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Abstract

Monomethylamine (MMA), dimethylamine (DMA) and trimethylamine (TMA) are major industrial chemical
intermediates. Generally, these compounds are prepared by reaction of methanol and ammonia over a dehydration catalyst
such as silica alumina. While thermodynamics favors TMA formation, market demand is for DMA. This has led to the
development of highly DMA selective zeolite-based catalysts. In this article, the history of, the reported routes to, the design
of new catalysts for, and the mechanism of the synthesis of methylamines are discussed.
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1. Background
1.1.  Introduction

With worldwide production of approximately 1.8x 10° Ibs/year, monomethylamine (MMA), dimethylamine
(DMA) and trimethylamine (TMA) are major industrial chemical intermediates. They are used in such areas as
pesticide production, solvent production, and water treatment. Thermodynamics favors the production of TMA
while the largest worldwide demand is for DMA. This has led to major research efforts in the design of new,
selective catalysts. Although the amines are prepared primarily from reaction of methanol (MeOH) and ammonia
(NH3) over a dehydration catalyst, numerous other starting materials and routes have been studied. It is the purpose
of this article to review the history of, the reported routes to, the design of new catalysts for, and the kinetics and
thermodynamics of the synthesis of methylamines.

1.2.  Thermodynamics
The synthesis of methylamines from methanol and ammonia is described the following equilibrium reactions

[11:
AG°(kcal/g mol)

Amination MeOH+NH;—-MMA+H,0 —4.13
MMA+MeOH—-DMA+H,0 ~7.24
DMA-+MeOH—TMA-+H,0 —-8.39
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Fig. 1. Thermodynamic equilibrium in methylamines synthesis.
Disproportionation 2MMA—-DMA+NH; -3.11
MMA+DMA—-TMA-+NH; —4.15
2DMA—-TMA+MMA -1.15
DME formation 2MeOH—DME+H,0 -3.95
Also DME+NH;—-MMA +MeOH -0.28

DME (dimethylether) will undergo the same reactions as methanol with NH;, MMA and DMA.

Fig. 1[1] shows how the thermodynamic equilibrium is governed by temperature and N/C (molar ratio of NHj; to
MeOH). TMA is clearly the main product when equilibrium is approached. At 400°C and N/C=1, the M/D/T molar
split (MMA/DMA/TMA molar ratio) is 17/21/62. At high MeOH conversion where equilibrium is approached,
TMA is the major product; however, world demand is very different with DMA being the most desired product. The
demand for methylamines is summarized in Table 1.

Table 1
Methylamines demand [179]
Region 1991 consumption of methylamines (10° 1b) Mass ratio Mole ratio
MMA DMA TMA MMA/DMA/TMA MMA/DMA/TMA
Us 62 143 46 25/57/18 34/53/13
Western Europe 59 191 62 19/61/20 26/59/15
Japan 10 79 10 10/80/10 14/78/8
10/18/72 17/21/62

Equilibrium
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1.3.  Historical perspective

In 1884, the synthesis of methylamines in batch mode from methanol (MeOH) and ammonia (NH3) using zinc
chloride as a dehydrating agent was first reported [2,3]. It was not until 1909 that Sabatier and Mailhe reported
amination of alcohols in the vapor phase [4]; however, they did not report the use of methanol. The actual first use of
MeOH is attributed to Smolenski and Smolenski [5] who used an alumina catalyst. They reported not only MMA,
DMA and TMA, but also olefins and ethers (from the side reaction of methanol). Other early studies [6-8] led to
patents, the first of which was granted to DuPont [9] followed shortly thereafter by ones to commercial solvents
corporation [10].

Commercial Solvents Corporation first made methylamines commercially in Terre Haute, Indiana, in the middle
1920s for use by the tanning industry for dehairing of animal skins [11,12]. The process that was commercialized
by them and others was and is still today essentially the contact of gaseous methanol and ammonia over a
dehydrating catalyst (e.g., alumina, silica—alumina) at elevated temperatures followed by the collection and
separation of the products, MMA, DMA and TMA. Soon after, Rohm and Haas, and then DuPont in 1929, followed
with their own commercial operations [13].

Today, worldwide production of methylamines is approximately 1.8 x 10° Ib/year [14-24] with primary uses in
pesticide production, solvent production and water treatment as summarized in Table 2.

2. Commercial practice

Most methylamines processes currently use amorphous silica—alumina catalysts for the exothermic reaction,
which takes place at approx. 390—430°C and approx. 20 atm. Adiabatic fixed bed plug flow reactors are reported for
this purpose [25]. The product distribution obtained approaches equilibrium; DMA production is enhanced by
recycling TMA which can be costly. Various reference books [1,26] contain brief process descriptions. A simplified
process diagram is given in Fig. 2.

Various purification trains and processes have been discussed {27-33].

A new process has been reported by Nitto process [34] that makes use of a modified mordenite zeolite catalyst
which minimizes TMA formation through product shape selectivity. The pore size of the microporous mordenite
catalyst is modified to an effective size smaller than TMA such that only DMA and MMA can escape the catalyst.
This process has been commercialized in Japan [35] with capacity estimated at about 100 MM Ib/year.

Two kinds of modified mordenites have been described, an acid- and steam-treated one and a SiCl,-modified one
[34]. The former reduces TMA production to about 17 mol% (at N/C=1.9, 320°C, 18 atm), while the latter can
reduce TMA to 1% (at N/C=1, 380°C, 1 atm).

Table 2

Major applications of methylamines [17]

MMA Pesticides 37%
N-Methylpyrrolidone 35%
Alkylalkanolamines 15%
Others 13%

DMA Solvents (dimethylformamide, dimethylacetamide) 41%
Water treatment 20%
Dimethylaminoethanol 12%
Fatty tertiary amines 10%
Others 17%

TMA Choline chloride 70%

Others 30%
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Fig. 2. Simplified methylamines process diagram.

Nitto has claimed a two reactor process, one containing the mordenite and the other a more conventional y-Al,O5
catalyst [36,37]. Nitto also claims [38] that catalyst life is improved by restricting the concentration of aldehydes
(poison to zeolites) in the zeolite bed to less than or equal to 0.15 g/h/kg cat. Other processes have been reported
[25,39] including a fluidized bed process [40] which makes use of attrition resistant zeolites rho or chabazite, spray-
dried with kaolin, bentonite, a-Al,O5 or TiO,.

3. Non-zeolitic catalysts
3.1.  Non-silica—alumina catalysts

As summarized in Table 3, a variety of catalysts for the vapor phase methanol-ammonia reaction have been
reported in the open literature, including aluminas, silicas, zirconia, thoria and phosphates. These data include
patent literature showing that many other materials that perform dehydration chemistry have been used for
methylamines synthesis; even crushed building tile was reported [10]. Among the more exotic reports are a
photocatalytic Pt/titania [41] system where at MeOH conversion of <0.1% only TMA is produced and a heteropoly
acid [42] catalyst that suppresses TMA completely at 477°C and N/C=2. Interestingly, a 1935 patent to DuPont
mentions zeolites as possible supports for aluminas [43].

It was recognized early on that a high N/C ratio favored MMA formation {9]. The temperature range employed
was, as expected, large 250-500°C. The first process using higher than atmospheric pressures was patented by IG
Farben [44], with pressures >50 atm being used. However, separation of methylamines by distillation under
pressure was already mentioned by Martin and Swallen [10].

3.2. Silica—alumina catalysts

As stated in the section on commercial processes, silica—alumina (SA) is currently the most widely used catalyst
for methylamines synthesis. It is usually made by coprecipitation [45-47]. Heinsohn [48] used SA with approx. 87
wt% silica. Leonard [49] has reported a steamed, metal-doped SA with 85-90 wt% silica. Brake [50] has found that
reduced coking and improved rates are obtained by using a high alumina (94 wt%) SA catalyst.

