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 PREFACE The use of heterogeneous catalysts as a tool in the laboratory, in preparative chemistry, and in large scale industrial production has expanded beyond any expectations during the last three decades. Catalytic processes today dominate the production of sulfuric acid, ammonia, methanol, and many other industrial products. The cracking of mineral oils, the hydrogenation, transformation, and synthesis of hydrocarbons are almost all centered around catalytic conversions carried out with many different catalysts including some of highly specific action. Many more catalyzed reactions are being carried out in batch processes and in continuous operations, in heterogeneous and in homogeneous systems. Similarly, catalysis is being used to an ever increasing extent for the production and transformation of individual organic compounds, a develop ment which started with the catalytic hydrogenation of vegetable oils and fats and which led to the acceptance and daily use of catalytic methods in the pharmaceutical and related industries. Parallel to this development, the study of natural processes in living matter has revealed the existence and the powerful selective action of an almost infinite number of biocatalysts of highly complicated chemical structures. In spite of these amazing practical successes of catalytic methods, and of our increasing knowledge of biocatalysts, only modest progress has been made in the scientific elucidation of the working mechanism and of the basic nature of catalytic action. As a consequence, a purely empirical approach is still the only safe way to search for efficient catalysts whenever the problem arises of carrying out a desirable and thermodynamically possible chemical transformation with the help of specific catalysts. The main reason for this situation seems $0 be that a full understanding of catalytic action would require, for any given case, a much deeper knowledge of the nature and action of atomic and molecular forces than we possess today. In addition, in the field of heterogeneous catalysis the fine structure of solid surfaces plays a decisive role, and much more would have to be known about the qualitative and quantitative nature of solid surfaces than we know at present. In other words, a science of catalysis has to be erected on foundations which still have to be laid, Nevertheless, the better understanding and the mastery of catalytic action is an urgent problem and every possible effort has to be made to achieve some progress toward this aim. An essential and indispensable condition for everyone who embarks on the study of catalytic reactions, '
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 PREFACE
 
 either for purely practical or for scientific purposes, is to become thoroughly familiar with the practical know how and the acientific results which have been accumulated in this field. This is no easy task. Most of the publications dealing with the theory as well as the practical aspects of catalytic processes are widely scattered throughout various journals and handbooks, covering the range from theoretical physics to descriptions of industrial plants. Considering this wide dispersion of papers dealing with essentially the same basic subject and considering further the practically complete separation of biocatalytic research and publications from the field of “man made” catalysts, it appeared to the editors a worthwhile undertaking to improve the possibilities and to facilitate the study of the catalytic literature by issuing, in annual sequence, collections of papers under the name Advances in Catalysis and Related Subjects. Our aim for Advances in Catalysis is to obtain contributions from scientific and industrial workers that represent complete and detailed surveys of those specific sectors in which these authors are mainly interested and in which they have worked successfully. This not only involves treatises on the specific materials and products for which catalytic reactions have been developed, but also general reports on new scientific theories and methods which promise to become valuable for a better understanding of catalytic phenomena. We shall try to neglect none of the various types of catalytic actions, such as the catalyses in the homogeneous gas phase and in liquids, although heterogeneous or surface catalysis will necessarily be a predominant feature of the Advances in view of its particular problematic aspects and its preponderant practical importance. As to biocatalysis, no publications dealing with specialized topics are being planned for the Advances in Catalysis because this field is already covered by other annual publications. However, we intend from time to time to bring reports in which the relationship and parallelism between this special field and “normal” catalysis are discussed. In view of the complicated nature and enormous variabiiity of catalytic phenomena, it will be unavoidable that conflicting and controversial interpretations will emerge in the text of the various papers. This will illustrate the unsolved difEiculties and the uncertainties which still prevail in the study of many catalytic reactions and in the discovery and production of ,catalysts, and may stimulate new idem better than an enforced and unwarranted consensus of opinion. Considering the difficult task of compiling the important features of any given sector of research in a clear but still critical fashion, the editors are greatly indebted to the response of the authors who will present the
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 'developments in fields with which they are intimately familiar. It is our aim to obtain contributions from all parts of the world aa far aa the present world situation permits. After several years Advances in Catalysis ought to present a compilation of papers, written by competent specialists, which should enable anybody to obtain a fairly complete concept of the practical achievements of current and new methods and of the various theoretical approaches to the manifold problems. We hope that the Advanees will serve a useful purpose and wilI have the wholehearted support of the readers, particularly in the form of suggestions of special authors, selection of specific topics, and of other improvements. The support and encouragement given by the publishers in this undertaking is gratefully acknowledged.
 
 W.G. FRANKENBURG Research Laboratory, General Cigar Co., Lancaster, Pa.
 
 V. I. KOMAREWSKY Illinois Institute of Technology, Chicago, Ill.
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 The technological development of catalytic processes was already well advanced at the conclusion of World War I but the basis for such development was largely empirical. No large body of scientific advance in the theory of catalysis had emerged in the interval between Faraday’s researches on the “power of metals and other solids to induce the combination of gaseous bodies,” in 1834, and the contributions of Langmuir (1)to the kinetics of surface action which originated in his studies of the “clean-up” of gases in a tungsten filament lamp.
 
 I. INTRODUCTION Elsewhere (Taylor, 2) it was possible to outline the main features of the development of the basic scientific research that occurred between the two World Wars. These divided themselves naturally into four distinct periods of advance each of approximately 5 years duration. U p to 1925 research was concerned largely with the evaluation of the Langmuir concept of unimolecular adsorption of gases at the surfaces of catalysts and the consequent kinetic treatment of surface reactions. Between 1925 and 1930 1
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 attention w a devoted largely to the exploration of the heterogeneity of catalyst surfaces, to the importance of “active centers” on actual catalysts and to the consequences of such centem in terms of the features of poisons and promoter action already familiar in the industrial applications of catalysis. By 1930 it waa possible to differentiate between types of association between gas and catalyst Burface, to distinguish, in many cases, between nonspecific, physical or van der Waals adsorption of gases which has negligible significance in the phenomenon of catalysis and, on the other hand, a chemical association between gas and surface, chemisorption, involving chemical valency forces between surface atoms and adsorbed species and requiring for the formation of the adsorption complex an activation energy of adsorption. It was in this period, also, that new tools, notably the use of para-hydrogen and the deuterium isotope, were being increasingly employed to elucidate the nature of the interaction between gas and surface and between adsorbed reactant species on such surfaces. In the final years preceding World War 11,scientists in the field of eurface catalysis had succeeded (Emmett and Brunauer, 3) in obtaining a measurement of the accessible surface area of catalytic materials, reproducible in different laboratories and had essayed the task of exploring the specific activity of particular crystal faces in such catalytic materials aa nickel, iron, platinum, palladium and rhodium (Beeck, Smith, and Wheeler, 4) which could be produced in film forms with particular oriented faces of the crystal predominantly present in the catalyst preparation. During the war years there is definite evidence that fundamental research in the area of contact catalysis went into eclipse. It is not yet possible to dikern the direction in which new developments of the most significance will occur. We can, however, call attention to programs which tend to renew interest in the problem of heterogeneity of actual catalyst surfaces, which formed an important phase in the second five year period already mentioned and which was in sharp contrast to the attitudes prevailing immediately prior to the war. Then, there waa a definite tendency to minimize all emphasis on the imperfections of crystal structure in catalysts, the distortion of faces, abnormal dimensions in the crystal lattices, extralattice structures resembling more nearly the gaseous species of an element. Rather, the properties of a catalyst were being interpreted in terms of the normal faces of particular crystals and their statistical distribution in a particular catalyst preparation. The method of evaluating the total surface area of catalyst preparations that resulted from the researches of Brunauer, Emmett, and Teller (5) on the van der Waals adsorption of gases, such as nitrogen and butane, at temperatures near to their respective boiling points, provided a very powerful tool with which to re-examine the whole problem of “active centere” 01
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 the heterogeneity of practical catalysts. In the period 1925-1930,when research into such matters was most intense, the scientist had no adequate measure of the extent of surface in the preparations which he studied. Intercomparison of different preparations was therefore severely limited and restricted. Nor could the extent of active surface, presumed from the studies to be present, be estimated at all in terms of total area accessible to gas. The development of the Brunauer-Emmett technique changed this condition materially for the better. It became possible for the scientist to define rigorously the extension of a surface which his particular method of preparation of a catalyst would produce and to state his conclusions concerning a particular measurement of an active area in terms of a total avail,able area. The techniques were at hand to define a percentage efficiency of a total specified surface. One other factor contributed to the desirability for the re-examination of the concept of active centers. The development of a distinction between van der Waals adsorption and chemisorption only occurred after the interest in heterogeneous surfaces had somewhat waned. A return to the study of heterogeneity of surfaces in the postwar years could be assisted by the sharper differentiation between the two types of adsorption that resulted from the development of the concept of and criteria for chemisorption. As an illustration of the possibilities inherent in such studies record will be made of a group of researches now under way in the Princeton laboratories in which both measurement of surface areas and differentiation between van der Waals and chemisorption are being utilized for a restudy of the variation in the character of different catalyst preparations. Work already accomplished has permitted an evaluation of a aeries of oxide catalyst preparations such as have found use in catalytic hydrogenations, notably zinc oxide, chromium oxide, zinc-chromium oxide mixtures, and manganese-chromium oxide preparations. The methods of study are presently being employed in corresponding researches on the heterogeneity of metal catalysts, notably copper, iron, and nickel. The results already accumulated suggest that interesting generalizations and significant applications will follow. 11. HETEROGENEITY ON OXIDESURFACEB 1 . Zinc Oxide General Considerations. It was decided to re-examine the adsorption of hydrogen at various oxide surfaces. Earlier work (Taylor and coworkers, 6), in the years 193G1938, had indicated certain advantages from such choice. In many such catalyst preparations the temperature regions in which van der Waals adsorption and chemisorption of hydrogen a.
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 occur are sharply separated one from the other due to a relatively considerable energy of activation of chemisorption on such oxide surfaces. Thus, the earlier work had revealed (Taylor and Sickman, 6b) that on zinc oxide surfaces the chemisorption of hydrogen set in measurably at temperatures above 0" C. whereas in this temperature range the van der Waals adsorption of hydrogen must be negligibly small. A result, obtained in that earlier work (Taylor and Strother, 6c) provided an additional incentive for a restudy of einc oxide preparations. Zinc oxide, prepared from the oxdate, had shown in the region of chemisorption two maxima of chemisorbed gas at temperatures in the neighborhood of 80 and 218" C. With the exception of two similar maxima observed by Emmett and Harkness (7) in the chemisorption of hydrogen on iron synthetic ammonia catalysts, and labelled by them type A and type B chemisorptions, these maxima in the zinc oxide adsorptions of hydrogen were without parallel. The interpretation of two types of chemisorption of hydrogen on a catalyst surface has not, thus far, been satisfactorily formulated. It was, therefore, decided to restudy the whole problem of hydrogen adsorption on zinc oxide, ex-oxalate, securing simultaneously the pertinent Brunauer-EmmettTeller (B.E.T.) data as to total accessible surface on the preparations ennmined. 21. Technique. The method of study chosen was to meaaure a t mccessively increesing temperatures from - 195' C.(liquid nitrogen temperature) to 302" C. the extent of adsorption of hydrogen, the working pressure being maintained continuously at about 1 atmosphere pressure (Taylor and Liang, 8). In the temperature range below 0' C. the measurements revealed a steadily decreasing adsorption with increasing temperature as would be anticipated for van der Waals adsorption. Above 0" C. a phenomenon of considerable importance became evident. In thie temperature range where van der Waals adsorption ie negligible it waa found that, in passing from one operating temperature to another, higher temperature, marked desorption of gas occurred, to be followed after a measurable interval of time by a readsorption of the gas. The desorption process was relatively rapid, the readsorption was a typicd rate process of chemisorption. An example of such an observation is plotted in Fig. 1. The diagram further indicates that after the rate of adsorption, subsequent to the change of temperature from 111 to 154°C.had become negligibly slow, a return to the lower temperature, 111" C., resulted in the rapid readsorption of gas in an amount corresponding closely to that which had been desorbed when the temperature was elevated through the given inte.rval. This observation suggests immediately that, during the tempers ture rise, gas has been desorbed from a given area of the surface on which it waa held (by chemisorption, it can be shown) at the lower temperature.
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 The surface laid bare by the desorption apparently remains bare at the higher temperature, although adsorption proceeds at this higher temperature, presumably therefore on other areas of the total surface. When the
 
 a: * 6 v)
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 Fro. 1. Adsorption rate curve on raising and lowering temperature (hydrogen on ZnO I).
 
