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CHAPTER I. INTRODUCTION

I.I GENERAL INTRODUCTION

Methanation of carbon monoxide at low concentrations has been applied in

chemical industry in the purification of ammonia synthesis gas for many years.

More recently, methanation of higher concentrations of carbon monoxide and

carbon dioxide has gained an increasing interest. The most important reason for

this is found in the potential application of methanation in the production of

synthetic natural gas from coal.

However, methanation is also important in a process under development in

West Germany , which aims at the long distance transport of heat obtained

from a nuclear high temperature reactor. In this process, which is called "NFE" I.

("Nukleare Fernenergie") process, heat is transported by means of a chemical ;

circuit. In a so-called EVA reactor, heat obtained from a nuclear reactor is

used for the endothermic steam reforming of methane.

CH. + H-0 = CO + 3H_ AH = +205 kj/mol
4 2 2 2 5o c ^

After transport of the cooled product gas to the consumer area the energy :

can be regained with high efficiency - in the so-called ADAM reactor - by J

performing the reverse reaction, the exothermic methanation reaction ':l

CO + 3H_ = CH. + H„0 AH „ = -205 kJ/mol ''•<
* 4 ^ 25°C -j

For the steam reforming reaction, suitable catalysts are available. In |

order to be suitable for this process, however, a methanation catalyst must •?

meet an unusual combination of requirements. ''

At first, the catalyst must be sufficiently active to "ignite" the reaction

at relatively low temperatures, for example 300 C. Moreover, for reasons o£

overall efficiency which will be discussed more closely in the next section, it

is necessary to obtain high gas temperatures of 600°C to 800°C at the exit of
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the methanati-m reactor.

Thus the requirements to be met by a suitable methanation catalyst are:

- high activity at a low temperature of approximately 300 C

- sufficient stability in the temperature range between 300°C and 600-800°C.

Since at the beginning of this investigation no catalyst was available at

the market, which comes up to these demands, a cooperation was started between

a group at the KFA (Kernforschungsanlage) at JUlich (West Germany), a group at

the university of Bradford (Great-Britain) and our group at the Technical

University of Delft. The aim of this cooperative investigation was to gain a

greater understanding of the interrelationships between the method of catalyst

preparation and the structure, activity and stability of the catalyst with the

hope that we may be able to design, a better catalyst for possible use in the

ADAM reactor.

In the first stage of this investigation, mainly solid state chemical

aspects of catalyst preparation were studied at Delft, whereas activity and

selectivity measurements were performed at Bradford. In later years, catalytic

activity determinations could also be carried out at Delft. Some of the

catalysts were tested in an integral reactor at the KFA at Jülich.

During these investigations, our attention has mainly been concentrated on

coprecipitated nickel-alumina catalysts. This choice needs some comment.

At first, when looking for a methanation catalyst, the choice of nickel as

the active component seems to be obvious.

Among nickel catalysts, an important group is formed by those which are

used in the methanation of traces of CO and C0_ present in the ammonia

synthesis gas; generally these are prepared by impregnation. These catalysts

have a sufficiently high activity at low temperature, but sinter readily at the

high temperatures which will be attained in the final part of the methanation

reactor. 0c the other hand steam reforming catalysts are stable at high

temperatures, but show insufficient activity at low temperature.

An intermediate position is occupied by the coprecipitated nickel-alumina

catalysts of high nickel content (~ 70 wt % nickel) which are currently used in |

the production of synthetic natural gas (S.N.G.) from naphta ' ' in the so- j

called "Catalytic Rich Gas" ("C.R.G.") process of British Gas. In the steam I

reforming section of the process, the catalyst is exposed to temperatures up to •

approximately 500°C ; the same catalyst is also used in the methanation

stages of the process, and thus seems promising for the purpose outlined above.



1.2 THE N.F.E. PROJECT

The aim of the NFE project is to investigate the possibility of transporting

heat by means of a chemical circuit. The reactions to be used in such a

chemical circuit must meet a number of requirements; most of these are

fulfilled by the combination of the endothermic steam reforming reaction and

the exothermic methanation reaction

Transport of energy by means of such a system would be much more efficient

than transport in form of electrical energy. In addition, it has to be noted

that the largest part of the total energy consumption is in form of heat: for

example in West Germany this amounts to over 70% . The overall efficiency

from nuclear reactor to consumer of a process, in which heat is transformed

into electrical energy, which is transported and then transformed back into

heat, would be only 30% ; for a long distance energy system as mentioned

above this can be as high as 70%

20 °C
1 64 bar

CO,H2.

1
1
1

CO.>

X
70 km

20 °C

20 bar

hot-water
(130 °C. 8 bar)
steam
(530 °C. 100 bar)

Fig. I.I (taken from ref. 1). Principle underlying nuclear long-distance energy

(closed circuit system). Key: 1 high temperature reactor; 2 steam

reformer; 3 pre heater; 4 coolant fan; 5 waste heat recovery; 6 H», CO,

COg compressor; 7 methanation. 8 heat exchanger; 9 CH^ compressor.

Fig. I.I shows a schematic representation of a design of the process. The

heat for the endothermic steam reforming of methane, which is performed at a

temperature of 800°C, is supplied by the helium coolant, which leaves the

nuclear reactor at a temperature of 950°C. The cooled product gas is transported

to the consumer area, where the gas mixture is converted back into methane and

steam. The heat liberated in the reaction can be used to produce hot water for

3



house-warming, and steam for the production of electricity and for chemical

industry. To close the "aarbon circuit", m^iane is transported back to the

steam reforming reactor.

The process can also be operated as an ope» circuit: part of the produced

methane can be fed into the natural gas pipeline system and reformer gas can

be utilized in chemical industry e.g. methanol synthesis, hydrogen production,
(8)

Fischer-Tropsch synthesis and direct reduction of iron ores . To compensate

for this loss of carbon containing compounds from the circuit, synthesis gas

obtained from nuclear coal gasification can be supplied.

In view of the overall efficiency of the process, the gas temperature which

is attained in methanation is an important parameter. The concept of the use

of the NPE system requires a gas temperature of 600 C or higher to produce

steam of high temperature and pressure for the generation of electricity and
(8)

to produce process steam of high temperature for chemical industry . For this

reason, methanation will be performed adiabatically.

Since the equilibrium shifts to the carbon monoxide side with increasing

temperature, no complete conversion can be reached at the end of the adiabatic

methanator. To obtain complete conversion, a number of adiabatic stages with

subsequently lower exit temperatures can be used.

However, when no special precautions are taken, a very high temperature

will be reached at the exit of the first methanator: depending on the

composition of the gas which is obtained from the steam reforming reactor this
o o

will be between 780 C and 850 C. Since it seems not very probably that in a

short term a catalyst can be obtained which is stable in the whole temperature

range from 300°C to 780°C, the maximum temperature attained in methanation has

to be lowered. This can be achieved by recycling part of the product gas.

Thus the pilot plant ADAM I at the KFA at JUlich has been designed on

basis of a scheme involving methanation in three stages with recycling of

product gas after the first stage. In this way the temperature at the exit of

the first methanator could be limited to 600°C<'8*.

The optimal temperature to be desired at the exit of the first methanator

will be a compromise between the demands of the energetic efficiency of the

process, and the stability of the available catalysts.

It has to be noted, that similar considerations apply also in the design of

a plant for the production of SNG from coal .

1.3 SURVEY

From the discussion in the preceding sections it follows that the most
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important parameters to be investigated for the nickel-alumina aethanation

catalysts are:

- the methanation activity at low temperature (s 300 C);

- the stability at temperatures of 600 C and higher.

In order to investigate which factors are governing the reproducibility of

the preparation, and which factors are most important in determining the

properties of the final catalyst, much attention has been paid to the

preparation and characterization of the catalysts. Also, for many samples, the

activity at low temperature (300 C) has been measured.

Concerning the stability, only some preliminary results were obtained on

the resistance of the catalysts against sintering of the nickel crystallites;

reference to these results will be found at the end of chapter V.

A serious problem was posed by the mechanical strength of the catalyst

pellets: it turned out to be very difficult to prepare pellets of sufficient

strength, to be suitable for a test in one of the reactors at the KFA.

To circumvent the problem of preparing strong pellets of coprecipitated

material, a parallel investigation was started, in which nickel-alumina

catalysts were prepared by deposition-precipitation of nickel on mechanically

strong and stable alumina supports. These investigations, performed by

H. Schaper, are outside the scope of this thesis.

Chapter II is dealing with various aspects of the first stage of the

preparation of the catalysts, the. coprecipitation. Special attention is given

to the relation between precipitation conditions on the one hand, and chemical

composition and structure of the precipitates on the other hand. Characteriza-

tion methods used are X-ray diffraction, chemical analysis, thermal techniques

(TG-DTA) and infrared spectroscopy.

In chapter III the calcination and subsequent reduction of the precipitates

is discussed. Subjects to be treated are the phase composition and reducibility

of the calcined materials, the dispersion of nickel oxide in the calcined

materials and of nickel in the final reduced catalyst, whereas also some data

on the texture will be presented.

Chapter IV deals with the methanation activity at low temperature: the

effect of various parameters is discussed. The results are compared with those

reported in literature.

Finally chapter V gives a review of the most important results.



Chapter II. PREPARATION, CHEMICAL COMPOSITION AND STRUCTURE OF THE
COPRECIPITATED MATERIALS

|

11.1 INTRODUCTION

II. 1.1 Preparation methods

In the literature, including the patent-literature, various recipes for the

coprecipitation of nickel and aluminium hydroxides are described. In these, a

large number of parameters is involved: temperature, concentrations, pH of

precipitation, composition of the basic solution added during the precipitation,

species of metal salts used, method of ageing and so on. Varying any of these

parameters may have an effect on the catalytic properties of the final product.

Therefore it is important to perform the precipitation process in a well-

de-fined and controlled way. In the present investigation, special attention was

given to the way in which pH of precipitation and composition of precipitant

influence the anion composition and the sodium content of the precipitates.

Regarding the pH of precipitation, we can distinguish between procedures in

which the pH is kept at a constant value during the process, and those in which

the pH value is increasing or decreasing. In most cases the initial solution,

containing the metal salts, has a low pH. A simple precipitation procedure

consists of the addition of a base to this solution until the pH reaches a value

of about seven . In another common method a solution of the metal salts and a

basic solution are added simultaneously to a vessel, the rates of addition of

the solutions being adjusted in such a way as to maintain the pH at a constant

value .

A totally different approach has been described by Merlin et al. . Nickel

and aluminium nitrates are dissolved in an ammoniacal aqueous solution;

precipitation occurs as the pH is decreasing when the ammonia is removed by

steam distillation.

In the present work, most samples were prepared by coprecipitation at a

constant pH. A comparison will be made between the results obtained in this way

and those obtained by the addition of a solution of sodium carbonate to a
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solution of the nitrates. Also some attention was paid to the precipitation
(3)

from ammoniacal solution according to the paper by Merlin et al. . The

relation between chemical composition and preparation conditions will be

discussed in section II.3. Then sections II.4-II.6 will deal with the structure

and further characterization of the products formed. First of all the second

part of the Introduction will give a review of literature data on chemical

I composition and structure of the coprecipitated materials.

II. 1.2 Composition and structure of the phases formed ,

All the procedures for the coprecipitation of nickel and aluminium hydroxides <

described in the former section result in the precipitation of compounds which

crystallize in a so-called double-layer structure, rather than in the formation

of the separate hydroxides. The first to describe some synthetic compounds of

this type, also for other combinations of divalent and trivalent metals, was
(41

Feitknecht . He suggested a structure consisting of brucite (Mg(OH)_) type

layers, in which the divalent metal is present on octahedral positions, inter-

changing with interlayers of trivalent metal hydroxide.

Some years later, Longuet-Escard prepared a series of so-called nickel

hydroaluminates by addition of sodium carbonate to a solution of nickel and

aluminium-nitrates. The X-ray data given for these compounds are similar to j

(4) i
those reported by Feitknecht . Longuet-Escard interpreted the X-ray patterns -j

also by assuming a layered structure, but in contrast to Feitknecht she \

proposed nickel and aluminium to be statistically distributed about octahedral

positions within the brucite layer.
Further attention was given to this type of compounds by mineralogists.

(4)
Feitknecht already mentioned the similarity of the X-ray pattern of the

double-layer compounds to that of tho mineral pyroaurite, a magnesium iron 1

hydroxycarbonate. This belongs to a large group of minerals of approximate |

composition M M (OH),_C0_.4Ho0 in which M is among others Mg, Zn or Ni and
6 Z 16 3 Z ;

in which the most important representatives of M are Al, Fe and Cr. Two ;

modifications are known, differing in the stacking sequence of the layers, %

namely a rhombohedral and a hexagonal one. Pyroaurite is rhombohedral; the ,

hexagonal equivalent is named sjögrenite. Reviews about these minerals have f

been given by Allmann and Taylor . The rhombohedral nickel aluminium |
(81 "': member of this group has also been found in nature and is named takovite . |

I Also the name eardleyite has been proposed but this name is rejected now '

-; The structures of several minerals of this group were first determined in

f * h e single-crystal investigations of Allmann*11* and of Taylor*12*, who \

I investigated among others hydrotalcite (cations Mg and Al) and pyroaurite
•j

ï (cations Mg and Fe). They found that the structure (see Fig. II. 1) consists of
\ 8



Fig. II. 1. (110) projection of the idealized crystal structure of pyroaurite-
like compounds.

I rhombohedral modification: c parameter amounts to three times the "layer

(pyroaurite) spacing".

II hexagonal modification : a parameter amounts to two times the "layer

(so'ögrenite) spacing".

O •" metal ions.

O • hydroxyl ions.

® ; interlayer ions e.g. oxygen from carbonate groups,

nitrate groups or water molecules.

The blackened symbols represent ions at equal distances above and below the

(110) plane. The open symbols represent ions within the (110) plane.

\
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brucite-like layers, in agreement with the idea of Feitknecht, but they found

this layer to contain both divalent and trivalent cations on octahedral sites.

However, in investigations of synthetic samples, there has been disagreement as
(4)

to the positions of divalent and trivalent cations. After Feitknecht , also

Ross and Kodama and Bradshaw favoured a model in which the Al ions

occupy a position somewhere between the brucite layers. We are therefore

concerned in this work with the positions of the cations in the structure of

the precipitate.

Another point of interest concerns the range of M /M ratios for which

these compounds exist. For nearly all the minerals of the pyroaurite group this

ratio is three ' . Considering the synthetic samples Brown and Gastuche

found in their work on the Mg-Al system that two compounds occur having ratios
(16)

(Mg/Al) of two and of five respectively. According to Longuet-Escard the

Ni/Al ratio of the nickel hydroaluminates ranges between one and seven and a
(17)

half. Very recently, Brlndley and Kikkawa reported these limits to be

approximately two and four for nickel-aluminium hydroxycarbonates.

The possibility of the incorporation of different species of anions is

interesting, especially because, as will be shown in later chapters, the anion

present in the precipitate influences the properties of the catalyst which is

ultimately prepared from it. Feitknecht and Longuet-Escard assumed that

no other anions than hydroxyl ions are present in these compounds. According to

our present knowledge this assumption is not correct. Most of the synthetic

samples and minerals described later on contain carbonate ions in the inter-

layer ' . Also some analogues of the minerals of the pyroaurite group are

known containing chloride, nitrate, hydroxide or sulphate anions (see Bish ).
(19)

Roy et al. synthesized a nitrate analogue of hydrotalcite while, more

recently, Miyata<20) prepared the Mg-Al-NO_, Mg-Al-Cl, Mg-Al-CIO., Ni-Al-Cl and
(3)

Zn-Al-Cl analogues. Merlin et al. claimed that a very pure nickel hydro-

aluminate, containing only hydroxyl ions as anion, could be prepared from
(18)

ammoniacal solution. Bish carried out an ion-exchange study of naturally

occurring takovite and found that the carbonate ion may be replaced by several ;

other anions; his paper, however, does not include analytical data. "\1

In this chapter, a systematic investigation is reported of the preparation, ;'|

composition and structure of synthetic Ni-Al hydroxycarbonates and hydroxy- M

nitrates. Also some data about hydroxychlorides and hydroxyacetates will be .5

presented. At first the chemical composition, of the hydroxycompounds will be

discussed as a function of the conditions of the coprecipitation, where pH and

choice of precipitant are the important variables. In subsequent sections the

results of X-ray diffraction (XRD) studies will be given in support for a model

of the structure of the precipitates and the results of investigations of the

10



thermal decomposition and IR measurements will be given to confirm the model.

New data are presented regarding the regions of stability with respect to

cation ratio, the dependence of cell parameters on this ratio, the effect of

the anion on the layer distance and the thermal behaviour of the samples. It

will turn out, that the findings of this chapter aid in understanding details

of the preparation routine established in an empirical way for the catalysts

under consideration.

II. EXPERIMENTAL v "

II. 2.1 Copreaipitation

All the chemicals used for the preparations described in this thesis were

of Proanalysis quality. The coprecipitation was carried out using two solutions,
i .

one containing nickel and aluminium nitrates (total metal concentration of 0.9
-3

mol dm ), the other containing the equivalent amount of NaoC0o and/or NaOH. A
3

volume of 150 cm of distilled water was placed in a beaker equipped with

stlrrer, thermometer and pH electrodes (Philips CAH-11NS), the pH being

measured with a Philips digital ion activity meter (PW414/01). Volumes of 175 I
3 f

cm of each solution were added simultaneously to the beaker, the rate of ;

addition being adjusted so that the pH was kept constant at a predetermined

value; the solutions were maintained throughout at a temperature of 80 C and

the addition-.was carried out over a period of about 30 min. In those cases

where it was desired to prepare larger batches, these figures were multiplied

by a constant factor. One carbonate-free sample was precipitated under a -

nitrogen atmosphere using decarbonated solutions and for this a six-necked .';'

round-bottomed flask was used which was provided with a stirrer, electrode, (

thermometer, gas inlet and outlet through which nitrogen was continuously 'I

bubbled. A number of preparations were also carried out by adding the solution {

of Na„C0„ to the solution of nitrates (rising pH method), the temperature being [
n ^i

; maintained at 95 C; it was found that the end-result was a material similar to v

that prepared by the "Constant pH method" at a pH equivalent to the final pH of |

'{• the preparation. <• ?|

I In many cases, the suspension was divided in two after precipitation, part ~i

l{ being filtered on a glass filter, thoroughly washed with distilled water of a

f) temperature of 90-100°C and dried overnight at 80°C; the remainder was hydro-

'j.: thermally treated in a teflon tube in an autoclave at 150°C or 275°C for twodays. Some samples, after washing and drying, were hydrothermally treated in a

11
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gold tube. The tube was sealed after the addition of a few drops of distilled

water to the dry powder and was kept at 300 C at a pressure of approximately

108 Pa for two days. In the following the nickel contents will be expressed as

mole fraction x^ = Ni/(Ni + Al).

II. 2.2 Copreoipitation from ammoniaoal solutions

Another series of samples was prepared starting from an ammoniacal solution
o

(1.7 mol dm ) containing nickel and aluminium nitrates at low concentrations

(8.0 x 10~ mol dm~ of each) using the procedure described by Merlin et al.

and also three variants of it. Several samples were also made with a higher
—3 -3

proportion of nickel x = ii.75 using a solution containing 12.0x10 mol dm

of NiNOg and 4.0xl0~3 mol dm"3 of A1(NO3)3- Precipitation is achieved by

removing the ammonia from the solution by heating, this causing the pH to

decrease from its initial value of about 11.6 to 6.5. The removal of ammonia

was achieved in four ways:

(a) by steam distillation as in the original recipe;

(b) in an open beaker at 90 C;

(c) at 60 C and at a pressure of 3.6 kPa using a rotary film evaporator;

and (d) in the round-bottomed flask used above for preparations in nitrogen,

the temperature again being 90 C.

The samples prepared by these methods were filtered and washed in the same

way as with the coprecipitated samples.

II. 2.3 Sample Chaxactevization

The samples were characterised by X-ray diffraction, chemical analysis,

thermal analysis and infrared spectroscopy.

X-ray measurements were carried out using a Guinier-De Wolff camera or a

Guinier-Lennê High Temperature Camera, both manufactured by Enraf-Nonius

(Delft). Many samples were also studied with the aid of a Philips powder

diffractometer. Cu Ka radiation was used in all cases.

Some of the samples were analysed by chemical methods for Ni, Al, C0~ and/
_ 3

or MOg. The nickel content was determined either by atomic absorption or

gravimetrically using dimethylglioxime; aluminium was determined using atomic

absorption, C0~ by dissolving the precipitate in phosphoric acid and titrating

the CO2 evolved, and the nitrate by reduction to NHg which was then titrated

X (Devarda method).

Weight losses up to about 950 C were measured by means of a symmetrical

12
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(21)
thermobalance, constructed in our laboratory by G. Hakvoort* , furnished with

a C.J. Electronics microbalance. About 20 to 25 mg sample was heated at a rate

of 6°C/min. in a flow of high purity nitrogen (1.8 dm h~ ). To gain more

information about the decomposition, some samples were studied by simultaneous

TG/DTA/EGA. To this end a TG/DTA apparatus from Sartorius-Werke GmbH and a

Topatron B apparatus from Leybold-Heraeus were used. Sample weight and heating

rate were the same as in the TG experiments.

IR spectra were recorded by a Beekman spectrophotometer IR 4210. About 2mg

sample was powdered and mixed with 300 mg KBr and pressed into a disk.

II.3 CHEMICAL COMPOSITION AS A FUNCTION OF PREPARATION CONDITIONS

IT.S.I Samples prepared at increasing pH

In this preparation method, sodium carbonate is added to a solution of

nickel and aluminium nitrates, in most cases up to a pH value of about seven.

In order to gain more insight into the precipitation process, the pH has been

measured as a function of the amount of sodium carbonate added, for two •

solutions of mole fraction x — 0.75 and 0.50 respectively. The resulting <

curves A and B respectively, are shown in Fig. II.2. Initially the pH increases

only slowly, up to a value of about 2.5. Upon further addition of carbonate a

short, rather steep increase is observed, leading to a second level. In curve

A this platform, which seems to be divided in two levels,ends at a pH value of

about 5, and then the pH increases further up to a value of approximately 7.5,

whereas curve B exhibits a more gradual transition between the nearly hori- ••

zontal part and the steeper part. •-{

The levels present in the graphs must correspond to stages of the process /.
(22) !}-

when OH ions are consumed. Vermeulen et al. , in a study of the homogeneous ;
jj

precipitation of A1(OH)„, also observed a level in the pH versus time curve |

slightly above a pH value of two, for measurements at 90°C. According to these |

authors, the hydroxyl ions are bound to the aluminium, without a precipitate %

or even a colloidal solution being formed during this stage of the addition. |

In the experimental design used by us for the measurements given in Fig. II.2, I

unfortunately visual observations were difficult to make. However, in the

preparation of a larger batch of precipitate, which yielded a similar titration

curve, white flocculates were already observed at a pH of 1.5. The white solid

turned out to be X-ray amorphous, but probably consists of Al(0H)o. Also, in

many similar experiments white flocculates were observed at a pH value of about

13



1.5-2. The observation in our experiments of a precipitate at such a low pH
(22)

value, whereas this was not found by Vermeulenv , can be explained by the

fact that we did not precipitate homogeneously. As a consequence in our case

local supersaturations can occur, when a drop of base enters the solution. This

can give rise to the formation of a precipitate, which is very difficult to re-

dissolve.

pH

t

0.10 0.50 100
c 03/Ni* 1.5 Al (molar ratio)

Fig. II. 2. pH as a function of the amount of NagC03 added.

Temperature 95°C. Curve A: initial solution 0.62 M Bi(N0j„,

0.21 M Al(NOs)3. Curve B: initial solution 0.41 M Ni(N03)g3

0.41 M Al(NOs)s. Added solution: 2.0 M M^0y
••;1J

'SB

r
In the experiment mentioned above it was also observed that the second

platform corresponds to the formation of considerable amounts of precipitate,

starting at a pH of about 3.6.X-ray photographs of samples taken at pH = 3.6

and pH = 4.6 show already the characteristic pattern of the nickel aluminium

14



hydroxycompounds. The nature of the phases formed In this pH region has been

investigated further by preparing some samples at a constant pH value of 5, to

be discussed in the next section. From the results it will be shown that at

such low pH values hydroxynitrates are formed.

The anion composition of the products which resulted from the titrations

is given in Table II.1. Sample A_e corresponds to titration curve A of Fig.

II.2, and sample A to curve B. Apparently most of the nitrate has be'.m ex-
27

changed for carbonate during the last stage of the addition.

Table II. 1. Carbonate and nitrate contents of some samples prepared at in-

creasing pH.

Sample

A26
A27
A4

B3

XNi i n

solution

0.75

0.50

0.72

0.37

Temperature

<°C)

95

95

95

95

pH at the end

of addition

7.4

6.9

=7

«5

C03
(wt %)

6.5

5.7

not
measured

ii

N03

(wt %)

2.8

3.7

2.6

16.4

Finally also the results are given for samples A and B„, prepared at the

University of Bradford (U.K.) by S. Orr, following the same method. Remarkable

is the very high nitrate content of the sample prepared up to a pH of about 5.

JJ. 3.2 Samples prepared at constant pH

II.3.2.1 Hydroxycarbonates and -nitrates

We present in this section the results of chemical analyses, which enable

us to define clearly the conditions under which hydroxycarbonates, hydroxy-

nitrates or compounds of intermediate composition are formed.

Table II.2 gives the analytical results for most of the samples used in

these investigations. Not all the preparations have been analysed, and for

example some X-ray results will be discussed later on for samples which are not

included in the Table. In Table II.2 samples with prefix A are those shown to

include predominantly carbonate anions and those with prefix B include pre-

dominantly nitrate ions. Three of these, samples Bllt Bj^h and B12h, contain

15
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Table II.2. Chemiaal analytical data of samples prepared at aonstant pH.

Sample

A13

A 1 8 h

A3

A 1 9 h

A5
A6

A23
A7
Bio
Bl
B l h

B 1 2 h

Bll

B l l h

B 9 h

B2
B5

XNi l n

initial

solution

0.75

0.75

0.75

0.67

0.50

0.50

0.50

0.33

0.25

0.75

0.75

0.75

0.67

0.67

0.67

0.67

0.50

0.50

pH of pre-

cipitation

10

10

7

10

10

7

7

7

10

10

6

6

6

6

6

5

7

5

Precipitating

agent

NaOH/Na_CO,(a^

Na0H/Na„C0o
(a)

Na2C0g

Na0H/Na2C0g
(a>

Na0H/Na 2C0 3
( a )

Na 2C0 3

N a 2 C 0 3

Na 2CO 3

NaOH/Na_CO* a )

NaOH

NaOH

NaOH

NaOH/Na„CO./a*

N a 2 C 0 3

N a 2 C 0 3

Na0H/NaoC0-
(a)

NaOH

N a 2 C 0 3

C 03

7.1

'7.5

7.3

7.9

8.8

8.6

8.4

6.1

5.2

0.76

1.5

0.85

3.8

5.0

4.7

0.24

1.4

1.3

Chemical analysis <wt '

NOg

n.d.<b>

0.85

2.3

<0.2

0.35

0.88

<0.02

1.9

0.0

10.2

13.8

14.5

10.7

7.4

7.9

18.3

13.8

15.9

Ni

38.8

41.2

40.9

37.0

n.d.

n.d.

