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Abstract 

The influence of the support on the activity and selectivity of copper based catalysts for the synthesis of methylamines 
from carbon dioxide, hydrogen, and ammonia has been examined. Catalytic tests were carried out in a fixed bed 
microreactor in the temperature range 473-573 K and at 0.6 MPa total pressure. The activity for methylamine formation of 
the coprecipitated catalysts with 22-29 wt% Cu loading decreased in the sequence Cr,O, > ZrO, > Al,O, > SO, > ZnO, 
MgO. Monomethylamine was the predominant amine product for all catalysts, besides lower amounts of di- and 
trimethylamine. Carbon monoxide, water and traces of hydrogen cyanide were observed as by-products. In the absence of 
ammonia in the feed, methanol, CO and H,O were produced. No direct correlation between either BET surface area or 
copper surface area and the catalytic activity was observed. Results of NH, chemisotption and NH,-TPD experiments 
suggest that high activity in methylamine synthesis over supported copper catalysts is associated with appropriate acidic 
properties of the catalyst surface. Taking the isoelectric point (IEP) of the support component as a measure for the 
acidity/basicity characteristics of the catalyst, highest activity in methylamine synthesis is found for supports with an 
isoelectric point in the range 6-8. 0 1997 Elsevier Science B.V. 
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1. Introduction 

The amination of alcohols with ammonia or 
amines in the presence of hydrogenation/dehy- 
drogenation catalysts is a well established pro- 
cess [l]. Supported copper catalysts containing 
lo-65 wt% Cu were reported to be most suit- 
able for the dehydroamination of aliphatic alco- 
hols. Different support materials such as y- 
alumina, silica, chromium oxide, and zinc oxide 
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have been used, but it appeared that the selec- 
tion of the support was not very critical as long 
as the support itself did not exhibit any activity 
under dehydroamination conditions [I]. 

Methylamines are produced commercially by 
the exothermic reaction of methanol with am- 
monia in the presence of solid acid dehydration 
catalysts [1,2]. Thermodynamics of this reaction 
favour the formation of trimethylamine (TMA), 
whereas monomethylamine (MMA) and dimeth- 
ylamine (DMA) are of major commercial inter- 
est [2]. In the last decades attempts have been 
made to produce methylamines directly by the 
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reaction of CO/H, synthesis gas and ammonia 
in the presence of modified Fischer-Tropsch 
catalysts or supported copper catalysts [3-71, 
thus omitting the intermediate formation of 
methanol. In methanol synthesis the activity of 
copper catalysts was occasionally reported to be 
strongly dependent on the choice of the support 
B-10]. 

the catalysts were characterised using nitrogen 
physisorption, temperature-programmed reduc- 
tion, X-ray diffraction, NH, chemisorption and 
temperature-programmed desorption of NH 3. 

2. Experimental 

In recent studies on the use of CO, as a 
starting material for the synthesis of valuable 
chemicals and fuels, we concentrated on the 
formation of organo-nitrogen compounds such 
as formamides [ 111 and methylamines [12-141. 
Among various alumina supported transition 
metals tested for the catalytic synthesis of meth- 
ylamines from CO,/H ,/NH 3, copper-alumina 
was found to be most active at higher tempera- 
tures [14]. A reaction pathway was proposed, 
where an intermediate of methanol synthesis, 
such as adsorbed formaldehyde, reacts with am- 
monia to the corresponding methylamine 
[13,14]. This reaction sequence requires cat- 
alytic functions relevant in methanol synthesis 
as well as in the amination of alcohols, includ- 
ing the activation of ammonia. 

2. I. Catalyst preparation 

All catalysts, except Cu/SiO,, were pre- 
pared by coprecipitation from metal nitrate solu- 
tions with NaOH at constant temperature (298 
K) and constant pH. The pH of precipitation 
and the copper loadings of the catalysts are 
listed in Table 1. Solutions of metal nitrates in 
200 ml distilled water were added dropwise 
under vigorous stirring to a Pyrex vessel con- 
taining 200 ml distilled water. Simultaneously, 
NaOH solution was dosed to regulate the pH to 
the desired value. The slurry was aged for 30 
min at room temperature and constant PH. The 
resulting precipitate was filtered, washed three 
times with distilled water and dried overnight at 
393 K. 