 temperature is lowered, the bare surface immediately refills with chemisorbed gaa at a rapid rate in agreement with the observation that it was rapidly desorbed when the temperature was elevated. This phenomenon of rapid desorption on raising the temperature followed by a slow readsorption on other areas was consistently observed
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 FIG.2. Adsorption isobar (hydrogen on ZnO 111). Roman numeral indicates order of run. 0 : Raising temperature A: hwering temperature
 
 6
 
 HUGH 6. TAYLOR
 
 in the case of zinc oxide chemisorption at temperatures between 56 and 218" C. This led to an examination of the behavior of the preparation as it was cooled in hydrogen at 1 atmosphere pressure from 302" C. to liquid nitrogen temperatures. An isobar for zinc oxide on raising and lowering the temperature through these ranges is shown in Fig. 2. The increments of adsorption on lowering the temperature through a given interval roughly paralleled the rapid desorptions that occurred as the temperature was raised through the same interval. That the adsorptions involved were actually due to chemisorption was indicated by measurements of nitrogen adsorption on the zinc oxide surfaces studied. These measurements showed that already a t 56' C. the van der Waals adsorption of nitrogen was too small to measure on zinc oxidc surfaces with surface areas by the BET method in theneighborhood of 5-25 sq. meters/g. The van der Waals adsorption of hydrogen would be still smaller and lower by one or more orders of magnitude than the quantities of gas involved in the desorption and readsorption processes.*
 
 3. Other Oxides These observations, when extended to other oxides or mixtures of oxides, gave in part confirmatory data and, in one case, that of manganesechromium oxide, data which significantly differed from those obtained with zinc oxide. Thus, with chromium oxide gel with a surface area of 189.5 sq. meters/g. the quantities of gas involved in the desorption-readsorption phenomena between 56 and 302" C. amounted to 9 cc. or nearly 5% of the total surface. With a zinc chromium oxide of 21 sq. meterdg. the aren involved in desorption-readsorption phenomena was 13% of the total surface between 0 and 302" C. With manganese-chromium oxide, on the other hand, no readsorption of gas was observed when the sample was cooled in hydrogen from 218 to 0" C. 3. Interpretation o j the Data A schematic representation of these several conditions can be seen from Fig. 3. If the continuous lines A B and CD represent true equilibrium isobars for van der Wads and chemisorption respectively, it is obvious that, on raising and lowering the temperature in the CD region the same experimental values will be obtained. If the dotted line BC represents values obtained while the temperature is being raised it is obvious that these are below the true equilibrium values because the latter cannot be reached in practicable times of observation since the velocity is too low. If the
 
 * Thls ariaes from the identity of the van der Waala forces between gee molecules and the van der Waals forces between gas molecules and EUl'faCCE resulting in stronger edsorptione of the more easily liquefiable gas.
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 surface were so uniform or the hydrogen held so strongly that no desorption had occurred in the ascending portion BC the adsorption data which would be obtained on cooling below the point C would be hmkontal until the van der Waals adsorption set in again. This is indicated by the horizontal section CE and the ascending section EF. This is the case to which mane
 
 TEMPERATUAE,'K
 
 FIG.3. Schematic representation of chemisorption on lowering temperature with uniform and heterogeneoussurface.
 
 ganous-chromium oxide conforms, for the probable reason that the chemisorption of hydrogen by this surface is strong with a heat of adsorption of ca. 20 kcal./mole and an activation energy of 10 kcal./mole (Taylor and Williamson, 6a). The rate of desorption with an activation energy of -30 kcal./mole would be small in the ascending section BC of the curve. When, however, desorption does occur in the ascending portion of the curve BC, there should, on cooling down from C,no longer be a horizontal section C E but continuously increasing values of the adsorption CG, measuring, in excess of the values over the horizontal section, the quantity of gas which was desorbed during the measurements made in passing upwards in temperature from B to C. It is this behavior which is shown by zinc oxide, chromium oxide gel, and zinc-chromium oxide. This aspect of heterogeneity of surface which the desorption-readsorption phenomena reveal is worthy of a more detailed analysis. Consider, for example, a hypothetical adsorbent, having two distinct adsorbent areaa A and B, characterized by two distinct activation energies EA and E B , and two characteristic heats of adsorption XA and XB. It is possible to conceive two temperatures TI and Tz such that, a t the lower temperature
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 TIonly the area A will be filled while I3 remains sensibly bare, whereas at the higher temperature T2the area A will be bare and area B w illbe sensibly covered. These two possibilities are illustrated in Fig. 4. The requisite
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 Fxa. 4. Hypothetical adsorbent with two areas of different characterktics.
 
 conditions are the following. If, at TI,the magnitude of the activation energy EA is sufficiently low and XA sufficiently high the area A will be progressively covered with time. The condition for B to remain sensibly bare is that E B be sufficiently large so that negligible chemisorption occurs due to the smallness of the Boltzmann factor e - E B ’ R T L in the equation for the velocity of chemisorption. For the reversal of this condition at temperature Ta the necessary conditions are, (1) that the magnitude of ( E A + X A ) , the energy of desorption from area A , shall be low enough to permit rapid evaporation from this area, and (2) that EB shall be of such a magnitude that chemisorption shall occur with measurable velocity, and ( E B + XB) be sufficiently large that the surface shall be progressively covered. Given such conditions it would obviously be possible to select a working pressure P such that at TI the fraction B of a given surface covered will approach 0 ~ = 1while 0,-0; at T2,OA-Oand 0, approaches unity. Furthermore, at such a pressure P , the composite adsorbent A.13 saturated on the area A at TIwould, on changing the temperature to T,,suffer desorption of gas from area A and adsorption eventually would reach saturation on B. If the desorption process were more rapid than the readsorption process the observer would record, on raising the temperature, first an evolution of gas and then a readsorption. It is this phenomenon which is characteristic of the result already outlined with oxides and with some metals as next to be recorded. It should be emphasized that with all actual adsorbents the conditions will never be as simple as those discussed in the hypothetical adsorbent. The more complex surfaces will show a more complex pattern of behavior, actually an integration of both desorptions and adsorptions, each with its own characteristic velocity on a particular surface.
 
 Activdion Energy of Chemisorption on Heterogeneous Surfaces. A further consequence of a heterogeneity of surface such as is indicated in
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 Fig. 4 has also been pointed out by Taylor and Liang (8a). Measurement of the velocity of adsorption of a given gas on a clean surface AB at temperature TIwould record the amount of gas adsorbed with time on area A only. At temperature Ta the measurement would record the rate of adsorption on area B. The two velocities would actually have no relation to each other. They should not be used to determine activation energies by means of the equation
 
 where ul and uz are the measured velocities at the two temperatures. Because the processes at each temperature occur on different areas they actually have no connection with each other. They cannot be used for determining the activation energy of a process because they are two distinctly different processes. Conversely, if from velocity data at three or more temperatures strongly varying values for the activation energy of adsorption of a given volume of gas are obtained, the data are direct evidence of the heterogeneity here under analysis. The early data of Taylor and Strother (6c) reveal this, while the later data of Liang (8b)are much more emphatic evidence of the same condition in the case of zinc oxide.
 
 111. HETEROGENEITY ON METALSURFACES 1. Copper In Figs. 5 and 6 are reproduced data for copper catalysts which show desorption-readsorption phenomena and also the variation in a hydrogen adsorption isobar on raising and lowering the temperature. Catalyst B-I of Fig. 5 was a copper-magnesium oxide catalyst obtained by coprecipitation of the oxides and reduction of the copper to metal in hydrogen at 350" C. The adsorption of hydrogen waa qualitatively similar to that obtained by Lewis and Taylor (9). The data reveal the desorption-readsorption phenomena at 56 and 302". Catalyst B-4 was prepared from a nitric acid solution of 63 g. copper containing less than 0.0005% nickel but with the addition of C.01 mole thorium nitrate. The solution was evaporated to dryness and ignited to oxide, after which reduction was effected at 154" C. The thorium nitrate served to maintain some extension of the surface. A pure sample of copper nitrate ignited and reduced at 280" C. gave a surface area of 0.04 sq. meters/g. A pure sample reduced at 110" C. over a period of 10 days gave an aces of 0.74 sq. meters/g. With the addition of 0.01 mole thorium nitrate/mole of copper the surface, after reduction at 154" C., waa 2.86 sq. meters/g.
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 FIG.6. Hydrogen adsorption isobar on copper B-4 at 1 atmosphere. Vm-13.f3 cc. 0:Lowering temperature
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 The data illustrated in the two diagrams are evidence that the same phenomenon of desorption and readsorption is found with copper catalysts, either supported or essentially pure metal, as is found with the oxides. 2. Iron
 
 With doubly-promoted iron synthetic ammonia catalysts the same type of observations are repeated. Data on desorption and readsorption are shown in Fig. 7, while in Fig. 8 are the values obtained on raising and lowering the temperature. It will be noted that the latter curves do not show the double maxima at -78 and 110" C. earlier found by Brunauer and Emmett (10) and examined by them in detail as types A and B adsorption. A T 0 53.3
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 FIQ.7. Isobaric hydrogen adsorption on iron CF 413-9at 1 atmosphere. 0:Raising temperature
 
 A: Lowering temperature
 
 The present curve does not show the maximum found by the previous authors at -78°C. Private communication from Dr. Paul Emmett indicates that the possible explanation for this is that the reduction procedure here employed may have failed to reduce the iron in those areas where the low temperature chemisorption of hydrogen occurs. According to Emmett these areas are only uncovered by reduction at around 500" C. in a rapid stream of hydrogen freed from oxygen and well dried before passing into the reduction zone. The data in Fig. 7 do, however, shorn that from room temperature upwards there is alwa- s evidence of desorption on raising the temperature followed by readsovtion, and the
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 data shown in Fig. 8 for lowering temperature serve to confirm these observations. The iron catalyst used was a technical synthetic ammonia catalyst containing only 1-2% of the potash-alumina promoter.
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 In Fig. 9 are shown comparable data with a small sample of the Fixed Nitrogen Laboratory Catalyst No. 931. Here there is some evidence of a maximum around -78" C. The curve for lowering temperature is evidence for the phenomenon of desorption-readsorption.
 