When a SA (46.9 wt% SiO,) was compared to a boron phosphate and an SA-boron phosphate hybrid [51], SA
was found to be the preferred catalyst; it had a higher selectivity to amines. Leaching of phosphate was observed
from the phosphate—SA hybrid. Schmitz [52] showed that at the same conditions, conversion and selectivity to
amines increased with increasing surface area and acidity. He also showed that montmorillonite with the same
acidity as SA is less active and less selective to amines.
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Table 3

Summary of non-silica/alumina methylamines catalysts

Catalyst Reference
Alumina [5]
Blue oxide of tungsten, thoria, silica gel, alumina, zirconia [6]
Thoria on pumice 71
Alumina gel (from aluminum ethoxide) [9]
Alumina, thoria, silica gel, kaolin, blue oxide of tungsten (in decreasing order of activity) [8]
Various aluminas [10]
Indianite, Blue clay, crushed building tile, doucil, Putnam clay {10]
Phosphate and supported phosphoric acid catalysts {180]
Preferred are partially dehydrated alumina trihydrate, aluminum silicate [181]
Alumina gel, silica gel [44]
Alumina or boric anhydride on silica gel, aluminum phosphate; other supports mentioned are alumina gel, zeolites {43}
Phosphoric acid on pumice, ammonium and aluminum phosphates [182]
Alumina on activated carbon {183]
Alumina or thoria on charcoal [184]
Alumina gel [185]
Phosphate catalysts [186]
Clay [185]
Alumina [187]
Preferred are dehydrated alumina trihydrate, aluminum silicate [188]
Alumina on silica [189}
Aluminum phosphate, kaolinite [190]
Any dehydrating catalyst, phosphates preferred [191]
Alumina [192}
Harshaw alumina [11]
Magnesium-, cadmium-, lead-, nickel-, iron-, boron phosphates; boron being preferred [193]}
Acid activated montmorillonites [194}
Lanthanum hydrogen phosphate [195]
Pt/Titania [41]
Heteropolyacids [42]

A way to improve DMA selectivity of SA catalysts was found by Foley et al. [53,54], who showed that a carbon
molecular sieve hybridized with a commercial SA exhibited enhanced selectivity towards MMA and DMA, the
molar ratio of MMA+DMA)/TMA increased from 1.05 to 3.30 at a MeOH conversion of ~95%.

Comparing data on SA catalysts [29,49-51,55,56] to others based on silica and alumina like boehmite/kaolin
composites [57,58], clay [59] or straight alumina [11] show clearly that these kinds of equilibrium catalysts cannot
meet the amine selectivity the world demands.

4. Zeolite catalysts
4.1. Background

Zeolite molecular sieves represent a large fraction of the approximately 500 materials listed in the Handbook of
Molecular Sieves {60]. The primary building blocks of zeolites are {Si0,}*~ and {AlO,}° tetrahedra. As a result
of the difference in charge between these tetrahedra, the total framework charge is negative and hence must be
balanced by cations, typically protons, alkali, or alkaline earth metal ions. Generally in the protonic or acid form,
these materials behave as solid acids and as such are excellent candidates as catalysts for methylamines synthesis.
In addition, the {SiO4}*~ and {AlO4}°~ tetrahedra are linked to form channels and cages or cavities of discrete
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size. The numbers of tetrahedra in the openings to these channels and cages determine the dimensions of the zeolite
pore openings. Generally, zeolites are classified by the size of the largest pore opening. For example, ““small-pore”
zeolites are those containing 8-membered ring openings, “medium-pore” 10-membered rings and “large-pore”
12-membered ring openings. The pore openings to these channels and cages generally range from 3 to 9 A and
allow for molecular sieving.

In catalysis this molecular sieving ability is referred to as size or shape selectivity. At least three types of shape
selectivity over zeolite catalysts have been described [61]:

¢ Product selectivity — molecules smaller than the pore openings can exit from the framework into the product
stream while larger molecules are retained within the framework.

o Transition state selectivity — certain reactions are prevented because the corresponding transition state requires
more space than is available within the framework of the zeolites.

e Reactant selectivity — only those components of the feed stream that are small enough to enter the pores can
react while larger ones are excluded.

In the case of methylamines synthesis, if the pore size of an acid zeolite is small enough to hinder the egress of
TMA (0.39%x0.54x0.61 nm) and still allow easy exit of MMA (0.37x0.39x0.44 nm) and DMA (0.39x0.47 x0.60
nm) [62], the final product distribution should be skewed towards the smaller MMA and DMA due to “product
selectivity”.

A listing of the numerous molecular sieves that have been investigated as methylamines catalysts is given in
Table 4 with their respective pore sizes. In addition, illustrations of the frameworks of three of the most studied
zeolites, mordenite, rho and chabazite are given in Fig. 3.

Table 4
Zeolites reported as methylamines catalysts [60,196]
Catalyst Structure type Pore size (A)
8-Membered 10-Membered 12-Membered
ring ring ring
H-Y, RE-Y FAU 7.4
Mordenite MOR 2.6x5.7 6.5x7.0
H-Offretite OFF 3.6x5.2 6.4
H-T OFF/ERI 3.6x5.2 6.4
3.6x5.2
H-ZSM-5 MFI 54x5.6
5.1x5.5
FU-1 5.0-5.2°
NU-85 EUO/NES 4.1x5.7
4.7x6.0
Clinoptilolite HEU 2.6x4.7 3.0x7.6
3.3x4.6
Ferrierite, H-ZSM-21 FER 3.5x4.8 4.2x5.4
ZSM-11 MEL 53x5.4
SA LTA 4.1
NU-3 LEV 3.6x4.8
Chabazite, SAPO-34 CHA 3.6x3.7
H-Rho RHO 3.6
H-ZK-5 KFI 39
H-Erionite ERI 3.6x5.2
H-Phillipsite PHI 3.6
3.0x4.3
3.2x3.3

2 Estimated values.
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Fig. 3. Structures of zeolites (a) mordenite, (b) rho and (c) chabazite.

In the review of catalytic work in this area given below, the following definitions will be used throughout unless
otherwise specified:

(mOI MeOH)in roduct
1 = 1 - L ’
MeOH conversion = 100 x ( (mol MeOH)infeed )
mol NH;3;
N/C = mol MeOH’
2(mol DMA)

. . — 1 b
Selectivity to DMA 00 x (mol MMA + 2(mol DMA) + 3(mol TMA))
Selectivity to DME = 100 x (mol DME)

electivity to = mol MMA + mol DMA + mol TMA + mol DME )/’

In Tables 5-12 literature data on various zeolites is compared at similar MeOH conversions by selecting
appropriate WHSVs (weight hourly space velocities) and/or reaction temperatures.

4.2.  Large-pore zeolites

4.2.1. Faujasite

Very high TMA selectivities were observed by all groups reporting the use of faujasite (e.g., HY, NaY, NaX, CaX
and RE-X), as a methylamines catalyst. For example, workers at DuPont [63] showed H-Y to be very selective for
TMA (95% at 94% MeOH conversion) with significant DME production (24%). The data are summarized in
Table 5.

4.2.2. Mordenite

In 1981, Weigert [64] reported that mordenite among other zeolites was a selective catalyst for MMA pro-
duction. This was followed by efforts by various groups showing the effects of zeolite modification by cation
exchange, steaming, extrusion, coating and SiCl-treatment on catalyst performance. The results are summarized
in Table 6.

4.2.2.1. Effect of ion exchange. Weigert [64] reported that Ca-mordenite showed promise for this chemistry. Later
studies reported mordenite to show selectivity toward DMA in the Mg- [56,65], Mg,H- [56,65,66] and La H-
[56,65] exchanged forms, especially in the highly exchanged forms. Weigert [67] and Ashina [68] showed certain
levels of Na* or Na*/K™ appeared necessary for decreasing TMA selectivity. Keane [69] showed mordenite in the
H*-form to be relatively unselective.
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Table 5

Summary of Faujasite-based catalysts

Catalyst Temperature WHSV N/C P MeOH conversion MMA DMA TMA DME Reference
0 (g MeOH/g cat per h) (atm) (%) (C%) (C%) (C% (%)

HY 300 0.93 1 1 94 1 4 95 331 [63]

HY 380 0.156% 1 1 >90 155 255 590 111 [75]

Fau 400 1.28 19 18 96.1 219 283 498 ° [197]

NaY 400 2.78 0.69 1 90.0 107 183 710 ° [64]

CaX 400 2.50 0.81 1 93.0 122 26 652 ° [64]

NaX 400 313 0.7 1 84.0 63 107 80 ° [64]

REX 332 1.39 0.82 1 89.0 82 182 736 ° [64]

13X 400 1.25 1 1 72.7 6.6 13.0 804 33°  [65])

SK-40 400 1.25 1 1 10.3 173 11.8 709 1477 [65]

? Initial rate of MeOH consumption=mol MeOH/g cat per h, WHSV=0.52-5.2 g MeOH/g cat per h.
® 2-3 mol% DME.

¢ 1.6 mol% of total products are olefins.

4 2.1 mol% of total products are olefins.

4.2.2.2. Effect of steaming. Studies [70-72] of the effect of steaming on catalyst performance showed decreased
TMA levels in Na,H-, Na,K- and H-mordenite samples.

4.2.2.3. Effect of extrusion. A non-alumina binder combined with a “gelatinizer” (e.g., NH;NO;) used with Na, H-
mordenite gave low TMA (<4%) and good DMA selectivity (approx. 60%) at N/C=1 [71,72]. Similarly, a
dealuminated H-mordenite with a non-alumina binder exhibited very high MMA selectivity (>80%) at N/C=3 [73].

4.2.2.4. SiCl,-treatment. Segawa et al. [74-78] showed that excellent selectivity (<1% TMA at N/C=1 and MeOH
conversions >90%) could be obtained using H-mordenite formed when Na-mordenite is treated with SiCl,.

