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Abstract In this work, manganese and copper promoter
effect was investigated over iron oxide obtained by thermal
decomposition of iron(Ill) hydroxoacetate (nominal ratio
Fe/Mn = 10 and Fe/Cu = 10). The solids were charac-
terized by X-ray fluorescence, thermal analysis (TG, DTG,
DTA), Fourier transform infrared spectroscopy (FTIR),
physisorption experiments, thermoprogrammed reduction
and powder X-ray diffraction. During the precursor thermal
decomposition process, the step referred as dehydration/
dehydroxylation was controlled by volatile species diffu-
sion. Decomposition stage [Fe(IIl) to Fe(Il) reduction] was
controlled by solid geometry and particle size (Coats—
Redfern model). FCA-C sample showed Fe(Il)/Fe(IIl) the
highest ratio, indicating that through precursor decompo-
sition process reduction is favored. With the use of Ozawa
and Kinssinger methods, it became clear that FMCA pre-
cursor decomposition showed the lowest activation energy
value leading to solid FMCA-C with higher specific surface
area and pore volume than the iron oxide-free dopants. The
FMCA-C sample reduces hematite to magnetite (low
temperature) easily and shows the highest stability of
magnetite under reductive conditions.
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Introduction

Iron oxides are important materials under scientific and
technological perspective due to their magnetic, electrical,
physical, chemical and morphological properties. Among
several application fields, those which have lured much
interest from researchers are adsorption and catalysis [1, 2].

Different phases of iron oxides are used in catalysis, such
as hematite (o-Fe,O3) and magnetite (Fe;0,), respectively
the commercial catalyst and the active phase employed on
the carbon monoxide high-temperature shift (HTS) reaction.
The catalyst properties can be optimized through incorpo-
ration of promoters to the system. Chrome, copper, man-
ganese, magnesium, vanadium and aluminum are among the
most employed metals used as promoters [2, 3].

The work of promoters depends significantly on the
preparation method. Aspects such as the form of incorpo-
ration, for example, coprecipitation or precipitation of iron
oxide with subsequent gel impregnation using the promoter
salt solution, influence the metal dispersion as well as
catalytic properties [3, 4]. The nature of the promoter anion
salt is also an important parameter, and it can change the
precursor thermal decomposition process resulting in
altered properties.

The effect of the anion nature in obtaining iron oxides
was shown by Rangel [5]. In this study, iron oxide was
obtained by decomposition of iron(IIl) hydroxoacetate,
Fe(CH3COOH),(OH), an iron(III) basic acetate, formed by
the adsorption of acetate ions in the iron(Ill) oxyhydroxide
gel. The decomposition of iron(III) hydroxoacetate at
temperatures ranging between 473 and 673 K in an inert
atmosphere generates gaseous products (acetic acid, ace-
tone and carbon monoxide) within the solid, producing
reductive atmosphere which favors the formation of mag-
netite crystalline with higher specific area [5].
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Based on the information above, the decomposition
process of iron precursors doped with copper and man-
ganese was studied in this paper. The iron oxide precursors
were obtained by coprecipitation of iron and/or manganese
hydroxides, followed by gel impregnation with copper
nitrate or acetate, in order to evaluate the doping and
copper salt anion effects considering kinetic aspects. The
structure and properties of materials obtained in the
decomposition process were evaluated. The reduction of
hematite to magnetite and the stability of magnetite were
also studied.

Experimental
Sample preparation

The iron oxide precursors, pure or doped with manganese,
were prepared by coprecipitation method, while copper
was added to the system by impregnation. Fe/M nominal
ratio (M = Cu and Mn) equals 10 [5].

During coprecipitation, iron nitrate solution (Fe(NOjy);-
9H,0) (1 mol L"), manganese nitrate  (Mn(NO;);3-
4H,0)(1 mol L™") and precipitant potassium hydroxide
(KOH) (6 mol L™") were added simultaneously under stir-
ring to a beaker containing 500 mL ultrapure water. The pH
was adjusted to 10 with potassium hydroxide solution at the
end of procedure, keeping the system under stirring for
30 min at room temperature for crystals maturation. The
system was centrifuged (250 rpm, 5 min), and the gel was
rinsed [4 times with ultrapure water and 4 times with
ammonium acetate solution 5 % (v/v)]. After each rinsing,
the gel was centrifuged. Sample code FM: iron(IIl)
hydroxoacetate doped with Mn.