 3. Nickel The most extensive experiments on the behavior of nickel catalysts have been carried out by Mr. H. Sadelc. The results will appear in his forthcoming dissertation and later in the scientific journals. The results may here be summarized. Since the researches of Benton and White (11) it has been well known that chemisorption occurs on technical nickel catalysts a t temperatures only slightly above liquid air temperatures. On nickel films of the type produced by Beeck (4a) it is well known that even at liquid air temperatures the hydrogen adsorption observed is chemisorption. For these reasons Sadek has made a particular study of the adsorption of hydrogen on a variety of nickel catalysts prepared by usual technical catalyst techniques and has examined them in particular detail in the temperature range from -195 (liquid nitrogen) to -78" C. (COa point). He has found that adsorption studies can be carried out at the melting points of methylcyclohexane and toluene, i.e., a t -126 and -95" C., where the rates of chemisorption are especially interesting with some of the nickel preparations studied. a. Nickel Kiesdguhr. In Fig. 10 are shown measurements made on a nickel-kieselguhr catalyst (15% Ni) from a large batch prepared for us many years ago by the E. I. du Pont de Nemours Company and which has been used in many earlier Princeton studies of the catalytic activity of nickel, notably by Morikawa (12) and more recently by Kemball (13). The sample employed in the present studies was reduced at temperatures up to 400" C. and examined in the temperature range -195 to 302" C. The sample used for the work shown in Fig. 10 had a surface area measured with nitrogen equal to a monolayer of 50 cc., i.e., 85.5 sq. meters/g. on the 2.55-g. sample. Figure 10 shows the isobars obtained starting with a clean surface a t the several temperatures of - 126, -95, and -78" C. and separate isobars representing the data obtained 10, 60, 120, and 250 minutes after hydrogen a t 1 atmosphere pressure was introduced to the evacuated sample. It will be noted from the 10-minute isobar that already at - 126" C. the van der Waals adsorption of hydrogen is low. Actually it must be less than the value after 10 minutes if any chemisorption has occurred. The van der Waals adsorption of hydrogen must be still lower than the - 126" C. value a t the higher temperatures of -95 and -78" C. Nevertheless the 10-
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 minute readings at these temperatures are much higher than at - 126" C., which indicates that at these temperatures chemisorption haa occurred more rapidly than at - 1 2 6 O C. Chemisorption is occurring in these temperature intervals at measurable rates and this is illustrated by the rate
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 FIG.10. H2 Adsorption isobnr of nickel kicselguhr (DuPont). Vm=50 cc.
 
 data in Fig, 11. These rate data are in every way similar to those obtained with zinc oxide and other oxides in the temperature regions of 56 to 302" C. They are measurable at - 126 to -78" C. because the activation energy is lower; but, nevertheless, an activation energy is required and determines the rate process. Especial attention should be directed to the lower of the two isobars represented by the full lines drawn through the experimental points from - 195 to 302' C. This was obtained by making first a measurement at liquid nitrogen (- 195" C.) and, when saturation was apparently reached, changing the temperature successively to -126, -95, -78, 0, and so on until the temperature of 302' C. was reached. "his curve is analogous to those in the preceding cases of the oxides and metals designated as points on "raising" the temperature. The upper curve represents the data obtained on lowering the temperature. It will readily be seen that between 0 and 302" C. the true equilibrium isobar is approximately reached. Below 0" C., howel-er, the equilibrium isobar is not attained by the technique of
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 "raising" the temperature while maintaining constant atmospheric pressure. It is interesting to observe parenthetically that, for example, at -126" C. the volume of hydrogen adsorbed on a clean surface even after
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 FIG.11. Rate o f adsorption of Hz on clean surface of n i c k e l k i e s e l g u h r (Du Pont). V, =50 cc.
 
 250 minutes (and even after 400 minutes as the rate curve of Fig. 11 shows) is markedly lower than the value obtained after only 150 minutes when the system is brought up to - 126"C. from liquid nitrogen temperatures. This is not an isolated example. There are numerous similar data in other surfaces studied. The nickel-kieselguhr surface is covered with hydrogen to an extent equalling nearly one-half a monolayer of nitrogen at liquid nitrogen temperatures. The high value recorded at -126" C. on raising the temperature compared with that obtained after 250 minutes on a clean surface at -126" C. suggests that, during the interval of time as the temperature is rising from - 195 to - 126' C., much of the van der Waals adsorbed hydrogen is converted to chemisorbed gas and held by the surface in this manner. As already observed, the extent of van der Waals adsorbed hydrogen at - 126" C. cannot exceed that recorded after 10 minutes on a clean surface. These observations are indicative of the truth of an assumption frequently made in the Princeton work that the process of chemisorption involves an activation energy effect on a surface-van der Waals adsorption complex. Actually, in 1932 it was pointed out (Taylor, 14) that on any
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 reasonable assumption concerning the extent of zinc oxide surfaces, with activation energies of the magnitudes observed (10-15 kcal.) the velocities of chemisorption were entircly too low to be explained on the assumption that the rate of adsorption was determined by the number of gas molecules striking the surface per unit of time and having the required activation energy in the form of kinetic energy. The present data support an assumption of an activation of a surface-van der Waals adsorption complex. b. Sintered Nickel-Kieselguhr. Returning to the problem of heterogeneity in such nickel surfaces it is calculable from the rate data in Fig. 11 as well as from a comparison of the curves obtained by raising and lowering the temperature in Fig. 10 that, within the temperature range -126 to 0’ C., the principal heterogeneity of the nickel surface is observed. This is confirmed by the measurements recorded in Fig. 12 for the same nickel-
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 FIG.12. Adsorption isotmr of TI, on “sintered” nickel kieselguhr (Du Pont).
 
 vm=33.77 cc.
 
 kieselguhr catalyst after it had been “sintered” by heat treatment for 24 hours at 500” C. This sintering resulted in a loss of surface areaindicated by the new nitrogen monolayer value of 33.77 cc., a decrease of 33% in the available surface. In Fig. 12, the van der Waals adsorption of hydrogen has decreased below that in Fig. 10 by a similar amount. At -126” C.,
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 on the "rising temperature curve," the minimum of adsorption observed a t - 126" C. amounts t o some 20% of that obtained a t the same temperature on the unsintered catalyst by the rising temperature technique. This means that the chemisorption requiring only low activation energies has been suppressed by the sintering operation. There is a notable decrease in the low activation energy areas. The divergence between the "rising temperature curve" and the lowering temperature curve sets in, not a t about 0" C. as with the unsintered sample but somewhere between 0 and 110°C. Figs. 10 and 12 effectively illustrate a redistribution of the heterogeneity of the surface brought about by the process of sintering by heat treatment.
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 Nickel-?% Thoria. Changes in the distribution of heterogeneity on nickel surfaces can also be secured by differing techniques of preparation. Two examples in illustration of this may be cited from among a number of such cases which wilI be detailed in the chemical journals. A preparation of nickel containing 2% thoria ae promoter, obtained by evaporation of the nitrate solution calcination to oxide and reduction in hydrogen, was more active for chemisorption of hydrogen in the low temperature range than was the nickel-kieselguhr unsintered preparation already discussed. The rate data shown in Fig. 13 show a more rapid rate of chemisorption of hydrogen a t - 126" C. than in the case of nickel-kieselguhr. At -95" C., the rate of c.
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 chemisorp,tion is so rapid that saturation is reached within 40 minutes of the start of the determinations, in contrast to the data at this temperature shown in Figs. 10 and 11. The contrast in disposition of the rate curves at the temperatures -126, -95, and -78" C. in Figs. 11 and 13 is definite evidence of the different distributions of heterogeneity in the two nickel surfaces. With the nickel-thoria catalyst there is definite evidence also that at 0" C. new areas are opened up to chemisorption of hydrogen not available at the lower temperatures. d . NickeUlhromia. In marked contrast to the three preceding examples of nickel catalyst is the example of a nickel-chromia catalyst containing 80% nickel and 20y0 chromium oxide. This catalyst, which has been found to have desirable hydrogenation characteristics and some measure of technical application, is entirely different in adsorption characteristics from the preceding examples. The curves in Fig. 14 suggest at
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 FIG.14. €I, Adsorption isobar on Ni-CrzO,.
 
 Vm-3G.38 cc.
 
 first that this catalyst exhibits chemisorption of hydrogen only in the temperature range above 0" C. It is more like a chromium oxide gel catalyst than the nickel catalysts already considered. It reveals, in the form of the curve obtained on lowering the temperature from 302 t o 0" C., that extensive desorption-readsorption occurs in this temperature range when the system is subjected to the technique of raising the temperature. The irregular form of the rising-temperature curve is further evidence of this. The large quantities of gas adsorbed a t liquid nitrogen and dry ice
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 temperatures in terms of the nitrogen monolayer suggest, however, that some of this adsorbed gas is chemisorbed and at a rapid rate. There appear to be in this catalyst at Ieast two main temperature ranges where hydrogen is chemisorbed, below -78" C. and above 0" C., a definite index of wide variations in activity of the catalyst for chemisorption.
 
 IV. EVIDENCE FROM
 
 THE
 
 EARLIER LITERATURE
 
 1. Nickel
 
 Two sharply differentiated types of active center for chemisorption of hydrogen on nickel were revealed by calorimetric and desorption studies conducted by Eucken and Hunsmann (15). The differentiation between van der Waals and chemisorption by means of calorimetric data was made convincing by calorimetric measurement of the heat of adsorption a t temperatures from 20 to 195" K. At 20" K. physical adsorption only was observed with a mean heat of adsorption of 800 calories/mole. At 55" K. the adsorption was, in part, chemisorption since the observed heat of adsorption was somewhat less than 5 kcd./mole. At the three temperatures 90, 195 and 273" K. where the first quantities of gas were adsorbed with approximately the same heats of adsorption, in the neighborhood of 20 kcal./mole the gas appears to be completely chemisorbed. The catalyst wm prepared by ignition of the nitrate to oxide and was carefully reduced in hydrogen at 300" C. for 4 days. It would appear to be more active for chemisorption than the preparations discussed in the preceding sections judged by the low temperature, 55"K., at which chemisorption was calorimetrically evident. On the other hand, the authors' statement that a 50-g. ming of nickel in the calorimeter absorbed only 40 cc. hydrogen at 0" C. would be indicative of a low adsorption capacity in terms of the preceding data where adsorption at 0' C. and 1 atmosphere pressure attained, in the case of nickel-kieselguhr, 19.6 cc./g., and with the n i~k el-2 7thoria ~ reached 1.4 cc./g. The desorption technique devised by Eucken and Hunsmann consisted in saturating the nickel preparation with a quantity of hydrogen, rapidly pumping off the dead space and easily desorbable gas at temperature, and then heating the preparation for 1-5 hours up to 600" K. with continuous evacuation, At regular intervals the temperature and hydrogen pressure over the nickel were observed and recorded. The data show that with adsorption a t 195 and 273°K. there are two stages of desorption, one practically complete at 273" K., the other first measurable at 473" K. The first stage involved 14% of the gas, the remainder being desorbed at the higher temperature. The gas adsorbed at 20" K. could be desorbed completely at slightly higher temperatures than 20" K. Also with adsorption
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 (d) The ratio of partition functions of the chemisorbed atom and the transition complex (Hi) is unity. The method waa to calculate the concentration of molecules in the van der W d s ’ layer by statistical mechanics, and to formulate the rate of exchange by activated complex theory (52). The results for the “temperature-independent” factor B,in k = B . e-E’RT, for a catalyst area of 1cmSg, a reaction volume of 300 cc., and a hydrogen pressure of 20 mm. mercury, are shown in Table 11. TABLE I1 Rate of the Parahydrogen Conversion (ado.)
 