4.2.2.5. TEOS-treatment. Treatment of hydrated H-mordenite with tetraethylorthosilicate (TEOS) has been
shown to give catalysts with TMA selectivities <5% [79-81]. The preferred mordenite crystals have c/a or c¢/b
>2 [82].

4.2.3. Offretite
Groeb et al. [83] found H-offretite to show some selectivity but low activity for this chemistry. Zeolite T, an
intergrowth of offretite and erionite, will be discussed later.

4.3. Medium-pore zeolites

4.3.1. H-ZSM-5

Gier et al. [84] showed H-silicalite to be relatively inactive and non-selective (see Table 7). Kotowski [85]
reported high MMA+DMA selectivity at 88% MeOH conversion with low DME and olefin formation but poor
activity. High MMA selectivity (>80%) and TMA selectivity of <6% were reported for a ZSM-5 extrudate (alumina
binder, unspecified Si/Al) at N/C=3 [73]. All other studies showed TMA selectivity greater than 25% at N/C
between 1 and 3.

4.3.2. FU-1

The structure of FU-1, a high-silica zeolite (Si/Al=5-100), is not known; however, its adsorption [60,86] and
catalytic [87] properties indicate it to be most likely a medium-pore zeolite with an effective pore size smaller than
that of the MFI (ZSM-5) framework. Dewing et al. [86] estimate the pore size to be on the order of 5.0-5.2 A for H-
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Table 6

Summary of mordenite-based catalysts

Catalyst Temperature WHSV N/C P MeOH conversion MMA DMA TMA DME Reference(s)
“C) (g MeOH/g cat per h) (atm) (%) C%) (C%) ((C%) (%)

(a) Effect of ion-exchange

H-Mor 325 2.0 1 1 90 72 104 825 [69]

Zeolon 400 1.25 1 1 85.5 9.5 317 588 1.0*  [56,65]

H-Zeolon 400 1.25 1 1 86 18.7 449 36.4 1.0 {56,65]

Na-Zeolon 400 1.25 1 1 85.5 108 362 530 1.1° 56,65

Mg-Zeolon 400 1.25 1 1 90.9 211 547 242 0.2 [56,65]

Mg H-Zeolon 400 1.25 1 1 75.9 184 568 248 0.6 [56,65]

La,H-Zeolon 400 1.25 1 1 94.5 207 589 204 o? [56,65]

Cu-Zeolon 400 1.25 1 1 82.1 161 221 618 3.9°  [56,65]

Na-Mor f f 1 1 9 2.1 421 158 £ [67]

Na,H-Mor 358 1.79 087 1 65 50 459 4.1 & [64]

(4.2% Na)

Na,H-Mor 358 1.92 0.88 1 56 17.3 36.4 464 g [64]

(2.7% Na)

H-Mor 358 1.92 071 1 98 7.8 36.9 55.3 g [64]

Ca-Mor 325 1.56 094 1 93 242 364 394 & [64]

Ca-Mor 325 1.25 094 1 83 375 455 170 g [64]

Ca-Mor 375 2.08 099 1 90 315 457 228 & [64]

Sr-Mor 400 1.53 074 1 93 15.3 41.2 43.5 € [64]

Cr-Mor 400 1.29 1.2 1 92 195 260 545 € [64]

Na,H-Mor 350 0.64 1.9 18 83.7 421 372 207 b [68]

(4.1% Na)

K,H-Mor 350 1.29 19 18 87.6 329 304 367 E [68]

(3.8% K)

H-Mor 310 1.97 19 18 87.6 196 265 539 b [68]

Li,H-Mor 320 1.02 19 18 93.2 165 278 557 b [68]

(0.3% Li)

Ca,H-Mor 330 0.96 1.9 18 89.1 191 306 503 B [68]

(1.5% Ca)

Na,H-Mor 360 0.65 19 18 89.2 29.2 53.7 17.1 b [68]

(2.1% Na)

Na,H-Mor 360 1.29 1.9 18 90.3 262 418 320 n [68]

(0.4% Na)

Na,K,H-Mor 340 0.89 19 18 82.2 313 59.9 8.7 b 681

(2.0% Na,

3.7% K)

Na,Ca,H-Mor 320 0.65 19 18 90.3 31.8 453 229 b [68]

(0.7% Na,

1.0% Ca)

H-Mor 320 0.64 195 10 93 58t 8 [66]

H,Mg-Mor 320 0.64 195 10 92 35t g [66]

(20% Mg

exchange)

H,Mg-Mor 320 0.64 195 10 92 16! £ (66}

(50% Mg

exchange)

H,Mg-Mor 320 0.64 195 10 91 9 £ [66]

(96% Mg

exchange)

Mor, natural 400 1.79 1.9 18 96.7 265 368 367 j {1971

Mor, natural 400 1.92 1.9 18 95.8 269 375 356 j [197]
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(Continued)
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Catalyst
O

Temperature WHSV
(g MeOH/g cat per h)

N/C

(atm)

MeOH conversion MMA DMA

(%)

(C%)

(C%)

TMA DME Reference(s)

(C%)

(%)

Ca,Na-Mor, 400
synthetic
H,Na-Mor, 400
synthetic

(b) Effect of steaming
H-Mor 320
unsteamed,

natural

H-Mor 320
steamed,

natural

H-Mor 310
unsteamed,

synthetic

H-Mor 310
steamed,

synthetic

Na,K-Mor 320
unsteamed,

natural

Na,K-Mor 320
steamed,

natural

(c) Effect of extrusion
Na,H-Mor 390
steamed

extrudates
Na,H-Mor 390
steamed

extrudates,

no gelatinizer
Na,H-Mor 430
steamed

extrudates,

less Na

Na,H-Mor 390
steamed

extrudates,

Al,O5 binder
H-Mor, 425
dealuminated,
non-Al,Os

binder

(d) Effect of SiCly treatment

H-Mor 380
Na-SiCL-Mor 380
H-SiCl4-Mor 380
SiCl4-H-Mor 380
H-Mor 380
(Si/Al=10)

1.92

2.55

4.13

4.07

2.18

1.99

1.37

1.37

2.08

1.56

2.08

6.19

123

0.0445%
0.00121%
0.0388"
0.0862%
0.52

19

19

1.9

19

19

19

19

1.9

1.1

11

1.1

1.1

—_ e e =

18

18

18

18

18

18

18

18

96.1

96.3

86.6

571

89.6

89.1

91.5

89.5

90.9

91.4

88.0

88.8

95.1

>90
>90
>90
>90
94.1

26.5

24.7

18.5

375

19.6

26.2

28.6

29.7

351

18.5

15.2

21.7

82.2

26.6
399
333
18.2
314

36.3

34.6

244

43.7

26.6

522

57.1

62.6

60.5

67.3

66.0

50.6

16.5

25.7
59.0
65.3
24.2
31.0

37.1

40.7

57.0

18.8

539

21.6

143

7.7

3.6

11.9

16.6

17.5

12

417
11
14

57.6

37.6

J

0.67

1.92

2.10

6.12

19.0
2.8
0.5

48.6
7.6

[197]

[197]

(70]

{70]

[70]

(70]

(70]

[70]

[72]

(72]

[72]

[72]

[73]

[75]
[75]
{75]
(751
[74-78,198]
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Table 6

(Continued)

Catalyst Temperature WHSV N/C P MeOH conversion MMA DMA TMA DME Reference(s)

O (g MeOH/g cat per h) (atm) (%) C% (C% (CR) (%)

H-Mor 380 0.52 1 1 884 273 294 433 164 [74-78,198]
(SV/Al=15)

H-Mor 380 0.52 1 1 86.4 266 258 476 206 [74-78,198]
(Si/A1=20)

H-Mor 380 0.52 1 1 98.9 358 617 2.5 0.8 [74-78,198]

(Si/Al=10)/SiCl,

(e) Effect of TEOS treatment

TEOS-H-Mor 310 0.45 1.8 2 90 219 765 1.6 g [79)
(hydrated)

TEOS-H-Mor 310 0.375 1.8 2 90 157 692 15.1 g {79]
(unhydrated)

TEOS-H-Mor 310 0.5 2 2 93 208 754 3.8 £ [82]
(c/a >2)

TEOS-H-Mor (310 0.5 2 2 93 206 684 11.0 g [82]
a<2)

H-Mor 360 0.4 1 1 90 8.5 21.3 70.2 15 [81]
TEOS-H-Mor 360 0.4 1 1 90 195 758 4.7 2 [81]

0.6 mol% to others (C3).

0.8 mol% to others (C3).

¢ 0.1 mol% to others (C3).

4 0.7 mol% to others (C3).

¢ 1.0 mol% to others (C3).

f For all T’s, P’s, WHSV’s,

& No DME quoted.