32.5

19.1

17.5

n.d.

n.d.

39.6

n.d.

n.d.

37.9

34.2

n.d.

n.d.

Al

6.7

7.0

6.0

8.6

n.d.

n.d.

14.7.

17.4

21.6

n.d.

n.d.

6.4

n.d.

n.d.

8.1

8.4

n.d.

n.d.

W

Ni/Al

2.66

2.70

3.13

1.98

1.05

0.51

0.37

2.87

2.15

1.88

X

0

0

0.

0,

0.

0.

0.

0.

0.

0.

Ni

.73

.73

,76

.66

51

34

27

74

68

65

Na

0.37

0.17

0.07

n.d.

0.07

0.05

0.13

<0.01

<0.05

n.d.

0.01

0.09

n.d.

n.d.

n.d.

n.d.

0.02

0.01

Total weight loss

on thermal de-

composition

36.2

33.7

n.d.

33.2

40.2

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

36.1

n.d.

n.d.

n.d.

40.6

n.d.

n.d.

(a)The quantity of NagCOg was chosen in such a way that the ratio

CO ~/(Ni + Al + ) was kept constant at 1/8.

(b)

(c)
n.d. = not determined.

Precipitated under a nitrogen atmosphere.
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also a substantial amount of carbonate ions and represent solid solutions

between hydroxycarbonates and -nitrates. The letter h in the sample number

indicates that the sample was hydrothermally treated. Table II.2 gives the mole

fraction of nickel x in the nitrate solution from which the precipitation

was carried out, the pH of precipitation and the precipitating agent used. In

addition to the anion analyses, the Ni and Al contents are given, from which

are calculated the actual values of x„. achieved; the corresponding Ni/Al

ratios are also given for the purpose of discussion of the chemical formulae

given below.

It appears that in competition with nitrate ions carbonate ions are

preferentially incorporated. For example, for the preparations at pH = 10, the

total amount of nitrate added to the reaction vessel is 16-18 times that of

carbonate, but mainly carbonate is found in the resulting precipitate.

Generally, as long as carbonate is present in the precipitant and at pH values

>̂  7, hydroxycarbonates are formed.

It follows from Table II.3 in which some data of Table II.2 are grouped

together, that, when sodium carbonate is used as precipitant, the carbonate

content of the precipitate decreases strongly when the pH of precipitation is

lowered to values below seven.

Table II. 3. Anion composition of some samples prepared at constant pH.

Sample

A6

B5

A19h

B12h

V

x in initial

solution

0.50

0.66

0.50

0.66

0.66

0.66

pH of pre-

cipitation

7

6

5

10

6

5

precipitating

agent

Na2C°3

Na9C03

NaOH/Na2CO3

NaOH/Na„CO_

Na0H/Na2C03

C 03
(wt %)

8.6

5.0

1.26

7.9

3.8

0.24

N03

(wt %)

0.88 \

7.4 '1

15.9 ;;;

<0.2 5

10.7 :|

18.3 f

Compare for example samples Ag, B * and B , precipitated at pH = 7, 6 and 5

respectively. The first is essentially a hydroxycarbonate, the second has an

intermediate composition whereas the latter is a hydroxynitrate. The fact that

upon precipitation at pH = 5 using Na2C0„ a hydroxynitrate is formed, has added

in the interpretation of the titration curves described in the preceding
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section (p. 14). The effect of pH can also be seen from a comparison of samples

A.,„h, B, h and Boh, which have all three an x of 0.66, and were precipitated
19 12 9 NX

by a mixture of NaOH and Na„CO3 of the same composition. Again,at pH = 5 a

very pure hydroxynitrate is obtained.
The explanation for the effect of pH follows from the carbonate equilibria:

t H + + HCOt H + + HCO~ [1]

HC0~ J H+ + COg [2]

which have values of pKL = 6.4 and pK„ = 10.3. As a consequence the carbonate

ion concentration in solution is drastically lowered at lower pH values.

Some more hydroxynitrates were prepared in addition to those already

mentioned above, using only NaOH as precipitant. From our data presented in

Table II.2 for samples Bn, B,h and B_ it is seen that, when the pH is kept

constant at a value <_ 7, reasonably pure hydroxynitrates can be obtained

without taking special precautions to avoid atmospheric C0„. This is
(18)

interesting as it is known (see for example Bish ) that hydroxynitrates are

difficult to prepare in a reasonably pure form.

Finally, also an attempt was made to prepare a carbonate-free sample at

pH = 10, in order to investigate whether at higher pH in the absence of

carbonate ions still mainly nitrate is incorporated, or possibly also hydroxyl

ions can be present in the interlayer. To this end, decarbonated solutions were

used and, because it is to be expected that at higher pH more CC„ will be taken

up from the atmosphere, the precipitation was carried out under a nitrogen

atmosphere as described in the experimental section. The results for the sample

prepared in this way, sample B , show that indeed only a relatively small

amount of carbonate is incorporated. However, it is also seen that the nitrate

content, and the sum of the nitrate content plus twice the carbonate content,

is rather low as compared to that of sample B and B^h which have the same x .

This suggests that at pH = 10 part of the nitrate ions can be replaced by

hydroxyl ions.

From the analytical data it is found that the hydroxycarbonate samples A. h
18

and A h correspond approximately to the formulae Ni.Al„(0H),_C0„.5H„0 and
xy b z xo j ^

Ni4Al2(OH)12 5C0 3 •3H2° respectively. The hydroxynitrates B ^ and B h

correspond to Ni6Ax2(OH)16(NO3)2.3H2O and Ni4Al2(0H)12(N03)2.3H20 respectively.

It is not useful to give the composition for the hydrothermally treated sample

of Ni/Al ratio of one, because this sample contains a separate alumina phase,

as will be discussed later.

18



II.3.2.2 Hydroxychlorides

In the same way in which relatively pure hydroxynitrates could be prepared,

also some hydroxychlorides were synthesized by precipitation at pH = 7 from a

solution of the chlorides of nickel and aluminium, using sodium hydroxide as

precipitant.

Table II.4. Chemical analytical data for some hydroxychlorides

Sample x in initial Chemical analysis (wt %)

C2

C 2 h

Cl

solution

0.75

0.75

0.50

not

tt

C 03

determined

1.25

Ni

41.0

41.5

n.d.

7

7

n

Al

.30

.53

.d.

Ni/Al

2.58

2.53

n.d.

X

0.

0.

n.

Ni

72

72

d.

Table II.4 shows some analytical data for these samples. The carbonate content

of sample C^ is low. From infrared data it will be seen that the same also

holds for samples C and C_h.

II.3.2.3 Hydroxyacetates

Finally also some samples have been prepared containing the acetate ion as

interlayer anion. To this end a suspension was made of the nickel and aluminium

acetates in water, and this suspension was reacted at 80°C while the pH was

kept constant at a value of seven by addition of sodium hydroxide. That indeed

mainly acetate is present as anion in the interlayer will be shown in the t.-y

section dealing with the infrared spectra. 'y

II. 3. 3 Samples prepared from awmoniacal solutions >t

Merlin et al. have reported the preparation from ammoniacal solutions of if

a compound which they termed nickel hydroaluminate. Within the scope of our |

work their results seemed interesting for two reasons: j

- at first, because the authors thought the hydroxyl ion to be the main f̂

anion in the interlayer of these samples; f
'•%

- secondly, because the aluminium content of the synthesized hydroaluminate *|

amounted to 50 mol % (xN± = 0.50). This is, according to some authors
(15>l7) , |

i

19 •



1

outside the homogeneity region for this type of compound.

We have used three modifications of their recipe together with the original

one (see Experimental section), and have found that the resultant precipitates

(see Table II.5) are very sensitive to the method in which the ammonia is

expelled from the solution: depending on the conditions, hydroxycarbonates,

-nitrates or compounds of intermediate composition were found. In contrast to
(3)

Merlin et al. we also prepared samples of x = 0.75 following the same

method of preparation. The X-ray patterns of the samples (see section II.4)

were found to be very similar to those of the samples shown in Table II.2.

When the preparation was carried out in a beaker open to the atmosphere,

essentially a hydroxycarbonate (sample D~) was formed. The other methods of

preparation all gave materials which are essentially hydroxynitrates. The

slightly lower nitrate contents of samples D_ and D. compared with that of

sample D may be explained by the fact that the concentration of nitrate ions

in the preparation of the latter is increased by the evaporation of water while

it does not change much in the preparation of D, and D..

We conclude that it is very difficult using this preparation method to

avoid the incorporation of carbonate and/or nitrate ions and that a pure

hydroxyl compound cannot be formed.

The homogeneity of the samples of x =0.50 resulting from this method

will be discussed in section II.4.

XT. 3.4 Sodium content of the precipitates

Because most of the samples were prepared using sodium containing bases,

the possibility of the inclusion of sodium in the precipitates has to be taken

into account. During this investigation it turned out that, especially for

samples prepared at a constant pH value of 10, sodium is difficult to remove

to a sufficiently low level, e.g. < 0.1 wt %.

Among the samples listed in Table II.2 this is demonstrated mainly by sample

A1_, which contains 0.37 wt % sodium. However, it can be seen from Table II.6

that sodium contents up to 4 wt % have been observed for other precipitates

prepared at pH = 10. Especially the preparation of larger batches of material

results in high sodium contents. From the result for sample A.» this seems not

to be the case for samples prepared at pH = 7.

The question arises in which way sodium is incorporated. From X-ray

diffraction we could clearly establish the presence of sodium nitrate in

samples A„g and A... This is surprising, since sodium nitrate is very soluble

in water, and the samples were washed thoroughly with hot, distilled water.
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Table II. 5. Anion compositions of samples precipitated from ammoniacal

solutions.

V

Sample x„. in solution Preparation conditions C03 (wt (wt

0.50

0.50

0.75

0.75

0.75

90 C; 101 kPa;

open beaker

steam distillation*3*

steam distillation*3*

refluxing of solvent;

nitrogen atmosphere

60°C; 3.6 kPa

7.3

2.8

1.7

1.0

0.4

2.2

11.1

11.0

10.9

14.9

r

Table II.6. Sodium contenv of some precipitates.

Sample

A2

A12
A21

A16
A22

A'5 fa)A (a)

*30

*Ni i D

initial

solution

0.75

0.67

0-75

0.10

0.75

0.50

0.75

pH of pre-

cipitation

10

10

10

10

10

10

7

Na content

(wt %)

0.09

0.70

0.46

2.7

4.1

2.2

0.02-0.03

Na content after

drying and

washing a second

time (wt %)

not applied

it ii

0.01

<0.05

0.01

not applied

•• II

Approximate

quantity of

catalyst pre-

pared (grams)

30

30

60

60

120

120

600

(a)
Sample prepared by H. Windmeijer and E.B.M. Doesburg at Delft.
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\

I as that found in the rhombohedral mineral pyroaurite (see Fig. II.1). Indeed
5
\ all reflections with exception of the (100) reflection satisfy the rhombohedral
V

I 22

r

These results are obviously related to the fact that the precipitates

formed at pH = 10 are totally different in character from those obtained at

pH = 7. The former are very difficult to wash, water passing very slowly

through the material on the filter; upon drying a very hard, dark-green filter

cake is obtained. The samples prepared at pH = 7, on the other hand, are easily

washed and yield a very fine, dusty, light-green powder after drying.

It is also seen from Table II.6 that the sodium content can easily be

lowered to values below 0.1% by application of a second washing after the pre-

cipitate has been dried.

The sodium content of some samples prepared at increasing pH, and of some

other samples will be given in the discussion of the catalytic activities in

Chapter IV (Tables IV. 1 and IV.2).

II.4 STRUCTURE AS A FUNCTION OF CHEMICAL COMPOSITION

II. 4.1 Indexing of X-ray diffraction -pattern

The freshly precipitated and dried samples show rather broad and poorly

developed X-ray reflections, especially at low nickel content (x <̂  0.50). An

exception to this is formed by the samples prepared from ammoniaca1 solution,

which generally show much better crystallinity.

Crystallinity of the other samples could strongly be improved by application
o o

of. a hydrothermal treatment at 150 C or 275 C. Hardly any difference was

observed in crystallinity or cell parameters between sample A13h after hydro-

thermal treatment in a gold tube (that means: without the mother liquor) at

275 C and sample A1Qh, which had been hydrothermally treated in the mother

liquor at 150 C. As both samples were precipitated in the same way and are very

similar in chemical composition, it follows that the method of hydrothermal

treatment is not very critical, at least for pH = 10 and x = 0.75. X-ray

patterns are similar to those of the pyroaurite-like minerals and could be

indexed on a hexagonal basis. For a typical sample, X-ray data and indexing are

given in Table II.7.

The (Okl) reflections are broad and asymmetric, indicating stacking

disorder . The positions of these reflections are in best agreement with an

indexing using a c parameter which amounts to three times the distance between

the layers of metal atoms. This suggests that the stacking sequence is the same |



Table II. ?. X-ray diffraction data (powder diffraotometev) for sample A^h;
a - 3.041 £ s c = 23.10 R .o o

d (8) hkl d calculated

7.72 003 7.70

3.85 006 3.85

2.633 100 2.634

101 2.617

2.58 broad, asymmetric 012 2.57

009 2.57

2.30 broad, asymmetric 015 2.29

1.96 broad, asymmetric 018 1.95

1.924 0012 1.925

1.521 110 1.520

1.492 113 1.492

1.414 116 1.414

1.32 very weak 200 1.317

1.308 119 1.308

1.28 very weak 0018 1.283

reflection condition. The fact that the (100) reflection is still present

indicates that the stacking is not fully rhombohedrally ordered.

Most of the samples show broad and asymmetric (Okl) reflections. However,

an exception is formed by hydrothennally treated samples of x <_ 0.67,

precipitated at pH = 7 or 8 using only Na COj. Prom the well-developed (Okl)

reflections observed for these samples, it could be derived that both the

rhombohedral and the hexagonal modification (see Fig. II.1) are present in

these samples.

The cell parameters depend on nickel content and anion composition. In the

discussion of the cell parameters the samples will be grouped together

according to their anion composition.

II. 4.2 Hydroxyaarbonates

The X-ray patterns of the hydroxycarbonates are not very dependent on the

preparation conditions. The samples prepared at increasing pH as described in

section II.3.1 under some conditions show slightly larger cell parameters than

those prepared at constant pH. Considering the latter, the pH of precipitation

2 3
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Table II.8. Cell parameters of a series of nickel aluminium hydroxycarbonates with varying Ni/Al ratios.

Sample

Al

A20

A13
A18
A19

A5
Dl
A**A8

XNi i a

0.85

0.80

0.75

0.75

0.67

0.60

0.50

0.50

0.40

Before hydrothermal

ao(X)

3.061

3.052

3.04

3.038

3.03

3.01

3.01-3.00

3.000

not measurable

1/3 co (X)

7.97

7.84

7.7

7.72

7.6

7.6

not measurable

7.55

7.6

treatment

other phases found

bayerite

ao(X)

3.046

3.046

3.041

3.041

3.030

3.025

3.025

3.028

— —

After hydrothermal treatment*

1/3 cQ (X)

7.76

7.80

7.69

7.70

7.58

7.54

7.54

7.55

———

other phases found

. Ni(OH)2

Ni(OH)2

boehmite

boehmite

boehmite

———

Hydrothermal treatment at 150°C in the mother liquor, with the exception of A13> which was treated in a sealed gold

tube at 300 C.

«#
No hydrothermal treatment applied.
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appeared to have little influence on the X-ray diagrams. Because the most

complete set of data is available for preparations performed at pH = 10, only

results for these samples will be given now. The only exception is sample D ^

which was prepared from ammoniacal solution.

Table II.8 presents the cell parameters as a function of nickel content for

hydroxycarbonates before and after hydrothermal treatment and indicates also

the other phases which were observed. It may be seen that both a and c

decrease with decreasing nickel content. In addition, the a parameter has been

plotted as a function of nickel content in Fig. II.3, together with the data

for samples of other anion composition.
r

3.10

3.05

(I)

3.00

0.4 0.6 0.8
Xjjj inprtcipitate

1.0

Fig. II.3. Dependence of a parameter on nickel content.
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A hydroxynitrates

O solid solution of hydroxyaarbonate

and -nitrate

hydrozychloride
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In the precipitates which were not hydrothermally aged, the only additional

phase which could be detected is bayerite at a mole fraction x = 0.40. For

the samples of lower nickel content, not indicated in the table, the intensity

of the bayerite reflections is much higher and also some gibbsite was found.

After hydrothermal treatment, pure phases are obtained only at x = 0.75 and

x = 0.67. At these compositions, the cell parameters are not influenced with-

in experimental error by the hydrothermal treatment. At compositions x =0.85
t ••and 0.80 on one hand, and x = 0.50 and 0.60 on the other hand, hydrothermal I-

ageing results in phase separation. The separation of Ni(OH)_ is accompanied by I

a decrease of the cell constants, as follows from the data for sample A.. This

is to be expected: the stable hydroxycompound in equilibrium with Ni(OH).

contains less nickel than the metastable hydroxycompound which is present

before phase separation has occurred. The samples of x = 0.50 are interesting

because, as has been pointed out in the introduction, some disagreement exists

as to the upper limit of substitution of aluminium for nickel. The a parameter

of sample D-, in which no separate aluminium hydroxide phase could be detected

by X-ray measurements, fits very well into the straight line of Fig. II.3,

which suggests that indeed all the aluminium is present in the hydroxycarbonate

phase. Hydrothermal treatment of this sample results in the separation of .

boehmite, coinciding with a significant increase of the a parameter. The :

latter effect is in agreement with the lower aluminium content of the stable

hydroxycompound in equilibrium with boehmite. Sample A_ which has the same '•
o

composition, but differs in that it was precipitated at pH = 10, is very badly

crystallized and as a consequence the cell parameters are not very accurately

measurable. Nevertheless it could be established that the a parameter of the -

unaged precipitate is smaller than that of the corresponding hydrothermally "•

treated sample. All these data suggest that metastable compounds of x > 0.75 f

and Xj.. < 0.67 can be obtained, which change into the more stable compositions :\

upon hydrothermal ageing. it

'4s

II.4.3 Hydroxynitrates i

Table II.9 gives cell parameters for hydroxynitrates, hydrothermally ;|

treated at 150 C. Sample B h, not included in Table II.2, was prepared in the §

same way as sample B h by precipitation at pH = 5. M

Comparing Table II.8 and II.9, the strong increase of layer spacing, when 8,1
H

carbonate is replaced by nitrate, is most remarkable. Also interesting is that $

I discussed later.
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In contrast, the a axis is not affected by replacement of carbonate by

nitrate, but only dependent on nickel to aluminium ratio. Also, the limit of

the homogeneity region towards lower nickel content is the same.

Table II. 9. Cell parameters of nickel aluminium hydroxynitrates with varying

Ni/Al ratio.

Sample

x„. in solution
Ni

ao
1/3 co

additional phases

observed.

B l h

0.75

3.042

8.41

V

0.67

3.025

8.92

V

0.60

3.025

8.88

boehmite

B 2 h

0.50

3.025

8.92

boehmite

II.4.4 Solid solution of hydroxycarbonate and -nitrate

Sample B^h (Table II.2) contains 4.7 wt % COg and 7.9 wt % NO , at x =

0.68. According to X-ray diffraction it contains only one phase, having a layer

spacing of 7.78 A. This corresponds neither to a pure hydroxycarbonate nor to a

pure hydroxynitrate. Therefore we conclude this to be a solid solution of

hydroxycarbonate and -nitrate. The value of the layer spacing is closer to that

of a hydroxycarbonate than to that of a hydroxynitrate, although nitrate

content is highest.

The a axis was mea3'-ired to be 3.027 X, which confirms the independency of

a of anion composition.

Using a mixture of NaOH and NaoC0„ instead of Na_C0„ another sample was

prepared (B12
h)> having the same xN±, also at pH = 6. This sample contains, as

is to be expected, more nitrate. Indeed a larger layer spacing of 8.08 X was

observed, suggesting that a continuous range of layer spacings may be found on

substituting nitrate for carbonate.

II. 4.5 Hydroxychlorides

The cell parameters of two hydroxychlorides, both before and after hydro-

thermal ageing, are shown in Table 11.10. The layer spacings found are slightly

larger than those of the hydroxycarbonates. The a parameter is in reasonable
o

agreement with that of the hydroxycarbonates and -nitrates of the same nickel

content (see also Fig. II.3).
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Table 11.10. Cell parameters of nickel aluminium hydroxyahlorid.es.

Sample x in

solution

Before hydrothermal treatment

0.75 3.04

After hydrothermal

treatment

1/3 c other phases a
o o

found

1/3 other phases

c found

7.97

0.50 not not bayerite
measurable measurable (trace)

3.047 7.92

3.028 7.72 boehmite t
II.4.6 Eydroxyaaetates

The preparation procedure described in section II.3.2.3 resulted in new

compounds, having the same type of layer structure as that described in the

preceding sections for other anions. On incorporation of acetate ions, the

layer spacing was found to be approximately 12.0 X for x . = 0.75 (sample E,)
o Na 1

and 12.8 A at x = 0.50 (sample E„), which is even higher than those found for

the hydroxynitrates. Again the a parameter fell in line with that of the other

compounds, being 3.045 X at x = 0.75.

II.5 THERMAL DECOMPOSITION OF PRECIPITATES

The thermal decomposition of four compounds was investigated using TG/DTA

and high temperature X-ray equipment described in the Experimental section; two

hydroxycarbonates and two hydroxynitrates (x =0.67 and 0.75 in each case)

were studied, each having been obtained by hydrothermal treatment (samples A hi

A19h, Bjh and Bgh).

It was found that the weight loss occurs in two steps, corresponding to two

endotherms of the DTA curve. Fig. II.4 gives an example of simultaneously

recorded TG and DTA curves for sample Algh. On the high temperature X-ray

photographs also two transitions were observed (Fig. II.5). Table 11.11

summarizes the TG/DTA data, Table 11.12 the high temperature X-ray results.

The thermal behaviour of the hydroxycarbonates is qualitatively in agree-

ment with that reported for the mineral takovite^6'8' and the related mineral

eardleyite ' . In the first weight loss, molecular water is lost,

accompanied by a decrease of layer spacing to 6.6 8. The second decomposition
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Table 11.11. Thermal deaomposition of niakel aluminium hydroxycarbonates and hydroxynitrates: thermogravimetria

analyses.

Compound Sample First weight Temperature Gases detected

loss (%) (°C)

Second weight Temperature Gases detected

loss (%) (°C>

CO, .3H,0
30.75 z

Ni6A12(0H>16
(NO3)2.3H2O

A19h

V

12.4

13.0

7.4

9.2

245 H„0, very little

C 02
246 not measured

99 not measured

131 H_0

21.3

20.2

28.7

31.4

345

357

356

334

H20, C02

very little NO

not measured

not measured

H20, NO, 0 2

little C0o

Table 11.12. Thermal decomposition of nickel aluminium hydroxycarbonates and hydroxynitrates: high temperature X-ray

results.

Compound Sample Temperature of Change of c -

transition 1 ( C) parameter (8)

Temperature of

transition 2 (°C)

Change of structure

Ni6Al2<OH)16.CO35H2O

30.75

A,Dh 190, sharp

3Ho0 A1nh 200, sharp

Ni4Al2(OH)12(NO3)2.3H2O Bgh

45, fairly sharp

85-115, gradual

1/3 c = 7.7 •*• 6.6 300
o

1/3 c = 7.6 •> 6.6 300
o

1/3 c = 8.5 -> 7.6 250

1/3 c = 8.9 -> 7.6 250
o

total disappearance of

layer structure -*•

badly crystallized NiO

to
CO



reflects the total breakdown of the layer structure.

The behaviour of the hydroxynitrates is different. Loss of molecular water

takes place at a lower temperature, while the layer spacing only decreases to

about 7.6 X. In the second decomposition, this phase breaks down at approxi-

mately the same temperature as the hydroxycarbonates, without any intermediate

phase having a layer spacing of 6.6 A being observed.

200 300

Temperature (CC)

«00 500

Fig. II.4. Thermal decomposition of sample Ah (x„.- 0.75).
J. O Lit*

a) TG curve (weight loss relative to the weight of starting material).
b) BTA curve.

In the first decomposition of the hydroxycarbonates, the weight loss is

somewhat more than corresponds to loss of water of crystallization only. For

the hydroxynitrates, the agreement with the amount of structural water is

better.

II.6 INFRARED SPECTROSCOPY OF PRECIPITATES

Fig. II.6 gives the infrared spectra of the four compounds, described in

the preceding section.

The main features of the patterns of the hydroxycarbonates agree with those

of natural takovite ' . However, the position of the OH stretching frequency

is somewhat influenced by the Ni/Al ratio: about 3530 cm" for Ni/Al = 3 and
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3000 2000 1500
Wavtfunbw cm-1

1000

Fig. II. 6. Infrared spectra of hydrothermally treated hydroxyaarbonates and

-nitrates,

a. sample A^. h c. sample BJi

b. sample d. sample Bh

3420 cm for Ni/Al = 2. A broad band occurring at about 3050 cm" may be

attributed to water molecules hydrogen bonded to CO~ in the
-1 -1

Very weak absorptions at 2420-2440 cm and 1750-1760 cm represent the V + V,
= 1

and ̂ j+V mode of CO respectively. The peak at 1620-1640 cm is probably due
(23)

to molecular water. Serna et al. ' assign a similar absorption band at 1625

cm in natural hydrotalcite to the bicarbonate ion, but since the same peak is

also occurring in our hydroxynitrates and hydroxychlorides (see below) this

explanation is not very probable.

The V 3 frequency of CO~ is observed at 1350-1360 cm" and is single, but in

some samples, not included in the figure, a small splitting is seen. The

position of the V3 frequency is slightly different from that of the unperturbed
C03 i o n' f o r w h i c h 1 4 1 5 n is reported ', and also from Other literature
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values for ionic carbonate, for which 1410-1450 cm" is given . In the

region < 1000 cm" interpretation is more difficult. The absorption at 815 cm

for Ni/Al = 2 can be the \>o frequency of the CO ion, as already suggested by
-1

Bish for natural takovite. Probably the same holds for the band at 750 cm in

sample A (Ni/Al = 3) . Finally for sample A h (Ni/Al = 2) the \>4 mode of C0~

was found at 685 cm" , which is in agreement with the values found for V-̂  + Vg,

v 3 and v1 + v4.

Comparing the hydroxynitrates to the -carbonates, it is interesting that

the band centered around 3050 cm" , which was attributed to hydrogen bonding

between water molecules and C0_ ions, has disappeared. The v_ mode of N0_ was

found at 1370-1380 cm" , which is in line with literature data for ionic

nitrate: 1340-1380 cm"1 < 2 5 > .

