
Ž .Journal of Molecular Catalysis A: Chemical 139 1999 305–313

Reduction of 4-nitrotoluene over Fe–Mg–Al lamellar double
hydroxides

S.M. Auer, J.-D. Grunwaldt, R.A. Koppel, A. Baiker )¨
Laboratory of Technical Chemistry, Swiss Federal Institute of Technology, ETH Zentrum, CH-8092 Zurich, Switzerland¨

Received 17 January 1998; accepted 5 June 1998

Abstract

Ž .Fe–Mg–Al lamellar double hydroxides LDHs are shown to be efficient catalysts in the heterogeneous reduction of
Ž .4-nitrotoluene to 4-aminotoluene using phenylhydrazine or hydrazine hydrate as reducing agent. Catalysts based on Fe III

Ž . Ž . Ž .andror Fe II as well as Mg II andror Al III were prepared by precipitation of metal sulfates with Na CO . The samples2 3

were characterized by means of XRD, TGrMS, TPR, XPS and N physisorption. The catalytic behavior was tested in a2

glass reactor under argon atmosphere at a temperature of 343 K using ethanol as a solvent. Selectivity to 4-aminotoluene
Ž . Ž .amounted to 100% for all tested catalysts. Overall activity of the catalysts increased with increasing Mg II to Al III ratio

Ž .and highest overall activity was obtained for an Al-free Mg–Fe III oxiderhydroxide. Highest specific rates referred to the
Ž . Ž .Fe surface areas were observed for catalysts prepared from Fe III sulfate. The specific rate decreased with higher Fe II

content of the precursor. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Catalytic reduction of nitroarenes to
aminoarenes by hydrazines has been carried out
using a wide range of hydrogenation catalysts,

w xe.g., PdrC, RhrC, Raney–Ni, Cu, Fe 1,2 . In
1975, Hirashima and Manabe reported that
compared to conventional hydrogenation cata-
lysts aminoarenes can be produced in good
yield and high purity using hydrazine hydrate in

w xthe presence of FeCl ractive carbon 3 . Yields3
Žof aminoarenes up to 100% corresponding to

.nitroarene reactant and lower consumption of

) Corresponding author. Tel.: q41y1y632y31y53; Fax:
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the reducing agent hydrazine have been ob-
tained. However, activities in the reduction reac-
tion were lower. It was assumed that the reac-
tion is catalyzed by Fe oxiderhydroxide ad-

w xsorbed on the active carbon 4,5 . Later on, the
potential of several Fe oxides and Fe oxiderhy-

w xdroxides for this reaction was tested 6,7 . It was
proposed that highly dispersed Fe hydroxide

w xacts as the catalytically active species 6 . The
most active catalyst was obtained by precipita-

w xtion of FeCl using NaOH as base 7 .3
Ž .Lamellar double hydroxides LDHs are ma-

terials that contain highly dispersed metal
w xcations 8 . They consist of positively charged

metal hydroxide layers separated from each
other by anions and water molecules. The layers

1381-1169r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
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contain metal ions of at least two different
oxidation states. The most common case of di-
and trivalent cations leads to the general chemi-

w Ž . Ž . Ž . x xqcal formula M II M III OH1y x x 2
Ž ny. Ž .A PmH O, where x refers to the M III rxr n 2
w Ž . Ž .xM II qM III ratio ranging between ca. 0.25

w xand 0.4 9 . The positive charge of the metal
hydroxide layers is compensated by interstitial
layers built of anions Any and crystal water. In
catalysis, LDHs are mainly used as precursors
for the preparation of highly dispersed mixed
oxides or metalrmixed oxide catalysts. Rarely,
LDH catalysts are used in reactions under con-
ditions where their layered structure is retained
w x10 .

The aim of this study was to show the activ-
ity of different Fe–Mg–Al LDH catalysts, not
subjected to previous thermal treatments, for the
reduction of nitroarenes with phenylhydrazine
and hydrazine hydrate. Additionally, new in-
sight into the relation between textural and
chemical properties of these catalysts and their
catalytic activity in the reduction reaction should
be obtained.