" 2-3 mol% DME.

 mol% TMA; MMA and DMA were lumped together.
J 1-2 mol% DME.

¥ Initial rate of MeOH consumption=mol MeOH/g cat per h, WHSV=0.52-5.2 g McOH/g cat per h.
Tetraethylorthosilicate (TEOS).

FU-1. Although it is believed to have a smaller pore size than ZSM-5, improved selectivity over the MFI framework
was not observed (see Table 8).

4.3.3. NU-85
NU-85, an intergrowth [60] of zeolites EU-1 (EUO) and NU-87 (NES), both medium-pore zeolites, showed a
TMA selectivity of 54.5% at 99% methanol conversion in the acid form [88] (see Table 8).

4.3.4. Clinoptilolite

Hutchings et al. [89] found they could activate a naturally occurring clinoptilolite zeolite by first treating it with
sodium hydroxide followed by aqueous HCI treatment. The resulting catalyst was highly selective for MMA
(89.6%) and showed no TMA produced at 99% methanol conversion and high N/C (=3). Other studies showed that
at lower N/C ratios, H-clinoptilolite, steamed and unsteamed, was not very selective for DMA (30-40% TMA was
formed) [70]. These studies are summarized in Table 8.

4.3.5. Ferrierite

Weigert showed TMA selectivity of 17% for a ferrierite catalyst [64] (see Table 8). H-ZSM-21, a synthetic
ferrierite, has also been studied [90].
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Table 7

Summary of MFI-based catalysts

Catalyst Temperature WHSV NC P MeOH conversion MMA DMA TMA DME Reference(s)
°C) (g MeOH/g cat per h) (atm) (%) C%) (C% (C%) (%)

H-Silicalite 400 0.93 1 1 97 9 22 69 59 [84]

(Si/Al=125)

H-ZSM-5 460 29 2 5 88 554 234 211 23 [85]

(Si/Al=42.5)

H-ZSM-5 380 0.03* 1 1 >90 109 215 675 206 [74-78]

(Si/Al=12.5)

H-ZSM-5 400 3.13 2 3 98 177 267 556 74 [199]

(Si/Al=?)

H-ZSM-5 425 1.23 3 1 96.7 839 101 59 ° (73]

(Si/Al=?, )

non-Al,Os

binder)

H-ZSM-5 480 332 1.7 3 87.8 396 249 355 b [95]

(Si/Al=?)

H-ZSM-5 450 IR cell, 20 ml/min 3 1 72.7 421 286 293 2.2°  [83]

(Si/Al=")

H-ZSM-5 290 1.19 1 1 81 1.3 50 9338 d [64]

(SI/A1=")

Na-ZSM-5 397 1.67 096 1 93 115 229 656 d [64]

(Si/Al=D)

H-ZSM-5 400 1.25 1 1 88.6 65 218 717 0 [65]

(SI/Al=")

# Initial rate of MeOH consumption=mol MeOH/g cat/h, WHSV=0.52-5.2 g MeOH/g cat/h.
® No DME quoted.

¢ 8.2 mol% of total products were hydrocarbons.

42-3 mol% DME.

4.3.6. H-ZSM-11
Although zeolite ZSM-11 has been studied for methylamines synthesis, comparison to other zeolites is difficult
because MMA and DMA selectivities were combined in the report [90].

4.4. Small pore zeolites

4.4.1. Zeolite A

Tompsett et al. [91,92] studied various cation-exchanged forms of zeolite A as methylamines catalysts and found
Ca-exchange with removal of essentially all alkali cations to result in the best selectivity to MMA and DMA. In
addition, it was found that addition of a binder — especially a clay binder — decreased the selectivity. Pressure studies
showed that methanol conversion and DMA selectivity were not greatly affected but MMA selectivity increased
and TMA selectivity decreased at low pressure. These results are summarized in Table 9(a) and (b). Studies by
other groups as summarized in Table 9(c) do not show this degree of selectivity.

44.2. NU-3
Tompsett and Whittam [93] reported the use of the small pore zeolite NU-3, a synthetic zeolite with the levyne
structure type for the selective synthesis of MMA and DMA (see Table 8).
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Table 8

Summary of miscellaneous catalysts

Catalyst Temperature WHSV NC P MeOH conversion MMA DMA TMA DME Reference(s)

°C) (g MeOH/g cat per h) (atm) (%) C%) (C%) (C% (%)

(a) Offretite

H-Offretite 450 IR cell, 20 ml/min 3 1 75 319 336 345 9.3*  [83]

(b) FU-1

H-FU-1 400 0.62 1.5 20 94.2 185 268 547 o° [46,
200-202]

H,Na-FU-1 400 0.64° 1.5 190 955 28 31,7 402 o° [201,203]

(c) NU-85

H-NU-85 330 0.86 2 19 99 192 263 545 © [88]

(d) Clinoptilolite

H.Na-Clinop, 400 0.074 3 1 96.6 89.6 104 0 ¢ [89]

natural

H-Clinop, 350 1.36 1.9 18 88.2 247 360 393 f [70]

natural

H-Clinop, 350 1.37 1.9 18 85.1 27.0 407 323 f [70]

natural,

steamed

(e) Ferrierite

H-Fer 400 0.12 1 1 94 13 28 59 4.5 [94]
Fer,Natural 422 0.74 1.2 1 83 314 514 17.1 ¢ [64]
Ca-Fer 400 1.32 083 1 83 220 480 300 ¢ [64]
(f) NU-3

H-NU-3 360 0.68 1.5 1 87.0 832 162 0.6 1.9 {93]

(g) Erionite

H-Eri 400 0.46 1 1 98 18 31 51 0 [94)
H-Eri, 380 2.71 1.9 18 87.0 25.7 320 423 £ [701
natural

H-Eri, 380 2.56 19 18 84.1 27.0 373 357 f [70]
steamed

Ca-Eri 357 1.47 097 1 84 17.2 34.5 48.3 f [64]
Ca-Eri 422 2.00 075 1 91 12.3 26.2 61.5 f [64]
E-5 400 1.25 1 1 432 257 40.2 34.0 1.6 [65]
(h) Zeolite T

H-T 430 3.32 1.7 3 84.5 41.4 314 27.2 ¢ [95]
H-Na,K-T 355 0.5 18 1 888 213 340 447 12,680 [96,97]

#21.9 mol% of total products were hydrocarbons.

® Assumed zero.

 Quoted SV assumed to read *“mol MeOH/g cat per h”.
4 Assumed 1 atm.

¢ No DME quoted.

f2-3 mol% DME.

& NH3/DME feed.

" 3.5 mol% of total products were hydrocarbons.
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Table 9

Summary of zeolite A-based catalysts

Catalyst Temperature WHSV NC P MeOH conversion MMA DMA TMA DME  Reference(s)
°C) (g MeOH/g cat per h) (atm) (%) C%) (C%) (€C%) (%)

(a) Effect of ion-exchange

Na-A 380 0.35 2 1 34 321 286 393 o° [91,92]

La-A 360 0.70 1.5 1 91° 19.1 25.1 55.8 o° [91,92]

Mg-A 360 0.70 1.5 1 99.3% 154 269 577 ob [91,92]

Ce-A 360 0.70 1.5 1 88 19 24 57 o° [91,92]

Ca-4A 380 0.35 2 1 98.5* 288 409 303 ob [91,92]

S5A 380 035 2 1 99* 308 505 18.7 o° [91,92]

Ca-5A 380 0.70 1.5 1 98.5% 278 593 13 ob [91,92]

(b) Effect of binder

SA without 380 0.31 2 1 99 308 505 18.7 ¢ [91,92]

binder

SA with 380 d d 1 90.2 23.1 30.1 468 ¢ [91,92)

binder

Clay-bound 360 0.63 d 1 82 329 41 26.1 ¢ [91,92]

SA

(c) Other studies

SA, Japanese 400 0.18 2 1 100* 2 94 886 ob [198]

reference

catalyst

SA, Linde 400 0.93 1 1 96" 9 20 73 7.1 [138]

4A, Linde 400 0.12 1 1 86* 8 15 76 16.6 [138]

S5A, Ca4A 325 0.40 1 1 90? 11.9 177 704 o° [69]

SA, 400 1.25 1 1 54° 13.2 176 692 146 [56]

conventional

4A, 400 0.51 23 18 85.5 2715 295 429 ° [197]

conventional

Ca,Na-A, 400 2.08 068 1 95.0 121 199 681 °© [64]

Ca-4A

* Assumed molar.

® Assumed zero.

¢ No DME quoted.

4 Not given in reference.
¢ 2-3 mol% DME.

4.4.3. Erionite, zeolite T

Erionite has been studied by several groups as a methylamines catalyst [39,64,65,70,94]. This catalyst showed
some selectivity, but low activity. Similar results were obtained with zeolite T, an intergrowth of zeolites offretite
and erionite [95-97] (see Table 8).