3000 2000 1500

Wownumow CITI

woo

Fig. II. 7. Infrared speotra of hydroxychlorides and hydroxyacetates.
a. sample C2 c. sample E^

b. sample Cji

The spectrum of the hydroxychlorides (Fig. II.7) is mainly of interest

because of the absence, or the very low intensity, of the absorption at » 1370

cm , which proves that indeed the carbonate content of these samples is very
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low. Similar spectra were given by Bish for chloride exchanged natural

takovite.

Finally the spectrum of sample E (Fig. II.7) shows that also acetate ions

can be incorporated in the layer structure. The most important peaks are found

at 1570 cm" and 1410 cm" , which frequencies are characteristic for the

acetate anion^ . The spectrum of sample E_ is almost identical to that of E ^

and is not reproduced here.

II.7 DISCUSSION

The results presented in this chapter are best explained on the basis of the

structure found by Allmann and by Taylor for several minerals of the

pyroaurite group (Fig. II.1). Thus, the nickel and aluminium cations of the

precipitated materials are incorporated in brucite-type hydroxide layers which

have the composition:

2-
The excess charge of the layers is compensated by the incorporation of C03 ,

NO or other anions in the spaces between the layers (interlayers). Molecular

water is also included in the interlayer.

The main evidence for the incorporation of the aluminium ions in the

brucite layers as opposed to the interlayers comes from the observation (Tables

II.8-II.10 and Fig. II.3) that the a parameter decreases on increasing

aluminium content, which indicates that there is substantial replacement of the

Ni ions by Al ions. Extrapolation to x„. =1.00 (see Fig. II.3) gives an a -
Mi o

parameter of approximately 3.09 A, which is much smaller than that of pure
Ni(0H)o (a = 3.125). However, a contraction of the a parameter of compounds

& o o

of double-layer structure with respect to the a parameter of the corresponding

brucite-type compounds has been observed already many years ago for a large

number of samples . The contraction amounts to 0.02-0.03 A* for well

crystallized samples of basic Zn salts, and about 0.04 A for Co compounds.

From Fig. II.3 it follows also that the a parameter for any value of x

is independent of the anion composition for hydroxycarbonates, -nitrates and

-chlorides. The same holds also when acetate anions are incorporated (section

II.4.6). This observation is in agreement with the model in which the anions,

situated in the interlayer, are only weakly bonded to the cation-containing

brucite layer.
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These conclusions are borne out by the infrared results. The infrared bands

measured for the hydroxynitrates and hydroxyacetates are very close to those

reported for free ionic nitrate or acetate. Thus no indications are present

for special bonding of these anions to Ni or Al. In the hydroxycarbonates a

small deviation was found with respect to the unperturbed carbonate ion, but

this could be due to hydrogen bonding with the water of the interlayer.

Measurements of the lattice parameters before and after hydrothermal

treatment of the precipitates and the observation of separate aluminium

hydroxyde or nickel hydroxide phases allow us to establish the range of solid

solubility of Ni and Al in this type of structure. For the fresh precipitates

before hydrothermal treatment, the range is larger than for the hydrothermally

treated samples, the lower limit of x being approximately 0.50 and the upper

limit being greater than 0.85. After hydrothermal treatment, the limits of x

are 0.67 and 0.75 respectively. From a crystal chemical point of view, a lower '
(17)

limit of 0.67 is theoretically understandable because in an ordered

structure this is the lowest nickel concentration at which aluminium-aluminium

neighbour pairs can be avoided.

The layer spacing (1/3 c ) for the hydroxycarbonates (Table II.8) decreases

on increasing the aluminium substitution, as was also observed by Brown and

Gastuche and Brindley and Kikkawa . This is in line with the increased

electrostatic attraction between the brucite layer and the interlayer due to
3+

the higher positive charge on the former when more Al is substituted. The

results for the hydroxynitrates Table II.9) are rather different. Remarkably

large layer spacings (up to 8.9 A) are observed, while it is seen that the

layer spacing increases with increasing aluminium content (samples B h and BJO.
1 9

Because the nitrate and the carbonate ion are approximately of the same

size, the question arises why hydroxynitrates show larger layer spacings than \

hydroxycarbonates. At first, the hydroxynitrates require twice as many anicns

as do the hyd.-oxycarbonates to neutralize the excess charge of the brucite .:

layer. As a consequence, extra space is required to accommodate the nitrate •>

ions as well as the molecular water. For example, for the compound |

Ni 4Al 2(OH) 1 2(NO 3) 2.3H 20 (sample B h ) the nitrate ions would occupy all the f

available sites in the interlayer, if they were lying parallel to the brucite 4'

layers. This follows when one recognizes that one nitrate group requires the '4
•I

same space as three hydroxyl ions and that the maximum number of oxygen and/or ;>

hydroxyl groups which can be accommodated in the interlayer will be equal to | '

the number of hydroxyl ions of a closed-packed hydroxyl layer such as present ;:

in the brucite structure unit. Indeed, after the loss of molecular water in the j:

first step of the thermal decomposition, the layer spacing of the hydroxy- 1
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nitrates is equal or very close to that of the room temperature phases of the

hydroxycarbonates, in which also all the available sites of the interlayer are

occupied. In the room temperature phases of the hydroxynitrates, more space is

required to accommodate the water molecules. We therefore suggest that the

nitrate ions in this material are tilted from their position parallel to the

brucite layers.

An alternative explanation, in which an extra layer of water is in-

corporated, is less likely because the change of the layer spacing as a

function of temperature is gradual and because compounds exist in which inter-

mediate layer spacings occur (see section II.4.4). For the hydroxynitrate of

composition Ni_Al„(OH). _(N0o)o.3Ho0, more sites are available in the interlayer

for the same number of nitrate ions and water molecules than in the compound

discussed above; therefore the layer spacing is expected to be smaller, which

is in agreement with our findings. In the case of the hydroxycarbonates the

molecular water can be fully accommodated between horizontally oriented anions

and, being hydrogen bonded to the carbonate ions, is more difficult to remove.

After the first dehydration stage, the brucite layers are able to fit more

closely together than is the case with the nitrates because of the lower

occupancy of the interlayer and because of greater electrostatic attraction of

the brucite layers for the doubly charged carbonate ions.

It is interesting to compare our results concerning the cell parameters of

the hydroxycarbonates with those published for the minerals. In Fig. II.3 data

are included for the minerals eardleyite and takovite . In the inter-

pretation it has to be taken into account that the samples of these minerals

were reported to contain impurities and that it is therefore difficult to

establish the exact nickel content of the phase studied. The a parameter of

i
(8)

the takovite sample represented in Fig. II.3 is very close to that found in

r

this work for samples with x„. = 0.67. The takovite sample contains boehmite

and in our experiments formation of a boehmite phase occurs at compositions .;

just below xM. = 0.67 (see Table II.8). i
aX

The work described in this chapter has elucidated several features of the i

coprecipitation procedure commonly used for the preparation of nickel-alumina ";j

catalysts for steam reforming and methanation. -':]

1) A single-phase layer structure exists in the precipitate only for ;|

x _> 0.5, which corresponds to > 53.3 wt % Ni in the final catalyst. When such
j- n l —

' a material is calcined at a temperature above that necessary for complete

f destruction of the layer structure, the nickel and aluminium ions, in close

\ proximity in the layer structure, are redistributed. As will be shown in the

| next chapter, this gives rise to nickel-rich phases in which aluminium oxide is

\



dissolved and this in turn results in a high dispersion of the nickel in the

reduced catalyst.

2) In the precipitation procedure, different anions may be incorporated in

the hydroxides formed. During the calcination of the precipitate and the

resulting decomposition of the hydroxide, the anion is removed, the type of

anion incorporated is sensitively influenced by the precipitation conditions,

in particular by the pH in the final stages of precipitation. It will be shown

in the next chapters, that the ty e of anion present in the precipitate in-...

fluences the size of the nickel o^ide particles formed after calcination and

the nickel particles subsequently formed after reduction. In this way also the

catalytic behaviour is influenced.

I
"'4

'I

I
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CHAPTER III. CHARACTERIZATION OF CALCINED AND REDUCED COPRECIPITATES

i •

III.l INTRODUCTION I

After the precipitation of the nickel aluminium hydroxycompounds, discussed

in the preceding chapter, two further operations are necessary to prepare the ' ;

final nickel on alumina catalyst, namely calcination and reduction.

Calcination can be defined as thermal treatment carried out with the

purpose to decompose some compounds present in the catalyst, and/or to allow

solid state reactions among different catalyst components to occur. During

calcination, the precipitates are decomposed into nickel oxide, aluminium oxide

and/or compounds or solid solutions of these two oxides. A closer examination

of the calcined materials is of interest for various reasons. Firstly, during

calcination the alumina carrier is formed upon decomposition of the nickel -

aluminium hydroxycompounds and, for precipitates of low nickel contents, in 1

addition upon decomposition of bayerite or boehmite. Further, the extent and

the nature of the interaction between the nickel oxide and the aluminium oxide

formed is of great importance as this will determine the extent of interaction

between nickel and alumina in the reduced catalyst and thus also catalyst

properties such as nickel dispersion and stability. Interesting aspects in this

connection are the possible formation of nickel aluminate (spinel, NiAl.O.) and

mutual solid solutions of both oxides.

Concerning the reduction of the catalysts the important questions are:

- what is the reducibility of the nickel present in the oxidic phases;

- how is the dependence of the reducibility on calcination temperature and on

nickel content;

- how is the dispersion of nickel in the final catalyst affected by the various

parameters involved both in calcination and reduction procedures.

In this chapter at first X-ray investigations will be discussed; these were

performed to obtain information on the phase composition of the calcined

materials. Subsequently data on reducibility will be given; these will be

discussed in relation to the phase composition. The data will be compared to
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those obtained on mixtures of pure nickel oxide and aluminium oxide heated at

1000°C. Then results will be presented on the dispersion of the nickel oxide in

the calcined materials and of the nickel in the reduced catalysts as a function

of various parameters: composition of the precipitate, calcination temperature

and reduction temperature. Finally some results on the texture of the catalysts

will be given.

III.2 EXPERIMENTAL j

In this section data will be given on the procedures of calcination and

reduction and on the various techniques used in the characterization of the

calcined and reduced materials. The following subjects will be discussed:

calcination and reduction procedure, X-ray diffraction measurements, thermo-

gravimetric measurements, hydrogen chemisorption measurements, determinations

of total surface area and texture, magnetic measurements and electron

microscopy.

Calcination
o i -

Calcination was performed in air, at temperatures ranging from 300 C to j
o f

1000 C, using amounts of precipitate of 1 to 10 grams. In most cases the

desired temperature was reached in a period varying from half an hour to one

hour. In a few cases the temperature was raised at a rate of 2 C/min, while air
3 -1was carried through the sample at a flow rate of 18 dm STP h . Calcination

time was 16 hours in all cases. '

Reduction and passivation :']

In order to reduce the catalysts, quantities of calcined material varying •{

in weight from 1 to 4 grams were placed on a quartz sinter in a quartz tube, f

which in turn was placed in a vertically positioned tube furnace. Apart from 8

some experiments carried out to investigate the effect of the reduction ,f=

procedure, temperature was raised to the reduction temperature at a rate of M

o 4
2 C/min, hydrogen flowing through the catalyst bed at a flow rate of Jg

approximately 18 dm STP h~ . A standard reduction temperature of 600°C was

used throughout this work, except in those cases where the reduction

temperature was the parameter studied. Reduction was continued overnight (16

hours).

Because of the pyrophoric nature of the freshly reduced catalysts, it was

necessary to passivate the samples to allow characterization by techniques such
40
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as X-ray diffraction, hydrogen chemisorption and so on. Passivation was carried

out by treating the samples at 70 C in a nitrogen/water vapour mixture

containing approximately 10-12% water vapour. The advantage of the use of water

vapour instead of air is found in the fact that the heat effect in the reaction

Ni + Ho0 = NiO + Ho (AH° o_ = + 2.1 kJ/mole) is very small. As a consequence no
& £ 25 C

y danger exists for local overheating.

A number of samples were reduced in situ in a recirculation reactor at the

University of Bradford (O.K.) in order to determine the activity for the hydro-

genation of carbon monoxide. Reduction temperature was 600 C, hydrogen pressure

amounted to 89 Torr (1 Torr = 133.3 Pa). Further details about the reduction

procedure will be given in chapter IV, where the activity measurements will be

discussed.

For some of the samples, hydrogen chemisorption measurements were performed

at the University of Bradford by L. Alzamora. They were reduced in the

apparatus used for the hydrogen chemisorption measurements, which will be

described below. The calcined samples were outgassed in vacuo at 300 C for

about 200 min; then they were reduced at temperatures ranging from 350 C to

800 C using a sequence of doses of hydrogen at a pressure of about 200 Torr,

each dose being left in contact with the catalyst for about 45 min. During

reduction the water formed is taken away by a cold trap. A final dose of !

hydrogen was left overnight at the reduction temperature before outgassing at y

400 C and carrying out adsorption measurements. In the experiments to examine

the effect of reduction temperature, carried out using samples A. and B„, the

same sample was used for all the experiments, being reduced at the next highest

temperature after the determination of a chemisorption isotherm. .;

These samples were passivated by exposing the reduced sample to water '

vapour by simply removing the cold-trap, in which water formed in the original . J
; reduction step had been frozen. It appeared that no further reaction occurs -S

when the catalyst is subsequently exposed to air. We have found that re- Jf

reduction of the catalysts can be carried out at much lower temperatures (about %

300 C) than the original reduction; subsequent repeats of hydrogen isotherm are St

indistinguishable from the original ones, also for those samples which had been %

exposed to the atmosphere. ' H

5 Rereduction %

11 In many cases, the passivated samples had to be rereduced in order to

!;• obtain meaningful results, for example for hydrogen chemisorption measurements

V and for determination of the catalytic activity. The standard rereduction

|l procedure followed in this work involves heating in flowing hydrogen at a rate
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of 2°C/min to 400°C, followed by reduction overnight at the latter temperature.

X-ray diffraction measurements

For the X-ray work the same equipment was used as described in the

experimental section of chapter II. Mostly a Guinier-De Wolff camera was used.

The determination of the d-values of the nickel oxide in some of the calcined

samples were carried out by means of a Philips powder diffractometer. X-ray

line broadening data were obtained from the Guinier photographs using a I

densitometer developed at T.N.O.-T.P.D. at Delft. Most of the line broadening '

measurements were performed for the passivated catalysts. For some samples X-

ray data were obtained in situ after subjecting the samples to the standard

rereduction procedure at 400 C in a high temperature Guinier-Lenné camera. The

line broadening data were obtained from these photographs in the same way as :

with the other photographs. The mean crystallite size was calculated according '
(2) '

to the Scherrer formula ;

K\ :
D =

B cos 6

where

D is the mean crystallite size,

A is' the wavelength (in same unit as D),

B is the width of the reflection in radials 26,

6 is the reflection angle.
(2)

The constant K was taken as 0.94 . B was determined as the width of the

reflection at the half height. A correction was applied for instrumental

broadening by admixing KC1 to the samples and measuring B for the reflection of

KC1. The corrected value of B can be calculated according to

B2 = B2 - B2

corr me as KC1

Thermogravimetric measurements

nts were performed using the apparatus mentioned >|Thermogravimetric measurements were performed using the apparatus mentioned >|

i
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in the experimental section of chapter II. Two types of TG experiments were

performed:

- determination of the reducibility of the calcined materials, of pure

nickel oxide, and of mixtures of pure nickel oxide and aluminium oxide.

~ determination of the amount of reduced nickel present per gram of

passivated catalyst, after a standard rereduction at 400 C.

The first type of measurement starts with the removal of adsorbed water by

heating the calcined sample (« 30 mg) in nitrogen to the calcination temperature
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at a rate of 10 C/min. The temperature was kept constant till a constant weight

was attained. After cooling the sample to 200 C (in the case of pure nickel

oxide to 150°C) and replacing nitrogen by hydrogen, the temperature was raised

at a rate of 2 C/min (or in some cases 6 C/min) to 600 C. Again temperature was

kept constant till no further weight loss was observed. Then, after replacing

hydrogen with nitrogen, air was admitted and the sample was oxidized at 600 C.

The percentage of reduction could be calculated from the weight loss during

reduction or from the weight increase during oxidation. In most cases a very

good agreement was found between those two values. In a few cases the reduction

was studied at a constant temperature.

The second type of experiment was performed because it was desirable to :

know the amount of reduced nickel which is present when the passivated samples

are rereduced according to the standard procedure, in order to be able to

express nickel surface areas and catalytic activities per gram of reduced

nickel. To this end, a quantity (approximately 30 mg) of reduced and passivated

catalyst was heated in hydrogen at a rate of 2°C/min to 400°C, and kept at this

temperature till constant weight. During this treatment, the passivation layer

and the adsorbed water are removed. Subsequently, after replacing hydrogen with

nitrogen air was admitted and the sample was reoxidized at 400°C. The amount of

reduced nickel was calculated from the weight increase during oxidation. In

many cases, the sample was heated further in air to 900 C in order to correct

for small quantities of adsorbed water or of excess oxygen, but the weight loss

was found to be very small.

Hydrogen ehemisorption measurements

Host of the hydrogen chemisorption measurements were performed at Delft at

the Department of Chemical Technology by J. Teunisse, using reduced and •'

passivated catalysts. The catalysts were rereduced in hydrogen at 400 C Ï

according to the standard procedure. After evacuation at the latter temperature 1
-4 -5 -3

(residual pressure 10 -10 Torr) hydrogen was admitted to a total pressure of a

approximately 200-250 Torr and the sample was cooled to 65°C. A correction for §

the amount of physisorbed hydrogen could be made by an additional measurement ,:1
at 65 C after evacuation at 65°C. 1

For some samples hydrogen chemisorption measurements were performed at the |

University of Bradford (U.K.) by L. Alzamora. These samples were reduced in 1

situ as described before. After reduction the sample was outgassed at 400°C f

(residual pressure about 10 Torr). For adsorption measurements a sequence of !

measured doses was admitted to the reaction vessel; in each case, the dose was ;

allowed to come to equilibrium and the resultant pressure was determined. j
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Values of equilibrium pressure ranging from 40 to 200 Torr were measured. In

all cases the adsorption temperature was 25 C. The quantity of hydrogen chemi-

sorbed at a pressure of 100 Torr was taken as criterion for determining the

monolayer volume.

Determination of total surface area and texture

The texture of some of the calcined or reduced materials was determined by
(3)

nitrogen capillary condensation on a Carlo Erba 1800 "Sorptomatic", also by

J. Teunisse at the Department of Chemical Technology at Delft. For other

samples, the B.E.T. surface area was obtained by measuring the nitrogen

adsorption isotherm at -196 C in a conventional glass-ware apparatus built in

the Department of Chemical Technology.

Electron microscopy

A limited number of samples was studied by means of electron microscopy by

J.W. Geus at the University of Utrecht. To this end, after grinding in a

mortar, samples of the reduced and passivated catalysts were ultrasonically

dispersed in ethanol. After 15 minutes of ultrasonic treating the dispersion

was left to settle for 20 hours. The coarsest fraction was investigated by

means of a Cambridge Stereoscan 150 S, at magnifications varying from 200 to

6000.

A small quantity of the finest fraction was collected on a filmed grid by

dipping the grid in the upper part of the dispersion and evaporating the

ethanol. The fraction thus obtained was investigated in a Jeol 200 C microscope

by scanning electron microscopy (SEM), scanning transmission electron

microscopy (STEM) and transmission electron microscopy (TEM, both bright field

and dark field). The magnification was 50.000 or 100.000. The apparatus offers

the possibility to make STEM, SEM and TEM photographs of exactly the same part

of the sample.

III.3 PHASE COMPOSITION OF THE CALCINED MATERIALS

III.3.1 Introduction

The calcined materials were investigated by means of X-ray diffraction in

order to determine under which conditions the formation of nickel aluminium

spinel occurs, and to what extent mutual solid solutions of nickel oxide and

aluminium oxide are formed.
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In literature no general agreement exists concerning the conditions under
(4)

which spinel formation occurs. According to Milligan and Merten , in an

investigation of coprecipitated nickel and aluminium hydroxides calcined at

different temperatures, a spinel-type phase NiAl O is formed at 1000 C but not

at 700°C. In contrast with these results, Rubinshtein et al. observed that

' spinel formation occurs even at 400 C in coprecipitated nickel aluminium

catalysts; the spinel was found to give a homogeneous range of solid solutions

with y alumina whereas no solid solution with nickel oxide was formed.

The possibility of the formation of spinel at low temperatures was

confirmed by the work of Rikhter et al. . These authors found, in an X-ray

study using the radial atomic distribution method, that a defective spinel is

formed upon calcination of coprecipitated nickel and aluminium hydroxides at a
Q

temperature of 330 C. The nickel aluminium ratio in the spinel was found to

range from 0.22 to 0.32, the spinel being defective in nickel even when a

considerable excess of nickel oxide is present. At calcination temperatures
Q

above 700 C the lattice was perfected and a nearly stoechiometric nickel

aluminium spinel was formed.

In a study of a series of samples of nickel oxide supported on y- or r\~
(7)

alumina, prepared by impregnation, Lo Jacono et al. reported that a surface
o

spinel is formed upon calcination at 600 C.

Thus it seems that in the use of the term "(nickel aluminium) spinel" a

distinction must be made between stoechiometric spinel NiAl 0., also named

nickel aluminate, and "defective spinel" of composition Ni. A1o°4 in w n i c n

0 < x _< 1. The former is obtained at a relatively high temperature (above :
o

700 C) and better crystallized than the latter which is formed at lower

temperature. The defective spinel is equivalent to a solid solution of NiAl 0

and y-Alo0_ or Ti-Al_O_, which both crystallize in a defective (cation deficient) 3

spinel structure. In the following these definitions of nickel aluminate and ;,

: defective spinel will be used. The main criterion to distinguish between a 'H

defective and a stoechiometric nickel aluminium spinel is found in the value of '\

\ the cell parameter. :|
•?j

Milligan and Merten did not discuss the possibility of the presence of a g
\ defective spinel in their samples calcined at 700°C and 500°C. However, from .gj

' the X-ray diagrams reproduced in their paper it seems that the positions of the t

f- I
5. y-AlgOg reflections are not influenced by the presence of nickel oxide; thus no |
J indications are present for the formation of a defective spinel. |'
\
\ The solubility of aluminium oxide into nickel oxide is generally assumed to

I be low. However, some authors suggest ' , on account of the fact that nickel
6.

?]
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oxide supported on alumina is much more difficult to reduce than unsupported

nickel oxide, that the supported nickel oxide contains some dissolved aluminium

oxide. In the next section some new observations with respect to this point

will be presented.

III. 3.2 Results and discussion

Table III.l shows the phase composition of the calcined materials as

revealed by X-ray diffraction, as a function of nickel to aluminium ratio and

of calcination temperature.

In all samples the presence of a nickel oxide phase could be established.

An ri-alumina phase could clearly be recognized in sample A_ (x = 0.25),

calcined at 4S0°C or at 600°C. This was also the case for samples of x =0.10,

which are not included in the table. At higher nickel contents, the alumina

reflections have become very weak for x = 0.50, and have disappeared in the

samples of x = 0.75; probably in the latter samples alumina is present in an

amorphous state.

Nickel aluminium spinel was found in all samples calcined at 800 C and

1000 C. The d-values, not included in the table, were in agreement with the

A.S.T.M. values for stoechiometric NiAl„0. (nickel aluminate).

At lower temperatures the presence of a solid solution of n-alumina and

nickel aluminate could be established in some cases. This is demonstrated in

Fig. XII.1, where the X-ray photographs are shown of a reference r)-alumina

sample, prepared by heating bayerite at 450°C, of nickel aluminate and of two

coprecipitates with x = 0.25 calcined at 600 C. One of these had been

precipitated at pH = 10 (sample A ), the other one at pH = 7 (sample A . ) . It

can be seen that the reflections of sample A- are present at the same positions

as those in the reference alumina sample, whereas in sample Ao. the n-aluwina

reflections are shifted towards higher values, which are rather close to those

of nickel aluminate. Thus it is seen that for sample A . a defective spinel

phase has been formed already at 600 C, whereas this is not the case for sample

A . A similar defective spinel phase was observed for sample A„_ (x = 0.33),
• ctCi N i

also precipitated at pH = 7, for calcination temperatures of 450°C or 600°C.

Apparently the pH of precipitation influences the reactivity of the oxides

which are formed upon decomposition of the precipitates, a pH value of seven

favouring the formation of a solid solution of nickel oxide into r)-alumina. For

a low nickel content of x = 0.25, such an effect of pH might be explained by

the following reasoning. The lowest nickel content for which nickel aluminium

hydroxycompounds exist, is found approximately at x = 0.50 (see chapter II).
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Fig. JIT. 2. Guinier photograph of some calcined precipitate^ from the top down-

wards.

- n-AZ.„O, prepared by calcining bayerite at 450 C;

- sample A? (pH of precip. - 10, x„^ - 0.25) calcined at 600 C;

- sample Ag4 (pH of precip. = 7, x^ = 0.25) calcined at 600 C;

- nickel alvminate (NiAlg0j, prepared by calcining sample k^ (pH

of precip. = 73 x„. = 0.33) at 1000°C.

Table III.2 d-values of nickel oxide for samples calcined at different

temperatures.

Sample x in initial

solution

Calcination temperature dhkl <X)

(200) (220)

13 0.75

0.50

300

450

600

800

1000

300

450

600

800

1000

2.069(3)

2.070(3)

2.078(3)

2.083(2)

2.088(2)

2.089(2)

1.466(3)

1.465(3)

1.470(3)

1.474(2)

1.477(2)

1.466(3)

1.461(3)

1.464(3)

1.479(2)

1.477(2)

ASTM values of NiO: d2QQ = 2.088 X, &22Q = 1.477 X. The figures between

parentheses in the last columns indicate the maximum error to be expected in

the last digit.
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Thus for x . = 0.25, the major part of the alumina is formed in the de-

composition of bayerite. Formation of a defective spinel requires reaction

between the nickel oxide formed in the decomposition of the nickel aluminium

hydroxyphase and alumina formed in the decomposition of bayerite. The effect of

pH of precipitation on the reactivity of these oxides could be related to the

difference in character of the precipitates formed at pH = 7 and at pH = 10

which has already been mentioned in chapter II (subsection II.3.4), the former

precipitates being in a much more finely divided state than the latter.

From Table III.2 it can be seen that the d-values of the nickel oxide in

the calcined coprecipitates are shifted significantly towards lower values for
o o

the samples calcined at 450 C and 600 C. This is a strong indication for the

presence of a solid solution of aluminium oxide into nickel oxide. For

calcination at 800 C or at 1000 C, the d-values of nickel oxide are equal to

the A.S.T.M. values within experimental error.

Thus the main conclusions about the composition and structures of the

calcined materials are: :•• .
o

- a stoechiometric spinel is formed at a calcination temperature of 800 C and

1000°C.

- depending on the pH of precipitation a (defective) spinel may be formed at
o

temperatures of 600 C and lower.
- formation of a solid solution of aluminium oxide into nickel oxide is

o osuggested for samples calcined at 450 C and 600 C.

