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Amination of polyethylene glycol to polyetheramine
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Surface nickel (NiQ) species, surface NiAD, compound, and NiO crystallites are present on the NiD& catalysts, and the ratio
of these nickel species is dependent on the nickel loading. Surface nickel interacts with sreuprt to form a surface nickel titanate
compound (NiTiQ) which has a lower reducibility. The weak interaction between the surface nickel and the silica support results in the
formation of NiO crystallites on the Sisurface. The Ni/AJO3 and Ni/TiO, catalysts contain new surface Lewis acid sites and the amount
of surface Lewis acid sites increases with increasing nickel concentration. The Na&i&lysts have no sign of the presence of the surface
Lewis acid sites. Only the Ni/AlO3 catalysts have shown the ammonia adsorption at temperature 8€2@upported nickel on alumina
catalysts possess the highest amination conversion, and the amine yield increases with increasing nickel loadih§%matal starts to
level off. By comparing amination catalysis with quantitatively TPR studies of thedAsumed of the Ni/AlO3 catalysts, it appears that
the dispersed nickel species are the active sites for amination. In addition, the amination product is mainly the secondary amine due to the
presence of water.
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1. Introduction over a mixed metal catalyst containing 60—85 mol% nickel,
14-37 mol% copper and 1-5 mol% chromium. The mod-
Derivatives obtained from polyetherpolyamine have ajified catalysts have improved the reducibility of the active
plications in various chemical industries including curingnetal component and the physical stability of the catalyst
agents for epoxy resins, plasticizers, cross-linking agentgder reaction conditions. A less reducible catalyst has no
for textiles, defoamers, and drug carriers for pharmaceutieBysical stability under the amination process and is not suit-
[1-4]. Raney catalysts have been extensively used in the f@ple for a continuous process. The reduced metal in the
drogenation/dehydrogenation of hydrocarbons [5,6]. In tigckel-copper—chromium catalyst, ranging from 30 to 90%,
area of amination processes, a nickel-based catalyst (inclifia physically stable catalyst for the amination reaction [1].
ing Raney catalyst and nickel in combination with other met- The main object of this study is to develop a novel catalyst
als or metal oxides) has been applied for the amination & the amination of PEG (or PPG) to polyetherpolyamine.
polyethyleneglycol (PEG) and polypropyleneglycol (PPGyUpported metal catalysts will be the preferred catalysts
to form polyoxyalkylene polyamines [1-3]. for the preparation of polyoxyalkylene polyamines, since
Polyoxyalkylenediamines were prepared by reaction #1€¢ supported nickel catalyst has been effectively used in
polyoxyalkylene glycols with ammonia and hydrogen over the amination of cyclohexanol to cyclohexylamine (Ni-5124
Raney catalyst [2]. One of the disadvantages of this procdss¥/16", Harshaw) [7-9]. In 1978, Taustet al's stud-
is the poor yield due to the use of the higher molecul##S [10-12] on the supported metal catalysts have revealed
weight polyoxyalkylene glycols and the unavailability of 4hat the catalytic properties of a metal can be S|gn|f|_cantly
particular way to remove the unreacted glycol from the d&éhanged by the presence of a strong metal-support interac-
sired diamines. The second disadvantage of this procesf98 (SMSI). It appears that supports usually possess a high
that the catalyst could be softened by the presence of wiirface area, high thermal and chemical stability, and high
ter and ammonia under reaction conditions, and thus Calﬁg@chanlcal strength, and are used as inert carriers qf the ac-
the breakdown of the operation due to the blocking of tH¥Y€ component. Consequently, the metal-support interac-
reactor. An effective amination catalyst for preparing polyions Will be used to molecularly design catalysts exhibiting
oxyalkylene polyamines was developed by Jefferson chemgh gctlwty and selectivity for the amln'atlon process. As
ical company in order to obtain good yield [1]. In thisme_ntloned a_bov_e, th_e pontherponamlne derivatives have
modified process, polyoxyalkylene glycols were treated witffrous applications in spemalty chgmmals such as epoxy
ammonia and hydrogen at a temperature of 1502275 resins, polymer surfactants, anti-static agents, and drug car-

and a pressure of 500-5000 psig in a fixed-bed reac (?rs..Thus, thg molecular d§5|gn of a novel amination cat-
alyst is essential for controlling the structures of the poly-

