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Abstract
The development of an active, selective, and long-term stable heterogeneous catalyst for the reductive hydrogenation of substitut-
ed nitrorarenes in continuous operation mode is still challenging. In this work, Ru based nanoparticles catalysts promoted with
different transition metals (Zn, Co, Cu, Sn, or Fe) were supported on alumina spheres using spray wet impregnation method. The
freshly prepared catalysts were characterized using complementary methods including scanning transmission electron micros-
copy (STEM) and temperature programmed reduction (TPR). The hydrogenation of 1-iodo-4-nitrobenzene served as model
reaction to assess the catalytic performance of the prepared catalysts. The addition of the promotor affected the reducibility of Ru
nanoparticles as well as the performance of the catalyst in the hydrogenation reaction. The highest yield of 4-iodoaniline (89%)
was obtained in a continuous flow process using Ru-Sn/Al2O3. The performance of this catalyst was also followed in a long-term
experiment. With increasing operation time, a catalyst deactivation occurred which could only briefly compensate by an increase
of the reaction temperature.
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Introduction

Functionalized anilines are valuable intermediates in the phar-
maceutical, agrochemical, and fine chemical industries [1].
Catalytic hydrogenation of a nitroaromatic compounds to an-
ilines using molecular hydrogen is compared to alternative
processes an environmentally preferable approach [2].
Challenges arise for polyfunctional nitroarenes, due to com-
peting reactions, i.e., hydro-dehalogenation and/or reduction
of unsaturated functionalities (CC, CO, and CN) when present
[3, 4]. Precious metals (Au [3, 5], Pd [6, 7], Pt [8–11], Ru
[12–16]) as well as transition metals (Ni [17–19], Co [20–22],
Fe [23, 24]) are used as active elements at which
nitroaromatics are selectively converted into the desired
amines. Compared to transition metals, precious metals gen-
erally show higher productivity in formation of the amines
[25]. Their catalytic performance can be further improved if
instead of the monometallic a bimetallic catalyst is used where

a transition metal is added as a promotor to an active noble
metal (e.g. Pt-Zn, Ru-Cu) [16, 26].

Continuous flow operation for solid/liquid/gas multiphase
reactions offers several advantages over batch operation,
which explains its increasing importance for process chemists
[27–33]. Small diameter packed-bed reactors offer excellent
heat exchange and mass transfer due to their high surface to
volume ratios and short diffusions paths. Furthermore, tem-
perature, contact time and pressure can be precisely controlled
and adjusted. Therefore, exothermic reactions can be well
controlled which facilitates the safe operation even at higher
temperatures and pressures [28, 34]. This allows clean trans-
formations in cases that have previously suffered from selec-
tivity issues, e.g. processes where the desired product can
undergo follow-up reactions. Furthermore, product isolation
can be simplified and process waste levels can be reduced
[35]. Up on performing the reaction on a solid catalyst, it
should meet the hydrodynamic requirements of the reactor
to ensure uniform process conditions throughout the catalyst
bed. Hence, suitable particle dimensions and morphology as
well as sufficient mechanical stability of the catalyst particles
are pivotal to avoid high pressure drops and channel building
[36]. Nonuniform liquid flow is considered as one reason that
can reduce the productivity of the continuous process
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[37].The reduction of 1-iodo-4-nitrobenzene to 4-
iodoaniline (scheme 1) by molecular hydrogen can be
used as a model reaction for studying the reduction of
nitro group in the presence of ring substituents in a con-
tinuous flow process. The iodine substituent is very prone
to hydro-dehalogenation and a catalyst showing high
chemoselectivity to the target product 4-iodoaniline in this
reaction should be also applicable for the reduction of
nitroarenes with substituents like chlorine or bromine
[16]. The reductive hydrogenation of nitroarenes to ani-
lines is a highly exothermic process, and at elevated reac-
tion temperatures generally higher pressures are required
to achieve sufficient solubility of the hydrogen gas in the
organic solvent [28, 35, 38]. Recently, different Co-based
catalysts were developed and tested in the continuous pro-
cess applying the above model reaction. These catalysts
showed high yields above 90 % with high selectivity
(90 %) towards the target product 4-iodoaniline and less
than 2 % yield of the undesired side product aniline [25,
36, 39]. However, both 1-iodo-4-nitrobenzene conversion
as well as yield of 4-iodoaniline decreased with increasing
operation time [36, 39]. The deactivation of the Co based
catalyst seems to be influenced from the substrate concen-
tration [39] and was attributed at least partly to Co
leaching from the catalyst surface [36].

Although Ru is widely used as an active element in the
hydrogenation reactions, its application in continuous flow
process is rarely reported [35, 37, 40, 41]. Moreover, it was
reported that in nitro group reduction Ru shows higher se-
lectivity to the desired halogenated anilines than the more
active Pt or Pd [38]. For that reason, flow compatible mono-
metallic Ru/Al2O3 as well as bimetallic Ru-Me/Al2O3 cat-
alysts were synthesized and applied for the selective reduc-
tion of 1-iodo-4-nitrobenzene to 4-iodoaniline. The aim of
the presented work was (a) to elucidate the performance of
the Ru/Al2O3 catalyst for application in a flow process in
reduction of nitro group, (b) to find out whether the addition
of promotors can improve the chemoselectivity of the Ru
based catalyst, and (c) to evaluate their long-term stability.