I I I . 4 REDUCTIBILITY OF THE CALCINED MATERIALS

III.4.1 Introduction

For the reaction NiO + H„ = Ni + H„0 the equilibrium constant K = pH_0/pH„
4 4 p 2 4

is approximately 230 at 600°C (calculated from data from ref. 9). The reaction
is slightly exothermic (AH o = -2.1 KJ/mol), consequently the equilibrium

25 C
constant varies only slightly with temperature. It is obvious from these data

that in the temperature region of practical interest the reduction of nickel

oxide is thermodynamically favourable already at lower hydrogen pressures.

According to literature, nickel oxide can be reduced by hydrogen at

temperatures above 150°C . The mechanism of the reduction is known*11* to

involve two steps: a nucleation step in which nuclei of metallic nickel are

formed, and a propagation step during which reaction between hydrogen and

nickel oxide takes place at the interface of nickel and nickel oxide. There is
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(12)
also general agreement that nucleation is the limiting step determining the

rate of reduction. :

It is also known that nickel oxide supported on alumina or other carriers :

requires higher temperatures for reduction than unsupported nickel oxide. This

is especially the case for coprecipitated materials ' ' . The difficulty

of the reduction of nickel oxide supported on alumina has often been ascribed
(14)

to the formation of a compound of nickel oxide with the carrier or the
(6,8)

formation of a solid solution of aluminium oxide into nickel oxide .In .

studies on the reduction behaviour of nickel on silica catalysts it has been I

put forward by Delmon and by Coenen that the high dispersion of the I

supported nickel oxide might suffice to cause the increased difficulty of

reduction. It is then supposed that, upon formation of a nucleus, the whole

nickel oxide crystallite concerned is reduced quickly but that, due to the

spatial separation of the crystallites, the reaction cannot propagate to

other crystallites. Thus per nucleus only a very small quantity of reduced

nickel is obtained.

In view of the possibility that the reduction behaviour of nickel oxide is

influenced by the dissolution of aluminium oxide into nickel oxide, it is

interesting tc discuss some literature data on the effect of additives on the

reducibility of unsupported nickel oxide. Hauffe and Rahmel reported-that \

the rate of reduction decreased by the addition of chromia, added in quantities

up to lmole%. They also found that the shape of the reduction versus time

curve changes. Normal nickel oxide exhibits an S-shaped curve (Fig. III.2),

characteristic of nucleation limited reactions: the rate of reduction increases

to a maximum and then gradually decreases during the last stage of the

reduction. However, with the chromia containing samples the rate of reduction

is highest in the first stage of the reduction and then gradually decreases.

The authors ascribed this effect to a gradual blocking of the surface with T

chromia, as the surface becomes enriched in chromia when the reduction proceeds. J
(19) 1

Iida et al. found that dissolution of 1 mole % of aluminium '

oxide into nickel oxide by heating the components at 1100°C causes the starting J

temperature of reduction to increase by 100°C. ;1

In this section we will present our data on the reduction of the calcined £

precipitates and we will try to come to conclusions about the question which '%
- uS

factors are most important in determining the reduction behaviour. M
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Fig. III.2. Reduction curves of

a) nickel oxide (p.a.) heated at 1000 C.

h) sample A„ calcined at 600°C.

c) nickel oxide (p.a.)3 to which 1 mole ',

mixture heated at 1000 C.

had been added,

III.4.2 Results and Discussion

The reducibility of the nickel present in the calcined materials has been

investigated by means of TG measurements, according to procedures described in

the experimental section. In nearly all experiments the final temperature of

reduction was 600°C, as this was the standard reduction temperature throughout

this work. Mainly two criteria are used to characterize the reduction behaviour:

the temperature of onset of reduction and the percentage of reduction attained

at 600 C. A good reproducibility was found for these data. The results of some

isothermal measurements will also be presented.

Table III.l shows the results for a number of representative samples. In

addition the phase composition is given. For comparison also a nickel oxide

sample has been included, prepared by calcination at 450 C of nickel hydroxide

precipitated at pH = 10 from a nickel nitrate solution.

Our measurements confirm that nickel oxide supported on alumina is much

more difficult to reduce than unsupported nickel oxide. Not only does reduction

start at a higher temperature, but in addition it has to be prolonged up to a

higher temperature in order to attain a constant degree of reduction. No

indications were found for the presence of a nucleation period, as observed with
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pure nickel oxide. This is in agreement with results for nickel oxide supported

on silica or on silica-alumina . The shape of the reduction vs time

curve at constant temperature is different from that of unsupported nickel. In

an isothermal measurement at 480°C, using catalyst Ag calcined at 600 C, the

rate of reduction was highest very shortly after the start of the reduction,

and then decreased slowly (Fig. III.2), Increasing the temperature stepwise,

the initial rate increased upon each temperature rise, but subsequently

decreased gradually. A similar kinetic behaviour characterized by a high initial

and then gradually decreasing rate is also observed with unsupported nickel
(21)

oxide, when it is highly dispersed

It is seen from Table III.l that the percentages of reduction achieved at a

final reduction temperature of 600 C are very high for the samples calcined at

450 C, but are lower for higher calcination temperatures. Especially the
o

presence of bulk nickel aluminate (NiAl„04) at calcination temperatures of 800 C

and 1000 C coincides with a substantial decrease in the percentage of reduction
o

obtained. The data for samples A_ and A_ calcined at 1000 C suggest that nickel
6 7

aluminate formed at this temperature remains completely unreduced at a

reduction temperature of 600°C, whereas nickel oxide is reduced completely.

Indeed X-ray analysis of these samples after reduction in the TG apparatus

shows the presence of nickel aluminate. In sample A. the aluminate is
D

accompanied by metallic nickel.

The presence of a non-stoechiometric spinel in sample A„ 4 calcined at 600 C

(see section III.3.2) is reflected in a lower degree of reduction at 600 C as

compared with the corresponding sample precipitated at pH = 10, for which no

formation of such a defective spinel was observed (sample A_).

From the data obtained for sample A_ it is seen that the temperature of on-
O

set of reduction does not change significantly for calcination temperatures of

450 C, 600 C and 800 C, but drops substantially for the sample calcined at

1000 C. As the two last-mentioned samples both contain bulk nickel aluminate it

seems that the rate of reduction is not directly related to the formation of

this compound. The main difference between the two samples is found in the

better crystallinity of the sample calcined at 1000°C.

In trying to explain our results on the assumption that the reducibility is

inhibited by the formation of a solid solution of aluminium oxide into nickel

oxide, some difficulties arise. It would be expected that the samples calcined

at 800 C are more easily reduced than those calcined at lower temperature,

since for the former samples no indication is obtained from X-ray diffraction

for the formation of such a solid solution, whereas this is positively the case
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478

532

430

NiO

NiO

NiO,

NiO,

NiO,

for the latter samples (see section III.3.2). On the same grounds, not much

difference is expected in the rate of reduction of the samples calcined at

800°C and at 1000°C. Our findings apparently do not agree with these expect-

ations.

In order to obtain more insight into the factors which influence the

reduction of nickel oxide, we have also examined the reducibility of mixtures

of nickel oxide and aluminium oxide preheated at 1000 C. The results are

presented in Table III.3. It is seen that the addition of a quantity of alumina

as low as 1 mole % has considerable influence on the reducibility of nickel

oxide. This result is further corroborated by isothermal measurements, shown in

part in Fig. HI.2. Whereas pure nickel oxide is reduced for 96% after four

hours reduction at 220 C, only 59% reduction is attained after 18 hours

reduction at 300°C for the sample containing 1 mole % alumina. Admixture of 1%

Alo0_ leads to a reduction curve, which is already more similar to that

described earlier for the coprecipitated samples.

Table III. 3. Reducibility data of mixtures of nickel oxide and a-aluminium

oxide calcined at 1000°C.

Composition Temperature of on- Temperature of Phases present

set of reduction completion of (X-ray diffraction)

(°C) reduction ( c)

NiO 249

NiO-0.01 A12O_ 261

NiO-0.05 Al„0„ 266 "" '" " '~
• I

NiO-0.5 Al O 273 "*" """ "••- ~ =

NiO-0.9 Al o0_ 320

The interpretation of the data is hindered by the fact that the sensitivity •§?

of the X-ray diffraction analysis does not allow to determine whether nickel 1

aluminate had been formed in the sample of 1 mole % aluminium oxide or whether §

alumina had dissolved into the nickel oxide. From Table III.3 it can be seen 4j'
"$

that an increase in the amount of added alumina continues to produce an in- ,] i"I
creased effect on the reduction behaviour up to high values of alumina. This •; '

observation argues against the assumption that the formation of a solid ~\

solution is the determining factor. Since solid state reactions start with )

53



\

surface diffusion of the ions, the most probable interpretation is, that

nickel aluminate is formed on the surface of the nickel oxide crystallites.

This would lower the available surface area, and thus decrease the rate of

reduction. Moreover the presence of nickel aluminate at the boundaries of

nickel oxide grains would inhibit the propagation of the reaction and thus also

explain the change in the shape of the reduction rate versus time curve. Upon

increasing the amount of added alumina, an increasing part of the nickel oxide

surface will be covered with nickel aluminate.

Returning to the calcined coprecipitates, it is interesting that it is more

difficult to reduce sample A-, calcined at 1000 C, than the sample of the same

composition (NiO-0.5 Al„0„) prepared by heating a mixture of the oxides at
0

1000 C. As a consequence of the better mixing in the coprecipitated samples,

the nickel oxide surface may be assumed to be covered to a larger extent with

nickel aluminate.

The higher temperature of onset of reduction of sample A„ calcined at 800 C

as compared with the same sample calcined at 1000 C can now be explained in two

ways. Maybe in the former sample nickel aluminate is concentrated to a larger

extent on the outside of the nickel oxide particles, whereas at the high

calcination temperature of 1000 C the nickel aluminate formation has proceeded

more into the bulk. Also, the nickel oxide crystallites are about three times
o o

larger after calcination at 1000 C than for calcination at 800 C. According to

a suggestion of Coenen , the rate of reduction may increase substantially

with particle size: proportional to the square of the diameter.

For the samples calcined at temperatures below 800 C three causes may be

suggested for the difficulty of reduction:

- the (partial) coverage of nickel oxide with alumina

- the dissolution of aluminium oxide into nickel oxide

- the small size of the nickel oxide crystallites.

Our measurements thus far do not allow of a definite conclusion as to the

factor governing the reduction process of the nickel-alumina catalysts studied.

III.4.3. Reduction in recirculation reactor; effect of hydrogen pressure

The percentages of reduction achieved at 600°C in the TG measurements are

relatively high for all samples. In an earlier presentation of our work we

have reported much lower percentages of reduction, being generally in the range

of 45%-60% for samples calcined at 450°C and reduced at 600°C. The samples were

reduced in a recirculation reactor, used for the measurement of carbon monoxide
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hydrogenation activities. Results of such measurements, as well as the

corresponding percentages of reduction will be presented in the next chapter.

Within the scope of the present chapter it is interesting to discuss some

experiments which were performed in an attempt to elucidate the origin of the

differences mentioned above between the results from both reduction methods.

Apart from differences in geometry, the reduction as performed in the re-

circulation reactor differs in the following respects from the standard

reduction procedure followed in the TG measurements:

- the sample is evacuated at the reduction temperature of 600 C; subsequently

the hydrogen is admitted directly at the same temperature.

- the hydrogen pressure is much lower, being 89 Torr (12 kPa).

- a standard reduction time of three hours is used.

Table HI.4 gives th& results from TG experiments performed to investigate

the effect of these differences. From the experiments using sample A_ it is

seen that admitting hydrogen at 600 C after evacuation at the same temperature

gives about the same result as the normal procedure, in which hydrogen is

admitted at 200 C and the sample is subsequently heated to 600°C at a heating
o

rate of 2 C/min. It is also seen, that lowering the hydrogen pressure from 101

kPa to 10.1 kPa results only in a slight decrease in the percentage of

reduction obtained.

Table III.4. Influence of reduction method on percentage of reduction.

\

Sample

A6
II

It

(f

II

B3
if

Tt

Hydrogen pressure

(kPa) ( a )

101

101

101

10.1

10.1

101

10.1

10.1

Reduction method

Temperature of

admitting

hydrogen ( C)

(after evacuation)

200

600

600

600

600

600

600

600

Heating

rate to

600°C

( C/min)

2

-

-

-

-

-

-

Time at

600°C

(h)

2

2

3

3

4

3

3

5.5

% Reduction

86 1
86 >

89 'i

74 *

79 'I
-1

100 ||

68 1':

84 |

(a) hydrogen pressures below 101 kPa were obtained by diluting hydrogen with

nitrogen.
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The reducibility of sample B„, however, is affected considerably by a

lowering of the hydrogen pressure, the percentage of reduction being only 68%

after three hours. The percentages of reduction obtained in the TG apparatus

under these conditions are still higher than those attained in the re-

circulation reactor, being 45% for sample A and 46% for sample Bg.

It may be concluded that the differences in degree of reduction obtained

in these two apparatus can only partly be ascribed to the difference in

hydrogen pressure.

III.5 DISPERSION OF NICKEL OXIDE IN CALCINED MATERIALS AND OF NICKEL IN

REDUCED CATALYSTS AS A FUNCTION OF PREPARATION CONDITIONS

III. 5.1 Introduction

One of the advantages of the use of supported nickel as compared with un-

supported nickel is found in the high nickel dispersion which is obtained in

the former case and which can be maintained up to relatively high temperatures.

In this section we will show as to how the dispersions of the nickel oxide in

the calcined materials and of the metallic nickel in the reduced catalysts

depend on the properties of the precipitate and on calcination and reduction

temperature. As a measure of the dispersion of the nickel oxide, mean

; crystallite sizes as determined from X-ray line broadening will be given. The

reduced nickel was characterized by X-ray line broadening, hydrogen chemi-

sorption and for a few samples magnetic measurements or electron microscopy.

After the presentation of some data concerning the effect of the reduction

; procedure, the dispersions of nickel oxide and of nickel will be discussed as a

function of the properties of the precipitate. Finally the effect of varying

the calcination temperature or the reduction temperature will be shown.

'•• III.5.2 Dispersion of nickel as a function'of reduction procedure

Table III.5 shows the nickel crystallite size, obtained from X-TL-J line

broadening measurements, as a function of the reduction procedure. It is seen

that especially the heating rate during redvction is an important parameter,

& much smaller nickel crystallites being obtained for low heating rates. Also the

• use of a very small quantity of catalyst, such as in the experiment in the high

f temperature X-ray camera, results in relatively small nickel crystallites. Not

I all samples show the same sensitivity towards changes in the reduction
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procedure. Especially for sample A, the difference resulting from the two

different reduction procedures is relatively small.

,1
Table III.5. Nickel crystallite size as a function of reduction procedure.

Calcination temperature 450 C.

Reduction temperature 600 C.

Reduction time 16 h at 600°C.

Sample

A13
II

11

ft

A6

B2

11

A2

Sample weight

(grams)

5

5

3

appr. 0.01

0.35

1.4

0.35

1.3

1.7

2.5

Reduction

Hydrogen flow

rate (dm3 STP h"1)

5<a>

15 ( b )

2< C )

5< a )

15 ( b )

15 ( b )

5 C a )

15 ( b >

procedure

Heating rate

(°C/min)

20

2.5

2.0

20

20

2.0

20

2.0

20

2.0

Mean crystallite

size (nm)

(111 refl.)

36

11.3

8.4

9.5

8.3

3.5

12.0

6.4

11.2

8.4

(a) Reduction in horizontally positioned tube furnace; hydrogen passing over

the catalyst.

(b) Reduction in vertically positioned tube furnace; hydrogen flowing through

catalyst.

(c) Reduction in high temperature X-ray camera.

1

(23)
Since the presence of steam during reduction has been reported to cause

sintering of nickel, the observed effects are most probably related to the

development of a considerable partial pressure of water vapour inside the

catalyst bed. This partial pressure is expected to increase with increasing

heating rate, increasing catalyst weight and decreasing hydrogen flow

rate.

In order to obtain reproducible results, the following procedure was chosen

as standard procedure throughout this work: heating rate 2°C/min; hydrogen flow
3 —1

rate 18 dm STP h , hydrogen flowing through the catalyst bed; catalyst

I
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weight 1-4 grams.

111,5.3 Dispersion of nickel oxide and of nickel as a function of the

properties of the precipitate

111.5.3.1 Presentation of data

Table III.6 presents mean crystallite sizes of nickel oxide and of nickel

for a number of samples, selected to show the effect of the following

parameters: nickel content, type of anion present in the precipitate, hydro-

thermal treatment and pH of precipitation. The effect of sodium content will

be discussed separately in a subsequent section. No samples of nickel content

below x = 0.50 were included, as no X-ray line broadening data of sufficient .:

accuracy could be obtained for these samples. For the latter samples, the

characterization of the reduced nickel was only performed by means of magnetic

measurements and of hydrogen chemisorption. The results will be presented in a

separate table.

111.5.3.2 Nickel oxide crystallite sizes

Considering at first the results for the samples derived from hydroxy- !

carbonate precipitates, it is seen that the mean nickel oxide crystallite sizes

do not differ very much. When the nickel content is decreased from x = 0.75

to x = 0.50 generally slightly smaller nickel oxide crystallites are obtained. ;

It is remarkable that, whereas hydrothermal treatment of the precipitates ,

results in a marked increase in crystallinity of the hydroxycompounds, it has -̂

very little influence on the mean nickel oxide crystallite size in the calcined _\

materials. Also variation of the pH of precipitation has little effect, as may .;'

be seen from a comparison of samples A n and A_ or samples A. and A.. Sample i

D. prepared at decreasing pH shows a value which is not very different from ;

A
those found for the samples of the same nickel content but prepared at constant vf

|

Turning attention to the samples derived from precipitates containing other *?

'M
anions, it is seen that in general larger nickel oxide crystallites are 4

obtained from the hydroxynitrate samples than from the hydroxycarbonates.

Considerable differences were found among the former samples, crystallite

growth being much more pronounced for samples B, „, B„ and the hydrothermally

treated samples than for samples Bo and B .
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Table III.6. Data on mean crystallite sizes and surface areas for nickel oxide

present in the calcined materials and for metallic nickel in the reduced

catalysts as a function of the composition of the precipitate. Calcination

temperature 450°C. Reduction temperature 600°C; standard reduction procedure.

Sample

A18

A <a>
21

A3

A29

A19
A9
A5

Dl

A6
Agh

Bl

B13 h ( b )

B13 ( C )

B9

V
B2

B 2 h

B5
B 5 h

Cl

El

X

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0,

0,

0

0

0

0

0

0

0

0

Ni

75

75

75

75

75

67

67

50

50

50

.50

,50

.75

.67

.67

.67

.67

.67

.50

.50

.50

.50

.50

.50

pH of pre-

cipitation

10

10

10

7

incr. pIH-7

10

7

10

10

deer. pft+6.

7

7

6

6

6

6

5

5

7

7

5

5

7

7

Main an-

ion in-

corpo-

rated

C 03
C 03
C 03
C 03
C 03
co3
C 03

C 03
C 03

5 C0 3

C 03
C 03

NO,

N0 3

N0 3

NOg

N 03

N0 3

N 03
N0 3

Cl

CHgCOO

Mean crystallite

sizes

nickeJ

(nm) of

L oxide

the calcined

material

(111)

4.6

5.0

5.2

4.7

5.2

4.1

not i

3.4

3.9

5.5

6.3

13.5

19.5

4.5

9.7

5.5

18.6

4.5

16.2

50.0

4.4

(200)

4.1

4.3

4.1

4.0

4.1

3.4

in

(220)

4.9

6.3

4.7

5.3

5.4

4.1

determined

2.7

2.9

3.6

2.9

5.4

5.4

11.9

17.9

4.0

8.9

15.3

5.2

18.1

3.5

16.5

4.2

3.1

4.3

4.6

5.9

10.2

16.2

4.3

8.7

4.0

14.4

4.0

14.5

Mean

sizes

crystallite

(nm) of

nickel in the

reduced catalyst

(111)

not

"

7.0

7.1

7.5

not

5.8

4.4

not

4.0

3.5

6.4

not

10.4

18.8

6.9

not

rr

6.4

19.3

4.7

19.7

50.0

8.5

(200)

determined

6.7

6.5

6.6

determined

5.0

determined

4.2

4.8

determined

9.2

15.9

6.1

determined

»

6.1

16.0

4.7

13.3

42.0

7.1

Nickel

surface

area

2
m
-1

gred.Ni

n.d.

II

50,52

n.d.

II

ft

It

tt

II

»

80

n.d.

tt

II

II

It

tt

tt

69

n.d.

II

II

10

52

(a) Sample A 2 1 was prepared in the same way as sample

is found in the quantity of precipitate prepared,

for sample Ao1 as for sample A,o.
Ai. X8

AiQ; the only differenceXs
which was twice as much
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Footnotes to Table III.6, continued.

(b) Samples B,o and B,_h were precipitated at pH = 6 using NaOH as precipitant;

analytical data: B 1 3: 0.94 wt % C03; 15.7 wt % NOg. B13h 0.25 wt % C03;

17.3 wt % NO,.
3 o

(c) Programmed heated to the calcination temperature at a rate of 2 C/min; air
flowing through catalyst bed.

In trying to explain these differences, the following observation is of

interest. It follows from a comparison of the data for samples B 1 3 and B' that

the effect o£ the nitrate ions can be minimized by heating slowly to the

calcination temperature, while air is carried through the catalyst bed. This

suggests that the magnitude of the effect of the nitrate ions is related to the

extent to which a partial pressure of nitrous fumes can be built up inside the

catalyst particles during the decomposition of the hydroxynitrates. If this

idea is correct, the differences between the various hydroxynitrate samples

could be related to differences in texture of the precipitates. For samples B„

and B h the texture was investigated by measuring the nitrogen adsorption iso-

therms at -196 C. Indeed a difference was found between these two samples, the

pore volume being approximately two times larger and the mean pore radius being

about five times larger for sample Bo than for sample B h. It seems plausible

that in the decomposition of sample B_ a lower partial pressure of nitrous

fumes is reached inside the catalyst particles than is the case for sample Boh,

thus accounting for the observed difference in crystallite growth. Probably a

similar explanation does also hold for the differences observed between the

other hydroxynitrate samples.

From the result for sample C. it follows that the presence of chloride ions

in the precipitate has an even more pronounced effect on the crystallite size of

nickel oxide. On the other hand not much difference is found between the

results for the hydroxyacetate sample E. and the hydroxycarbonate.

The origin of the effects of nitrate and chloride ions has not yet been

fully elucidated. In the case of the chloride ions, the most plausible

explanation is that the crystallite growth is caused by an increased mobility

of nickel and/or aluminium ions due to the formation of volatile complexes. In

practice of crystal growth often halogen salts are added to make vapour phase

transport reactions to occur. Indeed for nickel and aluminium a gaseous

compound, viz. NiAl-Clg, is known*241.

In case of the nitrate ions, the possibility of such an explanation is less

obvious. However, it is interesting that a similar effect as that found by us
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C 25)
was also observed by Pospisil and Taras for copper oxide. The authors found
that the surface areas of copper oxide prepared by the calcination at 500 C of

2 -1
copper nitrate and copper carbonate were 0.26 and 7.82 m g respectively.

Moreover i t i s known that the compound Cu(N02) is volatile. It is not possible

to say at the moment whether the formation of Ni(NO_)_ could account for the

observed effects.

III.5.3.3 Nickel crystallite sizes and nickel surface areas

The mean crystallite sizes of nickel in the reduced catalysts, obtained

after the standard reduction procedure described in the experimental section,

are not very different from those of nickel oxide in the calcined materials,

indicating that little sintering occurs during reduction. Thus the trends

observed in the nickel crystallite sizes are very similar to those just

described for the nickel oxide crystallite sizes, and can be summarized as

follows (see Table III.6):

- decreasing the nickel content from x = 0.75 to x = 0.50 causes a decrease

in mean nickel crystallite size.

- mean nickel crystallite size is smallest for samples derived from a hydroxy-

carbonate precipitate and increases in the order carbonate < nitrate <

chloride.

- the effect of the presence of nitrate ions is especially pronounced for hydro-

thermally treated precipitates; it depends on the texture of the precipitate

and can be minimized by performing the calcination in a special way (see

discussion of results for nickel oxide crystallites).

- the pH of precipitation of the hydroxycarbonates has little influence on

nickel crystallite sizes; in the hydroxynitrates probably pH has an indirect

influence in determining the texture of the precipitates.

Nickel surface areas are given in Table III.6 for a limited number of

samples. It is seen that the nickel surface area of sample A_ (x = 0.50),
6 ax

expressed per gram of reduced nickel, is higher than that of sample A,.,

qualitatively in agreement with the smaller nickel crystallite size found in

the X-ray work. Further the increase in nickel crystallite sizes in the order

Ag < B2 < C1 is also reflected in a decrease in nickel surface area in the same

order. A more detailed comparison of all available data on nickel crystallite

sizes and nickel surface areas will be made in section III.6.4.
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III.5.3.4 Dispersion of reduced nickel in samples of nickel content x < 0.50

For the samples having x < 0.50 no accurate X-ray line broadening data

could be obtained due to overlapping of the reflections of nickel and of

alumina. The dispersion of the nickel in these samples has been characterized
—— 1/3

by magnetic measurements, yielding the mean crystallite diameter (vz/v) , and

by hydrogen chemisorption measurements.

The magnetic method is based on the fact that solids which contain only

small crystallites (below a certain critical diameter) of a ferromagnetic metal

such as nickel, behave superparamagnetically . For superparamagnetic samples

the mean volume of the metal crystallites can be determined from the slope of

the tangent to the M/M versus H/T curve in the origin, according to the

formula(26)

v^ 3kT M
v M H M

sp s

in which v is the volume of a nickel crystallite, M is the magnetization of 'the

sample at a field strength H and absolute temperature T, M is the saturation

magnetization of the sample, M is the spontaneous magnetization of nickel at ,
sp j

the temperature of measurement, and k is the Boltzmann constant. •

The criteria for superparamagnetic behaviour are: •

- no hysteresis is present at the temperature of measurement.

- superposition occurs for plots of M/M versus H/T measured at different
s

temperatures. :

Among our catalysts, superparamagnetic behaviour is only found for the

samples with the smallest mean nickel crystallite sizes. For samples A_, Ao_ '

and A reduced at 600 C, the curves of M/M versus H/T measured at room i

temperature and at -196 C showed superposition or only a small difference; as 'j

a consequence these samples can be regarded to be superparamagnetic at room j

temperature. The saturation magnetization was determined by plotting the j

magnetization, measured at -196°C, as a function of 1/H, and extrapolating j

towards 1/H = 0 . *[,

The results are presented in Table III.7. It follows both from magnetic , j

measurements and from hydrogen chemisorption measurements that, when the nickel

content is decreased below x = 0.50 to a value as low as x„. = 0.10, no
Hi Ni

further increase in nickel dispersion occurs; this is in contrast to the

expectations.

