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The reactions of primary alkanols have been investigated over reduced nickel 
oxide and other transition metal oxides and metals in the presence of a flow of 
hydrogen in a micropulse reactor. 

The temperature of reduction of nickel oxide greatly affects its catalytic activit) 
and selectivity for the ronvcrsion of n-butanol to dibutyl ether. After 20 hr of 
reduction at 190” or after 1 hr of reduction at 300” the catalyst shows 50% reactivity 
and 90% selectivity for the conversion of butanol to dibutyl ether. The ether 
forming properties of thp reduced nickel oxide wc>rc rorrelatrd with the intrinsic 
acidic sites of the catalyst. 

Both the activity and selertivity of the catalpst are impaired by the presence> 
of pyridine. The selectivity of the nickel catalyst, towards ether formation is also 
influenced by the amounts of butanol injected. An injection of at, least 2-6 ~1 of 
butanol per 200 mg of catalyst is required for 80% sclertivity for dibutyl ethel 
formation. 

Of the transition metal catalysts, Ni, Ir, and Pd show good properties for the 
conversion of alcohols to ethers. Rh and Ru. under similar conditions act ac 
dehydration and dehydrogenation catalyst s. while cobalt acts only as a dehydrogena- 
tion catalyst. 

Previous studies from this laboratory 
have shown that primary and recondary 

+ (RCH,),O 

alcohols undergo dehydration to form RCHzoH e RCHO + Hz% RH + CH, + Hz0 

ethers when passed in the presence of hy- 
drogen over reduced nickel oxide contain- 
ing catalysts (I-4). The dehydration prop- 

The present study was also carried out 

erties of the catalysts were ascribed to the 
in a micropulse reactor and was extended 

existence of intrinsic acidic sites in the 
to a more detailed investigation of the 

nickel. It was also reported that when the 
effect of the extent of reduction with hy- 

acidic sites were neutralized by sodium 
drogen of nickel oxide-kieselguhr catalyst 

ions the nickel loses its ether formation 
on the reactivity and selectivity of the re- 

abilit,ies and becomes a dehydrogenating 
action of alcohols. The effect of nitrogen 

and dehydroxymethylating catalyst: 
b ases on nickel was also investigated, as 
well as the effect of variation of the amount 
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effect of other transition metals or their 
oxides on the reaction of butanol. 

EXPERIMENTAL METHODS 

1. Apparatus and Procedure 

The experiments were made in a micro- 
pulse reactor described previously (6, S, 
5). The product from the reactions was 
analyzed by vpc using an analyt,ical pro- 
cedure and chromatographic columns re- 
ported already (3). 

Nickel. Nickel catalyst was prepared 
by precipitation of about 15% aqueous 
solution of reagent grade nickel nitrate 
hexahydrate with gaseous ammonia in 
plastic bottle. This procedure was used to 
assure that no silica from glassware is 
added to the catalyst. The nickel hydroxide 
was then converted to nickel oxide by heat- 
ing it in a flow of helium at 500” for 4 
hr (3). 

Iron, cobalt, and copper. The oxides of 
the title metals were prepared from 
Fe (No,)2*9H,0, CO(NO,)~*~H,O, and 
Cu (NO,) ,*3H,O (Mallinckrodt, Analytical 
Reagent). 

Platinum and palladium. A powder-like 
metal or oxide was obtained by thermal 
decomposition of diamminoplatinum dini- 
trite (Alfa Inorganics, Inc.) and palladium 
nitrate (Fischer Scientific, Inc.), respec- 
tively. 

Iridium. Iridium dioxide (Alfa Inor- 
ganics, Inc.) was directly used as a 
catalyst. 

Rhodium and ruthenium. These two 
metals (Alfa Inorganics, Inc.) 99.9%, w 
60 mesh, were used as such. 