Results and discussion

Catalyst characterization

XRD powder patterns of the different catalysts are presented
in Fig. 1A. All studied samples showed only reflections of
alumina phase (CCDD 00-046-1131). Reflections from Ru
or the promotor were not detected indicating that the structures
formed might be X-ray amorph or small and highly dispersed.
SEM images from the Ru/Al2O3 catalyst are presented in Fig
S3 to S6. The image of a single sphere of the Ru/Al2O3 cata-
lyst is shown in Fig. S3. From Fig. S4 it can be seen the
surface of the alumina sphere is rough and rugged. The bright
dots indicate the presence of larger Ru-containing structures,
but their number is only small. Fig. S5 and S6 demonstrate
that the Ru is mainly located on the outer surface of the alu-
minum spheres and that the Ru content decreases rapidly with
increasing distance from the outer surface. Moreover, Fig. S5
shows that the Ru is homogenous distributed on the outer
alumina surface. To obtain further information about the size
and distribution of the Ru particles deposited on the Al2O3

surface, the Ru/Al2O3 catalyst was investigated with STEM.
For the first study, the catalyst beads were completely ground-
ed into fine powder. No Ru particles could be detected be-
cause in the powder sample the proportion of the surface area
on which the Ru particles are deposited is small compared to
the total surface area of the powdered sample. Therefore, a
small amount of material from the surface of the Ru/Al2O3

spheres was scraped off and again investigated with STEM.
The HAADF-STEM image (Fig. 1B) of this sample showed
that on applying spray wetness impregnation method mostly
small Ru nanoparticles in the size range of 1–2 nm were
formed and equally distributed on the outer surface of the
alumina spheres.

The metal loadings of the different catalysts were deter-
mined by ICP-OES and results are summarized in Table 1.
The actual Ru and promotor loadings were slightly lower than
their nominal loadings (0.5 wt%) and varied between 0.32 and
0.44 wt%. The decline in the actual loading indicates that a
certain part of the sprayed Ru or promotor solution was not
deposited on the alumina surface during the spraying process.
The BET surface area of the metal loaded catalysts varied
between 154 and 197 m2/g. TPR profiles of Ru/Al2O3 and
the promoted Ru-Me/Al2O3 catalysts are presented in Fig. 2.
XPS spectra of the Ru/Al2O3 catalyst (not shown) gave strong
indication that Ru was partly oxidized during the storage of
the catalyst under ambient conditions. Therefore, two reduc-
tion steps were performed. Before the first reduction was car-
ried out, the catalyst was pretreated in an inert atmosphere at
200 °C to remove adsorbed water. The TPR profiles of the 1st
reduction (Fig. 2A) showed a relatively broad reduction peak
with a maximum between 83 and 90 °C. The maximum tem-
perature of the reduction peak was slightly lower than that of

Scheme 1 Simplified reaction scheme for hydrogenation of 1-iodo-4-
nitrobenzene to 4-iodoaniline using molecular hydrogen including side
products formed by hydro-deiodination (for detailed reaction mechanism
see e.g. ref [38])
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bulk RuO2 [42] and was similar to that obtained for Ru/Al2O3

[43]. This broad peak is mainly attributed to the reduction of
oxidized Ru species which are formed on alumina surface
during catalyst storage under ambient conditions. The position
of the peak maximum was shifted to slightly higher tempera-
tures for the promoted catalyst except the catalyst promoted
with Cu. All investigated catalysts also showed some hydro-
gen consumption at temperatures between 200 and 500 °C
which was most pronounced for the Ru-Cu/Al2O3 catalyst.
A reduction peak at 300 °C was previously reported for the
reduction of Cu2+ [16]. The molar ratio between the Ru
amount deposited on the alumina surface and the number of
consumed hydrogenmolecules of the first reduction cycle was
approximately 1 for Ru/Al2O3, Ru-Zn/Al2O3, Ru-Co/Al2O3,
and Ru-Cu/Al2O3 (see Table 1) indicating the presence of
Ru4+ and Ru metal. However, Ru-Sn/Al2O3 and the Ru-Fe/
Al2O3 catalyst displayed a ratio of 0.5 suggesting that more
Ru were in the oxide form Ru4+. The lower value of this ratio
for the samples promoted with Fe or Sn indicates that in these
samples the oxidation state of Ru during storage in air was
higher than in the other samples.

The second TPR profile (Fig. 2B), obtained after oxidation
of the reduced sample differed from first one. The new profiles
showed either 2 maxima or a maximum together with a shoul-
der at temperatures below 150 °C typically for the reduction
profile of RuO2 [42]. The maximum for the Ru/Al2O3 catalyst
occurred at the same temperature (86.1 °C) as found for the
first reduction. The presence of the promotor shifted this max-
imum to higher temperatures in comparison to the 1st reduc-
tion. The temperature shift was increasing in the following
order: Ru-Zn/Al2O3 < Ru-Co/Al2O3 < Ru-Cu/Al2O3 = Ru-
Sn/Al2O3 < Ru-Fe/Al2O3. The amount of hydrogen consumed
in the 2nd reduction was generally higher than in the 1st re-
duction (Table 1). Ru/Al2O3, Ru-Zn/Al2O3, and Ru-Co/Al2O3

revealed a comparable hydrogen consumption that corre-
sponds approximately to the amount necessary for a complete
reduction of RuO2 to metallic Ru (2 mol hydrogen per mol
Ru). Moreover, no other peaks were found for these samples
in the high temperature range (300–500 °C) which means that
the reduction is completed at 150 °C. The similarity between
the TPR profile of Ru/Al2O3 and both Ru-Co/Al2O3 and Ru-
Zn/Al2O3 hints that the interactions between Ru and Zn or Co