Precursor pure iron oxide was obtained using the same
method. Sample code F: [iron(IIl) hydroxoacetate].

The gel produced by coprecipitation (FM) was then
impregnated with copper(Il) nitrate, Cu(NOs3),-3H,0, or
copper(1l) acetate, Cu(CH;COO0),-H,0, solution
(1 mol L") for 4 h. Then, it was centrifuged (250 rpm,
5 min) and dried (393 K, 12 h). The solid was ground, sieved

Table 1 Composition of iron oxide doped with manganese and
copper. Fe/Mn (mol/mol)

Sample Fe/Mn Fe/Cu Fe(Il)/Fe(11I)
E-C - - 0.30
FM-C 13 - 0.33
FCN-C - 12 0.33
FMCN-C 13 13 0.32
FCA-C - 13 0.43
FMCA-C 13 13 0.34
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to 80 mesh and calcined at 500 K (2 h, N, flow). Sample
code FMCN: iron(III) hydroxoacetate doped with Mn and Cu
(precursor copper nitrate) and FMCA: iron(III) hydroxoac-
etate doped with Mn and Cu (precursor copper acetate).

The gel iron(IIl) hydroxoacetate (F) was also impreg-
nated with copper(I) nitrate, Cu(NO3),-3H,O, or cop-
per(Il) acetate, Cu(CH3;COO),-H,0, solution (1 mol LY
following the same methodology cited. Sample code FCN:
iron(IIT) hydroxoacetate doped with Cu (precursor copper
nitrate) and FCA: iron(Ill) hydroxoacetate doped with Cu
(precursor copper acetate).

The samples after calcination received the following
codes: FC; FM-C; FCN-C; FMCN-C; FCA-C and
FMCA-C.

Sample characterization

The Fe/Mn and Fe/Cu molar ratios were determined by
X-ray fluorescence (XRF) analysis in a Shimadzu model
XRF-1800 device, equipped with X-ray tube target with
rhodium (4.0 kW). Tablets were made by sample dilution
with boric acid (0.15 g acid + 0.15 g sample) and ana-
lyzed without pretreatment.

Analyses of Fe(Il) were carried out by the dissolution of
samples in hydrochloric acid, under a carbon dioxide
atmosphere; titration was carried out with a solution of
potassium dichromate using diphenylamine as indicator.

Thermogravimetric analysis (TG) and differential ther-
mal analysis (DTA) curves of the iron oxide samples not
calcined (10 mg, platinum crucible) were obtained by a
Shimadzu DTG-60H thermobalance from 303 to 1273 K at
a heating rate of 283 K min~' under nitrogen flow at
30 mL min~".

The Fourier transform infrared spectroscopy (FTIR)
spectra were obtained using a Perkin Elmer equipment
model spectrum 100S. The pellets were prepared according
to the following mass ratio: 2 mg sample per 200 mg
potassium bromide (KBr). Each spectrum was obtained in
the region 4000—400 cm™"' with resolution 4 cm™".

Shimadzu XRD-6000 diffractometer equipped with a
nickel filter and CuKa radiation (1.5418 A) was used in the
X-ray diffraction (XRD) experiments. The tube power was
40 kV and 30 mA. The goniometer scanning velocity was
2° min~! (26) with 26 from 10° to 80°. All diffractograms
were compared with data sheets from Joint Committee on
Power Diffraction Standards (JCPDS) database.

The experiments for determining specific surface area
were carried out in a Micrometrics ASAP 2020 equipment.
Around 0.25 g of the sample was treated at 473 K under
vacuum for 2 h. The physisorption experiments were car-
ried out at 75 K.

