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Abstract

The earth abundant and environmentally friendly element iron (Fe) forms various functional materials of metallic iron, iron
oxides, iron carbides, natural iron ore, and iron-based metallic-organic frameworks. The Fe-based materials have been
intensively studied as oxygen carriers, catalysts, adsorbents, and additives in bioenergy production. This review was to
provide a fundamental understanding of the syntheses and characteristics of various Fe-based materials for further enhancing
their functionalities and facilitating their applications in various bioenergy conversion processes. The syntheses,
characteristics, and applications of various iron-based materials for bioenergy conversion published in peer-reviewed articles
were first reviewed. The challenges and perspectives of the wide applications of those functional materials in bioenergy
conversion were then discussed. The functionalities, stability, and reactivity of Fe-based materials depend on their structures
and redox phases. Furthermore, the phase and composition of iron compounds change in a process. More research is needed
to analyze the complex phase and composition changes during their applications, and study the type of iron precursors,
synthesizing conditions, and the use of promoters and supports to improve their performance in bioenergy conversion. More
studies are also needed to develop multifunctional Fe-based materials to be used for multi-duties in a biorefinery and develop
green processes to biologically, economically, and sustainably produce those functional materials at a large scale.
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1 Introduction fermentation, anaerobic digestion, bio-photochemical
process), and chemical conversion (i.e., transesterification,

Lignocellulosic biomass which typically contains 35-50  hydrogenation). During thermochemical conversion, the

wt% cellulose, 20-35 wt% hemicellulose, and 10-25 wt%
lignin is the most abundantly available raw materials on
earth for bioenergy production [1]. Many biorefining
processes have been developed to convert lignocellulosic
biomass into various energy products based on the physical
nature and chemical composition of biomass feedstocks and
the demands for the types of energy products. The biomass
conversion technologies can be mainly classified into three
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types: thermochemical conversion (i.e., combustion,

gasification, pyrolysis), biological conversion (i.e.,

inherent energy of biomass is either released directly as heat
via combustion or transferred into other favorable products
in the form of solid charcoal, liquid bio-oil, or syngas via
pyrolysis or gasification. Biological conversion utilizes
whole cells such as bacteria or enzymes from cells to convert
biomass into biogas, bioethanol, biochemicals, and
bioelectricity. Chemical processes of biomass feedstocks are
mainly used in the production of diesel from several
resources including fats, oil crops, and waste oil via
transesterification [1].

Iron (Fe) which consists of 32.1% of the mass of the earth
has been intensively studied as a functional material for
enhancing bioenergy conversion. a-Fe, y-Fe, 8-Fe, and e-Fe
are the four known allotropes in the pure form ( Fe?). Iron
can lose a variable number of electrons to form various
compounds with a wide range of oxidation states. The most
common oxidation states are Fe(Il) and Fe(IIl). Higher
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state of Fe(VI) was found in the purple potassium ferrate
(K2FeOs), while [FeOs]” with Fe(VII), along with an
Fe(V)peroxo isomer, has also been detected [2]. Fe(IV) is a
common intermediate in many biochemical oxidation
reactions [3]. [ron-based materials including zero-valent iron

(ZV1), iron oxides, and iron carbide have unique
characteristics of electron conductivity, magnetism,
reduction—oxidation, and biocompatibility. Iron-based

materials have been used as additives to improve the
performance and recovery of microorganisms in the
biological conversion of biomass, catalysts and oxygen
carriers in thermochemical conversion of biomass, and
adsorbent to capture C O during bioenergy conversion [4—
6].

However, there is no published review comprehensively
summarizing the syntheses, characteristics, and applications
of various iron-based materials in bioenergy conversion.
This thus syntheses,
characteristics, and applications of various iron-based
materials for bioenergy conversion published in peer-
reviewed articles. The challenges and perspectives were
discussed for the wide applications of iron-based materials
in bioenergy conversion. The articles were identified by the
keywords “zero-valent iron,” “iron oxides,”
“magnetite,” and “oxygen carrier” together with
“bioenergy” in the databases of Science Direct and Google
Scholar. The objective of this review was to provide a
fundamental understanding of the syntheses and
characteristics of various iron-based materials for further
enhancing their and facilitating their
applications in various bioenergy conversion processes.

review was focused on the

“iron,”

functionalities

2 Syntheses and characteristics of
iron-based functional materials

2.1 Zero-valentiron (ZVI)

ZVlis areadily available, highly effective, inexpensive, and
strong reducing agent. It can be oxidized to Fe(Il) and
Fe(II). Nanoscale ZVI (nZV]) particles have larger reactive
surface areas and better injection ability and mobility than
microscale ZVI. nZVI particles are traditionally used to
decompose organic compounds in wastewater and inactivate
microorganisms. However, a proper amount of nZVI can be
added to the biological process to enhance the performance
of the microorganisms by facilitating interspecies electron
transfer and providing the micronutrient iron and other
benefits for the conversion of biomass into biofuels [7].
nZVI can be synthesized by physical, chemical, and bio-
logical methods [8]. Grinding, abrasion, lithography, and
nucleation of iron from a homogeneous solution or gas are
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traditional physical methods to produce nZVI. The physical
methods do not require any toxic reagents and can be used
to produce nZVI at a large scale. However, nZVI particles
produced by the physical methods usually have irregular
shapes and a high tendency of aggregation. Chemical
reduction of Fe’" ions by NaBhy, reduction of FeOOH and
Fe,Os3 by H; at an elevated temperature, and decomposition
of Fe(CO)s in organic solvents can produce nZVI particles.
Electrolysis of a solution containing F e**/Fe’" salts can
deposit atoms of iron on the cathode to produce nZVI. The
main challenge of the electrochemical method is its high
tendency of aggregation and formation of -clusters.
Ultrasound can be used to control the particle size of nZVI
during the physical and chemical processes [8]. Physical and
chemical methods for producing nZVI need high
temperature, high pressure, toxic chemicals, and high-
energy inputs. Plant extracts such as citrus extract and
microorganisms can be used as reducing agents to synthesize
nZVI particles, which is not only environmentally friendly
but also inexpensive. A polyphenolic solution obtained by
heating plant extracts in water can be mixed with a solution
of F ¢*" to reduce the iron ions to nZVI. One of the
drawbacks of the green synthesis is the formation of iron
oxides as well due to the incomplete reduction of iron to
nZVI. nZVI particles are usually not stable in the
environment due to the high tendency of agglomeration and
oxidation. Various methods such as surface coating,
emulsification, and deposition of nZVI on a carrier have
been used to modify nZVI for various applications [8].

2.2 Fe(ll) and Fe(lll) oxides

Iron oxides of F €,03, Fe;04, and FeO are abundant in the
earth’s crust. However, those natural iron cores contain a lot
of impurities which affect their target functionalities in
bioenergy conversion. Various synthetic approaches have
been studied to produce iron oxides with desirable oxidation
states, formula, and particle sizes. Iron oxides are usually
synthesized by precipitation,
impregnation methods.
Precipitation by adding a sodium carbonate or urea
alkaline solution to an Fe(IIl) salt solution such as iron
nitrate is the most common method for the synthesis of iron
oxides. This method can produce supported iron oxides with
a higher degree of reduction and higher Fe-loading than
other approaches. The precipitated iron oxides are further
dried and calcinated [9]. There are mainly three steps in the
preparation of the iron oxides in the industry: (1) thermal
decomposition of iron-containing solid salts, (2) oxidation of
the metallic iron to oxides by organic oxidizer (e.g.,
nitrobenzene), (3) precipitation of soluble iron salts with

co-precipitation, and
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alkali salts, followed by oxidation [10]. Another way is to
mix an iron salt solution and an alkaline solution
concurrently at constant pH. Promoters such as Cu can be
added to the iron oxides by adding promoter metal salts such
as Cu(NOs), and iron salt Fe(NOs); together in an alkali
solution such as Na,COj3 for co-precipitation to enhance the
performance of the iron oxides [11].

Another method to prepare iron oxide precursor is via
impregnation, which is mostly used on carbon-based
supports such as activated carbon (AC) [12], carbon sphere
[13], carbon nanotubes (CNTSs) [14], and carbon nanofibers
(CNFs) [15]. The iron loading of the impregnation methods
is normally lower than 30 wt.% in order to achieve well-
distributed iron particles [16]. Ultrasonic agitation has been
used to increase the metal loading (40-50wt %) and
dispersion during impregnation [12]. The research found
that the precursor of ammonium iron citrate showed better
iron dispersion on a support than iron nitrate [17].
Furthermore, traceable amounts of sodium and sulfur purity
in the ammonium iron citrate can serve as a promoter of the
iron oxides [18].

2.3 Magnetic iron oxides

Magnetic iron oxides typically consist of magnetite (Fe3Os)
and/or maghemite (y-Fe;O3). As magnetic iron oxides
exhibit ferromagnetism, they can be easily recovered using
an external magnetic field. Magnetic iron oxides that are
cheap and easily recovered have been studied as catalysts for
bioenergy conversion and carriers for immobilizing
biocatalysts and harvesting microalgae [19].

