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Gas-phase decomposition of formic acid over a-Fe,O; catalysts

Samih A. Halawy ®*, Shar S. Al-Shihry  and Mohamed A. Mohamed ®

“ Department of Chemistry, College of Education, King Faisal University, PO Box 1759, Hofuf 31982,
Eastern Province, Saudi Arabia
b Department of Chemistry, Faculty of Science, South Valley University, Qena 83511, Egypt

Received 20 March 1997; accepted 12 August 1997

a-Fe, 05 catalyst samples were used for the decomposition of formic acid, in the gas phase. These catalysts were produced by cal-
cination of Fe(NO3)3-9H,O0 for 5 h, in air, in the temperature range 200-600°C. All catalysts were characterized by temperature-
programmed reduction (TPR) and X-ray diffraction (XRD). In addition, the surface area (Sggt) of these samples as well as the acid-
ity and the basicity were determined. The catalytic gas-phase decomposition of formic acid was studied over a-Fe, O3 samples, at
200°C, in a flow system. Carbon monoxide, carbon dioxide and formaldehyde were identified as the decomposition products using
gas chromatography. A correlation between the acid-base characters of the used catalysts, and the rate of the decomposition prod-

ucts has been made. Also, a reaction mechanism is discussed.
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1. Introduction

The catalytic decomposition of a number of aliphatic
carboxylic acids has been extensively studied [1-5].
Among these, formic acid was used in several studies to
investigate the dehydrogenation and dehydration power
of some catalysts [6,7]. King et al. [§] studied the catalytic
decomposition of formic acid, in aqueous phase, in the
presence of some nobel metal chlorides as catalysts.
Some other articles have dealt with the adsorption and
desorption of formic acid over metal surfaces [9-11].
Iron oxides are known to be good catalysts for oxidation
of methanol [12], benzoic acid [13], the selective reduc-
tion of acetic acid [4,5], the removal of hydrogen sulfide
from town gas [14] and the conversion of CO, into
methane[15]. The preparation of a-Fe, O3 from different
precursors [16,17] and its characterization using differ-
ent techniques have been reported [18,19].

The present work concerns with the catalytic gas-
phase decomposition of formic acid using a-Fe;O3. An
attempt is made to correlate the acid—base characters of
these catalysts and the rate of formation of the decompo-
sition products of formic acid.

2.Experimental
2.1. Materials and techniques

a-Fe; O3 samples were prepared via calcination of
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Fe(NO3)3-9H,0 (Hopkin & Williams) in air, for 5 h, in
the temperature range 200-600°C.

Thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) of ferric nitrate (FN) were per-
formed using a thermobalance type Li160 KS Netzsch
Geratebau GmbH Selb (Germany) from ambient to
500°C. Heating rate of 5°C min~! and a dynamic atmos-
phere of air (40 cm?® min~") were applied. Highly sintered
a-Al,O3 was the thermally inert reference material used
in the DTA measurements.

X-ray diffraction measurements were performed
using a Philips powder diffractometer mounted on a
Philips PW-2103/00 X-ray generator with Ni-filtered
CuKaradiation (A = 1.542 A).

Surface areas (Sggt) of a-Fe, O3 samples were deter-
mined on a Carlo-Erba, single-point, SORPTY 1750
unit by the conventional BET method using N as adsor-
bateat —196°C.

The TPR apparatus used for the temperature-pro-
grammed reduction of Fe;O; samples has been
described elsewhere [20]. TPR profiles were recorded
with ~ 10 mg, sample weight, and the H, consumption
was monitored while the sample was heated from
ambient to 800°C in a stream of 6% H>/N, (40 cm?
min~!).