 B mh-1 (exPt.1
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 Much lower values of 13 are found for pyrex glase, which are reasonably explained on the idea of a few sparsely scattered centers of activity. Much higher values of B may be shown to arise for a surface of sites of graded activation energy. Such high values of B are associated with anomalously high values of the activation energy, a case in point being the earliest result of Bonhoaffer and Farkas (74) for a plabinum wire. The detailed mechanism of the interaction between molecular and atomic hydrogen is still an open question. E. K. Rideal (1) haa suggested an elegant mechanism, which makes use of an assumed 8% empty sites in the chemisorbed layer. A hydrogen molecule held over a gap is supposed to undergo a valency switch, the new W-H formed helping to overcome reaction inertia and give a low activation energy. I
 
 H \
 
 H H
 
 D
 
 D
 
 /
 
 D
 
 H
 
 ‘ 3 3
 
 W
 
 This mechanism would lead to a mobility of gaps, which, as two gaps came together, would be med up by adsorbing a molecule and thus the reaction would self-poison. On tungsten, however, we might expect the ratio, conversion rate to poisoning rate, to be of the order of 10,OOOand only detectable in specially planned experiments (73). A poisoning action of hydrogen has been described for iron (75) and charcoal (76), but it is not clear how far the conversions observed involved the paramagnetic mechan-
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 ism. The mechanism may be tested by filling the gaps with carbon monoxide or hydrogen atoms, which, on this view, should poison the conversion. The general position regarding the reactivity of a chemisorbed hydrogen atom is quite striking. These atoms, in spite of their strong bond to the tungsten surface, are as reactive a t 77" K. as free gaseous atoms at 900" I0Q
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 isomerization it was necessary to add various compounds which are ordinarily present as impurities in the commercial butane isomerization. The addition of 0.01% butenes to n-butane was sufficient to cause isomerization in the presence of aluminum chloride-hydrogen chloride a t 100'. In the absence of o l e h s aluminum halide-hydrogen haIide did not cause the isomerization of n-butane, unless the experimental conditions were conducive to the formation of decomposition products. This was accomplished either by raising the temperature of reaction or by increasing the
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 concentration of hydrogen halide. The data obtained by these authors were not in agreement with the experimental results described previously (Leighton and Heldman, 5 ) in which the butane probably was not purified sufficiently to remove components which might have acted as initiators for the isomerization. (1) Aluminum bromide-hydrogen bromide. The effect of olefins upon the isomerization of n-bu tane catalyzed by aliiminnm bromide-hydrogen bromide is summarized in Table 111. TABLE I11 Eflect of Olejins upon the Zsomerimlion of n-Butane Catalyzed by Aluminum Bromide-Hgdrogoi Bromide ~ _ - ~ _ _. _ _ . _ _ _ _ .... _ __ _ __ _ ~ ~ ~ . - _ _ _ _ _ _ ~ _ _ ~ ~
 
 ~
 
 ~
 
 ~
 
 ~
 
 ~
 
 Experiment No. 1 2 3 4 Mole % butencs in n-biitrini? n 0.03 0.08 0.58 65.6 Isobutane produced, % 0.2 2.1 19.3 . .- ~.._____ ____ _ ~ _ _ _ Temperature of isonicrization: 25 =+=O.lo C. Duration of each experiment: 15 hours. Molal ratio of reagents used: ~ i - b i i t ~ n c~ ~ n l u m inum bromidefhydrogcn bromide= 100/9.3/2.3.
 
 c -
 
 ~
 
 The table s h o w that the addition of 3 parts butenes per 10,000 parts n-butane is sufficient to start the isomerization, while in the presence of 5.8 parts olefins per lo00 parts n-butane the yield of isobutane formed was very large. (2) Aluminum chloride-hydrogen chloride. Table IV represents the TABLE IV Efect of Olefina upon the Isomerizalion of n-Butane Catalyzed by Aluminum Chloride-Hydrogen Chloride ~.
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 The molal equivalents of reagents used in each experiment: n-butane, 100 moles; aluminum chloride, 5.9 moles; hydrogen chloride, 3.1 molcs. The experiments were made by heating the reagents in sealed tubes for 12 hours fit 100".
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 results obtained from the study of the effect of olefins upon the isomerization of n-butane catalyzed by aluminum chloride-hydrogen chloride. The reaction was carried out by heating n-butane, aluminum chloride, and hydrogen chloride in a sealed tube at 100" for 12 hours; the respective molal concentration of these reagents was 100/5.9/3.1. The concentration of butenes based on the charged butane varied from 0 to 2.6 mole %. It was found (Pines and Wackher, 7) that aluminum chloride-hydrogen chloride did not cause the isomerisation of n-butane to isobutane at 100". The presence however of 1 part butenes per 10,000 parts n-butane was sufficient to cause the isomerization. When the concentration of butenes was increased to 2.5% side reactions occurred, as evidenced by the formation of higher hydrocarbons and a small amount of a viscous dark layer; the latter was produced by a complex formation between the catalyst and unsaturated hydrocarbons. (a) Effect of temperature. The isomeriaation of n-butane proceeded also in the absence of added olefins when the temperature of the reaction washigh enough. This was probably due to the fact that at higher temperatures aluminum chloride-hydrogenchlorideacted also as a cracking catalyst, causing a partial decomposition of n-butane. The product of decomposition served as a promoter for the isomerization of n-butane to isobutane. The degree of isomerization, however, was greater when olefins were added. The experimental data are given in Table V. TABLE V The Effect of Temperature upon the Isonierization of n-Butane Catalyzed hg Aluminum Chloride-Hydrogen Chloride _-_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __I_._____-~ ____-Experimmt No. 1 2 3 4 Temp., "C. 100 125 160 100 Reagents used: moles per 100 moles n-butane Aluminum chloride 8.91 9.26 9.50 9.21 Hydrogen chloride 6.87 3.24 3.19 6.86 Butencs ... . 0.09 A I ~ Y W Smolc , % Propane ... 0 3.3 0 0.1 16.3 62.4 16.9 Isobutrtne n-Butane 99.8 83.1 31.8 82.8 0.1 0.6 2.8 0.3 Pentancs
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 (b) Effect of hydrogen chloride. The isomerization of n-butane proceeded also in the absence of d d e d olefins when the hydrogen chloride
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 concentration waO increased from about 6 t o 18 mole %, as shown in experiments 1 and 2 of Table VI. At more elevated temperatures, such as 150°, the concentration of hydrogen chloride had a pronounced effect upon the course of reaction of n-butane. In the presence of 3 mole % of hydrogen chloride, isomerization was the principal reaction, while in the presence of 7y0 hydrogen chloride, cracking occurred predominantly. TABLE VI Effect of Hydrogen Chloride Cmcenhatwn upon the Isonrerization of n-Butane _ _ ~ _ _ _ _ _ . _
 
 Experiment No. 1 Temp., "C. 100 Reagents used: moles per 100 molcs of butme: 8.91 Aluminum chloride Hydrogen chloride 5.87 Analyses, mole % Propane Isobutarie 0.1 n-Butane 99.9 Pentanes arid higher 0.1 HC1 recovered, mole % 98 -
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 c. Efect of Oxygen. Since air is one of the constituents which might be present as an impurity during the isomeriaation of butanes, the effect of small amounts of oxygen upon the course of isomerisation was investigated (Pines and Wackher, 8). The catalyst used for this reaction wm either aluminum chloride or aluminum bromide. The former, only slightly soluble in the hydrocarbons, was deposited on charcoal in some experiments in order to increase the active surface of the catalyst. (1) Aluminum bromide. When aluminum bromide was used as a catalyst in the absence of air, n-butane did not isomeriae even when the solution was exposed to sunlight for 8 hours and then allowed to stand in the dark for an additional 500 hours. The isomerisation proceeded, however, when 0.06 mole air per 100 moles n-butane was added and the mixture was kept in the dark for 192 hours; the yield of isobutane produced was 7.5a/,. Nitrogen alone did not cause the isomerization under similar conditions. The degree of isomerisation is a function of the amount of oxygen added and of the length of time the material is exposed to sunlight. After 31 hours of exposure and in the presence of 0.055 mole oxygen, as air, per 100 moles butane, 63.6% isobutane was formed. Sunlight had a beneficial effect upon the rate of isomerisation. The experimental results are summarized in Table VII.
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 A quantitative study was made of the products resulting from the reaction of air with aluminum bromide dissolved in *butane in mold proportions: CIHlo/AIBrs/O1= 100/9.5/0.30. It was found that all of the oxygen entered the reaction; the gases which were pumped off, to mm. of mercury at liquid nitrogen temperature, consisted of 95% nitrogen and TABLE VII E#ed of Ozyyen uporb the Zeomerieation of n-Butane in the Presence of Aluminum Bromide at 86' - ~ .
 
 __
 
 Experiment No. 1 2 3 Duration of reaction, hrs. In dark 500 215 192 In ~iinliglit 8 ... ... Heagtmts used: molcs prr 100 molts dmtciiic Aluminum bromide 10.0 12.7 11.0 Oxygen 0 0.226a 0.06h Analysrs, mole % Isobutanc! 0 8.7 7.5 n-But aiir 99.6 90.7 91.8 ~-. ..
 
 .~ ...
 
 4
 
 5
 
 6
 
 7
 
 22 2
 
 17 4
 
 139 8
 
 102
 
 11.8 0.157
 
 11.0 0.06b
 
 11.1 0.044*
 
 9.44 0.055b
 
 15.7
 
 0.5 90.1
 
 29.7 59.0
 
 63.6 35.0
 
 84.3
 
 31
 
 Equal volunies of oxygen and air werc introdwed. Air wna used.
 
