Open Access Article. Published on 08 June 2022. Downloaded on 2/8/2026 12:44:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Catalysis
Science &
Technology

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: Catal Sci. Technol., 2022,
12, 4552

Iron molybdate catalysts synthesised via
dicarboxylate decomposition for the partial
oxidation of methanol to formaldehyde+t
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A series of iron molybdate catalysts were synthesised via a sol gel route using either oxalic acid or malonic
acid. Catalysts synthesised using malonic acid were found to give improved formaldehyde yields over those
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prepared using oxalic acid or a standard coprecipitation method. This was attributed to the iron and
molybdenum malonate precursors forming discrete ions that when precipitated gave a homogeneous
distribution of iron and molybdenum in the final catalyst. Metal oxalate precursors and materials

synthesised using coprecipitation gave less homogeneous structures containing iron rich centres that led

rsc.li/catalysis

Introduction

Formaldehyde is produced from methanol via two industrial
processes; the dehydrogenation of methanol over a silver
catalyst,"™ or the selective oxidation of methanol over mixed
metal oxide catalysts.°° The partial oxidation route is
increasingly preferred as it uses a lower methanol feed (~10%)
and a lower temperature (300 °C) with a more robust catalyst,
reducing the cost of formaldehyde production® compared with
the dehydrogenation route,’®'" which relies on high methanol
feeds (90%) and high temperatures (600 °C).

The industrial production of formaldehyde using mixed
metal oxides is currently conducted using the Formox
process, which uses an iron-vanadium, iron-vanadium-
molybdenum or iron-molybdenum mixed oxide spinel
catalyst. Iron molybdate was first reported as a catalyst for
the oxidation of methanol to formaldehyde in 1931'* and has
been used as a commercial catalyst since the 1950s.
Industrial catalysts comprise of the mixed metal oxide spinel
phase, Fe,(M00,); together with excess MoOs;. The excess
MoO; is thought to have a dual role in the active catalyst; to
improve selectivity by modifying the surface of the iron
molybdate™™® and to reduce deactivation due to loss of
molybdenum leading to the formation of iron-rich
phases,"*>' which lead to combustion products.®*>*
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to combustion of methanol to carbon oxides.

Traditionally, iron molybdate catalysts have been
synthesised by co-precipitating metal nitrate solutions using
a base to yield precursors that are then calcined to form
oxide catalysts with a low surface area (typically <10
m? g7).5'%1* This preparation route is difficult to control
leading to an inhomogeneous distribution of the metals and
materials that contain mixtures of mixed oxide and single
oxide phases. For iron molybdate materials this can lead to
the formation of iron rich phases such as FeO, and FeMoOy,
which reduce the selectivity of the catalysts.*>*>*

A number of different synthesis methods have been
investigated to try and improve the homogeneity of the
materials and increase the selectivity of the catalysts to
formaldehyde. Mechanochemistry has been investigated as a
synthesis methodology by Huang et al.>* and Dong et al.>® The
mixtures of iron oxide and molybdenum oxide were ground at
600-700 °C, but the limitations of the solid-state reactions
meant that the resultant materials were low surface area with
molybdenum rich and iron rich phases present in the final
catalysts. Hydrothermal synthesis from iron nitrate and
ammonium heptamolybdate has been investigated, although
these offer no improvement in homogeneity resulting in a
mixture of phases similar to the coprecipitated materials.>**’
Alternative synthetic strategies have been used to obtain phase
pure materials by designing nano-structured catalysts such as
Fe,(MoO,); supported on MoO; nanorods®® or MoO,/FeO, core
shell structures,”®*° which showed high selectivity to
formaldehyde, demonstrating the importance that the control
of the catalyst phases has on the performance.

Sol-gel chemistry is a widely used technique for obtaining
homogeneous mixed oxide materials by allowing the
components to be atomically mixed in the precursor®’ phase.