* To whom correspondence should be addressed. etherpolyamine derivatives and their applications, and the

1011-372X/01/1100-0147$19.50/02001 Plenum Publishing Corporation



148 J.-M. Jehng, C.-M. Chen / The applications of supported nickel catalysts on amination reaction

development of this catalytic technology should have a pr&-4. Temperature-programmed reduction (TPR)
nounced effect on the specialty chemical industry and pro-
vide more opportunities in the production of “performance A TPR system (Zeton—Altamira, AMI-100) was used to
chemicals”. study the reducibility of the supported nickel catalysts as a
function of oxide support and nickel loading. A 0.05-0.08 g
) sample was first treated to 500 with a 20°C/min heating
2. Experimental rate under flowing a 10% £He mixture gas, and maintained
at 500°C for 1 h in order to remove the adsorbed moisture
and oxidize the catalysts. The sample was then cooled down
The Ni supported on Ti®(Degussa P-25,-50 n?/g), to room temperature and maintained at room temperature for
Al,03 (calcined AI(OH} at 500°C, ~210 n?/g), and 30 min. Then, the treatment gas was switched to 59e
SiO, (Cab-O-Sil,~300 nt/g) catalysts were prepared bymixture with a 1C/min heating rate to a final temperature
the incipient-wetness impregnation method. Nickel nitridef 800°C. The consumption of Himolecules per weight of
(Alfa, ~98% purity), dissolved in an appropriate amount afatalyst upon reduction experiment was analyzed and meas-
distilled water, was impregnated into the metal oxide supred by AMI-100’s integration package.
port to form a wetted solid mixture. The mixture was ini-
tially dried at room temperature overnight to remove exce2s. Surface acidity studies
water and further dried at 12C€ for 1 h and 300C for
1 h. The sample was finally calcined at 5@for 2 h un- Chemisorption of pyridine and ammonia followed by
der a 30 cri/min flowing rate of air in order to form sup- FTIR studies is usually a useful probe for investigating the
ported nickel catalysts. The supported nickel catalysts weseesence and nature of surface Lewis acid and Brgnsted
prepared with nickel loading from 1 to 60 mol% on BO acid sites on a catalyst surface. According to Knozinger,
Al203, and SiQ oxide supports. The bonding between theéhe vibrational modes of pyridine that are the most af-
surface metal and the oxide support was varied during tfected through such intermolecular interactions are the ring-
preparation step. The final state of surface metal was dgretching modes (originally at 1439 and 1583 dmre-
pendent on metal component, support, preparation methggectively) [15]. Pyridine coordinatively bonded to Lewis
calcined temperature and reduction condition [13,14]. acid sites (PyL) was observed at 1450, 1490, 1580 and
1600 cntl, and the most strong intensity appears at
2.2. BET surface area measurement 1450 cntl. Pyridinium ions (PyH) bonded to Brensted
A high-performance volumetric physisoption apparatuaCid sites are obsc_arved at 1490, 1540, 1620 f_:md 16486.cm
(Micromeritics ASAP 2010) was used to determine the pofébom the adsorption of Nki the peaks of Lewis and Bran-
: T s%ed acid sites are observed at about 1600 and 145%,cm
size distribution and BET surface area of the supporté pectively.