In the present work we have extended the The Cu/SiO, catalyst was prepared by depo- 
previous studies on methylamine synthesis from sition-precipitation using the hydrolysis of urea 
CO,, H 2, and NH, to other supports, such as at 363 K, as described in [15]. A slurry of 25 g 
ZnO, MgO, Cr,O,, ZrO, and SiO,, which cover Aerosil 300 (Degussa) in 1.8 1 distilled water 
a broad range with regard to their surface acidic containing 28.5 g Cu (NO,), * 3H,O and 21.3 g 
properties. Chemical and structural properties of of urea was adjusted to pH 2-3 by addition of 

Table I 
Preparation conditions and properties of coprecipitated Cu/metal oxide catalysts 

Catalyst pH of Cu-content ’ Snnr (d,) b Sc, (N,O) <dc,)’ Acidity * 
precipitation (wt%) cm2 g-l) (nm) cm* g- ‘1 (mn) (pm01 NHs/g,,) 

Cu/ZnO 10 573 28 7 20.0 1.9 33 11 
Cu/MgO 12 673 21 28 15.9 8.4 24 15 
cu/cr,o, 7 523 25 136 4.5 10.1 18 44 
Cu/Al,O, 7 773 25 163 3.9 5.5 32 9 
wzJQ2 7 623 29 46 5.9 1.6 34 6 
Cu/SiO, - 573 22 343 5.6 10.3 12 128 

a After calcination, determined by AAS. 
b Mean pore diameter = 4Vp(Nz)/Sanr. 
’ Mean crystallite size of Cu measured by XKJ.I line broading of the (111) reflection of Cu. 
* Amount of adsorbed ammonia measured by chemisotption of NH, at 323 K on the reduced catalysts. 
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nitric acid. The reaction mixture was subse- 
quently heated to 363 K in 2 h under vigorous 
stirring and kept at this temperature for 19 h. 
The hydrolysis of urea resulted in a pH-rise to 
about 6.5, causing precipitation of copper ions. 
The resulting precipitate was filtered, washed 
and dried as described above. 

The dried catalysts were crushed to a sieve 
fraction of 120 to 300 pm and then calcined 
under air for 2 h at the temperatures listed in 
Table 1. Calcination temperatures were chosen 
on the basis of thermoanalytical measurements 
to guarantee complete decomposition of nitrate 
precursors. Before use the catalysts were re- 
duced at 453 K in a hydrogen/nitrogen mixture 
by increasing the mole fraction of hydrogen 
stepwise (30 min per step) in the sequence 
10/20/50 to 100%. After increasing the tem- 
perature to 473 K for 10 min, hydrogen was 
replaced by the reaction gas mixture. 

2.2. Catalytic tests 

Catalytic tests were performed using a stain- 
less steel continuous tubular fixed-bed reactor 
(length: 35 cm, diameter: 0.8 cm) at a total 
pressure of 0.6 MPa in the temperature range 
473 K to 573 K. The experiments were carried 
out using 3 g catalyst (affording ca. 8 cm bed 
length) and a reactant flow of 150 cm3 (STP) 
min-’ (GHSV = 2250 h-l). The feed gas, con- 
taining 60 mol% H,, 20 mol% CO,, O-20 
mol% NH, and N, as a balance, was mixed 
from cylinder gases using mass flow controllers. 
The reaction gases employed in the experiments 
were CO, (99.995%), H, (99.999%), NH, 
(99.3%) and N, (99.995%). The product gas 
mixture was analysed using a Hewlett-Packard 
589OA gas chromatograph equipped with two 
thermal conductivity detectors and with a SPB-1 
fused silica capillary column (60 m, 0.53 mm 
ID, 5 pm film) and a Porapak QS column (5 m, 
l/8 in. OD, 80-100 mesh), arranged in paral- 
lel. Standard conditions of the catalytic tests 
were: 513 K, 3 g catalyst, 0.6 MPa, 150 cm3 
min-‘, H,:CO,:NH, = 3:l:l. 

2.3. Catalyst characterisation 

The catalyst samples were characterised by 
nitrogen physisorption measurements, X-ray 
powder diffraction (XRD), nitrous oxide titra- 
tion, temperature-programmed reduction (TPR), 
NH ,-chemisorption and temperature-pro- 
grammed desorption of ammonia (NH,-TPD). 