Fig. 1 A XRD patterns of
powderd Ru-Me/Al2O3 samples
(a) Al2O3 support, (b) Ru/Al2O3,
(c) Ru-Zn/Al2O3, (d) Ru-Co/
Al2O3, (e) Ru-Cu/Al2O3, (f) Ru-
Sn/Al2O3, and (g) Ru-Fe/Al2O3

and B HAADF-STEM image of
Ru-NP on alumina (scale bar = 20
nm)

Table 1 Main characteristics of
the prepared Ru-Me/Al2O3

catalysts

Metal TPR

H2-consumption molar Ru/H2 ratio

SBET
m2/g

Ru*

wt%

promotor*

wt%

Ru

µmol/g

promotor

µmol/g

1st

µmol/g

2nd

µmol/g

1st

-

2nd

-

Ru 161 0.41 - 40.6 0 34.8 77.7 1.17 0.52

Ru-Zn 197 0.42 0.31 41.6 47.4 45.5 83.5 0.91 0.50

Ru-Co 181 0.41 0.40 40.6 67.9 40.1 82.5 1.01 0.49

Ru-Cu 189 0.34 0.44 33.6 69.2 33.1 129.6 1.01 0.26

Ru-Sn 197 0.32 0.40 31.7 33.6 64.2 126.0 0.49 0.25

Ru-Fe 154 0.35 0.42 35.1 75.2 73.4 108.0. 0.47 0.32

*obtained from ICP
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promoter only seems to be relatively small. The oxidation step
following the first reduction may have led to the formation of
zinc or cobalt aluminate precursors. Zinc or cobalt aluminates
are probably only reduced at temperatures above 800 °C [44].
The larger shift of the peak maximum to higher temperatures
in the TPR profiles of Ru-Cu/Al2O3, Ru-Sn/Al2O3 or Ru-Fe/
Al2O3 indicates that the interaction between Ru and the pro-
moter in these samples should be stronger compared to the
other ones. Moreover, the amount of consumed hydrogen for
these catalysts was significantly higher than the theoretical
value necessary to reduce RuO2 to metallic Ru revealing that
partially Cu, Sn, or Fe oxide species [43] were also reduced by
hydrogen. Reduction of bulk SnO2 and of SnO2 particles de-
posited on alumina occurred at temperatures higher than
600 °C [42, 45] and reduction of alumina supported Fe2O3

starts at temperatures higher than 400 °C [46].

Batch performance of Ru-Me/Al2O3 catalysts

The catalytic performance of the spherically Ru based cata-
lysts was firstly tested in a small batch reactor in order to
identify active and selective catalysts suitable for application
in the flow process. Here, the catalysts were freshly reduced in
an external tube furnace before the material was added fast to
the THF/H2O solvent containing the 1-iodo-4-nitrobenzene
substrate. The THF/H2O ratio of 95v : 5v was previously
identified as the optimal solvent mixture for this reaction [25].

Table 2 presents results obtained with the different cata-
lysts. Promotion of Ru with Zn increased the yield of 4-
iodoaniline and aniline slightly to 78 and 4%, respectively,
without strongly affecting the 1-iodo-4-nitrobenzene conver-
sion rate (Table 2, Entry 2). On the addition of cobalt both 1-
iodo-4-nitrobenzene conversion rate as well as 4-iodoaniline
yield decreased in comparison to the unpromoted Ru/Al2O3

catalyst. Moreover, aniline yield was about three times higher
compared to the unpromoted catalyst. The addition of tin also
reduces the catalytic activity compared to the unpromoted Ru/
Al2O3 catalyst, but it has only a minor influence on the yield

of 4-iodoaniline (Table 2, Entry 4). In contrast, the yield of
aniline increases after promotion with Sn. As Ru was promot-
ed with Cu (Table 2, Entry 5), the yield of 4-iodoaniline in-
creased by 3 % compared to that obtained with Ru/Al2O3

while aniline formation was not changed. The highest yield
of 4-iodoaniline (83%) together with the lowest yield of ani-
line (2%) was obtained with the Ru-Fe/Al2O3 catalyst. Yield
of nitrobenzene (not shown) was always very low which
agreed well with previous results that show that 4-
iodoaniline is more prone to dehalogenation than the starting
compound 1-iodo-4-nitrobenzene [25].

It should be noted that in all experiments the carbon mass
balance was incomplete. This indicates that not all products
could be identified with the applied analytical method and/or
some of them remained adsorbed on the catalyst surface. A
reaction pathway which would reduce at least temporally the
yield of aniline is the formation of azoxybenzene by conden-
sation reaction between the nitroso and the hydroxyl amine
intermediates. However, hydrogenation of this compound
leads finally also to the formation of the desirable halogenated
aniline [38]. GC peak area attributed to hydroxyl amine was
always very low and the yield of 4-iodoaniline does not in-
crease after 1-iodo-4-nitrobenzene was completely converted.
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Fig. 2 TPR profiles of different
catalysts (A) first reduction step
(the peak intensity was multiplied
by 2.2 compared to B) and (B)
second reduction (a) Ru/Al2O3,
(b) Ru-Zn/Al2O3, (c) Ru-Co/
Al2O3, (d) Ru-Cu/Al2O3, (e) Ru-
Sn/Al2O3, and (f) Ru-Fe/Al2O3,
(between first and second
reduction step the catalyst was
oxidized by heating the sample in
air)

Table 2 Performance of Ru-Me/Al2O3 catalysts in the batch
hydrogenation of 1-iodo-4-nitrobenzene (results are compared at time
showing full substrate conversion, I-AN − 4-iodoaniline, AN - aniline)

entry catalyst
metal/
Al2O3

time*
[h]

Y(I-
AN)
[%]

Y(AN)
[%]

Cbalance

[%]

1 Ru 1.5 77 3 80

2 Ru-Zn 2.0 78 4 82

3 Ru-Co 2.0 72 10 82

4 Ru-Sn 2.5 78 6 84

5 Ru-Cu 2.5 80 3 83

6 Ru-Fe 3.5 83 2 85

*time at which conversion of 1-iodo-4-nitrobenzene reached 99.9 %
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Moreover, the following decrease in the yield of 4-iodoaniline
can be nearly exclusively attributed to hydrodehalogenation of
4-iodoaniline. Therefore, it is believed that beside 4-
iodoaniline and aniline high molecular weight side products
were formed, which are not detectable by GC [36].