This journal is © The Royal Society of Chemistry 2022


http://crossmark.crossref.org/dialog/?doi=10.1039/d2cy00699e&domain=pdf&date_stamp=2022-07-13
http://orcid.org/0000-0001-8885-1560
http://orcid.org/0000-0003-4972-693X
http://orcid.org/0000-0003-4640-541X
https://doi.org/10.1039/d2cy00699e
https://doi.org/10.1039/d2cy00699e
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cy00699e
https://pubs.rsc.org/en/journals/journal/CY
https://pubs.rsc.org/en/journals/journal/CY?issueid=CY012014

Open Access Article. Published on 08 June 2022. Downloaded on 2/8/2026 12:44:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

The gel precursor contains a homogeneous distribution of
ions at room temperature, although phase segregation can
still occur during calcination at elevated temperatures.*”
Traditional sol-gel methodologies utilise the hydrolysis and
condensation of alkoxides, but the difference in hydrolysis
rates of different metal alkoxides means the homogeneity is
difficult to control for mixed oxides.

An alternative sol-gel strategy is to use small chelating
molecules (traditionally citric acid) in aqueous solutions of
metals to form the gels. This methodology gives more
homogeneous solutions than traditional sol-gel chemistry
and can be used for binary, ternary and quaternary metal
oxides.*” Often a base is added as pH is a key factor in
obtaining a homogeneous distribution of the different metals
in the gel. Soares et al. investigated propanoic acid using this
methodology to synthesise iron molybdate catalysts and
found that the catalysts formed had a high surface area
compared to coprecipitated materials. However, the
formaldehyde selectivity was not maintained at high
temperatures,®>** which was thought to be due to loss of Mo
during calcination, leading to Fe rich sites at the surface.
Oudghiri-Hassani®**  investigated dissolving iron and
molybdenum nitrates in oxalic acid which acts as the
chelating agent and solvent. The oxalate precursors were
calcined to form the iron molybdate materials. Oudghiri-
Hassani did not investigate the materials for methanol
oxidation, but subsequently Yeo et al®* found that they
showed high selectivity to formaldehyde.

In this study we have extended our previous work to
include malonic acid as a chelating agent/solvent to
investigate the effect of the diacid chain length on the
catalyst properties. Previous studies have suggested that the
increased chain length allows the malonic acid to act as a
bidentate ligand, leading to more isolated iron centres rather
than the polymeric chains found with oxalic acid. This may
improve the homogeneity of the materials, limiting the
formation of iron rich species in the final catalyst, leading to
improved performance for methanol oxidation to
formaldehyde.

Experimental
Catalyst preparation

The preparation of the iron molybdate catalysts with Fe: Mo
ratios of 1:1.5, 1:2.2 and 1:3.0 were carried out using a
procedure described below with both oxalic acid and malonic
acid.

Iron nitrate, Fe(NO3);-9H,0, ammonium molybdate,
(NH4)¢M0,0,,-4H,0, and the organic acid (molar ratios =
1/0.21/10, 1/0.31/10 and 1/0.42/10) were physically ground
using a pestle and mortar for 10 min. The solid precursors
were then heated on a hotplate at 160 °C (oxalic acid) or 130
°C (malonic acid) for 3 h. On cooling the resultant solids
were calcined under flowing air (20 ml min™") in a tubular
furnace (500 °C, 2 h, 10 °C min™") resulting in the final iron
molybdate catalysts.

This journal is © The Royal Society of Chemistry 2022
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The oxalic acid derived materials were designated 1:1.5-O,
1:2.2-O and 1:3.0-O depending on the Fe:Mo atomic ratio,
with the malonic acid materials designated 1:1.5-M, 1:2.2-M
and 1:3.0-M.

A catalyst was also prepared using a conventional co-
precipitation = method. A  solution of ammonium
heptamolybdate tetrahydrate, (NH,)sM0,0,,4-4H,0, (9.71 g in
150 ml distilled water) was acidified to pH 2 using conc.
HNO; (70%). A solution of iron nitrate nonahydrate,
Fe(NO3);-9H,0 (10.1 g in 150 ml distilled water) was added
dropwise with vigorous stirring. The suspension was aged at
80 °C for 3 h, and the solution was cooled to room
temperature and the precipitate was recovered by filtration,
dried at 120 °C for 16 h and calcined in flowing air at (500
°C, 2 h, 10 °C min™', 20 ml min™") resulting in the final iron
molybdate catalyst with a Fe:Mo atomic ratio of 1:2.2. This
material was designated 1:2.2-C.

