3 — Fe304 — FeO —
Fe increases sharply starting at 800 °C. The XRD intensities of Fe compounds at a heating rate of
20 °C/min are higher than at 10 °C/min. Analysis of the reduced gas exhibits that carbon gasification
begins to enlarge at a temperature of 800 °C, thereby increasing the rate of iron ore reduction. The
combination of several analyses carried out shows that the reduction reaction of the mixture iron
ore-PKS pellets runs optimally at a heating rate of 20 °C/min. In this heating rate, the reduced gas
contains much higher CO than at the heating rate of 10 °C/min at temperatures above 800 °C, which
encourages a more significant reduction rate. In addition, the same reduction degree can be achieved
in a shorter time and at a lower temperature for a heating rate of 20 °C/min compared to 10 °C/min.

Keywords: biomass; iron ore; reduction reactivity; reduction degree; pellet

1. Introduction

The ironmaking industry is one of the largest fossil fuel-consuming industries globally.
Several methods are utilized in the industry, such as the blast furnace/basic oxygen furnace
(BF-BOF), direct reduction/electric arc furnace (DR-EAF), smelting reduction/basic oxygen
furnace (SR-BOF), and melting of scrap in an electric arc furnace (EAF) [1]. These methods
use fuel and reducing agents in coal, coke [1], natural gas, or oil derived from fossil fuels [2].
Consequently, this comprises a considerable contribution to global CO, emissions. Thus,
renewable fuels utilization is an alternative way to reduce CO, emissions. Biomass is
now being heavily explored, as evidenced by multiple studies indicating that biomass can
help mitigate CO, emissions in the ironmaking process. Purwanto et al. [3] found that
using charcoal obtained from oil palm empty fruit bunch for sintering low-grade iron ore
potentially decreased CO; emission in the ironmaking process. Furthermore, utilizing
torrefied biomass as an ironmaking reductant has the potential to be carbon neutral due to
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biomass’s propensity to adsorb CO, during its growth phase [4]. Reducing agents required
in the iron ore reduction process can be met by biomass’s when thermally decomposed
into carbon, CO, and Hj. This is shown in several reduction studies using charcoal from
sawdust, nutshell, and waste biomass [5] and raw biomass, such as pine sawdust [6,7],
coconut shell waste [8], and corn straw [9]. The use of biomass in iron ore reduction
provides a good interaction between iron ore and biomass. The iron ore plays a good
role as a catalyst for the pyrolysis process of biomass into the volatile matter, carbon,
and gas [10,11] and, simultaneously, the pyrolysis results become reducing agents that
encourage reduction reaction.

Biomass may be used as a reducing agent in various methods. The chemical vapor
infiltration (CVI) method utilizes volatile matter and gas from the pyrolysis of biomass to
diffuse into iron ore in different chambers. This method stimulates the formation of carbon
deposits, and the reduction reaction co-occurs. The CVI method directs the formation of
nanoscale distances between carbon-iron ore, which causes the reduction rate to occur
faster [12]. Investigation of Cahyono et al. [13] showed that using the CVI method in a
sinter plant could significantly decrease coke breeze and CO, emissions in the ironmaking
sector. Another study indicated that the reduction rate of composites with the CVI method
was higher than that of a mixture of dehydrated iron ore and coke [14]. Another way for
obtaining carbon deposits as reducing agents is to impregnate iron ore with biomass tar and
then carbonize it. This triggers a high reduction reactivity [15]. In addition, the biomass is
also used as a composite mix with iron ore in the form of pellets or briquettes. Briquettes
of a mixture of iron ore and pine sawdust, which reduced at a temperature of 1100 °C
with a reaction time of 60 min, generated the reduced iron with Fe metal content up to
94.5% [16]. The investigation conducted by Guo et al. [17] showed that the pellet reduction
rate with biomass was relatively higher than without biomass at the same temperature.
This is caused by the increase in pellet porosity due to dehydrated and pyrolyzed biomass
promoting a higher interfacial chemical reaction rate.

The biomass utilization as a reducing agent can be more efficient when it is upgraded
to increase the calorific value and volumetric energy density, reduce ash, more acces-
sible handling properties, and diminish moisture content. Several forms of upgraded
biomass include a pellet form, charcoal, torrefied biomass, and others [1]. According to
Yuan et al. [18], the metallization degree of the reduced iron ore-straw fiber pellets was
slightly lower than those of the bamboo char-iron ore pellets and the charcoal-iron ore
pellets at 600-800 °C. However, it will reach a comparable metallization value to the other
two pellets at temperatures above 1000 °C. Meanwhile, another study showed slightly
different things. The reduction process for iron ore-raw biomass mixture pellets provides a
faster reduction rate at a relatively low temperature than composite pellets of iron ore-coke
and iron ore-charcoal. In addition, it displays lower apparent activation energy than the
other pellets [19]. Several reduction studies using iron ore-raw biomass mixture pellets
have been carried out. Rashid et al. [20] used spherical pellets of iron ore-palm kernel
shell mixture with a diameter 10-12 um in their reduction study. The composition of PKS
by 30% by weight at a temperature of 900 °C resulted in the majority content of reduced
pellets being wustite (FeO). Furthermore, the study conducted by Huang et al. [6] used
a cylindrical pellet mixture of iron ore-pine sawdust with a @ 15 mm x 10 mm. The
study results demonstrate that the iron ore-biomass ratio that gives the optimum degree of
metallization is 1:0.6.