2. Surface Determination 

The metallic surface areas of three of 
the catalysts were determined by gas 
chromatography. For nickel, the adsorb- 
ing gas was oxygen (6) ; and for palladium 
and platinum, carbon monoxide was used 
(7). Before making the measurements, the 
catalysts were reduced for 1 hr at 400” 
with hydrogen, followed by a stream of 
helium for 1 hr at 400”. They were then 
allowed to cool to room temperature and 
several injections of the respective gases 

were made until the heat conductivity cell 
of the gas chromatograph (no column was 
used) showed a const.ant signal, indicating 
that no additional gas was adsorbed. The 
injections have to be done within a short 
time, otherwise, as stated in the literature 
(8), migration of oxygen from the surface 
into the bulk of the nickel can occur. 

For the calculations the following values 
have been used: Ni, 1 m* = 0.48 ml of 0, 
(6) ; I’d, 1 m2 = 0.31 ml of CO (8), Pt, 
1 m2 = 0.42 ml of CO (9). The accuracy 
of t.his method is about 5-10s of the de- 
termined surface, for small surfaces it is 
about 15%. 

RESULTS 

1. Sickel Catalyst: Effect of Temperature 
and Time of Reduction on the Selectiv- 
ity of the Reaction of B,utanol 

The temperature of the reduction of 
nickel oxide can greatly affect its oatalytic 
activity and selectivity for the reaction 
of alcohols (3). Therefore, the purpose of 
this study was to determine the minimum 
temperature for the preparation of an ac- 
tive nickel catalyst. for the conversion of 
n-butanol to dibutyl ether and compare 
these results with those obtained with 
catalysts reduced at previously reported 
much higher temperatures (3). 

At the reduction and reaction tempera- 
ture of 150” the conversion of butanol 
shows the first detectable products. Within 
the first hour of reduction the main product 
was butyraldehyde, but the overall con- 
version was small. After 18 hr of reduction 
at 150” the distribution of products showed 
a changed picture. The main product was 
propane, 77 mole 70, while the ether 
amounted to 17%. The propane was formed 
by decomposition of the aldehyde. At 170” 
there was only a small change in product 
distribution, but at 190” ether formation 
was the main reaction, starting with the 
first injection. 

The product distribution obtained after 
20 hr at 190” remained almost. unchanged 
up to a reduction temperature of 400”. A 
sharp change was observed after the re- 
duction at 500”, thr main products were 
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propane and butyraldehyde. The total 
conversion also decreased from 26% to 
1.8% (Expts. 14 and 15). The decrease in 
the total conversion could be ascribed to 
sintering of the catalyst, resulting in de- 
crease of the accessible surface. This ex- 
planation was supported by determining 
the nickel surface by adsorption of oxygen. 

A nickel catalyst reduced at 190” had 
a surface of 10 m’/g but after reduction 
for 1 hr at 500” its surface was 1 m”/g 
and the activity of the catalyst aleo de- 
creased (Table 1). This sintering also 
caused the formation of channels in the 
catalyst powder. Nickel removed from the 
reactor after an experiment made at 500” 
was in the form of a lump and its catalytic 
activity was not rest,ored after grinding 
it to a powder and reducing it with hy- 
drogen. 

2. Effect of Ammonia, Aniline, 
and Pyridine 

It was shown in our previous studies 
that reduced nickel oxide has intrinsic 
acidic sites which are responsible for the 
conversion of alcohols to ethers (I-4). It 
was therefore of interest to determine the 
effect of nitrogen compounds on the com- 
position of product obtained from the con- 
version of n-butanol. 

Nickel catalyst reduced at 190” was 
subjected to the action of ammonia (Table 
1, Expts. 11 and 12). The injection of 10 
~1 of gaseous ammonia did not affect, the 
ether formation. Even a continuous flow 
of ammonia through the catalyst showed 
little effect on its activity and selectivity. 

Aniline was also injected over the nickel 
catalyst in an amount of 20 ~1. Ten min- 
utes after the injection, the conversion to 
the ether amounted to 3.2% compared to 
45% before injection. After 2 hr, however, 
with the usual stream of hydrogen, the 
activity of the catalyst was restored. 