The magnetic iron oxide particles can be synthesized
using the methods discussed in Sect. 2.2. The magnetic
characteristics of the iron oxides are determined by the type
of iron oxides, which are affected by the iron precursors and
processing conditions of temperature and pH value. The
optimization and control of the temperature for preparing
magnetic iron oxides are critical because the iron oxides can
change the phase during the synthesis
temperatures [20]. Surface modification of those magnetic
iron oxide particles is wusually needed for specific
applications [19].

at various

2.4 Iron-based metal-organic frameworks
(MOFs)

Metal-organic frameworks (MOFs) are a type of crystalline
porous materials formed by linking a metal ion or metal ion
cluster with an organic linker. Iron-based MOFs that are
iron-containing porous materials have been used as
adsorbents and catalysts in bioenergy conversion. MOFs are
traditionally synthesized by solvo(hydro)thermal methods.

2201
When soluble MOF precursors in a solvent are heated to
reach their critical concentrations, self-assembled nucleation
will start to produce crystals to form crystalline porous
metal-MOFs. The temperature should be controlled to obtain
a suitable crystalline form of MOFs but avoid the
degradation of the reticular networks [21].

As traditional methods require large amount of solvents
and energy inputs, several new MOF synthesis methods
including mechanochemical, electrochemical, dry-gel,
diffusion, and plasma syntheses have been studied to
produce MOFs at a large scale in an economic and
environmentally friendly way. During mechanochemical
synthesis, mechanical energy via grinding induces bond
breakage and chemical transformations of the precursors to
form a threedimensional structure of MOFs within a very
short time. Electrochemical synthesis has been used to
produce MOF film and coatings by electrolyzing a reaction
medium containing metal ion and organic linker at a room
temperature. The metal can also be used as an anode directly.
Spray synthesis consists of three steps: atomization of the
precursor solutions using compressed air or nitrogen, drying
the atomized droplets suspended in the gas at a certain
temperature, and formation of porous MOFs when the
amount of the solvent in the droplets decreases. Dry-gel
synthesis uses steam to assist in the conversion of the
sols to crystalline porous coordination
compounds. Microwave, ultrasound and plasma are also
used to facilitate the transformation of the precursors to
MOF structures [21].

precursor

2.5 Iron carbides

Iron carbides are a compound of iron and carbon with
various compositions from n-Fe,C to o-Fe;C; reported in the
literature, which have unique electronic, catalysis, and
magnetic properties. Iron carbides have been considered as
one of the most important Fisher-Tropsch synthesis
catalysts. Iron carbides can be produced by the carbonization
of ironbased MOFs as the precursor. An Fe@C catalyst was
prepared by pyrolyzing Basolite F300, which is a type of
FeMOF precursor [22]. In the synthesis, the Fe to C ratio was
adjusted by adding furfuryl alcohol as a carbon source. This
approach achieved a high iron loading of 25-38 wt%
meanwhile retaining the good dispersion of the active iron
carbide phase. The Fe@C catalyst exhibited nearly two
orders of magnitude more active than the benchmark
catalyst, a carbon nanofiber-supported iron catalyst. Such a
remarkably high activity of Fe@C was related to a higher
degree of carburization of iron [22].
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2.6 Iron—nitrogen dual-doped carbon (Fe-N/C)

The iron—nitrogen dual-doped carbon (Fe—N/C) has been
intensively studied to develop catalysts for oxygen reduction
reaction in fuel cells in the past two decades [23]. The typical
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offers it an outstanding ORR activity, as compared with
commercial Pt/C. But the high cost of macrocyclic
compounds prevents this method from large-scale synthesis
and industrial application [24].

Figure 1b shows an example of coupling conducting
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2-methylimidazole
synthesis method of Fe-N-C is through pyrolyzing the

widely precursors comprising
nitrogenrich molecules, and carbon precursors under a high
temperature in either N, or NH3. The carbon component in
the catalysts serves as both the conductive support and the
host [24-26]. In general, ideal
electrocatalysts should possess good electrical conductivity,
hierarchical pore structure, large specific surface area, and
competent active sites. Therefore, the iron-containing
precursors are normally introduced in various carbonaceous
materials with these properties, including activated carbon,
graphene, carbon nanotube (CNT), conducting polymers,
and porous carbons [24-26]. Figure 1 shows three synthesis
procedures of Fe—N/C catalysts which were reported
recently, each of which represents a typical strategy for
introducing heteroatoms (Fe and N) into the carbon
materials.

Figure la shows the evaporation-induced self-assembly
method for preparing an iron—nitrogen/activated carbon (Fe—
N/AC) by pyrolyzing FePc-coated AC [24]. In this case, the
interaction between the iron macrocycle compounds and
carbon planes was done through n-m stacking; thus, the
agglomeration of macrocycle complexes can be inhibited to
some extent. Similarly, other carbonaceous materials such as
graphene oxide (GO) and ordered mesoporous carbon
(OMC) can also be used as the support in this strategy. The
combination of high specific surface area, ordered
mesoporous structure, and well-dispersed Fe-N, moieties
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available iron salts,

of active moieties

Me/CoNC
polymers with iron cation for an electrocatalyst. The

Me?*/Co-MOF

conducting polymers include polypyrrole (PPy) and
polyaniline (PANI). Su et al. synthesized the hierarchical
porous iron and nitrogen co-doped carbons (HP—Fe—N—Cs)
by using PPy as a nitrogen source and poly(vinyl alcohol)
(PVA) hydrogel-based composites as in-situ templates [25].
The abundance of hydroxyls on PVA allows for an easy
adsorption of metal ions and thus contributes to the
infiltration procedure. As PANI has a higher content of N, it
is usually used to achieve more Fe-N, active sites. The
formation of a hierarchical porous structure could be realized
by introducing ZnCl, and LiCl, mixture during the
pyrolysis [27] or in the N H3 atmosphere [28]. Besides
conducting polymers, other N-containing polymers such as
polyimide (PI) were also used as the precursors. Upon
pyrolysis, PI can be converted to N-doped carbon materials,
and the structure of PI can be regulated by choosing different
dianhydride and diamine monomers [29].

Figure 1c shows the strategy for the synthesis of Fe—N/C
electrocatalysts from MOF precursors [26]. Co-MOF with 2-
methylimidazole as the linker (N source) was synthesized
and then loaded with various metals (M-Co-MOF) including
Fe, Ni, Zn, and Cu. The metal-loaded Co-MOF was
carbonized in the N , atmosphere to obtain a M-Co—N/C
catalyst. However, the results showed that the Fe-Co—N/C
catalyst had a lower activity than other metals in the ORR
catalysis and was not even comparable to the commercial
Pt/C catalysts [26].
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Fig. 1 Schematic of the synthesis procedure of (a) Fe—N/C catalysts by
pyrolyzing FePc-coated activated carbon. Reproduced from Ref. [24].
Copyright (2018) Elsevier. b hierarchical porous iron and nitrogen co-
doped carbons by coupling polypyrrole with iron cation.
Reproduced from Ref. [25]. Copyright (2014) Elsevier. ¢ metal-Co—
N/C catalysts using MOF as the precursor. Reproduced from Ref.
[26]. Copyright (2015) Wiley
3 Applications and improvement of

iron-based functional materials for

bioenergy conversion

3.1 Iron-based oxygen carriers for combusting
and gasifying biomass

3.1.1 Biomass chemical looping combustion
and gasification

A set of reduction—oxidation can form a chemical loop
process (CLP) in which looping materials circulate,
transform, regenerate  cyclically to
carbonaceous feedstock such as biomass into a combination
of heat, electricity, fuels, and chemicals. CLPs have become
a promising technology for efficient biomass conversion and
possible integration with carbon capture and storage [30].
Iron oxides such as Fe;Oj; can be used as an oxygen carrier
(OC) in the reduction—oxidation cycles of chemical looping
combustion (CLC) as shown in Fig. 2a and chemical looping
gasification (CLG) in Fig. 2b.

The reactions that occur in a typical CLC of biomass
(C:H2,0,) are as follows, where Eq. (1) is the overall
reaction that occurs in a combustor, and Eq. (2) shows the
regeneration of OCs:

and convert

CnH2mOp +(2n+m-p)MexOy ->nCO2

+mH20+(2n+m-p)MexOy-1 (1)

(2n+m-p)Me,0,-1 +(n+ 0.5m- 0.5p)0, - (2n+m-p)Me,O,
()

Me.O, and M e;O,-; are the oxidized and reduced forms
of an OC. In the combustor, the OC reacts with the biomass
to produce CO; and H>O and releases heat while
simultaneously being reduced to M e,0,-;. The M e,0,-; is
then transferred to the regenerator, where it is oxidized with
air to be recycled. The reactions for the CLG are similar to
CLC, except that the biomass is partially oxidized in a fuel

(@)

CO,, H,0 O,-depleted air
TT | MeO,.,, jL ﬂ

Combustor Regenerator
TT ‘t Me,O, | TI
Biomass Air
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reactor to produce CO and Ha, expressed by Eq. (3). It
should be noted that in some cases, H ;0 or CO; could be
added to the gasifier to enhance syngas production due to the
occurrence of steam reforming by Eq. (4) and dry reforming
by Eq. (5).