Catalyst characterization

XRD measurements were obtained using a Panalytical X'pert
Pro diffractometer using Cu Ko X-ray source operating with
an accelerator voltage 40 kv and 40 mA current. X-ray
patterns were recorded in the range 10-80° 26. The patterns
produced were compared to reference patterns supplied by
the International Centre for Diffraction Data (ICDD).

Raman spectra were obtained using a Renishaw
Ramascope, using an Ar' laser of wavelength 514 nm as the
light source. An Olympus BH2-UMA fitted with a 20x Leica
optical zoom lens was used to focus the laser light. Samples
were placed onto aluminium backing plates which are
mounted onto an automated stage to allow for mapping
operations. A series of spectra were obtained from a large
area of the sample to confirm how homogeneous the samples
were.

Elemental composition and oxidation state analysis of the
calcined and uncalcined iron molybdate samples surfaces
were conducted using a Thermo Scientific Ko X-ray
photoelectron spectrometer (XPS), with monochromatic Al
radiation operating at 72 W power with a spot size of 400
pum. Dual low energy electron and Ar" neutralisation was used
and all results calibrated against C(1s) results where
applicable. The data was analysed using CasaXPS software
using Scofield sensitivity factors corrected with an energy
dependence of 0.6, after application of a Shirley background.

BET surface areas were determined by N, absorption at
-196 °C using a Quantachrome Quadrasorb-evo instrument.
The samples (0.5-3.0 g) were prepared for analysis by
removing physisorbed water at 120 °C for 2 h under a
vacuum. Both the reference and sample were cooled to 196
°C and tested to attain an equilibrium measurement.
Analysis was conducted at 5 different pressures along the
isotherm before results were converted into surface area
measurements (m* g™).

TGA experiments were undertaken using a Perking Elmer
TGA 4000 equipped with an autosampler. 10-20 mg of

Catal Sci, Technol,, 2022, 12, 4552-4560 | 4553
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sample were loaded into pre-weighed calcination boats and
were heated 30-800 °C at a rate of 5 °C min . Both flowing
air and nitrogen atmospheres were used where applicable
using a flow rate of 30 ml min™".

Catalyst testing

The catalytic performance of the iron molybdate catalysts was
evaluated for the partial oxidation of methanol to
formaldehyde in a laboratory plug flow microreactor. The
catalyst was pressed and sieved between 400 and 600 pum.
Typically, 0.3 g of the catalyst was placed in a quartz reactor
tube (8 mm internal diameter) held between plugs of quartz
wool. The reactor was placed in a tubular furnace (Carbolite)
and temperature was monitored using a k-type thermocouple
at the centre of the catalyst bed. Helium was delivered to a
saturator containing methanol (99.5% Sigma-Aldrich) which
was maintained at 5.2 °C in a thermostatically controlled
water bath. The methanol/helium and oxygen were
introduced using mass flow controllers (Bronkhorst) to give a
total flow rate of 60 ml min™" (MeOH:0,:He = 5:10:85).
Both inlet and outlet lines were heated to 130 °C to prevent
condensation. The data was collected and analyzed using an
on-line gas chromatograph (Agilent 7820A) equipped with a
Porapak Q (1 m) column and a Molsieve 13 A (80-100 mesh)
column for separation of the products. The products passed
through a methaniser to convert them to methane, in order
to overcome detection limitations, before analysis with an
FID.

Results and discussion

The XRD patterns of the materials synthesised using malonic
acid and oxalic acid are shown in Fig. 1, together with the
standard coprecipitated material (1:2.2-C).

For all the materials, the mixed oxide phase, Fe,(M0O,)s,
MoO; and small amounts of Fe,O; were identified using
powder diffraction patterns published by the International
Centre for Diffraction Data (a-Fe,(M0O,); — ICDD: 01-083-
1701, a-MoO; - ICDD: 00-005-0508, o-Fe,O; ICDD: 01-071-

Intensity/a.u.
o
o

10 15 20 25 30 35 40
20/°

Fig. 1 X-ray diffraction patterns of iron molybdate materials
synthesised using malonic acid, oxalic acid and coprecipitation (key: v
MOO_?,; [ ] Fez(MOO4)3,' | | Fe203).
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5088). Using the reference intensity ratios (RIR) from these
reference patterns, based on the intensity of the reflections
in the powder pattern compared to corundum (I/I.), the
relative amounts of each phase could be estimated, and these
are shown in Table 1.