4.4.4. Chabazite
Abrams et al. [94] claimed various chabazites as selective methylamines catalysts. For naturally occurring
samples they found that the selectivity varied from source to source as shown in Table 10(a) and (b).

4.4.4.1. Effect of ion exchange. The acid forms, in some cases, showed better selectivity and activity. In addition,
they found, at least for one chabazite, back-exchange of alkali-metal cations into the acid form of the zeolite led to
enhanced selectivity and an apparently much more active catalyst as shown in Table 10(a) and (b).
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4.4.4.2. Effect of coating and HCI treatment. Treatment of the external surface with tetraethylorthosilicate
[98,99,100-102], gave improved selectivities as shown in Table 10(d). Also, HCl(g) treatment [103] lead to
enhanced selectivity for both the mineral and H-forms of the zeolite as shown in Table 10(e).

4.4.4.3. Synthetic forms. Shannon et al. (1988) showed that synthetic chabazites were selective for DMA synthesis
(56.1%), even though DME selectivity was high (14.3%). Starting with a different synthesis method, the K*- and
Na™- forms are preferred, with uncalcined samples more active than calcined ones. Low TMA (4%) selectivity was
obtained at N/C=3 using uncalcined Na-chabazite at 90% MeOH conversion (see Table 10(f)) [104—106].

The silicoaluminophosphate (SAPO) isostructural with chabazite, SAPO-34, was first reported in 1984
[107,108]. Studies of this material as a methylamines catalyst showed it to be less active than the aluminosilicate
variety (see Table 10(g)) [109-111].

Table 10

Summary of chabazite-based catalysts

Catalyst Temperature WHSW N/C P MeOH conversion MMA DMA TMA DME Reference(s)
°C) (g MeOH/g cat per h) (atm) (%) (C%) (C%) (C%) (%)

(a) Effect of zeolite source

Cha (Naples) 400 0.46 1 1 96 20 55 24 1 [94]

Cha (Durkee) 400 0.23 1 1 97 21 45 34 5 [94]

Cha 400 0.46 1 1 98 16 33 51 4 [94]

(Christmas)

Cha (Bowie) 400 0.93 1 1 95 13 23 64 3 [94]

H-Cha 350 0.46 1 1 98 23 59 18 0 [94]

(Naples)

H-Cha 400 0.93 1 1 98 16 51 33 49 [94]

(Durkee)

H-Cha 400 1.86 1 1 98 16 41 43 5.0 [94]

(Christmas)

(b) Effect of zeolite source

Nova 400 0.46 1 1 69 23 50 27 0 [138]
Scotia, Canada

Durkee, 400 0.46 1 1 84 27 53 20 4.0 [138]
OR, USA

Beaver 400 0.46 1 1 94 18 34 49 1.1 [138]
Divide, WY,

USA

Pyamid 400 0.46 1 1 94 19 44 37 1.0 f138]
Lake, NV, USA

Naples, Italy 400 0.46 1 1 96 20 55 24 0.9 [138]
Bowie, 400 0.46 1 1 98 13 23 64 2.2 [138])
AZ, USA

Christmas, 400 0.46 1 1 98 16 33 51 4.1 {138]
AZ, USA

Bear Springs, 400 0.46 1 1 99 12 24 64 22 [138]
AZ, USA

Wikeiup, 400 0.46 1 1 99 13 25 62 1.1 [138]
AZ, USA

(c) Effect of cation exchange

Cha (Durkee) 400 0.23 1 1 97 21 45 34 4.7 {94]
H-Cha 400 0.93 1 1 98 16 51 33 4.9 {94]
(Durkee)
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Table 10

Summary of chabazite-based catalysts

Catalyst Temperature WHSW NC P MeOH conversion MMA DMA TMA DME Reference(s)
°C) (g MeOH/g cat per h) (atm) (%) C% (C% (C% (%)

Na,H-Cha 400 2.79 1 1 97 20 61 19 0.9 [94]

(Durkee)

K,H-Cha 400 2.79 1 1 98 19 63 18 0.9 [94]

(Durkee)

Cs,H-Cha 400 2.55 1 1 97 26 60 14 5.2 [94]

(Durkee)

(d) Effect of surface treatment

H-Cha 400 0.91 1 1 98 16 51 33 4.7 [98,99,
(Durkee) 100-102]
H-Cha 400 023 1 1 97 17 58 25 53 [98.99,
(Durkee)/ 100-102]
TEOS

(e) Effect of HCI treatment

Cha (Durkee) 400 0.23 1 1 97 21 45 34 4.7 [103]
Cha (Durkee)/ 400 0.93 1 1 95 26 59 15 53 [103]
HC1

H-Cha 400 1.86 1 1 98 16 41 43 5.0 [103]
(Christmas)

H-Cha 400 1.86 1 1 97 23 60 17 0.9 [103]
(Christmas)/

HC1

(f) Synthetic forms

HK,Cs-Cha 325 1.0 1 1 93 15.3 56.1 28.6 143 [120]
K,H-Cha 300 0.434 35 18 97.3 360 548 9.3 b {104-106)
K-Cha 350 0.217 35 18 86* 6" 4 [104-106]
uncalcined

Na-Cha 350 0.217 35 18 90* 4* 4 [104-106]
uncalcined

NaK-Cha 350 0.217 35 18 96* 20° b [104-106]
uncalcined

Na-Cha 350 0.434 35 18 76* 42 b [104-106]
uncalcined

Na-Cha 350 0.434 35 18 73* 4* b [104-106]
calcined

Na-Cha 350 0.434 35 18 342 1? 4 [104-106]
calcined,

steamed

(g) SAPO-34

SAPO-34 325 1 1 1 74.0 444 451 10.6  20.0 [109]

(h) Other reports
Cha 400 2.69 19 18 87 254 317 429 4 [197]

® TMA in wt%; DMA and MMA not given.
® No DME quoted.
Tetraethylorthosilicate (TEOS).
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4.4.5. Rho

Although the hypothetical structure of zeolite rho was first reported in the mid-1960s [112,113], it was not until
the mid-1970s that Robson et al. [114,115] reported the synthesis of this small-pore zeolite from a Na/Cs/Al/Si/O
gel. In the 1980s, the use of zeolite H-rho as a methylamines catalyst was studied in great detail.

4.4.5.1. Effect of calcination conditions. As with other zeolite-based catalysts, calcination configuration and
atmosphere were shown to have significant effects upon catalyst performance (see Table 11(a)) [63,116-119]. In
Fig. 4(a) and (b), the effect of calcination temperature and atmosphere on the catalytic selectivity and activity is
shown for a particular sample of NH,-rho. In a nitrogen atmosphere, with increasing calcination temperature (300
800°C), decreasing amounts of TMA are observed in the product stream. With this increasing selectivity with
increasing calcination temperature, catalytic activity also increases and then falls at 800°C. This effect appears to
be pushed to lower temperatures on addition of steam during calcination, i.e., the selectivity improvement is more
dramatic and the activity begins to decrease at temperatures greater than 700°C.

Table 11

Summary of rho-based catalysts

Catalyst Temperature WHSV N/C P MeOH conversion MMA DMA TMA DME Reference(s)
°C) (g MeOH/g cat per h) (atm) (%) C%) (C%) (C%) (%)

(a) Effect of shallow-bed calcination temperature

H-Rho 325 1.8 1 1 90 139 536 325 49 [118]

(1.0 Cs/uc)/

400°C, 31 h

H-Rho 325 1.4 i 1 90 156 602 242 37 [118]

(1.0 Cs/ucy/

500°C, 16 h

H-Rho 300 1.5 1 1 90 158 757 8.5 6.2 [118]

(1.0 Cs/uc)/

600°C, 4 h

H-Rho 325 1.3 1 1 90 150 733 11.7 6.3 [118]

(1.0 Csfuc)/

700°C, 4 h

(b) Effect of Cs-content

H-Rho 300 1.86 1 1 90 13 50 37 3 [204]
(0.62 Cs/uc)
H-Rho 300 1.86 1 1 91 13 42 45 4 [204]
(1.61 Cs/uc)
H-Rho 300 0.46 1 1 90 16 42 42 6 [204]
(4.40 Cs/uc)
H-Rho 350 37 1 1 92 13 53 34 43 [204]
(0.50 Cs/uc)
H-Rho 350 2.79 1 1 91 12 54 34 9.2 [204]
(0.87 Cs/uc)
H-Rho 375 3.25 1 1 90 12 49 39 5.0 [204]
(1.62 Cs/uc)
H-Rho 375 1.86 1 1 90 12 44 44 4.3 [204]

(2.67 Cs/uc)