The acidity (V) and the basicity (®) of the oxide sam-
ples were estimated thermogravimetrically, as described
previously [21], using the adsorption of pyridine and for-
mic acid, respectively, as probe molecules. The weight
loss, due to the desorption of pyridine and formic acid
from the acidic and basic sites, was determined as a func-
tion of both the acidity or the basicity of these oxides.
Values of U and ® were expressed as mol sites m_2
[22,23].
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2.2. Reactivity studies

Measurements of activity and selectivity of the calci-
nation products of ferric nitrate during the decomposi-
tion course of HCO,H were conducted at atmospheric
pressure in a continuous flow mode, using a mixture of
1.73% HCO,H in dry N,, obtained by passing N,
through liquid HCO,H in a saturator at 5°C. The total
feed flow-rate 41.3 cm?(STP) min~' was composed of
0.7 cm?(STP) min~! HCO,H and 40.6 cm?*(STP) min~!
dry N . A catalyst sample of 100 mg was stabilized in a
pyrex glass reactor for 1 h at 180°C before measure-
ments. The reactor effluent was analyzed by a gas chro-
matograph (Shimadzu GC-14A) equipped with a data
processor model Shimadzu Chromatopac C-R4AD
(Japan), TCD and SUS, PEG 6000 10% on Shimalite
TPA, 60/80 mesh (3 mm i.d. x 2 m) column at 140°C.
Automatic sampling was performed with a heated gas
sample cock, type HGS-2. The retention time of formic
acid, as a reactant, and the expected decomposition
products (i.e. CO, CO, and HCHO) has been calibrated
in separate experiments using pure analytical grade
materials.

The %conversion, selectivity to each product and the
reaction rates during the decomposition of HCO,H were
calculated as explained in detail previously [24,25].

3.Results and discussion
3.1. Characterization of catalysts
3.1.1. Thermal analysis

TG and DTA curves of Fe(NOj3)3-9H,0 are shown
in figure 1. The TG curve shows a somewhat fast decom-
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Figure 1. TG and DTA curves of Fe(NO3);-9H,O carried out at
5°C min ! in a dynamic atmosphere of air (40 cm> min~").
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position which results in the overlap of both the dehydra-
tion and the decomposition steps. The product Fe,Oj3 is
formed at about 300°C [26], see TG curve. The DTA
curve of FN (figure 1) exhibits three endothermic peaks
at Tmax = 101°C due to dehydration and at 156.5 and
220°C, with a small shoulder at 203°C, attributed to the
decomposition [27] and the evolution of final traces of
nitrogen oxides.

3.1.2. X-raydiffraction analysis

Figure 2 shows the XRD diffractograms of the calci-
nation products of FN at different temperatures. None
of the diffraction lines of the calcination products at
200°C, figure 2a, belong to Fe,Oj3. Increasing the calci-
nation temperature to 300°C has resulted in the forma-
tion of a well defined a-Fe, O3 lattice structure, figure 2b.
The degree of crystallinity increases as the calcination
temperature increases up to 600°C. This is indicated by
the values of the d-spacings that match the characteristic
lines at d = 3.73, 2.70, 2.51, 2.21, 1.84 and 1.69 A of
hematite a-Fe, O3, ASTM card No. 24-72 A.

3.1.3. Temperature-programmedreduction (TPR)

The typical reduction profiles of FN samples are pre-
sented in figure 3. The TPR profiles of FN calcined at
200°C (figure 3a) show three reduction peaks with Ti.x
at 259, 335 and 524°C. The first peak located at 259°C
may be due to the reduction of the residual undecom-
posed nitrate in this sample (see TG curve, figure 1),
while the other two peaks at 335 and 524°C correspond
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Figure 2. XRD patterns of the calcination products of
Fe(NOs3)3-9H,0 at different temperatures, for 5 hin air.
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Figure 3. TPR profiles of the calcination products of Fe(NO3);-9H,0
at different temperatures, for Shin air.

to the stepwise reduction of a-Fe, O3 to metallic Fe [28]
as follows:

a-Fe;03 (hematite) — Fe;O4(magnetite) — Fe (metal)

This is consistent with a previously published mechan-
ism [29], where no FeO (wiistite) is formed below 575°C.
The rest of the TPR profiles (b-e) showed only two
peaks. The first peak varied between 335 and 360°C,
while the second peak in the range 531-549°C. The
amount of hydrogen that is required for the complete
reduction of Fe,Oj3 is calculated theoretically [30] as
1.87 x 1072 mol g~!. This value is in good agreement
with the H, uptake found practically (see table 1). Also,
evidence for the formation of Fe;O4 as an intermediate
in the reduction process of a-Fe,O3 has been given pre-
viously by Gazzarini and Lanzavecchia [31].