One of the essential parameters considered in the reduction or pyrolysis process is
the heating rate. Several studies have analyzed the effect of heating rate changes on reduc-
tion reactivity through thermogravimetric analysis (TGA). The study utilized carbonized
goethite ore samples [12] and iron ore-biochar pellets [21]. These studies show that increas-
ing the heating rate on the same reducing agent will shift the initial temperature of the
weight loss. However, the trend of decreasing weight loss for each heating is almost the
same. Eventually, several previous studies that used biomass as a reducing agent in the
iron ore-biomass pellets found it attractive to apply these for manufacturing sponge iron or



Energies 2022, 15, 137

30f16

direct reduction iron (DRI). Based on the analysis of Mousa et al. [1] and Suopajarvi et al. [2],
one of the processes in ironmaking is with DR-EAF, which requires the supply of DRI in
the process. The DRI of this iron ore-biomass pellet reduction process can be an attractive
alternative.

The current study is proposed due to the promising prospects for DRI preparation in
the pellets of mixture iron ore-biomass and the lack of information about the effect of the
heating rate on the reduction reactivity of iron ore-biomass pellets. The purpose of this
study is to find out in more detail how the reduction reactivity in pellets of low degree
iron ore and palm kernel shell (PKS) mixtures at various heating rates, the mechanism of
the reduction of the pellets at various temperatures and heating rates, and the effect of
the temperature and heating rate on the value of the reduction and metallization degrees.
Results of the thermogravimetric analysis (TGA) could inform the reduction reactivity
of iron ore-PKS composites at various heating rates. The temperature and heating rate
were varied during the reduction laboratory experiments. The reduction mechanism was
investigated from the X-ray diffraction (XRD) analysis of the reduced composites and the
composition of the reduced gas. Finally, the reduced product’s degrees of reduction and
metallization of the reduced product are determined.

2. Materials and Methods
2.1. Materials Specification and Preparation

PT. Meratus Jaya Iron&Steel, South Kalimantan, Indonesia, supplied raw iron ore, with
a size ranging from 1 to 3 cm. Meanwhile, palm kernel shell (PKS) as the biomass utilized in
the study was provided by PT. Astra Agro Lestari Tbk., South Kalimantan, Indonesia. The
iron ore was finely crushed and filtered into particle sizes ranging from 53 to 149 microns.
The original ore was calcined at 350 °C for 3 h in an air environment with a heating rate of
3.5 °C/min before being mixed with biomass. The heating process is designed to reduce
the combined water (CW) and increase the sample surface area [9-11,22]. Additionally,
biomass powder is obtained by crushing and sifting into particles with sizing of 74 to
149 um. Eventually, molasses is used as a binder to form iron ore-biomass pellets.

Table 1 shows the composition and phase identification of the original iron ore/goethite
as determined by X-ray fluorescence (XRF Epsilon 4, Malvern, UK) and X-ray diffraction
(XRD-Bruker D2 Phaser, Billerica, MA, USA).

Table 1. Contexture of goethite ore.

Composition TFe Fe, O3 Si Ca Al (0] CW C
Weight
(mass%)

TFe: Total Fe; CW: combined water.

46.835 18.941 9.225 5.366 0.534 37492 493 5.62

Phase identification of the dehydrated ore was also carried out by XRD analysis. N
adsorption-desorption measurements were used to determine the iron ore samples” BET
surface area, pore-volume, and pore distribution (Quantachrome Instr. Ver. 10.01, Boynton
Beach, FL, USA). Furthermore, scanning electron microscopy (SEM) was used to examine
the surface structure of original and dehydrated iron ores (SEM-Jeol Jsm 6510 La, Tokyo,
Japan). The reduction reactivity of dehydrated iron ore as a raw material for pellets was
examined by thermogravimetric analysis (TG-Linseis STA, Selb, Germany). Additionally,
components and elements of biomass and molasses were determined using the proximate
analysis (Nabertherm N3/R Muffle furnace, Lilienthal, Germany; Heraeus UT 5042 EK,
Burladingen, Germany) and ultimate analysis (LECO CHN/S-628/632, St. Joseph, MI,
USA). The analysis results are provided in Table 2.
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Table 2. Properties of the biomass and molasses.