As mentioned before, aniline is mainly formed by a follow-
up hydrodehalogenation reaction of 4-iodoaniline in presence
of the catalyst. Therefore, it can be considered as an interme-
diate. A continuous flow process allows a precise control of
contact time which is expected to affect the product selectiv-
ity. For that background, experiments were accomplished on
the Ru-Me/Al2O3 catalysts under continuous flow operation.

Performance of Ru-Me/Al2O3 in continuous flow
process

Since the Ru-Co/Al2O3 catalyst showed poor performance in
batch, it was not studied under flow conditions. The molar
ratio of hydrogen to 1-iodo-4-nitrobenzene (I-NB) substrate
flow was about 6 : 1 (0.15 mmol·min− 1 H2, 0.025 mmol·min−
1 substrate). This corresponds to a twofold excess of hydro-
gen, since 3 mol of H2 are necessary to reduce 1 mol of the
nitro group to the corresponding amine. A pressure of 50 bar
was chosen to dissolve a sufficient amount of hydrogen in the
reaction solution. Assuming that the void in the catalyst bed is
not greater than 40% [47], the mean contact time of the liquid
phase with the catalyst bed at a flow rate of 0.5 mL·min− 1 was
not longer than 1.1 min and increased to 2.2 min when the
flow rate was reduced to 0.25 min. Along with the applied
reaction conditions complete substrate conversion was
attained at 80 °C within 1 h and remained constant over 6 h
(Fig. 3). Nitrobenzene was not detected in the flow process.
With the unpromoted Ru/Al2O3 catalyst the loss in 4-
iodoaniline (I-AN) yield within 6 h was about 7%. A minor
decrease in 4-iodoaniline yield with increasing operation time
was also found using the catalysts containing Zn or Cu as
promotor. The highest 4-iodoaniline yield in flow operation
was obtained with the Ru-Sn/Al2O3 and the yield increases
within 6 h from 81 to 84%. Assuming a 4-iodoaniline yield of
84% the productivity of 4-iodaniline in the continuous pro-
cess with the Ru-Sn/Al2O3 catalyst amounted to 39.8 mmol·
h− 1·mmol Ru− 1 that is higher than that reported for Co-based
catalysts [39]. The presence of the promotor had also an in-
fluence on the aniline yield. Relatively high aniline yields after
1 h (4%) were obtained with unpromoted Ru and with the Ru-
Sn/Al2O3 catalysts.

However, in all continuous flow hydrogenations the cata-
lysts showed with ongoing operation time a steady decrease of
the aniline yield to lower than 2% after 2 h of reaction. After
7 h operation time, the continuous flow experiment was
interrupted, the reactor was cooled down and the catalyst
was stored inside the reactor under pure THF at 25 °C for
about 16 h. Next day, the reaction was continued under the

same conditions as previously reported. On the second day the
conversions of 1-iodo-4-nitrobenzene were comparable to the
1st day. However, on increasing operation time, a drop in 1-
iodo-4-nitrobenzene conversion as well as 4-iodoaniline yield
was observed for all catalysts. Aniline formation showed on
the second day the same trend as observed on the first day
experiments, but the yields were slightly higher.

After 3 h operation at 80 °C, the reaction temperature was
reduced to 60 °C. At this temperature, significant differences
in the catalytic performance between the four catalysts were
observed. Conversion of 1-iodo-4-nitrobenzene at 60 °C was
in the range 54–98% and decreased in the following order:
Ru-Zn ≈ Ru > Ru-Cu > > Ru-Sn. With the reduce of tempera-
ture from 80 to 60 °C yield of 4-iodoaniline diminished too
and achieved for Ru, Ru-Zn, and Ru-Cu values between 45
and 48 %. The Ru-Sn catalyst showed the lowest 4-
iodoaniline yield (35%). Aniline was detected only in traces
at this condition. Within the next four hours (26–30 h), all
catalysts displayed a stable performance. Subsequently, the
reaction was again interrupted, and the catalyst was stored in
the reactor at room temperature under THF for the next 16 h.
After then, the reaction started using identical reaction param-
eters as the day before. For Ru, Ru-Zn, and Ru-Cu catalysts
substrate conversion and 4-iodoaniline yield were slightly
higher as obtained at the day before. In contrast, the perfor-
mance of the Ru-Sn catalyst was not stable and both 1-iodo-4-
nitrobenzene conversion as well as 4-iodoaniline yield dimin-
ish with increasing operation time. After a total time of 48 h,
the flow rate was reduced from 0.5 to 0.25mL-min− 1. For Ru,
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Fig. 3 Plot of 1-iodo-4-nitrobenzene (I-NB) conversion, and yields of 4-
iodoaniline (I-AN) and aniline (AN) versus time for Ru-Me/Al2O3 cata-
lysts in continuous flow process (1 g Ru-Me/Al2O3 catalyst, 80 °C,
50 bar, Fgas = 3.6 mL·min− 1, 0.05 M 1-iodo-4-nitrobenzene in THF/
H2O (95v/5v), 16 h: the catalyst was stored in the reactor for 16 h in
THF at room temperature)
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Ru-Zn, and Ru-Cu, the 1-iodo-4-nitrobenzene conversion
rose to 100%, and the yield of 4-iodoaniline increased from
53 to about 65 %. The lowest yield of aniline under these
conditions was obtained with the Ru-Cu catalyst (< 0.4%).
As already observed for the shorter contact time, the 1-iodo-
4-nitrobenzene conversion of the Ru-Sn catalyst decreased
with increasing time, but the yield of 4-iodoaniline was like
to the other three catalysts.

