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ts of the bimetallic Ni–Fe systems
and their application in the reductive amination of
polyether polyols

Ruiying He, † Zhongpeng Zhu,†* Weiping Zheng, Dandan Jia, Zhaolin Fu,
Mingqing Wu, Jie Zhao,* Sheng Wang and Zhiping Tao

We report the synthesis of xNi–yFe/g-Al2O3 catalysts which were applied to the reductive amination of

polypropylene glycol (PPG) for the preparation of polyether amine (PEA). The catalysts were

characterized by N2-sorption, X-ray diffraction, H2-temperature programmed reduction, energy-

dispersive X-ray spectroscopy, and X-ray photoelectron spectroscopy to reveal the synergistic effect of

the bimetallic Ni–Fe-loaded catalysts. It was found that in the reductive amination of PPG to PEA, the

conversion and product selectivity of the reaction were closely related to the types of active centers of

the catalyst. In particular, the surface Ni0 content increased by adding Fe as a promoter, with

a maximum Ni0 content on the 15Ni–7.5Fe/Al2O3 catalyst, which also led to the highest conversion rate

(>99%). In addition, no deactivation was observed after three cycles of reaction carried out by the catalyst.
Introduction

Polyether amines (PEA), as an important functional material,
especially in the form of primary amines, have a wide range of
industrial applications in the elds of petrochemicals, medical
drugs, and daily chemicals.1 To date, reductive amination is the
best way to obtain polyether amines among all main synthesis
methods,2–4 where the reductive amination of polypropylene
glycol (PPG) to polyether amine (PEA) over supported metal
catalysts involves dehydrogenation, condensation, and hydro-
genation steps.5 Catalysts with dehydrogenation and hydroge-
nation capabilities are required in the reductive amination
process. Currently, transition metals such as Ni, Co, and Pd are
mainly used as important active components of the catalysts.6–8

Considering the cost of catalyst fabrication as well as the
operational stability, we prefer to choose nickel-based catalysts
for modication.

Various optimization studies involving the addition of
promoters to the Ni-based catalysts have been carried out,
revealing that alloys formed by bimetallic catalysts can improve
catalytic activity. Adriano H. Braga et al.9 loaded a Ni–Co
bimetallic catalyst on a MgAl2O4 carrier for ethanol steam
reforming. They discovered that the Ni–Co alloy in the catalyst
prevented carbon accumulation on the catalyst surface and
improved its stability. Jitendra Kumar Prabhakar et al.10 utilized
Ni–Al2O3 and Ni–Fe/Al2O3 in CO2 methanation, showing that
the catalytic activity of Ni–Fe/Al2O3, which contains a Ni–Fe
cessing Co., LTD., Beijing 100083, P. R.
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alloy, was signicantly superior to that of Ni–Al2O3 according to
kinetic studies. Xia Xu11 applied Ni–Fe/Al2O3 to the oxidative
dehydrogenation of ethane, nding that the catalytic activity of
this catalyst was higher at lower reduction temperatures, facil-
itating ethane dehydrogenation. These examples demonstrate
the widespread use of catalysts with alloys in dehydrogenation/
hydrogenation reactions, offering both good catalytic effects
and economic benets.

In this work, we investigated the synergistic effect of Ni–Fe
bimetallic-loaded catalysts on the reductive amination of PPG
(molecular mass = 1000 g mol−1). For this purpose, the
synthesized xNi–yFe/g-Al2O3 catalyst was characterized using N2

adsorption, X-ray diffraction (XRD), H2-programmed
temperature-raising reduction (H2-TPR), X-ray photoelectron
spectroscopy (XPS), and applied in reductive amination
reaction.
Experimental
Catalyst preparation