The “poisoning” and reactivat,ion of 
nickel catalyst after an injection of 0.2 
~1 of pyridine is given in Fig. 1. This 
amount equals 4 X 10e6 moles or 2.4 X 
1Ol8 molecules. Considering an area of 
~30 AZ/molecule, the by-this-injection 
covered surface is equal to about 0.72 m*, 

t 

FIG. 1. Reactivation of nickel catalyst with 
hydrogen (7.2 liters/hr) after deactivation with 
pyridine. Original activity of the catalyst: total 
conversion, 56%; conversion to ether, 51%. 

assuming that all the injected pyridine is 
adsorbed. Using the already mentioned sur- 
face area value of nickel as 10 m2/g, the 
available surface of this catalyst (125 mg of 
Ni) being 1.25 m’. From this rough esti- 
mate, a remaining activity of 100 x [l - 
(0.72/1.25) 1 = 42% should be expected. 
The experiment shows a remaining activity 
of 25% which is not in good agreement, 
but this estimate did not consider an ad- 
ditional decrease of available sites by st,a- 
tistical poisoning in such a way that the 
remaining sites might be too small to per- 
mit ether formation. 

The reactivation curve (Fig. 1) shows 
two remarkably different parts. A sharp 
increase of activity within 1 hr and a slow 
long-lasting increase of activity, which can 
probably be attributed to different active 
sites on the surface. 

Table 2 contains a comparison of the 
formation of ethers from n-butanol, 
isobutyl alcohol, and neopentyl alcohol at 
six different stages of poisoning of the 
nickel. The experiments were repeated 
several times to be certain of their re- 
producibilities. 

Experiment 1 in Table 2 was made with- 
out pyridine. In all the subsequent experi- 
men& 0.2 ~1 of pyridine was used; and, 
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TABLE 2 
COMPARISON OF THE CONVERSION OF ALCOHOLS TO ETHERS AT VM~IOTJS ~<ELATIW CONCENTIUTIONS 

OF PYRIDINE ON Nrcsm”,* 

wButano1 Isobutyl alcohol Neopentyl 

74 Conversion y. Selec- yc Conversion *lo Helen- 7; Conversion y. Selec- 
tivity t)o tivity to tivity to 

Izxpt. Total to Et,her ethel To t,al to Ether ethel Total to Ether ether 

1C 62 56 90 35 30 85 3 0 -1.8 60 
2 55 51 92 29 25 s7 2.3 -1.3 55 
3 47 43 91 16 13 SO 1.7 -0.5 2x 
4 42 3s 90 12 9 71 1.4 -0.2 14 
5 35 30 87 10 7 67 1 .o -0.1 10 

6 16 11 70 x 4 56 1 0 <o. 1 3 

7 7 1 20 4 0.2 4 1.3 <o. 1 1 

a See Table 1 footnote a; the nickel oxide was reduced at 400” for 1 hr (Table 1, foot,notes a and c.) 
*Experimental conditions: temp of reactor, 190”; 10 ~1 of alcohol/injection; hydrogen, 7.2 liters/hr. 
c Pyridine was not used in this experiment,. In earh snbsequent experiment an increment of 0.2 el of pyri- 

dine was injected. 

for each alcohol, a new batch of catalyst 
was employed. The time lag between ex- 
periments was about 30 min, 20 min of 
which was required for the analysis of the 
product. The experiments show that there 
is a progressive poisoning of the catalyst 
as the total amount of pyridine injected is 
increased. After the fiflh injection, the 
yield of ether droljped from 56% to 117% 
or a relative drop of about 8070. This is 
best presented in Fig. 2 where the drop 
of the relative yields of ether from isobutyl 

FIG. 2. Relative activity of nickel catalyst con- 
taining variable amounts of pyridine towards the 
formation of isobutyl and neopentyl ether vs the 
formation of n-butyl ether. 

and neopentyl alcohol are plotted against 
the relative yield of butyl ether. If all three 
reactions would be influenced by pyridine 
in the same way, a straight-line dependence 
would be expected. Figure 2 shows concave 
shaped curves under straight broken line 
and the curve for neopent.yl alcohol is nl- 
ways under that, of isobutyl alcohol. 

This can be explained by a homogeneous 
statistically distributed pyridine on the 
surface of the catalyst which decrea5ex 
gradually the remaining active area and 
by this also the size of the remaining cata- 
lytic sites. The required size of an active 
site to form dineopentyl ether due to steric 
effects (10) should be larger than for di- 
isobutyl ether or dibutyl ether. 