The catalytic behavior of the Ru-Fe catalyst using the same
reaction initial parameters as applied for the other catalysts is
presented in Fig. 4. As already observed for the other four
catalysts 1-iodo-4-nitrobenzene conversion was stable at
100% within the first 7 h. Yield of 4-iodoaniline reached its
maximum (82%) after 1.5 h and decreased only slightly with
increasing operation time. The yield of aniline was below
0.5%, which was the lowest for all catalysts studied. After
interruption of the reaction and storage the catalyst under
THF the hydrogenation was continued using the same param-
eters as before on the second day 1-iodo-4-nitrobenzene con-
version and 4-iodoaniline yield slightly decreased with in-
creasing operation time. After 12 h of operation, the decrease
in 1-iodo-4-nitrobenzene conversion and in 4-iodoaniline
yield was 2 and 10 %, respectively. The aniline yield was
again very low.

The highest initial yield of 4-iodoaniline was obtained
in the flow process with those promoters (Fe and Sn)
exhibiting in the TPR experiment the strongest interaction
with Ru. Previously, it was suggested that coordinatively
unsaturated Sn4+ or Sn2+ species formed in reducing atmo-
sphere may activate the polar NO2 groups [15]. Otherwise,
the similar behavior of the Ru and the Ru-Zn catalyst might
be explained with the low interaction between Ru and Zn.

This assumption was supported by ICP results of spent
catalysts. Lower Ru content (between 2 and 6 %) in all
spent catalysts was found indicating leaching of Ru from
the catalyst surface into the reaction solution was only low.
On the other hand, catalysts promoted with a second metal,
the number of species leached depends on the type of met-
al. The catalysts Ru-Zn, Ru-Cu, Ru-Sn showed a Zn, Cu
and Sn loss of 48 %, 11 %, and 1 %, respectively. The high
Zn loss might be explained with the low interaction be-
tween Ru and Zn as it has been demonstrated previously
by TPR results. In contrast, Sn containing sample showed
lower Sn leaching due to strong interaction between Ru
and Sn. Additionally, the amount of iodine on the spent
catalyst was also determined. The presence of iodine might
result from adsorbed iodine containing compounds or from
metal iodides formed during the reaction. The iodine con-
tent of Ru, Ru-Zn, Ru-Cu, and Ru-Fe catalysts was found
to be between 1.1 and 1.4 wt%, while more iodine content
of 3.9 wt% on Ru-Sn catalyst was attained. The high iodine
content of the Ru-Sn catalyst might be attributed to a reac-
tion between the promotor Sn and iodine which seems to
occur with the other used promoter metals in clearly lower
extent.

Ru-Sn/Al2O3 exhibited the highest initial 4-iodoaniline
yield in the flow process but its performance in the long-
term experiment differs from that of the other catalysts. To
exclude that interruption of reaction has an influence on the
observed low catalytic stability, a new long-term experiment
was performed with this catalyst without any interruption. In
comparison to the previous flow experiments the 1-iodo-4-
nitrobenzene concentration was doubled (0.1 M) and the re-
action temperature was increased from 80 to 100 °C. Since
both, the bed volume and liquid phase flow rate were reduced
by half, the contact time and hydrogen to substrate ratio
remained nearly constant. The results of this experiment are
presented in Fig. 5. As shown, within the first 7 h high con-
version rates between 98 and 100% of 1-iodo-4-nitrobenzene
with a maximum 4-iodoaniline yield of 89% (4 h) were ob-
served. In the ongoing flow process the catalyst activity de-
creased continuously to a minimum conversion of 82% of the
starting compound resulting in a low yield of 65 % 4-
iodoaniline. The temporal evolution of aniline formation was
different from that of 4-iodoaniline. The yield of aniline
dropped strongly within the first 4 h of reaction from 8%
(1 h) to around 2%. With longer operation time the decrease
in aniline yield over the following 16 h was relatively low
compared to that which was observed in the first hours of
the flow process. The results show that the Ru-Sn/Al2O3 cat-
alyst was strongly deactivated already within a period of 16 h.
Next, it was investigated whether an increase of the contact
time could compensate the deactivation. A reduction of the
flow rate to 0.2 mL/min in the process gave only a slightly
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 Y(AN)
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Y

dna
X

time / h

15 h

Fig. 4 Plot of 1-iodo-4-nitrobenzene (I-NB) conversion, and yields of 4-
iodoaniline (I-AN) and aniline (AN) versus time for Ru-Fe/Al2O3 catalyst
in continuous flow process (1 g Ru-Me/Al2O3 catalyst, 80 °C, 50 bar, Fgas
= 3.6 mL·min− 1, FL = 0.5 mL·min− 1, 0.05 M 1-iodo-4-nitrobenzene in
THF/H2O (95v/5v), 15 h: the catalyst was stored in the reactor for 15 h in
THF at room temperature)
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higher substrate conversion and 4-iodoaniline yield (see re-
sults between 22 and 26 h).