Although the use of RIR can only be considered semi-
quantitative, there are some general observations that can be
made from the analysis. The first thing to note is that all
samples contain iron oxide. This is perhaps not surprising
for the materials that contain a stoichiometric amount
molybdenum (Fe:Mo = 1:1.5), but is unexpected in the
materials containing excess molybdenum as this is thought
to limit the formation of iron rich phases. The relative
amount of iron rich phases is seen to increase with
increasing molybdenum content which is counter intuitive
and suggests that X-ray amorphous MoO; is formed as the
molybdenum content increases.

A further observation to note from the XRD patterns is
that the different synthetic methods do not lead to a large
difference in composition, with the relative amounts of each
phase consistent for the coprecipitated material and sol-gel
samples made using oxalic and malonic acid (Table 1). This
is surprising, as one of the considerations for using sol-gel
chemistry is to improve the homogeneity of the final
material, minimizing the amount of iron rich phases present
in the final catalysts.

Katelnikovas et al. have evaluated different chelating
agents using the expression:**

k=n+logM

where 7 is the number of OH groups and M is the molar mass
of the molecule. When the synthesis of yttrium aluminium
garnet was investigated a k value of >3 was required to
synthesise the phase pure mixed oxide and chelating agents
with a & value of <3 resulted in single phase formation. Using
this expression, oxalic and malonic acid would have k values of
1.95 and 2.02 respectively which could explain the presence of
Fe,0; in the catalysts, even with excess molybdenum. However,
Katelnikovas et al. also showed that optimum pH and chelating
agent concentrations were important factors. These variables
were not investigated for the synthetic methodology used in the

Table 1 Relative phase composition of iron molybdate samples
determined from the reference intensity ratios from published powder
patterns in the ICDD database

Composition from powder Theoretical

XRD patterns (%) composition (%)
Sample Fey(M00,); MoO; Fe, O Fey(M0O,); MoO;
1:2.2-C 65.3 33.2 1.5 68.2 31.8
1:1.5-0 85.7 13.5 0.8 100.0 0.0
1:2.2-0 71.0 27.9 1.1 68.2 31.8
1:3.0-0 48.4 49.5 2.1 50.0 50.0
1:1.5-M 88.8 10.4 0.8 100.0 0.0
1:2.2-M 68.8 28.7 2.5 68.2 31.8
1:3.0-M 49.0 47.1 3.9 50.0 50.0

This journal is © The Royal Society of Chemistry 2022
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current study that used oxalic acid (pK,; = 1.46, pK,, = 4.40) and
malonic acid (pK,; = 2.5, pKy, = 8.7) as both the solvent and
chelating agent.

The composition of the materials was further studied
using Raman spectroscopy and X-ray photoelectron
spectroscopy (XPS). Representative Raman spectra taken from
different areas of the materials (Fig. 2 and S1t) show that the
materials display some compositional inhomogeneity with
the MoO;:Fe,(M00O,); ratio varying across the samples,
although this is less pronounced as the molybdenum content
increases. However, it is clear that when a large number of
spectra are compared from different areas of the materials
there is the expected trend, with MoO; peaks become more
intense with increasing Mo:Fe ratio in the samples (Fig.
S1t). One thing to note is that Fe,O; was not observed by
Raman spectroscopy, although this is unsurprising due to
hematite being a good absorber of the incident radiation,
leading to low scattering intensities compared to the
molybdenum containing phases.