Proximate Analysis (Mass%, Air-Dried Ultimate Analysis (Mass%,
Basis) Air-Dried Basis)

Fixed Volatile
Carbon Matter

PKS 30.771 65.579 2.700 0.950 50.720 6.170 0.220 41.760 0.030
Molasses 4.968 56.441 35.191 3.430 29.690 7.730 0.560 57.400 0.260

Sample

Water Ash C H O N S

The iron ore-biomass pellet composite is formed with an iron ore-biomass ratio of
7:3 by mass, and the binder used is 9% of the mixture. After mixed ingredients are
obtained, pellets for thermogravimetric analysis (TGA) and reduction experiments are
formed according to the cylinder diameter and pellet weight required. The pellets for TGA
analysis are thin cylindrical pellets with a diameter of 2 mm and a composite weight of
19 mg. Pellet formation utilizes a pellet mold and a pressure of 2 kN (hydraulic pump).
At the same time, the formation of cylindrical pellets for the reduction experiments uses a
pellet mold with a diameter of 5 mm and a pressure of 40 kN, with a pellet weight of 0.2 g.
Subsequently, they are dried in an oven at 105 °C for 3 h to expel moisture before being
stored in closed storage before use.

2.2. Experimental Methods
2.2.1. Thermal Analysis

Thermal analysis of the pellets of a mixture of iron ore and biomass was carried
out using thermogravimetry analysis (TG-Linseis STA, Selb, Germany). The TGA results
were then used to determine the reduction reactivity of the pellets. The TGA test is
executed under non-isothermal conditions from room temperature to 950 °C, with 5, 10,
and 15 °C/min heating rates under N, gas flow.

2.2.2. Experiments on Reduction of Iron Ore-Biomass Pellets

The reduction experiments of the iron ore-biomass pellet are conducted by utilizing
the apparatus, as shown in Figure 1. As a whole, the system for the lab-scale reduction
process consists mainly of an electric furnace, a reduction chamber, temperature control,
gas flow control, cooling circuit, effluent gas treatment, and a gas analyzer.

Gas
. |
analyzer

‘ Vent valve

ore
pts

Temperature control Gas

system flowmeter
[ =
-
floymetér Furnace
N, gas
cylinder Cooling Activated

system Gas carbon
treatment

Figure 1. Scheme of apparatus for reduction experiments.

The experiment was started by inserting pellet samples weighing 16.6 g into a tubular
fixed-bed reactor with a length of 20 cm and an internal diameter of 3 cm, enclosed by
the furnace. After the series of cooling devices, the gas treatment, and the gas analyzer
were prepared, and Nj was flowed at 200 mL/min to ensure that oxygen was expelled
from the reactor. After approximately 3 min of Ny flow, heating began to be adjusted
with a specific heating rate and reduction temperature. Temperature and heating rate
variations are 600-900 °C and 10, 15, and 20 °C/min, respectively. After reaching the
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desired temperature, the reduction was carried out under isothermal conditions for 60 min.
The N; flow was halted once the reactor had cooled to room temperature to avoid product
re-oxidation [17]. The reduced gas from the beginning of increasing temperature until
the end of the 60th minute of the reduction process was evaluated using the gas analyzer.
Furthermore, the reduced pellets were weighed and subjected to be analyzed using XRD
and SEM completed with energy-dispersive X-ray spectroscopy (EDS).

2.3. Determination of Reduction and Metallization Degrees

The degree of reduction identifies how much oxygen can be released from the com-
ponents contained in the sample during the reduction process. Meanwhile, the degree of
metallization can inform how much the iron metal content is compared to the mass total of
Fe contained in the reduced sample. The reduction degree (RD) of the reduced iron ore is
determined by Equation (1) [23]:

RD =) x;RD; )

where RD; is the reduction degree of each iron compound and x; is the mass fraction
of each iron oxide (i represents Fe;O3, Fe3O4, FeO, or Fe). The reference intensity ratio
(RIR) approach [24], which is based on the intensity of the X-ray diffracted by the com-
ponent’s selected plane (hkl), is utilized to calculate the mass fraction of the iron oxide
component [11,23]. Additionally, the value of the reduction degree of each iron oxide is
approached by the following Equation (2) [23]:

(Mr FeOq5) —MrX
(Mr FeOq5) — Mr Fe

RDx (%) = - 100% 2
X can be FeOy 5 (Fe;O3), FeO1 33 (Fe304), FeO, or Fe. The RDi value in Equation (1) is
calculated using Equation (2) as RDy.
On the other hand, the metallization degree of the reduced iron ore from the reduction
experiment is determined by Equation (3) [7]:

- 100% ©)

where MFe is the mass of iron metal in the reduced sample and TFe is the mass total of Fe
in the reduced sample.

3. Results and Discussion
3.1. Effect of Dehydration Process on Iron Ore Properties

In the dehydration process, it is expected that the releasing water process from goethite
occurred, as in Equation (4), leading to lessening the water content and enhancing the
specific surface area of the iron ore [10,11,22].

2 FeOOH — Fe,05 + H,O (4)

Figure 2a shows the pore size distribution, BET surface area, and pore volume of the
original and dehydrated ore. It seems that both ores have nanopores at around a size of
2 nm. After dehydration, the nanopores of the dehydrated ore enhance, and the mesopores
at the size of 3-8 nm slightly increase. It induces the rise of the dehydrated ore’s specific
surface area and pore volume.
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Figure 2. Alteration in (a) pore size distribution and Sggr and Vgjy values; (b) XRD patterns of
original iron ore and dehydrated ore.