 6% paraffinic hydrocarboIis. The condensable gases consisted of 63.6% isobiitane and 1.4% pentanes, the remainder being n-butane. Hydrogen bromide was recovered from the reaction, equivalent to 1.25 moles per mole of oxygen reacted. Part of the catalyst combined with hydrocarbons to form a complex which, after being freed of uncombined aluminum bromide, yielded unsaturated hydrocarbons on hydrolysis. The atomic rat,io of bromine to aluminum in the complex was equal to 2.5. The effect of oxygen upon the isomerixation of n-butane in the presence of aluminum bromide was also studied in a l-gallon glass lined steel bomb (Oblad and Gorin, 9). It was found that oxygen is an effective promoter in this type of apparatus also. It was noticed too that oxygen was used up during the reaction. This was in agreement with similar results recorded by others (Pines and Wackher, 8). The isomerixation followed a first order reaction with respect to n-butane concentration; the reaction rate at a given temperature was largely dependent on aluminum bromide concentration, oxygen concentration, and amount of surface. The rate of oxygen consumption was related to initial oxygen concentration, type of surface present, surface to volume ratio, and aluminum bromide concentration. The aluminum bromide consumption appeared to be related to oxygen consumption.
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 It w a also ~ shown that bromine can be substituted for oxygen as a promoter (Oblad and Gorin, 9). (2) Aluminum chloride. Isomerization did not take place when n-butane was treated with aluminum chloride-charcoal catalyst alone. However, in the presence of a quantity of air such that the concentration of oxygen was approximately 0.01-0.02 moles oxygen per 100 moles n-butane introduced, isomerization t o isobutane t,ook place. The experimental data are given in Table VIII. TABLE VIII
 
 ‘
 
 EJect of Oxygen upon the Zsomerizatiun of n-Butane Using Aluminum Chloride as a Catalyst d g6’ Experiment No. Duration of reaction, hrs. In dark In eunlight Agitation Reagents used: moles per 100 moles n-butane Aluminum chloride,” Oxygen (as air) Analyses, mole % Isobutane +Butane Pentanes and higher
 
 1
 
 2
 
 3
 
 121 0
 
 141 0
 
 0 16
 
 Yes
 
 YeS
 
 No
 
 16.07 0.0168
 
 17.40 0.0196
 
 17.05 0.0112
 
 29.9 70.1 0
 
 38.6 59.0 2.1
 
 7.2 91.3 2.1
 
 The reaction tubea contained 123 parta by weight of activated coconut charcoal, 10-12 meah, per 100
 
 parta of aluminum chloride.
 
 d. E$ect of Water. The fact that water promotes the isomerization of saturated hydrocarbons when either aluminum chloride or aluminum bromide is used as a catalyst, has been recognized (Nenitzescu and Cantuniari, 10). Avacuum technique was employed in the study of the effect of water upon the isomerization of n-butane (Wackher and Pines, 11). Two methods were used for this study: (a) Aluminum bromide or aluminum chloride was treated with various amounts of water, the mixture was heated, and any liberated hydrogen bromide or hydrogen chloride was pumped off. The resulting product, freed of noncombined hydrogen halide, WM then used aa a catalyst for isomerization of n-butane. (b) Aluminurn halide, n-butane, and water were mixed. (1) Aluminum bromide. It was found that the amount of hydrogen bromide liberated from the action of water upon aluminum bromide depended upon the molal ratio of water to aluminum bromide used. With the increase of the ratio of the water to aluminum bromide, the amount of hydrogen bromide liberated decreased. The maximum, 1.25 moles hydro-
 
 TABLE IX Reaction of Aluminum Bromide u 4 h Water, and Zsomerization of n-Btctane in the Presence of the Resulting Reaclioli Produd
 
 Experiment No.
 
 Charge -4luminum bromide, moles Water, moles Moles H20/mole AIBrl RBr generated: moIes/moie AIBr3reacted Unreacted aluminum bromide, moles Unreacted water, moles
 
 A 1 70 0.75
 
 2 18 1.25
 
 3 24 1.50
 
 45 1.25
 
 0.00849 0.01026 0.00856 0.02060 1.01 2.01 I .2.5 1.06 0.00103 0.00071 0 0
 
 0.01027 0.03073 2.99 0.85 0 0
 
 0.01 33 0.0532 4.01 0.69 0 0
 
 4
 
 5 20 1.50
 
 6 112 0.50
 
 0.0121 0.0727 6.00 0.01 7 0
 
 0.01170 0.04672 3.99 0.67 0 0
 
 0.00078
 
 7 47 0.50 0.01177 0.07040 6.00 0.017 0
 
 0.m1
 
 2 5
 
 z
 
 B
 
 ra
 
 B Isomerization of n-butane in the presence of t h e catalyst described in A Reaction time, hrs. ' 20 20 Reaction temp., "C. 25.0 25.0 %Butane charged, moles 0.0935 0.1108 HBr generated, moles/mole AIBrl reacted in A 0.01 0.03 Analysis of hydrocarbon product, mole % Isobutane 18.7 30.9 n-Butane 81.3 69.0 Pentanes and higher 0 0.1
 
 m
 
 0.04
 
 20 25.0 0.1428 0.01
 
 20 25.0 0.1308 0
 
 15 80 0.1256 0.23
 
 12 80 0.1266 0
 
 16.6 82.6 0.8
 
 2.7 96.0 1.3
 
 0.0 99.0 0.1
 
 62.8 35.4 1.8
 
 0 100 0
 
 20 25.0 0.1105
 
 21 1
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 gen bromide produced per mole aluminum bromide reacted, was formed when the molal ratio of aluminum bromide to water was 1. When the water-aluminum bromide ratio was 2, 3, and 4, the respective amounts of hydrogen bromide produced were 1.1, 0.8,and 0.7 (Table IX, A). By using 6 moles water per mole aluminum bromide aluminum bromide hexahydrate was formed, and therefore no hydrogen bromide was evolved. The complex resulting from the action of water on aluminum bromide, freed from any noncombined hydrogen bromide, was used as a catalyst for the isomerization of n-butane. It was found that b y contacting nbutane at 25" for 20 hours with the catalysts, isomerization occurred when the molal ratio of water-aluminum bromide was 1, 2, or 3 (Table IX, B). When the ratio was 4, slight isomerization occurred a t 25") but appreciably more occurred at 80". With a ratio of 6, no isomerization occurred. No appreciable evolution of hydrogen bromide was noticed in these experiments. The results obtained demonstrate that the isomerizing catalyst formed by the action of water on aluminum bromide is not equivalent t o an aluminum bromide catalyst, inasmuch as the latter requires hydrogen bromide and traces of olefins to cause the isomerization of n-butane. The effect of water upon the isomerization of n-butane that contains aluminum bromide also has been studied. These experiments are not comparable with those described above, as the hydrogen bromide formed was not removed from the reaction zone. It waa found that aluminum bromide promoted by water, in spite of the free hydrogen bromide present, is a less active catalyst (Table X) than the corresponding catalyst described TABLE X Isomerizatim of n-Butane in the Presence of Aluminum Bromide and Water Experiment No. Duration of reaction, hrs. Temp., "C. Charge, moles per 100 molesn-butane: Aluminum bromide Water Moles HlO/mole AIBrl Hydrogen bromide generated per mole AIBrs Analysis of hydrocarbons, mole % Isobutane n-Butane Pentanes and higher
 
 1
 
 2 20 25
 
 3 20 25 9.3 56.0
 
 0.49
 
 9.3 27.9 3 0.48
 
 13.2 86.6 0.2
 
 11.8 87.1 1.1
 
 20 25 9.3 9.3
 
 1
 
 6 0.025
 
 1.0 98.0 1.o
 
 in Table IX. In this case, it was again shown that the addition of 6 moles water per mole aluminum bromide had no catalytic activity upon the isomerization of n-butane.
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 (2) Aluminum chloride. The reaction of aluminum chloride with water is, to some extent, similar to the one of aluminum bromide; namely, the more water added, the less hydrogen chloride liberated. With a 1 molal ratio of water to aluminum chloride, 0.71 mole hydrogen chloride was formed; when the water-aluminum chloride ratio was increased to 2, only 0.29 mole hydrogen chloride was generated per mole aluminum chloride reacted (Table XI). The catalysts produced from the action of water on aluminum chloride were less active than those obtained from aluminum bromide and therefore the isomerization experiments were carried out at 80-100". Unlike aluminum chloride, catalysts produced by the action of water on aluminum chloride did not require the presence of olefins or hydrogen chloride to promote the isomerization of n-bu tane. TABLE XI Readwn o j Aluminum Chloride m'th Water and Zeomerizalwn of n-Butnne in fhe Presence of the ResuUing Reacfian Products
 
 -_
 
 -~
 
 ~
 
 A Experiment No.
 
 I
 
 2 117 4.5
 
 3 500 1
 
 0.0116 0.0116 1.00
 
 0.0113 0.0113 1.oo
 
 0.0115 0.0230 2.00
 
 0.0082 0.71
 
 0.0033
 
 0
 
 0.0084 0.74 0
 
 0
 
 0
 
 0
 
 1
 
 at 26" C. Duration of reaotion,hrs.: at 100" C. Charge Aluminum chloride, moles Water, moles Moles H,O/mole AlCI, Hydrogen chloride generated : Moles Moles/mole A1C18 Unreacted aluminum chloride, moles Unreacted water, moles
 
 480
 
 0.29
 
 0
 
 B IsomerBation of n-butane in the presence of the catalyats described in A 12 12 Duration of reaction, hrs. 80 100 Temp., "C. n-Butane charged, moles 0.125 0.124 H,C1generated,moles/mole AlCI, used in A 0.24 0.03 Analysh of hydrocarbon product, mole % 9.0 42.3 Isobutane 89.7 56.0 %Butane 1.3 1.7 Pentana and higher
 
 12 80 0.124 0.46 14.7 84.6 0.8 ___ -
 
 Isomerization of n-butane in the presence of aluminum chloride and. water waa also studied. The hydrocarbon and the water were added to the alumhum chloride and the reagents were heated for 12 hours at 100". The
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 amount of hydrogen chloride produced in this reaction and the percentage of butane which underwent isomerization decreased with the increase of the molal ratio of water to aluminum chloride used. These experiments conFirmed also the observation made previously, that aluminum chloride to which 6 moIes of water was added showed no cataIytic activity toward isomerization (Table XII), TABLE XI1 lsonitrtzation of n-Butane in the Presence of Aluminum Chloride and Wader ___ Experiment No. 1 2 3 4 12 12 Duration of reaction, l m . 12 12 100 100 remp., "C. 100 100 Zharge! moles per 100 mole^ n-Butmw 9.0 9.0 Aluminum chlorido 9.0 9.0 Water 36.5 54.2 9.0 27.4 1 3 4 6 Moles HlO/mole AlC& 0.12 0.46 0.22 ICl generated, moles/mole AK 'I, 0.51 halysis of hydrocarbons, mole % 11.3 0 35.1 16.8 Isobutane 87.8 100 n-Butane 63.6 81.9 Pcntanes and higher 0.9 0 1.3 1.3 .~
 
 ~
 
 ~
 
 ....
 
 .. __
 
 ...
 
 _ _ _ I _
 
 3. Equilibrium Study of Butanes a. Calculation of Equilibrium Concentrations. The isomerization of mtanes and higher paraffin hydrocarbons is a reversible reaction. The ?quilibrium of isomerisstion of the butanes, pentanes, hexanes, and hepLanes was calculated from the heat of isomerization at O'K., A H g O , for the iormal paraffin to the branched-chain isomer-and from the values of the 'ree energy function ( F o - H o o ) / T , for each isomer (Rossini, Prosen, and Pitzer, 12). For the isomerization of the normal paraffin to the isoparaffin n-CeHb(gW) =i-csHb(gtbs)
 
 (1)
 
 IFo is the standard free energy change at a given temperature, with each :omponent in its ides1 standard state of unit fugacity, and 3u t
 
 md
 
 AP" _ ?' --RLnK
 
 rhere K is t,he equilibrium constant. Then
 
 (4)
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 For the isomerization reaction as given by eq. 1 K =fi,ffn
 
 and, for low pressures K = pi/pn
 
 where f represents the fugacity and p the partial pressure. The calculated equilibrium concentration of normal and isobutane is given in Fig. 1; the amount of the two isomers, in mole fractions, isplotted as a function of the temperature. b. Experimental Determination of Equilibrium Constant: The equilibrium constants for normal and isobutene were established by studying the isomerization of butanes from both the normal and isoparafh side (Pines, Kvetinskas, Kassel, and Ipatieff, 13). The isomerization was studied at 25,100, and 150" and under experimental conditions designed to reduce to a minimum the amount of secondary reactions. Depending upon the temperature level investigated, the experiments were carried out in sealed tubes, a stirring autoclave, or a continuous flow type apparatus. From the experimental results obtained, the concentration of isobutane in liquid and in vapor phase was calculated as a function of temperature. The results summarized in Table XI11 are in good agreement with equilibrium determination of other investigators (Moldavskii and Nizovkina, 14), (Montgomery, hlchteer, and Franke, 3), (Horne, 15). . TABLE XI11 Zsonterization of Butazre Mole % Ieobutnnc liuuid vnuor
 
 Temp,
 
 'C.
 