3. E.fect of the Amount of Injection on 
Product Distribution from Butane 

There is a dependence of the amount of 
alcohol LINYI in each injection, and the yield 
of ether. This is illustrated by passing 
butanol at 190” over reduced nickel oxide 
catalyst, Table 3. When small amounts, 
up to 0.5 ~1, of t.he alcohol are injected, the 
main product is propane, from the decom- 
position of butyraldchyde. The injection 
of 2 ,#I of alcohol already shows a prefer- 
ence for ether formation. The bimolecular 
reaction is favored when the concentration 
of the sulwtratc on the catalyst is in- 
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TABLE 3 
EFFECT OF AMOUNTS OF BUTAN~L INJIXTED ON THE CONVERSION AND SELECTIVITY OF PRODTJCT+~ 

Expt: 1 2 3 4 5 6 7 
n-C,HoOH (Ml) 0.1 0.5 2 5 10 20 50 
Conversion (%) 92 80 78 66 59 57 57 

Composition of product 

(mole %) 
Propane 
Butane 
Butyraldehyde 
Dibutyl ether 

99 64 38 16 12 6 5 
1 0.1 <l <l <l <l 

<l 0.1 <l <l <l <l 

<l 34 60 83 87 93 94 

4 200 mg of NiO was used, reduced at 400” for 1 hr (Table 1 footnote a). 
b The experiments were made at 190”; He flow 7.2 liters/hr. 

creased. This is conceivable because the 
formation of an ether molecule requires 
2 mole equiv of alcohol, but for propane 
formation only 1 mole equiv is required. 
The preferential formation of butyralde- 
hyde and/or propane, and the high total 
conversion when a small amount of alcohol 
is used in injection, can be explained by 
an almost complete adsorption of the 
alcohol by the catalyst, and by the lack 
of the presence of the required two neigh- 
boring alcohol molecules for the formation 
of the ether. 

4. h’jfect of Hydrogen 

To obtain additional information regard- 
ing the effect of hydrogen upon the forma- 
tion of dibutyl ether, n-butanol was passed 
over nickel catalyst at 190” using helium 
as the carrying gas, Table 4. Expts. 2-4 
show that, in the absence of hydrogen, 
dibutyl ether is also produced; but with 

TABLE 4 
EFFECT OF HELIUM ON THE REACTION OF 

n-BUTANOL OVER NICKEL CATALYSTa8b 

Total conver- Selectivity 
lzxpt. Carrying gas sion (%) bole %) 

1 HZ 61 90 
2 He 29 30 
3 He 57c 21 
4 He 19 15 
5 % 36 93 

tz Table 3, footnote a. 
b Experiments were made at 190”; gas flow, 7.2 

liters/hr; injection, 10 ~1. 
c Injection, I ~1. 

each successive injection, the total activity 
of the catalyst and its selectivity towards 
ether formation is diminished. However, 
after rerunning the flow of hydrogen the 
selectivity for ether is restored from 13 
to 93%. 

The deactivation and loss of the selec- 
tivity of the catalyst in the absence of 
hydrogen is attributed to the formation of 
aldehyde condensation products on the 
catalyst. 

Transition Metals as Catalysts 

A survey of the effect of some of the 
transition metals and metal oxides on the 
reaction of n-butanol and of neopentyl 
alcohol are given in Tables 5 and 6. In most 
of the experiments, the catalysts were in- 
troduced into the reactor in the form of 
oxides and reduced in situ at 190” for 24 hr 
by a stream of hydrogen. In the case of 
rhodium and ruthenium, metal powder was 
used and treated the same way as the 
oxides. No attempt was made to make a 
thorough study of the optimal conditions 
for the preparation of the catalysts to make 
them most effective for the dehydration of 
alcohols to ethers. 