nickel catalysts. A 0.1-0.4 g of sample was first degass{aeciS

. . . . " The IR spectra of the supported nickel catalysts were
with flowing 30 cri¥/min He gas to remove the Imlourlt'esrecorded on a FTIR (Perkin—Elmer Paragon 500) spectrom-

and water on the sample. Then, the nitrogen gas was intrg- = " ) o Th |
duced into the sample quartz tube to perform the adsorpti%ner Wlth.a resolution better than 4 c . The sample was
of nitrogen under the liquid nitrogen temperature and calc [e§sed into a 13 mm self-supported disc and placed into an
late the surface area from the amount on nitrogen molecu|re1sSltu IR_ceII. The cell was heated at 500 under flow-
adsorbed. ing dry air for 1 h to oxidize the catalyst, and then cooled
down to 200°C. Upon evacuating the cell to 1¢ Torr, the

IR spectrum of the sample before adsorption was recorded.
Pyridine was then introduced into the cell at 30 Torr (for

X-ray photoelectron spectroscopy (Physical Electronic8mmonia at 6070 Torr) and contacted with the catalyst for
USA, PHI 1600) was used to obtain a chemical analysis &b min. Physically adsorbed pyridine can be subsequently
the surface from the assignment of the measured binding élesorbed by maintaining the sample in vacuum for 30 min,
ergies and the oxidation state of the surface metal speciegd the IR pyridine adsorption spectrum was recorded again.
The transition of a two-dimensional surface metal mono-
layer to a three-dimensional metal crystalline phase and tA€. Amination studies
dispersion of the surface metal on the support can also be
determined. A known amount of PEG-400 with~30 wt% of am-

For different nickel loadings of Ni/Si§) Ni/TiO, and monia solution was loaded into a 600 tawtoclave (Parr,
Ni/Al .03 catalysts, [Ni/MLurface(M = Si, Ti or Al) ratios model 4563). A 5 g of supported nickel catalyst was also
can be calculated from the ESCA/XPS experiments. The dded into the reactor. It was ensured that all the valves and
tio of [Ni/M] puik (M = Si, Ti or Al) can be obtained from cal- screws on the reactor were closed and tightened. The reactor
culating the bulk nickel concentration of the catalyst. Themyas then pressurized by nitrogen gas-t@ bar and released
the [Ni/M]surfaceVs. [Ni/M] puik plot can be used to analyzeto atmospheric pressure. The last step was repeated for three
the surface dispersion of nickel on the metal oxide supportsnes in order to purge out the air in the reactor. After the

2.1. Materials and preparation

2.3. ESCA/XPS measurement



J.-M. Jehng, C.-M. Chen / The applications of supported nickel catalysts on amination reaction 149

purging steps, hydrogen gas was introduced into the reacadfect the reactivity and reducibility of the supported metal
till the reactor pressure has reache@ bar. Finally, the total catalysts.
pressure of the reactor was increased 82 bar by introduc-
ing nitrogen gas. The amination reaction was performed aB2. ESCA/XPS
temperature between 150 and 28) and samples were col-
lected at 30 min reaction intervals. The collected samples The results of ESCA/XPS measurements are shown in
were analyzed by a titration method to calculate the tothgjure 2. The [Ni/Alkurface ratio of the Ni/ALO3z cata-
amine yield and the order of amine products. lysts was increased with the increasing of nickel loading.
Up to 3% nickel loading, the [Ni/Aluraceratio is linearly

] ) increased with increasing of the [Ni/A|]k ratio. Above
3. Resultsand discussion 3% nickel loading, the [Ni/Alurace ratio slightly devi-
es from the linear relation with further increasing of the
i/Al] pulk ratio. For the Ni/TiQ and Ni/SiQ catalysts, the
I/M] surfaceratio (M = Ti or Si) is linearly increased with