The thermoprogrammed reduction (TPR) measurements
were taken by 2705 Micromeritics Pulse ChemSorb,



Thermal decomposition of precursors and iron oxide properties 957
F FM
100 - 567 K 100 4 539 K
* T R 90 x
B 90 23 8
3 ENDO § 3 ]
] 1 3 A ENDO 3
g = g 80 2 =
80 -
70
70 T T T T T T T T
200 400 600 800 1000 200 400 600 800 1000
Temperature/K Temperature/K
100 Fen 39 K FMON
b 5
546 K 100 ~
i T T
o\;o 90 o § 90 1 2
3 = 3 =
o 1 o o o
o ENDO - ENDO g
2] 3 9] 1 3
© i \ )
S 80 = < 80 A =
70 70 -
T T T T T T T T T T T
200 400 600 800 1000 200 400 600 800 1000
Temperature/K Temperature/K
FCA FMCA
100 - 543 K 100 539 K
90 -
2 g g
@ 90 g 5 ] g
g g 8 2
A { ENDO g % 80 ENIjO g
©
= o s |
80 A
70
70 T T T T 60 T T T T
200 400 600 800 1000 200 400 600 800 1000
Temerature/K Temperatue/K

Fig. 1 TG and DTA curves for samples F, FM, FCN, FMCN, FCA and FMCA

equipped with a thermal conductivity detector (TCD). In
each analysis, approximately 0.30 g of sample was used,
packed into a quartz cell. Prior to analysis, samples were
heated at a rate of 283 K min~' under nitrogen flow
(60 mL min~") to 433 K for 30 min and subsequently

cooled to 308 K. For conducting the experiment under
reductive conditions, the same amount of sample was
subjected to a reducing atmosphere of 5 % H,/N, at
30 mL min~" flow rate and 283 K min~' heating rate at
1273 K.
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Table 2 Decomposition mechanism of precursors for each mass loss
F event

/'—‘V\ M Sample Rate/°C min~' Event R’ 4 Model
FM F 5 1° 0.9999 0.1167 D4
- KWWFET 2° 0.9602 429 x 1077 R3
‘é” 10 1° 0.9998 0.1241 D4
g f\/ FMC-N 20 0.9770  4.01 x 1077 R3
E 15 1° 0.9999 0.1146 D4
/\/ FC-A 20 0.9780 4.05 x 1077 R3
FM 5 1° 0.9999  0.1185 D4
m FMC-A 2° 0.9879 450 x 1077 R3
\f_’ﬂ/ 10 1° 0.9999 0.1106 D4
: : : : : : : 2° 09900 4.05x 1077 R3
400 600 800 1000 15 1° 0.9990 0.1828 D4
Temperature/K 2° 09305 330 x 1077 R3
Fig. 2 DTG curve FCN 5 1° 0.9999  0.1169 D4
2° 0.9940 4.18 x 1077 R3
10 1° 0.9999  0.1255 D4
2° 0.9879  4.09 x 1077 R3
Results and discussion 15 1° 0.9999  0.1299 D4
20 0.9841 3.61 x 1077 R3
Fe/Mn and Fe/Cu solid molar ratios (Table 1) show that the FMCN 5 1° 0.9998 0.1341 D4
synthesis conditions were favorable to obtaining the solid 20 09875 385 % 10~7 R3
with the proposed chemical composition. Fe(Il)/Fe(IIl) 10 1° 0.9999  0.1167 D4
solid ratio (Table 1) was lower than 0.50, the stoichio- 90 0.9969 4.18 x 10~7 R3
metric magnetite value [5]. It may show more than one 15 1° 0.9999  0.1053 D4
phase in the oxides pl‘OdllCCd. Do 09869 426 x 1077 R3
The precursor thermal decomposition was followed by — gca 5 10 0.9992  0.1409 D4
thermoanalytical techniques (TG, DTG and DTA). Two 0 09914 280 x 10~7 R3
mass loss events were observed in all cases (Fig. 1), the 10 10 0.9992  0.1504 D4
first one with 8-10 % mass loss below 373 K associated 90 09890 3.09x 10-7 R3
with dehydration and/or iron(IIl) oxyhydroxide dehydrox- 15 1o 09980  0.147 D4
ylation [7]. The second mass loss, at around 523 K ranging 20 09958 1.04 x 10=7 R3
from 13 to 17 %, may be associate(.i with the thermal FMCA 5 10 09991  0.1591 D4
decomposition of the acetate present in the precursor. In 20 09875 224 x 107 R3
these process.es, gaseous products are .generatled, such as 10 10 09998  0.0731 D4
acetone, ac.etlc acid and carbon m01.10x1de,. which pron?ote 20 09898 5.04 x 107 R3

the reduction of Fe(Ill) to Fe(Il) ion, with the possible .