CnH;m0p+(n—-p)MexOy->nCO+mH, +(n-p)Me,O,-1

3)

CnHamOp+(n-p)H20 ->nCO+(m+n-p)H2 4)
9

CnHam+nCO2 ~ 2nCO+mH; (5)

3.1.2 Fe-based OC properties and redox mechanism

Ideal OCs in CLPs should have the ability to transport
oxygen in a cyclic process and to undergo multiple cycles
with chemical, thermal, and physical stability. The
reduction/ oxidation potentials of different iron oxides are
determined by their positions in a modified Ellingham
diagram given in Fig. 3, which depicts the standard Gibbs
free energies of reactions as a function of temperature. The
diagram consists of three important zones outlined by three
lines, which correspond to three reactions related to C O,, H
2, and CO. The location of the OC lines indicates the
potential to fully or partially oxidize the fuel [31]. For
example, iron-based OCs, Fe;Os, and Fe3;O4 both fall in the
combustion zone, indicating strong oxidizing potentials and
capability for full and partial oxidation of fuels. FeO in the
syngas production zone can only produce CO or H», and the
yielded syngas cannot be further oxidized, which makes it a
good candidate for gasification. Ellingham diagram provides
only the theoretical guidance for the selection of OCs.
Practical determination of the OCs should be a combined
consideration of reaction kinetics, reactants mixing ratio,
contact time, and process design.

Figure 4 shows the mechanism for the oxygen carrier’s
interaction with the reducing agent of H, and the oxidizing
agent of O » in a complete reduction—oxidation cycle

(b)

CO, H, O,-depleted air
T weo. ) 1
Gasifier Regenerator
ﬁ Me, O ﬁ
Biomass Air 3

Fig. 2 Schematic principles of (a) biomass chemical looping combustion (BCLC), (b) biomass chemical looping gasification (BCLG)
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Fig. 3 Modified Ellingham diagram for comparing various oxygen
carriers for their applications in chemical looping combustion and
gasification. Reproduced from Ref. [31]

[32]. In the reduction step (Fig. 4a), the lattice oxygen in the
OC turns into active oxygen species (e.g., 0?7, 0", and 0;")
by absorbing thermal energy at a high temperature. Due to
the oxygen chemical potential gradient, these oxygen anions
diffuse from the bulk to the surface of the OC particle. The
oxygen species react with the reducing agents such as Ho,
biomass, and biofuels on the particle surface to generate
various products. Reversely, during the oxidation step
(reduction of the reactant gas), surface exchange and
reaction occur with the generated oxygen ions and electron
holes, which subsequently diffuse inward and combine with
oxygen vacancies in the bulk (Fig. 4b).

Biomass Conversion and Biorefinery (2025) 15:2199-2221

Iron oxides are considered good OCs owing to their low

cost, high mechanical strength, high melting points, and

being environmentally benign. Oxygen transport capacity

(Ro), which is the maximum oxygen transport capability of
an OC between its fully oxidized and reduced forms, is:

Mo —mr

Ro=—_____mo (6) where m, is the mass of the fully

oxidized OC and m; is the mass of the reduced OC.

Figure 5a shows the comparison of R, values of different
OCs. Both F e,03 and Fe304 ranked among the top OCs with
outstanding oxygen transport ability. The relatively high
melting points of iron oxides shown in Fig. 5b offer an
inherent thermal stability in the CLPs. Figure 5S¢ summarizes
and compares the major features of various OCs [33]. Fe-
based OCs show the low reactivity to CH4 and moderate
reactivity to H, and CO. Fe-based OCs have no tendency
for carbon formation or sulfide/sulfate formation. The
disadvantage of iron oxides is the agglomeration issue
associated with the formation of magnetite. In spite of its
relatively low reactivity, Fe-based OCs are still regarded as
good materials for CLPs.

3.1.3 Improvements of iron-based OCs

Supports The agglomeration is a serious issue of Fe-based
OCs which leads to the de-fluidization in fluidized bed
reactors and deactivation of the OCs. Fe-based OCs were
reported to have agglomeration problems when magnetite

Fig. 4 Intereaction of OC a

|H,+0> — H,0+2¢ | b

[120,+V, —» O* +21*

redox cycle. particles with Ha The
O2and O2-onthez2ina

surface of metal oxide particles is
removed by H 2 to form H>O leading
to the migration of more O?” to the
surface. b The particle is oxidized by
O 2, and the electrons move to the
surface, making O? fill the oxygen
vacancy (Vo). Reproduced from
Ref. [32]

03\@ @/ 0,
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Fig. 5 Comparison of Ni, Fe, Cu, Mn, and Co-based OCs: a oxygen transport capacity, b melting point, and ¢ cost, reactivity, and resistance to
agglomeration or attrition. Adapted from Ref. [33]. Copyright (2017) Royal Society of Chemistry

(Fes0s) transforms into wustite (FeO) at a high temperature
[34]. Therefore, iron oxides are generally synthesized on
supporting materials for better stability and higher strength
by mitigating the agglomeration. Support materials
sometimes also enhance the reactivity of the iron oxides due
to their physiochemical properties or the interaction with the
iron oxides. T 10, has been reported to be a good support for
OCs due to its low cost and good reactivity. Either
synthesized or obtained natural ore, TiO»-supported Fe-

based OCs usually exist in the form of ilmenite—FeTiOs.
The mechanical mixture of F €203 and T 10, can eventually
generate ilmenite at a high temperature as an OC [35]. The
formation of FeTiO3; was also achieved in Fe-based OCs
prepared with the incipient wet impregnation method, which
was subjected to a high temperature of 900 °C [36]. The
notable improvement of the iron oxide on T iO, support
(represented by FeTiO3) might be the result of a lower
energy barrier for O?  migration within the dense solid
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phase, thereby enhancing the O 2 diffusivity [37]. ALOs
has also been used as the support for Fe-OCs. It is found that
mixing Fe,O3 with Al,O3 exhibited an enhanced activity in
both CLC and CLG [38]. It was reported that the optimum
ratio of F €03 to A 1,03 in the mixture was 6:4 for its best
performance in producing hydrogen in a CLG [35].
However, the iron oxide supported on Al>Os using the co-
precipitation method showed poor reactivity and stability,
owing to the formation of FeAl,O4 after multiple cycles
[39]. So far, conventional support of SiO, was rarely used
to support Fe-based OCs, possibly because it easily reacts
with iron oxide to form inactive silicates [40]. Recently, our
research group employed silicalite-1, a polymorph of S 10,
with MFI zeolite framework, as the Fe-based

OC support. This novel multifunctional OC was found to be
resistant to the formation of silicate, as compared with
conventional SiO», and exhibited a good performance in tar
decomposition and high adsorption capacity for C O, [41].
Various carbon sources including raw biomass, biochar, and
activated carbon were used to produce carbon supported iron
oxygen carrier/catalyst for biomass gasification [42]. It was
found that the type of carbon sources had significant effect
on the phase of iron. The use of biomass as a carbon source
and potassium as a promoter could increase F ¢** and Fe°
contents of the catalyst, which could remove 80% tar and
double syngas yields during catalytic biomass gasification,
compared to the control of biomass pyrolysis without the use
of any oxygen carrier/catalyst [42].

Mixing with other OC metals To take the advantages of
more than one metals or even generate certain synergies,
OCs composed of mixed metal oxides are usually used in
CLPs. Copper oxide is usually added to the iron-based OCs
to increase its reactivity in a CLG process [43, 44]. It was
reported that Cu-Fe OCs with a high Cu content prepared by
the sol-gel combustion synthesis method showed better
reactivity in the gasification of sawdust. The optimal molar
ratio of CuO/Fe,O3 was 1:1 in terms of overall syngas
quality, carbon conversion, and tar yield [43]. The addition
of the CuO phase in the OC contributed to the formation of
the porous structure. Cu-Fe mechanical mixtures also
exhibited significant improvement in carbon conversion and
C Os conversion in the CLC of the sewage sludge process,
due to the formation of CuFeO,. Moreover, this mixed oxide
also favors the conversion of NO to N, hence decreasing
the NO emission [45]. MnFe-based OCs manufactured via
the spray drying method and sintered at 950 °C produce a
spinel of (Mnyg 77Fe.23)304 [46]. This type of mixed oxide
exhibits high reactivity with gases (i.e., H 2, CO, C Ha, and
O ») and high oxygen transport capacity during redox cycles
between oxidized form, (Mno77Fe023)304, and reduced
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form, ( Mng77Feo23)O. Although the investigation was
carried out with coal as feedstock, but Mn-Fe OCs are also
promising in biomass-based CLPs due to their proven
efficiency in the combustion of solid fuels. N iFe,O4 spinel
was used in a biomass-CLG coupled with water/CO,-
splitting process, where NiFe,O4 spinel provided an oxygen
source for the biomass gasification to generate syngas, and
then the reduced metal oxide was re-oxidized by introducing
water or CO; to replenish its lattice oxygen, producing
hydrogen or carbon monoxide [47]. The presence of N
iFe204 OC promotes biomass conversion, especially biochar
conversion at an elevated temperature. Fe,O3-Al,O3 mixture
impregnated by NiO exhibited stable reactivity and high
resistivity to sintering in CLG of sawdust. The gasification
efficiency reached up to 70.48% under the optimized
condition [48]. CeFeOs; was another mixed OC that
exhibited good reactivity in the coupled reforming of
pyrolytic gas from the biomass and CO» splitting process.
CeFeO; contributes to the creation of oxygen vacancies and
lattice oxygen transfer [49]. The improvement is attributed
to the resultant oxygen anion vacancy when two cerium
cations are replaced with two iron cations. Another cause is
the defects (e.g., shear planes) created between two metal
oxides, which increase the rate of oxygen anion transfer
through the oxygen carrier framework [50].