Characterization of the supported metal phase is ess
tial to establish a relationship between metal structure a

performance. The catalytic properties of the catalyst ¢ i/M] nui (M = Ti or Si) ratio only up to~1% nickel load-

be optimized by manipulating its structure and compositiom. due to the formation of larger nickel particles or crys-
Thus, the establishment of a structure—function relationship;. . ge elp ry
lline NiO. It appears that the dispersion of surface nickel

of the supported metal catalysts provides additional kno . . )
. . . . ecies on the AD3 support is higher than on the Ti@nd
edge in the catalyst design. Basically, many techniques c??hz supports. Surface nickel oxide on H@nd SiG sup-

be used for characterizing the supported metal phase s d h ; ‘ ickel oxid d tal
as chemisorption, X-ray diffraction and X-ray photoelectro jor Sfm.a{( cl)rm a lsur %ce nr'? ﬁ oxi Ie C.Omﬁofn ordgrys ar
spectroscopy, electron microscopy, and then study of the c4yf Ot hicke met_a oxide which results in the lower disper-
alytic properties [15—-22]. The objective of the characteriz&'°" of nickel oxide on the surface.

tion method is to shed light onto the physical and chemical .
properties (such as dispersion, surface area, particle size gr’?’d TPR experiments
oxidation state) of the catalysts. Schwetlal. have shown
that the interaction between metal and oxide support of tﬂs
Ni/Al 203, Co/Al,O3, and Ag/AbOg3 catalysts strongly af-
fects the catalytic properties of formic acid dehydrogen
tion [23,24].

During the process of amination reaction, the reducibil-
of the supported metal oxide can be used as an impor-
tant characteristic to evaluate the performance of an effec-
five catalyst. The bonding between surface nickel phase and
supports strongly affects the reducibility of catalysts. From
the results of TPR experiments, the reduction temperatures
of surface nickel oxide on SigXor different nickel loading

BET measurements of the supported nickel catalysts (Jg¥els were between 275 and 320, 359 and 384C, and
figure 1) have shown that the surface area decreases slofi@ and 463C. The reduction temperatures were slightly
with increasing nickel loading and no mixed bulk oxide crygncreased with nickel loading, as shown in figure 3, or no
tals are present, which usually possess very low surface ai@#ange was obtained. Below a 3% nickel loading, the high-
It appears that nickel metal forms a surface layer coverig§t reduction temperature of surface nickel oxide on the TiO
the oxide supports and maintains the available surface ar@@pport was between 450 and 4&5 as shown in figure 4,
The dispersion of the surface nickel phase will be furth@nd the reduction temperatures were shifted to°4D@nd
determined by the ESCA/XPS studies in the following se¢95-500C with increasing nickel loading above 3%, as
tion. The presence of the surface nickel layer will strongighown in figure 4. On the ADs support, the reduction

350
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Figure 1. Surface area of supported nickel oxide catalysts. Figure 2. XPS studies of supported nickel catalysts.
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Figure 4. TPR studies of supported nickel on Fi&s a function of nickel ) . )
loading. Figure 6. TPR studies of nickel reference compounds.
temperature between 565 and 3@Dappears at the nickel tween 390 and 500C. However, the Ni/TiQ catalyst does
loading below~15%. The reduction peaks were graduallypot have a reduction peak at 80D. This suggests that nickel
increased with increasing nickel loading, as shown in fignetal react with TiQ to form a non-stoichiometric NiTiQ
ure 5. As the nickel loading was increased above 15%, m@lbmpound on the surface. The Ni—Ti—O bonds in the NiTiO
tiple reduction peaks appear between 350 and°832and compound can maintain the stability of the catalyst under
450 and 500C. This indicates that different surface nicketeaction conditions [25]. The reduction peaks of NyB%
species are present on the@®k support. Comparing the re- with higher nickel loading in figure 5 are similar to the com-
sults of TPR experiments in figures 3-5 with the referendgnation reduction features of NiAD4 and NiO reference
nickel compound of TPR in figure 6, it appears that differemompounds in figure 6. TPR studies of the Ny@k cat-
structures of surface nickel oxide may appear on differealysts with nickel loading below15% indicate that nickel
supports. metal forms surface nickel species on the@d surface pos-
The reduction peaks of Ni/Sidin figure 3 are similar sessing a reduction peak at 560-8@0which is different
to those of NiO crystallites in figure 6. TPR results indifrom any reduction peaks shown in the reference compounds
cates that nickel metal forms crystals of NiO on ZiQhis (figure 6).
is consistent with the results of previous ESCA/XPS exper- In addition, the H consumption of the Ni/AlO3 catalysts
iments. The surface characteristics of Si@hich is less increases with increasing the nickel loading up-ttb% and
hydrophobic and has fewer OH groups than the other swugiarts to level off with further increasing nickel loading (see
ports, can restrain the metal and metal oxide to form a sdigure 7). The presence of a high concentration of surface
face overlayer and results in a lower dispersion. The redutdekel species on A3 required more hydrogen to perform
tion peaks of Ni/TiQ as shown in figure 4, are similar tothe reduction. The reducibility of the supported nickel cat-
those of NiTiQ in figure 6 that has two different peaks bealyst depends on the surface nickel-support interaction and
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Figure 7. H consumption of the Ni/AlO3 catalysts.
1%Ni/TiO,~Pyridine
its surface structure. The surface nickel species on oxide
support are more difficult to reduce than nickel oxide crys-