BET surface areas were measured by adsorp- 
tion of nitrogen at 77 K using a Micromeritics 
ASAP 2000 instrument. Before measurement, 
the samples were degassed at 0.1 Pa and 473 K. 
The relative pressure range between 0.05 and 
0.2 for p/p0 was used to calculate the BET 
surface areas assuming a cross section area of 
0.162 nm2 for the nitrogen molecule. 

X-ray powder diffraction patterns were 
recorded on a Siemens D5000 powder diffrac- 
tometer in a step mode using Cu K, radiation. 
Mean copper crystallite sizes were calculated 
from the line broadening of the Cu (111) reflec- 
tion using the Scherrer equation. 

Nitrous oxide titration experiments were car- 
ried out using a pulse technique similar to that 
reported by Evans et al. [16]. Samples were first 
reduced in a flux of 75 cm3 min - ’ 5% H 2/Ar 
by heating at 10 K min - ’ to 493 K, and then 
exposed to a flow of 60 cm3 min- ’ pure hydro- 
gen at 493 K for 30 min. To account for the 
higher reduction temperature observed in the 
TPR experiment, the Cu/Al,O, catalyst was 
reduced at 553 K. Subsequently, the hydrogen 
was purged with 50 cm3 min- ’ He and after 
cooling to 363 K, pulses of N,O (0.5 cm3) were 
injected. Copper metal surface areas were calcu- 
lated assuming 1.46 X 1Or9 copper atoms per 
m2 [ 161. Back-titration of the oxidised copper 
surface was realised by pulses of CO (0.5 cm3) 
at 453 K. 

TPR profiles were measured with a 
TPR/TPD 2900 from Micromeritics under the 
following conditions: heating rate 10 K min- ‘, 
flow rate 70 cm3 min- ’ 10% H,/Ar. 

NH ,-chemisorption measurements were per- 
formed at 323 K using a Micromeritics ASAP 
201OC instrument. The sample was pre-treated 
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in flowing oxygen at 573 K for 30 min and then 
reduced in flowing hydrogen at 573 K for 2 h. 
The pressure range between 15 and 120 mm Hg 
was used to calculate the amount of ammonia 
chemisorbed on the catalyst surface. 

NH,-TPD experiments were carried out fol- 
lowing a procedure described previously [ 171. In 
brief, 100 mg catalyst was reduced in flowing 
hydrogen at 523 K for 2 h. After purging the 
hydrogen by helium (50 cm3 rnin- ‘> and cool- 
ing to 298 K, the samples were exposed to 3600 
ppm NH, in He (50 cm3 min- ‘> for 1 h. The 
physisorbed ammonia was removed by flushing 
with 50 cm3 min- ’ helium at 298 K for 1 h. 
Then, the temperature ramp (10 K rnin- ‘) was 
started and the gases leaving the reactor were 
analysed by mass spectrometry (Balzers QMG 
420). 

3. Results 

3.1. Catalyst characterisation 

Textural properties of the supported copper 
catalysts after calcination are listed in Table 1. 
As a result of the different support materials 
used, BET surface area and average pore diame- 
ter varied in a wide range. Highest BET surface 
area (343 m2/g) was found for Cu/SiO,, 
whereas with Cu/ZnO only 7 m2 g- ’ were 
obtained. All catalysts were mesoporous, as evi- 
denced by the type IV adsorption/desorption 
isotherms, with the mean pore diameters rang- 
ing from 3.9 run for Cu/Al,O, to 20 run for 
Cu/ZnO. Generally, the more basic supports 
ZnO and MgO showed low surface areas com- 
bined with large pore diameters. 

The specific copper surface areas, measured 
by N,O-titration, varied from 1.6 (Cu/ZnO) to 
10.3 m2 gg ’ (Cu/SiO,). Back-titration with 
CO resulted in comparable copper surface areas 
as N,O-titration with the exception of Cu/MgO, 
where CO consumption was substantially larger 
due to the formation of surface carbonates. 