A series of xNi–yFe/Al2O3 (x = 15, 10, 2.5; y = 2.5, 5, 7.5, 10, 15)
samples were prepared by the incipient wetness impregnation
method. These catalysts using a precursor solution of nickel
(Ni(NO3)2$6H2O) and iron (Fe(NO3)3$9H2O) and a commercial
g-Al2O3 support. The impregnated catalysts were dried at 110 °C
overnight and then calcined at 500 °C for 3 h under a constant
ow of air. In the series of Ni–Fe/g-Al2O3 catalysts, the Ni
loading was xed at 15 wt%, 10 wt% and 2.5 wt% (Ni/Al2O3). The
nal catalysts will thus be referred to as xNi–yFe/Al2O3 catalysts,
where x denotes the quality ratio of Fe/Ni, and the mono-
metallic Ni loaded on g-Al2O3 will be referred to as Ni/Al2O3.
RSC Adv., 2024, 14, 11885–11890 | 11885
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Characterization

X-ray photoelectron spectroscopy (XPS) was carried out using
a Thermo Fisher ESCALAB Xi+ instrument with a mono-
chromatic Al Ka X-ray source with a spot size of 500 mm. Survey
and composition scans were conducted using a pass energy of
100 and 30 eV, respectively, using low-energy electron ooding
for charge neutralization. The binding energy scales were cali-
brated with C 1s (284.8 eV). N2-sorption isotherms were ob-
tained on a Micromeritics ASAP 2420. Before measurement of
the N2-sorption isotherms, the samples were degassed at 300 °C
for 6 h under vacuum. The XRD patterns of all samples were
recorded on an Empyrean X-ray Diffraction System using Cu Ka
radiation operating at 40 kV and 40 mA with a scan rate of
5° min−1. In addition, samples reduced at 500 °C for 3 h under
a stream of H2 (60 mL min−1), were characterized by XRD. The
H2-TPR experiments were carried out using a Micromeritics
AutoChem II 2920 instrument to determine the reducibility of
the xNi–yFe/Al2O3 catalysts. Before carrying out the measure-
ments, the sample (0.1 g) was pretreated under owing Ar at
300 °C for 30 min to remove any adsorbed water and other
contaminants. Aer cooling the sample to 50 °C under a ow of
Ar, it was exposed to 10% H2/Ar mixture gas, and heated to
1000 °C at a rate of 10 °C min−1. Record the hydrogen
consumption during the heating process, and plot the hydrogen
consumption against the temperature to obtain the H2-TPR
spectrum.
Fig. 1 (a) N2 adsorption–desorption isotherms, and (b) pore size
distributions of the xNi–yFe/Al2O3 catalysts.

Table 1 Textural properties of g-Al2O3 and xNi–yFe/Al2O3 catalysts

2 −1 3 −1
Catalytic activity tests

A catalyst sample was reduced at 500 °C in the H2/N2 mixture
stream for 3 h before the activity test of the experiment on the
amination reaction of poly(propylene glycol) monobutyl ether
(PME) (25 mL) and reduced catalyst (2 g) was added to a stain-
less steel autoclave reactor. The reactor was sealed, replaced
three times with nitrogen, and then three times with hydrogen
to remove the air. Subsequently, an amount of ammonia was
charged and weighed. Before the reaction, 1 MPa hydrogen was
charged and heated to 220 °C for 4 h. At the end of the reaction,
the water and free amine are removed from the product by
spinning.

The conversion of PEA and the selectivity of primary amine
were dened as follows:

Conversion ð%Þ ¼ total amine value

hydroxyl value ðOHÞ

Component selectivity ð%Þ ¼ primary amine value

total amine value
Sample SBET (m g ) Vtotal (cm g ) Dpore (nm)

g-Al2O3 support 278.61 0.46 6.58
15Ni 181.35 0.38 8.34
15Ni–2.5Fe 167.16 0.37 8.89
15Ni–5.0Fe 175.48 0.37 8.36
15Ni–7.5Fe 167.46 0.37 8.84
10Ni–10.0Fe 160.42 0.35 8.64
2.5Ni–15Fe 166.32 0.38 9.09
Results and discussion

Fig. 1a shows the N2 adsorption isotherms of g-Al2O3 and
nickel-based catalysts. According to the nomenclature of
IUPAC, the isotherm of g-Al2O3 exhibits iv-type isotherm and
H2-type hysteresis loops. The pore size distributions of g-Al2O3
11886 | RSC Adv., 2024, 14, 11885–11890
and nickel-based catalysts are shown in Fig. 1b. The pore sizes
of the nickel-based catalysts are larger than that of g-Al2O3.