2 1:2.2-C
=}
©
>
‘B
C
[0}
2
1100 900 700 500 300
wavenumbers/cm-!
M 1:2.2-0

1100 900 700 500 300
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Fig. 2 Representative Raman spectra from the 1:2.2-C, 1:2.2-O and
1:2.2-M materials (key: ¥ MoOs; @ Fex(M0oQy)s).
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XPS spectroscopy showed that all samples had a
molybdenum rich surface compared to the bulk, and that
this was higher for the oxalic acid and malonic acid derived
materials than the coprecipitated sample (Table 2). This
might be expected as an MoO; monolayer on the surface of
Fe,(MoO,); has been postulated to be the active site for
methanol oxidation™ and surface enrichment of Mo has
been observed previously by electron microscopy,’” XPS**
and low energy ion scattering on the outermost surface
layer.'® In this study, the use of the dicarboxylate chelating
agents seems to promote the formation of a Mo rich surface
layer compared to the standard coprecipitated material
(1:2.2-C).

BET surface areas were also obtained for the samples
(Table 2). The oxalate route gave the highest surface areas
which were found to increase with Mo content for both the
sol-gel preparation methods. Previous studies using standard
coprecipitation found that the surface area decreases with
molybdenum content due to the increase in low surface area
MoO; formed."®'®?° However, this rise in surface area with
increased molybdenum, content was also observed by Soares
et al. using a sol-gel method and similar Fe:Mo ratios,®
which was attributed to the sponge-like MoO; morphologies
observed.

The iron molybdate materials were then tested as catalysts
for the partial oxidation of methanol to formaldehyde
(Fig. 3). The conversion of methanol over the catalysts can be
linked to the method of preparation, with catalysts prepared
using the sol-gel chemistry outperforming the coprecipitated
catalysts, and the oxalate route showing better performance
than those prepared using the malonate route. The activity is
similar for all the sol-gel synthesised materials apart from
the 1:1.5-M, which shows comparable activity to the
coprecipitated catalyst (1:2.2-C) and does not reach full
conversion until ~380 °C. This is perhaps not surprising as
the 1:1.5-M material has the lowest surface area and the
lowest Fe:Mo surface ratio (Table 2), both of which are key
indicators of performance.

For the catalysts synthesised using malonic acid the
selectivity to formaldehyde was high, with >95% observed
across a broad temperature and conversion range. As the
temperature was increased the selectivity to formaldehyde
decreased as a greater amount of COx was produced. The
catalysts prepared with oxalic acid showed a lower selectivity

Table 2 BET surface area and XPS surface composition of the iron
molybdate materials after calcination

Sample Surface area/m” g™ Fe: Mo surface ratio
1:2.2-C 3.9 1:3.0
1:1.5-0 4.4 1:2.2
1:2.2-0 4.6 1:3.6
1:3.0-0 7.0 1:3.6
1:1.5-M 2.2 1:2.0
1:2.2-M 3.1 1:3.3
1:3.0-M 3.4 1:3.3

Catal Sci. Technol,, 2022, 12, 4552-4560 | 4555
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Fig. 3 Catalyst testing for methanol partial oxidation for materials prepared using (a) oxalic acid and (b) malonic acid compared with a standard
coprecipitated catalyst. Reaction conditions: 0.3 g of catalyst, flow rate = 60 ml min™ (MeOH: O,:He = 5:10: 85).

to formaldehyde, with the 1:1.5-O and 1:3.0-O in particular
showing lower selectivity at fairly modest temperatures due
to increased COyx formation. The 1:2.2-O material showed
very similar behavior to the coprecipitated iron molybdate
(1:2.2-C). At low conversion dimethyl ether (DME) was
observed for all catalysts (Table S1t), with higher selectivity
observed over 1:2.2-C and the materials synthesized using

4556 | Catal Sci. Technol., 2022, 12, 4552-4560

malonic acid. As conversion increased, DME selectivity
reduced to >1% above 300 °C.

Based on these results the malonate route shows clear
advantages over the oxalate and coprecipitation routes with
higher yields of formaldehyde over an extended temperature
range and reaction rates (Fig. S21) suggesting an increase in
stability of these materials.