2. Experimental

2.1. Preparation

Ž .Various amounts of MgSO , Fe SO ,4 2 4 3
Ž . ŽFeSO P7H O and Al SO P16H O total4 2 2 4 3 2
.metal sulfatess0.15 mol were dissolved in

500 ml distilled water and transferred into a 11
five-necked flask equipped with propeller mixer,

Žreflux condenser, pH-meter Metrohm 614 pH-
.meter , thermocouple and feeding unit for liq-
Ž .uids Metrohm 665 Dosimat . This system was

equilibrated at 333"2 K under vigorous stir-
ring. Subsequently, 150 to 300 ml 0.75 M
Na CO solution were slowly added over a2 3

time period of 2 h until a pH of 8 was reached.
The resulting suspension was stirred for 15 h at
room temperature and filtered. The precipitate
was intensively washed with distilled water and
dried at 363 K for 24 h under reduced pressure

Ž . Ž .-10 kPa . All samples containing Fe II were
prepared by performing precipitation, filtration
and drying under argon.

2.2. Characterization

Catalyst materials were investigated with re-
gard to their physical and chemical properties

Ž .by means of powder X-ray diffraction XRD ,
thermoanalytical measurements in combination

Ž .with mass spectrometry TGrMS , temperature
Ž .programmed reduction TPR , X-ray photo-elec-

Ž .tron spectroscopy XPS , and N physisorption.2

XRD patterns were measured on a Siemens
D 5000 powder X-ray diffractometer. Diffrac-
tograms were recorded with detector-sided Ni-

Ž .filtered Cu Ka radiation 40 mA, 40 kV over a
2u range of 28 to 708 and a position sensitive
detector using a step size of 0.0108 and a step
time of 2.5 s. Measured patterns were compared

w xwith JCPDS data files 11 .
Ž .Thermoanalytical measurements TG, DTA

under Ar in the temperature range of 298 to
1323 K were performed on a Netzsch STA 409
using a-Al O as a reference and a heating rate2 3

of 10 K miny1. Evolving gases were monitored
on-line using a Balzers QMG 420 quadrupole
mass spectrometer connected to the thermoana-
lyzer by a heated capillary. Quantitative mea-
surement of the evolved gases was performed
by calibration of the system using a pulse
method described by Maciejewski and Baiker
w x w x12 and Maciejewski et al. 13 .

The apparatus used for the TPR studies has
w xbeen described previously 14 . TPR profiles

were measured under the following conditions:
sample weight 60 mg, heating rate 10 K miny1,

y1 Žflow rate 75 ml min of 5% H in Ar Carba-2
.gas .
XPS analysis was performed on a Leybold

LHS 11 instrument with UCD using Mg Ka

Ž .radiation 240 W . The analyzer was operated at
150 eV constant pass energy in case of wide
scans and at 38 eV in case of selected regions at
a scale calibrated versus the Au 4f line at7r2

84.0 eV. Spectra were recorded to achieve max-
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Žimum resolution better than 0.9 eV for Ag
.3d . Corrections of the energy shift, due to7r2

the steady-state charging, were accomplished
taking the C 1s line of adsorbed hydrocarbons at
285.0 eV as internal standard. For an estimation
of the surface composition in mol%, the areas
of the elemental peaks C 1s, O 1s, Fe 2p, Mg 2p
and Al 2p were determined by the program

w xSpecsLab 1.6 15 applying a Shirley back-
ground. The resulting areas were divided by the

w xcorresponding atomic sensitivity factors 16 .
Ž .BET surface areas S , mean cylindricalBET

Ž² :.pore diameters d and specific adsorptionp
Ž .pore volumes V were obtained by ph-p,N2

ysisorption of N at 77 K using a Micromeritics2

ASAP 2000 instrument. Prior to measurement,
the samples were degassed to 0.1 Pa at 363 K.
S were calculated in a relative pressure rangeBET

between 0.05-prp -0.2 assuming a cross-0

sectional area of 0.162 nm2 for the N molecule.2

Pore size distributions were calculated applying
Ž . w xthe Barrett–Joyner–Halenda BJH method 17

w xto the desorption branch of the isotherms 18 .