(c) Effect of coating (liquid phase)
H-Rho 300 1.86 1 1 88 24 44 32 1.0 [98-102]
H-Rho/H,8i0; 300 0.93 1 1 84 27 58 15 1.0 [98-102]
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Table 11

(Continued)

Catalyst Temperature WHSV NC P MeOH conversion MMA DMA TMA DME Reference(s)
(°C) (g MeOH/g cat per h) (atm) (%) (C%) (CR) (C%) (%)

H-Rho 300 1.39 1 1 92 18 60 22 2.0 [98-102]

H-Rho/TEB 300 0.35 1 1 92 14 79 7 39  [98-102]

H-Rho 300 0.93 1 1 95 16 64 20 13.7  [98-102])

H-Rho/TMP 300 0.93 1 1 91 19 79 3 123 [98-102]

H-Rho 300 1.86 1 1 95 15 48 36 1.0  [98-102]

H-Rho/ 300 1.86 1 1 92 15 75 10 49  [98-102]

{Al2(OH)sCl}x

H-Rho/NaAlO, 300 2.79 1 1 91 15 60 24 2.1 [98-102]

(d) Effect of hydrogen level on effectiveness of coating

H-Rho 300 1.86 1 1 89 20 39 41 1.1 [98-102]

H-Rho 300 0.93 1 1 93 20 57 23 0 [98-102]

2.1%H,0)/

TEOS

H-Rho 300 0.93 1 1 96 21 71 8 09  [98-102]

(8.2%H,0)

TEOS

H-Rho 300 0.93 1 1 97 20 74 6 0 [98-102]

(12.1%H,0)/

TEOS

H-Rho 300 093 1 1 96 21 75 4 0 [98-102]

(14.7%H,0)/

TEOS

(e) Effect of coating (vapor phase)

H-Rho 300 1.39 1 1 95 17 46 38 50  [98-102,121]

H-Rho/HMDS 300 1.39 1 1 88 19 63 19 3.0 [98-102,121]

H-Rho/ 325 2.79 1 1 88 18 65 17 3.0 [98-102,121]

(CH,),SiCl,

H-Rho/SiCl, 325 2.79 1 1 92 17 57 26 3.0 [98-102,121]

H-Rho/ 325 2.79 1 1 91 18 61 21 5.0 [98-102,121]

(CH,3);SiCl

H-Rho/TMP 325 2.79 1 1 88 17 72 11 3.0  [98-102,121]

H-Rho 300 1.86 1 1 95 15 48 36 1.0 [98-102]

H-Rho/ 300 1.16 1 1 88 20 72 8 29  [98-102]

(CH3);A1

(f) Effect of starting zeolite on coating

H-Rho 300 1.39 1 1 95 17 46 38 50  [98-102,121]

H-Rho/TMP 325 2.79 1 1 88 17 72 11 3 [98-102,121]

H-Rho 400 2.79 1 1 89 18 56 12 17 [98-102,121]

(poorly

crystalline)

H-Rho 400 1.86 1 1 92 16 76 8 14 [98-102,121}

(poorly

crystalline)/

T™P

H-Rho 325 1.86 1 1 91 16 54 30 4 [98-102,121]

H-Rho/TMP 300 093 1 1 93 14 86 04 5 [98-102,121}]

TMP=Trimethylphosphite.
TEB=Triethylborate.
TEOS=Tetraethylorthosilicate.

HMDS=Hexamethyldisilazane.
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Fig. 4. Effect of calcination temperature and atmosphere on (a) TMA selectivity and (b) catalyst activity.

4.4.5.2. Effect of cation exchange. Cation exchange can also affect the catalytic performance of zeolite rho [63]. In
forming the acid form of zeolite rho from Na, Cs-rho, the removal of cesium by ammonium exchange is not trivial.
Residual Cs™ can have a significant effect upon activity and selectivity as shown in Table 11(b).

4.4.5.3. Effect of impurity phases. Typical preparations of zeolite rho can contain a variety of impurities including
unreacted gel, chabazite, P, pollucite and several phases of unknown structure [115,120]. The presence of these
impurities can have a dramatic effect upon the catalytic properties of H-rho [120]. Although none of these phases
after exchange and calcination is as active or selective as H-rho for synthesis of DMA from methanol and ammonia,
these phases may convert DMA to TMA. Generally, calcination under shallow-bed conditions converts these
phases into relatively inactive amorphous aluminosilicates while deep-bed calcination was found to be much less
severe and permitted chabazite and pollucite to exist as active phases. Pollucite is believed to be one of the primary
causes of lower DMA selectivity for samples calcined in deep-bed configurations.

4.4.5.4. Effect of surface treatment. Treatment of H-rho with various silicon, aluminum, phosphorus and boron
compounds (usually alkoxides) led to enhanced selectivity [98,99,100-102,121]. The deposition can be
accomplished either in the liquid or vapor phase (see Table 11(c)). In the liquid phase deposition, the degree
of hydration of the zeolite can be critical to the amount of oxide/hydroxide deposited on the external surface of the
zeolite and hence the catalyst selectivity (see Table 11(d)). Vapor phase treatments generally lead to much lower
loadings of the deactivating species (see Table 11(e) and (f)). Characterization (infrared and sorption) studies
showed these treatments deactivated the non-selective acid sites on the external surfaces of the zeolite rho
crystallites and on the non-selective impurity phases, and in some cases (especially for liquid phase deposition),
narrowed the zeolite pore openings.

4.4.5.5. Effect of framework flexibility. Abrams and co-workers [62,122] showed the reaction selectivity imposed
by zeolite rho is related to the physisorbed amount of TMA for a given sample. In other words, TMA is related to the
amount of TMA in excess of that necessary to titrate the accessible acid sites. It is also reported that NHs, MMA,
DMA and TMA strongly interact with zeolite such that the framework distorts [62,122-125]. This extreme
framework flexibility, as illustrated in Fig. 5, is unique to this zeolite [126].

4.4.6. ZK-5

The synthesis of zeolite ZK-5 from Na/Al/Si/O/{(CH3),(CH,CH;);N; }O gel was first reported by Kerr [127—
129]. Later, Robson [130] disclosed a preparation of K, Cs-ZK-5 from a K/Cs/Si/AI/O gel. Gier et al.
[69,84,119,131,132] studied the use of H-ZK-5 prepared from this latter procedure in methylamines synthesis.
Unlike studies of the synthesis of zeolite Na, Cs-rho where significant amounts of impurity phases crystallize and
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affect catalyst performance, the K, Cs-preparation of zeolite ZK-5 showed the route to be very clean — only weak
lines in neutron diffraction patterns indicated possibly a small amount of offretite formed.

4.4.6.1. Effect of ion exchange. Complete removal of residual cesium on ion exchange is difficult. Studies showed
that Cs plays an important role: higher DME is observed for samples with higher Cs content and most deep-bed
calcined samples with 1 Cs/uc showed higher DMA selectivity than those with 4 Cs/uc [69,84,119,131,132] (see
Table 12(a)).

4.4.6.2. Effect of calcination conditions. As shown in Table 12(b) for deep-bed calcined samples, calcination
temperature affected selectivity and activity significantly. Maximum selectivity to DMA was observed at 450—
500°C compared with 600°C for zeolite H-rho. Deep-bed calcination led to improved DMA selectivity with
increasing temperature of calcination while shallow-bed calcination led to considerable structural damage with
decreased selectivity and activity. However, shallow-bed calcination (Table 12(a)) with steam showed less damage
and enhanced selectivity. Stagnant deep-bed calcination (Table 12(a)) gave catalysts with lower activity but very
high DMA selectivity and significantly more conversion to DME. Overall, H-ZK-5 prepared from K, Cs-ZK-5
showed good DMA selectivity but was less active and less thermally stable than zeolite H-rho.

4.4.6.3. Effect of surface treatment. The selectivity of H-ZK-5 can be improved by surface treatment [98,99,100-
102]. In Table 12(c), the effect of treatment of H-ZK-5 with TEOS is shown. With enhanced selectivity, there is
some loss of activity. Coatings of H-ZK-5 have also been studied by Fetting et al. [133,134] who showed at N/C=2,
H-ZK-5 (made from K, Cs-ZK-5) modified with TMOS yields ~10% TMA and ~5% DME at 90% MeOH
conversion (see Table 12(d)). At N/C ~1, TMA was >10% with DME >40% at MeOH conversion of 84%.