Furthermore, X-ray diffractometry (XRD) was used to analyze the characteristic of the
ore structures before and after dehydration. Figure 2b exhibits that the goethite (FeOOH)
is the dominant phase in the original sample. After heating, most of FeOOH transforms
to Fe;O3 and subsequently partly converts to be Fe304. However, the XRD peaks also
indicate that a small amount of FeOOH is still comprised in the dehydrated iron. This is
conformable with the research conducted by Zhao et al. [9], where FeOOH could not be fully
decomposed into Fe;O3 and water after being heated at a temperature of 185-400 °C. The
hydroxyl and other oxygen-containing functional groups are still present in the dehydrated
ore. If they do not appear as aqueous structures of the goethite, they can be the ligand and
the arrangement of oxygen and hydroxide ions in the goethite with the densest hexagonal
accumulation [9].

Figure 3 reflects SEM images before and after dehydration of iron ores. From Figure 3a,
the goethite is abundant in the original ore sample, as evidenced by the needle-shaped
bulges [25,26] and colloform texture with cavities of goethite [8], as indicated by the yellow
circle lines. The needle and colloform surfaces appear smooth, with no scratches or grooves,
implying that the combined water and gangues are distributed throughout the goethite
samples. Figure 3b indicates how the surface shape of iron ore altered substantially after
heating. Because of the elimination of water following Equation (4) and the removal of
oxygen associated with iron oxide, porous structures are apparent in the heated samples.
The surface appears coarse and grainy with hexagonal and cubic geometries. It suggests
the presence of iron oxides, such as hematite and magnetite, respectively [27].

Figure 3. Images of SEM for iron ore (a) before and (b) after dehydration.

The thermogravimetric analysis and the derivative curve (dm/dt) of the dehydrated
ore as material for the composite pellet are represented in Figure 4. For thermogravimetric
analysis, dehydrated ore pellets used molasses as a binder. The curve’s trend begins to
decrease below the temperature of 150 °C, indicating an evaporation process of water
content from the iron ore and the molasse (S1). It is also emphasized by a small maximum
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peak (dm/dt) at a temperature of 130 °C. The sharper weight loss occurred at 150-265 °C
temperature (52). As confirmed, dehydration, de-polymerization, and decomposition of
biomass/molasses [10,20,28] by the presence of the second maximum peak occurred at a
temperature of 200 °C.

108 'S17 S2 ! S3 12
b i —\Weight (mass%)
—dm/dt (%/min)

98- L0.8

964 |

944 |

dm/dt (%/min)

92

Weight (mass%)

90

88 -0.2

100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 4. Weight percentage and reactivity rate curve of dehydrated iron ore at a heating rate of
10 °C/min.

Furthermore, at temperatures above 265 °C, the weight loss occurs more gently. There
are processes of releasing volatile matter and reducing iron ore. There are many small
peaks, indicating a continuous slow reduction process up to 900 °C. At temperatures of
180450 °C, the gas-solid indirect reduction process may occur, since heating the iron
ore-biomass composite pellets gradually produces reductive gases, such as CO and Hj [18].
According to Cahyono et al. [10], the reduction can commence at a temperature below
560 °C by gradually following the Fe,O3 — Fe304 — Fe steps. According to Zuo et al. [29],
the first primary reduction reaction took place in a temperature range of 565-847 °C, which
produced low valence iron oxide, such as Fe30y, as the principal reduction product, while
the CO gas produced might also contribute to Fe;O3 reduction. The reaction is as follows:

3 Fezog(s) + C(S) — 2 Fe3O4(S) + CO(g) (5)

3.2. Thermogravimetric Characterization of the Composite Pellet

The thermal characteristics of the composite pellets of the iron ore and PKS mixture
were analyzed using the thermogravimetric. Figure 5 shows the results of the TGA analysis
of pellets with a heating rate of 10 °C/min as an example. The reduction process is divided
into four stages, where stage 1 (S1) occurs at 147.32-230 °C; Stage 2 (S2) occurs at 230-315 °C;
Stage 3 (53) occurs at 315435 °C, and Stage 4 (54) occurs at 435-950 °C.

Some of the qualitative characterization parameters used include [21]: T; and Ty, which
are the initial temperature and the final temperature for weight loss from the reduction
process, respectively; Tyax-1, Tmax-2, Tmax-3, and Tx-4, which are the peak temperatures
of the reaction rate for the four stages, respectively; dm/dt .1, dm/dtyay-0, dm/dt,,..3, and
dm/dt x4, which are the peak values of the reaction rate for the four stages, respectively; tr
is the reaction time from T; to Ty; and S is the comprehensive reactivity index of the iron
ore-biomass pellets, where the values are according to the following Equation (1):

S = (dm/dt),, / (T}-Tf) ©6)

where (dm/dt)ean denotes the decrease rate’s mean value.
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Figure 5. Weight loss and reactivity rate (dm/dt) curves of the iron ore-biomass pellet at a heating rate
of 10 °C/min.