. . 160!
tallites. Thus, the structural properties of the surface metal 15 taza 15720
or metal oxide can affect the reducibility of the catalyst.
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3.4. Surface acidity studies 1400 1450 1500 1550 1600 1650 1700
wavenumber(cm”)

Surface acidity of supported metal or metal oxide cata-

lysts can be analyzed by IR spectroscopy of pyridine ad-

sorption. For pyridine adsorption, IR peaks appearing at

Figure 8. Pyridine adsorption on Ni/T{O

1450, 1490, 1580 and 1600 crhare characteristic for pyri- Pyridine Adsorption at 200°C
dine coordinatively bonded to Lewis acid sites (PyL); the 1448 ] o
strongest intensity appears at 1450 ¢mIR peaks appear- 10%Ni/A1,0,~Pyridine
ing at 1490, 1540, 1620 and 1640 thare characteristic M
for pyridinium ion (PyH"). Thus the pyridine adsorption
can qualitatively and quantitatively analyze the presence of 1448 6%Ni/ALO_~Pyridine
the Lewis and Brgnsted acid sites on the catalyst’s surface. 1608
It appears that the Sg3support does not contain any acid M
sites on the surface [26]. From the previous XPS and TPR- 1448

3%Ni/ALO_--Pyridine

studies, the weak interactions between nickel atom and silg
ica result in the formation of a crystalline or microcrystalline £
phase of NiO on the silica surface. The deposition of nickel$
metal does not form a surface nickel overlayer on silica, an 1449 o/ -
pyridine adsorption does not occur on the Ni/giatalysts. 1HNIALO,~Fyridine 1613

The TiO, support has some weak Lewis acid sites [26]. The 1491 1576

deposition of nickel atoms on Tireplaces weak Ti Lewis 1451 —
acid sites by the slightly stronger Ni Lewis acid sites (the fre- ALO,-Pyridine 4615

quency of PyL band remains at 1445¢ch The increase of 1493 1575

the PyL band intensity with increasing nickel loading (fig-
ure 8) suggests that the Ni deposition creates more coor-

dinatively unsaturated sites. Combining with the previous WMWW/W

structural information, the formation of a surface NiTiO 1400 1450 1500 1550 1600 1650 1700

compound on the Ni/Ti@ catalysts can be responsible for wavenumber(cm™)
the increase of surface Lewis acid sites. The IR spectra of
pyridine adsorbed on Ni/ADs catalysts are presented in fig- Figure 9. Pyridine adsorption on Ni/gDs.