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cy00699e

Open Access Article. Published on 08 June 2022. Downloaded on 2/8/2026 12:44:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

— - 3
o o
o o

0\ | ’O\ | _a0

Mo
o\\\ \ 'l//O\\\ / ’///o

o o ° o
(0]
o

a The structure of [Mo,04(CH2C204)s]*

=t
9
/
(e}

=
~
\\\“o
~

o, ,,u“‘\o
~
)
o

S, \
o

Mo
~o5

H

b The polymeric structure of [MoM)O3(C204)]>.

Fig. 4 (a) The structure of [Mo™,0,4(CH,C,0.)s1*". (b) The polymeric
structure of [Mo™O5(C,04)1%".

=
<)
/
(e

S, \
(§
d

o,,,'

o/
, \
=4

(0)

I
X
X

o o O

(@)

The precursors synthesised using the sol-gel routes were
further characterised using XPS and thermogravimetric
analysis (TGA) to understand the relationship between the
catalyst performance and the species present in the
precursors. The oxalate and malonate precursors can exist in
different forms, depending on the chelating agent and the
oxidation state of the iron and molybdenum.
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The conjugate bases of both oxalic and malonic acid are
well-established chelating ligands for metal cations that have
been applied for the dissolution of metals in applications
such as removing unwanted metal contaminants®®*' and
selectively leaching of metals from raw materials.** Both the
organic acids chelate to molybdenum in a similar way,
forming polymeric structures depending on the Mo oxidation
state.*>** Mo(v) dimers form which complex to give [Mo,-
04(C204)3]7 or [M0,04(CH,C,0,);]°” which are linked
together by bridging oxalate or malonate ions (Fig. 4),**
whereas, Mo(vi) forms [MoO3(C,0,),]>” or [MoO3(CH,C,-
04),]*" anions, which are bound together in polymeric
species via Mo-O-Mo linear chains®® (Fig. 4b).

However, the acids show different behaviour in the
presence of iron. It has been proposed that the longer chain
length allows the malonic acid to act as a bidentate
ligand,**™*” leading to isolated iron centres rather than the
polymeric chains found with oxalic acid. This suggests that
the different chain length of the diacid chelating agent could
play a role in determining the homogeneity of the precursors,
limiting the formation of iron rich regions within the
catalysts. For both acids the iron complexes polymerise to
form infinite chain structures as shown in Fig. 5a. For the
Fe(m) chains the additional ligand can lead to crosslinking of
these chains (Fig. 5b).

However, for malonic acid the longer carbon chain allows
the formation of [Fe™(CH,C,0,);]>” with the three bidentate

O H,
\\\\o j: o, 1, \\\o Y
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a The polymeric structure of Fe(C504)-2H,0 and Fe()(CH,C,0.)-2H,0.
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b The crosslinked polymeric structure of Fe")(C,04)3-H20.
Fig. 5 (a) The polymeric structure of Fe!"(C,04)-2H,0 and Fe"(CH,C,0,4)-2H,0. (b) The crosslinked polymeric structure of Fe!"(C,0,)3-H,0.
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Fig. 6 The structure of [Fe!""(CH,C,04)s]*".

ligands chelating to one Fe(ur) centre to form discreet anions
that do not polymerise (Fig. 6).

Therefore, the oxidation state of the cations can have a
big influence on the composition and structure of the
precursors and the homogeneity of the final oxide materials,
depending on whether polymeric chains or discreet anions
are present in the samples. XPS analysis of molybdenum
could therefore give important information as to the species
formed during the melting that occurs during the initial heat
treatment step as Mo(wv), Mo(v) and Mo(vi) have clearly
defined binding energies for Mo 3ds,-Mo 3d;/, doublets of
229.9-233.0, 231.2-234.3 and 232.5-235.6 respectively.*®

From the XPS analysis (Table 3, Fig. S31) it is clear that
the oxalate and malonate samples had a large amount of
Mo(v) present in the precursor, which is likely to lead to a
higher proportion of isolated Mo ions rather than polymeric
chains. This in turn could lead to a higher degree of mixing
between iron and molybdenum in the precursors, limiting
the formation of iron oxides which were found to be higher
from the XRD analysis (Table 1). Conversely, standard
coprecipitation methods (1:2.2-C) resulted in exclusively
Mo(vi) species due to the formation of Fe,(M00,); and MoOj;
prior to calcination.