XRD analysis of the calcined samples re- 
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Fig. 1. X-my diffraction patterns (CuK,) of coprecipitated cop- 
per-metal oxide catalysts afkr catalytic reaction. 

vealed reflexes due to crystalline CuO for the 
zirconia, alumina, and zinc oxide supported cat- 
alysts, whereas copper oxide of low crystallinity 
was observed for the other catalysts (not shown). 
The support materials were X-ray amorphous 
with exception of the zinc and magnesium oxide 
supported catalysts, which showed the presence 
of crystalline MgO and ZnO, respectively. The 
XRD patterns of the catalysts after catalytic 
tests are presented in Fig. 1. All catalysts showed 
the presence of metallic copper, with the mean 
crystallite size of the copper particles ranging 
from 12 to 34 nm (Table 1). In accordance with 
the N,O-titration measurements, largest copper 
crystal&es were found for catalysts with low 
copper surface areas. No indication for the pres- 
ence of other crystalline phases was observed 
for catalysts Cu/SiO,, Cu/Al,O3 and 
Cu/Cr,O,, indicating that the support materials 
were X-ray amorphous. Weak reflections due to 
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poorly crystalline tetragonal zirconia appeared 
in the XRD pattern of Cu/ZrO,, whereas strong 
reflexes due to crystalline ZnO were found for 
Cu/ZnO. In case of Cu/MgO, crystalline 
MgCO,, formed during the catalytic tests by the 
exposure to carbon dioxide, was prevailing be- 
sides the smaller amounts of crystalline MgO. 

TRR profiles of the calcined catalyst samples 
are depicted in Fig. 2. A similar behaviour is 
observed for Cu/SiO, and Cu/Cr,O,, both 
showing reduction of CuO around 490 K, and 
for Cu/ZrO, and Cu/ZnO, which show the 
occurrence of two reduction peaks in the same 
temperature range. With Cu/Al,O, and 
Cu/MgO the reduction peaks were broad and 
reduction was only completed for temperatures 
exceeding 600 K, indicating a stronger interac- 
tion of the copper oxide particles with the sup- 
port. 

Acidic properties of the catalysts were char- 

Cu/Si( 

Cu/ZrC 

Cu/A$C 

467 

Cu/Cr2 

CUlM< 
506 

500 600 700 

Temperature / K 

900 

Fig. 2. Temperature-programmed reduction (TPR) profiles of the 
calcined catalyst samples (10% H, /Ar, 10 K/min). 

0.05 mol-% NHs 
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Fig. 3. Temperature-programmed desorption of ammonia (NH,- 
TPD) from reduced catalysts after ammonia exposure at room 
temperature (10 K/min). 

acterised by means of ammonia chemisorption 
and NH,-TPD measurements. As can be seen 
from Table 1, the amount of ammonia 
chemisorbed on the catalyst surface at 323 K is 
largest for the support materials with acidic or 
amphoteric properties, whereas the more basic 
supports ZnO and MgO showed only low capac- 
ity for ammonia adsorption. Interestingly, 
Cu/ZrO, adsorbed only little NH,. The values 
listed in Table 1 correspond well with the NH,- 
TRD experiments shown in Fig. 3. Cu/SiO,, 
and less pronounced Cu/Al,O, and Cu/Cr,O,, 
showed the highest capacity for ammonia ad- 
sorption. A maximum in the TPD profiles was 
observed around 400 K for all catalysts. With 
Cu/SiO,, Cu/Al,O,, Cu/Cr,O, and 
Cu/ZrO,, a tailing in ammonia desorption to- 
wards higher temperatures occurred, and for 
Cu/Cr,O, a second broad peak around 673 K 
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could be seen. Low temperature desorption of 
ammonia is typically assigned to Bronsted- 
bound ammonia, whereas desorption taking 
place at higher temperatures indicates the pres- 
ence of Lewis-bound ammonia [ 17,181. 

3.2. Catalytic behaviour 

Steady state catalytic measurements under 
standard conditions revealed carbon monoxide, 
methylamines, and traces of hydrogen cyanide 
as the only carbon containing products. The 
temperature dependence of the formation of 
methylamines is depicted in Fig. 4 for the vari- 
ous supported copper catalysts. For all catalysts 
activity for methylamine production increased 
with increasing temperature and monometh- 
ylamine (MMA) was always the main amine 
product besides of lower amounts of dimeth- 
ylamine (DMA) and trimethylamine @MA). 
CO, formed via the reverse water gas shift 
(RWGS) reaction (CO, + H, + CO + H,O), 
and water were produced as by-products in all 
experiments. Traces of HCN were formed on all 
catalysts, except Cu/ZrO, and Cu/SiO,. As 
concerns the activity for amine production, 
highest rates were observed for Cu/Cr,O,, 
Cu/ZrO, and Cu/Al,O,. The catalytic be- 
haviour of these catalysts is discussed in detail 
in the following. 