Perovskite structure Perovskite is a type of complex metal
oxide with a general formula of A BO3, in which A is usually
a lanthanide ion and/or alkaline earth metal while B is a
transition metal ion, e.g., Fe. The ideal perovskite structure
is in the form of BO6 octahedral, with A occupying the
center. The perovskite structure is often written as A BOs-s,
where 6 expresses the amount of oxygen deficiency [51]. An
Fe-containing perovskite shows high thermal stability, good
mechanical properties, and good reactivity. The citrate
method is widely used to synthesize perovskites.
Stoichiometric amounts corresponding to salts as precursors
(e.g., La, Ca, Fe, Sr) are dissolved in deionized water,
followed by the addition of a citric acid solution. The slurry
is dried and then calcined at 900-1200 °C [52]. Co-
precipitation of the metal salts in a precipitant agent is
another method to synthesize perovskites [53].

Perovskites can also be synthesized by the rapid solidstate
synthesis (SSR) method, in which powder oxide or
carbonates mixture of the B-site and A-metal are mixed
followed by pelletization and annealing/solid-state reaction
[54]. There are extensive studies on the La- and Ca-based
perovskites as oxygen carriers in gas-fuel CLPs for
hydrogen generation [55], reforming [52], and combustion
[56]. Labased perovskite is broadly used in methane
combustion due to its high activity, facilitated oxygen
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mobility, and thermal stability, especially L eFeOs and its
doped counterparts [57]. Ca-based perovskite’s advantages
include its low cost and tendency to be slightly exothermic
in the fuel reactor [58]. It is also promising for chemical
looping oxygen-uncoupling processes, which are kinetically
more efficient [56]. While Co or Mn as the B-site cations are
suggested to be the most promising materials for complete
oxidation of hydrocarbons, Fe is preferential for selective
oxidation [59]. Fe is employed as the dopant to substitute for
the original B-site cations to improve the perovskite
performances [56]. The addition of alkali and alkaline earth
metals can change the phases of iron-based oxygen carriers
and thus their applications in CLC and CLG. Research
showed that iron-based OCs modified by K, Na, or Cu are
appropriate for CLC, and OCs modified by Ca or Mn are
appropriate for GLG. Unlike Ni and Cu, the K, Ca, and Na
are not oxidizable, the oxygencarrying rate of the modified
OCs decreased after loading with K, Ca, and Na, which lead
to the reduction of Fe;Oj3 to lower iron oxides FeO [60].
3.2 Iron-based catalysts for the production of liquid

fuels from syngas

3.2.1 Fischer-Tropsch synthesis (FTS) of liquid fuels
from syngas

FTS is an exothermic catalytic process which converts
syngas (a mixture of CO and H)) to a wide range of
hydrocarbons by a set of polymerization reactions [61]:

nCO+2nHz2 - CnHas +nH20 @)

nCO+(2n+1)H2 - CnHan+2 +nH20 (®)

Most Group VIII transition metals (Fe, Ru, Os) and
several adjacent metals (Co, Rh, Ni, Pt, Pd) are active to
catalyze the FTS reactions. However, only Fe and Co are
typically utilized in industry, in consideration of their high
selectivity to long hydrocarbon chains and the economic
feasibility of the overall FTS process [62]. FTS with Ni, Pt,
and Pd catalysts produces too much methane. The high cost
and limited resources of Ru and Rh hinder their large-scale
applications.

3.2.2 Iron-based catalysts for FTS

Fe-based catalysts are gaining more interests not only
because of their low cost and abundant availability, but also
many other benefits. The stoichiometric H»/CO ratio of
syngas for FTS is 2. As compared with cobalt, Fe-based
catalysts have the capability to produce various products
such as olefins and alcohols using syngas with a low H,/CO
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ratio [63]. Unlike Co-based catalysts, Fe-based catalysts can
also catalyze the reversible water — gas shift (WGS) reaction
to use CO; in the syngas [63, 64]:

CO+H204>C03 +H; 9

Therefore, Fe-based catalysts can be used in FTS using
syngas containing a large amount of C O,. Generally, the
FTS involving C O, conversion occurs at a high temperature
and requires a ratio of H » to C O, of H »/(2CO + 3 CO,) =1
due to the thermodynamic equilibrium of the WGS reaction.

However, Fe-based catalysts face several challenges
including low selectivity of olefins or high-carbon chains
and high catalyst deactivation rate. The main challenge for
an iron-based FTS catalyst is its notoriously high
deactivation rate [10]. Therefore, the mechanism and
minimization of deactivation have been extensively
investigated for the past decades since Fe-based FTS
catalysts were introduced.

Among various iron oxides, hydroxides, and
oxidehydroxides, hematite (a-Fe,Os3), magnetite ( Fe;Os),
maghemite  (y-Fe;03), goethite (a-FeOOH), and

lepidocrocite (y-FeOOH) have been reported as important
precursors for FTS [65, 66]. Usually, the activated working
states of iron during FTS are magnetite and iron carbides
while goethite and lepidocrocite belong to a precursor state,
and hematite and meghemite belong to an as-prepared state.

3.2.3 Mechanisms of iron oxides as FT catalysts

Iron oxides ( FexO;, FesOs, and FeO) are the main
precursors of iron-based FTS catalysts. The following two
reduction reactions occur depending on the reducing agent
and the activation conditions during FTS with iron-based
catalysts:

FexOy+yH2 > xFe+yH20 (10)

FexOy +yCO->xFe+yCO2 (11)

Subsequently, dissociation of CO takes place on the
metallic iron surface active site (represented by *) when it is
adsorbed. Then, the adsorbed carbon species can react with
the metallic iron to form iron carbide species.

*+CO* 5C* +0* (12)

yC* +xFe—>FexCy (13)
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It is generally accepted that magnetite is directly
carburized into iron carbides in the CO atmosphere. During
this process, oxygen removal and carbon introduction
usually occur concurrently by combining the steps of Egs.
(11-13).

Various types of reaction mechanisms such as carbide,
CO insertion, and oxygenate have been suggested to produce
long hydrocarbon chain products during FTS. Based on the
carbide mechanism, the carburization reaction takes place on
the iron under FTS conditions due to its very low activation
energy. On the other hand, the dissociated CO adsorbed on
the iron active site can react with the dissociated hydrogen
molecules, also on the iron active site, to form hydrogenated
species, CH,", which is the precursor to generate longer
hydrocarbon chain products.
C* +xH* S CH*+x* (14)

Carbon deposition is closely related to alkali promoters
and reaction temperatures. In the FTS conditions, the carbon
deposition usually occurs via the Boudouard reaction:

2C0->C+CO2 (15

In the LT-FTS condition, this Boudouard reaction does
not occur seriously. When there are many available carbon
species on the catalyst surface but the hydrogen atoms are
insufficient, the Boudouard reaction will accumulate C and
block the active sites and reduce the catalyst activity.

These basic reactions constitute initial transformations
which occur on the iron catalyst and reveal that iron carbides
play a significant role in FTS. The exact mechanism for the
production of hydrocarbons over an iron-based catalyst is so
complicated and there is still a debate on it. The carbide
mechanism is just one of many explanations of the FTS
process, in which it is believed that the iron carbides act as
the active sites for the conversion of carbon species to
hydrocarbons.

3.2.4 Improvement of iron oxides as FT catalysts

Promoters such as potassium (K) are usually used to increase
the performance of iron oxides as FT catalysts. Besides
copreciptation, electrical fusing can well incorporate the
promoters (e.g., KO, AlOs, and CaO) in the matrix of bulk
iron oxide (mainly magnetite) by melting the starting
materials between the high-voltage electrodes [67]. Other
methods such as argon arc heating, oxyacetylene torch, and
induction furnace can also provide melting energy to obtain
promoted fused iron catalysts [68].

Iron-based catalysts for FTS come in the form of
singlephase or multiphase iron oxide as a precursor
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supported on various oxide supports, such as Al,Os3;, SiO,,
Ti0,, and carbon-based supports [69]. The precipitated Fe-
based and fused Fe-based catalysts are two commercial
single-phase catalysts used for low-temperature and high-
temperature FTS, respectively. There is an increasing
research interest in supported Fe-based FTS catalysts with
promoters [70, 71]. It was found that the Fe catalyst
supported on MOFs derived porous carbon and promoted
with Cu had a Fe loading higher than 37% and high CO
conversion and stable FT activity [71].