Probably our observation is related to the fact that, as has been shown in

chapter II, the precipitated nickel is incorporated in a nickel aluminium
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hydroxycompound. The nickel concentration in these compounds never is less than

x„. = 0.50. Apparently the nickel dispersion in the final catalyst is

determined by the nickel concentration in the nickel aluminium hydroxycompound

rather than by the overall nickel concentration.

Table III.7. Dispersion of reduced nickel in samples with x„. <_ 0.50.

Sample

A6

A23
A7

A16
A25

X

0.

0.

0.

0.

0.

0.

Ni

50

23

25

25

10

10

pH of pre-

cipitation

7

7

10

7

10

7

Mean nickel

crystallite

size<a> (nm)

3.5

4.9

7.4(b)

n.d.

5.2

n.d.

Nickel

area

(m2

surface

gcat>

30

21

14

13

5.5

3

Nickel surface

area

(m2gred.Ni)

80

76

65

n.d.

62

n.d.

(a) Determined from magnetic measurements as (v^/v) .

(b) Sample only measured at room temperature; no hysteresis observed at this

temperature.

III. 5.4 Effect of sodium content on the dispersion of nickel oxide and of

nickel

It has been discussed in chapter II that some precipitates, especially

those prepared at pH = 10, may contain relatively large percentages of sodium

(> 0.1 wt % ) , present as sodium nitrate. In the next chapter it will be pointed

out that a more systematic study of the effect of sodium is of interest in view

of the influence of sodium on catalytic behaviour. Within the scope of the

present chapter it is convenient to discuss the effect of sodium on nickel

oxide and nickel crystallite sizes and on nickel surface areas. This

was investigated for a series of samples, prepared by the addition of sodium

nitrate to a nearly sodium free precipitate (sample A* , see chapter II),

resulting in sodium contents of 0.50, 1.0, 2.0 and 4.0 wt % respectively.

Accurately weighed amounts of sodium nitrate and of precipitate were mixed and

ground in an agate mortar. Subsequently the same standard procedures of
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calcination (450°C) and reduction (600°C) and passivation were applied as used

for the normal precipitates.

After calcination at 450°C still sodium nitrate could be detected by X-ray

diffraction in the samples of 2.0 and 4.0 wt % sodium. From Fig. III.3, which

gives crystallite sizes and surface areas as a function of sodium content, it

is obvious that the mean crystallite size of the nickel oxide present in the

calcined material is practically not influenced by the presence of sodium.

Fig. III.2. Crystallite size and

ni.dk.el surface area data as a

funotion of sodium aontent for

catalyst A*2 (xNi = 0.75, pH of

precipitation =10).

a) nickel surface area

b) mean nickel crystallite size

c) mean nickel oxide crystallite

size in calcined material.

r

2 3
Sodium content (wt V.)

§

After reduction at 600 C sodium nitrate could no longer be detected in the

samples. In addition it is seen from curve b of Fig. III.3 that the mean nickel

crystallite sizes, calculated from X-ray line broadening measurements, show a

gradual increase with increasing sodium contents up to 2 wt %, whereas for 4 wt

% a much more pronounced crystallite growth is observed. In the latter sample

also the presence of sodium aluminate is clearly established by X-ray

diffraction, showing that the decomposition of sodium nitrate is accompanied

by reaction with alumina. The data on nickel surface area are in agreement with

those from X-ray line broadening: nickel surface area drops gradually at low

sodium contents and decreases more substantially from 2 wt % sodium to 4 wt %

sodium.

III. 5.5 Effect of calcination temperature on the dispersion of nickel oxide and

nickel

Fig. III.4 and Table III.8 show the effect of calcination temperature on

'Si

I
•3
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the mean crystallite size of the nickel oxide in the calcined materials and on

the mean crystallite size and the surface area of the metallic nickel which is

obtained after a standard reduction at 600°C. All data refer to sample A_.
o

Table III.8. Effect of calcination temperature on mean crystallite sizes of

nickel oxide in the calcined materials and on mean nickel

crystallite sizes and nickel surface areas of the reduced catalyst.

Sample A~. Temperature of reduction 600 C.

Calcination

temperature

(°C)

450

600

800

1000

Mean nickel

crystallite

(nm)

(200)

2.9

2.9

5.0

22.9

oxide

size

(220)

7.2

18.4

Mean

size

(111)

3.5

3.9

6.6

21.4

nickel crystallite

(X-ray)

(nm)

(200)

4.0

6.8

19.3

Nickel

area

(m i

surface

5cat)

30

32

25

7

r

It is seen from Fig. III.4 that the mean nickel oxide crystallite size

gradually increases upon increasing the calcination temperature from 450 C to

800 C, whereas a more substantial crystallite growth is observed for a

calcination temperature of 1000 C.

For the crystallite sizes of the reduced nickel a similar trend is found

(curve b of Fig. III.4). In addition it may be seen from Fig. III.4 from a

comparison of curve b on the one hand and curves c and d on the other hand

that the hydrogen chemisorption data are qualitatively in agreement with those

from X-ray line broadening. A more quantitative comparison will be made in

section III.6.4.

It has to be noted that the drop in nickel surface area for high

calcination temperatures is not only due to sintering of the nickel, but also

to a decrease in the amount of reduced nickel.

In section III.4.2 it has been pointed out already that at higher

calcination temperatures nickel aluminate is formed, which is much more

difficult to reduce than nickel oxide. i
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1
§50
o

30

I

a

200 «00 600 800
Calcination temperature (°C)

1000

Fig. III. 4. Crystallite size and nickel surface area data as a function of

calcination temperature for sample A ̂.Temperature of'reduction 600° C.

a) mean nickel oxide crystallite size in calcined material.

b) mean nickel crystallite size in reduced catalyst.

c) nickel surface area per gram of catalyst.

d) nickel surface area per gram of nickel.

III.5.6 Effect of reduction temperature on nickel dispersion

The effect of the temperature of reduction on the dispersion of the

metallic nickel was studied for three samples. For two of them, samples A. and

B,, hydrogen cbemisorption measurements were performed by L. Alzamora at the

University of Bradford (U.K.). The samples were reduced in situ in the

apparatus used for these measurements. Further details concerning the

procedures of reduction and chemisorption measurements have been given in the

experimental section. Sample A-. was investigated at Delft and was reduced and

passivated according to the standard procedures, also described in the

experimental section. Characterization was performed by means of X-ray line

broadening and hydrogen chemisorption measurements.

Table III.9 shows the degree of reduction, the nickel surface area and the

percentage of dispersion of catalysts A and B_ as a function of reduction
4 O
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temperature. The degree of reduction was calculated from the volumetric uptake

of hydrogen during the reduction process. The percentage of dispersion was

calculated by dividing the number of surface nickel atoms as found from the

adsorption data, by the number of total nickel atoms calculated from total

nickel content and degree of reduction.

20

•78
at

CM

O A sample A^

o sample B3

200 400 600
Reduction temperature (°C)

800

Fig. III. 5. Nickel surface area as a function of reduction temperature for

samples A. and B-, calcined at 450 C.

Fig. III.5 shows the variation of the nickel surface area of samples A and

B- as a function of temperature of reduction. It is seen that the nickel

surface area increases with increasing temperature of reduction up to 700°C but

then decreases.

The results obtained for sample A„^ are presented in Table III.10. For this

sample, the degree of reduction was determined thermogravimetrically (see

Experimental). It can be seen that the nickel surface area does not change very

much upon increasing the reduction temperature from 400°C to 700°C. A maximum

in the surface area is found at a reduction temperature of 500 C, which is

substantially below the temperature for which the other two samples exhibit a

maximum.

To explain the difference it is important to note that, at the same

temperature of reduction, much higher percentages of reduction are obtained for

sample A 2 1 than for the other two. The fact that the nickel surface area shows

a maximum as a function of temperature can be explained by assuming that there

67



.1

is a compensation between the increase in available surface nickel as the

degree of redaction increases, and a decrease in nickel surface area due to

crystallite growth as the temperature increases. Then it is plausible that, as

a high degree of reduction is attained at a lower temperature, also the maximum

nickel surface area occurs at a lower temperature.

Table III.9. Effect of reduction temperature on degree of reduction and

metallic areas of samples A. and B_. Calcination temperature 450 C.

Sample Mole fraction Reduction Degree of Nickel area Dispersion

x temperature reduction

0.72

0.37

350

400

450

600

700

800

350

450

600

700

800

8.4

14.8

25.5

51.4

89.6

96.0

1.2

7.7

42.2

82.4

100

4.5

6.4

9.3

13.0

17.5

10.0

1.3

2.1

8.7

12.1

9.4

12.9

10.4

8.8

6.1

4.7

2.5

46

11

8.5

6.1

3.9

Table III. 10. Effect of reduction temperature on degree of reduction and

metallic areas of sample A„-. Calcination temperature 450°C.

Reduction Degree of

temperature ( C) reduction (%)

Nickel area Nickel area Dispersion
9. -1 2 -1

(m ered.Ni> <%)

r

400

450

500

600

700

66.8

79.8

86.2

96.5

97.6

35

34

41

32

33

32

79

66

71

50

52

48

11.8

10.0

10.7

7.6

7.8

7.3

1
1

(a) Determined thermogravimetrically (see Experimental).
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The difference in reduction behaviour between samples A. and B„ on the one

hand and sample Ao1 on the other hand can to a large extent be ascribed to
21

differences in reduction procedure and apparatus used for the reduction. This is

especially indicated by thermogravimetric measurements performed at Delft (see

section III.4.3), in which also for sample B„ complete reduction is obtained at

600°C. Thus it can be concluded that the dependence of nickel surface area on

reduction temperature is to a large extent determined by the procedure and

apparatus used for the reduction.

It is interesting to compare our data with those from literature.
(27)

Bartholomew and Farrauto , using impregnated catalysts, found that the

nickel area increased slightly on increasing the reduction temperature from

300°C to 375°C but between 375°C and 500°C the area decreased. To explain this,

the authors suggested a compensation model as described above. The fact, that

the maximum surface area occurs at a temperature which is even considerably

below that of our sample A,,-, can be due to the better reducibllity of

impregnated catalysts as compared with coprecipitated ones.
(28)

The results of Borisova et al. are also qualitatively in agreement with

ours. Their data show that the metallic area reaches a maximum at about 600 C

for x„. =0.70 and at about 500 C for x„. =0.80, but that the area remains .
Hi Nl !

approximately constant for a sample having x =0.50 over the whole range of .!
reduction temperatures from 350°C to 700 C. The maximum surface areas observed

2
by Borisova et al. amounted to about 75 m /g catalyst for x = 0.70, about

2 2

80 m /g catalyst for x = 0.80 and about 50 m /g catalyst for x = 0.50,

corresponding to a dispersion of about 20% for all three cases. These figures

are higher than those of our samples. However, the method used by the authors,

chemisorption of oxygen in a flow system, can lead to an over-estimation of the ,_;

metallic area due to incorporation of oxygen into the metal in addition to the A

formation of a chemisorted layer. f
Finally, in an investigation of a coprecipitated nickel on alumina catalyst 5

(29) 2 •'
having x = 0.75, Shephard found a nickel surface area of 42 m /g catalyst 1

N l o :''•

for a sample which had been calcined at 500 C and reduced at the same ?i
2 '*'

temperature. This is in excellent agreement with our value of 41 m /g catalyst '£

o ' 3
for catalyst A 2 1 reduced at 500 C. 'j

'i
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III.6 TEXTURE OF THE CALCINED AND REDUCED MATERIALS

III. 6.1 Introduction '.

In this section we will present results on the texture of the calcined and

reduced materials. At first data will be given concerning total surface area
o

and pore structure as determined by nitrogen capillary condensation at -196 C;

subsequently results from electron microscopy will be discussed. Finally the

data on mean nickel crystallite sizes, as obtained from different techniques,

will be compared.

The results were all obtained for samples derived from hydroxycarbonate

precipitates. It is useful to recall that two types of hydroxycarbonate pre-

cipitates, differing considerably in character, can be distinguished (see also

section II.3.4, dealing with the sodium content of the precipitates). The first

type, obtained upon precipitation at pH = 10, is very difficult to wash and

results in a very hard, dark-green material after drying; the second type,

formed at pH = 7, is easily washed and yields a very dusty light-green powder.

The former precipitates seem to be very similar to those which are termed

"coherent precipitates" in literature whereas those of the other type seem to

correspond to those called "disperse precipitates". We will see that this

difference is reflected in differences in the texture of the materials obtained

from these precipitates by calcination and reduction.

III. 6.2 Texture data from nitrogen capillary condensation

The results, obtained from nitrogen capillary condensation, are presented in

Fig. III.6 and Table III.11. Fig. III.6 shows the cumulative pore volume as a =j

function of pore radius for two calcined samples: one derived from a coherent

precipitate (sample A--, precipitated at pH = 10) and the other derived from a -

disperse precipitate (sample A„, precipitated at pH = 7). It is obvious that !j

the sample derived from the disperse precipitate has a larger pore volume and a }.

broader pore size distribution than the other sample. Similar differences have %

been observed for aluminas derived from coherent or disperse precipitates of :|

aluminium hydroxide . J

Table III. 11 shows also results for the samples obtained from the calcined '?

precipitates A 2 1 and A3 by reduction at 600°C. The reduction results in a de-

crease both in total surface area and in pore volume.
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Fig. III. 6. Cumulative pore volume as a function of pore radius for samples

(curve a) and A- (curve b)3 both calcined at 450 C.

Table III.11. Some texture data for calcined and reduced samples.

f

Sample in of pre- S
°BET cum

initial cipitation (m2g~1) (cm^

solution (ads)

p max

(nm)

P
(nm)

21
calc. 450°C

reduced 600 C

calc. 450 C

reduced 600 C

0.75

0.75

0.75

0.75

10

10

152

95

0.35

0.23

5.5 (ads)

4.5 (des)

6.5 (ads)

5.8 (des

5.7

6.5

148 0.64 various peaks 14.2

between 2.0

and 13.0 nm

89 0.43 9.0, 13.0 (ads) 18.4

5.0, 6.5

8.5, 14.0 <Ues)

III. 6.3 Electron microscopy

In the preceding sections, in discussing the characterization of the reduced

catalysts, we have paid much attention to the determination of the mean nickel
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crystallite size. For most of the catalysts studied, the mean nickel

crystallite size is very small, being in the range of 5.0-25.0 nm. Therefore,

it seems very probable that the smallest catalyst particles are much larger,

and are aggregates consisting of many nickel crystallites together with alumina.

It would be very important to obtain more information on the following

questions:

- what is the size of the catalyst particles, consisting of nickel crystallites

and alumina;

- in which way are the nickel crystallites attached to the carrier;

- what is the shape of the catalyst particles;

- what is the shape of the nickel crystallites.

The characterization techniques used in the investigations described thus

far cannot give an answer to these questions; it is to be expected that studying

the samples by means of electron microscopy might give more information on

these aspects.

As described in the experimental section, the coarsest fraction was only

investigated by scanning electron microscopy (SEM) using the Stereoscan 150 S

microscope at magnifications varying from 200 to 6000; the finest fraction was

studied in a JEOL 200 C electron microscope, an apparatus which offers the

possibility to make scanning electron microscopy (SEM), scanning transmission

electron microscopy (STEM) and transmission electron microscopy (TEM) photo-

graphs of exactly the same spot of the sample. In the latter case the

magnifications were 50.000 and 100.000.
o

Fig. III.7 shows SEM micrographs obtained for some reduced (at 600 C) and

passivated catalysts: sample A„ (precipitated at pH = 10) and sample A

(precipitated at pH = 7). The micrographs confirm the totally different

character of the samples derived from precipitates formed at pH = 10 or at

pH = 7. For sample A-^, the smallest particles are in the order of 1 micron;

the largest are in the order of sorfe tens of microns. Sample A_ seems to
o

consist of globules of much smaller dimensions.

For this sample, it is also seen that increasing the calcination temperature

from 600 C to 1000 C does not produce much effect on the appearance of the

powder. Apparently the solid state reactions which have occurred inside the

particles (formation of well-crystallized nickel aluminate, and growth of the

nickel oxide crystallites, see subsection III.3.2) have not affected the ;|

external shape and the size of the particles.

It is seen from the SEM photograph of sample A .., reproduced in Fig. III.8a

that the largest particle, in the center of the photograph, is about 1 micron.
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The dark spots which can be observed on the STEM photographs, are un-

doubtedly nickel crystallites. As alumina is much easier penetrated by the

electron beam than nickel crystallites, especially the latter are clearly

observed. The SEM photographs, in which the image is formed by the back-

scattered secondary electrons, show the contours of the catalyst particles.

Comparing identical spots on the SEM and STEM photographs, much more material

seems to be present on the former. It is very probable that this extra material

consists of alumina.

Since the volumes of nickel and of alumina should be approximately equal

for this sample, the alumina must be very porous. Then the most probable

interpretation of these photographs is that the catalyst consists of porous

alumina particles, throughout which nickel crystallites are present attached to

the alumina surface.

It seems from the STEM photographs that the shape of the nickel crystallites

is rather isometrical, no indications being present for needle-like or plate-

like shapes. This is confirmed by the results from TEM (Fig. III.10), obtained

for sample A_.

* I

Fig. III.10. TEM photograph of aatalyst AQ. 1'aalcin = 600°C, T , = COO°C.

Scale 1 mm = 3.75 nm.

III. 6.4 Comparison of crystallite sizes as determined from different techniques

Throughout this work, the following techniques have been used for the

determination of mean nickel crystallite sizes:
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- X-ray line broadening

- hydrogen chemisorption

- magnetic measurements (for a very limited number of samples).

In the calculation of mean nickel crystallite sizes from hydrogen chemi-

sorption data, assumptions have to be made as to the shape of the nickel

crystallites and the accessibility of the nickel surface. Thus, in principle,

a comparison of results from this method to those from other techniques might

give information on shape and/or surface accessibility of the crystallites.

However, in doing so one has to be very careful. At first, hydrogen chemi-

sorption provides the surface average value

; vd

^4
and X-ray line broadening the volume average

; vd

\

I V di
Moreover, crystallites smaller than 2.0 run cannot be observed by X-ray line

broadening, whereas they would contribute considerably to the nickel surface

area. On account of these two differences, it would be expected that the X-ray

method yields a larger mean value than chemisorption measurements. Further,

systematic errors may be inherent to both techniques. Possible sources are,

among others, for X-ray line broadening the choice of the constant K in the

Scherrer equation, and for hydrogen chemisorption the way of determining the

volume corresponding to monolayer coverage. The reproducibility of our measure-

ments was found to be very reasonable, being within 5% for hydrogen chemi-

sorption, and varying from approximately 3% (for crystallites around 10.0 nm) i

to 10% (for crystallites of 3.5 nm) for X-ray line broadening. •';

In spite of the uncertainties mentioned above it saemed worthwhile to see •§

how the results from these different methods are related. From electron 4

microscopy no indications were obtained for needle-like or plate-like shapes of ,,

the crystallites; therefore it seems justified to assume a cubic or spherical •;;]

shape. One calculation was made assuming cubic nickel crystallites of which one J

face is attached to the carrier (model I); another calculation was based on a J

model proposed by Coenen for nickel on silica catalysts. According to this '••:

model, the nickel crystallites are hemispherical, their equational plane being |'

attached to the carrier (model II). Our results are collected in Table III.12. ]

Before comparing the results from hydrogen chemisorption to those from the i
j

other methods, it has to be noted that the former refer to passivated samples !
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which had been rereduced in situ whereas in the other two methods passivated

samples were used without rereduction. For some samples, X-ray line broadening

data were obtained in attxi after rereduction of the passivated samples

following the same procedure as used during the rereduction for the hydrogen

chemisorption measurements. It can be seen from the results, included in Table

III.12, that the difference in mean nickel crystallite size between passivated

and rereduced samples is largest for the most disperse samples, as is to be

expected.

It follows from Table III.12 that for most of the samples model II (hemi-

spheres) gives the best agreement between the results from hydrogen chemi-

sorption on the one hand, and those from X-ray line broadening or magnetic

measurements on the other hand. Only for sample A_ calcined at 1000 C, the
o

agreement is better when model I is assumed to be correct. It has to be noted

that, assuming a model of fully accessible cubes, still larger mean

crystallite sizes would be calculated. Thus, even taking into account some

possible errors, our results indicate that a part of the nickel crystallites

is attached to or covered with alumina.

The determination of mean nickel crystallite sizes from electron

microscopy is very laborious, because representative sample collection has to

be guaranteed. A rough estimate from the available TEM photographs of sample

Ag gives the following values:

sample A calcined 600 C, reduced 600 C. Mean nickel crystallite size =3.0

nm.

sample A_ calcined 800°C, reduced 600°C. Mean nickel crystallite size =4.5

nm.

sample A_ calcined 1000°C, reduced 600°C. Mean nickel crystallite size

-15.0 nm.

These values are in reasonable agreement with those from X-ray line

broadening or with those from hydrogen chemisorption as calculated according to

model II. Thus, provided these results are representative, they also indicate

the presence of an interfacial area between nickel and alumina of considerable

size.

III.7 SUMMARY AND CONCLUSIONS i|

The findings about the calcination and reduction treatments of the co-

precipitated nickel-alumina catalyst precursors will be summarized in this

section.
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Table III.12. Mean niakel crystallite sizes as determined from different

techniques.

Sample
(a)

Crystallite Crystallite Nickel
(b)

(X- size (X-ray, surfacesize

ray or

magnetic

measure-

ments (nm)

in situ)

(nm)

area

A„^ red.

A21 red'

A 2 1 red.

A„, red.

A21 red.

400°C

450°C

500°C

600°C

700°C

A- calc.

calc.

A„ calc.

23

16

600°C

800°C

1000°C

3.5 (200)

4.5 (111)

4.7 (200)

5.1 (111)

5.3 (200)

7 0 (111)

6.7 (200)

8.5 (111)

7.7 (200)

3.5 (111)

3.5 <»>

3.9 (111)

4.0 (200)

6.6 (111)

6.8 (200)

21.4 (111)

19.3 (200)

4.9 ( n )

7.4 <»>

5.2 <m>

6.4 (111)

6.1 (200)

50.0 (111)

42.0 (200)

4.5 (111)

5.4 (111)

5.3 (200)

6:9 (111)

6.7 (200)

79

67

71

51

48

80

77

72

26

1 0

Crystallite Crystallite

size (chemi- size(chemi-

sorption sorption

results, results,

model I) model II)

(nm) (nm)

7.1

8.5

7.9

11.0

11.6

7.0

7.3

7.8

22.0

56.7

5.5

6.4

6.1

8.5

9.0

5.4

5.6

6.0

16.6

76

65

6 2

6 9

7 . 4

8 . 7

9 . 1

8 . 1

5 . 7

6 . 6

7 . 0

6 . 2

43.1

(a) Unless otherwise indicated calcination

temperature 600°C.

(b) Figures indicated by (m) were obtained

presented in this column were obtained

For the X-ray line broadening data the

is indicated in parentheses.

temperature was 450 C and reduction

from magnetic measurements. All data

using passivated samples (see text).

hkl value of the measured reflection

i
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As a result of the decomposition of the nickel aluminium hydroxycompounds

an oxidic phase is formed, the nature of which is dependent on calcination

temperature and nickel content. A distinction must be made between calcination

temperatures <_ 600°C and >_ 800°C. Fig. III.11 gives a schematic representation

of the materials formed in these two temperature regions as follows:

a) A nickel oxide phase containing dissolved aluminium ions plus a phase

of alumina possibly containing dissolved nickel ions; at high nickel

contents (x > 0.50) the alumina phase cannot be detected by X-ray

diffraction and thus is probably amorphous in character; at low nickel

contents <x < 0.50) an r\ alumina phase is observed, probably

originating from the decomposition of bayerite. Apart from this alumina

phase, it seems likely that also amorphous alumina is present, derived

from the decomposition of the nickel aluminium hydroxycompounds. For

some samples, it has been shown that a solid solution of nickel

aluminate and alumina had been formed.

b) Pure nickel oxide plus stoechiometric nickel aluminate.

f

300°C-600°C

NiO. x A12O3 •

AI 2O 3 .yNiO

NUAI2O3.ZNiO

(Q)

Nickel aluminium

hyd roxycompounds
Al(OH)3]

calcination >800°C

reduction
at 600°C

\
NiO +NiAl2OA

I
Ni*NiAl2O4

(b)

Fig. III. 11. Steps in the preparation of coprecipitated nickel-alumina

catalysts.

The size of the nickel oxide crystallites is dependent on calcination

temperature and on the type of anion which was present in the precipitate from

which the samples were prepared. High calcination temperatures or the presence

of nitrate or chloride ions in the precipitate favour growth of the nickel
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oxide crystallites.

The reduction of the nickel oxide in the calcined materials is much more

difficult than that of pure, unsupported nickel oxide. Several possible causes

can be given:

/. - the small size of the nickel oxide crystallites in the calcined samples,
, J

limiting the extent of crystal growth after nucleation;

- the occurrence of a solid solution of alumina into nickel oxide, limiting the

rate of crystal growth after reduction;

- (partial) coverage of the nickel oxide surface with alumina or nickel

aluminate, inhibiting either nucleation or crystal growth.
o

Carrying out the reduction in flowing hydrogen at 600 C at atmospheric

pressure, the resulting percentages of reduction are higher than 90% for the

majority of the samples. Reduction in a static hydrogen atmosphere or at lower

hydrogen pressure in a recirculation reactor yields lower percentages of

reduction. Relatively little sintering occurs upon reduction, provided the

reduction is carried out in such a way, that no pressure of water vapour builds

up. The dependence of nickel surface area on reduction temperature is governed

by the increase of degree of reduction with rising temperature. For reduction

in flowing hydrogen at atmospheric pressure a maximum nickel surface area is

found for a reduction temperature of 500°C; for the other methods just

mentioned this maximum occurs at 700 C.

The catalysts can be described best as consisting of porous alumina

particles, throughout which nickel crystallites are present, attached to the

alumina surface. Results on mean nickel crystallite sizes, obtained from

hydrogen chemisorption, X-ray line broadening and magnetic measurements, show

reasonable agreement if it is assumed that the nickel crystallites are hemi-

spheres, the equatorial plane being attached to the carrier.
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CHAPTER IV. ACTIVITY AND SELECTIVITY OF COPRECIPITATED CATALYSTS FOR THE
PRODUCTION OF METHANE

IV. 1 INTRODUCTION

In this chapter, the effect on catalytic behaviour of a number of

parameters will be discussed. These parameters are: the anion present in the

precipitate (IV.4.2), nickel content (IV.4.3), hydrothermal treatment (IV.4.4),

sodium content (IV.4.5), pH of precipitation (IV.4.6), calcination temperature

(IV.4.7) and reduction temperature (IV.4 8). In chapter III the effect of these

parameters on nickel dispersion has been discussed; in the present chapter the

consequences of these results for catalytic behaviour will be shown.

In the first atage of these investigations the catalysts were tested by

S. Orr at the University of Bradford (U.K.) using a low pressure recirculation

reactor. In later years the activity measurements were carried out at Delft in

a flow reactor operating at atmospheric pressure.