Neopentyl alcohol being a solid was dia- 
solved in n-hcxane and several injections 
were made with different concentrations of 
hexane to be assured that the presence of 
the diluent does not influence the composi- 
tion of the resulting product. The following 
metals or their oxides gave the highest 
selectivity for the formation of dibutyl and 
dineopcntyl ether, respectively: nickel, irid- 



REACTIONS OF ALCOHOLS. V 

TABLE5 
CONVERSION AND SELECTIVITY OF n-BUTANOL OVER TRANSITION METALS” 

203 

Izxpt: 
Metal: 
Conversion (mole %): 

Composition of reaction 
product (mole %) 

Propane 
Butane 
Butyraldehyde 
Dibutyl ether 

1 2 3 4 5 
Fe Rub Co Rh* Ir 

8 3 9 2 26 

19 45 64 5x 14 
72 2 20 3 7 

8 23 10 2 <l 
0 30 6 37 78 

6 7 8 9 
Ni Pd Pt CU 
12 15 6 <1 

12 15 6 10 
<l 18 <l 0 
<l <l 93 90 
57 66 0 0 

= Catalyst: 200 mg of the oxide in powder form; flow rate of hydrogen, 7.2 liters/hr temp of reaction, 190”; 
alcohol injected, 10 ~1. 

6 Powdered metal, 200 mg. 

ium, and palladium. Of these three catalysts 
iridium causes the highest reactivity of the 
alcohols. Unlike palladium, platinum causes 
dehydrogenation exclusively, the alcohols 
are converted to the aldehydes, and, 
through a subsequent decarbonylation re- 
action, to the corresponding alkanes. Iron 
and cobalt convert neopentyl alcohol to 
neopentane without at the same time form- 
ing isopentane, an indication that dehydra- 
tion of the alcohol to an olefin is not a 
precursor for this reaction. 

Ruthenium and rhodium can be classi- 
fied as catalysts having both dehydration 
and dehydrogenation properties. 

The relative selectivity of the catalyst 
toward ether formation is as follows: Ni, 
Ir, Pd > Rh, Ru > Co. The difference in 
the activity between platinum and palla- 
dium can be ascribed to the greater ease 

for the former to undergo a complete 
reduction to metallic platinum. It is 
known from the previous experiments with 
nickel that small amounts of oxide are 
required for the nickel to become a de- 
hydration catalyst, and a similar require- 
ment might also hold for platinum. 

A more detailed study with iridium re- 
vealed that although this catalyst under- 
goes deactivation with use, it can never- 
theless be reactivated by oxidation with 
air followed by reduction with hydrogen, 
Table 7. 

Ammonia gas has little effect on the ac- 
tivity of iridium; pyridine mixed with 
alcohol has a poisoning effect on the iridium 
for the formation of ethers. The activity of 
the catalyst can, however, be restored by 
passage of hydrogen over the catalyst for 
30 min. 

TABLE 6 
GINVERSION AND SELECTIVITE. OF NEXIPEEU’TYL ALCOHOL OWX TRANSITION MET.II, OXIDES” 

1’:xpt. : 1 2 3 4 5 6 7 
Rletal : Fe co Ir Ni Pd Pt* cu 
Conversion (mole %) : 3 .4 5.0 2. i 7.4 5 7 0.7 1.3 

Composition of reaction 
product (mole %,) 

Propane <I 7 <l 7 10 0 2 
Igobutane <I 4 <l 2 24 0 0 
Neopen tane 76 73 4 s 0 0 0 
Isopentane 0 0 18 0 <l 0 0 
Pivaldehyde 22 16 6 16 11 100 !I8 
Ether 77 67 54 0 0 

a See Table 5 footnote a for experiment.al conditions. 
* Only 65 mg of PtO, was used. 
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TABLE 7 
INFLUENCE OF AIH TREATMENT ON REDUCED 

IRIDIUM OxrnF. CATALYSTS 

13xpt. 
Conversion of 
butanol (%) 

Dibutyl ether in 
reaction product 

bole %) 
-- 

1 27.2 79 
2b 12.8 3% 
3” 5.1 76 
4” 14.2 80 
5’ 7.6 79 
61 21.0 57 

a Catalyst: 200 mg of IrOz; n-butanol injection, 
10 ~1; hydrogen Aow, 7.2 liters/hr; temp 190”. 

b After 20 injections. 
c After 17 injections. 
d Air was passed over a period of 0.5 hr, followed 

by nitrogen and hydrogen. 
6 After 27 injections. 
f  Air was passed for 1.25 hour, followed as in d. 