2.3. Catalytic tests

Reduction of 4-nitrotoluene was carried out
in a 200 ml double-walled glass reactor equipped
with reflux condenser, thermocouple and sam-
pling device. The reactor was heated by water

Žpumped through the outer reactor shell DT"
.0.5 K . The reaction mixture comprising 1.37 g

Ž . Ž0.01 mol 4-nitrotoluene, 100 mg catalyst F
.180 mm particle size and 100 ml ethanol was

Žstirred with a magnetic PTFE stirrer 0–1500
.rpm . For equilibration of the system, the reac-

tion mixture was kept at the desired reaction
temperature for 30 min at 250 rpm. The starting
procedure, which lasted about 10 s, involved the

Ž .injection of 10 ml 0.1 mol phenylhydrazine
and the adjustment of the desired stirring speed
Ž .1000 rpm . The temperature effect of the
phenylhydrazine injection had no significant in-
fluence on the reaction rates. All reactions were
performed under argon to avoid decomposition

of phenylhydrazine due to the presence of oxy-
gen.

Reference measurements with hydrazine hy-
drate as reducing agent were performed under

wargon atmosphere at 328 K using 200 mg 0
Ž .x ŽFe II as catalyst denotation is explained in the

.first paragraph of the Results part , 1.37 g 4-
nitrotoluene and 7.5 ml hydrazine hydrate.

4-Nitrotoluene conversion and selectivity to
4-aminotoluene were determined by GC analy-

Ž .sis HP1 column, FID . Conversions and selec-
tivities were reproducible within "2% and
"5%, respectively. Initial reaction rates were
determined by using experimental values in the
conversion range 0–20% since in this region a
linear dependence of conversion and reaction
time was obtained. Reaction times for 50%
conversion were determined by taking into ac-
count the corresponding value of a polynomial
of the third degree which was fitted to the
experimental data following the least square
method.

3. Results

Ž .All LDHs prepared were based on Fe III
Ž . Ž . Ž .andror Fe II as well as Al III andror Mg II

Ž .Table 1 . Four out of the eight investigated
Ž . Žsamples contained 18 at.% of Fe III related to

. Ž .total metal content and no Fe II . In these
samples, the x value, i.e., the molar ratio of

Ž . Ž .Al III and Fe III to total metal content, was
varied between 0.33 and 0.25. The composition
is fully defined by the x value and therefore the

w Ž . xdenotation Fe III yx is used for these sam-
w xples 19 . In addition, four samples defined by a

constant x value of 0.29 and a constant amount
Ž . Ž . Žof Fe II qFe III of 29 mol% related to total

.metal content were produced. In these samples,
Ž .the amount of Fe II , which is designated y

value in the following, was varied between 0
and 29 mol%. The samples are fully defined by

wthe y value and therefore the denotation y
Ž .xFe II is used for these samples.
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Table 1
Molar amounts of metals used in preparation of investigated LDH catalysts

a bw Ž .x w Ž .x w Ž .x w Ž .xCatalyst x value n Mg II n Fe II n Fe III n Al III
Ž . Ž . Ž . Ž .mol% mol% mol% mol%

w Ž . xFe III y0.25 0.25 75 – 18 7
w Ž . xFe III y0.28 0.28 72 – 18 10
w Ž . xFe III y0.30 0.30 70 – 18 12
w Ž . xFe III y0.33 0.33 67 – 18 15
w Ž .x0 Fe II 0.29 71 – 29 –
w Ž .x9 Fe II 0.29 62 9 20 9
w Ž .x19 Fe II 0.29 52 19 10 19
w Ž .x29 Fe II 0.29 42 29 – 29

a w Ž . Ž .x w Ž . Ž . Ž . Ž .x Ž . Ž .n Al III qFe III rn Mg II qFe II qFe III qAl III , molar ratio of Al III and Fe III to total metal content.
b Defines y value in the text.