The specic surface area, pore volume, and average pore size
of the xNi–yFe/Al2O3 catalyst are shown in Table 1. For the
support g-Al2O3, the BET-specic surface area is 278.61 m2 g−1,
the pore volume is 0.46 cm3 g−1, and the average pore size is
6.58 nm. Aer the carrier is loaded with Ni metal, the surface
area of the catalyst is reduced to 181.35 m2 g−1, the pore volume
of 15% Ni/Al2O3 decreases to 0.38 cm3 g−1 and the average pore
size increases to 8.34 nm. This may be because the micropores
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 H2-TPR profiles of the xNi–yFe/Al2O3 catalysts.
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inside the carrier are clogged with the formed NiO crystals.5

When the second metal Fe is added, the specic surface area of
the catalyst is further decreased, which was 167.16 m2 g−1. The
catalysts with different loadings of Ni–Fe maintained average
pore volumes are around 0.37 cm3 g−1, and pore sizes are
around 8.84 nm. Aer loading the bimetallic Ni–Fe, the pore
structure of the catalyst does not change signicantly,
compared to g-Al2O3.

The XRD patterns of the xNi–yFe/Al2O3 catalysts are dis-
played in Fig. 2. It can be seen that the peak (2q = 44.4°) of the
15Ni/Al2O3 catalyst loaded with monometallic Ni is sharper
compared with that of the catalysts loaded with bimetallic Ni–
Fe, indicating that the addition of the second metal Fe can
improve the dispersion of the metal on the carrier.11,12 The
diffraction peaks at 2q = 37.6° and 66.7° correspond to those of
g-Al2O3 (JCPDS no. 29-0063). The diffraction peaks of Ni appear
at 2q = 44.4° and 51.8°. The diffraction peak at 2q = 51.8° of Ni
does not appear for the 2.5Ni–15Fe/Al2O3 catalyst due to the low
Ni content. The diffraction peaks of Ni–Fe alloy have been re-
ported to be at 44.3° and 51.5° (JCPDS no. 03-1175). For the
remaining xNi–yFe/Al2O3 catalysts, the diffraction peaks due to
Ni–Fe alloy can be found at 2q = 51.5°, indicating that all four
Ni–Fe loaded catalysts are formed Ni–Fe alloys. Nonetheless,
2.5Ni–15Fe/Al2O3 does not show alloy diffraction peaks at
this position. Only the 15Ni–7.5Fe/Al2O3 catalyst shows
a distinct diffraction peak of Ni–Fe alloy at 2q = 44.3°. This
indicates that the Ni–Fe alloy for 15Ni–7.5Fe/Al2O3 is more
well-crystallized compared to the rest of the Ni–Fe bimetallic
catalysts. No diffraction peaks of NiO are found in the XRD
pattern, indicating that all the above catalysts are completely
reduced.

The H2-TPR curves of the xNi–yFe/Al2O3 catalysts aer
calcination at 500 °C for 3 h in air was shown by Fig. 3. The TPR
curve for the 15Ni/Al2O3 catalyst reveals four reduction peaks at
312.5 °C, 533.1 °C, 634.7 °C, and 731.4 °C. Among them, the
Fig. 2 XRD patterns of the xNi–yFe/Al2O3 catalysts.