Samples calcined in the temperature range 300-
600°C have shown nearly the same amount of H;, uptake
(i.e. 1.94 x 1072 mol g~'). TPR results are parallel with
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those of TG and XRD analyses where a-Fe,Os is clearly
formed by calcination of FN at temperatures >300°C.

3.2. Reactivity measurements

The activity of a catalyst is known to depend on the
concentration of active sites, per unit weight (or surface
area) of that catalyst and, also, the types of these active
sites. a-Fe,O3 has been shown [32,33] to possess both
surface Brgnsted acidic and basic sites where the
Brgnsted basic sites were, relatively, higher than the
acidic sites [24].

A summary of the characteristics of the catalytic
decomposition of formic acid over the calcination prod-
ucts of Fe(NO3)3-9H,0O at different temperatures is
givenin figure 4 and table 1.

3.2.1. Effect of calcination temperature on the %conver-
sionandthe surface area (Sggr)

Figure 4 shows that %conversion decreases sharply
with increasing the calcination temperature at first
(between 200 and 400°C), then it decreases slightly above
400°C. For example, the sample calcined at 200°C was
shown to possess the highest value of %conversion (ca.
24.1%). As the calcination temperature increases to
400°C, the %conversion has decreased to 10.3% (i.e. less
than half of that measured for the catalyst calcined at
200°C). Above 400°C, however, the %conversion con-
tinued to decrease slightly to 10.3 and 8.6% for catalysts
calcined at 500 and 600°C, respectively.

Table 1 shows that the surface area (Sggr) is inversely
proportional to the calcination temperature of these
samples, i.e. a behavior which is exactly parallel to the
%conversion.

Three gaseous products were detected by GC analysis
during the decomposition course of HCO,H and were
identified as CO, CO; and formaldehyde HCHO. Each
of these compounds represents a product of different
chemical process.

(i) Dehydration process (i.e. HCO,H— CO + H,0).
A small concentration of carbon monoxide (CO) as a
result of the dehydration process of formic acid [7] was

Table 1
SgeT, acidity-basicity, Hy-uptake and kinetic parameters of the gas-phase catalytic decomposition of formic acid over the calcination products
of Fe(NOs3)3-9H,O0, at different temperatures for Shinair®

Calcin. SBET Hy-uptake Acidity ® Basicity ® %Conv. %Selectivity

temp. (m?g~1) (x10~2molg™") T i)
(OC) 9 l)SCOz OA)SCO DA)SHCHO
200 47.9 2.06 1.29 x 108 14.86 x 10'8 24.1 83.4 12.0 4.6
300 30.1 1.94 0.47 x 10" 19.50 x 10'8 14.8 60.8 18.8 20.4
400 222 1.93 0.63 x 108 17.21 x 10'8 10.3 58.2 22.6 19.2
500 21.8 1.93 0.55 x 10'8 9.49 x 10'8 9.0 59.7 23.9 16.3
600 10.7 1.93 0.62 x 108 7.76 x 1018 8.6 58.6 24.9 16.5

2 %reactant = 1.73, W/F = 0.91 ge,  mol £~' h~!, total flow rate = 41.3 cm*(STP) min~!, reaction temperature = 200°C.

b ; -2
mol sites mg;.
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Figure 4. The relationship between the acid-base characters and the
activity of a-Fe; 03, prepared at different temperatures, during the cat-
alytic decomposition of HCO, H.

always less than the concentration of the other two gas-
eous products. The catalyst calcined at 200°C showed
the maximum rate of formation of CO (Rco), ca. 34.9
mmol h~! m_2, and possessed, also, the maximum con-
centration of the surface acidic sites (¥ = 1.29 x 10'®
mol sites m_2). As the calcination temperature increases
both Rco and the acidity values W of these catalysts
decrease gradually. The acidity values for the last three
catalysts, calcined between 400 and 600°C, were nearly
constant (i.e. 0.6 x 10'® mol sites m_2). The products of
the dehydration process of HCO,H may be reacted
together via a model of the reversed water—gas shift reac-

tion [34] as follows:
CO +H,0 = CO; + H;

This can explain the relatively higher yield of CO, gas
(compared with the other products, i.e. CO and HCHO,
see figure 4 and table 1).