3.1. Structural and chemical properties of cata-
lysts

Surface areas, pore volumes and mean pore
w Ž . xdiameters of Fe III yx did not exhibit a sin-

Ž . w Ž .xgular trend Table 2 . For catalysts y Fe II ,
the increase of the y value led to a decrease in
surface area and to an increase of the mean pore
diameters.

w Ž . x ŽCrystalline phases of Fe III y x not
. w Ž .x Ž .shown and y Fe II catalysts Fig. 1 before

and after catalytic testing were determined by
XRD. All samples showed reflections character-
istic for the presence of a crystalline LDH phase
Ž . w xe.g., pyroaurite; JCPDS 25-0521 11 . For the
w Ž .xy Fe II catalysts, crystallinity of the prepared

Žsamples increased with increasing y value Fig.

. Ž .1a . After reaction, a crystalline Al OH phase3
Ž . w xdoyleite; JCPDS 38-0376 11 was identified
Ž .Fig. 1b for the aluminum containing catalysts
in addition to the LDH phase, which in general
showed a slightly lower degree of crystallinity
after catalytic testing. All XRD patterns of
w Ž . xFe III yx catalysts before and after reaction

w Ž .xwere similar to patterns of 19 Fe II .
Quantitative measurements of gases evolved

during thermal decomposition of the catalysts in
Ar were measured using a TGrMS instrument
Ž . w Ž . xTable 2 . All Fe III yx catalysts generated
comparable amounts of H O, CO and SO2 2 2

w Ž .xduring heating. In contrast, the y Fe II cata-
lysts produced increasing amounts of water with
increasing y value. Evolution of CO and SO2 2

was similar for these catalysts except for the

Table 2
Textural properties and amount of gases evolved during thermal decomposition of LDH catalysts determined by N physisorption and2

TGrMSy
ca b ² :Catalyst S V d H O CO SOBET p, N p 2 2 22

2 y1 3 y1Ž . Ž . Ž . Ž . Ž . Ž .m g cm g nm wt.% wt.% wt.%

w Ž . xFe III y0.25 150 0.67 18 22.7 1.9 5.2
w Ž . xFe III y0.28 217 0.78 14 22.1 0.9 6.6
w Ž . xFe III y0.30 181 0.77 17 25.1 1.1 6.4
w Ž . xFe III y0.33 141 0.75 21 23.8 1.2 6.3
w Ž .x0 Fe II 354 0.60 6 15.4 0.8 3.1
w Ž .x9 Fe II 161 0.71 16 18.0 3.5 5.7
w Ž .x19 Fe II 117 0.51 16 22.9 1.5 5.5
w Ž .x29 Fe II 94 0.66 22 24.0 5.8 5.4

a BET surface area.
b BJH cumulative desorption pore volume.
c ² :Mean pore diameter d s4V rS .p p,N BET2
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w Ž .x w Ž .x w Ž .xFig. 1. X-ray diffraction pattern of 0 Fe II , 9 Fe II , 19 Fe II
w Ž .x Ž . Ž . Ž .and 29 Fe II . % hydrotalcite-like phase HT-phase , e

Ž . Ž . Ž .Al OH . a before reaction, b after reaction.3

aluminum-free sample, which showed generally
lower amounts evolved.

w Ž .xFor all catalysts, except 0 Fe II , similar
TPR profiles have been obtained, showing a
distinct maximum in H -consumption at about2

700 K followed by broad peaks at higher tem-
Ž . w Ž .xperatures Fig. 2 . As to the y Fe II catalysts,

the maximum in H -consumption at about 7002

K is broader for higher y values. The Al-free
w Ž .xsample 0 Fe II is more easily reduced than the

other catalysts. The TPR profile is similar to
w xthose reported for small Fe O particles 20,21 .2 3