formation of magnetite [5]. 15 ! 09998~ 0.1267 _ D4
2° 0.9717 3.27 x 10 R3

In all cases, DTA curve (Fig. 1) showed an endothermic
peak at the same temperature range for the first mass loss
event. An exothermic peak was also observed at the same
temperature range of the second mass loss event [6, 7]. The
exothermic peak, attributed to magnetite formation, was
shifted to lower temperatures with the addition of man-
ganese and copper to iron oxide, indicating that the metal
ions in the iron oxide precursor promote the formation of
magnetite phase at lower temperatures [7]. For FCN sample,
a small exothermic peak was observed at DTA curve, close
to 473 K, in addition to higher exothermic peaks (temper-
ature higher than 533 K) present in all curves; the DTG
curve (Fig. 2) of the same sample showed two simultaneous
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events taking place at the temperature range 473-573 K. A
similar phenomenon was observed in the DTA and DTG
curves of FMCN sample. This effect may be associated with
the presence of nitrate ion, which has not been removed
during gel washing, or the presence of acetate species,
coordinated in different forms of iron oxide precursor [6, 7].

All DTA curves showed broad low-intensity exothermic
peaks at temperatures higher than 773 K. FCN, FMCN,
FCA and FMCA sample curves showed broad low-inten-
sity exothermic peaks at 777, 819, 790 and 831 K,
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Table 3 Activation energy (E), pre-exponential constant (A), the correlation coefficient (Rz) and standard deviation (o) obtained by Ozawa and
Kissinger method

Sample Event Ozawa method Kissinger method
E/kJ mol ™! Als™! R? G E/KJ mol ™! Als™! R? G
F 1° 59.97 408 x 1073 0.9391 0.05 57.38 1.74 x 10° 0.9131 0.05
20 51.06 5.04 x 107 0.8954 0.06 42.02 263 x 1072 0.8519 0.06
FM 1° 108.11 6.71 x 1078 0.7250 0.03 102.60 7.40 x10"? 0.7036 0.03
20 243.22 6.63 x 10722 0.9279 0.01 234.28 3.03 x 116 0.9227 0.38
FCN 1° 54.58 1.77 x 108 0.8708 0.06 48.98 222x 1072 0.8444 0.06
20 42.45 1.60 x 107 0.9583 0.07 33.97 9.76 x 1073 0.9356 0.01
FMCN 1° 34.98 2.16 x 10™° 0.8665 0.09 29.32 2.84 x 107! 0.8193 0.09
20 35.85 4.86 x 1073 0.9220 0.09 27.56 324 x 1073 0.9863 0.09
FCA 1° 123.75 7.63 x 1078 0.7798 0.02 118.20 9.16x 10'? 0.7635 0.02
20 92.95 1.74 x 1078 0.8801 0.03 83.66 7.86 x 107! 0.8557 0.03
FMCA 1° 124.89 8.14 x 10™!8 0.7467 0.02 119.30 9.63x 10'? 0.7289 0.02
20 18.17 1.22 x 102 0.9970 0.18 9.77 1.12x 107 0.9887 0.18
F F-C
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B o
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2 3 W/'v
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respectively. The FM precursor curve showed a similar ~ Fig- 4 Doped iron oxide FTIR spectra