3.2.1. Cu/Cr,03 
The reaction temperature and the NHJCO, 

ratio strongly influenced both NH, conversion 
and methylamine distribution. The temperature 
dependence of the product distribution, pre- 
sented in Fig. 5, shows that methylamines were 
produced over the whole temperature range 
(473-573 K) investigated, with MMA being 
favoured at higher temperatures. Carbon 
monoxide formation started at 493 K and devel- 
oped to the main product for temperatures ex- 
ceeding 553 K. Traces of HCN were detected at 
temperatures below 533 K, reaching a maxi- 
mum of 0.02 mol% at 493 K. 

In the absence of ammonia in the feed, the 
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0.7 - -A- Cu/ZrOp 
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Fig. 4. Temperature dependence of formation of methylamines 
from COz, H, and NH, over supported copper catalysts. Condi- 
tions: 3 g catalyst, 0.6 MPa, 150 cm3 min-’ CO,:H,:NH, = 1:3:1. 

only carbon containing products observed at 
513 K were methanol (0.013 mol%) and CO. 
Upon adding NH, to the feed, methanol synthe- 
sis was completely suppressed and CO produc- 
tion dropped from 2.065 mol% without ammo- 
nia to 0.07 mol% for an ammonia concentration 
of 20 mol%. Methylamine formation increased 
with increasing NH, concentration, with MMA 
being the dominant amine product for all am- 
monia concentrations. Traces of HCN were only 
detected with 20 mol% ammonia in the feed. 

3.2.2. Cu / ZrO, 
The Cu/ZrO, catalyst was significantly less 

active for methylamine synthesis than 
Cu/Cr,O,. However, the temperature depen- 
dence of the methylamine distribution, shown in 
Fig. 6, is similar as observed for Cu/Cr,O,, 
with MMA being the prevailing amine product. 
CO production was low (0.3 mol% at 573 K) 
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Fig. 5. Catalytic behaviour of Cu/Cr,O,. Temperature dependence of formation of methylamines from CO,, H, and NH,. Conditions: 3 g 
catalyst, 0.6 MPa, 150 cm3 min-’ CO,:H,:NH, = 1:3:1. 

and no HCN formation was observed with this 
catalyst. 

Without ammonia in the feed, CO and traces 
of methanol (0.017 mol%) were detected at 513 
K, with the latter being again completely sup- 
pressed in the presence of ammonia. TMA was 
the main amine product at low NH, concentra- 

tions, whereas MMA was the dominant product 
at higher NH, concentrations. 

3.2.3. Cu/Al,O, 
Copper-alumina showed a similar behaviour 

as observed for the chromia and zirconia sup- 
ported catalysts, but with lower overall activity 

8 
z 
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; 0.3- 
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0 
e 
a 0.2- 

0.1 - 

480 500 520 540 560 580 

Temperature / K 

Pig. 6. Catalytic behaviour of Cu/ZrO,. Temperature dependence of formation of methylamines from CO,, H, and NH,. Conditions: 3 g 
catalyst, 0.6 MPa, 150 cm3 min-’ COZ:H,:NH3 = 1:3:1. 
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Fig. 7. Catalytic behaviour of Cu/AI,O,. Temperature dependence of formation of methylamines from CO,, H, and NH,. Conditions: 3 g 
catalyst, 0.6 MPa, 150 cm3 min-’ CO,:H,:NH, = 1:3:1. 

for methylamine as well as CO formation (Fig. of about 0.14 mol% (CO) and 0.04 mol% (HCN) 
7). MMA was again the prevailing methylamine at 573 K. 
product. Traces of DMA and TMA were de- In the absence of ammonia in the feed, water, 
tected at temperatures above 493 K. At the carbon monoxide (1.3 mol%) and methanol 
same temperature, CO and HCN formation (0.027 mol%) were the products observed at 
started, reaching their maximum concentrations 513 K. Upon addition of ammonia to the feed, 
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o.oj , , , , , , , , , , , 
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Fig. 8. Catalytic activity at 573 K vs. isoelectric point of the support. Conditions: 3 g catalyst, 573 K, 0.6 MPa, 150 cm3 min-’ 
COz:H,:NH3 = 1:3:1. 
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the formation of methanol collapsed, and CO 
production decreased markedly, whereas the 
synthesis of methylamines started, with MMA 
being the main amine product. HCN formation 
was only observed with 20 mol% ammonia in 
the feed. 