Fe surface concentrations estimated from XPS
measurements are listed in Table 3. Note that
the Fe 2p peak was not deconvoluted into a3r2

Ž . Ž .contribution of Fe II and Fe III . A similar
Ž .binding energy of 710.9 eV FWHM ca. 4.0 eV

was found for all catalysts. Referring to litera-
Ž .ture data, the Fe 2p peak of Fe II is located3r2

Ž .in the range 709.5–710.0 eV FWHM 4–5 nm ,
Ž .and the corresponding peak of Fe III in the

Ž . wrange 710.7–711.4 eV FWHM 4–5 nm 22–
x Ž .24 . This indicates that surface Fe II has been

Ž .oxidized to Fe III upon exposure to air. How-
ever, it was reported that it is difficult to distin-
guish between different Fe oxides by XPS be-
cause the differences between these compounds

w xare small and the FWHM rather large 22 .
As regards the aluminum component, the Al

w Ž .xsurface concentrations of the y Fe II catalysts

increased with increasing y value, i.e., increas-
Ž .ing Al bulk concentration Table 3 . Likewise,

w Ž . xthe Al surface concentration of the Fe III yx
catalysts showed a similar trend as the Al bulk
concentration with highest values being ob-

w Ž . x Ž .tained for sample Fe III y0.33 Table 3 . The
w Ž . x w Ž . xMg:Al ratios of Fe III y0.25 , Fe III y0.28 ,

w Ž . x w Ž .x w Ž .xFe III y0.30 , 9 Fe II and 29 Fe II are
within the same range, considering the uncer-
tainty of the XPS analysis of porous materials
Ž . w Ž .Table 3 . In contrast, the ratios of Fe III y

x w Ž .x0.33 and of 19 Fe II were substantially lower.

3.2. Catalytic properties of LDHs in the reduc-
tion of 4-nitrotoluene

The reaction rate of the reduction of 4-nitro-
toluene with phenylhydrazine at 343 K was

Ž .independent on stirring speed )250 rpm and
Ž .catalyst particle size -300 mm , indicating

that the reaction rate was not influenced by

w Ž . x w Ž . x wFig. 2. Reduction behavior of Fe III y0.33 , Fe III y0.25 , 0
Ž .x w Ž .x w Ž .x w Ž .xFe II , 9 Fe II , 19 Fe II and 29 Fe II measured by TPR.

w Ž . x w Ž . xTPR profiles of Fe III y0.30 , Fe III y0.28 were similar to the
w Ž . x w Ž . xcorresponding profiles of Fe III y0.33 and Fe III y0.25 shown

in this figure.
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Table 3
Surface chemical compositions and catalytic properties of LDH catalysts in the reduction of 4-nitrotoluene by phenylhydrazine

Ž .Catalyst Surface Initial reaction rate t min50

Concentration Ratio Area Overall Specific
a y3 y1 y1 c y5 y1 y1 y1 dŽ . Ž .Al Fe Mg:Al S 10 mol l min 10 mol l min Stot Fe Fe

2 y1 bŽ . Ž . Ž .% % m g

w Ž . xFe III y0.25 11 4 0.60 6 0.20 3.3 260
w Ž . xFe III y0.28 12 3 0.60 7 0.16 2.5 310
w Ž . xFe III y0.30 12 3 0.60 5 0.15 2.8 330
w Ž . xFe III y0.33 14 3 0.35 4 0.03 0.7 1720
w Ž .x0 Fe II – 18 – 64 1.57 2.5 25
w Ž .x9 Fe II 9 6 0.70 10 0.14 1.4 360
w Ž .x19 Fe II 11 8 0.10 9 0.06 0.6 950
w Ž .x29 Fe II 12 4 0.50 4 0.03 0.8 1740

Reaction parameters: 1.37 g 4-nitrotoluene, 100 mg catalyst, 10 ml phenylhydrazine, argon atmosphere, 343 K.
a Ž . Ž .Fe , total amount of Fe, i.e., Fe II and Fe III .tot
b Ž 2 y1. Ž .Fe surface areas m g estimated by multiplication of XPS-derived Fe surface concentrations % with corresponding BET surface areas
Ž 2 y1.m g .
cOverall initial reaction rates determined by applying experimental values -20% conversion.
d Ž 2 y1.Specific initial reaction rates referred to Fe surface area S m g .Fe

interparticle or intraparticle mass transfer limita-
tions in the chosen parameter range.