© 2024 The Author(s). Published by the Royal Society of Chemistry
reduction peak at 312 °C corresponds to the reduction of NiO
with larger grain size or the weak interaction of NiO-support.
The reduction peaks at 552 °C and 634.7 °C, indicate the
reduction of medium–strength interactions betweenmetallic Ni
and Al2O3 carriers, which are mainly related to the non-
stoichiometric reduction of NiO and amorphous nickel alumi-
nate spinel. The peak at 731.4 °C, is mainly caused by the
reduction of NiAl2O4, which indicates a strong interaction
between NiAl2O4 and Al2O3. By the peak area calculation in
Table 2, it can be found that the catalyst consists mainly of the
reduction of NiO with moderately strong interaction with the
carrier.13,14

Aer the addition of the second metal Fe, by analyzing the
TPR data of the Ni–Fe/Al2O3 catalysts, it can be found that they
all show reduction peaks at 200–440 °C, 440–600 °C and 550–
750 °C. By comparing with the above results, it is found that the
reduction peaks at 200–440 °C represent the reduction of a-
Fe2O3 to Fe3O4 and the reduction of NiO which has a weak
interaction with the carrier. The reduction peaks at 400–600 °C
represent the reduction of Fe3O4 to FeO and the reduction of
NiO (which interacts strongly with the carrier) to Ni. The peaks
at 600–900 °C correspond to the reduction of NiAl2O4 spinel and
the reduction of iron oxide.15,16
RSC Adv., 2024, 14, 11885–11890 | 11887
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Table 2 Quantitative analysis of the percentage of reduction observed in the catalysts

Sample

H2-TPR peak position (°C) metal-support interaction and quantitative area (%)

I II Weak Medium Strong

15Ni — — 312.5 (3.1) 533.1 (35.6), 634.7 (35.7) 731.4 (25.6)
15Ni–2.5Fe — — 352.4 (29.5) 506.0 (48.1) 664.9 (22.4)
15Ni–5.0Fe 212.8 (1.7) 482.12 (25.9) 360.7 (41.1) 589.9 (19.3) 719.1 (11.9)
15Ni–7.5Fe 207.8 (6.3) 455.5 (24.4) 340.5 (46.0) 570.2 (13.4) 705.0 (9.9)
10Ni–10Fe 221.74 (7.9) 463.7 (32.8) 345.8 (40.1) 591.2 (9.9) 723.4 (9.3)
2.5Ni–15Fe — 463.35 (49.2) 304.3 (29.1) 678.98 (13.5) 859.8 (8.3)
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Since unreduced NiO cannot participate in the reductive
amination reaction, the position and area of the reduction
peaks are closely related to the catalyst reduction performance.5

When the Fe content is added to 5%, the reduction peak area of
the catalyst gradually increases to 41.4%, and the reduction
temperature increases to 360.7 °C. Interestingly, the 15Ni–
7.5Fe/Al2O3 exhibits the largest reduction peak area (46%) and
lower reduction temperature (340.5 °C) compared to other Ni–
Fe catalysts. However, further addition of Fe metal results in
a decrease in the area of the reduction peak. For instance, the
2.5Ni–15Fe/Al2O3 catalyst shows that an excessive amount of Fe
metal is counterproductive. Therefore, it can be hypothesized
that a moderate Ni–Fe ratio promotes the reduction of Ni–Fe
bimetal-carrier interaction. Additionally, the XRD result
suggests that the presence of Ni–Fe alloy makes catalysts more
susceptible to reduction.

Fig. 4 shows the Ni 2p and Fe 2p XPS spectra of the xNi–yFe/
Al2O3 catalysts. In Fig. 4a, the characteristic peaks of xNi–yFe/
Al2O3 near 855.7 and 873.1 eV are corresponded to Ni 2p3/2 and
Ni 2p1/2, respectively. For all the catalysts, the Ni

0 peaks and Ni2+

(NiO) peaks are detected around 852.5 eV and 855.8 eV.
Compared to the other catalysts, the Ni0 and Ni2+ peaks of the
15Ni–7.5Fe/Al2O3 catalyst shi right. This result shows that the
interaction between the metal Ni–Fe and the carrier is weak-
ened,17 which corresponds to the H2-TPR results mentioned
above. Based on the tted corresponding peak area ratios, the
relative contents of different valence states of Ni and are
calculated and the results are shown in Table 3. It can be seen
that the 15Ni–7.5Fe/Al2O3 catalyst has the highest Ni0 content,
which is an important active substance in the reaction of
dehydrogenation and hydrogenation of polyether alcohols to
generate polyether amines.18