TGA of the materials adds further evidence for the
homogeneous mixing of the iron and molybdenum shown in
the XPS results (Fig. 7).

For the oxalate samples, two large regions of mass loss were
observed. The initial loss at 160-200 °C corresponded to iron
oxalate decomposition in air as observed previously.””® The
second major feature was between 230-270 °C which has been
assigned to the decomposition of oxomolybdate oxalate which
is again supported by literature examples.”* > In addition to
the major features, mass loss between 325-350 °C was assigned

Table 3 XPS surface composition of the iron molybdate precursors
before calcination

Sample Mo" : Mo"" surface ratio
1:2.2-C 0:1

1:1.5-0 1:1.2

1:2.2-0 1:1.1

1:3.0-0 1:2.1

1:1.5-M 1:2.7

1:2.2-M 1:1.5

1:3.0-M 1:2.4
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to the decomposition of ammonium molybdate species to form
crystalline MoOj3,>* with the minor change observed at 350-400
°C was attributed to the formation of Fe,(Mo00,); during a solid
phase reaction between Fe,O; and MoO; species.””

In all materials there was an overlap between the iron and
molybdenum oxalate decompositions between 200-230 °C,
which could be due to be secondary catalytic decarboxylation
of oxomolybdate oxalate.’® Majumdar et al studied the
thermal decomposition of FeC,0,-2H,0 and ZnC,0,4-2H,0
mixtures and observed a significant decrease in zinc oxalate
decomposition temperatures. This was ascribed to the
exothermic catalytic oxidation of CO to CO, over Fe;O, and
the oxidation of Fe;O, to Fe,0,.%° This caused localised high
temperatures around these iron centres causing the
activation of neighbouring carboxylate species. Increases in
this overlapping region can be an indication of mixing of the
oxalates and possibly the overall homogeneity of the material
produced post calcination.

For the malonate samples, TGA shows similar behaviour
to the oxalate samples, with decompositions assigned to
molybdenum malonate at 176-214 °C (ref. 57) and iron
malonate at 220-358 °C (ref. 46) respectively. As for the
oxalate samples, there is an overlapping region in between
these features, which becomes more prevalent with
increasing molybdenum content and can be seen as a
defined peak in the 1:2.2-M and 1:3.0-M precursors. If this is
attributed to the exothermic decomposition of the
molybdenum malonate caused the activation of neighbouring
malonates, the increase in the mass loss in this region is a
clear indicator of an increase in the intimate mixing between
the two phases. This correlates with the XPS analysis showing
a higher amount of Mo(v) present in the sample, which is
less likely to form long polymeric chains and can lead to a
better dispersion of Fe and Mo in the precursors.

Unlike isolated iron oxalate, which was linked to Fe,O;
production, decomposition of iron malonate has been shown to
produce y-Fe,O; nanoparticles by Stefanescu and Stefanescu.*
This might have aided the formation of more homogeneous
distribution by preventing the formation of large isolated areas
of iron enrichment observed on the surface, although larger
volumes of isolated iron malonate could be detrimental if not
dispersed leading to localised high iron concentrations.

Conclusions

The synthesis of mixed metal oxide catalysts has been widely
studied with a key focus on improving the homogeneity of the
materials. In this study we have investigated the use of malonic
and oxalic acids as chelating agents in the sol gel synthesis of
iron molybdate. The metal malonate and oxalate precursors
were decomposed and the resultant oxide catalysts were found
to give improved activity over coprecipitated catalysts for the
selective oxidation of methanol to formaldehyde. The highest
yields of formaldehyde were observed for the catalysts
synthesised using malonic acid with higher than stoichiometric
molybdenum content (1:2.2-M and 1:3.0-M). This is proposed to

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Thermogravimetric analysis of iron molybdate precursors synthesised using oxalic acid and malonic acid.

be due to the longer chain length of malonic acid allowing it to
act as a bidentate ligand, resulting in more isolated iron and
molybdenum centres than in the polymeric chains formed with
oxalic acid. These isolated metal centres can form a more
homogenous material, reducing the amount of iron rich centres
that have been attributed to reduced selectivity for iron
molybdate catalysts.
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