ŽThe selectivity to 4-aminotoluene related to
.reactant 4-nitrotoluene amounted to 100% for

all reactions. Benzene and aniline were pro-
duced upon decomposition of the reducing agent
phenylhydrazine. Phenylhydrazine was used in
excess so that its consumption during reaction
did not influence the reaction rate.

The catalytic activity of the LDHs is pre-
sented as overall initial reaction rate, specific
initial reaction rate related to the Fe surface area

Ž .and as reaction time for 50% conversion t50
Ž . w Ž . xTable 3 . For the Fe III yx catalysts overall
initial reaction rates as well as specific initial
reaction rates increased with decreasing x value,
which reflects increasing Mg to Al ratios for
these catalysts. Note that compared to the other
samples of this series a significant drop in activ-

w Ž . xity was observed for catalyst Fe III y0.33 ,
although the estimated Fe surface concentration
varied only from 3–4 mol% corresponding to an

2 y1 Ž .Fe surface area of 4–7 m g Table 3 . In
w Ž .xcase of y Fe II catalysts, overall initial reac-

tion rates, as well as specific initial reaction
rates increased with decreasing y value. For all
catalysts, the corresponding t values confirm50

the observed trend for the initial reaction rates.
w Ž .xOf all catalysts tested, 0 Fe II provided the

highest overall initial reaction rate, whereas
w Ž . xFe III y0.25 showed the highest specific ini-

w Ž .xtial reaction rate. 0 Fe II showed no signifi-
cant deactivation after multiple use.

To compare the performance of the best LDH
catalyst of this study with that of iron oxide
based catalysts reported in literature, a reference

w Ž .xmeasurement was carried out, using 0 Fe II as
catalyst and hydrazine-hydrate as reducing agent
Ž w Ž .xreaction conditions: 200 mg 0 Fe II , 1.37 g
4-nitrotoluene, 7.5 ml hydrazine-hydrate, 100

.ml ethanol, argon atmosphere, 328 K . Under
these conditions, the overall initial reaction rate

w Ž .x y3 y1of 0 Fe II amounted to 0.4=10 mol 1
miny1.

4. Discussion

In the following, the textural and chemical
properties of the Fe–Mg–Al LDHs and their
influence on the catalytic behavior in the reduc-
tion of 4-nitrotoluene are discussed.

w Ž . xThe Fe III yx catalysts, containing a con-
Ž .stant amount of Fe III and varying ratios of
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Ž . Ž .Mg II to Al III , did not exhibit a significant
change in the investigated textural and chemical
properties if the x value was changed, as
emerges from comparing the pore volumes, the
mean pore diameters, the thermal decomposi-

Ž .tion behaviors Table 2 , the crystalline phase
Ž .compositions Fig. 1 and the reduction behav-

Ž .iors towards H Fig. 2 . Additionally, the esti-2

mated Fe surface concentration varied only from
3–4 mol% corresponding to an Fe surface area

2 y1 Ž .of 4–7 m g Table 3 . Consequently, the
observed decrease of the overall initial rates

Ž .with increasing bulk x value Table 3 cannot
be explained by a variation of these parameters.
The decrease of the overall initial rates is rather

Ž . Ž .related to the bulk ratio of Mg II to Al III
which decreases from 10.7 to 4.5 with increas-

Ž .ing x value Table 1 . The low activity of
w Ž . xFe III y0.33 compared to the other three
w Ž . xFe III yx catalysts is attributed to the signifi-
cantly lower Mg to Al ratio on the catalyst