Figure 6 presents the TGA analysis of all samples heated to a temperature of 950 °C
at a heating rate of 5-15 °C/min. The samples’ weight loss and reactivity rate curves are
divided into four pyrolysis/reduction temperature stages, as shown in Figure 5.

105 24F
100 (a)
95+
90 -
85+
80 -

—5°Cimin |(b)
20F w10 °C/min
e 15 °C/miin)

Weight (mass%)
dm/dt (%/min)

75t
70l 15 °C/min

=10 °C/min
65 | l— 15 °C/min)

1 L 1 1 1 1 1 It 1 — 4 1 1 L 1 1 1 1 1 1
X 100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900

Temperature (°C) Temperature (°C)

Figure 6. Thermogravimetric analysis: (a) weight percentage; (b) reactivity rate curves of composite

pellet at a different heating rate.

The first to third peaks appear to be partially overlapping, while the fourth peaks are
small except for the heating rate of 15 °C/min. In addition, the weight loss and reaction
rate curves of the composite pellets move into the high temperature zone by enhancing
the heating rates (Figure 6). This phenomenon is usually named thermal hysteresis or
thermal lag. It can be induced by those individual reactions that do not have enough time
to complete or reach equilibrium due to the fast heating rate. Consequently, processes at
higher temperatures nearby overlap each other. On the other side, there is a temperature
differential through the sample’s cross-section at a high heating rate which prevents heat
transfer [21]. However, the pattern of the thermal decomposition does not alter. This
propensity also occurs in several studies related to pyrolysis/reduction [21,30,31].

All of the reduction characteristics described previously were computed, and the
results were displayed in Table 3 to evaluate the reactivity differences of composite pellets
quantitatively. From Table 3, it can be seen that the initial weight loss temperature (T})
increases as the heating rate is increased. Atsame time, the total weight loss temperature (T))
is the same at 950 °C (test temperature limit). This indicates that there is still a continuation
of the reduction at temperatures above 950 °C for all samples.
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Table 3. The distinctive reduction parameter of the composite pellet at three different heating rates.

Heati
le;:tleng T; Tmax1 T ax-2 Tnax-3 Tnax-a T; °C) dmldt,yaeq dmldt,as dmldtya.s dmldt,a.g dmldt,e., S t,
o . “O “O O “O f (%/min) (%/min) (%/min) (%/min) (%/min) (min)
(°C/min)
5 109.02 200.57 269.60 336.22 847.98 950 0.21 0.72 0.86 0.19 0.17 1.5 x 108 168.21
10 138.00 212.49 276.10 343.69 862.93 950 0.49 1.08 1.53 0.21 0.29 1.6 x 10°® 82.07
15 147.32 218.44 284.05 349.66 920.00 950 0.79 225 2.31 0.75 0.48 2.3 x 108 55.05

Further, the peak temperatures of reaction rates (T,,,.;) and reaction rate peaks
(dm/dt ) for all stages exhibit ascent while raising the heating rate. In addition, the
value of S, which is the thorough reduction reactivity, also increases with the rising heating
rate. Otherwise, the reaction time (t,) will be shorter with an increased heating rate. The
tendencies are conformable with a study conducted by Wang et al. [21]. The increase in
heating rate leads the rate of volatile matter/gas release to be higher than the rate of char
formation in the pyrolysis process [30,31]. The produced gases, such as CO or Hy, can
trigger the reduction reaction when they contact the iron ore. These cause the reactivity rate
(dmy/dt) to also be enhanced. Hence, the value of S also raises with the increasing heating
rate. However, the analysis described previously could not explain the reduction reaction
mechanism in the composite pellet sample. Therefore, the subsequent study explores the
phase change and SEM analysis of the samples and analyzes the gas produced from the
reduction experiments to investigate the reaction mechanism in the sample.

3.3. Reduction Behavior of Composite Pellet

Figure 7 shows the phase transformation of iron oxide due to temperature changes
at two heating rates, namely 10 and 20 °C/min. From the two pictures, it can be noticed
that the reduction process goes well as the temperature increases. At a temperature of
600-700 °C, it can be noted that the majority of the identified phases of iron compounds
are magnetite (Fe3Oy4). In these temperatures, there has been a slow reduction reaction of
Fe;,O3 — Fe304. This is reinforced by the gradual decrease in weight loss, as illustrated in
Figure 6, which reveals a reduction in reactivity. In addition, based on the XRD analysis in
Figure 3b for the dehydrated ore and Figure 7, it seems that FefOOH disappears after the
reduction process at 600 °C. Additionally, a part of hematite (Fe,O3) converts into magnetite.
Several studies show that slow reduction has started from around 450 °C [10,18,29]. At a
temperature of 800 °C, it seems that the reduction of Fe3O4 to FeO is quite significant. It is
indicated by the FeO phase, which appears more in Figure 7. In addition, there is also a
further reaction of FeO to Fe metal at a temperature of 850-900 °C. Starting at a temperature
of 800 °C, this evidences that temperature significantly influences the reduction process,
which drives the reactions of Fe;O3 — FesO4 — FeO — Fe reaction. At temperatures above
800 °C, carbon gasification and CO gas reduction are essential in the iron ore reduction
process [10,21,29]. In addition, Yuan et al. [18] investigated that CHy, as one of the volatile
matters yielded from the biomass pyrolysis process at ~900 °C, can be a reductive gas that
plays a role in the following equation:

CHy + 4 Fe;O3 — 8 Fe + 3 CO, + 6 H,O (7)

The trend of iron oxide phase transformation at both heating rates is similar. However,
based on Figure 7, it can be seen that the FeO and Fe phases’ intensities at the heating
rate of 20 °C/min are higher than the ones at the heating rate of 10 °C/min, especially at
temperatures of 850-900 °C. It signifies that the presence of FeO and Fe at the heating rate
of 20 °C/min is higher than the one at the heating rate of 10 °C/min. It is conformable with
the analysis of the reduction characteristics from Table 3, which indicates that increasing
the heating rate enhances the thorough reduction reactivity.
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Figure 7. XRD pattern of samples after reduction process from 600-900 °C for 1 h with a heating rate
of (a) 10 °C/min; (b) 20 °C/min.

The temperature effect on the gas composition (CO, CO,, CHy, and Hj) for the heating
rates of 10 and 20 °C/min is shown in Figure 8. The graphs show the gas composition
when the temperature increases (small graphs) and the isothermal reduction within 60 min
for each reduction temperature. The gas profile shows that CO and H; are produced first,
followed by CO, when the temperature rises at the same heating rate. At a heating rate of
10 and 20 °C/min, CO and Hj start appearing at a temperature of about 350 and 550 °C,
respectively. Continuously, they rise to 450 and 650 °C, respectively. It can be noticed that
increasing the heating rate leads to a shift in the initial temperature of the decomposition.
The shift is in line with the analysis of the reduction characteristics in Section 3.2. Some
studies on increasing the heating rate on the reduction reactivity of iron ore show a similar
phenomenon [21,32].

As shown in Figure 8a,b for the temperature increase graph, in the temperature range
of 350450 °C, the decomposition of biomass into tar, carbon, gases, and volatile compounds
occurs, followed by the release of volatile compounds and gases. CO, gas continues to
rise significantly as the temperature increases from 400 °C to 500 °C. After passing a
temperature of 500 °C, it seems that the CO drops to a temperature of 700 °C (Figure S1b)
while the CO; concentration is still above the CO levels. It indicates that there is a slow
reduction between CO gas and iron oxide, as shown in the following Equation:

3 Fe,O3 + CO — 2 Fe304 + CO, (8)

The occurrence of the reduction reaction at temperatures below 570 °C is in accor-
dance with several studies that have been carried out [18,29]. In addition, Zhao et al. [28]
stated that carbon deposits in iron ore could induce a reduction to occur at tempera-
tures above 500 °C. Furthermore, CO levels begin to rise above 700 °C (Figure S1b) and
eventually exceed CO; levels at temperatures above 800 °C. This denotes that the carbon
gasification process of carbon obtained from the biomass pyrolysis has occurred as the
following Equation:

C+CO,—2CO )

Additionally, when the temperature is raised to 800 or 900 °C (Figure S1d), there is a
decrease in CHy4 and an increase in Hy. This may be due to the decomposition of CHy4 into
C and H; [33]. Subsequently, the formed C can react with CO, to generate CO according to
Equation (9), and then CO reacts as shown in Equation (8).
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Figure 8. The temperature and heating rate effects on gas composition when the temperature rises
(small graphs) and the isothermal reduction lasting 60 min for a heating rate of 10 °C/min (a,b) and
20 °C/min (c,d).

Based on Figure 8a for the isothermal reduction step lasting 60 min, it can be seen that
the presence of Hy and CO is small. This may cause the reduction to proceed slowly for the
reaction of Fe;O3 — Fe3Oy. The reduced iron oxide phase at temperatures of 600 and 700 °C
is represented in Figure 7a. At 800 °C (Figure 8b), there is an increase in CO, indicating that
the carbon gasification process is beginning to expand. This enhances the reduction rate of
the Fe,O3 — Fe304 — FeO reactions. This occurrence corresponds to the iron oxide phase
analysis in Figure 7a for a temperature of 800 °C. In addition, the reduction at a temperature
of 900 °C (Figure S1d) showed that the carbon gasification process was extensive in the
initial 20 min, characterized by the composition of CO, which reached 6.2% mole compared
to CO; at 3.4% mole. Although CO then reacts further with iron oxide, the composition
of CO is always higher than CO, until the end of the 60 min. It reveals that the carbon
gasification rate is greater than the rate of CO reduction. On the other hand, the availability
of excess CO triggers the reduction reaction rate. Based on Figure 7a, it can be seen that the
intensity of Fe increases at a temperature of 900 °C, which means that the reaction of FeO
— Fe is significant at this temperature.