4. Discussion 

Depending on the type of support used, dis- 
tinctly different activity for methylamine syn- 
thesis from CO,/H,/NHs mixtures is ob- 
served for the various catalysts. As emerges 
from Table 1, high BET and copper surface area 
are not decisive for high catalytic activity. The 
Cu/ZrO, catalyst, with comparably low BET 
(46 m’/g) and copper surface area (1.6 m2/g>, 
was among the most active catalysts tested, 
whereas Cu/SiO, with the highest BET (343 
m2/g> and copper surface area (10.3 m2/g> 
was not very active for methylamine synthesis. 
This finding indicates, that the nature of the 
support material has a significant influence on 
the behaviour of copper catalysts in the synthe- 
sis of methylamines. A support effect has also 
been reported for methanol synthesis from 
CO,/CO/H, feeds on copper catalysts [8-lo]. 

In case of methylamine synthesis, the surface 
acidity/basicity of the catalysts seems to influ- 
ence the catalytic activity. Fig. 8 depicts the 
catalytic activity of the catalysts for meth- 
ylamine synthesis under standard conditions at 
573 K as a function of the isoelectric point 
(IEP) of the support. The IEP values of the 
support oxides [ 19,201 were taken as a measure 
for the surface acidic properties of the catalysts. 
As emerges from Fig. 8, the catalysts most 
active in methylamine synthesis have an IEP 
around pH 7, whereas catalysts with a lower or 
higher IEP are significantly less active. 

For catalysts with predominantly basic sur- 
face properties, Cu/MgO and Cu/ZnO (IEP > 
9), ammonia is probably not adsorbed strongly 
enough resulting in relatively poor NH, surface 
coverage (Fig. 3). In a previous work [14] we 

proposed a reaction pathway for methylamine 
synthesis from CO,, H,, and NH,, in which a 
surface intermediate of methanol synthesis (for- 
maldehyde) reacts in a condensation step with 
ammonia to MMA. It seems that the ammonia 
has to be activated by acidic sites on the sup- 
port. Note that NH, desorption measured by 
means of mass spectrometry was complete at 
500 K on Cu/MgO and Cu/ZnO. In the tem- 
perature range 473-573 K, where catalytic ac- 
tivity for methylamine formation was observed, 
only Cu/SiO,, Cu/Al,O,, Cu/Cr,O, and 
Cu/ZrO, had significant amounts of ammonia 
adsorbed on the surface (Fig. 3). 

Cu/SiO, with an IEP of SiO, in the range 
1.8 to 3.7, depending on preparation method 
and pre-treatment [ 19,201, is also less active 
than Cu/Cr,O,, Cu/ZrO, and Cu/Al,O,. A 
possible reason could be product inhibition by 
methylamines, which are stronger adsorbed on 
acidic surface sites than ammonia, or a too 
strong interaction between NH, and the sup- 
port. 

Previously described copper-alumina cata- 
lysts with similar copper loadings, but prepared 
by precipitation of copper nitrate with KOH at 
pH 10 in a slurry of aluminium hydroxide, were 
significantly more active than the catalysts tested 
in this study. This preparation method leads to 
higher copper surface areas than the coprecipita- 
tion method. A high copper surface area and a 
good interaction between the support and the 
copper phase, in combination with an appropri- 
ate acidity of the alumina support for the activa- 
tion of ammonia, could explain the higher activ- 
ity. 

5. Conclusions 

The structural and catalytic properties of var- 
ious supported copper catalysts for the synthesis 
of methylamines from CO,, H,, and NH, have 
been studied. High catalytic activity is observed 
for Cr,O,, ZrO,, and Al,O, supported copper, 
whereas supports with a too high isoelectric 
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point (IEP) such as ZnO and MgO, or a too low 
IEP like SiO, produce significantly less meth- 
ylamines. 

Under the experimental conditions used there 
is no clear correlation between the copper sur- 
face area and the activity for the synthesis of 
methylamines discernible. Temperature-pro- 
grammed desorption of NH, and NH, 
chemisorption measurements revealed signifi- 
cant differences in the ammonia adsorption 
characteristics of the catalysts. Highest activity 
for methylamine synthesis was found for sup- 
port materials with appropriate acidic proper- 
ties, expressed by an IEP of the support in the 
range 6-8. 
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