An increase of the reaction temperature from 100 to
110 °C leads to a significant higher conversion of the 1-
iodo-4-nitrobenzene as well as higher 4-iodoaniline yield.
When performing the hydrogenation at 110 °C, the 1-
iodo-4-nitrobenzene conversion raised briefly to 95 %
and the yield of 4-iodoaniline increased to about 80 %.
However, with increased time of process, both values
dropped again continuously but in a less extent as ob-
served within the first 16 h. Otherwise, due to the increase
of the temperature to 110 °C it was around 4 times more
aniline produced compared to that reaction at 100 °C.
Nitrobenzene was not detected in the continuous flow
operation. The strong increase of the aniline yield shows
that the hydro-dehalogenation reaction is more affected by
temperature as the nitro group reduction. This observation
was already reported for Co based catalyst [38, 39].
Products formed by hydrogenation of the aromatic ring,
observed previously at hydrogenation of nitrobenzene
using a Ru/CNT catalyst [42], were also not detected.
After a period of 46 h the process parameters were adjust-
ed to that applied at the beginning of the experiment
(100 °C, 0.25 mL/min). The conversion of 1-iodo-4- ni-
trobenzene and the yield of 4-iodoaniline at that point
were approximately 40 % lower compared with the fresh
catalyst.

Within the whole experiment a steady state with a con-
stant catalytic performance was not observed. A plot
exhibiting product selectivity versus operation time (see
Fig. S7) shows that 4-iodoaniline selectivity was

relatively stable between 80 and 90 % over the whole
experiment including that time were aniline yield in-
creased by 400 %. Deactivation of the catalyst could be
caused by Ru metal leaching from catalyst surface into the
solution or by blocking the catalytically active surface
sites responsible for the reduction of the nitro group. To
find out whether Ru was leached from the catalyst, the
collected reaction mixture was treated in a rotary evapo-
rator. The residue from this process was heated in Ar flow
at 500 °C (3 h) to reduce its mass. After heating, the Ru
weight found in the black residual was 0.002 wt% which
corresponds to a Ru leaching of 0.7 %. This is in agree-
ment with the ICP results of the spent catalyst which
showed a Ru and Sn loss of 3.7 and 10.8 %, respectively.
Because of these relatively low leaching values of active
metal, it seems to be not the main reason for the observed
catalyst deactivation. Nerveless, it might be due to the
strong adsorption of high molecular weight side products
and/or the halogenation of active Sn surface sites with
iodine. The iodine content of the spent catalyst was found
to be 2 wt%. An insufficient robustness of the alumina
spheres can be excluded as reason for the observed
deactivation.

In summary, Ru-Me/Al2O3 catalysts composed of small
Ru nanoparticles deposited on the external surface of
preformed alumina spheres are suitable for application in con-
tinuous flow operation using small packed-bed reactor. The
addition of a metal promotor to the Ru nanoparticles affects
both the reducibility of the formed Ru nanoparticles as well as
the performance of the catalyst in the hydrogenation reaction
depending on the added promotor.

The catalysts tested in batch operation under the same
conditions the highest yield of target product 4-
iodoaniline (83 %) was achieved with Fe as promotor.
The Ru-Fe/Al2O3 catalyst also showed the lowest yield
of the undesired side product aniline (2 %). The TPR re-
sults hint that interaction between Ru and the added
promotor was the strongest for this catalyst.

Comparing the Ru-Me/Al2O3 catalysts in the flow process
the highest initial yield of the target product 4-iodoaniline was
obtained with the Ru-Sn/Al2O3 catalyst (84%). Yield of ani-
line was relatively low (< 2 %). With this catalyst 4-
iodoaniline yield can be further increased to 89% if the reac-
tion conditions were optimized. However, the Ru based cata-
lyst showed a deactivation with time leading to a steady de-
crease in 1-iodo-4-nitrobenzene conversion as well as 4-
iodoaniline yield. The decrease of both can be compensated
only short by increasing the reaction temperature.
Deactivation of this catalyst might be caused by reaction be-
tween iodine and the Sn promotor leading to formation of
SnI2. Ongoing research deals with process optimization and
the developing of a more stable Ru-Sn/Al2O3 and Ru-Fe/
Al2O3 catalysts.

0 10 20 30 40 50
30

40

50

60

70

80

90

100

%/
Y

dna
X

0

2

4

6

8

10

12

14
100°C

Y(AN)

Y(I-AN)

Y(
an

ilin
e)

 / 
%

operation time / h

X(I-NB)

0.2 mL/min 0.25 mL/min
100°C

0.25 mL/min
110°C

Fig. 5 Plot of 1-iodo-4-nitrobenzene conversion (I-NB) and yield of 4-
iodoaniline (I-AN) and aniline (AN) versus operation time using Ru-Sn/
Al2O3 catalysts in continuous flow process, variable parameters: liquid
phase flow rate (column 1) and reaction temperature (column 2); constant
parameters: 0.58 g Ru-Sn/Al2O3 catalyst, 50 bar, FH2 = 3.6 mL/min,
0.1 M 1-iodo-4-nitrobenzene in THF/H2O (95v/5v)

339J Flow Chem (2021) 11:333–344



Experimental section

Materials and material synthesis

Materials

1-iodo-4-nitrobenzene (98%), diethylene glycol dibutyl ether
(> 99%), nitrobenzene (> 99%), and aniline (99.5%) were
purchased from Sigma-Aldrich. 4-iodoaniline (> 99%) was
supplied by TCI. Tetrahydrofuran (THF, 99%+, stabilized
with butylated hydroxytoluene) was obtained from Acros
Organics. Hydrogen was supplied by Air Liquide with a pu-
rity of 99.999 %. Alumina spheres 1.0/160 (Product code:
610,110, Vp: 0.45 cm3/g) were obtained from Sasol
Germany. RuCl3·xH2O (39wt% Ru, Alfa Aesar), Zn(NO3)2·
6H2O (99 %, Sigma-Aldrich), Co(NO3)2·6H2O (98,8 %
Sigma-Aldrich), Cu(NO3)2·3H2O (98 %, Sigma-Aldrich),
SnCl2·2H2O (98%, Sigma-Aldrich), Fe(NO3)3·9H2O (99%,
Merck) were used as received.