According to Figure 8c,d for the temperature increase graph, it seems that when the
temperature increases to 600 °C, the resultant gas concentration is minimal. This is due to
a shift in the initial temperature of biomass decomposition from 350 °C to 550 °C at the
heating rate of 10 °C/min to 20 °C/min, respectively. Therefore, biomass decomposition is
continued at the start of isothermal heating at 600 °C. A temperature difference between
the surface and the middle of the pellet is created by rapid heating [21]. It impacts the lack
of heat transfer to the pellet center, leading to a small portion of FeOOH in the sample at a
temperature of 600 °C not being dehydrated, as shown in Figure 7b. When the temperature
rises to 700 °C (Figure S2b), it can be seen that CO, CO,, CHy, and H; gases appear. This
shows a process of decomposition of biomass into volatile matter and gas. Then, the
temperature rising to 800 °C causes a decrease in CO and CHy and an increase in CO; at
around 800 °C. This indicates a slow CO reduction and CHy decomposition into C and
Hj. When the temperature is raised to 900 °C (Figure S2d), a similar phenomenon to the
heating rate of 10 °C/min is evident. Here, the CO and H; increase along with the decrease
in CHy. This is due to an intense carbon gasification process at a temperature of 900 °C,
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which raises the level of CO, and subsequently reacts according to Equation (4). In addition,
the increase in Hj is due to the decomposition of CH, into C and H, [33].

As shown in Figure 8c, where the isothermal heating lasts 60 min, CO and H, produced
by biomass decomposition have little effect on the reduction process at a temperature of
600°. This is notified by the insignificant change of the iron oxide phase from the dehydrated
ore (Figure 3) to the reduced ore at this temperature (Figure 7b). At a temperature of 700 °C
(Figure S2b), there seems to be an increase in H; from the beginning, along with a decrease
in CHy. This indicates the decomposition of CHy into C and Hj. The presence of H, can
influence the slow reduction that occurs. This slow reduction does not significantly change
the iron oxide phase (Figures 3 and 7b). Hereafter, trends occurring at temperatures of 800
and 900 °C are similar to those observed at the heating rate of 10 °C/min. Equation (5)
shows that the carbon gasification process expands at 800 °C and becomes quite substantial
at 900 °C (Figure S2d). At high temperatures, endothermic carbon gasification escalates,
thereby producing more CO. The exothermic reaction between iron oxide and CO, occurs
more quickly. It creates a coupling reaction condition between carbon gasification and
reduction of iron oxide, which controls heat transfer [34].

Further, Figure 8c,d shows that the 20 °C/min heating rate produces more CO from
carbon gasification than the 10 °C/min heating rate. Consequently, the reduction rate of
the reaction of Fe;O3; — Fe304 — FeO — Fe at the heating rate of 20 °C/min becomes
faster than 10 °C/min. Figure 7a,b confirm that FeO and Fe peaks are more visible and
higher at the heating rate of 20 °C/min than at 10 °C/min. Applying a higher heating
rate in the iron-making industry will be more advantageous because it can shorten the
reduction process time. In addition, the higher heating rate can provide a higher reduction
rate, and more Fe metal is produced. Furthermore, the effect of the magnitude of the
reduction rate can also be influenced by H,. At temperatures above 800 °C, H, gas can
exert a more substantial reduction reaction effect than CO gas [35]. It can be seen from
Figure S2d that above a temperature of 800 °C, H, decreases slowly. According to Wei
et al. [27], at a temperature of 900 °C, H; can significantly impact the reduction reaction,
but if the concentration of H; is less than 25%, the reduction will be slow.

The results of the SEM-EDS test in Figure 9 are to see changes in the surface morphol-
ogy of the reduced sample. The figure shows the difference between the reduced samples
at 600 °C and 900 °C and a heating rate of 10 °C/min. From the appearance of the sample
morphology, both have almost the same distribution of elements. The sample temperature
of 900 °C shows a slightly higher porosity distribution, and more small basins were seen.
It shows that the high temperature causes the carbon gasification process, which causes
depressions to form on the surface of the reduced iron. However, in general, the final
characteristics of the two reduced pellets were morphologically almost the same. This
demonstrates that the temperature variation (600 and 900 °C) slightly influences the quality
of the direct reduction iron product (DRI)’s surfaces but increases the pellet reduction rate,
based on Figures 7 and 8. Furthermore, the sample at 900 °C has a higher Fe content and a
lower carbon deposit than the sample at 600 °C, according to the results of the EDS analysis
(Figure 9b,d). Compared to lower temperatures (600 °C), the carbon content of biomass
decomposition at 900 °C has been converted significantly through the reduction process
and carbon gasification.
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Figure 9. SEM images showing a change of iron ore surface after reduction and result of EDS analysis:
(a,b) at 600 °C; (c,d) at 900 °C with heating rate 10 °C/min and reduction time 60 min.