peak at 863 K followed by a mass loss event. These peaks
can be attributed to iron oxide phase changes [6, 7]. temperatures lower than 473 K, corresponding to dehy-
Thermogravimetric analysis (TG) was used to investi-  dration/dehydroxylation process, the reaction rate is con-
gate the precursor thermal decomposition mechanism  trolled by diffusion processes according to the three-
through experiments at 278, 283 and 288 K min~' heating  dimensional diffusion model (D4). Additionally, at
rates. From TG curve data, several solid thermal decom-  473-573 K temperature range, second mass loss stage
position kinetic equation models were tested by applying (corresponding to magnetite formation) the model that best
the equation proposed by Coats—Redfern [8]. The kinetic  fit was the three-dimensional nuclear growth geometric
model chosen to represent each event of the decomposition ~ model (R3). This model is typical of materials with
process was the one which provided the linear correlation  spherical geometry in which the reaction rate varies with
coefficient closest to unit and the lowest standard deviation  the geometry and particle size. These results show that the
(Table 2). Based on the results, it can be inferred that at  precursor decomposition Kkinetics, producing reducing
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Fig. 5 XRD pattern for doped iron oxides [magnetite (asterisk
symbol) and hematite (degree symbol)]

Table 4 Specific area (S), pore diameter (D,,), pore volume (V) and
pore size distribution of the oxides

Sample Sprr/m? g_1 Dy/nm VP/cm3 g_l
F-C 23 37 0.13
FM-C 38 25 0.17
FCN-C 14 37 0.08
FMCN-C 35 37 0.21
FCA-C 21 26 0.10
FMCA-C 31 48 0.22

species which lead to Fe(Il) formation from Fe(III)
reduction, depends on the solid morphological
characteristics.

Kinetic decomposition parameters (activation energy
and pre-exponential factor) were determined by using
Ozawa and Kissinger methods [8—10]. According to Oza-
wa’s method, these parameters can be obtained by linear
regression of Eq. 1 by plotting graph Inf versus 1/T,.
Kissinger’s method admits that the kinetic parameters can
be obtained by linear regression of Eq. 2 by plotting graph
In(B/T,e) versus 1/T,,, where f3 is the heating rate, R is the
gas constant, E, is the activation energy, and T, is the
maximum temperature of each mass loss event obtained by
DTG curves (Fig. 2).

Inf = (E./RTy) + InA (1)

In <Tﬁ ) = (—E,/RTy) + In(AR/E,) 2)

m2

The activation energy values obtained by both methods are
similar to each other (Table 3). The decomposition
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processes of F, FCN and FMCN samples, evidenced in the
first mass loss event, showed activation energy values close
and far lower than those observed by analyzing FM, FCA
and FMCA samples. This result indicates that in the second
sample group, the hydroxyl is more strongly coordinated in
the iron oxide precursor structure [9]. The activation
energies of the second loss mass event of F, FCN and
FMCN samples are relatively close considering the
approximations. FM and FMCA samples were, respec-
tively, those who had the highest and the lowest activation
energy value in the second mass loss event. These results
indicate that the dopants do not influence the decomposi-
tion mechanism, as seen in Table 2, but alter the kinetics of
the process.

The thermoanalytical studies have been complemented
by FTIR material characterization (oxides and precursors),
powder XRD, textural characterization and TPR (oxides).

Precursor infrared spectra (Fig. 3) showed a broad band
at 3440 cm ™' assigned to OH bonds stretching vibrations
of water molecules [9, 11]. At 1540 and 1430 cm™ !, bands
can be observed assigned to carboxylate ion asymmetric
and symmetric stretching [5, 11]. These results suggest that
the acetate ions present in the washing solution was
adsorbed on the gel. The calcined sample spectra (Fig. 4)
also show a carboxylate ion band, less intense, as a result of
decomposition of these species, which is in agreement with
TG/DTA precursors study [8, 11].

A band at 1380 cm™' can be observed in all precursor
spectra, attributed to nitrate groups, suggesting that the
solid rinsing step was not enough for complete ion removal
of manganese and copper precursor [5, 12]. For FCA and
FMCA solids, samples in which the copper precursor was
incorporated by copper acetate, the nitrate band is less
intense. Below 800 cm_l, a broad band allocated to Fe-O
stretching vibration can be observed [5, 12].

The calcined sample spectra (Fig. 4) demonstrate band
decrease at 1380 cm™', indicating nitrate anion partial
removal after calcination. In the same figure, a narrowband
observed at 567 cm™ ' can be attributed to crystalline iron
oxide (magnetite) [5].

The crystalline nature of iron oxide was confirmed by
XRD. From XRD pattern (Fig. 5) of the solid after calci-
nation, the formation of a phases mixture, magnetite and
hematite, can be observed. These results are in agreement
with Fe(II)/Fe(III) molar ratio lower than stoichiometric
magnetite (0.50).