Preparation of Ru/Al2O3 catalyst

The catalyst was prepared via incipient wetness impreg-
nation by using a self-constructed spray device (see Fig.
S1 and S2, Supplementary Information). First, the com-
mercially available alumina spheres were cleaned several
times with pure ethanol (EtOH), dried at 140 °C in air and
stored in the vacuum desiccator. 8.50 mL of a fresh pre-
pared aqueous solution of RuCl3·xH2O (243.6 mg =
94.8 mg Ru) was sprayed with a rate of 0.5 mL min− 1

on 18.9 g alumina spheres rotating in a 500 mL round
bottom flask. The nominal Ru loading was 0.5 wt%.
The uniformly impregnated alumina spheres were dried
in air for 18 h at 60 °C and then heated under a flow of
5 % H2/Ar (100 mL·min− 1) using the following heating-
program: 25–120 °C/15 min, 120 °C/2 h; 120–500 °C/3 h,
500 °C/6 h. The prepared solid catalyst was left to cool
down to room temperature under H2/Argon flow. Fig. S2
shows a picture of the prepared catalyst.

Preparation of bimetallic Ru-Me/Al2O3 catalysts

For addition of the second metal precursor the freshly synthe-
sized Ru/Al2O3 catalyst was loaded in a rotating 250 mL
round bottom flask. Afterwards, a certain amount of the fresh
prepared aqueous metal salt solution (see Table 3) was
sprayed on the Ru/Al2O3 catalyst spheres to obtain a nominal
molar Ru to promotor ratio of 1:1. The thermal treatment of
the material after deposition of the second metal was the same
as applied for preparing the monometallic Ru/Al2O3 catalyst.

Characterization

X-ray diffraction (XRD) powder patterns were recorded on a
Panalytical X’Pert diffractometer equipped with a Xcelerator
detector using automatic divergence slits and Cu Kα1 radia-
tion (40 kV, 40 mA; λ = 0.15406 nm). For this purpose, the
spheres were crushed into a fine powder before measurement.
The obtained intensities were converted from automatic to
fixed divergence slits (0.25°) for further analysis. Phase iden-
tification was done using the PDF-2 database of the
International Center of Diffraction Data (ICDD).

Scanning transmission electron microscopy (STEM) mea-
surements were performed at 200 kV with a probe aberration-
corrected JEM-ARM200F (microscope: JEOL, Japan; correc-
tor: CEOS, Germany) using a high angle annular dark field
(HAADF) detector. The powdered sample was deposed on a
holey carbon supported Cu-grid (mesh 300) without any pre-
treatment and transferred to the microscope.

Scanning electron microscopy (SEM) analysis was per-
formed by a field emission scanning electron microscope
(FE-SEM, MERLIN® VP Compac t , Co . Ze i s s ,
Oberkochen) equipped with an energy dispersive X-ray
(EDX) detector (XFlash 6/30, Co. Bruker, Berlin).
Representative areas of the samples were analyzed by
QUANTAX ESPRIT Microanalysis software (version 2.0).

The Ru loading and the amount of the promotor (Zn, Co,
Cu, Sn, and Fe) was determined by inductive coupled plasma-
optical emission spectrometry (ICP-OES). The catalysts were
chemically digested in aqua regia using a microwave
(Multiwave PRO, Anton Paar). The obtained solution was
measured in a Varian 715-ES ICP emission spectrometer.

An ASAP 2010 (Micromeritics) porosimeter was used to
determine specific surface area (SSA) and pore volume of the
spherical catalysts. The isotherms were recorded using liquid
nitrogen as adsorbate at a temperature of -196 °C. The
Brunauer-Emmett-Teller (BET) method was used to calculate
the specific surface areas. The pore size distribution was ob-
tained from the desorption branch of the sorption isotherm
using Barrett-Joyner-Halenda (BJH) method.

H2-Temperature Programmed Reduction (TPR) experi-
ments were done using a Micromeritics Autochem II 2920
instrument. About 300 mg sample was loaded in U shaped
quartz reactor and heated from RT to 200 °C with 20 K/min in
Ar for 30min, then cooled down to RT under Ar flow (50 mL·
min− 1). TPR1 run (1st step) was carried out from RT to
500 °C in a 5% H2/Ar flow (20 mL·min− 1) with a heating
rate of 10 K/min. Before running TPR2 (2nd step) the sample
was heated from RT to 400 °C (60 min hold time) under the
flow of 5% O2/He (50 mL·min− 1). The sample was cooled
down and TPR2was done. The sample was heated fromRT to
500 °C in a 5%H2/Ar flow (20 mL·min− 1) with a heating rate
of 10 K/min. The hydrogen consumption peaks were recorded
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with temperature using a TCD detector. The amount of hydro-
gen consumed was calculated based on the peak areas.