4.4.6.4. Effect of synthesis route. In 1991, Verduijn [135] reported the preparation of ZK-5 from an aluminosilicate
synthesis gel containing only K+ and a small amount of Sr** with no Cs*. Corbin and Schwarz [136] studied this
zeolite in the acid form as a methylamines catalyst and found it to have certain advantages over the Robson
material: (1) it required fewer NH] ion exchanges required in catalyst preparation; (2) without the costly Cs™ in the
synthesis, the catalyst would be expected to be significantly less expensive; and (3) although less active, it showed
significantly improved selectivity to MMA and DMA (see Table 12(e)) compared to both H(Cs)-ZK-5 and H-rho.
The Verduijn preparation results in larger crystallites (3-4 vs. 1 um), higher Si/Al ratio (4.1 vs. 3.3) and higher
surface Si/Al compared to the bulk Si/Al. Each of these characteristics results in fewer acid sites on the external
surface which would be more accessible to the reactants and less selective to MMA and DMA than the internal acid
sites [137].

a

Fig. 5. Tllustration of the extremes of the framework flexibility of zeolite rho. (a) centrosymmetric form (dehydrated H-rho) and (b) non-
centrosymmetric form (dehydrated Ca-rho).
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Table 12

Summary of ZK-5-based catalysts

Catalyst Temperature WHSV N/C P MeOH conversion  MMA DMA TMA DME Reference(s)
°C) (g MeOH/g cat/h) (atm) (%) (C%) (C%) (C%) (%)

(a) Effect of bed configuration and residual Cs content

H-ZK-5(4Csfuc)/ 325 1.1 1 1 94 139 536 325 244 [132]

500°C,DB

H-ZK-5(4Csfuc)/ 350 0.4 1 1 95 139 778 83 193 [132]

500°C,SDB

H-ZK-5(1.1Csfuc)/ 350 0.7 1 1 92 122 688 19.0 3.8 [132]

500°C,DB

H-ZK-5(1.1 Csfuc)/ 400 0.16 1 1 93 154 462 385 68  [132]

500°C,SB

H-ZK-5(1.1 Csfuc)y/ 375 0.27 1 1 93 259 66.7 7.4 5.7 [132]

500°C,SBST

(b) Effect of deep-bed calcination temperature

H-ZK-5/450°C 325 1.2 1 1 98 122 439 439 153 [132]
H-ZK-5/500°C 325 1.1 1 1 94 139 536 325 244 [132]
H-ZK-5/600°C 325 0.8 1 1 98 120 783 98 283 [132]

(c) Effect of surface treatment: TEOS

H-ZK-5 325 0.46 1 1 99 16 32 52 72 [98-102]
H-ZK-5/TEOS 350 0.46 1 1 98 22 73 6 0.8  [98-102]
(d) Effect of surface treatment: TMOS

H-ZK-5/550°C 400 3.13 2 3 98.44 297 347 356 3.01 [133,134)
H-ZK-5/0.5%TMOS 400 3.13 2 3 92.84 227 555 218 7.44 [133,134}
H-ZK-5/1%TMOS 400 313 2 3 89.46 284 574 143 4.75 [133,134}
H-ZK-52%TMOS 400 3.13 2 3 90.05 305 587 108 4.38 [133,134)
H-ZK-5/3%TMOS 400 3.13 2 3 75.85 39.6 53.6 6.8 2.74  [133,134]
H-ZK-5/4%TMOS 400 3.13 2 3 56.91 55.1 403 4.6 2.81 [133,134]
H-ZK-5/5.9%TMOS 400 3.13 2 3 50.56 582 377 4.1 271 {133,134]
H-ZK-5/8%TMOS 400 3.13 2 3 36.16 734 234 32 241 [133,134]
H-ZK-5/10%TMOS 400 3.13 2 3 16.63 864 11.0 2.6 5.69 [133,134]
H-ZK-5/2%TMOS 400 0.10 092 3 83.57 69.7 17.1 132 46.8* [133,134]
H-ZK-5/2%TMOS 400 313 1.0 3 390 406 460 134 144> [133,134]
(e) Effect of ZK-5 synthetic route

H(Sr)-ZK-5/500°C 325 1.85 1 200 90 248 733 1.9 0 [136,137]
H(Cs)-ZK-5/500°C 325 5.88 1 200 90 192 588 22 1 [136,137]
H(Cs)-ZK-5/500°C 300 1.85 1 200 90 174 721 105 1 [136,137]

# 28.3 mol% of total products are olefins.
® 0.9 mol% of total products are olefins.

4.5. Comparison of zeolites

In Fig. 6(a), a plot of the TMA selectivity vs. activity is given for all the various zeolites and a representative SA
catalyst [138]. Those zeolite catalysts exhibiting the lowest TMA selectivity are plotted in Fig. 6(b). Clearly,
selectivity improvements may be made by choosing appropriate small pore zeolites, with or without surface
modification depending on the desired final product distribution, or a larger pore zeolite (mordenite) that has been
modified by either ion exchange or surface passivation/pore mouth narrowing.
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Fig. 6. Plots of activity vs. TMA selectivity (@, N/C=1; ll, N/C=1.5-2.0) for (a) all zeolite-based catalysts and (b) the most selective
zeolite-based catalysts.

5. Kinetics
5.1. N/C ratios

There seems to be general agreement over a variety of catalysts, such as H-M, Na-M, H-ZSM-5, Na,H-Y and ZK-
5/TMOS, that methanol conversion increases as the NHj partial pressure increases [67,76,134,139].

5.2.  Reaction order

A number of different reaction orders for methanol have been found, from first order at low conversions [140], to
zero and negative [67,139]. In several cases, adsorption terms were included in the kinetics. Dingerdissen et al.
[141] found a good fit for NH; and methanol conversions assuming the same adsorption for all species. Low
pressure data with Na mordenite or Na,K erionite was fit to Langmuir-Hinshelwood kinetics [142]. Schmitz found
NH; pressure could not be represented by a Langmuir isotherm [52]. The reaction is first order in ammonia over
both Na-M [67] and H-zeolites [139,143]. As total pressure is increased, inhibition of the reaction is often observed
[67,139,142]. Disproportionation reactions were found to be important with ZSM-5 and ZK-5/TMOS [134,139],
but not with Na mordenite, Si0,/Al,O5 [67] or rho [69].

5.3. Adsorption

IR measurements of methanol alone [144,145] show both protonated methanol and methoxy species. When
methanol and ammonia are coadsorbed, methanol is more strongly adsorbed with sodium zeolites, though the
difference diminishes at pressures of 10> Pa or higher [142]. On the hydrogen form, ammonia and the methylamines
are more strongly adsorbed and covers all Brgnsted acid sites [134-145]. Methanol is adsorbed on preadsorbed
ammonium ions [143]. Several groups [145,146] have made microcalorimetric measurements of amines adsorption
with H-ZSM-5 and H-mordenite. The results along with the gas phase proton affinities are tabulated in Table 13.
Lee et al. [146] have noted the heats of adsorption correlate with the gas phase proton affinities which they offer as
proof that the heats of adsorption arise mainly from proton transfer. The lower than predicted AH,4, of TMA is
ascribed to a lack of bidentate hydrogen bonding with the lattice. Ab initio calculations also predict ammonium ion
stabilization by hydrogen bonding to the anionic cluster [147,148] and NMR measurements on MMA adsorbed on
H-Y are also consistent with hydrogen bonding to the lattice [149]. Other NMR measurements show a dynamic
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system, rapid rotation of the ammonium ions in rho zeolite [150], both chemisorbed and physisorbed species [151—
153] and rapid exchange between these species [154]. NMR measurements of a sealed tube of methanol, ammonia
and zeolite that had been heated to 275°C showed the three amine products, DME and tetramethyl ammonium ions
[155]; at temperatures greater than 400°C, decomposition products were observed.

6. Mechanism
6.1.  Hydrogen zeolites

The only species seen with IR measurements of the H-zeolite catalysts in the presence of methanol and ammonia
are protonated ammonia or amines which cover all Brgnsted acid sites [134—145]. This has led to a number of
mechanisms, all of which invoke ammonium or methylammonium ions as being involved.

Chen and coworkers [145], based on the relative strengths of adsorption, propose that weakly adsorbed methanol
reacts with strongly adsorbed ammonia or methylamines (ammonium ions or methylammonium ions) (Fig. 7).
This reaction pathway is very unlikely, as ammonium ions are not at all nucleophilic and are unlikely to displace a
hydroxyl group from methanol.

Fetting et al. [134] and Mochida et al. [65] propose protonation of the methanol by an ammonium ion, followed
by displacement of the protonated hydroxyl group by the nitrogen of the resulting hydrogen-bonded ammonia
(Fig. 8).

The most probable mechanism for methylamine formation is the SN2 attack of a protonated methanol by weakly
adsorbed ammonia. The source of the proton can be either the ammonium ion (Fig. 9) or the zeolite hydrogen
(Fig. 10). They are equivalent as a proton sources since ammonia, methanol and their protonated forms are all in
equilibrium. After the displacement, the resulting methylammonium ion would be of very high energy unless it
were stabilized by hydrogen bonding to the lattice. Another possibility that will not develop such a charge
separation is a six membered transition state for the Sn2 displacement (Fig. 11). Normally, an Sy2 transition state is
linear, but calculations show that where solvation is poor and ion pairing is expected, it can be bent [156,157].