 20 25 30 40 50 60 70 80 90 100 110 120 130 140 150
 
 1.410 1.395 1.378 1.348 1.319 1.290 1.264 1.238 1.215 1.193 1.175 ...
 
 1.439 1.426 1.412 1.389 1.368 1.350 1.334 1.319 1.306 1.204 1.282
 
 ...
 
 ...
 
 ... . . ~~~
 
 .
 
 81.7 80.9 80.0 78.4 76.8 75.2 73.6 72.1 70.7 60.2 67.8
 
 86.3 85.5 84.7 83.0 81.3 79.6 77.9 76.2 74.5 72.9 71.2 69.6 68.0 86.5 65.0 .-
 
 _ _ . -_. -
 
 All tlhe values agree within a maximum deviation of 3% in composition
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 with values based on the equation
 
 RlnKa" = (2318/T)- 4.250,
 
 where KO" is the vapor phase equilibrium constant a t zero pressure, and T is temperature expressed in OK. \
 
 , < - o .
 
 ,
 
 TEMPERATURE "C.
 
 .9
 
 ;.e
 
 5 .7
 
 2 .6 .5 W
 
 -I .4
 
 0
 
 I .3 2 .I .O
 
 3 0 0 4 0 0 5 0 0 600700 TEMPERATURE OK.
 
 800
 
 9
 
 0
 
 0
 
 ~
 
 FIQ.1. Equilibrium concentrations of the butanes.
 
 4. Mechanism
 
 of Isomerization
 
 Various mechanisms have been suggested to explain the isomerization of butanes. a. Heldman Mechanism. This mechanism (Heldman, 16) is based primarily on the observation that (a) dry, pure aluminum bromide and aluminum chloride are not isomeristltion catalysts unless a hydrogen halide or substance capable of producing the same type of reaction with aluminum halide (e.g., water, alkyl halides, sodium halides, etc.) is present; (b) under mild conditions, isomerization is the only reaction observed with butanes. With the higher molecuIar weight paraffins, and with all paraffins a t higher temperatures, simultaneous disproportionation and "cracking" may also proceed. Heldman assumed that aluminum exhibits a coordination number greater than 4 during isomerization and considered AIX, a catalyst, which acts as both an acid and a base. He suggested that: (a) a t first there is an oriented collision of the catalyst with the paraffin. This produces a configuration in whicha hy drogen from the carbon atom [Cp,] in the butane chain is near a halogen of the catalyst and the methyl group [C,,,] is near the aluminum (Step 1, see below). (b) AIX4- acts as an acid toward the end methyl group and as a base toward the hydrogen. In this manner ti transient activated complex is formed with the methyl and hydrogen loosely attached to the catalyst. The hydrocarbon residue is restrained
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 from moving from the vicinity by the residual attraction of the :C& and H. (c) A shift then occurs of an electron pair from the middle to the new end carbon of the hydrocarbon fragment. (d) Concomitantly, the fragments rotate with respect to the catalyst, so that the latter is brought into a new position with the :CHaand H adjacent t o the middle and end carbon atoms respectively. (e) Reattachment yields isobutane as the product. According to Heldman’s mechanism, the isomerization of n-bntane proceeds as follows :
 
 X
 
 H
 
 X
 
 H C
 
 H
 
 H
 
 X
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 H
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 X XAlX
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 - C-CHI .
 
 - C-CHI H
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 X X A1 X X CHI
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 - CH - C:H H
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 b. Powell and Reid Mechanism. Tritium, the radioactive hydrogen isotope, Ha, waa utilized to determine the steps involved in the reversible isomerization of +butane to isobutane (Powell and Reid, 17). The catalyst used for this study consisted of aluminum chloride supported on alumina or charcoal. The isomerization experiments were carried out at atmospheric pressure with temperatures in the range of 107-128’. The experiments consisted in passing the following mixture of gases over the catalysts: (a) tritium hydride and butanes; (b) tritium hydride, hydrogen chloride, and butanes; (c) tritium butyl and hydrogen. It was found that exchange between hydrogen and tritium always took place, and that both 12- and isobutane contabed tritium. The degree of exchange was proportional to the degree of isomerization. The great extent of exchange with hydrogen chloride was attributed to its integral participation in the reaction where the exchange of hydrogen atoms hetsveen hntanes
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 and molecular hydrogen is owing to the vulnerability to attack by hydrogen of the butane molecule in the process of isomerization. The following steps were proposed for the isomerization of n-butane to isobutane: "1. The butane contacts the catalyst mass in such a manner that the hydrogen of the hydrogen chloride in combination with aluminum chloride (designated as Ho in the diagram) enters the bonding sphere of the carbon atoms (designated as C,) of the butane. C,
 
 Ci A1 Ci CI I10
 
 /
 
 }I
 
 11
 
 I
 
 I
 
 /
 
 IIc'--C--C-
 
 I
 
 I
 
 I1 H
 
 I
 
 /
 
 CII
 
 I 1
 
 II
 
 Ir
 
 H II
 
 (2)
 
 (1)
 
 (3) (4)
 
 2. A weakening of the bond between C1 and Ca with a partial rupture occurs because-of the presence of three hydrogen atoms and two carbon atoms about the same bonding volume of C1. 3. At this point, the AlClr exists essentially minus its hydrogen in a position intermediate between C1 and Cs. In such a position, there is a tendency to acquire a hydrogen from Csthus leaving a situation of unfilled bond position distributed between Cl and Cs so that the methyl group Cz may either become bonded with Csto form isobutane or reattach itself to C, to return to the original normal butane form.l 1 According to the authors, the exchange of tritium from hydrogen to butane probably takes place at the point represented at the beginning of step 3. The reverse reaction, isobutane to n-butane is explained by the same steps in reverse order. The formation of hydrogen aluminum tetrachloride, as assumed in step 1, does not seem plausible in view of the reported recentwork (Brown and Pearsall, 18) which indicated that this compound is nonexistent. The interaction of aluminum chloride and hydrogen chloride does presumably occur in the presence of olefins. c. Chain Mechanism. (I) Effect of olefins. The mechanism described above (Section 11, 4a and 4b) did not take into consideration the fact that under controlled conditions n-butane does not undergo isomerization in the presence of aluminum hslide-hydrogen halide catalyst unless traces of olefins or their equivalent are present (Pines and Wackher, 7). In order to explain the role of olefins in isomerization, a chain mechanism was proposed
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 (Bloch, Pines, and Schmerling, 19). This mechanism postulated that the isomeriaation of n-butane proceeds in the presence of aluminum halide and hydrogen halide by a sequence of reactions which may be expressed as follows in terms of carbonium ions.
 
 +
 
 It+ a. CH~CIT~CIT~CH~
 
 4
 
 +
 
 CII&HCH&II,
 
 + RH
 
 Reaction a serves only to initiate the chain and the reactant,.R+, need therefore be present in small amount only. The chain initiating ion, R+, may be produced in several ways. It may be formed in the presence of aluminum halide by the addition of hydrogen halide to an olefin which is present in the paraffin as an impurity, or which is added as such, or results from the cracking of the paraffin. I t may also be introduced in the form of an alkyl halide. The rearrangement of the s-butylcarbonium ion (b) finds analogy in the rearrangement of olefins in the presence of acidic substances (Whitmore, 20; Egloff, Hulla, and Komarewsky, 21). The reaction of a and c is similar to the hydrogen-halogen exchange reaction which occurs when isoparaffins are contacted with s- or t-alkyl halides in the presence of aluminum halide (Bartlett, Condon, and Schneider, 22). '
 
 TABLE XIV Ismerimtion of n-Butane in the Presence of Aluminum Bromide-Deuten'um Bromide Catalyst -
 
 .~-
 
 Experiment No. Reaction time, liw. Temp., "C. Charge, mole
 
 AIBr, DBr n-Butane Isobutanc Butenes Analyses of renctian product, molcs % DBr +HBr Iaobutane n-Butane Pentanes and highcr Per cent originally prcwnt as DBr found in butanes
 
 __
 
 2 20 25
 
 1 20
 
 25
 
 3 20 25
 
 0.01151 .01054 .1239 0 0
 
 0.01021
 
 7.9 0.0
 
 6.3 93.3
 
 9.4 36.0
 
 0.4
 
 63.0 1.o
 
 9.6
 
 92.0
 
 92.1 0.0 6.0
 
 )
 
 4 7 25
 
 0.01171 0.01031 0.1170 .01045 0 .I173 .lo80 0.1156 0 0 0 116x10-e 98x10-' .00942
 
 8.1 19.1
 
 72.4 0.4
 
 84.8
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 In order to test the validity of the postulated mechanism of isomerization, deuterium bromide-aluminum bromide instead of hydrogen bromidcaluminum bromide waa used as an isomerization catalyst (Pines and Wackher, 23). The reactions were carried out under controlled conditions using a high-vacuum technique. The experimental conditions are summarized in Table XIV. It was found that by treating either n-butane or isobutane with 10 mole % deuterium bromide-aluminum bromide catalyst for 20 hours at 25", no isomerization of the butanes occurred and only 6 and 9.5% of the deuterium exchanged with n-butane and isobutane, respectively. When, however, 0.1 mole % butenes was added to n-butane and the isomerization reaction was carried out under the same experimental conditions, over 40% of the butane isomerized to isobutane and 92% of the deuterium underwent an exchange reaction. These results indicate clearly that olefins take an active part in isomerization. The results obtained are in agreement with the proposed mechanism of isomerization. The exchange reaction occurring in the presence of aluminum bromide between deuterium of the deuterium bromide and hydrogen of butanes, when small amounts of olefins are present, can be represented by the equations: CHS-CH=XXCHI
 
 + [CHSCHDCHCHJX+
 
 + DX + CHICHDCHXCHS+ +
 
 CH&HDCHCHs F? CHSCHCHD
 
 +
 
 + HX
 
 (6)
 
 CHsCCHiD
 
 (7)
 
 CHsCD =CHCHs
 
 AH,
 
 + I
 
 CHI
 
 +
 
 CHaCCH2D CHICH2CH2CH8 CHsCHCHID AH*
 
 +
 
 + CH,CH2CHCHI
 
 (8)
 
 &HI
 
 The deuterization of n-butane can also take place by applying the eame reasoning as given above. The equations also show the possibility of the existence of more than one atom of deuterium in a molecule of butane. (2) Effect of oxygen. Two hypotheses were proposed to explain the effect of oxygen upon the isomerization of n-butane in the presence of either aluminum chloride or aluminum bromide (Pines and Wackher, 8). Both hypotheses assume the formation of hydrogen halide and alkyl halide; the latter acting as a chain starter for isomerization. Hypothesis A. Aluminum halide reacts with oxygen to yield aluminum oxyhalide and halogen. The latter reacts with the alkanes to form alkyl halides and hydrogen halide. Alxs 1/2 On Alox + X, (9) C'Hio
 
 + * + Xs 3 CHs-CH-CH-CH,
 
 I
 
 + HX
 
 (10)
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 The reaction represented in eq. (10) proceeds much faster in the presence of sunlight; the consumption of halogen causes a shift of'the equilibrium toward the right in eq. (9). The alkyl halide formed (eq. 10) acts, in the presence of catalysts, as a chain starter for the isomerization of alkanes.
 