3.2.5 Iron carbides as FT catalysts

In FTS, the iron carbides are generally transformed from the
iron oxide precursors, during the in situ activation treatment
or under FT conditions. Table 1 lists the iron carbides with
different structures, and these species have been discovered
in the FTS catalysts. Although cementite (6-FesC) and Hégg
carbide (-FesC,) are most broadly investigated in FTS
studies, hexagonal iron carbides (g'-Fe»2C, &-Fe,C) are also
identified in the FTS at relatively low temperatures and/ or
low H»/CO ratios. Unlike 0-FesC and y-FesC,, the carbon
atoms of which are situated in trigonal prismatic interstices,
€-Fe;»C and &-Fe;C have carbon atoms situated in
octahedral interstices. In most cases, it is believed that, after
in situ activation, the FTS catalysts consist of a complex
mixture of iron carbides (g'-Fe»2C, &-Fe,C, 0-Fe;C, and y-
FesC,), metallic and iron (a-Fe) and iron oxide (Fe;O4) [72].
Unlike the catalysts activated by the in situ carbonization
from iron oxide precursors, catalysts produced by Fe-MOFs
have exhibited high activity and stability in FTS. The
MOFderived catalysts are synthesized by pyrolyzing
different MOF precursors to form the active sites for FTS,
including iron carbides and iron oxides. The precursor is
transformed into iron carbide via carbonization. An Fe@C
catalyst was prepared by pyrolyzing Basolite F300, which is
a type of Fe-MOF precursor [22]. In the synthesis, the Fe to
C ratio was adjusted by adding furfuryl alcohol as a carbon
source. This new synthesis approach achieved a high iron
loading of 25-38 wt% meanwhile retaining the good
dispersion of the active iron carbide phase. The novel Fe@C
catalyst exhibits nearly two orders of magnitude more active
than the benchmark catalyst, a carbon nanofiber-supported
iron catalyst. Such a remarkably high activity of Fe@C was
related to a higher degree of carburization of iron.
Iron-based catalysts are usually catalyzed at 240-280 °C
for low-temperature FTS. However, it was reported that the
metallic iron was converted to &-Fe,>C in a syngas of H,/CO/
N, = 64/32/4 at a temperature of 150-200 °C, and the &-Fe,C
phase exhibited excellent activity, high selectivity to
transportation fuels, and remarkable robustness in stability
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tests [73]. 0-Fe;C is produced at temperatures above 300 °C
by carbonizing reduced iron in syngas or at 500 °C in
methane. However, the carbides prepared in this way are
contaminated by free carbon. Another approach to preparing
0-FesC is to react iron powder with the Hagg carbide (y-
FesC,) at a temperature above 260 °C [10]. It should be noted
that 0-Fe;C is less active than other iron carbides.

Figure 6 shows the formation of different carbide phases
predicted by thermodynamic calculations [74]. In the
calculation, carbon chemical potential jic, as imposed by the
gas phase combined with kinetic and entropic effects, was
considered a significant variable influencing the stability and
reactivity of the iron carbides. In experimentation, heating
the catalyst precursor in CO at 5 mL/min and 2 °C/min to
280 °C for 2 h was referred to as the high pc pretreatment,
while heating the catalyst precursor in a 1% CO/H, mixture

2209
3.3 Iron-based catalysts for the decomposition
of tar in syngas

3.3.1 Tar composition and elimination technologies

The tars that are a complex mixture of aromatic
hydrocarbons, oxygen-containing hydrocarbons, and
polycyclic aromatic hydrocarbons in the syngas can cause
numerous problems for the utilizations of the syngas, such
as the cracking in filter pores, the blockage of filter media,
and the condensation in cold spots, resulting in serious
operational interruptions [75]. Tars contain significant
amounts of energy that can be transferred to the fuel gas such
as H,, CO, and CHgs. Tars can be removed and converted
by physical, noncatalytic (e.g., thermal cracking), and
catalytic processes [76]. Catalytic tar conversion is a
technically and economically interesting approach for

Table 1 Characteristics of Formula Atom ratio Interstitial occupation ~ Carbon
different iron carbides found in (C:Fe) of C atoms wt.%
FTS catalysts
Hexagonal carbide € Fe.C 0.50 Octahedral 9.7
€' Fe2.C 0.45 Octahedral 8.9
Hiégg carbide X FesCz 0.40 Trigonal prismatic 7.9
Cementite 0 FesC 0.33 Trigonal prismatic 6.7

G—Fe3C

s’—FezlzC/s—FeZC
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AR
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Fig. 6 Schematics of the phase transformation among various iron
carbide structures. Gray arrows indicate transformations with
significant entropic contributions to the total free energy and the dashed
arrow indicates the kinetically inhibited transformation. Adapted from
[74]

at 10 mL/min and 2 °C/min to 350 °C for 2 h was referred to
as the low ¢ pretreatment.

syngas cleaning as it has the potential to increase conversion
efficiencies while simultaneously circumventing the need
for the collection and disposal of tars. Catalysts can be mixed
with biomass feedstock for in situ catalytic tar conversion
during gasification or pyrolysis [75].

Iron-based oxygen carriers can also serve as the catalysts
for tar decomposition, and at the same time, they provide
oxygen for gasification. A separate reactor can be used to
catalytically convert the tar into syngas after gasification. In
this case, the tar conversion can occur at operating
conditions from gasification. Table 2 summarizes the major
reactions during catalytic tar conversion in a downstream
reactor, in which C,H,, and C.H, represent heavy and light
tars.

Figure 7 shows the types of catalysts used for tar
decomposition including iron minerals-based
catalysts and synthetic iron catalysts [76].

several

3.3.2 Synthetic iron-based catalysts for tar
decomposition

There were few studies on synthetic iron catalysts for tar
decomposition because the use of iron ore with minimal
treatment is more economic. Iron oxide and metallic iron
have been studied for the roles of a specific iron phase in
catalytic tar decomposition [77] and their kinetics [78]. The
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same methods used for the synthesis of iron-based FTS
catalysts can be used to prepare an iron-based catalyst for tar
decomposition. Several supports such as olivine, dolomite,
and AlLOs have been studied to develop iron-based catalyst
for catalytic tar decomposition. As Fe has lower activity, its
loading on the support is usually 10-30 wt% [79]. There
were a lot of research interests in the iron supported on
various chars as the tar decomposition catalysts, but the
chars were considered a dominant active catalyst component
[80, 81].

Biomass Conversion and Biorefinery (2025) 15:2199-2221
Metallic iron is believed to catalyze tar decomposition
more actively than the oxides [82]. Iron has the catalytic
activity for the reactions involving fuel gases (H, CO, CO»,
H>O) such as the water—gas shift reaction, which is a
common secondary reaction in the tar decomposition. Iron is
rapidly deactivated in the absence of hydrogen because of
coke deposition. Other forms of iron are also reported to
have the ability to catalyze gasification reactions, pyrolysis,
and tar decomposition. A study on the catalytic cracking

Table 2 Reactions involved in the

Reaction type
catalytic cracking and decomposition

Reaction equation Reaction no

of tars, represented by C nHm Steam reforming

Fig. 7 Classification catalysts used
for tar decomposition [76]

activity and reaction
mechanism of benzene on iron
oxidesilica showed that the
catalyst in its reduced form had
a high activity toward benzene

Steam dealkylation
Thermal cracking
Hydro cracking
Hydro dealkylation
Dry reforming
Cracking

Carbon formation

C.Hm + nH20 — nCO + (n + 0.5 m)Hz (16)
C:.Hm + xH20 — CH, + ¢CO + pHa 17)
C:Hy — C"+ CH, + gas (18)
CyHm + (2n — 0.5 m)H2 — nCHa 19)
C:Hm + xH2 — CyH, + qCH4 (20)
CyHnm + nCO2 — 2nCO + 0.5mHa 21
CnHan+2 + xH2 — CuiHo@w-1) + CHa (22)
C:Haniz —» nC + (n + 1)Hz (23)

cracking and a high selectivity
toward methane formation [82]. Hydrogen
was found to be effective in suppressing the
catalyst deactivation [82].

3.3.3 Iron minerals as catalysts for tar
decomposition

Calcined Rocks

Olivine

[ Minerals J-<

R ) R

Clay minerals

-y O

Iron ores are natural minerals from which
metallic iron can be economically

catalysts

Tar decomposition

L Ferrous metal oxides

) J

——

extracted. The use of iron ore, directly or
with minimal treatment, as the catalysts for
tar decomposition is a promising strategy
due to the low cost of iron ore and the
decent catalytic activity of iron-based
catalysts. Minerals containing appreciable
amounts of iron can be grouped according
to their chemical compositions into oxides
(hematite, magnetite, goethite, etc.),
carbonates (siderite), sulfides (pyrite), and
silicates in which oxide minerals are the
most important source. It was reported that the ferrous
materials of iron sinter and pellet with a large amount of
magnetite (Fe3O4) and a small amount of hematite ( Fe;O3)
showed relativity lower than  dolomite
(CaMg(COs)») in catalyzing the decomposition of tar in the
temperature range of 700-900 °C [83]. Another study found
that hematite had more effect on tar reduction than magnetite
[84].