Higher amines are formed when the attacking group is MMA or DMA and DME is formed when the attacking
group is methanol. Since the amino group is a much better nucleophile than hydroxyl, mainly methylamine is
formed.

Disproportionation reactions occur in an analogous manner. Now the amino group of a methylamine is
protonated and the attacking group is ammonia or a methylamine (Fig. 12).

Without ammonia present, these catalysts produce DME. The most likely mechanism is the one proposed by
Fetting et al. [134] where methanol displaces the oxygen from another methanol molecule whose oxygen has been
activated either by protonation of the hydroxy! group (Fig. 13) or by coordination with a Lewis acid site (Fig. 14).

Table 13

Adsorption enthalpies on H-ZSM-5 and H-Mordenite

Compound H-ZSM-5 [146] H-ZSM-5 [139] H-Mordenite {146] H-Mordenite [139] Proton affinity [139]
—AH (kJ/mol) —AH (kJ/mol) —AH (kJ/mol) —AH (kJ/mol) PA (kJ/mol)

NH; 145 151 160 158 857.7

CH;NH, 185 204 200 219 895.8

(CH3);NH 205 245 225 207 922.6

(CH3)sN 205 155 220 140 938.5

(CH3),0 91 87 807.9

CH;0H 79 99 773.6

H,O 61 75 723.8
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Fig. 7. Weakly adsorbed MeOH reaction with strongly adsorbed ammonia.

The protonated DME that is formed can be stabilized by hydrogen bonding to the lattice. Another possibility that
minimizes charge separation is again a cyclic transition state (Fig. 15). Chen et al. [145] have observed methoxyl
species by IR and suggested that these may be the reactive intermediate for DME formation (Fig. 16).

6.2. Alkali zeolites

On sodium zeolites, methanol is more strongly adsorbed than ammonia. Kogelbauer et al. [142] propose that
DME formation takes place from sodium-coordinated methanol molecules first by proton transfer from one
methanol to another, making sodium methoxide and protonated methanol, followed by attack of the anion on the
protonated methanol, displacing water (Fig. 17). This mechanism seems unlikely because of the energetics of
making an acid-base pair.

More likely is an analogous mechanism to that previously discussed for H-zeolites. The methanol oxygen is
activated as a leaving group by interaction with the sodium cations allowing methylamine formation by an Sn2
attack of methanol by ammonia, followed by proton transfer [142]. The ammonium ion formed can be stabilized by
the lattice (Fig. 18). A cyclic transition state (Fig. 19) is less likely, because NaOH would be formed. Higher
amines can be formed by attack on MMA or DMA in a similar manner and DME when the attacking group is
methanol. This mechanism for DME formation is consistent with the observation of Kogelbauer et al. [142] that
aluminum-rich zeolites make more DME vs. MMA because the methanol oxygen is made more nucleophilic by
increased hydrogen bonding with lattice oxygen atoms which have a greater negative charge at higher aluminum
concentrations.

7. Synthesis from CO/CO,

There are a number of reports (Table 14) on the synthesis of amines using CO or CO, as the carbon source.
Usually the reactants are CO/H,/NH; or CO,/H,/NH; except for Enders [158,159] who reports low conversions to

H\ H\o— I/~I H\0‘“——CH3
. _N=—H CH, /N\ H\/)
i —> ¥ &
,Si/ ° Al__Si /7 0 .
0 ‘O’ O ~ O/SI\O,AI\O,SI\

Fig. 8. Protonation of MeOH by ammonium ion.
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Fig. 9. S\2 attack of protonated MeOH by weakly adsorbed ammonia. (a) H* source=NH] ion.
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Fig. 10. Sn2 attack of protonated MeOH by weakly adsorbed ammonia, (b) H* source=zeolite proton.
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Fig. 11. Six membered transition state for Sy2 displacement.
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Fig. 12. Disproportionation mechanism (products not shown).

MMA and DMA from CO/H,/N; using Th, U and Zr catalysts. For CO,/H,/NH,, two main classes of catalysts have
been found effective, Fischer—Tropsch catalysts and methanol synthesis catalysts.

7.1.  Fischer-Tropsch catalysts

Fischer-Tropsch type catalysts convert CO/H,/NH; to methyl- and higher alkyl-amines [160~163]. K&lbel and
Trapper [164] have reported similar products using steam in place of hydrogen. Selectivities of nitrogen containing
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Fig. 16. Methoxy] species as intermediate.

products are not high, generally less that 35%. The amine products follow a Schulz—Flory distribution and are
probably formed by ammonia intercepting the growing hydrocarbon chain [165,166].

7.2. Methanol catalysts

Methanol synthesis catalysts such as CuO/Cr,05 [167,168], CuO/ZnO [169,170], ZnO/A1,05 [171,172] and Pd
or Pt/Al,0; [167] make methylamines from CO/H,/NH;. Methylamines have also been formed from CO,/H,/NH3
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Fig. 19. Alkali zeolites: Cyclic transition state.

[173] with a Cu/Al,O; catalyst or even from CO/NH3/CH3NO,; using Cu/ZnO/A1,0; [174] where the nitro group is
first reduced, then alkylated. For methanol type catalysts, amine selectivities, defined as amine containing
hydrocarbon products, not CO,, are quite high, usually over 75% and 100% in some cases. Different amounts
of MMA, DMA and TMA are made depending on the conversion and N/C ratio. Several authors have noted
[172,173] that conversion to methylamines is greater than the amount of methanol formed under the same
conditions if ammonia is not present. For the Cu or group VIII containing catalysts, it has been proposed that the
ammonia or the amino group is reacting with an intermediate on the catalyst such as surface aldehydic species
[170,173] in 2 mechanism similar to that proposed for the formation of amines from higher alcohols [175] which is
catalyzed by the same type of catalyst [176]. Vlasenko et al. [172] who used a ZnO/Al,O5 catalyst, have proposed
the alkylation of ammonia by methanol may be shifting the equilibrium towards products if the methanol formation
is equilibrium limited. A different mechanism is likely with ZnO since it is not active in the conversion of higher
alcohols to amines.
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Table 14

Summary of methylamines synthesis from CO/CO,

Feed Catalyst Amine products % Amines in products Reference(s)

Fischer-Tropsch catalysts

CO/H,/NH;3 K,Al promoted Fe Alkylamines [160]

CO/H,/NH; Cu promoted Fe Alkylamines 18 [205]

CO/H,/NH, Ba,Al promoted Fe Alkylamines 10-25 [161]

CO/H,/NH; Ba,Al promoted Fe Alkylamines 10-35 [163]

CO/H,/NH, Ba,Al promoted Fe Alkylamines 37 [166]

CO/H,0/NH; Cu,K promoted Fe Alkylamines 18 [164]

Methanol catalysts

CO/H,/NH; Ba,Cu chromite, Pd/SiO,, PTMA 99 [167]
AlO;

CO/H,/NH; Cu, Cr,05/A1,04 MMA, DMA, TMA 70-100 [168]

CO/H,/NH;3 Zn0/Al,03 DMA, TMA 100 [171]

CO/H,/NH;3 Zn0O/ALL 0, DMA, TMA 75-100 [172]

CO/Hy/NH; Cw/ZnO MMA, DMA, TMA 80-100 [169]

CO/H,/NH; Cw/ZnO MMA, DMA, TMA 100 [170]

CO,/H,/NH,3 Cuw/Al,O, MMA, DMA, TMA 98 [173]

Other catalysts

CO/H,/N, Uranium hydride, Thorium hy-MMA, DMA 50 [158]
dride

CO/HY/N, Zr, Zi/Ag MMA, DMA 50 [159]

CO/H,/NH; Ru TMA, HCONR,, R=H, Me 100 [206]

CO/H,/NH; Mo/SiO, MMA, DMA 50 [177]

CO/NH,3 Zeolites H-ZSM-5, Y, Morde-MMA, DMA 50-100 [178]
nite, etc.

CO,/H,/CH;3NO, Co/Cw/ZnO/A1,05 MMA, DMA, TMA [174]

7.3.  Other catalysts

The formation of methylamines and amides has also been reported over Rh/Fe/SiO, [162]. Tatsumi et al. [177]
have reported amine and nitrile formation over Mo/SiO, and Subrahmanyam et al. [178] claim synthesis of MMA
and DMA from CO/NH; using zeolite catalysts.

8. Conclusions

Methylamines are still mainly produced using equilibrium catalysts, but the market demand is clearly driving
research efforts towards selective zeolite catalysts. Fig. 6 shows that selectivity improvements may be made by
choosing appropriate small pore zeolites, with or without surface modification depending on the desired final
product distribution, or a larger pore zeolite that has to be modified by either ion exchange or surface passivation/
pore mouth narrowing.
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