 Hypothesis B. Alkanes arc oxidized in the presence of aluminum halide to form AlXa
 
 C,H,o
 
 + 0*-+2CdH,OH
 
 (13)
 
 The use of aluminum chloride as an oxidation catalyst was described in the literature (Friedel and Crafts, 24). The butanol formed (eq. 13) may react with aluminum halide to form butoxyaluminum dihalidc (Tsukervanik and Toltarcva, 25). C4HgOII
 
 + AlXs +CaHqOAIX, + €IX
 
 (14)
 
 Part of the butanol may also react with the hydrogen halide formed, according to the following equation: CIH90H
 
 + HX i=r Chat for u homogenous assemblage, of spherical particles o f radius R , t.hc s m J l angle scattering of w a y s of wavelength X can be fairly accurittcly given by p?!??
 
 I(Sl =C'H'/t%
 
 3-
 
 (2)
 
 where 1 ( 0 ) is t,lw intmsity
 
 :M
 
 OF sc.st.tt.ring2.sR func.t.ioii OF e
 
 is tlic mdss of thc scnttcviiig sptviiiii(*ii
 
 c is a constnnt for a givcm iiltdcrinl For this case, a plot of log f (0) against f P should give a straight line whose slope will be :I funct.ion of 12. Thus for a preparation consisting of particles of :~pprosim.zt.elythe s:tm~'size (in the langc c : ~50-1OOO iI.diameter) a study of the small angle sc!att.cring of x-rays shoiild permit tho determination of the particle size. The discussion to this point' lias assumed that particles of only one size are prcscnt., which will seldom, if ever, be the caw in a c n td practice. When a weight dist,ribution of sizes esists, \shich is given by W ( R ) ,where W ( R ) is thc weight fr:tction of r:idius K,t'hen t'he curve of scattered radiation ns a function of thet.a is givcii hy
 
 Now, t.he plot of log I against k2 or 8' is no longer a straight. line. In practice, the scattering curve is determined experiment.ally and U'(R) is the desired result. T'arious workers have stio\vn both analytically (Baiter, 16; Roess, 17) and graphically (Jellinek, Solomoil, and Fanliuchen, 18; Roerss and Shull, 19) that a particle size dist,rihiit,ion can be obtained from the experimental data. While thc analytic solutions \vould be more exact, the t,heory at, present is st.ill in nott t,oo gout1 II state and has bccn used in cases for which t Irr nssnmptions uridcrlying t'he theory do olwiously not apply. For t.hese rea.sons it. is felt, t.tiat the gmphical analysis is preferable and adeqr1atc at. presclnt. b. l'echniqiies of Measuring S.mall -4 r q l r Stutter. The osual small angle :tp,puntt.tis consist.s of some type of collimating system of considerable lengt,h t,o keep down to :L minimum the divergence in t.he beam, sometimes
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 combined with crystal monochromatization. (Alternatively a bent crystal focusing monochromator can b r used.) The beam is then passed through the specimen and the scattering is recorded, usually a t a fairly large distance from the specimen, especially when bent crystal monochromatization is not used.
 
 FIG.5. Photographic record of sins11 angle scatter showing the changes produced by heating gamma-alumina.
 
 (1) Photographic recording requires that a cassette be provided t o hold the film perpendicular to the x-ray beam. A stop, usually of lead or silver, is located a short distance in front of this cassette to catch and absorb the direct beam from the collimator to prevent it from halrtting the
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 film and thus destroying the small angle region. Fig. 5 shows a series of small angle diagrams taken a t 600-mm. distance between specimen and plate, of a specimen of heated active alumina. (The larger the number in the diagram, the more severc the heating.) Filtered copper ridintion was used. The charigc in the size of the small angle scatter can be noted, especially in t'he M t e r port.ion of thc second column. 1nt.ensity measurements must be made over an intensit.y range of several thousand to one. This is a difficult task if phot,ogrsphic recording is used. For this reason, resort, has been made t,o Ckiger counters for recording t,he x-ray intensit,ies. Fig. 6
 
 Fie;. 6.
 
 Small l~iiglescatter ctpprtmtus w i t h Ckigrr couiiter.
 
 shows such an apparatus (Jellinek, Solomon, and Fankiichen, 18). The scanning unit was mounted on pivots that allowed it to be rotated about the point where the x-ray beam and the specimen intersected. hleasurements made with this apparatus and with the photographic apparatus are compared in Fig. 7. In this figure, the intensity scale is relative and it is only the shapes of the curves that should be compared. It can be clearly seen that the apeement is good except in the high intensity region where a deviation is expected and encountered due to the poor photographic response of the photographic film in this region. Another important advan-
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 tage of the Geiger counter apparatus is its higher sensitivity as compared with film. Figure 7 shows the Gcigcr ~ I I I ’ W S out to angles where it was also possible to obtain photographic recording. Actually, the counter apparatus shown permitted reliable measurements to be made over about twice the angular range covered by the photographic method. hforeover the time required to collect the data with the Geiger counter was only about onequarter the time required for the equivalent photographic esposure. 10
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 FIG.7. Coniparison of Geiger-Mueller and photographic measurement of small angle scatter of heated gaimma-alumina.
 
 Small angle scatter measurements using plane crystal monochromatized radiation and photographic recording were carried out by Shull and Roess (19) and using hent crystal focused monochromatic radiation and photographic recording by Griinier (2, 13) in the apparatus described earlier. Small angle scatter measurements can also be made with the Philips’
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 x-ray spectrometer, only a few simple changes being necessary. Fig. 8 shows this appnratus. All that is iiccdcd is ~ t l icxtrn dcfining slit in tfic x-ray beam path placed near the axis of the instrument and a niodified specimen holder. The specimen is first placed between the x-ray tube and the ntltlcd slit and the small angle air scatter around the main heam is measured with the beam weakened by the absorption of the specimen. The specimen is then moved to its location over the rotation asis of the instrument and the scatter is again measured. After subtracting the blank from the latter meusuremeri t, the resulting figures represent the small angle scatter of the specimen.
 
 FIG.8. X-ray sprct,rometcr wit,h nrrow indicating position of slit to convert for small angle scatter.
 
 Neither the film methods nor the Geiger counter method, as described above permit the measurement of the scattered radiation in the close vicinity of the main beam because of its high intensit,yandits halatingeffect on the film. The use of absorbers is a tedious task even with monochromatic radiat.ion and film, and becomes hopeless when white radiation is
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 present. In many cases, however, i t is rather important to know the scatter at very small angles, in fact right to zero angle, in order t o make as complete an analysis as possible. ‘l’he reason for this need is seen from Table I which presents the angle a t which the scattering has fallen to one-half its theoretical value a t zero angle for various particle sizes. It is quite obvious that larger part,irles require measurements close to zero angle and that for samples cont,aining a considcruble percentage of large material a significant part of scatter may be lost if the scattering at very small angles is ignored. ~-
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 It appears that this difficiilty may be overcome by a different method (Fsnkuchen and Jellinek, 20; Tarren, 21) of measuring small angle scattering (“Tn-o crystal method”). Fig. 9 is a schematic drawing of such an FIXED
 
 SPECIMEN
 
 L
 
 ANALYZING CRYSTAL
 
 L GEIGER TUBE
 
 FIG.9. Scheinutic represetitation of the two-crystal small angle apparatus showing the defining slit, fixed crystal, spccimeii position, niialyzing crystal, Geiger tube, and optical pnth.
 
 apparatus. A calcite crystal is set up as a monochromator, which because of its perfection reflects a beam of very narrow width. At a reasonable distance from this fixed monochromatizing crystal, another calcite crystal
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 is set up 80 that it can reflect the beam from t.he first crystal. Thus, when reflections from both crystals occur, the two reflecting crystal faces are parallel. If this sccond "analyzing" cryslid is rotated J m u t an asis lying in the face of the cryst.al at, the point where the reflected beam from t.he first cryst.al hits it, the beam leaving the second crystal and falling on the Geiger tube will vary in int,cnsit.y. In this manner, the angiilar dependcncc of the intensity from t,he first crystal can be dctermined. A sample can !400
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 then be inserted between the crystals and the sc:attel*ingagain me:isured. The difference between thc scattering before tind after iriscrtion of the sample represents small anglc scatter of the specimen through to zero angle. A correction for air scatter must also bc applied to these measurements. Because of the weakness of the doubly reflected beam, only the
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 scattering a t very small angles can be measured in this way. Fig, 10 shows the results of such measurements on a sample of alumina gel and Fig. 11 shows a complete small angle scatter curve made by combining t,he results of the standard and of thc two crystal methods. It is clear t,hat in this particular instance, neglecting the very small angle scattering would have meant the loss of the information on a very large portion of the sample. On very finely divided materials, however, results indicate that a study of the neglected region would not be very important. Ioooi The other straightforward method of measuring small angle scatter is that of Guinier (2, 13), in which the focused radiation from the bent crystal is passed through the specimen. If the camera is so designed that the specimen and focus lie on the circumference of the same circle, focusing conditions also prevail for REGION OF OVERLAP the small angle scatter and high 10 intensities are obtained suitable for photographic or Geiger recording. Fig. 3 shows this arrangement. DIRECT The two crystal mcthod is actually a procedure for using the double crystal spectrometer of x-ray spec0 5 10 IS 20 troscopy for the measurement of (DISTANCE FROM BEAM CENTER IN MM.p small angle scattering. Recently FIG.1 1 . Small angle scatter of alphaWarren (21) has described an ingen- alumina; coiribiriatiori of direct and two ious way of using the two crystal crystal methods of measuremcnt. spectrometer t,o measure what may be called total or integrated m a l l angle scattering. The crystals are both fixed a t the Bragg angles, i.e., to give maximum reflcction of the characteristic radiation. Three readings are then taken. The first is made with no specimen in thc beam, t.he second with the specimen between the two crystals and the third with the specimen in front of the Geiger counter slit (which can be quite wide). When the specimen is between the crystals, i t subtracts energy from the incident beam due both to absorptive processes and to srnall angle scattering. The reading with the specimen in the third position will be higher because now the small angle
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 scattering can enter the slit and be recorded by the Geiger counter. ‘L’hr! difference betwccn the last two readings measures the total small angle scattcring which can be placed on an absolute basis by using thc first reading. WhiIc this method does riot give the angular variation of scattering, it is, nevertheless, very simple and rapid. It would appear that a stanclartlized “Wtwren” number may prove to be a useful wiy of charactcrizing many finely dividcd matmialx.
 