Ž .surface Table 3 . Regarding the specific initial
rates, corresponding to 4-nitrotoluene converted
per m2 Fe surface area, similar values in the

y6 y1 y1 Ž .y1range 2.5–3.3P10 mol l min SFe
w Ž . xare observed for the Fe III yx catalysts with

w Ž . xx up to 0.3, whereas for catalyst Fe III y0.33 ,
specific activity was markedly lower.

w Ž .xFor the y Fe II catalysts prepared with
Ž .constant x value but varying amounts of Fe II ,

Ž . Ž . Ž .Fe III , Mg II and Al III , the textural and
chemical properties changed substantially, if the

Ž .y value, representing the amount of Fe II used
in the preparations, was varied. Among all cata-
lysts investigated, highest BET surface area and

wlowest mean pore diameter is observed for 0
Ž .x Ž . Ž .Fe II , which contained only Fe III and Mg II .

² :In contrast, S was lowest and d largestBET p
w Ž .x Ž .for 29 Fe II , prepared from Fe II as the iron

w Ž .xprecursor. For the other y Fe II catalysts,
Ž . Ž .containing varying amounts of Fe II and Fe III ,

w Ž . xas well as for the Fe III yx catalysts, SBET
² :and d were intermediate.p

A similar picture emerges for the crystallinity
of the catalysts. No indication for a crystalline

w Ž .xhydrotalcite phase was observed for 0 Fe II ,

whereas X-ray analysis revealed highest degree
w Ž .xof crystallinity for 29 Fe II . The other cata-

lysts with intermediate y value showed only a
weak reflection around 2us11.38, indicating a
hydrotalcite phase of low crystallinity.

The different amounts of water which evolved
w Ž .xduring thermal treatment of the y Fe II cata-

lysts are correlated with the crystallinity of the
samples. The evolved amount of water in-
creased with increasing crystallinity of the sam-

Ž .ples Table 2 . It is assumed that more crys-
talline LDH structures possess higher water ad-
sorption capacity due to a more developed layer
structure. The examined dependency of BET
surface area, crystallinity and amount of H O2

wevolved, respectively, on the y value of the y
Ž .xFe II catalysts cannot be explained by a vary-

Ž . Ž .ing Mg II to Al III ratio, as these properties
w Ž . xdid not vary significantly for the Fe III yx

Ž .catalysts, which also contain a varying Mg II
Ž .to Al III ratio. The observed dependencies can

Ž .be rather explained by the absence of Al III
Ž . w Ž .xand Fe II for catalyst 0 Fe II and by the

Ž . Ž . wchanging Fe II to Fe III ratio for the other y
Ž .xFe II catalysts.
As to the surface concentration of Fe and Al,

w Ž .xthe values of the samples y Fe II were simi-
w Ž . xlar as the values of the Fe III yx catalysts,

w Ž .x Ž .except for 0 Fe II Table 3 . To understand
w Ž .xthe high Fe surface concentration of 0 Fe II ,
w Ž .xthe Fe and Al surface concentrations of 0 Fe II

w Ž .xand 9 Fe II have to be compared. The de-
crease of the Fe surface concentration from 18
to 6 mol% is attributed to a possible covering of
the Fe sites by Al. This does not occur with

w Ž .xsample 0 Fe II which contains no Al.
w Ž .xExcept for catalyst 0 Fe II , the TPR pro-

w Ž .x w Ž . xfiles of the samples y Fe II and Fe III yx
Ž .were similar Fig. 2 , with the first reduction

maximum being slightly broader for increasing
w Ž .xy values. The TPR profile of 0 Fe II is more

similar to the TPR profile of small Fe O parti-2 3

cles than to the one of the other LDH samples,
indicating that this catalyst contained no crys-
talline LDH phases as also corroborated by

Ž .XRD Fig. 1 .
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w Ž .xAs to the catalytic performance of y Fe II ,
w Ž .xthe overall initial reaction rate of 0 Fe II was

significantly higher than for all other investi-
Ž . wgated catalysts Table 3 . The high activity of 0