For the Fe 2p spectra of the xNi–yFe/Al2O3 catalysts, the main
peak corresponding to Fe 2p3/2 can be observed around 710 eV.
Among them, the Fe 2p3/2 spectrum can be counter-rotated into
three characteristic peaks located at 707.0, 709.6, and 711.8 eV
corresponding to Fe0, Fe2+, and Fe3+, respectively.5 The tted
peak areas are scaled and the results, are shown in Table 4. The
result reveals that the 15Ni–7.5Fe/Al2O3 catalyst has the least
Fe0. This may be due to the presence of a Ni–Fe alloy, where
electron transfer between Ni and Fe occurs, resulting in the
conversion of Ni2+ to Ni0. This interaction results in the
conversion of some of the electrons from Fe0 to Fe2+ or Fe3+,
leading to a decrease in Fe0 content.19 Combined with the XRD
results, we can corroborate that the 15Ni–7.5Fe/Al2O3 catalyst
11888 | RSC Adv., 2024, 14, 11885–11890
possessing a distinct Ni–Fe alloy has the most catalytically
active components.

Fig. 5 shows the TEM-EDS images of 15Ni–7.5Fe/Al2O3

catalysts. Upon analyzing the element distribution of the cata-
lyst, it is observed that the positions of the Ni and Fe metal
particles overlap. This result indicates the presence of Ni–Fe
alloy on the catalyst surface. There is a slight agglomeration of
these metals, likely due to the interaction between the Ni–Fe
alloys.17,20

The conversion ratios of PME and the selectivity of primary
amine (PEA) when catalyzed by 15Ni/Al2O3 and xNi–yFe/Al2O3

samples was shown by Fig. 6. In the catalytic amination reaction
of PME, primary amines are the main products, while secondary
and tertiary are the by-products.5,6 Fig. 6 shows that adding an
appropriate amount of Fe to the nickel-based catalyst enhances
PME conversion, but excessive Fe has a counterproductive
effect. For the selectivity of PEA, all the catalysts mentioned
performed well, maintaining over 90% selectivity. Increasing
the Fe content from 0 wt% (15Ni/Al2O3) to 2.5 wt% (15Ni–2.5Fe/
Al2O3) enhances the conversion of PPG from 77% to 94%.
Among them, the 15Ni–7.5Fe/Al2O3 exhibited the optimal
catalytic performance with the highest conversion of PME at
99%. On the other hand, using the 2.5Ni–15Fe/Al2O3 in this
reaction results in the conversion of PME being the lowest at
16%. This suggests that Fe metal is not the main active center
and may inhibit the dehydrogenation and hydrogenation of the
reactants.5 Interestingly, while the conversion of PME increases,
the selectivity of PEA shows a slightly negative correlation. In
the case of the 15Ni–7.5Fe/Al2O3 sample, it has the highest
conversion of PPG, and the selectivity of primary amine is 91%.
This difference may be due to the Ni–Fe alloy increasing the
number of adsorption sites and fractional coverage, leading to
side effects.10,21 Several reports have highlighted the crucial role
of Ni0 in promoting dehydrogenation and hydrogenation reac-
tions. Supporting this, the XPS results reveal a close relation-
ship between the conversion rate and the Ni0 content, with
15Ni–7.5Fe/Al2O3 having the highest Ni0 content and the high-
est conversion rate. Compared with the catalyst used in the
polyether alcohol amination reaction,6,8,22 it can be seen that the
catalyst prepared in this paper has excellent performance and is
not inferior to the catalyst containing precious metal
components.

Fig. 7 shows the stability of 15Ni–7.5Fe/Al2O3 catalyst in
reductive amination. We performed ve cycles of experiments
and the conversion rate of PPG was maintained at 99% in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XPS spectra of (a) Ni 2p, and (b) Fe 2p for the xNi–yFe/Al2O3

catalysts.