In the recirculation reactor, the samples were reduced in situ. As has been

discussed in chapter III, the properties of the reduced catalysts are dependent

on the exact reduction conditions such as heating rate, quantity of catalyst "'*

; and gas flow of the reducing gas. Often results obtained after in situ

, reduction in different apparatus do not correspond well to each other. In view {•

of this, we decided later on to use prereduced and passivated samples for the .:;.

measurements in the flow reactor. This gives the possibility to use the same If

batch of reduced material for characterization by means of various methods '•'-

- such as X-ray line broadening, hydrogen chemisorption, magnetic measurements >;J

•' and catalytic activity determinations. =;:§

Finally the possibility was investigated to make use of the high I

: exothermicity of the reaction to determine the catalytic activity, by performing "]:i
it" ' 'r^

•- the reaction in a Differential Scanning Calorimetry (D.S.C.) apparatus. f

It has to be noted, that the results from the recirculation reactor and

?=,. from the atmospheric flow reactor are more or less complementary. One of the

f, interesting features of the results from the recirculation reactor is the
k: +
r relatively high selectivity towards higher hydrocarbons (C_). The selectivity
k
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data give additional information on the nature of the nickel surface and thus

contribute to the characterization of the catalysts. On the other hand, the

conditions used in the flow reactor, which result in lower selectivities for

higher hydrocarbons, are closer to those which are to be expected in the

industrial process. Further, the results obtained by means of the flow reactor

can be correlated more easily to quantities as nickel crystallite size and

nickel surface area for the reasons mentioned above.

IV.2 EXPERIMENTAL

IV. 2.1 The recirculation reactor

Apparatus

The recirculation reactor used at the University of Bradford for the

activity measurements has been described previously . In outline, it consists

of a gas storage and handling system, a constant volume reactor loop comprising

a quartz U-tube reaction vessel which is separated from the rest of the system

by a pair of U-tube traps maintained at -80 C, and a circulation pump of the

piston type to give complete mixing under the reaction conditions used. The

catalyst is supported on a quartz sintered disk in the reaction vessel. The

reaction mixture was analysed by a gas-liquid chromatograph (G.L.C.), operating

with a flame ionisation detector; the column, containing 13% bis-2-methoxy-

ethyladipate + 6% de-2-ethyl-hexylsebacate supported on chromosorb P, was

maintained at a temperature of 0°C.

Catalyst Pretreatment

Samples were calcined following the procedure described in chapter III. The

calcination temperature was 450 C, but some experiments were carried out with

samples calcined at other temperatures to investigate the effect of calcination

i

The calcined samples were reduced in situ in the recirculation reactor. To

this end an accurately weighed quantity of the calcined material (4-10 mg) was

temperature. '

placed in the reaction vessel and was outgassed at the reduction temperature ;<

C^lO min.) prior to admission of 89 Torr (1 Torr = 133.3 Nm ) of hydrogen; the %

circulation pump was started immediately and the water produced was condensed

in the traps. The hydrogen pressure was measured as a function of time and

hence the degree of reduction at any stage was calculated. A standard

reduction time of three hours was used for all samples since, for almost all
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reduction temperatures, progress of reduction had become immeasurably slow

after this time; apart from those experiments carried out to find the effect

of reduction temperature, a standard reduction temperature of 600 C was used.

Activity Measurement

After reduction, the sample was evacuated at the reduction temperature and

was immediately cooled to the reaction temperature, which was 200 C in almost

all cases. A mixture of CO and H„ (ratio 1:3, made up and stored in a mixing

bulb) was admitted to the reaction vessel, the initial total pressure being

20 Torr. The circulation pump was switched on simultaneously and samples were

taken and analysed using the G.L.C., the first being taken after two minutes

and subsequent ones approximately every seven minutes. In all cases, the

conversion was less than 5% per pass, which means that the conditions of

measurement were differential. Plots were constructed of partial pressures of

the various products as a function of time. (Neither CO nor H_ could be

analysed.) From these plots the initial rates of the hydrogenation reaction to

give methane and higher, hydrocarbons were calculated. Also the percentage

selectivities for the formation of the various products were calculated as

defined by the relationship

100 n r
e - a a
n E n r

n

where S is the percentage selectivity for a product containing n carbon atoms

and r is the rate of production of this product.

IV. 2.2 The atmospheric pressure flow reactor

Apparatus

Fig. IV.1 shows a schematic representation of the equipment used at Delft

for the measurement of catalytic activities. In outline, it consists of a

quartz U-tube reactor heated by a fluidized bed furnace, a number of columns

for purification of the feed gas, and a gas chromatograph. The catalyst, mixed

with a-AlgOg, is supported on a quartz sinter in one arm of the quartz reactor.

The following columns are used in purifying the feed gas:

- two columns for the purification of hydrogen, containing respectively 0.125%

Pd/AlgOg (BASF catalyst RO-20) to remove oxygen and molecular sieve 4A for

drying.

- three columns for the purification of carbon monoxide, containing respective-

ly ascarite to remove carbon dioxide, BTS catalyst (30 wt % Cu, BASF catalyst

85





.1.

R3-11) to bind oxygen and finally molecular sieve 4A for drying.

The water produced in the reaction was removed by a water-cooled condenser.

The temperature was measured "inside the catalyst bed by means of a quartz

shielded chromel alumel thermocouple. The temperature was also measured at

three positions in the fluidized bed (see Fig. IV.1). Gas compositions both of

the feed gas and of the product gas were measured using a gas chromatograph

containing a heat conductivity cell. The columns used, porapak Q and molecular

sieve 5A, were maintained at a temperature of 50 C. Helium was used as a .

carrier gas. The following gases could be measured: CO, C02, CH4 and CgHg. |

Hydrogen could be detected but was not accurately measurable. For calibration \

a gas mixture was used containing accurately known percentages of CO, C0„, CH.

and C„H_ in helium.
& o

Catalyst Pretreatment

Samples were calcined as described in chapter III, at a standard

temperature of 450 C. Some samples were also calcined at other temperatures in

order to study the effect of calcination temperature. The procedure used for

reduction and passivation of the catalysts has also been described in chapter

III. The standard reduction temperature was 600 C, except in those experiments

carried out to investigate the effect of reduction temperature. !

The procedure followed before starting a measurement in the flow reactor

was as follows. A quantity of reduced and passivated catalyst, varying in

weight from 25 to 100 milligrams, was diluted with 4 grams of a-Al_Q_ (sieve

fraction 0.53-1.41 mm), and placed on the quartz sinter in the quartz reactor.
3 —1

Activation was performed by heating in hydrogen (flow rate 6.8 dm STP h ) to

400 C at a rate of 2 C/min, after which the conditions were kept constant over-

night (16 hours).

Activity Measurement '•
o

After activation at 400 C, the catalyst bed was cooled to a temperature '.

varying between 295 C and 305 C. Subsequently, carbon monoxide was admixed, and :

the flows of carbon monoxide and hydrogen were adjusted in such a way as to ï

give a carbon monoxide content of approximately 15%, and a total gas f low of about .?
3 —1 ^

7 dm STP h .In most cases also a measurement was carried out at a total flow of •
3 —1 *

about 14 dm STP h , the conditions otherwise being the same. The first activity jj
measurement was performed after approximately half an hour of equilibration. (-
The activities were measured at at least two temperatures between 295°C and

o o '
305 C and were interpolated linearly to give the value corresponding to 300 C. ;
The activities were calculated from the methane content in the product gas flow
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and the flow rate of the product gas, and were expressed as mol CH4 per gram

of catalyst per hour.

The percentages >f conversion ranged between 2 and 85%, but were in most

cases between 15 and 45%. For sample A- the conversion was varied at constant

temperature and carbon monoxide content by varying the feed gas flow and the

amount of catalyst. The rate of CH4 production was found to be constant within

experimental error (approximately 5%) upon a change of conversion from 21 to

80%. Since the measurements for nearly all catalysts were performed within

this range of conversions, the* rates can be compared without problem. Also, for

most of the other catalysts the conversion was varied by about a factor of two,

the other conditions remaining constant, by doubling the flow rate (see above).

In all cases the rate of CH. production was independent of flow rate within

experimental error, and thus also independent of conversion.

This observation suggests zero order kinetics for the methanation reaction.
(12)

In literature (see review by Vannice ) a slightly negative order in carbon

monoxide and a slightly positive order in hydrogen has been reported. Probably

this results in an overall order close to zero.

IV.3 GENERAL OBSERVATIONS

Preliminary measurements with the recirculation reactor were carried out

using sample B_. The hydrogenation of CO was studied in the temperature range

140 C-280 C. In addition to methane, substantial proportions of ethane,

propane, propene, isobutane and n-butant were found, especially at lower

temperatures; it is probable that ethylene was also found, but the G.L.C.

column used did not distinguish ethane and ethylene. Small traces of un-

saturated C. hydrocarbons and other products with five or more carbon atoms

could also be detected, but as they were negligible in comparison with the C.

to C. products, they have been neglected in the presentation and discussion of

results which follows. Further it was found that C_, C_ and C. hydrocarbons

increase during the early stages of the reaction but thereafter decrease,

probably due to hydrogenolysis. At higher reaction temperatures, not only the

activity of the catalyst increased, but also the selectivity to methane

increased.

Selectivity for methane of the various catalysts which were investigated

throughout this work ranged between 45% and 89% under standard conditions of

measurement (see section IV.2.1). Such values are in agreement with those given

in a review by Vannice . According to this author, supported Ni catalysts
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have a greater capability of forming higher molecular weight hydrocarbons as

compared to unsupported Ni catalysts. When the data given by Vannice are re-

calculated according to our definition of selectivity (see section IV.2.1) the

resulting methane selectivities turn out to range from 56% to 74% for Ni/AlgO^

catalysts at temperatures around 230 C.

In the flow reactor among the hydrocarbons only methane and ethane were

measured, the latter only for a limited number of samples. Selectivities to-

wards ethane, calculated from the percentages of methane and ethane, are lower

than those found in the recirculation reactor. In the latter, ethane

selectivity ranged from 9% to 22%, whereas in the flow reactor ethane

selectivities between 5% and 9% were observed. The difference can be explained,

at least in part, by the higher temperature of measurement in the flow

reactor, since, as has been mentioned above, the selectivity to higher hydro-

carbons decreases with increasing temperature. In order to get an impression

of the magnitude of this effect, one ei.talyst was measured in the flow reactor

at 301 C and also at 210 C. The ethane selectivity was found to increase from

5.7% at 301 C to 14% at 210 C. The latter figure is indeed in the range of

selectivities generally observed in the recirculation reactor.

Another parameter which influences the selectivity is the water vapour

pressure in the reaction mixture. In the recirculation reactor a low water

vapour pressure is maintained, since the water formed in the reaction is

condensed at -80 C. One experiment was carried out , using catalyst A_, in

which the water was not condensed out. It was found, that the selectivities

towards C , C_ and C^ (10.24%, 6.6% and 1.5% respectively) were much lower than

those obtained for the same samples with water removal (16.1%, 13.9% and 1.8%).

Thus, it seems likely that the presence of water vapour in the reaction mixture

inhibits higher hydrocarbon formation.

Finally, also the degree of reduction of nickel exerts an influence on the

selectivities. This aspect will be discussed in section IV.4.8.

IV. 4 EFFECT OF CONDITIONS OF CATALYST PREPARATION

IV. 4.1 Introduction; presentation of data

Table IV. 1 shows the activity data for various catalysts, as measured in

the atmospheric pressure flow reactor; also shown are details of the preparation

conditions, and sodium contents of the precipitates from which the catalysts

were prepared. The anion contents of the precipitates have been given in
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chapter II for the major part of the samples. For those cases where also

nickel surface area data are available, the specific activity, expressed per
o

: m of nickel surface area, is included in the table.

The data obtained from the measurements using the recirculation reactor are

collected in Table IV.2; the degrees of reduction achieved are also included.

ft In the tables, the samples are grouped according to the predominant anion

i present in the structure of the precipitate (A carbonate, B nitrate,C chloride)

and then in decreasing order of nickel contents. Samples containing more than

0.2 wt % sodium, which have been found only among the hydroxycarbonates, are

grouped together at the end of the A series of samples. The degrees of

reduction obtained in the recirculation reactor are similar for all samples,

being of the order of 50-60% except in a small number of cases (e.g. k^, Ag and

A o ) . The degrees of reduction of the prereduced and passivated samples used in

the flow reactor are, after the standard rereduction procedure, higher than

90% (see chapter III), except for some catalysts which had been calcined at

temperatures higher than 600 C.

IV. 4.2 Effect of anion present in the -precipitate

We have shown in section III.5 that the type of anion incorporated in the

precipitate influences the mean crystallite size of the nickel oxide in the

calcined material, which in turn determines the mean crystallite size of the

nickel present in the reduced catalyst. Thus, generally catalysts derived from

hydroxynitrate precipitates contain larger nickel crystallites than those

derived from hydroxycarbonate precipitates. For a number of catalysts of

x =0.50, derived fr ->m precipitates containing different anions, the mean

nickel crystallite size was found to increase in the order A. (carbonate) <
o

< B2 (nitrate) < E (acetate) < C, (chloride); the nickel surface avea

- decreased in the same order.

Comparing the activity data for these samples, it is seen that in both

reactors (see Tables IV.1 and IV.2 respectively) the activity decreases in

the order Ag > B > C , in agreement with the expectations. The activity of

; sample E^, investigated only in the flow reactor, is between those of B„ and C ,

; again in agreement with the expectations.

The specific activity per unit of nickel surface area (Table IV.1) is

nearly the same for samples A_ and Bo; it is lower for sample E, and

remarkably low for sample O,. No explanation for the very low specific

activities of catalysts prepared from hydroxychloride or hydroxyacetate

precipitates can be given.
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The selectivity towards methane, determined in the recirculation reactor

(Table IV.2) is greater for sample Ag than for the other two, for which the

selectivities are similar.

Among the samples derived from hydroxynitrates, considerable differences

in dispersion of nickel-oxide and of reduced nickel have been observed. This is

I reflected in the activity data. For the measurements in the flow reactor, the

I activities are low for the hydrothermally treated hydroxynitrates, in agreement

with the data on nickel crystallite sizes. These results will be discussed

further in section IV.4.

We have shown in chapter III that the effect of nitrate ions on the

crystallite size of the nickel oxide formed during calcination can be minimized

by heating more slowly to the calcination temperature, while air is carried

through the sample. Indeed, catalyst B',prepared by calcination of precipitate

B 1 3 in this way followed by the standard reduction procedure, contains smaller

nickel crystallites and is more active than catalyst B.,, which had been

calcined in the normal way (see Table IV.1); catalyst B' is even as active as

sample Ag, derived from a hydroxycarbonate of the same nickel content.

IV. 4.3 Effect of nickel content

It has been shown in chapter III that the nickel dispersion in the reduced

catalysts, as determined from hydrogen chemisorption measurements, is at a

maximum for sample A 'for which x =0.50. For higher nickel contents, the

dispersion decreases. Towards lower nickel contents, the dispersion does not

increase further as is expected but even decreases somewhat.

The effect of variation of the nickel content on methanation activity can

be seen from the results for catalysts derived from hydroxycarbonates

containing less than 0.2 wt % sodium. The most complete set of data was

obtained using the atmospheric pressure flow reactor. The results can be seen

from Table IV.1 and Fig. IV.2.

It follows from Table IV.1 that the specific activity per unit of nickel

surface area does not change very much with nickel content, and is somewhat
: lower for samples Ag and A„„ than for the other catalysts derived from hydroxy-

carbonate precipitates.

j; Fig. IV.2 shows that the activity per gram of reduced nickel is nearly

; constant at low nickel contents and decreases for nickel contents higher than

I 50 wt % (samples of x =0.66 and 0.75). The latter effect is in agreement with
v Mi
I the lower nickel dispersion observed at those high nickel contents.

\
i
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Fig. IV. 2. Effect of nickel content on methanation activity.

A: activity per gram of reduced nickel.

0: activity per gram of catalyst,

open symbols: catalyst prepared at pH = 10.

blackened symbols: catalyst prepared at pH - 7.

IV. 4.4 Effect of hydrothermal treatment

The effect of hydrothermal treatment of the precipitate on the mean

crystallite sizes of the nickel, in the reduced catalysts has been discussed in

chapter III. For the hydroxynitrates, hydrothermal treatment gives rise to

considerably larger nickel crystallites in the final catalyst; for the hydroxy-

carbonates the effect of hydrothermal treatment is relatively small.

From the results presented in Table IV13, the effect of hydrothermal treat-

ment on methanation activity can be compared with the effect of this parameter

on the mean nickel crystallite size. In agreement with the expectations, it
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follows that the ratios of the methanation activities of the "ariou3 catalysts ;

are roughly proportional to the inverse of the ratios of the corresponding mean ;

nickel crystallite sizes.

Considering the hydroxycarbonates, hydrothermal treatment of sample Ag

results in a slightly less active catalyst (Table IV.2), again in agreement

with the expectations (see above).

IV.4.5 Effeat of sodium content

In chapter II it has been shown that some precipitates, in particular those

formed at pH = 10, may contain some sodium, present as sodium nitrate. In

chapter III the effect of the presence of sodium nitrate on nickel crystallite

sizes and on nickel surface area has been discussed. In this section the effect

of sodium on catalytic behaviour will be discussed.

In the recirculation reactor, three samples containing more than 0.2 wt %

sodium were investigated: samples A„, A,„ and A,_. The results, given in Table

IV.2, show that sodium has a disadvantageous effect on total catalytic activity

and also decreases the selectivity towards methane. For example, comparing the

catalysts derived from hydroxycarbonates having x„. = 0.75, it is seen that

sample A.-, containing 0.37 wt % sodium,has a much lower activity and also

lower selectivity towards methane than the other samples A„, A„ and A „h which

all have much lower sodium contents. Also samples A oandA 1 o show low activity

and low methane selectivity.

To obtain more information on the effect of sodium, a more systematic

investigation was undertaken, in which the sodium content was varied by ad-

mixing sodium nitrate to precipitates almost free of sodium. The measurements :

were performed in the flow reactor using prereduced and passivated samples.

Crystallite sizes and surface areas had been determined using the same batches -

of reduced and passivated catalyst as used for the activity measurements. [ •

In Table IV.4 it is demonstrated that the detrimental effect of sodium i

can indeed be brought about by the presence of sodium nitrate in the :l

precipitate. Sample A22, which has a relatively high sodium content, shows a >J

very low methanation activity, which can be restored to a normal value by re- J

moving sodium to a sufficiently low level (compare the activity of sample A* 'a
-a

with that of other catalysts of the same nickel content in Table IV.1). |j

Addition of 4 wt % sodium as sodium nitrate to sample A* results again in a 4

very low activity. i

The effect of sodium was studied further by adding various amounts of 3(

sodium nitrate to sample A* (x = 0.75) and to sample A_ (x,. = 0.50) I
44 Ml 5 Ni :;.
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Table IV. 4. Effect of presence of sodivan nitrate in the precipitate on

methanation activity of the resulting catalyst.

Sample Sodium content Methanation activity (300 C, flow reactor)

(wt %, in precipitate) (mol CH4 g h~ )

A 2 2 4.1 0.003

A*2 0.01 0.81

A** 4.0 0.009

\

* After drying and a second wash.

**Sodium admixed as NaN0„ to sample A* .

resulting in two series of samples with sodium contents of 0.50, 1.0, 2.0 and

4.0 wt %. For both series of catalysts activity measurements were performed;

for the series derived from precipitate A_„ also X-ray line broadening data

and nickel surface areas are available. The results on crystallite sizes and

surface areas have been discussed in chapter III. It was found that, for low

sodium contents up to 2 wt %, the mean nickel crystallite size increases

gradually, whereas for 4 wt % sodium a much more obvious crystallite growth is

observed. The nickel surface area decreases regularly with increasing sodium

contents.

The influence of sodium on catalytic behaviour is illustrated in Tab It IV.5,

Table IV.6 and Figure IV.3. It is obvious that the catalytic activity drops

dramatically already at low sodium contents, and that the decrease is less

important for the series of x =0.50 than for that of x = 0.75.

Table IV. S. Methcc-vxtion activity and specific activity as a function of sodium

content for catalyst A* (x„. = 0.75).

Sodium content Methanation activity (300°C) Specific methanation '%

(wt %) (mol CH g"1 h"1) activity (300°C) |
C 2 1 2 3

(mbl CH4 mN h ) x 10 |

0.01 0.81 2.79 |

0.5 0.20 0.73 f

1.0 0.055 0.23 \
'I

2.0 0.012 0.055 I :
i

4.0 0.009 0.11 1
• • • n — • — ,. - - — - . . . . . . • . . . — . - — • • - • - — i . i i i • • • • .i ĵ
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Table IV. 6, Methanation activity as a function of sodium content for catalyst

1

Sodium content

(wt %)

0.09

0.5

1.0

2.0

4.0

Methanation

(mol CH

activity (300°C)

g ^ h " 1 }

0.84

0.49

0.24

0.06

0.002

Fig. IV. 3. Specific methanation activity as a function of sodium content for

catalyst vl|2 (x^ = 0. 75)

2 3
Sodium content (wt7.)

For the series derived from sample A* it follows from Table IV.5 and Fig.

IV.3 that not only the activity decreases, but that there is also a remarkable

drop in specific activity. Since the nickel surface area shows only a very

snail decrease at low sodium contents, apparently the number of surface nickel

atoms has decreased only very little. A similar effect has been reported by

; this author found that addition of several percent of K2O decreasedSchoubye
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the methanation activity of nickel catalysts by a factor of about 25, although
(5)

the sulfur capacity remained unchanged. Also Huang and Richardson , in a

study of the effect of sodium on the methanation activity of a 8% Ni/SiO -AlgO,

catalyst, observed that the exposed nickel surface area did not decrease

significantly by the addition of sodium, which was investigated up to 2.4 wt %.

As far as specific activity is concerned, the latter authors observed two

effects: at first a promoting effect at low sodium contents up to 0.3 wt %,

ascribed to suppression of support acidity resulting in less poisoning by

carbonaceous material; secondly this promoting effect was superseded at higher

sodium contents by some poisoning function of the alkali. In our experiments

only the latter effect is found. Apparently the nature of the nickel surface

has been changed by the presence of alkali in the catalyst; this is strongly

confirmed by our observation that the selectivity for higher hydrocarbons

increases when sodium is present in the catalysts. These observations will be

discussed further in section IV.7.

IV.4.6 Effect of pH of precipitation

A number of samples were prepared under conditions in which the precipitate

formed contained the same anions, but were formed at different pH's. It can be

seen from Fig. IV.2, presented in the discussion of the effect of nickel

content, that among the hydroxycarbonates little difference in activity is

found between samples prepared at pH = 7 or at pH = 10.

It seems from the activity, measured for sample A in the flow reactor

(Table IV.1) that precipitation at increasing pH up to a value of seven yields

a catalyst of approximately the same activity as obtained by precipitation at

a constant pH of seven. •

The activity of sample D_, precipitated from ammoniacai solution at a pH '•

decreasing from 11.6 to 6.5 (see chapter II) is close to that of samples A, and :

A_, which have the same nickel content but were precipitated at a constant pH. ;

Some scattering is present among the data obtained from the recirculation ;

reactor, but the results do not significantly contradict the conclusions drawn ;j

above. ?|

We may conclude that there is, apart, from the influence of pH on the ::i

species of anion incorporated in the precipitate and, to a lesser extent, on |

sodium content, little direct influence of pH of precipitation on methanation f

activity. This is again in agreement with what is to be expected on account of 'I

the results on mean nickel crystallite sizes (chapter III, section III.5). '\

An additional aspect is the influence of pH on the texture of the ;
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precipitate, which in turn determines the texture of the calcined and reduced

materials. We have already seen in chapter III that there is a difference in

texture between samples precipitated at pH = 7 and at pH = 10.

Apparently, for samples of x = 0.75, there is no effect of these

differences in texture on the mean nickel crystallite size, nor is there, under

our conditions of measurement, an effect on methanation activity. However, the

slightly smaller mean nickel crystallite size, and somewhat higher activity

found for sample A- as compared with sample A_ may originate from the difference

in texture.

IV. 4.7 Effect of calcination temperature

Table IV.7 shows activity and specific activity data as a function of

calcination temperature for sample A.. It follows that the specific activity
o

(per square meter of nickel surface area) decreases very slightly. On the other

hand, the activity expressed per gram of catalyst or per gram of reduced nickel

drops considerably with increasing calcination temperature. This is easily

explained by the results discussed in chapter III, where it has been shown

that the nickel surface area decreases for increasing calcination temperature,

as a consequence of growth of nickel oxide crystallites in the calcined material

and the formation of nickel aluminate.

Table IV.8 presents the results obtained in the recirculation reactor.

Given are degrees of reduction, activities and selectivities, the activities

being expressed per gram of catalyst and per gram of reduced nickel. The latter

has been plotted versus calcination temperature in Fig. IV.4. It can be seen

that the results are roughly in agreement with those discussed above.

i

<•> 20.0
s
X

O 10.0
u
3

u

a

a

a

•

a sample Ag

A sample A4

o sample B3

Fig. TV.4. Activity as a

function of calcination

temperature.

200 400 600 800

Calcination temperature (°C)
»00
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Table IV. 7. Effect of calcination temperature on activity and specific activity.

T , . = 600°C. Measurements in atmospheric pressure flow
reduction
reactor.

Sample A

Calcination

temperature

450

600

800

1000

Sample A_

600

600*

Activity

(mol CH.

Activity

0.66

0.64

0.64

0.65

0.64

0.67

0.47

0.48

0.13

0.11

0.74

0.73

0.75

0.73

(mol CH4

1.77

1.72

1.72

1.75

1.53

1.61

1.35

1.38

0.47

0.40

not determined

Specific activity

(aol CH,, B C V 1 )

0.022

0.021

0.021

0.022

0.020

0.021

0.019

0.019

0.018

0.016

not determined

f

*heated at a rate of 2°C/min. to 600°C in a flow of air (15 dm3 S.T.P.h"1).

From Table IV.8 the selectivities are seen to be almost independent of

calcination temperature. Only at a very high calcination temperature of 1000 C,

measured for samples A4 and Bg, the selectivity for formation of C_, C, and the

C.'s seems to increase.

Finally some attention has been paid to the calcination procedure. We have

seen in section IV.4.2 that in the preparation of catalysts from hydroxynitrate

precipitates a better result is obtained when the precipitate is heated slowly

to the calcination temperature, while air is carried through the sample. It

follows from the results for sample A„, included in Table IV.7, that for this

hydroxycarbonate sample, such a procedure gives no advantage as compared with

the normal procedure.
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g Table TV.8. Effect of calcination temperature on the degree of reduction at 600 C and on the activity and selectivity.

Measurements in reciraulation reactor.