Ž .xFe II can be either attributed to a high number
of active sites or to an increased activity of the
sites themselves. Since the specific initial reac-

w Ž .xtion rate of 0 Fe II was comparable to the
w Ž . xvalues obtained for the Fe III yx catalysts,

w Ž .xthe high activity of 0 Fe II cannot be ex-
plained by an increased activity of the sites. It
can be rather correlated to the number of active

w Ž .xsites as 0 Fe II possessed by far the largest Fe
Ž .surface area Table 3 , which is a consequence

of the large BET surface area and the high
molar Fe surface concentration of this catalyst.
The values for the overall initial reaction rates

w Ž .xof the other y Fe II catalysts were of the
same order of magnitude as the corresponding

w Ž . x Ž .values of Fe III yx catalysts Table 3 . The
overall initial reaction rates of the former de-
creased with increasing y value, i.e., increasing

Ž . Ž .Fe II to Fe III ratio, as well as decreasing ratio
Ž . Ž .of Mg II to Al III in the bulk. Taking into

w Ž .account the results obtained with the Fe III y
xx catalysts, it is assumed that the decrease in

w Ž .xactivity for the y Fe II catalysts is caused by
Ž . Ž .the decreasing Mg II to Al III ratio. Regarding

w Ž .xthe specific initial reaction rates of the y Fe II
catalysts, a decrease is observed for increasing

Ž .y values, corresponding to an increasing Fe II
Ž .to Fe III ratio. The result indicates a negative

Ž .effect of Fe II used in the preparations on the
wintrinsic activity of the Fe surface sites, as for 0

Ž .x w Ž . xFe II and Fe III yx catalysts, prepared from
Ž .Fe III , similar higher intrinsic activity of the Fe

surface sites is observed. The low specific ini-
w Ž . x wtial reaction rate of Fe III y0.33 and 19

Ž .xFe II is attributed to the substantially lower
Ž . Ž .Mg II to Al III surface ratio of these samples

compared to the other catalysts.
Applying hydrazine hydrate as reducing agent

wresulted in higher reaction rates and for 0
Ž .xFe II , the most active catalyst of this study, an

overall initial rate of 0.4=10y3 mol ly1 miny1

was measured at 328 K. For an unsupported

iron oxiderhydroxide with 230 m2 gy1 BET
surface area, the most active catalyst described
up to now, overall initial reaction rates up to
1.48=10y3 mol ly1 miny1 have been reported
for the reduction of 4-nitrotoluene with hydra-

w xzine hydrate at 328 K 7 . The higher activity of
this unsupported catalyst may be traced to its

w xhigher Fe content. Miyata et al. 6 investigated
various iron oxide and iron oxiderhydroxide
modifications for the reduction of 4-nitrotoluene
with hydrazine hydrate at 328 K. Among the

Ž .catalysts tested, b-Fe III oxide hydroxide was
reported to be most effective. Crystalline iron
oxides resulted in substantially lower yields
compared to the predominantly amorphous b-

Ž .Fe III oxide hydroxide.

5. Conclusions

Fe–Mg–Al LDHs prepared by precipitation
of metal sulfates with Na CO are efficient2 3

catalysts for the reduction of 4-nitrotoluene to
4-aminotoluene using phenylhydrazine or hy-
drazine hydrate as reducing agent. The selectiv-
ity to 4-aminotoluene is 100% for all investi-
gated catalysts.

Ž . Ž .Higher Mg II to Al III ratios increase the
initial reaction rates. The highest overall initial

Ž .reaction rate is obtained for a Mg–Fe III ox-
iderhydroxide possessing the largest Fe surface

Ž .area. Complete absence of Al III significantly
increases the Fe surface concentration of this
catalyst. Highest initial reaction rates per Fe
surface area are achieved for catalysts prepared

Ž .from Fe III as iron precursor. Increasing the
Ž . Ž .Fe II to Fe III ratio in the preparation of the

catalysts lowers the intrinsic activity of the Fe
surface sites and reaction rates.
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