Batch experiments

The performance of the catalysts was first evaluated in batch
experiments by using a stainless-steel reactor (Parr
Instruments, 0.045 L) equipped with a glass insert, magnetic
stirrer (0.5 × 0.3 cm) and a sample-taking valve with dip tube.
The reactor was filled with 10 mL of a THF/H2O (95v/5v)
solution containing 1-iodo-4-nitrobenzene (2.0 mmol;
0.508 g, 0.2 M) and diethylene glycol dibutyl ether (0.222 g;
1.0 mmol; internal standard). The catalyst mass was 100 mg
(nominal Ru metal/substrate ratio = 0.25 mol%). Before
heating to 110 °C, the reactor was purged four times with
H2 (5 bar) and pressurized with H2 to 20 bar. The reaction
progress was followed by sampling the reaction mixture every
0.5 h. The taken samples were diluted with THF (1:2) and
analyzed by Agilent 6890 N gas chromatograph equipped

with flame ionization detector (FID) and DB-5 capillary col-
umn (length: 30 m, ID: 0.25 mm, film 0.25 μm).

Continuous flow experiments

Hydrogenation of 1-iodo-4-nitrobenzene in the continuous
flow operation was performed by using a modular Ehrfeld
microreaction system equipped with a cartridge reactor 240
(length = 63 mm, internal∅ = 10 mm, V = 5 mL). The exper-
imental set-up is shown in Fig. 6. The catalyst freshly activat-
ed in an external tube furnace (2 h, 350 °C in H2/Ar – 5 vol%/
95 vol%) was loaded inside the cartridge (1.00 g, Vbed= 1.34
mL, bed length = 1.70 cm) together with glass wool (0.45 g)
and glass beads (3.4 g, d = 0.75 mm). The 1-iodo-4-
nitrobenzene containing THF/H2O solution (95v/5v) was
pumped by a Knauer K-501 HPLC pump. Hydrogen flow
was regulated with a mass flow controller (Bronkhorst). The
hydrogen gas flow rate was 3.6 mL/min. Gas and liquid phase
were mixed in a slit-plate micro mixer (model LH2) before

Table 3 Metal precursors and the
solution volumes used for the
synthesis of bimetallic catalysts

0.5 wt% Ru/Al2O3 metal precursor solution volume name

g mg/mL mL

3.0 Zn(NO3)2 · 6 H2O 109.6 1.4 Ru-Zn/Al2O3

2.0 Co(NO3)2 · 6 H2O 55.9 0.9 Ru-Co/Al2O3

2.5 Cu(NO3)2 · 3 H2O 42.4 1.1 Ru-Cu/Al2O3

2.5 SnCl2 · 2 H2O 21.2* 1.1 Ru-Sn/Al2O3

3.0 Fe(NO3)3 · 9 H2O 11.2 1.4 Ru-Fe/Al2O3

*in 0.1 M HCl

HPLC pump

Cartridge
reactor

Feed Purge 
solution

PI

Micro 
mixer

TIC

H2

Vent

N2

PI

FIC

TI

PI
Back pressure 

regulator

TI

Sample 
outlet

Collecting
vessel

Gas outlet

Fig. 6 Flowsheet for the set-up
used to study the continuous pro-
cess of reductive hydrogenation
of 1-iodo-4-nitrobenzene with
molecular hydrogen over Ru-Me/
Al2O3 catalysts
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feeding the reaction mixture into the cartridge reactor. The
temperature of the reaction mixture was measured inside the
cartridge reactor directly before the gas liquid mixture enters
the cartridge. The pressure was monitored by pressure sensor
which was placed in front of the slit-plate mixer. The system
pressure was adjusted by using a backpressure valve
(Equilibar EB1). At the beginning of the flow experiment,
the microreaction system was rinsed with 1 mL·min− 1 THF
at room temperature. The system was adjusted to the corre-
sponding reaction parameters (T, P, flow rates of H2 and liquid
phase) using THF as solvent within 0.5 h. Then, THF was
replaced by a THF/H2O (95v/5v) solvent containing the sub-
strate 1-iodo-4-nitrobenzene (0.05 M) and diethylene glycol
dibutyl ether (0.025M, internal standard). Samples were taken
every 0.5 h and diluted with THF (1:5) for GC analysis as
mentioned before.

The conversion (X) of 1-iodo-4-nitrobenzene (I-NB) and
the yield of the target product 4-iodoaniline (I-AN) as well as
of the side products aniline (AN) and nitrobenzene (NB) were
calculated as

arrayXI�NB %½ � ¼ c I�NBð Þin � c I�NBð Þout
� �

=c I�NBð Þin � 100

Yi %½ � ¼ �c ið Þout=c I�NBð Þin � 100

i ¼ I� AN;AN;NB

in which c(I−NB)in and c(I−NB)out are the inlet and outlet con-
centration of the substrate 1-iodo-4-nitrobenzene and c(i)out is
the outlet concentration of product i in flow operation. For
batch operation c(I−NB)out and c(i)out have to be replaced in
the above formula by c(I−NB)t and c(i)t (t: operation time).

The long-term experiment was performed using 0.58 g Ru-
Sn/Al2O3 catalyst. The catalyst (bed volume = 0.63 mL) was
placed between two layers of glass wool directly on the bot-
tom of the cartridge. Above the catalyst was a bed of glass
spheres (diameter: 0.75–1 mm) which was also covered with a
layer of glass wool. A THF/H2O (95v/5v) solvent containing
the substrate 1-iodo-4-nitrobenzene (0.1 M) and diethylene
glycol dibutyl ether (0.05 M, internal standard) was continu-
ously pumped through the catalyst bed. The liquid phase flow
rate was adjusted to 0.20 or 0.25 mL·min− 1. Total pressure
(50 bar) and hydrogen gas flow rate (3.6 mL·min− 1) were
constant and not changed during the experiment. The start-
up procedure was the same as described for the investigation
of the different Ru-Me/Al2O3 catalysts. The solution leaving
the reactor was collected in a 1 L stainless-steel container.
Small samples were taken at different times intervals and an-
alyzed by GC as described before.
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