Sample x in Temperature of % Reduction

initial calcination

solution ( C)

Activity

*6 0.50

0.72

0.37

y
(mol CO g^n" 1) xlO3cat

Activity

(moi co ^

Selectivities

127

300

300

450

450

600

750

900

800

1000

800

1000

50.7

49.4

49.3

46.6

47.7

42.6

45.6

37.5

55.7

53.6

48.0

36.8

3.28

3.66

3.03

3.98

3.44

3.96

3.31

1.68

2.46

0.66

2.00

0.21

13.8

15.9

13.2

18.3

15.4

19.9

15.5

9.56

7.01

1.97

11.5

1.55

63.6 14.6 17.5 4.3

78.4 12.7 6.5 2.4

73.3 15.7 8.3 2.7

73.9 13.9 9.9 2.3

69.9 14.4 12.9 2.8

68.3 15.3 13.4 3.0

73.5 14.9 9.7 2.3

70.4 14.3 10.4 4.9

89.5 7.3 2.9 0.3

60.2 20.1 17.3 2.5

69.7 17.2 12.3 0.8

52.1 20.0 25.1 2.8

^ ^ .
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IV.4.8 Effect of temperature and degree of reduction

We have seen in the preceding chapter in the discussion of the effect of

reduction temperature on degree of reduction and on nickel surface area that

the nickel surface area per gram of catalyst generally shows a maximum if

i regarded as a function of reduction temperature. The position of the maximum

. ' depends on the reducibility of the nickel oxide in the calcined material, but
; also on reduction procedure and apparatus used for the reduction (see sub-

section 111,5.6). For sample A21> reduced in flowing hydrogen at atmospheric

pressure, a weak maximum in the nickel surface area was found at a reduction

temperature of 500°C. In contrast, samples A and B_, reduced at the

University of Bradford in the apparatus used for the hydrogen chemisorption

measurements, showed a maximum at 700 C.

The results for sample Ao1, obtained using the atmospheric pressure flow :

reactor at Delft, are presented in Table IV.9. It follows that the specific

activity (per square meter of nickel surface area) is nearly constant within

experimental error. As is to be expected on account of the nickel surface area

data, the activity per gram of catalyst shows a very weak maximum for a •;

: reduction temperature of 500°C.

[ The results for samples A. and Bg, collected in Table IV.10, are especially '<

of interest because also selectivities were measured, and because of the wider ^

range of degrees of reduction covered. These results, which have been presented
(6) -

graphically in preliminary descriptions of this work show that the

activities per gram of catalyst and the selectivities towards methane increase

: with increasing reduction temperature, up to the highest temperature (700 C)

used for reduction in the recirculation reactor. Additional data included for S

; sample A. show that when the sample is reduced to different extents at constant 3

<i temperature (600 C) the activity and selectivity towards methane both increase ' -:"

• with increasing degree of reduction in the same way as for the earlier data. ::;'

!' For the selectivity data this is illustrated in Fig. IV.5. Further it can be 5j

: seen from Fig. IV.5 that the increase in selectivity towards methane is mainly f|
•'• 'A

: compensated by a decrease in selectivity towards propane. For sample B„ the S|

: results are similar. s|

•;• Since from the data mentioned above it seems that the degree of reduction ;|

| is a more important parameter than the temperature of reduction, in Fig. IV.6 'jf

£j the activities per gram of catalyst are plotted as a function of the degree of % "

S:' reduction. The straight lines which are obtained suggest that the nickel 3

| dispersion for samples A. and B_ is independent of the degree of reduction. On |

P -I
I the other hand, it has been shown in the discussion of the nickel surface area j
?-• 107 !I



Fig. IV.5. Selectivity as a

funation of percentage of

reduction.

50
*/• Reduction

A sample A4

o sample B3

20 40 60

'/• Reduction

80

Fig. IV.6. Activity of samples A* and B, as a function of the percentage of

reduction.
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measurements for the same samples in section III,5.6 that the nickel dispersion

decreases with increasing degree of reduction (Table III.9). To explain this

1
Table 17.9. Effect of reduotion temperature on the activity of sample A^

(x~. = 0.75)3 calcined at 450 C. Measurements performed using flow

reactor.

Temperature

of reduction

% Reduction Activity (300°C) Activity (300°C) Specific

(mol CH. g^.h"1) (molCH. g"1. „.h"1) activity (300°C)
4 C£LX 4 rGCi • W x 0 1

(mol CH. " z - - 1 '

400

450

500

600

700

66.8

79.8

86.2

96.5

97.6

0.72

0.73

0.89

0.94

0.73

0.83

0.91

0.72

1.62

1.43

1.54

1.63

1.15

1.31

1.43

1.10

0.021

0.022

0.022

0.023

0.023

0.026

0.028

0.023

difference, it is necessary to know the specific activity (per unit of nickel

surface area). To this end we can combine the activities measured in the re-

circulation reactor and the nickel surface area data which have been discussed

in chapter III. Although these two types of measurement refer to reductions

performed in different apparatus and under slightly different conditions, it

seems justified to combine them, especially because the degrees of reduction

attained in both systems are very similar for samples A. and B_. The metallic

areas corresponding to the degrees of reduction in the activity measurements

were determined by interpolation using the nickel surface area data from Table

III.9. The resulting values are shown in Table IV.10, where the specific

activities calculated by means of these metal areas are also shown.

Finally in Fig. IV.7 the specific activities are plotted versus the degree

of reduction. It is now seen that for both catalysts the specific activities

increase roughly twofold going from low to high degrees of reduction.

Apparently the quality of the nickel surface improves with higher degrees of

reduction for both catalysts. As mentioned above this coincides with an
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increase in selectivity towards methane.

Fig. IV. 7. Specific activity of samples k^ and B3 as a function of the

percentage of reduction.

A sample A4

o sample B3

t 1

40 60

V. Reduction

80

IV.5. RESULTS OBTAINED FROM MEASUREMENTS IN A D.S.C. APPARATUS

Since tbe methanation reaction is highly exothermic, in principle the

possibility exists to use thermal techniques like Differential Thermal Analysis

(D.T.A.) and Differential Scanning Calorimetry (D.S.C.) to determine methanation

activities by measurement of the heat developed during the reaction. In

literature some examples are known of the application of these techniques to
(7)

the measurement of catalytic activities. Landau and Holyneux have reviewed
1 g\

the use of DTA in catalyst testing. Some years later, Beecroft et al.

showed that DSC is a very useful technique in comparing catalytic activities of

coprecipitated N i / A l o 0 o methanation catalysts of the same type as dealt with in
(91

this thesis. Also, Ramchandra Reddy et al. investigated the methanation

activity of NiMoO. catalysts by means of DTA.

Within the scope of our work, it seemed worthwhile to investigate whether

the DSC method is useful in comparing the activities for carbon monoxide hydro-

genation of our catalysts. If the activity ratios found from DSC would be in

agreement with those obtained from the flow reactor used at Delft, D.S.C. would
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Table IV. 10. Effect of reduction temperature and degree of reduction on the activity and selectivity of samples Bgand

A.} calcined at 450 C; metallic areas and activities related to weight of catalysts. Measurements in

reciraulation reactor.

i
: Sample

f

'I
:

A4

111

*«i

0.37

0.72

Temp, of

reduction

(°c>
200<b)

300

400

450

450

500

550

600

600

600

640

700

350

400

425

450

600 < C )

600(C>

600<C>

% Reduction

3.4

4.7

29.0

25.4

30.4

39.4

48.3

52.9

52.2

59.9

78.0

1.3

9.1

12.9

30.9

16.7

30.8

35.5

Metallic(a)

area

(mV1)

1.1

1.3

6.7

6.0

6.9

8.2

9.3

9.8

9.7

10.3

11.9

1.0

4.8

6.0

10.2

7.2

10.2

10.9

Activity

(m?1COgcat
h ) xlO3

0.08

0.05

0.16

0.63

0.47

0.70

0.88

1.15

1.20

1.00

1.33

1.65

0.10

0.38

0.43

1.26

0.71

1.30

1.73

Spec, activity

(mol CO m" 2^ 1)

xlO 4

0.44

1.24

0.94

0.78

1.02

1.08

1.24

1.23

1.03

1.30

1.39

0.96

0.80

0.72

1.23

0.98

1.27

1.58

Selectivities

Sl

51.1

45.4

40.1

53.8

51.8

61.8

62.2

65.4

66.2

70.5

62.9

71.3

42.5

50.8

55.7

57.7

55.8

60.2

63.5

S

18

16

23

19

19

16

20

18

15

16

22

15

18

19

18

22

18

17

16

2

<*

.9

.6

.6

.0

.7

.6

.8

.4

.6

.1

.2

.8

.7

7

6

2

6

3

4

S

)

25

35

30

24

23

17

14

15

15

11

13

11

34

24

21

17

22

19

16

3

.8

.3

.7

.1

.8

.6

.6

.1

.6

.1

.2

.8

.4

6

.4

0

3

1

4

S

4

2

5

3

4

4

2

1

2

2

1

1

4

4

4

3

3

3

3

4

.2

.7

.6

.1

.7

.0

.4

.1

.6

.3

.8

.1

.4

.9

.3

.1

.4

.4

7



Table IV.10. continued.

Sample x Temp, of % Reduction Metallic*0* Activity Spec, activity Selectivities

reduction area (mol CO g (mol'
0 1 1 cat .

( C) (m g~ ) h~ ) x 103 x 10

A4 continued 600(C> 43.2 12.0 1.72 1.43

600<C> 50.1 12.9 2.01 1.55

600 52.0 13.1 2.44 1.86

(a) Hetal area estimated from degree of reduction (see text).

(to) Sample not prereduced except by reaction mixture at this temperature.

(cï Reduced for different periods of time (see text).
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1

offer a simple alternative method for catalyst testing, requiring only a very

small amount of catalyst (about 2 milligrams). To investigate this, several

reduced and passivated catalysts of which the activities had been determined in

the flow reactor, were measured in the DSC apparatus.

The first measurements were performed in the temperature range of 290 C to

600°C using a feed gas containing 9.1% CO in hydrogen, at a flow rate of about
3 —1

2.1 dm STP h . Generally a maximum in the catalytic activity was found at

temperatures of 450-500 C; at higher temperatures a strong drop in activity was

observed. After cooling and starting for a second run, it appeared that hardly

any activity was left. X-ray pictures of the used catalysts showed reflections

of nickel carbide (Ni_C) or nickel, the reflections often being sharp. In a few

cases, the d-spacings of nickel were significantly enlarged, most probably due

to the dissolution of carbon into nickel

These observations are surprising, since neither such a strong deactivation,

nor formation of nickel carbide was observed in a test in the atmospheric

pressure flow reactor at 600 C during more than a week (CO content 14%). An X-

ray picture of the used catalyst showed still rather broad reflections of

nickel.

Thus it seems that carbon deposition occurs under the conditions of the DSC

experiments. The deposited carbon dissolves into the metallic nickel and final-

ly reacts to form nickel carbide. It is not quite clear why these phenomena

occur in the ESC apparatus, whereas this is not the case in the flow reactor.

To avoid deactivation of the catalysts, the measurements were performed at

lower temperatures and lower CO concentrations. In isothermal measurements, it

was found that for example at 280 C still a slow deactivation occurred at a

carbon monoxide content of 3.1%. At lower carbon monoxide contents the activity

is stable. Reproducible results could be obtained by performing all measure-

ments at CO contents lower than 1% and at temperatures lower than 350 C.

In order to compare the activities of a number of catalysts, these were

subjected to the following standard test. A quantity of about 2 milligrams of

passivated catalyst was rereduced at 400°C in pure hydrogen in the DSC

apparatus. After cooling to 200°C CO was admixed to give a concentration of

0.74% in hydrogen. After a short time (about 15 minutes) of equilibration the

temperature was raised at a rate of 5°C/min to 350°C.

Figure IV.8 shows a typical curve resulting from such an experiment,

representing the heat developed during reaction as a function of reaction

temperature. At first a fast increase of the activity with increasing

temperature is seen, but at about 275°C the curve flattens and finally reaches

a nearly horizontal level. For temperatures corresponding to this level it was
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found that upon increasing the flow rate also the activity increased; this was

not the case for temperatures corresponding to the steep part of the curve.

1

225 250 275 300
Temperature (°C)

350

Fig. IV. 8. Heat developed during reaction of carbon monoxide and hydrogen,

measured in a DSC apparatust as a function of temperature.

Conditions see text.

\

From this observation and from the shape of the curve, it seems most

probable that the level corresponds to the occurrence of total conversion,

although from the position of the level a conversion of 25% is calculated. To

explain this, it has to be assumed that only a part of the gas flow comes into

contact with the catalyst.

To compare the various catalysts, the activity was calculated and tabulated

for temperatures of 200°C and 250°C, both within the steep part of the curve.

In Fig. IV.9 the activities found for 250°C are plotted versus the

activities measured in the atmospheric pressure flow reactor for the same

batches of reduced material. Despite the different conditions of measurement

there is a linear relationship between both sets of results. This shows that

the ratios of activity found for different catalysts in a DSC apparatus are

indeed a realistic measure for the activity ratios which can be expected in

other conditions. However, it is also clear from the discussion given above
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that one has to be very careful In selecting the conditions of measurement in

a DSC apparatus.

\

f

0.01 0.05 0.10 0.15

Activity (DSC. 250 °C, mol CO g-J,, h"1)

Fig. IV. 9. Relation between activities measured in a DSC apparatus and

activities measured in a flow reactor. The notation AJ0600,

A £1000 or A £800 indicates the calcination temperature of the

catalysts prepared from precipitates A~ or Ag. The other samples

were calcined at 450°C.

IV.6. COMPARISON OF RESULTS FROM DIFFERENT REACTORS AND COMPARISON WITH

LITERATURE DATA

In this section we will discuss to what extent the results from the

different types of measurement performed during this investigation are in

agreement with each other and with data from literature. A direct comparison of

the values measured in this work is only possible in a few cases, since the

conditions of measurement are rather different. Therefore we will confine our-

selves first to a comparison of the activity ratios of the various catalysts.
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This can be done most easily by plotting the activities measured in a reactor

versus the corresponding values obtained from another reactor.

In the discussion of the DSC results, we have already seen that there is a

linear relationship between the activities measured in the atmospheric pressure

flow reactor and those obtained from the DSC measurements (see Fig. IV.9). In

both systems prereduced and passivated catalysts were used.

oA7
OA6

•o

oï"
i.o

ooen

o
o 0.5
O

1 0.1

0A3
oBj

oAi3

oB5h

1 5 10 15

Activity (recirculation reactor, 200 °C, mol CO g ^ , ^ r

Fig. IV. 10. Relation between activities measured in flow reactor and activities

measured in recirculation reactor.

In Fig. IV.10 the activities determined in the flow reactor have been plotted

versus the activity data obtained by means of the low pressure recirculation

reactor. It follows from the figure that the general trends in the activities

in both reactors are similar, although the agreement is far from p'.-fect. On

the other hand, it has been shown that the results from the recirculation

reactor are in very good agreement with those from an atmospheric pressure flow

reactor used by Van Veen at the University of Bradford. The conditions of measure-

ment in the latter reactor were similar to those used in the flow reactor at

Delft. The main difference can be found in the catalyst pretreatment, since in

the flow reactor at Bradford the samples were reduced in situ. Combining these

data, it seems that in comparing different catalysts the pretreatment is more

t
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important than the conditions of measurement. It has been shown in chapter III

that especially the heating rate during reduction is an important parameter.

The numerical values obtained in the flow reactor cannot be compared

directly to those from the recirculation reactor because of the great

temperature difference (300°C vs 200°C). However, one sample (sample A21>

reduced at 400°C) has been measured in the flow reactor at a temperature of

200°C. An activity was found of S.I 10 mol CH.g" h~ . This is very close to
-3 -1 -1 c

the value of 4.5 10 mol CH. g . h measured in the recirculation reactor4 °cat

for a similar catalyst (Ag).

The values from the recirculation reactor can be compared directly with the

DSC results calculated for 200 C. An example is included in Table IV.11, which

will be discussed below.

It is interesting to compare our activity data with those reported in

literature. Of course the latter refer to other catalysts than used in our work,
(2)

but according to a review by Vannice , specific methanation activity does not

vary dramatically for nickel catalysts. When different types of nickel

catalysts are taken into consideration specific activity varies by not more

than a factor of 5. Comparing only Ni/Al„O_ catalysts, turnover numbers for
-1

methane formation are mainly centered around values of 0.04 sec and 0.09

sec , at 275°C and atmospheric pressure (H./CO = 3 ) . In Table IV.11 some of

the results of our investigations are collected together with data from

literature. Given are activities per gram of catalyst, per gram of nickel and

turnover numbers.

Considering the data collected in Table IV.11, it is seen that the turnover
o o

numbers obtained at comparable temperatures (200 C and 205 Con the one hand, and

275°C and 300°C on the other hand) do not differ very much. As will be

illustrated below, the observed differences turn out to be in reasonable agree-

ment with what is to be expected on basis of the kinetics of the methanation

reaction.

1) The turnover numbers are higher in examples 2 and 3 than in example 1.

This is in agreement with a positive order in hydrogen, as reported by

t

; many authors (varying from 0.15 to 3, see Vannice ). Also in our
(13) %

laboratory Hakvoort , using a DSC apparatus, found an order of 0.5 in |

• hydrogen for the methanation rate. I

I 2) The turnover numbers in examples 4 and 5 are somewhat lower than in If

I examples 2 and 3, despite the by 5°C higher temperature of measurement. -|

I This would be in agreement with a slightly negative order in carbon •

I monoxide, which has also been reported in literature by several

[ authors(12>.
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oo Table IV.11. Comparison of activity data from owe work to activity data from literature.

Example Reference Catalyst Temperature Total CO H2/CO Activity*1** Activity***

( C) pressure pressure molar (mol g h ) (mol g„.h )
cai* xij.

Turnover

number

<a>

(kPa) (kPa) ratio x 103 x 103 (molec.site

sec"1) x 103

4

5

6

7

8

This work, A_
recircul.
reactor

This work A6
DSC

Van Herwijnen Girdler
(14)et a l (b) G_ 6 5

Vannice

(2)
Vannice

This work,
flow reactor

8.8%

5% Ni/nAl2O3

8.8%

5%

200

200

200

205

205

275

275

300

2.7 0.68 4.0

101

101

101

101

101

101

101

0.

0.

25

25

25

25

15

75

68

135

150

3

3

3

3

5.7

19

4.1

0.52

0.62

11.7

12.6

65x10

18.2

51

16.4

5.89

12.4

133

252

174x10

1.45

6.88

5.1

3.79

1.79

85

37

22x10

(a) Activities and turnover numbers refer to the quantities of CO converted, with the exception of the data taken from

Vannice for 275 C, and the data from the flow reactor, where the quantities of CH4 formed are given.

(b) Data taken from Fig. 8 of paper by Herwijnen et al.(14)
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3) Considering the data obtained at higher temperatures, it is interesting

to compare the results given by Vannics for 275 C to those from the

flow reactor. When the turnover number found for sample Ag (example 8)

is extrapolated to 275°C, using an activation energy of 113 KJ/mole ,

a value of 0.077 mole CH./site, second is obtained, which is very close

to that given by Vannice for 8.8% Ni/n-Al 0 (example 6).

Although the considerations given above had to be somewhat qualitative

because of the existing uncertainties in the kinetics of the methanation

reaction, it can be concluded that there is a satisfactory agreement between

our data and those from literature.

IV.7. DISCUSSION OF DATA ON SELECTIVITY AND SPECIFIC ACTIVITY IN RELATION TO

THE MECHANISM OF THE METHANATION REACTION

IV. 7.1 Summary of experimental observations

r

From the results discussed in the preceding sections, the following trends

can be derived on selectivity and specific activity:

a) The selectivity towards higher hydrocarbons is higher for sodium

containing catalysts than for samples of very low sodium content

(measurements in recirculation reactor, Table IV.2);

the specific methanation activity (per unit of nickel surface area)

decreases with increasing sodium content (measurements in atmospheric

pressure flow reactor, Table IV.5)

b) The selectivity for higher hydrocarbons decreases with increasing

percentage of reduction; the specific activity increases with increasing

percentage of reduction (measurements in recirculation reactor, Table

f IV.10).

c) The selectivity towards higher hydrocarbons is relatively high for

catalysts calcined at a very high temperature (1000°C) (measurements in

recirculation reactor, Table IV.8);

the results from the atmospheric pressure flow reactor indicate that the if

". specific activity decreases slightly with increasing calcination M
: temperature (Table IV.7). 3
;' 'if
£ Changes in selectivity and/or specific activity are probably related ir. H

|; some way to changes in the nature of the nickel surface. In order to be able to f '

p interprete the observations, it is desired to know something about the reaction "i;

I mechanism. Therefore now a brief review will be given of some recent develop-

-% ments in this field.

I"
$•;•
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IV. 7.2 Mechanism of methanation reaction

In the past, many hypotheses have been forwarded on the mechanism of the

methanation reaction and the closely related Fischer-Tropsch reaction.

According to the oldest theory, the carbide theory , proposed by Fischer and

/ Tropsch, adsorbed carbonmonoxide is reduced to surface carbide, which is sub-

sequently hydrogenated or hydropolymerized into methane or higher hydrocarbons.

In later years this hypothesis was rejected and another mechanism was proposed

in which the hydrocarbon formation takes place via oxygen containing inter-

mediates. Up to 1976 this was the most popular theory (see also a review by

Vannice ). In 1976, Araki and Ponec and Wentreck et al. presented

evidence that surface carbon is a probable intermediate in the methanation
(18-22)

reaction. More recently several authors have presented additional

evidence which confirms surface carbon to be a probable intermediate in

methanation and Fischer-Tropsch reactions.

According to the mechanism proposed by Araki and Ponec carbon monoxide

adsorbs dissociatively; surface carbon and oxygen are hydrogenated to CH^ and

H„0 respectively. Such dissociation takes place only on sites where carbon
(23)

monoxide can be adsorbed in its multiply bound state , i.e. sites in which

'. carbon atoms can be bound to several nickel atoms simultaneously. Thus

methanation requires a special site consisting of an ensemble of nickel atoms.

Van Barneveld and Ponec extended this mechanism to the more general case of

Fischer-Tropsch reaction (including methanation as a special case of Fischer-

r Tropsch synthesis) in the discussion of their results on nickel-copper alloys.

1 They found a substantial decrease in carbon monoxide hydrogenation activity on

alloying nickel with copper, associated with an increase in selectivity towards

: higher hydrocarbons. According to the explanation given by the authors, the

activity decreases because of the decrease in the number of suitable nickel

ensembles, as a consequence of the dilution of nickel with inactive copper. On

: the other hand the chance to find a non-dissociated carbon, monoxide molecule on

the surface increases. Since the latter is thought to be involved in the :|

• propagation step , thus the higher selectivity towards higher hydrocarbons |

; can be explained. |S

The literature data concerning the effect of sulfur poisoning on catalytic |

[• behaviour support the suggestions described above; sulfur is known to prevent J
-• "a ,_

9 the dissociation of CO and to suppress the CO hydrogenation activity, whereas 'i .

; it increases the selectivity towards higher hydrocarbons. ]

| If methanation requires a site consisting of several nickel atoms, the ,]

| decrease in activity caused by alloying or poisoning is expected to be more '}
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than proportional to the number of foreign metal atoms or poisoning atoms
(25)

present at the surface. Indeed, Rostrup-Nielsen et al. found that the

sulfur poisoning of the methanation reaction is nonlinear with a 4th power

dependence on the relative sulfur coverage, whereas the activation energy was

unaffected. This suggests that methanation requires a site consisting of four
rnn\

nickel atoms. This is in agreement with results of Martin et al. who found

that four nickel atoms are required to dissociate carbon monoxide. Very recently!
(27)

in a study of Ni-Cu/SiO2 catalysts, Dalmon and Martin found a methanation

rate of the form (1-x) where x is the fraction of copper in the metal,

indicating that still larger ensembles are necessary in methanation.

From measurements using the recirculation reactor described in section IV.2
(28)

S. Orr found that incorporation of copper (by coprecipitation) into

coprecipitated Ni/Alo0_ catalysts yields results similar to those reported by
(24)

Van Barneveld and Ponec

TV. ?. 3 Effect of sodium on selectivity and specific activity

From the data discussed in subsections IV.7.1 and IV.7.2 it can be seen

that the effect of sodium on the catalytic behaviour of Ni/Al 0o catalysts as

observed in our work shows a strong similarity to the effect of alloying nickel

with copper or poisoning nickel with sulfur as reported in literature.

Further we have shown in section III.5, that the chemisorption of hydrogen

is affected only very little by the presence of small quantities of sodium,

suggesting that the free, unpoisoned nickel surface area has decreased only

very little. As the specific methanation activity shows a marked decrease, our

data also suggest a strongly non-linear effect on methanation, caused by some
(4)

poisoning of the surface. Schoubye has also observed a deactivating effect

of alkali, c.q. K_0, upon nickel in methanation.; on the other hand the sulfur :

capacity, which is regarded as a measure of the free nickel surface area, :

remained unchanged. To explain this, it was proposed that the basic oxide f

donates electron density to the nickel, thus causing its behaviour to be more J

similar to that of copper. 4

On basis of the data discussed above, the following possibilities exist to 'i

explain the effect of sodium observed in our work: |

a) the effect is mainly geometrical, as is probably the case for the effect

of sulfur poisoning and, to a large extent, also for the effect of

alloying with copper.

b) the effect is in part electronic, the basic oxide donating electron

density to the nickel atoms, thereby making these more similar to copper
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atoms. :

TV. 7.4 Effeat of degree of reduction on selectivity and specific activity

Turning attention to the effect ou' the degree of reduction, it has to be

explained why the selectivity towards higher hydrocarbons increases towards

' lower percentages of reduction. In this connection it is interesting to

>• consider the results of Primet et al. , who studied the adsorption of carbon ; .

monoxide on silica supported nickel by means of infrared spectroscopy and

magnetic measurements. They concluded that both linear and multicentered '•

species occur. The relative abundance of multicentered species is highest for

completely reduced samples and decreases towards lower percentages of reduction.

This suggests that unreduced surface residues play the same role in diluting

the nickel atoms at the surface, as copper in Ni-Cu alloys. This would explain

both the increasing selectivity towards higher hydrocarbons and the decreasing
: specific activity for decreasing percentages of reduction.

(31)Very recently, Bartholomew et al. reported on investigations of the

adsorption of carbon monoxide and hydrogen on various supported nickel catalysts.

The same authors also studied the CO hydrogenation activity for the same

catalysts . They found, for impregnated Ni/Al„O„ catalysts, an increase in

selectivity towards higher hydrocarbons for lower percentages of reduction, in

agreement with our results. It followed from their adsorption study that the

ratio CO /H . increases towards lower percentages of reduction. The results
ads ads

were interpreted by the authors by considering the catalytic behaviour as a

function of dispersion rather than as a function of degree of reduction: the :

\ selectivity towards higl.sr hydrocarbons increases with increasing nickel '

dispersion. It follows from Table IV.10 that this also holds for our data. i
3'

; According to the explanation given by the authors, a metal-support inter- -;

action of electronic nature is operating; this causes that electrons are with- :-

drawn from the nickel crystallites by the alumina, leading to a metallic \

behaviour more similar to that of cobalt. ';:\

'-, It is seen again, that two different types of explanation can be given for f\

'• the data: one in which the observed effect is supposed to be mainly geometrical, jjf

; and another in which it is thought to be mainly electronic. However, from the <|

; fact that the positions of the infrared bands of the chemisorbed carbon monoxide J
iir- f *y(\ \ iA

I, as measured by Primet et al. are independent of the percentage of reduction 3

f. or the nickel dispersion, the presence of electronic interactions seems not vf

I probable for the Ni/SiO_ catalysts studied by these authors. To answer the >5

'< question, which type of explanation is most probable for our Ni/Al_O_ catalysts,

I 122



I

f:

it would be interesting to study for these samples the chemisorption of carbon

monoxide by means of infrared spectroscopy.

