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Delaminated zeolite catalysts allow replacement of HCI in the
production of DADPM: they offer higher activity and catalyst
life than conventional zeolites, and their structured external
surface controls product selectivity.

DADPM isakey intermediate for the production of polyurethanes.
By the end of the last decade, the annual production in western
Europe and USA was more than two million metric tonnes.
Surprisingly the industrial production of DADPM is still totally
performed by reacting formaldehyde with stoichiometric amounts
of hydrochloric acid and aniline. The very large amount of HCI
used in this process has to be neutralized with NaOH at the end of
the reaction, giving a stoichiometric amount of NaCl. The reaction
mixture separates into organic and agueous phases. The agueous
phase not only contains the NaCl formed in the neutralization step,
but also contains traces of aromatic amines that are present as
contaminants which are removed before discharging the salt
water.1

As can be deduced from above, the use of HCl asacatalyst in the
synthesis process not only requires additional steps for neutral-
ization and separation but also produces a large amount of residual
salt water that needs to be treated before disposal.

The synthesis of DADPM involves the condensation of two
molecules of aniline with one molecule of formaldehyde as
presented in Scheme 1.

As wdll as forming diamines, higher molecular weight species
(triamines, tetraamines, etc.) are also produced. By controlling the
aniline: formaldehyde ratio, HCI content and reaction temperature,
the final mixture of homologues and isomers can be carefully
managed. Higher aniline : formaldehyde ratios and lower tem-
peratures generally favour formation of the 4,4-DADPM. Fur-
thermore, N-methylated products and quinazolines can also be
formed which are undesirable asthey represent ayield lossfrom the
intended primary amine groups required for conversion to iso-
cyanate.

It is clear that finding a suitable solid catalyst for this reaction
would be highly desirable, since not only would that simplify the
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Scheme 1 Current industrial process for DADPM synthesis.
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process, but it would also decrease the amount of residua water.
Along this line, the condensation of aniline and formaldehyde has
been carried out using ion exchange resins.23 They gave an
excellent selectivity to the desired product, but their activity per
gram of catalyst was low. Inorganic solid acids such as clays,
amorphous silica—alumina and zeolites have been widely used as
catalystsfor the synthesis of DADPM. Amorphous silica—alumina®
possesses too low an acidity and therefore requires high reaction
temperatures to achieve high yield in primary amines, with the
associated penalty of the lower selectivity to 4,4-DADPM. Very
recently it has been shown that a mesoporous amorphous silica—
alumina can be a more efficient and selective catalyst for the
process.5 Zeolites have also been proposed as an aternative to
amorphous silica—alumina, since the former possess higher acidity,
and can introduce shape selectivity effects that may increase the
yield of the 4,4-DADPM (para) isomer, with respect to the ortho
(2,2-DADPM) and ortho—para (2,4-DADPM) isomers. Thus,
zeolitessuch as'Y, ZSM-5, Beta, silylated Betaand ERB-16-9 have
shown aclear improvement for catalyzing the reaction. Thework of
researchers from EniTecnologieis particularly relevant. They have
shown the possibility for producing 4,4-DADPM with aratio of
4,4-DADPM/(2,4'+2,2’-DADPM) intherange 2.2 t0 5.8 using Beta
and silylated Beta zeolite as catalyst, the latter introducing shape
selectivity effects due to product diffusion. However, it has to be
said that the molar ratio of aniline to formaldehyde used in their
work was very high (14.8) and relatively fast deactivation of the
catalyst was observed when the process was carried out in afixed
bed reactor. Clays have also been found to be interesting catalysts
from the activity—selectivity point of view but, unfortunately, their
resistance to water was much lower than that of zeolites, which can
tolerate up to 3 wt%.