Olivine consists mainly of silicate mineral in which
magnesium and iron cations are set in the silicate tetrahedral.
The formula to represent natural olivine is (Mg Fe),SiOa.

activity
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Table 3 gives the compositions of several olivine samples
from different resources [85]. The catalytic activity of
olivine for tar decomposition is attributed to its magnesite
(MgO) and iron oxide (Fe>Os). The deactivation of this
catalyst is mainly caused by the formation of coke, which
covers the active sites and decreases the surface area of the
catalyst. Olivine has high mechanical strength at a high
temperature like sand and its price is low, which makes it a
good bed material and catalyst used in fluidized-bed reactors
[86].

It was found that co-feeding hydrogen to steam at a ratio
of Pua/Pmoo > 1.5 could obtain metallic iron on the olivine
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surface, which showed the catalytic activity for the steam
reforming of toluene as a tar model compound [87]. The
study showed that the increase of hydrogen to steam ratio
could enhance the decomposition of toluene. At a hydrogen
to steam ratio of Pua/Puo = 4, 99.5% of the carbon content
in the toluene was converted into CO and C O,. However,
when naphthalene was used as a tar model compound, the
presence of Hj inhibited the decomposition of naphthalene
while H>O and C O, could increase the naphthalene
decomposition [88].

The catalytic activity of olivine for tar decomposition is
relatively low and certain treatments or processing are
needed. Iron oxide was added to natural olivine by
impregnation to enhance its catalytic activity [89]. The
modified olivine with a total 16 wt% iron loading doubled
the tar decomposition efficiency. Therefore, the natural
olivine impregnated with additional iron oxide can be used
as a catalyst for tar reforming and oxygen carrier in a
chemical looping process. Simple calcination pretreatment
of olivine at 900 °C for 10 h could also significantly improve
its catalytic activity for tar removal. It was believed that
calcination could lead to the segregation of iron at the
surface of olivine for the improved catalytic activity [90].
Biomass-derived ash was used to significantly improve the
catalytic activity of
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generally high flow rate of flue gas as well as the low CO,
partial pressure makes it a great challenge to capture CO; in
flue gas [93]. Although the novel CLC of biomass using
calcium oxide as a looping material can produce CO»-rich
flue gas, there is a need for efficient sorbents with a high
capacity for adsorbing C O,. Existing technologies of C O
capture are either through physical or chemical adsorption
methods. The physical adsorption of CO, is fulfilled by the
affinity from the solid porous adsorbents, mainly Van der
Waals forces, under various conditions, which can be easily
released by decompressing or heating the adsorbents. The
chemical adsorption is achieved by forming controllable
chemical bonds between an adsorbent and C O,. Two types
of iron-based materials were reported as the adsorbents for
CO, capture which showed promising in bioenergy
application: Fe-based metal-organic frameworks and iron
oxides.

3.4.2 Fe-MOFs for CO: adsorption

MOFs mainly capture CO, in a physisorptive manner
through weak interactions between CO; and the pore. In
addition, due to their diversity in composition and structures,
MOFs can be designed to include open metal sites, basic
sites, polar functional groups, controllable pore sizes,

Table 3 Chemical compositions
of olivine from different

Fe-poor region

Fe-rich region

resources [85] SiOs 4091
TiO2 0.02
FeO 8.35
NiO 0.33
Cr203 0.00
MnO 0.10
MgO 50.71
Ca0O 0.02
Total 100.44

40.90 41.09 40.77 40.48 40.94
- - 0.01 0.02 0.02
8.00 7.66 9.22 9.14 8.92
0.40 0.37 0.34 0.36 0.36
0.04 0.03 0.01 0.03 0.02
0.14 0.16 0.18 0.15 0.14
49.52 50.25 49.70 49.92 49.61
- 0.02 - - -
99.00 99.58 100.23 100.10 100.01

olivine for tar decomposition during gasification of biomass
due to the formation of a CaO layer on the olivine surface by
the ash [91].

3.4 Iron-based sorbents for CO; capture
during bioenergy conversion

3.4.1 CO: capture during biomass conversion

The CO, emission in the biomass combustion process is
usually considered carbon flux neutral, based on the
assumption that CO; emitted from biomass combustion
equals the C O, amount captured in biomass [92]. However,
it is of great interest to capture C O, from biomass
combustion to achieve negative CO; emission. The

various frameworks, and tunable hydrophobicity. These
additional sites and features provide extra adsorption
capacity and lead to selective adsorption over other gases.
The MOFs due to ultra-high surface areas have much higher
uptake capacities than other materials. Table 4 summarized
CO; adsorption capacities of various iron-based MOFs.

An iron-based sodalite-type MOF, Fe-BTT, has the [
FesCI]™" units as the metal clusters in the center and
interconnected by triangular BTT?" linkers to form a porous
structure [94]. It was reported that this 3-dimensional
structure had a BET surface area of 2010 m 2 ¢! and
exposed Fe?' coordination sites. The capacity of CO, take-
up was up to 3.1 mmol/g at 25 °C and 1 bar. Research
showed that the open Fe?" cation sites within Fe-BTT served
as the extra sites for C O adsorption, making it as a selective
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adsorbent for CO , over N». Another three-dimensional
microporous MOF was constructed with F e30(H20); cluster
and 2,3,5,6-tetrachloride terephthalic acid (TCDC) ligand
[95]. A high density of functional polar groups and open
metal sites were detected in this type of MOF, which had a
high BET surface area of 1513 m 2 g!. The highest C O,
capacity was reported at 5.4 mmol/g at 1 bar and 0 °C. Three
MOFs with BDC-containing (BDC benzene-1,4-
dicarboxylate) linkers were investigated for their
photocatalytic performance in C O, reduction, i.e., MIL-
101(Fe), MIL-53(Fe), MIL-88B(Fe). Compared with Fe-
BTT and LIFM-26, all these three MOFs had lower CO-
adsorption capacities of 0.4-1.2 mmol g, but their N H,-
functionalized derivatives exhibited 30—48% increase in the
C O; adsorption, owing to the chemical interaction of the
amino group with CO,.

3.4.3 Iron oxides for CO; adsorption

Iron oxide other than CaO and MgO provides another option
for chemisorptive CO, capture. Like a CaO-based adsorbent
[96], iron oxide reacts with C O, to produce carbonates,
which can be heated to release CO; and regenerate the iron
oxide as shown in Fig. 8. Normally, carbonation reactions
are exothermic, and carbonate decomposition reactions are
endothermic which allow designing a cyclic process [97].
The attraction of using iron oxide is that, after carbonation
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room temperature for multi-walled carbon nanotubes
decorated with Fe3Os nanoparticles [98]. Fe3O4 also
possesses active sites exposed at the surface (coordinately
metal and oxygen sites) that can react with gaseous
molecules ( Hy, CO,, O, NHjs, CO, H ,0) according to
acid—base interactions, for Lewis acid or basic sites [99].

Kumar et al. examined a mixture of magnetite (Fes30a)
and iron (Fe) as a possible CO, sorbent. Figure 8 shows the
schematic of their proposed routes: (1) the mixture of
magnetite and iron with a molar ratio of 1:1 isused asa CO,
sorbent; (2) iron carbonates are formed when CO; interacts
with the sorbent mixture; (3) the separation of unreacted
sorbents from the iron carbonates is achieved by applying
magnetic field; (4) iron carbonate is heated and decomposed
to regenerate magnetite and release CO,. In this cyclic
process, the regenerated magnetite can be used multiple
times until its active sites are depleted. In addition, the
released pure CO; gas can be stored or used for downstream
processes.

Both thermodynamic calculations and experiment results
showed that the stability of iron carbonate increased with
pressure and the decomposition of iron carbonate only
occurred at high temperatures for the regeneration of F ¢304.
Kinetic studies revealed that CO, pressure should be
elevated above 10 bar to achieve complete carbonation of
iron oxides while a minimum of 367 °C was required for the
decomposition of the carbonate [100].

Table 4 COz adsorption capacity

Adsorbent Formula Pressure ~ Temperature Capacity (mmol Ref
of various Fe-based (bar) (°C) gh
MOFs
Fe-BTT Fes[(FesCl)s(BTT)s(MeOH)a]2 1 25 3.1 [94]
LIFM-26 Fe3(TCDC)3(H20)3 1 0 5.4 [95]
MIL-101(Fe) FesO(OH)(BDC)3(H20) 1 0 1.2 [130]
MIL-53(Fe) Fe(OH)(BDC) 1 0 0.6 [130]
MIL-88B(Fe) Fe;0(BDC)3(H20)2 1 0 0.4 [130]

and regeneration for several cycles, it can be used for the
manufacturing of steel in the same iron-making facility to
resolve the high energy consumption and C O, emission
challenges in the iron-making industry. The potential iron
oxide for CO; capture is magnetite. Mishra et al. reported a
high adsorption capacity of 59.4 mmol g ! at 12 bar and a

o 222

®eQ

Y

3.5 Iron-based additives for enhancing the
biological conversion of biomass

Iron-based additives can improve the performance of
biological processes by supplementing micronutrients,
removing inhibitors such as ammonia, and facilitating
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Fig. 8 Schematic of the route for the C Oz capture using the mixture of magnetite ( Fe3O4) and iron (Fe) as the adsorbent. Adapted from Ref.