LhSCCSSION 

It had been shovm that special conditions 
have to be fulfilled to obtain a reason- 
able acting metal catalyst to convert an 
alcohol to an ether. Besides the obvious 
necessity to transport the alcohol through 
the gas phase to the active centers and the 
also obvious necessity to desorb the ether, 
there are three different stages involved in 
ether formation which all can become 
rate determining by themselves: 

1. The two alcohol molecules have to 
react on the catalyst differently: (a) One 
molecule has to lose its hydrogen; and (b) 
the other one its hydroxyl group. 

2. The alkyl and the alkoxy groups have 
to react to form ether. 

3. The hydrogen and the hydroxyl group 
adsorbed by the catalyst have to form 
water which can then be desorbed from the 
catalyst. 

The most uncomplicated way to fulfill 
these steps and the requirements therein in- 
volved, is to adsorb two alcohol molecules 
on two neighboring sites which are offering 
different characteristics. For simplicity, 
these OH-attracting sites are called in the 
following pages acid sites and the H-at- 
tracting sites are called basic sites. In 

extending the description of these sites 
the OH-accepting site can also be visual- 
ized as a coordinative unsaturated electron 
pair-accepting site [e.g., Al in the A&O, 
picture given by Peri (11) 1, and the H- 
accepting site might be, e.g., very well 
located on the metal surface (especially 
of a hydrogenation-dehydrogenation cata- 
lyst), which adsorbs an alcohol molecule 
dissociatively. This has been observed in 
exchange experiments between deuterium 
and alcohols. In confirmation of earlier 
work, Anderson and Kemball (12) found 
that, in the vapor phase reaction on metals, 
the monodeuterated alcohol was invariably 
the most abundant product. Therefore, it 
was also concluded (15) that for a ready 
exchange of the hydroxylic hydrogen the 
following species is most likely: 

R&OH + 2* ---) It-O + H. 
* * 

The activity order based on the tempera- 
ture required to effect a rate of 5% ex- 
change min-l is given as Pt > Rh > Pd > 
Ni > Fe = TV >Ag. 

For the dehydration of butanol to its 
ether, only those metals in the middle of 
the series are active (Rh+ Ni). Therefore, 
it has to be concluded t.hat, the loss of the 
hydrogen from the hydroxyl group alone 
is not a sufficient criterion for ether forma- 
tion. Simultaneously a hydroxyl group 
from another molecule of the alcohol has to 
be removed. This reaction seems to occur 
on those metals which form relatively 
stable oxides or hydroxides. Regarding the 
stability of the oxides the following in- 
format,ion is available (14) : platinum oxide 
decomposes at 550”, palladium oxide melts 
at 870”, and nickel oxide melts at 1990”. 
These data do not consider the influence of 
hydrogen, but they show the stability in 
the absence of hydrogen. In comparing the 
“affinity” of metals toward hydrogen and 
hydroxide in terms of the possibility to 
form a surface compound, nickel, giving 
the highest ether selectivity seems to occupy 
an ideal position. In the present meaning 
of the word, nickel can be called amphoteric 
with respect to the H and OH of alcohols. 
In favor of a concerted mechanism is the 
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ease by which all the three demanding 
steps can occur at almost the same time. 

The above-postulated two differently be- 
having adsorption sites can be thought to 
be present on nickel and nickel oxide. The 
activity of the catalyst would then depend 
mostly on the ratio nickel/nickel oxide, If 
it changes, also the ether selectivity should 
change. 

This can be checked, e.g., in the depen- 
dence of the ether formation on the state 
of reduction. The big difference between 
Expts. 7 and 8 in Table 1 is astonishing. 
The main difference between those runs is 
the difference in the temperature, 170 vs 
190”. After a short, time at lgO.“,.the cata- 
lyst acquires a product selectrvrty which 
is maintained up to a reduction tempera- 
ture of 400”. If this ratio of oxide to pure 
metal is essential for the ether selectivity, 
then it should be expected to find a stronger 
dependence of the ether formation on the 
reduction temperature, and for that reason 

a systematic and quantitative study of the 
ratios of metals to met.al oxides and their 
relation to ether formation is contemplated. 
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