Table 3 Binding energies of Ni 2p3/2 for samples of xNi–yFe/Al2O3

Sample

Binding energy (eV) (atomic
composition, %)

Ni0/Ni2+Ni0 Ni2+

15Ni–2.5Fe 852.95 (21.4%) 856.4 (78.6%) 0.27
15Ni–5.0Fe 852.60 (17.9%) 855.7 (82.1%) 0.22
15Ni–7.5Fe 852.01 (24.8%) 855.46 (75.2%) 0.33
10Ni–10Fe 852.58 (21.1%) 855.58 (78.9%) 0.27

Table 4 Binding energies of Fe 2p3/2 for samples of xNi–yFe/Al2O3

Sample

Binding energy (eV) (atomic composition, %)

Fe0 Fe2+ Fe3+

15Ni–2.5Fe 707.0 (23.4%) 709.6 (30.5%) 711.8 (46.1%)
15Ni–5.0Fe 707.0 (17.0%) 709.6 (34.3%) 711.8 (48.7%)
15Ni–7.5Fe 707.0 (2.3%) 709.6 (33.6%) 711.8 (64.1%)
10Ni–10Fe 707.0 (4.3%) 709.6 (20.0%) 711.8 (75.7%)

Fig. 5 TEM-EDS micrographs for the 15Ni–7.5Fe/Al2O3 catalysts.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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rst three experiments, while the conversion decreased to 82%
in the fourth experiment and 60% in the h experiment. Aer
ve cycles of experiments, the catalyst was removed from the
reactor, cleaned and centrifuged with n-hexane. Then the
cleaned catalyst was re-put into the reaction aer reduction,
nding that the PPG conversion rate recovered to 99%. The
results showed that the decreased activity may be caused by
soluble carbon deposits blocking the catalyst pores and
the catalyst structure did not collapse aer ve cycles. There-
fore, the 15Ni–7.5Fe/Al2O3 catalyst showed good stability in
this study and can be used in various reductive amination
reaction.
RSC Adv., 2024, 14, 11885–11890 | 11889
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Fig. 6 The conversion ratio of PME and selectivity for the amination of
PEA with NH3 at 220 °C on the 15Ni/Al2O3 and xNi–yFe/Al2O3 reduced
in H2 at 500 °C. Other reaction conditions: t = 4 h, PME = 25 g, PME/
NH3 (mol) = 1 : 10, catalyst = 2 g.

Fig. 7 The stability of the 15Ni–7.5Fe/Al2O3 catalyst in the reductive
amination of PME. Reaction conditions: T = 220 °C, t = 4 h, PME =

50 g, PME/NH3 (mol) = 1 : 10, catalyst = 4 g.
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Conclusions

Ni–Fe bimetallic catalysts with different mass ratios loaded on
g-Al2O3 carrier materials were successfully prepared by iso-
volume impregnation method and applied in the reductive
amination of polyether alcohol. From the XRD spectra and
TEM-EDS results, it is known that aer reduction at 500 °C for
3 h, to varying degrees, Ni–Fe alloys were formed and dispersed
on the catalyst surface. The H2-TPR results revealed that Ni–Fe
alloy would affect the reduction temperature of the catalyst and
contribute to an increase in the area of the Ni-related reduction
peaks. In addition, the XPS results indicated that the presence
of Ni–Fe alloy increased the Ni0 content of the catalyst. The
15Ni–7.5Fe/Al2O3 catalyst exhibited the highest activity among
all the catalysts prepared and the percent conversion of PME
has not decreased aer three cycles in the reductive amination.
In conclusion, these results signicantly demonstrated the Ni–
Fe alloy can improve the activity of the catalysts, with having the
highest Ni0 content on the surface of 15Ni–7.5Fe/Al2O3, which
led to the highest conversion rate (>99%).
11890 | RSC Adv., 2024, 14, 11885–11890
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