[97]. Copyright (2016) Wiley
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electron transfer among microorganisms. Fe?" is a
component in many enzymes such as hydrogenases in dark
fermentation for H » production and cell growth. The iron-
based additives such as nZVI and iron oxides can increase
Fe?" in the aqueous phase to promote the production of target
enzymes in cells and the cell growth [101, 102]. The addition
of nZVI can reduce the oxidation—reduction potential to
create a more favorable anaerobic environment during
anaerobic digestion (AD) and dark fermentation [102]. The
effects of the addition of iron nanoparticles on the
performance of a biological process depend on the type of
nanoparticles, concentrations, particle size, and process
conditions. The studies reported in the literature were mostly
focused on the use of nanomaterials for the enhancement of
a specific single function of a biological process such as
micronutrient supply and inhibitor removal. More studies
are needed to manufacture, characterize,
multifunctional iron nanocomposite materials for the
effective enhancement of the biological performance from
various aspects [103].

and test

3.5.1 nZVI and Fe304 nanoparticles for enhancing
interspecies electron transfer

Iron-based conductive materials such as nZVI and Fe;04
nanoparticles (Fe3Os NPs) have been used to facilitate
interspecies electron transfer among microorganisms in
biologic processes such as AD to improve the conversion
efficiency [104]. AD is a promising technology used to
convert organic solid wastes and wastewater into biogas
with four main biological processes: hydrolysis,
acidogenesis, acetogenesis, and methanogenesis. However,
AD suffers the drawbacks of low conversion efficiency and
poor stability [105]. The effects of iron-based additives on
the microorganisms are different owing to their physical and
chemical properties.

Figure 9a shows the comparison of the methane
generation with and without the addition of nZVI. Without
nZVI, the methane synthesis during AD is fulfilled through
two conventional routes: acetoclastic methanogenesis and
hydrogenotrophic methanogenesis, respectively. However,
nZVI that tends to release electrons as an electron donor can
decrease the redox potential in a biological process. The
nZVI acts as the reductant to produce H*, an important
electron transfer carrier utilized by many methanogens for
the CO, reduction to produce methane. In addition,
hydroxyl radical (OH") produced by nZVI during AD could
be used as an oxidant to increase the biodegradability. The
addition of nZVI has shown an increase in the methane and
hydrogen production in AD of municipal wastewater and the
treatment of industrial wastewater from brewery and sewage
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plant [106]. Furthermore, nZVI addition also exhibited a
better efficiency in the removal of chemical oxygen demand
(COD) and in dechlorination [107]. The nZVI is also an
effective adsorbent to remove metal pollutants, e.g., Cr(VI)
in the wastewater [108].

The main effect of F 304 NPs in an AD system is to
change the direct interspecies electron transfer (DIET)
mechanisms [109]. DIET broadly exists in syntrophic
processes in which butyrate or hydrogen is used to produce
methane. For the systems without F €304 NPs, the
interspecies electron transfer is achieved through hydrogen,
formate, and electron transform protein, as shown in Fig. 9b.
With Fe;O4 NPs in the AD system, the magnetite acts as the
electron conduit when the particles are attached to the
membrane surface of different cells to accelerate electron
transfer between different microorganisms, leading to the
improvement of methane generation [110]. Another positive
effect is that
microorganisms. Other properties including magnetism,
adsorptivity, and biocompatibility of Fe3Os NPs can
strengthen pollutant digestion efficiency in AD. Fe3O4 NPs
have been applied in the AD treatment of industrial,
municipal, and agricultural wastewater, as well as the solid
waste produced from agricultural and municipal activities
[110, 111]. The positive effects of Fe3O4 NPs on the AD
systems were also demonstrated by the increase in the H,
production and biogas yield [110]. Similar to vZVI, Fe;04
NPs could also remove heavy metal pollutant such as Cr(VI)
in the wastewater due to its adsorptive capacity [112].

Fe*/Fe*" can promote the growth of

3.5.2 nZVI additives as a micronutrient of
microorganisms

Micronutrient supplements such as Fe, Ni, Mo, Co, W, and
Se are crucial cofactors in numerous enzymatic reactions.
The lack of some micronutrients can cause poor
performance of a biological Micronutrient
supplements have become an important topic for improving
the performance of a biological process. However, excessive
concentrations of those micronutrients can lead to the
inhibition [113].

As a type of phytoplankton, microalgae require the
element Fe, as an essential micronutrient, in their
fundamental cellular functions like photosynthesis and
respiration [114]. The availability of Fe determines
phytoplankton productivity, community structure, and even
ecosystem functioning in vast regions of the global ocean.
Phytoplankton that is exposed to elevated levels of Fe,
especially nZVI is used for various green technologies and
marine applications, including the abovementioned
wastewater decontamination. However, owing to the high

process.

13



2214

activity, iron NPs can produce various reactive oxygen
species (ROS) via Fenton-type reactions that cause oxidative
injury to cells via lipid peroxidation and oxidation of thiol
groups on proteins and DNA [115]. Although there are
limited studies on the effects of nZVI on the cultivation of
microalgae, the mechanisms of its role have not been
comprehensively understood.

The type and concentration of iron-based additives can
affect not only the growth rate but also the cell compositions.
It was found that high concentrations of ferric iron resulted
in high lipid content, neutral lipid/total lipid ratio, and
saturated fatty acids and 16-C fatty acids, but low cell
biomass and polyunsaturated fatty acids in some green
microalgae [116]. Another study showed that a mere 5.1 mg
L ! nZVI could dramatically increase the cell growth and
lipid accumulation in various algae, meanwhile lowering the
content of most saturated and unsaturated fatty acids but
palmitoleic acid [117]. Experimental results showed when
nZVI1 and Fe-EDTA were used in equal moles in the

Biomass Conversion and Biorefinery (2025) 15:2199-2221
investigated marine microalgae (Tetraselmis suecica,
Pavolva lutheri, and Isochrisis galbana). The growth of the
algae was favored by the nanoparticles in comparison with
their bulk analogues [118].

3.5.3 Magnetic iron oxide for harvesting cells

Microorganisms such as microbial and microalgae have
been widely used in bioenergy production and biological
processes. Magnetotactic cells can be separated and
harvested in a magnetic field. One of the applications of
magnetic particles is to harvest microalgae. Harvesting
technology is crucial in the commercialization of
microalgae. The selection of an algae harvesting method is
highly dependent on several factors: the physiognomic
structure, cell density, algal size, the final moisture content,

and the reusability of the culture medium [119].
Conventional harvesting technologies include
centrifugation, flocculation by coagulants, precipitation by
pH increment, filtration, and flotation [120].
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CH,COOH - CH,+ C0,  (24)

Hydrogenothrophic methanogenesis

Methane Generation with nZVI1

Fe® + 2H,0 — Fe®** + 20H™ + H, (26)
Fe® + 2H,0 — Fe(OH), + 2H* + 2e~ (27)
Fe® + 3H,0 - Fe(OH); + 3H* + 3e~ (28)
Fe® + 2H,0 — Fe** + H, + 20H - +2e~  (29)
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Fig. 9 a Comparison of the methane generation with and without nZVI. b Comparison of anaerobic digestion with and without F €304

traditional algal growth media, additive had little effect on
the growth, morphology, and cellular lipid content of three
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medium by an external magnetic field has emerged as an
energy-efficient and time-saving technology for microalgal
harvesting [121].

Fe304 NPs are commonly used due to their high specific
surface area, superparamagnetism, and biocompatibility.
However, tagging magnetic FesOs NPs to the negatively
charged algal cells requires a specific pH range at which the
zeta potential of magnetic nanoparticles shows a positively
charged surface. As a result, the coating of cationic materials
onto Fe3O4 NPs is needed. These cationic materials are
normally polymer such as polyethylenimine [122], cationic
polyacrylamide [123], poly(diallyldimethylammonium
chloride) [124], polyamidoamine [125], (3-aminopropyl)
triethoxysilane (APTES), and octyltriethoxysilane (OTES)
[126]. Figure 10 shows the procedure of magnetophoretic
harvesting of oleaginous microalgae using Fe3Os NPs
coated with polyamidoamine (PAMAM) [125]. Table 5
summarizes the main findings of various coating materials
for algae harvesting.