It appeared to us that even with the most promising zeolite
catalyst (Beta), the process could be controlled by diffusion, and
consequently only a fraction of the acid sites will be accessible to
the amina (product of the neutral condensation of aniline with
formaldehyde, A—F) that is converted into DADPM as shown in
Scheme 2. We have checked this hypothesis by working with two
Beta zeolites of Si/Al ratio of 15 (M): a Beta zeolite of crystallite
size 400-500 nm and a commercial Beta sample (CP811, PQ-
Zeolyst) of average crystallite size 100 nm.
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Scheme 2 Synthesis of DADPM on solid acids.
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The neutral A— condensate was prepared asfollows: in a100 ml
three-necked flask 50.00 g of aniline (Aldrich, 99% purity) was
added and heated at 50 °C at autogeneous pressure, with stirring.
Formaldehyde (Aldrich, 37 wt% aqueous solution, stabilized with
10-15 wt% of methanol) was added with a syringe pump at 1.00 g
min—1, until the mixture achieved an A/F ratio of 3.0 (M). After
compl ete condensation the mixture was distilled in arotavapor until
less than 1 wt% of water was left. Methanol was also removed in
that step. Optionally, the neutral A—F condensate was dried with a
molecular sieve (0.3 nm) until lessthan 0.05 wt% of water was | eft.
For studying the effect of water, up to 5 wt% of this was added to
the condensate. 4.00 g of the A—F mixture was introduced in a 25
ml flask, with a reflux condenser and nitrogen inlet. The mixture
was heated to 150 °C and then 1.00 g of the catalyst was added. The
reaction was left for 60 min. After reaction, the crude was analysed
by gas chromatography (GC) and *H-NMR analysis. GC was used
to determine the free aniline and the distribution of diamines and
triamines. 1H-NMR let us quantify the different groups of
compounds obtained in the reaction (Fig. 1): primary amines (Ph—
CH,-Ph), secondary amines (Ph-NH-CH—Ph), quinazolines
(mainly 3-phenyl-3,4-dihydroquinazoline, Pn—CH-NRy), and N-
methylated derivatives (basically N-methyl-DADPM, Ph-NH-
CHy).

The results presented in Table 1 show that the commercial Beta
sample (Beta-2) with smaller crystallite size gives higher activity
than thelarger crystallize size Beta-1, confirming that even with the
large pore Beta zeolite (pore diameter 0.67 nm), the process is
controlled by diffusion. It is noticeable that despite the small
crystallite size of the commercial Beta zeolite the reaction is still
controlled by diffusion. Indeed, when a third sample of a Beta
zeolite is prepared with a smaller crystallite size than the
commercia one (Beta-3, average crystallite size 50 nm), the former
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Fig. 1 *H-NMR characterization of areaction sample showing the different
groups of products determined. Chemical shift is expressed in 6 (ppm)
relative to the tetramethylsilane used as an internal standard.
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gives a higher yield in primary amines (see Table 1). Taking this
into account, and in order to design a better catalyst for producing
DADPM, one would like to preserve the acidity of the zeolites and
their resistance to water, but at the same time to increase acid site
accessibility. This could be done conventionally by increasing the
pore diameter of the microporous zeolite or, as we saw above, by
reducing the crystallite size of the zeolite. To check thefirst option
we have used as a catalyst a 14 membered ring zeolite with pore
diameter of 0.66 x 0.88 nm and Si/Al = 50 (M) (SSzZ-59). This
sample was synthesized following a literature procedure.’® The
results presented in Table 1 show that the activity of this zedlite is
lower than that of Beta, probably due to the unidimensionality of
the pore system, which becomes rapidly blocked by strongly
adsorbed products. Nevertheless, and in order to separate the effect
of the higher SI/Al ratio of SSZ-59 from the effect of the
unidimensionality on deactivation, we have performed the reaction
with a Beta and an ITQ-2 sample both with Si/Al = 50 (M). The
results obtained show ayield in primary amines of 87.6 wt% and
98.5 wt% respectively, that are higher than for SSZ-59. It should
also be taken into account that the Si/Al ratio for ITQ-18 is aready
45 (M) and the activity is much higher than for SSZ-59. Therefore,
it appears that the unidimensionality of SSZ-59 has a negative
effect on the activity/life of the catalyst, despite of its larger pore
diameter.

The accessibility of acid sitesin zeolites could also be drastically
enhanced by delamination of a given zeolite, as has been shown
previoudly.1! For instance, in the case of the laminar precursor of
the MWW structure (ERB-1, MCM-22 or SSZ-25),12 Ferrieritel3 or
Nu-614 the layered precursors can be expanded and delaminated
producing structured single layers with large external surface areas
(=600 m2 g-1) and very little, if any, microporous surface
area 111516 |n these materials, named as I TQ-2, ITQ-6 and ITQ-18
respectively, the acid sites should be accessibl e through the external
surface, producing catalysts more active than the corresponding
zeolites for reactions controlled by the diffusion in the micropores.
We have prepared these delaminated materials':-15-17 and the
characteristics are given in Table 2. When used as catalysts for the
synthesis of DADPM, the results presented in Table 1, working in
abatch reactor, show that the delaminated materials are more active
than the corresponding zeolites, and even more active than the
nanocrystalline Beta zeolite. On the other hand, the formation of N-

Table 2 Chemical and textural properties of delaminated zeolites

Acidity¢/umol Py

Catalyst Si/Ala/M Areab/m2 g—1 Brensted Lewis
ITQ-2 15 601 68 27
ITQ-6 30 492 15 10
ITQ-18 45 900 14 19

a As-made ratio. P BET surface area (N, adsorption). ¢ Calculated from the
infrared spectrum of adsorbed pyridine after evacuation at 250 °C.