Magnetite formation on the precursor decomposition
containing acetate species is in agreement with the litera-
ture as previously discussed, once carbon monoxide and
other gases are produced, making a reductive atmosphere
and thus favoring the reduction of Fe*" to Fe*" [5].

Table 4 shows the oxide textural properties. It is
observed that manganese contributes significantly to the
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Table 5 Temperature corresponding to maximum point of the oxide
reduction peaks

Sample Tmax/°C Tmax/°C Tnax/°C
Fe,O; — Fe;04 Fe;04 — FeO FeO — Fe
F-C 427 578 >693
FM-C 418 575 >712
FCN-C 322 >600 >600
FMCN-C 300 578 >671
FCA-C 290 571 >703
FMCA-C 306 605 >723

increase in iron oxide surface area and pore volume. This
result is in agreement with the literature which classifies
the dopant as textural promoter [7]. Copper, when added to
the system from the impregnation with copper nitrate
solution, leads to area decrease, while the area is not sig-
nificantly affected when the copper acetate precursor is
used. This indicates that impregnation with copper acetate
solution is the best route for iron oxide doped with copper.

It can also be inferred that the metal synergistic effect
(sample FMCN-C) has led to a higher area value, when
compared to pure oxide (F-C). On the other hand, the
highest Fe(IT)/Fe(II) ratio was obtained in the sample only
with copper promoter produced from gel impregnation
with copper acetate (FCA-C). However, the lower activa-
tion energy value in the second decomposition stage cor-
responding to the reduction of Fe(Ill) to Fe(Il) was
observed in the process of precursor decomposition doped
with copper and manganese impregnated with copper
acetate (FMCA). A possible explanation for this effect can
be associated with FCA-C sample lower average diameter
and pore volume (Table 4) which may have made it diffi-
cult the decomposition gases output, thus increasing the
reducing mixture contact time with the sample during
calcination.

The complete reduction of hematite to magnetite and
magnetite stability regarding wustite (FeO) and metallic
iron formation was studied by TPR. In the TPR curves of
all samples, the peaks were observed in the range of
523-703 K (Fig. 6) corresponding to reduction of hematite
(Fe,0O3) to magnetite (Fe3O,4) [7]. Regarding the copper-
doped solid curves (FCN-C, FMCN-C, FMCA-C and FCA-
C), simultaneous events can be observed in the first process
step, with two overlapping peaks (Fig. 6). The first peak
occurred at temperatures below 543 K (Fig. 6) and can be
related to the reduction of Cu®* to Cu™ and/or Cu™ to Cu’;
according to the literature, the presence of these species
favors the reduction of hematite to magnetite [7, 13—15].
This effect was evidenced by lower reduction temperature
from hematite to magnetite with copper-doped solids when
compared to the pure iron oxide (sample F-C) and those
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doped only with manganese (sample FM-C), as it can be
seen from Table 5.

The second reduction step occurs above 843 K in which
overlapping peaks can be observed which can be related to
magnetite reduction to wustite (FeO) and wustite to
metallic iron [7]. The solid FMCA-C showed greater sta-
bility, with higher-temperature reduction of magnetite to
wustite and wustite to metallic iron (Table 5).

Conclusions

The presence of manganese and copper promoters shifted the
precursor decomposition temperature to lower values. For
precursor thermal decomposition, according to the model of
Coats—Redfern, the dehydration/dehydroxylation step is
controlled by diffusion of volatile species; the step related to
precursor decomposition with reduction of Fe** to Fe*" ions
is controlled by the particle geometry and size. FCA-C
sample showed the highest ratio Fe(II)/Fe(I1l), indicating that
reduction was enhanced for precursor decomposition pro-
cess. By using Ozawa and Kissinger method, it became clear
that the decomposition of precursor FMCA showed the
lowest activation energy value leading to FMCA-C solid
with higher specific surface area and pore volume than that
for iron oxide-free dopants. The referred sample showed easy
reduction of hematite to magnetite (low temperature) and the
highest stability of magnetite under reductive conditions.
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