3.4. Reduction and Metallization Degree of Composite Pellet

Figure 10 shows the degrees of reduction and metallization as a temperature and
heating rate function. The figure shows that the trend of the reduction and metallization
degrees’ profile as a function of temperature for the three heating rates is almost the same.
Increasing the temperature from 600 °C to 700 °C will cause a minimal effect on the rise of
both degrees.

90 90
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w15 “Cfmin
70 4 == 20°C/min

Metallization
= === Reduction degree

20 A
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Metallization degree (%)

600 650 700 750 800 850 900
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Figure 10. Reduction and metallization degrees of the iron ore-biomass pellets with temperature and
heating rate variations.

Meanwhile, increasing the temperature to 800 °C begins to increase the degree of
reduction and metallization significantly. This corresponds to the appearance of the phase
change in Figure 7, where Fe304 commences forming into FeO significantly at a temperature
of 800 °C. At 900 °C, most of the FeO is further converted into Fe. It induces both degrees to
increase significantly, from 800 °C to 900 °C. In addition, at the heating rate of 20 °C/min,
both degrees showed higher values starting at 800 °C compared to heating rates of 10 and
15 °C/min. Eventually, the degree of metallization values approaches the reduction degree
value at a temperature of 900 °C for all heating rates as the temperature rises.

Figure 11 exhibits the comparison between the reduction degree from the current study
result and the study result of Castro et al. [36] for the case of iron ore-coke in a blast furnace.
There is an increase in the reduction degree from 12.90% at 600 °C to 74.14% at 900 °C in
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the current study results. The presence of biomass in iron ore pellets drives an increase
in the porosity of the pellet so that the reaction area between the iron ore and biomass
becomes large. In addition, the high porosity produced can facilitate the entry and exit of
reductant gas and reduced gas, which is beneficial for the reduction of pellets and reductant
gas [17]. It seems that the reduction degree at 700 °C is almost the same for both methods
at about 17.50%. However, iron ore-coke in the blast furnace demonstrates that a reduction
degree of 74% is achieved at temperatures above 1000 °C. This confirms that the use of iron
ore-PKS by the direct reduction method can lower the reduction temperature compared to
the case of iron ore-coke in a blast furnace. Therefore, using pellets of a mixture of iron ore
and biomass for manufacturing direct reduced iron (DRI) in the ironmaking industry is
expected to save energy.

100
90 —&— This study-direct
s reduction
< 80 | --A--Blast furnace [36]
g Shift
@ 70
)c—’ h
@ 60
T
S 50 g
- 40 " Experimental condition:
g 30 Dehydrated ore : 70% mass
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Figure 11. Reduction degree of the iron ore-biomass pellets by a direct reduction process at different
temperatures compared to the blast furnace process.

4. Conclusions
The conclusions of the study are summarized as follow:

1.  The dehydration process of low-grade iron ore could remove water content from the
iron ore powder, which had an impact through increasing the specific surface area
and the occurrence of a reduction reaction that transforms Fe,O3 to FezOy.

2. From thermogravimetric analysis, as the heating rate rose, the initial temperature of
the weight loss shifted to a higher temperature. In addition, increasing the heating rate
induces elevating the comprehensive reduction reactivity index (S) and shortening
the reduction time.

3. Analysis of phase transformation based on temperature changes showed that, at a

temperature of 600-700 °C, most of the formed phase was magnetite (Fe3O4). By
increasing the temperature to 800 °C, wustite (FeO) formation was very significant.
The reduction reaction at 900 °C indicated that Fe,O3 — FezO4 — FeO — Fe reaction
was fast. According to the reduced gas analysis, carbon gasification significantly en-
hanced the reduction rate starting at 800 °C. Furthermore, a heating rate of 20 °C/min
resulted in higher peak Fe intensity when compared to 10 °C/min. This could be due
to the carbon gasification rate at a heating rate of 20 °C/min higher than at 10 °C/min.

4. The changing trend of the reduction and metallization degrees from 600 to 700 °C

was slight. However, increasing the temperature to 800 °C showed a consistently high
escalation of both degrees up to 900 °C. The degrees of reduction and metallization
at a heating rate of 20 °C/min showed a more considerable increase than 10 and
15 °C/min. In addition, the current study can achieve the same degree of reduction at
lower temperatures compared to the iron-coke mixture in the blast furnace method.
This indicates that there is energy saving in this direct reduction process.
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Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/en15010137 /51, Figure S1: The temperature and heating rate effects on gas composition when
the temperature rises (small graphs) and the isothermal reduction lasting 60 min for a heating rate of
10 °C/min (a) 600 °C; (b) 700 °C; (c) 800 °C; (d) 900 °C. Figure S2: The temperature and heating rate
effects on gas composition when the temperature rises (small graphs) and the isothermal reduction
lasting 60 min for a heating rate of 20 °C/min (a) 600 °C; (b) 700 °C; (c) 800 °C; (d) 900 °C.
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