The rate of the dehydration process was followed
through the formation of CO, which was detected by GC
analysis. This process is shown to be strongly dependent
on the concentration of the acidic sites on the catalyst
surface, see figure 4.

(ii) Dehydrogenation process (i.e. HCO,H—
CO; + H;). The rate of formation of CO; (Rco,), how-
ever, showed a similar behavior to that of Rco; the maxi-
mum value of Rco, was attained for the catalyst calcined
at 200°C (ca. 242.1 mmol h~! m_2). It sharply decreased
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to less than half of this value at a calcination temperature
of 300°C (ca. 108.4 mmol h~! m_2). Above 300°C, there
was another gradual decrease in the values of Rco,, see
figure 4. Therefore, the rate of formation of CO; (Rco,)
is identical with the behavior of both %conversion and
Sget of these catalysts, see figure 4 and table 1. In addi-
tion, it is also similar to the change in the basicity values
® of these calcined catalysts, except for the sample cal-
cined at 200°C. The production of CO; (Rco,) may, also,
depend on the surface area of the catalyst samples, see
table 1. The number of Fe interstitials and oxygen vacan-
cies are appreciably diminished [35] as a result of the
decrease in Spgr as the calcination temperature
increases. Therefore, the activity of the catalysts
decreased sharply when calcined at >400°C, see table 1
and figure 4.

(iii) Reduction process (i.e. HCO,H + H, — HCHO
+ H;0). The third product was detected by GC and was
identified as formaldehyde. An injected authentic sam-
ple of pure formaldehyde, under the same experimental
conditions, gave a peak at the same retention time. It is
worth noting that no hydrogen gas was detected by GC
analysis. XRD analysis has identified the catalyst sam-
ples as a-Fe;O3; with no diffraction lines attributed to
Fe;O4 or metallic Fe. Therefore, the hydrogen gas pro-
duced from the dehydrogenation of formic acid (i.e.
HCO;H — CO; + Hy) is being used to reduce another
molecule of the acid to yield formaldehyde (i.e.
HCO,;H + H, — HCHO + H;,0). The rate of forma-
tion of formaldehyde (Rycno) shows a different behav-
ior from that exhibited by both Rco and Rco,. It was
found that Rycyo attains its maximum value (i.e. 36.4
mmol h™! m_3) for the catalyst calcined at 300°C. Then,
it steadily decreased with increasing calcination tem-
perature reaching 17.1 mmol h~! m_2 for the catalyst
calcined at 600°C. Itis clear from figure 4 that the change
in RycHo 1s consistent with the basicity values ® of these
catalysts. This means that the basicity is favoring deoxy-
genation to yield formaldehyde.

Formaldehyde was not reported before to result from
the decomposition of formic acid. Recently, however,
the production of aldehyde by reduction of aliphatic car-
boxylic acid (e.g. acetic acid) on a-Fe, O3 catalysts has
been reported by Grootendorst et al. [4]. The production
of formaldehyde, in this study, is found to depend on the
concentration of the Brgnsted basic sites, see figure 4,
where the highly basic catalyst, calcined at 300°C, was
shown to be the most active catalyst in the production of
formaldehyde.

4. Conclusion
The present study showed that three chemical pro-

cesses took place during the catalytic decomposition, in
the gas phase, of formic acid (i.e. dehydration, dehydro-
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genation and reduction). Because the basicity (®) of our
a-FeyO3 samples was relatively higher than their acidity
(V), the dehydrogenation process of HCO,H (i.e.
HCO,;H—CO; + H;) over these catalysts was the pre-
dominant process. Therefore, the %selectivity of CO
(%Sco) was always less than the %selectivity of CO,
(%Sco,), see table 1. This is attributed to the fact that the
dehydrogenation process is catalyzed by basic sites
[36,37].

The absence of hydrogen as a gaseous product (i.e. in
the dehydrogenation process of formic acid) together
with the formation of formaldehyde suggested a selec-
tive reduction step where hydrogen gas expected to result
from the dehydrogenation process is being used up in
reducing another molecule of formic acid. This can be
explained as follows:

HCO,H W02 o6, 4 1,

a-Fey03/200°C

HCO,H + H, L HCHO + H,0

a-Fe;03/200°C)
_—

2HCO,H HCHO + CO, + H,0
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