ure 9. The A$O3 support does not contain surface Brgnsted

acid sites, but contains strong surface Lewis acid sites (Ptd-3 wt% Ni/Al,O3 and then decreases. This is due to con-
band at~1450 cnt?). The addition of nickel to the AD3  current and opposite processes: disappearance of Al Lewis
surface affects the characteristics of the surface Lewis asites and creation of Ni Lewis sites. The increase of the sur-
sites. The PyL band intensity increases with nickel loadirfgce Lewis acid sites is due to the formation of a surface
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1645
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nickel overlayer and a surface Ni&D, compound which . - . . . .
possesses the coordinatively unsaturated sites to adsorb pyri- 4000 3000 2000 1000 0
dine molecules. Only the Ni/ADs catalysts can adsorb wavenumber(cm’)

ammonia molecules at 20C (figure 10). This is consis-
tent with the IR studies of pyridine adsorption that the PyL

band intensity £1610 cnt1) increases with nickel loading

to 3 wt% Ni/Al,O3 and then decreases. The strength of tH@tion cate_llysis and TPR stud_ies indicates tha_lt th_e surface
NOX species are the active sites for PEG amination. The

ammonia adsorption can be the essential factor for control*=* ! . e

ling the catalytic properties of the amination reaction. amination product has been determined by a titration method
in order to decriminate the structure of the amine. The titra-

tion results have indicated that the main reaction product is

secondary amine instead of primary amine. The formation
The yield of the amination reaction over the supporte@f the secondary amine product is represented in the model
nickel catalysts has the following order: Nif; > inscheme 1.
Ni/TiO» > Ni/SiO,. From the above structural investiga- One of the OH functional groups in the PEG starts the
tions, multiple nickel phases such as surface N#pecies, dehydrogenation and forms the ketone intermediate. The
NiAl Oy, and NiO are present on the alumina surface, ak@tone intermediate further reacts with ammonia to form an
the ratio of these nickel species is dependent on the nickaine intermediate. The imine intermediate finally reacts
loading. with the ketone intermediate to form the observed secondary
The Ni/Al,O3 catalysts with various nickel loading haveamine. Upon the presence of excess water in the reactor, the
been further investigated for the amination reaction in oimine intermediate becomes more basic than ammonia and is
der to understand the structure—reactivity relationship. Thavored to react with the ketone intermediate. The above am-
results have revealed that the amine yield increases with ination mechanisms have been further determined by FTIR
creasing nickel loading up te15%, and starts to level off studies, as shown in figure 12. In the absence of ammoniain
with further increasing nickel loading (figure 11). The trenthe feed, the appearance of the IR bane 722 cnt? (fig-
of amination yield over the Ni/AlO3 catalysts is similar to ure 12(b)), which is characteristic of the=© vibrational
that of the H consumed of TPR over the same catalystsnode, has revealed that the dehydrogenation of PEG-400
Only surface NiQ species are present on the Ng@g cata- occurs and forms ketone intermediates. The amination of
lyst with the nickel loading below 15%. Combining the amithe ketone intermediate to form polyethyleneamine can be

Figure 12. IR studies on amination mechanisms.

3.5. Amination catalysis
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HO ~~~0H Catalyst HO N\/\H/ " NH4(OH) HO -~ < H H, HO ~~~NH,
o NH
H H
HO /vv\/ Hy
]U O HO~~~N ~~~0H
Intermediate Secondary Amine
Scheme 1.

further determined by the presence of IR bands-4600 the amination reaction. Supported nickel on alumina cata-
and~1196 cnt? characteristic of the vibrational mode oflysts possess the highest amine yield, and the amine yield
NH2 and C—N bonds, respectively (figure 12(c)). It is diffiincreases with increasing nickel loading up+4d5% and

cult to observe the strong amine stretching bands due to #terts to level off with further increasing nickel loading. By
overlapping of the N—H stretching vibration with the O—Homparing amination catalysis with quantitative TPR studies
stretching vibration. of the Hb consumed over the Ni/AD3 catalysts, it appears
that the dispersed nickel species are the active sites for ami-
nation and the effect of the strong metal-support interaction
(SMSI) occurs on the supported nickel catalysts. In addition,

The formation of nickel-oxide—supportinteractions in thé€ amination product is mainly the secondary amine due to
supported nickel catalysts has a profound effect on the stft¢ Presence of water.
face structure, reducibility, and surface acidity of these cat-
alysts. A strong metal-support interaction can be applied
to molecularly design a catalyst exhibiting high activity andcknowledgement
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