3.6 F-N/C composite materials as biocatalysts

and bioelectrodes for bioenergy conversion

Microbial fuel cells (MFCs) are bioelectrochemical systems
which can generate electricity by electrogenic
microorganisms. Electrogenic microorganisms break down
organic matter in the electrolyte to produce carbon dioxide,
hydrogen ions, and electrons in the anode. Electrons are then
transferred along the outer circuit to the cathode, and
hydrogen ions diffuse to the cathode through the solution. In
the cathode, the oxidant is reduced by the hydrogen ions and
electrons. Electrical current is thus produced in such a closed
loop [127]. An air-breathing cathode which has a high
electrochemical oxygen potential is the most promising
configuration. The air-breathing cathode usually consists of
an electrode substrate, oxygen reduction reaction (ORR)
catalyst layer, and air-diffusion layer as shown in Fig. 11
[127].

The air—cathode catalyst is pivotal in the performance of
MFCs because of its role in improving the intrinsic
overpotential and poor kinetics of ORR. Although exhibiting
the best ORR performance, Pt group metal electrocatalysts
have a high cost, low abundance, and easy deactivation in
the presence of microbial fuel cell metabolites, hindering
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them from broad industrial application. So far, numerous
non-noble metal electrocatalysts with high cost-

effectiveness and excellent catalytic ability have been
developed, including Fe—N/C catalysts. Initially, Fe-N4
macrocycles including iron phthalocyanine (FePc) and
ferroporphyrin  (FeP) have been investigated as
electrocatalysts for MFC. Fe-N; (the iron atom coordinated
with pyridinic or pyrrolic N) and (pyridinic) N-C, moieties
are believed to be the catalytic sites for ORR, but the actual
mechanisms are still unclear and debated [ 128]. Afterwards,
plenty of Fe—N/C catalysts were synthesized to introduce Fe
and N as dual-dopants on the carbon so that the catalytic
sites, i.e., Fe-Ny, and N-C,, can be generated [129].

4 P erspectives of iron-based functional
materials for bioenergy conversion

Various iron-based functional materials of nZVI particles,
iron oxides, magnetic iron oxides, iron MOFs, iron carbide,
and iron—nitrogen-doped carbon (Fe-N/C) have been
studied for bioenergy conversion because of their unique
characteristics conductivity, magnetism,
reduction—oxidation, and biocompatibility. Iron-based
functional materials can be produced by certain treatments
of natural iron minerals or syntheses using iron precursors.

Although iron is an abundant and environmentally
friendly element on earth, traditional chemical and physical
methods for the synthesis of iron-based functional materials
require high energy inputs and/or the use of hazardous
solvents, which limits the large-scale applications of these
iron-based functional materials for bioenergy conversion.
More studies are needed to develop green processes using
plant extracts, particularly organic wastes,
microorganisms to biologically produce those functional
materials at a large scale. More studies are also needed to
optimize the processing conditions to control the quality of
the target functional materials for specific applications.

Iron oxides that have the advantages of high oxygen
transport ability, low cost, and high thermal stability are
promising oxygen carriers to supply lattice oxygen for
combusting and gasifying biomass. Fe,O3 and Fe3;O4 show
strong

of electron
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Fig. 10 Schematic of microalgae harvesting using FesO4 nanoparticles with PAMAM coating. Adapted from Ref. [125]. Copyright (2016)
Elsevier

Table 5 Summary of microalgae harvesting using F €304 NPs with various coating materials

Coating Microalgae Significant results Ref

Polyethylenimine Scenedesmus dimorphus Harvesting efficiency increased from 60 to 85% as the diameter of  [131]
coated NPs increased from 9 to 53 nm

L-arginine Chlorella sp. HQ Among the ultrasonic approach, long-time mixing approach, and [132]
one-step modification approach, the one-step approach presented
better harvesting performance

Polyamidoamine Chlorella sp. HQ The harvesting was positively correlated with the coating thickness [125]
of dendrimer. G3-dMNPs could be regenerated and reused
effectively

Polyethylenimine Scenedesmus dimorphus Harvesting efficiency was greater under the UV3es irradiation [122]

than UV2s4, and increased with the irradiation intensity.
Continuous application of the external magnetic field at high
strength improved the algal harvesting
Polyacrylamide Botryococcus braunii A dosage of 25 mg/L for B. braunii and 120 mg/L for C. [123]
Chlorella ellipsoidea ellipsoidea achieved over 95% harvesting efficiency within 10
min as a result of electrostatic attraction and bridging between
the magnetic flocculant and the algal cells
Poly(diallyldimethylammonium chloride) Chlorella sp. The attached-to strategy was less effective than the immobilized-on [124]
strategy as it suffered from agglomeration between the NPs as
well as flocculation of the microalgal cells by PDDA
(3-aminopropyl)triethoxysilane and Chlorella sp. KR-1 APTES and OTES exhibit cationic charge and enhance lipophilic-
octyltriethoxysilane [126] ity, respectively. By tuning the APTES/OTES ratio, the
magnetic nanoflocculants can be selectively separated from microalgal
flocs at the interface of the water and nonpolar organic solvents
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oxidizing potentials and capability for full and partial
oxidation of fuels while FeO is a good candidate for
gasification as it does not significantly oxidize the product
syngas of CO and H ,. The iron oxide OCs face the
challenges of low reactivity and high agglomeration. More
studies are needed to develop novel supports and promoters
to overcome the technical barriers of low reactivity and high
agglomeration and control the iron phase for the practical
applications of iron oxide-based OCs in bioenergy
conversion.

Iron-based catalysts of iron oxides, iron-based MOFs,
iron carbide, and Fe-N/C have been widely used in
bioenergy conversion, particularly for FTS of liquid fuels
from syngas, water—gas shift reaction, cracking tar in
syngas, and oxygen reduction in microbial fuel cells.
However, the phase of iron, structure, and chemical
promoters in the Febased catalysts play the key role in their
catalytic activity for specific reactions. The phase of iron is
affected by the type of iron precursors, synthesizing
conditions, and the use of promoters and supports. More
research is needed to study the type of iron precursors,
promoters, support, solvents/gases, and synthesizing
conditions to optimize and control the phase of the iron in
the catalysts and minimize the agglomeration and deviation
of the catalysts for their target applications.



Proper structures and phases of iron-based materials can be
used to capture C O, and selectively produce target products
to reduce the separation costs during bioenergy conversion.
Fe-based MOF's and iron oxides show excellent capability to
adsorb CO». More studies are needed to develop iron-based
materials that can provide multifunctional duties of oxygen
supply, catalysis, and C O, sequestration in a biorefinery.
Particularly, more studies should be carried out on iron-
based composite materials with functionalities for the
catalysis, in situ separation, in situ CO- sequestration, and
selective production of target chemicals in a biorefinery.

Different iron phases play different roles in the
functionalities of iron-based materials. However, the phase
of iron compounds changes in a process, especially in
chemical looping processes. Studies reported in the literature
were usually focused on one or a few iron phases and
species, which did not provide sufficient information about
the interactions and dynamics of various iron compounds in
the processes. More research is needed to measure the
complex phase changes and analyze the interactions within
the iron compound in a specific process.

Iron-based materials particularly zero-valent iron (ZVI)
and magnetic iron oxides have been used as additives to
improve the performance and recovery of microorganisms
in the biological conversion of biomass. However, the
effects of the addition of iron nanomaterials on the
performance of biological processes depend on the type of
nanomaterials, concentrations, particle size, and process
conditions. The studies reported in the literature were mostly
focused on the use of nanomaterials for the enhancement of
a specific single function of a biological process such as
micronutrient supply and inhibitor removal. More studies
to manufacture, characterize,
multifunctional iron nanocomposite materials for the
effective enhancement of these biological processes from
various aspects.

are needed and test

5 Conclusions

Iron (Fe)-based materials of nZVI particles, iron oxides,
magnetic iron oxides, iron MOFs, iron carbide, and iron—
nitrogen doped carbon (Fe-N/C) have been used as cost
effective and environmentally friendly oxygen carriers,
catalysts, adsorbent, cell carriers, and additives in bioenergy
conversion. The functionalities, stability, and reactivity of
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Bioenergy conversion processes usually generate COa.
Furthermore, a bioenergy conversion process usually
produces a wide range of hydrocarbons, and complex and
costly separation processes are required to purify the
products.
iron-based materials depend on their structures and redox
phases, which are affected by the type of iron precursors,
synthesizing conditions, and the use of promoters and
supports. Furthermore, the phase of iron compounds
changes in a process. More research is needed to study the
phase transition of iron in bioenergy conversion and the type
of iron precursors, promoters, supports, solvents/gases, and
synthesizing conditions on the phases and structures of iron-
based materials to optimize and control the phase of the iron
in the functional materials and minimize the agglomeration
and deviation of the iron for their target applications. An
iron-based material shows multi-functions in bioenergy
conversion. More studies are needed to develop iron-based
materials that can provide multifunctional duties such as
oxygen supply, catalysis, and CO, sequestration in a
biorefinery. Traditional physical and chemical methods for
synthesizing iron-based functional materials require high
energy inputs and/or the use of hazardous chemicals. More
studies are needed to develop green processes using plant
extracts, particularly organic wastes, and microorganisms to
biologically produce those functional materials at a large
scale.
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