Table 1 Condensation of aniline with formaldehyde in a batch reactor on tested catalysts at 150 °C after 60 min reaction time2

Diamine distribution (%)

Amines Diamines  Triamines  Sec. Amines N-methylation Quinazolines

Sample (%)P (%) (%)e (%)P (%)b (%)p 2,2-DADPM 2,4-DADPM  4,4-DADPM
ITQ-2

<0.05% H,O 98.6 815 171 0.8 0.6 <01 33 35.7 425

<1% H,O 984 83.8 14.6 0.3 11 0.2 38 37.7 42.3

5% H,0 98.8 84.1 14.7 0.4 0.8 <0.1 35 351 455
ITQ-6 98.1 79.9 18.2 0.8 0.8 0.3 2.8 30.8 46.3
ITQ-184 99.5 734 26.1 <0.1 0.5 <0.1 11 149 574
Beta-1 88.9 78.6 10.3 21 9.0 <01 45 28.8 453
Beta-2 93.7 82.3 114 0.5 5.8 <01 3.7 30.0 48.6
Beta-3 94.8 74.8 20.0 0.6 46 <0.1 5.2 245 451
SSZ-59 79.8 78.0 18 151 3.7 14 15 12.7 63.8
a Results for the rearrangement of the aminal obtained in the neutral condensation of aniline with formaldehyde (A/F = 3.0 (M); <1% H,O except where

indicated; 20 wt% of catalyst). P Determined by 1H-NMR. ¢ Determined by GC. ¢ T = 160 °C.
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methylated and quinazoline products is very low. Furthermore, the
yield of trimers plus tetramers is below 30%. It is remarkable that
the 4,4’/(2,4+2,2") DADPM isomer ratio depends on the external
surface structure of the delaminated zeolite, being close to 4 for
ITQ-18. Meanwhile, these materials can a so tolerate an amount of
water in the reaction mixture of, at least, 5% under the reaction
conditions studied. In any case, ITQ-2 tolerates better than Betathe
presence of water in the feed.

At this point, we can see delaminated materials show higher
activities, with selectivities as good as those of the best zeolite
catalysts. However, there is another factor such as the catalyst life
that can be determinant for this process. In principle, one would
expect that the micropores of the zeolites could be blocked by
products, and thiswill lead to arapid deactivation of the catalyst. To
avoid this, researchers working with zeolites have carried out the
reaction with very high aniline to formaldehyde ratios which
requires the use of larger reactors and the distillation and recycling
of large volumes of aniline. In the case of delaminated zeolites, the
absence of microporosity could, in principle, decrease the rate of
deactivation. Then, in order to study catalyst deactivation, experi-
ments have been performed in a fixed bed continuous flow reactor
at 150 °C in the following way: 1.20 g of catalyst pelletized to
0.42-0.59 mm was charged in a stainless-steel reactor (160 mm
length, 10.5 mm ID), and the system was pressurized at 4 bar with
nitrogen. The neutral condensate (A/F = 3.0 (M); <1 wt% H,0)
wasfed at 3.20 g h—1 (W/F = 0.38 h). Reaction was followed with
time on stream by GC and *H-NMR and the results obtained with
Beta-2 and ITQ-2 are given in Fig. 2. It can be seen that while the
delaminated ITQ-2 material maintains the initial activity after the
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Fig. 2 Production of primary amines and amines distribution vs. time on
stream (TOS) in the continuous rearrangement of the neutral condensate (A/
F = 3.0 M; <1% H,0) in a fixed-bed reactor. Symbols: ITQ-2 (O, m);
Beta-2 (O, @). Experimental conditions: T = 150 °C; P = 4bar; W/F =
0.38 h.
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8 h duration of the experiment, Beta zeolite hasost more than 50%
of theinitia activity. Thelonger catalyst life of ITQ-2 is attributed
to the improved molecular diffusion and faster desorption of
products inherent to a process that takes place basically in the outer
shell of the catalyst. Moreover, the 4,4'/(2,4'+2,2") DADPM isomer
ratio is very similar for both catalysts, whilst the ITQ-2 catalyst
produces less undesired N-methylated species.

In conclusion, we have shown that it is possible to replace HCI
by a solid silico-auminate catalyst with a zeolite type structure
where the acid sites are accessible through the external surface.
This is achieved by means of delaminated zeolites. It has been
found that depending on the form of the structured external surface
the product distribution can be changed, offering an additional
flexibility to this type of material for the synthesis of DADPM.
Delaminated zeolites show a much lower rate of deactivation than
large pore zeolites.
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(MAT2003-07945-C02-01) for financial support. P.B. aso thanks
the program Ramoén y Cajal of Spain.
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