IV. 8 SUMMARY - . . "._."- ' ; \ : _ :

Considering the results which have been discussed in this chapter, it is

remarkable that in general the specific activity per unit of nickel surface

area is not influenced greatly by the various conditions of catalyst

preparation. Leaving out of consideration the catalysts prepared from sodium or

chloride containing precipitates, for which very low specific activities were

found, the maximum variation in specific activity amounts to less than a factor ^

of two for the measurements in the atmospheric pressure flow reactor, and to

about a factor of two for thelmeasurements in the recirculation reactor (effect :|

of degree of reduction). !

The observed specific activities are in good agreement with those reported

in literature.

Thus the catalytic activity per gram of catalyst is mainly determined by ;'

the available nickel surface area per gram of catalyst, which in turn is

determined by the nickel content, the mean nickel crystallite size of the

reduced nickel and the degree of reduction. The factors determining the meaji i

nickel crystallite size have been discussed in chapter III; it has been shown

that the most important parameters are: the reduction procedure, the anion -

present in the precipitate, the sodium ion content and the calcination

temperature.

The selectivity towards higher hydrocarbons is generally low at a reaction

temperature of 300 C and at atmospheric pressure. However, at a lower

temperature of 200 C under the conditions of measurement applied in the re-

circulation reactor, this selectivity is much higher. •:;•

Under these conditions, sodium ion content and degree of reduction have an -

important influence on the selectivity towards higher hydrocarbons: this "-"":

selectivity is higher for sodium containing samples than for those which have

a very low sodium content, and increases towards lower degree of reduction. :|

In addition, the specific activity (per unit of nickel surface area) de- J

creases with increasing sodium content and decreases also with decreasing degree 4

of reduction. These effects show a similarity to the effects reported in ;.|

literature for alloying nickel with copper or poisoning nickel with sulphur.

Two different types of explanation can be forwarded for our observations:

one in which the effects are regarded to be mainly geometrical and another one

in which the effects are mainly electronic.
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CHAPTER V. CONCLUSIONS AND FINAL REMARKS

fOne of the striking features in the coprecipitation of nickel and aluminium

hydroxides is the fact that under widely differing conditions the same type of

compound is formed, viz. a nickel aluminium hydroxycompound crystallizing in a

double layer structure of the same type as observed for the minerals of the

pyroaurite-hydrotalcite group. It has been shown in chapter II that,

irrespective as to whether the precipitation has been carried out at increasing

pH, at constant pH at values ranging from 5 to 10, or at decreasing pH from

ammoniacal solution (resulting in the formation of the so-called nickel hydro-

aluminates), the same type of compound is formed.

The ease of formation of such nickel aluminium hydroxycompounds is

confirmed by the work of H. Schaper , who found that even 6-Al_O3 is able to

react during deposition-precipitation of nickel hydroxide under formation of

; such a compound.

" The nickel aluminium hydroxycompounds may vary in anion composition and in

nickel content. It has been discussed in chapter II that different species of

anion may be incorporated into the layer structure, and that the anion compo-

; sition is influenced by the pH of precipitation and the composition of the
i

precipitant. The limits of the mole fraction of nickel x in the hydroxy-

.: carbonates have been shown to be 0.50 and a value greater than 0.85 for fresh

} precipitates, and 0.66 and 0.75 for hydrothermally treated samples. Outside

i these limits, either a separate aluminium-containing phase viz. bayerite or

boehmite, or nickel hydroxide is found.

; Concerning the relative position of nickel and aluminium in the structure

: of the precipitates, strong indications were obtained that nickel and aluminium

I are statistically distributed among the octahedral positions within the brucite

| layer of the structure.

Ï The following, more or less interdependent, properties of the precipitates

'; are sensitively influenced by the precipitation conditions: grain size, density,

| colour (changing from light-green for the very finely divided precipitates, to ^

f dark-green for the precipitates consisting of larger grains), washability and 'I
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sodium content. It has been shown in chapter II, that scaling up may result in

a decreased washability and an increased sodium content.

Upon calcination, the nickel aluminium hydroxycompounds are decomposed into

alumina and nickel oxide phases; due to the loss of water molecules and anions

, from the interlayer and the breakdown of the layers of hydroxyl ions, a

I large volume is lost, resulting in a very porous structure. In this stage, the

alumina carrier is formed. For samples of high nickel content, the alumina

carrier originates only from the decomposition of the nickel aluminium hydroxy-

compounds; for precipitates which contain bayerite or boehmite, part of the

alumina is foiled in the decomposition of this phase.

For catalysts derived from hydroxycarbonate precipitates, the mean nickel

oxide crystallite size turned out to be not very dependent on precipitation

conditions. It is remarkable, that the much higher crystallinity as observed

for the hydrothermally treated hydroxycarbonates, or for the sample prepared

from ammoniacal solution, does not have much effect on mean nickel oxide

crystallite sizes.

In general larger nickel oxide crystallites are found for catalysts derived

from hydroxynitrates or especially hydroxychlorides.

The texture of the calcined materials is influenced by the pH of precipi-

tation; this has been shown by comparing samples precipitated at pH - 7 and

pH = 10. The former show a larger pore volume, a larger mean pore radius and a

wider pore size distribution.

" In reducing nickel oxide to nickel, the formation of a high pressure of

watervapour inside the catalyst particles has to be avoided, since this may

cause sintering. If care is taken to avoid this effect, no great differences

are found between the mean crystallite sizes of nickel in the reduced catalyst

and nickel oxide in the calcined material. Thus mean nickel crystallite sizes

are governed by the same factors as the nickel oxide crystallite sizes: anion

composition and calcination temperature. In addition, an important increase in

the mean nickel crystallite size is observed for sodium contents of 2 wt % and

." higher.

Probably as a consequence of the fact that nickel is always precipitated

,: into a nickel aluminium hydroxycompound of a relatively narrow homogeneity

ii range, the effect of nickel content of the catalyst on nickel crystallite size

ff
f| and activity per gram of nickel is rather limited.

I Considering the activity data obtained for a temperature of 300°C, it is
!! seen that the activity per gram of catalyst is determined mainly b7 nickel

I
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content and mean nickel crystallite size, since the activity per unit of nickel

surface area does not show important differences. Notable exceptions to this

are the very low specific activities of catalysts prepared from chloride or

sodium containing precipitates.

The observed differences in pore structure apparently have no influence on

the catalytic activities measured under laboratory conditions and described in

this thesis.

This might be different at the high temperatures which are expected in the

"ADAM and EVA" process, when the reaction rate will be diffusion limited.

Some preliminary results, obtained in an integral reactor at the KFA at

JUlich, indicate that the low temperature activity of the catalysts described

in this thesis is very good. Thus further work needs to concentrate on the

stability of the catalyst at high temperature, involving among others the

sintering behaviour of the nickel crystallites and the behaviour of the

mechanical properties of the catalyst pellets.

Concerning the former, it is interesting to mention some preliminary

results obtained at Delft in sintering tests, in which the catalysts were

exposed to a gas mixture consisting of 30% H_0 in H_, at a temperature of 700 C

during 1 or 2 weeks. Generally the catalysts behaved rather favourably, the

nickel crystallites growing by about a factor of two, and the low temperature

activity (at 300 C) decreasing to roughly half of the original value. For

• catalysts prepared at pH = 10 surprisingly the best results were obtained for

samples of high nickel content (x = 0.75; the catalysts precipitated at pH=7
:- were in general more stable, especially for low nickel contents (x = 0.25 or

: 0.33). It seems worthwhile to investigate this aspect into more detail.

-•' Summarizing, the results from our investigations can be formulated as

.\ follows. Much experience has been gained concerning the preparation and

characterization of the catalysts, which is of importance in order to be able

to prepare the catalysts in a reproducible way. It was established which

factors are most important in determining the methanation activity, the

: activity per gram of catalyst being mainly determined by nickel content, an ion

: composition and sodium content Of the precipitate», calcination temperature and

; reduction procedure. Very active catalysts can be prepared; the low temperature

I activity (" 300°C) of these is higher than required for application in the ADAM

R and EVA process. For example, a catalyst prepared in the same way as catalyst

| A3 showed in a standard test at the KFA at JUlich an activity (at 300°C) which

£ is at least ten times higher than that of catalyst MCB-2X from Haldor Topsfte

f A/S, which has been in use in the pilot plant ADAM it2)>
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The stability with respect to sintering of nickel seems satisfactory in a

H /H20 mixture at 700°C. The stability under reaction conditions at 600°C-800°C

has not yet been investigated.

One of the major problems has been posed by the preparation of mechanically

strong and stable pellets or extrudates. It may be that, in investigating this

aspect, differences in preparation conditions which did not affect the

properties measured during these investigations but were influencing

characteristics such as grain size and density, will become much more important

in determining the properties of the resulting pellets or extrudates.
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S U M M A R Y

The last few years there has been a renewed interest in the methanation

reaction

CO

An important reason for this is found in the potential application of this

reaction in the preparation of substitute natural gas from coal.

The investigations described in this thesis, however, were performed in

relation to another possible application of this reaction, viz. within the

framework of the so-called "NFE" project, also called "ADAM and EVA" project.

This project, which has been under investigation in West Germany for some

years, aims at the investigation of the feasibility of transporting heat by

means of a chemical cycle. A promising possibility to realize such a cycle,

exists in applying the combination of the endothermic steam reforming of

methane and the exothermic methanation reaction.

In order to utilize the available energy as efficiently as possible, high

demands have to be made upon the methanation catalyst which will be used in the
o

process: the catalyst must be sufficiently active at low temperature (= 300 C)

and in addition must be stable at high temperatures (600°C-800°C).

This thesis describes the investigations into a certain type of methanation

catalyst, viz. a coprecipitated nickel-alumina catalyst, with the aim to give

more insight into the interrelationship between the preparation conditions on

the one hand and catalyst properties such as activity and stability on the other

hand. The final goal was to make a contribution to the development of a suitable

methanation catalyst for the NFE project mentioned above. The investigations

were performed in cooperation with a group from KFA at Jtllich (West Germany)

and a group from the University of Bradford (Great-Britain).

In chapter I a general introduction is given; this contains also some back-

ground information on the NFE project.
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Chapter II deals with the relation between the conditions during the

coprecipitation on the one hand, and chemical composition and structure of the

resulting precipitates on the other hand. The precipitates were characterized

by means of X-ray diffraction, chemical analysis, thermal analytical techniques

(TG, DTA) and infrared spectroscopy.

During coprecipitation nickel aluminium hydroxycompounds are formed. The

latter crystallize in a layer structure consisting of brucite-type layers

(brucite = Mg(0H)o), separated by an interlayer which contains water molecules

and one or more types of anions. Different anions can be incorporated; in this

work mainly samples containing carbonate ions or nitrate ions were investigated,

whereas also some precipitates containing chloride ions or acetate ions were

synthesized.

Strong indications were obtained that nickel and aluminium ions are

statistically distributed among octahedral positions within the brucite layer.

The mole fraction of nickel - x - in the freshly precipitated hydroxy-

carbonates varies from x = 0.50 to a not-determined value which should be

greater than 0.85; for the hydrothermally aged samples these limits are x =

0.67 and 0.75. Outside these limits, either bayerite, boehmite or nickel

hydroxide are found as a separate additional phase.

- 4
Chapter III describes how - starting from the precipitates - the nickel

alumina catalyst is ultimately obtained by means of calcination and reduction.

The calcined coprecipitates were studied by means of X-ray diffraction,

whereas for a limited number of samples texture data were obtained by nitrogen

capillary condensation. The reducibility was investigated by means of thermo-

gravimetry. ">-

Upon calcination at low temperatures (450 C or 600 C) a nickel oxide phase '.|

is formed, which probably contains dissolved aluminium oxide, together with v;

aluminium oxide which is X-ray amorphous and probably contains dissolved nickel O

oxide. At calcination temperatures of 800 C and 1000 C a mixture of nickel 4?

oxide and nickel aluminate (NiAl_0 ) is formed. i|

The nickel oxide present in the calcined precipitates requires substantially :.<

higher temperatures for reduction than pure nickel oxide. The reduction :J

behaviour was studied as a function of nickel content and of calcination <J!

temperature. 'W

The mean crystallite size of the nickel oxide increases as the calcination

temperature increases. For a calcination temperature of 450°C, which hits often

been used throughout this work, generally the smallest nickel oxide crystallites

| are obtained from hydroxycarbonate precipitates.

Pi
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The dispersion of the nickel present in the reduced catalysts was

determined by means of X-ray line broadening, hydrogen chemisorption and for

some samples, by magnetic measurements or electron microscopy.

When the reduction is performed in such a way, that the development of a

considerable water vapour pressure inside the catalyst is prevented, the mean

nickel crystallite sizes do not differ greatly from those of the nickel oxide

in the calcined coprecipitates. In agreement with this, the mean nickel

crystallite sizes are generally smallest for catalysts derived from hydroxy-

carbonates.

The results from hydrogen chemisorption and X-ray line broadening are

compared. Reasonable agreement is found if it is assumed that the nickel

crystallites are hemispheres, of which the equatorial plane is attached to the

carrier.

Chapter IV presents the results of the activity and selectivity measure-

ments performed at Delft and at Bradford. The specific activities (per unit of

metal surface area) show good agreement with those from literature, and are

among themselves not greatly different. Those catalysts which were prepared

from precipitates containing sodium ions or chloride ions were an exception:

for these catalysts low specific activities were observed.

Although nickel catalysts generally are regarded to be selective

methanation catalysts, under certain conditions (low temperature of measurement

of 200 C, water vapour pressure maintained at a low level during reaction, low

degree of reduction of nickel) a considerable selectivity for higher hydro-

carbons is observed.

The observations concerning the effects of degree of reduction and sodium

content on the selectivity towards higher hydrocarbons and on specific activity,

show a similarity to the effects of alloying nickel with copper, or poisoning

nickel with sulphur as described in literature. Possible explanations are

discussed.

In chapter V the results are summarized and the most important conclusions

are mentioned.

1 I I
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S A M E N V A T T I N G

1
Gedurende de laatste jaren bestaat er een hernieuwde belangstelling voor de 1

methaniseringsreact ie

'•

Een belangrijke reden hiervoor is de mogelijke toepassing van deze reactie bij

de bereiding van "substitute natural gas" uit steenkool.

Het in dit proefschrift beschreven onderzoek werd echter uitgevoerd in ver-

band met een mogelijke andere toepassing van de methaniseringsreactie, namelijk

in het kader van het zogenaamde "NFE" project, ook wel genaamd "ADAM en EVA" •

project. Dit project, dat sinds enige jaren in onderzoek is in West-Duitsland,

heeft als doel de mogelijkheid te onderzoeken warmte, verkregen uit een hoge

temperatuur kernreactor, te transporteren door middel van een chemische cyclus.

Een veelbelovende mogelijkheid om een dergelijke cyclus te verwezenlijken wordt

geboden door de combinatie van de endotherme "steam reforming" van methaan met "

de exotherme methaniseringsreactie.

Teneinde de beschikbare energie zo efficiënt mogelijk te benutten, moeten ,:j

aan de in het metheniseringsgedeelte van het proces te gebruiken katalysator 4

; hoge eisen worden gesteld: deze moet voldoende actief zijn bij lage temperatuur 1

f (~ 300°C) en bovendien stabiel tot hoge temperatuur (600°C-800°C). \

l -il
l Dit proefschrift beschrijft een onderzoek dat werd uitgevoerd aan een be- q
f paald type methaniseringskatalysator, namelijk een door coprecipitatie bereide ]
I w
l nikkel op alumina katalysator, met als doel meer inzicht te verkrijgen in de ;?|

•. relatie tussen de bereidingscondities enerzijds en katalysatoreigenschappen als

%• activiteit en stabiliteit anderzijds.

| Het uiteindelijke doel hierbij was een bijdrage te leveren aan de ontwikke-

lt- ling van een geschikte methaniseringskatalysator voor bovengenoemd NFE project.

(| Het onderzoek werd uitgevoerd in een samenwerkingsverband met een groep van de

f KFA te Jttlich (West-Duitsland) en een groep van de Universiteit van Bradford

| (Groot-Brittannië).
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In hoofdstuk I wordt een algemene inleiding gegeven; deze bevat tevens eni-

ge achtergrondinformatie over het NPE project.

Hoofdstuk II behandelt de relatie tussen de condities tijdens de coprecipi-

tatie enerzijds, en de chemische samenstelling en de structuur van de gevormde

precipitaten anderzijds. De precipitaten werden gekarakteriseerd door middel

van röntgendiffractie, chemische analyse, thermische analyse technieken (TG,

DTA) en infrarood spectroscopie.

Bij de coprecipitatie worden nikkel-aluminium-hydroxyverbindingen gevormd.

Deze kristalliseren in een laagstructuur bestaande uit lagen van het bruciet-

type (bruciet = Mg(OH)„)), gescheiden door een tussenlaag die watermoleculen

en êên of meer soorten anionen bevat. Verschillende anionen kunnen worden in-

gebouwd; in dit werk werden hoofdzakelijk carbonaat- en/of nitraationen bevat-

tende monsters onderzocht, terwijl ook enige chloride- of acetaationen bevat-

tende precipitaten werden gesynthetiseerd. -

Er werden sterke aanwijzingen verkregen dat de nikkel- en aluminiumionen :

statistisch verdeeld zijn over de octaëdrische posities in de brucietlaag. De

molfractie nikkel - x - in de vers geprecipiteerde hydroxycarbonaten varieert -

van Xj,. = 0.50 tot een niet bepaalde waarde die groter moet zijn dan 0.85; voor v

de hydrothermaal behandelde monsters liggen deze grenzen bij x = 0.67 en 0.75. ,}

Buiten deze grenzen wordt bayeriet, boehmiet of Ni(0H)o als aparte extra fase I

aangetroffen.

In hoofdstuk III wordt beschreven hoe, uitgaande van de precipitaten, via

calcinering en reductie de uiteindelijke nikkel op alumina katalysator wordt :.

verkregen. :;

De gecalcineerde coprecipitaten werden gekarakteriseerd door middel van : \

röntgendiffractie, terwijl voor een beperkt aantal monsters textuurgegevens '̂.

werden verkregen met behulp van capillaire condensatie van stikstof. De redu- Tl

ceerbaarheid werd onderzocht door middel van thermogravimetrie. -i

Bij calcinering ontstaat bij lage temperatuur (450°C of 600°C) een nikkel- i|

oxide fase, die vermoedelijk opgelost aluminiumoxide bevat, benevens röntgen- ;|i

amorf aluminiumoxide, dat vermoedelijk opgelost nikkeloxide bevat. Bij calci- y » |

neringstemperaturen van 800°C of 1000°C ontstaat een mengsel van nikkeloxide É

en nikkelaluminaat (NiAl^O.).

De reductie van het in de gecalcineerde coprecipitaten aanwezige nikkeloxi-

de verloopt veel moeilijker dan het geval is voor zuiver nikkeloxide. Het re- §

ductiegedrag werd bestudeerd als functie van nikkelgehalte en calcineringstem-

peratuur.
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De gemiddelde kristallietgrootte van het nikkeloxide neemt toe met toene- ::i

mende calcineringstemperatuur. Bij de in dit onderzoek veel toegepaste calcine-

ringstemperatuur van 450°C worden in het algemeen de kleinste nikkeloxide kris-

tallieten verkregen wanneer uitgegaan wordt van hydroxycarbonaat-precipitaten.

De dispersie van het in de gereduceerde katalysator aanwezige nikkel werd

gekarakteriseerd door middel van röntgenlijnverbreding, waterstof chemosorptie

en voor enkele monsters met behulp van magnetische metingen of electronenmi- .

croscopie. j "

Wanneer de reductie op zodanige wijze wordt uitgevoerd, dat wordt voorkomen \

dat zich binnen de katalysatordeeltjes een aanzienlijke waterdampspanning kan

opbouwen, verschillen de gemiddelde nikkel kristallietgrootten niet veel van

die van het nikkeloxide in de gecalcineerde coprecipitaten. In overeenstemming

hiermee zijn de gemiddelde nikkel kristallietafmetingen in het algemeen het

kleinst voor de katalysatoren, die uit hydroxycarbonaat precipitaten werden be-

reid.

De resultaten van waterstof chemosorptie en röntgenlijnverbreding worden

met elkaar vergeleken. Redelijke overeenstemming wordt gemeten als wordt aange-

nomen, dat de nikkelkristallieten de vorm hebben van halve bollen, waarvan het •

equatoriale vlak is vastgehecht aan de drager.

Hoofdstuk IV geeft de resultaten weer van de activiteits- en selectiviteits- |

metingen, die werden uitgevoerd in Delft en in Bradford. De specifieke activi-

teiten (per eenheid van metaaloppervlak) zijn goed in overeenstemming met die

uit de literatuur en onderling niet zeer sterk verschillend. Een uitzondering

hierop wordt gevormd door katalysatoren, die werden bereid uit chloride- of j

natriumionen bevattende precipitaten: voor deze werden zeer lage specifieke :j

activiteiten waargenomen. ,;j
A

Hoewel nikkelkatalysatoren in het algemeen als selectieve methaniseringska- . ;

talysatoren worden beschouwd, is onder bepaalde omstandigheden (lage meettempera- •]

tuur van 200 C, lage waterdampspanning tijdens reactie en lage reductiegraad ,f!

van nikkel) een aanzienlijke selectiviteit voor hogere koolwaterstoffen waar te ;|

a
nemen. !|

De waarnemingen betreffende de invloed van reductiegraad en natriumgehalte <|

k op de selectiviteit voor hogere koolwaterstoffen en de specifieke activiteit |

vertonen gelijkenis met de in de litersituur beschreven effecten van legeren

van nikkel met koper, of het vergiftigen van nikkel met zwavel. Mogelijke ver-

klaringen worden besproken.

In hoofdstuk V zijn de resultaten samengevat, en de belangrijkste conclu-

sies vermeld.
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STELLINGEN

1 Bij het vergelijken van de eigenschappen van één nikkelkatalysator, bepaald

met behulp van verschillende karakteriseringsmethoden, kunnen aanzienlijke

discrepanties gevonden worden indien in situ gereduceerd wordt. Daarom ver- I

dient het aanbeveling uit te gaan van één hoeveelheid voorgereduceerde en I

gepassiveerde katalysator.

Dit proefschrift, hoofdstuk III en IV.

2 Het zogenaamde nikkel aluminium hydroaluminaat, beschreven door Merlin et

al., is in werkelijkheid een nikkel aluminium hydroxynitraat, waarbij een

gedeelte van de nitraationen vervangen kan zijn door carbonaationen en mo-

gelijk ook hydroxylionen.

A. Merlin, B. Imelik et S.J. Teichner, C.R. Acad. Sci. 238_ (1954), 353.

Dit proefschrift, hoofdstuk II. \

t

3 Bij metingen aan de kinetiek van de "steam reforming" van methaan over een

nikkel op alumina katalysator, vonden Ross.en Steel dat, wanneer het reac-

tiemengsel over een vers gereduceerde katalysator wordt geleid, een belang-

rijke hoeveelheid zuurstof door de katalysator wordt afgestaan, resulterend

in de vorming van CO en C0_. De door de auteurs gegeven verklaring voor dit „X

verschijnsel is echter zeer onwaarschijnlijk. ^-d1.

•1
J.R.H. Ross and M.C.F. Steel, J. Chem. Soc, Faraday Trans. 1 69_ (1973), 10. 3|

4 De bewering van Pyans, dat het exotherme effect bij circa 600 K, dat op- ÏT*

treedt bij de verbranding van steenkool, toegeschreven kan worden aan de -('&

verbranding van de vrijkomende gasvormige produkten, is onjuist. ~|p

R.L. Fyans, Proc. 28th Pittsburgh Conf., Ohio (1977), p. 12.

5 De door Rigbi gegeven formule voor de oplosbaarheidsparameters van een ter-

;|3

%

nair mengsel van oplosmiddelen is niet juist. , j|.

Z. Rigbi, Polymer 19_ (1978), 1229.

5"

ti-



6 De conclusie van MUller et al., dat de simulaties van E.S.R. spectra zoals :

gepubliceerd door Westerling et al. onjuist zijn, is het gevolg van het ge-

^ bruik van een Lorentz lijnvorm in plaats van de door laatstgenoemde auteurs

gebruikte Gauss lijnvorm. = - ... .

F. Muller, H.J. Grande, L.J. Harding, W.R. Dunham, A.J.W.G. Visser,

J.H. Reinders,~P. Eermeriah and A. Ehrenberg, Europ. J. Bioehem. 116 (1981),- - ;

1 ? . - ' . " " - - . ---- "• -"-. :-.-";...'-'-••..:.•,..._. . . . . . < - " • ' ~'• r

J. Westerling, H.I.X. V-qer and W. Berends, Tetrahedron 31_ (1975), 437. \

7 De kritiek die door de "creationisten" wordt uitgeoefend op de radiometri-

sche dateringsmethoden, gaat voorbij aan het feit dat diverse (minstens 5)

onafhankelijke "radioactieve klokken" gebruikt kunnen worden voor het bepa-

len van de ouderdom van gesteenten.

D.E. Chittiak in "Schepping of Evolutie" (1977).

A. Holmes, Principles of Physical Geology, second edition (1965), p. 346.

8 Langs de Franse noordkust tussen Wissant en Calais treft men in afzettingen

uit de Krijtperiode nodulen van radiaalvezelige structuur aan, bestaande

uit FeS_. Hoewel deze soms als markasiet beschreven worden, bestaan deze

voor het merendeel uit pyriet.

Programma van de geologische excursie naar de Boulonnais en Normandië van

de Universiteit van Amsterdam. --- 4

9 Uit het oogpunt van een rechtvaardiger verdeling van de daadwerkelijke ver- ^

J vulling van de militaire dienstplicht over dienstplichtigen met verschil- 'h

lend opleidingsniveau, verdient het aanbeveling de bestaande uitstelrege- ;

I ling ten behoeve van wetenschappelijk onderwijs en hoger beroepsonderwijs !

; af te schaffen. l

i • '•

\ 10 De term Nieuws, die gebruikt wordt voor de programma's van de Radionieuws- ";

i dienst van het A.N.P., is bij de huidige uitzendfrequentie van 29 keer per ''•
'i -,

\ dag meestal onjuist. ;

f "*•-

ï •



11 Veel inwoners van Zuid-Limburg beseffen in onvoldoende mate dat z i j aan

dezeifdelkant van dê  Maas wonen a l s de^doorhen als""Hollanders" aangedui-

de personen.

Delf t , 30 september 1981 E.C. Kruissink
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