 1V. LATTICEC’ONSTANTB Lnt.t,ice corislitnt+sand variutions of t.hese constants have occasionally been discussed as being rclatctl to the specific activit’icsof cert,ain c:it.Jysts. The poor x-ray diagrams usually obtained with high snrface materials do not lend thcrnselves to such determinut’ions,particularly if it is (:onsidered that t’he Iatt’icc coristant.s in the uppermost, surfncc layers of the catalyst \vould have t.o be measured in order to give information on the catdytic propert.ies. The dimensions of a. latt,ice of a given crystal are usually a function of t,he temperzhire nt. which the crystal is held. However, if other elements or compounds can go into solid solut.ion in this crystal, changes in the lattice may occiir. There are three major types of solid solution: 1. Suhstitutional solid solutions are characterized by a replacement of the atoms of subst.ance A hy those of H in all proport,ions for materials forming cont.inuous solid solutions or in limited tmounts for t,hose giving limited solid solutions. This replncement of substance A hy B may be complctcly random arid is designated “disorder.” 13y careful annealing, tlicsc disordcrcd rnnterials m:tv sometimes lx! converted t o an orclcid st,ruchtrirc where each tvpe of itt,orn occupies u specific position in the st’ructure. This latter effect forms a “superlattice.” Solut.ions of this t,ype arc regarded ns favorable possibilities if the radii of the atoms replacing each othcr do not diflcr by more t,han 15%. 2. Interstit,ial solut’ions itre characterized by atoms of smaller atomic size fitting into the int,erstitres bct.ween the largcr atoms of the structure of nnot,her solid. The iron-c:trbon system is an esamplc; t,here thc carbon atoms fill the spaces bet\t-een the iron atoms. 3. Siibtiwt,ive solut.ions itix? formed w h n the solute appears to extend the solvent, so t.hat not only does replacement take place but defect’sappear due to the abscncc of a cert’ain proportion of t,he solvent atoms from their expected posit.ions. X-ray diffraction providcs a vary sensitive tool for studying thesc effects, provided the changes conccrn the entire solid phase, and not merely one or a few atomic surface layers. This latter phenomenon, sometimes assumed for the esplanation of catalytic activities, is not detectable
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 by the x-ray methods so far developed. Although the change in lattice dimension is usually relatively small, being less than 1% in most cases, the form of Hragg's law allows very accurate measurements to be made a t certain angles. If Bragg's law is differentiated and the terms combined
 
 ae
 
 the result is -- = - 1tan 0. In the vicinity of 0=90", small changes in the ad d interplanar spacing d , due to lattice changes, cause large changes in 0. As e is measured on the film, highly accurate measurements of d , and consequently the lattice parameter, are possible if the reflections can be measured at, sufticiently great angles.
 
 PART 11. EXAMPLES O F APPLICATIONS
 
 1. IDENTIFICATION A few choscii illustrat,ions of the utility of identification studies in certain fields of catalysis will be discussed in some detail. Various mixtures of barium carbonate and ferric oxide (Erchak and Ward, 22; Erchak, Fankuchen, and Ward, 23) mere mechanically mixed and mere subjected to heat treatment at temperatures ranging betmee n 500 and 1000° C. The problem was then twofold; namely, t o identify the reaction products and to determine the catalytic activity of the products, and if possible to relate such activity to the reaction products. As all the compounds contained iron, filtered iron radiation was used to minimize fluorescence, and thin pyrex fibers coated with the specimen were used for the photographic recording of the x-ray diagrams while specimens mixed with vaseline on microscope slides were used for all measurements on the x-ray Geiger counter spectromcter. All diagrams were measured as to the relative intensities of the lines. One unique line of each compound, not interfered with by lines of any other compound formed, was carefully measured for intensity determination after careful scanning, by counts, on the spectrornetcr. Thus, if intensity of the chosen line was plotted for a given temperature as a function of composition, an extropolation to zero intensity would give the composition a t which that phase disappeared. Over one hundred preparations of the two initial constituents were made and studied. Fig. 12 shows typical powder diagrams obtained in this study along with the compounds identified. The changes occurring are clearly indicated on these diagrams. Similarly, curves wcre plottcd of the intensity of the chosen line as a function of temperature for a given composition. Obviously conclusions as to thermal stability, etc., can be arrived at from such curves. To follow the changes occurring in these experiments, the use of contour
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 diagrams was introduced. I n these, a graph was constmcted with t,emperatwe as t!he ordinate and composition as the abscissa. Then, for each phase, t'hc int>ensityof t.he (oliosen line for each pair of tempernt,ure-composition
 
 FIG.12. S-ray diffraction patterns of products obtuiricd at various tcmperatures from bariuiii cnrbonatc-fcrric oxide mixtures contailiillg i O % , ferric oxide: A, ferric oxide; B, barium carbonate; C, barium mi&; D, l3rrO.2FctO3; E, naO.GFerOs; F,n:ixF~~,O,,; H, extra lines in pattern of F.
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 values was plotted and points of equal intensity were connected. Such a contour diagram is shown in Fig. 13. This diagram shoxvs that most barium oxide was present in the samples which initially contttined between 35 and
 
 FIG.13. Varistiori i n conceiitration of biiriuni oxide with compositiori "<mixture and temperature of preparation.
 
 55% BaC03 and after heat treatments of the samples at temperatures above 725" C. It was even possible by this method to locate completely closed regions indicating the foimat2ionof compounds of limited thermal stability. Fig. 14 shows such a situation for the compound Ba0.2 FeaOr. In order to complete the identification of compounds formed in this reaction, Fig. 15, giving the regions of formation of compounds E and F, is shown. These compounds have been tentatively identified as Ba0.6 Fe203 and Ba8Fe&, by annlogy with other known compounds. Thus by the use of the contour diagrams, the compositions of all the specimens were determined tmd this justified a n attempt to correlate the catalytic activities of these same mixtures with their constitution. It is frequently the case that substances prepared by the interaction of solids in the absence of fluxing materials are in a finely divided state, provided that, the temperature of preparation is well below the melting points
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 of any of tho reactants, or products, or their misturcs. In the finely divided form, siic*li nintc4als arc :is L: rule in a very suitable physical condition to cxhibit catalytic: properties. 'rhc pnrticu1:w iwiction stridictl for these catalysts was the catalysis of thc oxidation of carbon monoside. Typical timc-conversion ciirves for this reaction nre shown in Fig. 16 for three of
 
 I rInp"ratur(!, "C!.
 
 r 1
 
 FIG.16. Catnlytic activity or wver:tl catidysts ns n function of teniperalurc. in t h e rcactian CO+ 1/20,-.COl.
 
 the catalysts prepared at 600" C'. and it. is clear from this diagram that the catalyst made from 70% UaCOa is more active than t,hat made with either 10 or 40%, because higher tcmperatures w r e nccessary to attain the same conversions with the latter t,wo as w i t h t'he first ment,ioned. For piirposcs of direct comparison, t h c * t~empcrnturea t which the cntalyst gave 10% conwrsion was chosen as the reference point because the slopes of the curves a t this point were most' fitvorable. The 90yo point. gave very similar results with a few minor escept.ions. For t,he poorer catalysts, this ternperature~~asnbo~it 240"C., while the most, active catalysts gave t,his conversion at -40" C. Numbers of from 1 to 15 were assigned to cover this range in 10" steps. 'lkis, 1 represented 240", 2, 220", et,c. Jn this way, the more active cat,alysts were assigned the higher numbers. T o corre1nt.e t.he cat.alytic propcrtics of t,he samples wit,h their preparat,ive temperatures and also with t.he results of thc x-ray analysis, it \ m s found rathcr convenient to consf ruct mother contour diagram. The result of t.his construct.ion is shown in Fig. 17. This diagram has the composition of t.lie shrting mistuw iiwd in prcytiring the catalyst. :LS :iIwissa rind t.hp
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 temperntiire of t.he lieat t,reatrncnt cmployetl for the catalyst prcpwnt ion :is t.hc ordinale. 'I'hc numbers representing the 1tctivit.y of 1.he individual samples ~vei'eplaced a t the appropriate positions and then all similar numbcrs were connccted in such n. manner that, 110 lincs interscctcrl. Inspect'ion of this figure rcveals t,hat, there cxist cert'ain rcgions of maximiim act,ivity.
 
 In the orclcr of decreasing activity, they m e 70.-850, 70-700, 90-700, 50-750, ctc., and there arc regions where the activit'y falls to n, minimum; for example, 30450, 45-600, 70-500, etx. The first, number refers to the percentage of UaCCls in the i n i M niixt.iire, the second number to the t!emperature i n degrees C. to which the mixture was heat,ed. The a c t k and inact'ive compositions could be looked up on the x-my contour diagrams shown earlier but a far more convenient method consists in merely plot,t,ing the x-ray determined con tours itrid the act.ivit*ycontours t-u t.he same scale on transparent paper and siiperimposing them to determine t'he uc tive phases. As an example of thc results obt'ainahle, the cat.itlysts obtained from starting mixturcs with 707' I3aCOa will be discussed in more detail. The rapid rise in activity of thcsc c:tt.nlyst.s t o 14 for ciitalyst preparation temperatures behveen 500 anti 700" C. is followed by a decrease to 11
 
 APPLICATION OF X-RAY DIFFRACTION
 
 270
 
 for a catalyst prepared at 800' C. and by a further increase to 15 for a catalyst made at 850" C. and a subsequent decrease to 8 for the catalyst made a t 900" C. These catalysts were prepared from mixtures which gave the maximum amount of formation of BasFesOpl. No evidence of the existence of this compound was found below 650" C. A possible conclusion to draw from these observations is that the observed activity was due to this compound in small quantities or in a poorly crystallized state. As more is formed, an increase in actiyity is observed. Some of the variations may be attributed to the fact t h t this initial composition is just at, the point of maximum formation of UasFes021and, in a region of rapid change, small inconsistcricies mav 1)c cspectetl. In this manner, all the various portions of the constitution diagram can he, at, leiist tentatively, interpreted and rc4:itetl to thc cat:ilgtic. propert ics of the solid phase for the ('0 osid L: t'1011.
 
 FIG. 18. Debye-Sclierrcr diclgr:mis of iron Fisclicr-Tropsch catcllysts; reduced I'iedi ciitdyst, used ccltdyst, used catalyst, pure iron, pure iiiagnctitc.
 
 The Fischer-Tropsch Synthesis, i.e., the catalytic reduction df carbon Inorloside by hydrogcn t o liquid, gnseous, and solid hydrocarbons itrid oxygenated organic compounds, has recently bccn reported to operate efficiently under superatmospheric pressure, ivith catalysts which con tairi iron as their basic component. More recently catalysts of this type are being used in B very fine dispersion which permits one t o operate with them in a "fluid bed." Such a catalyst usually consists, before the start of the synthesis reac-
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 t,ion, o f magiieLiI.e, FesOr,lvith a very large rrystdlite size. This large sizc of t.he crystallit.es is evidenced by the very spot.ty character of the powder diffraction diagr:ims. If the catalyst is reduced at temperatures of, say, 1500" F. in hydrogen, thc product yields a diagram of metallic iron in a siiffiricnt,ly finely divitled foim to yield srnooth diffract'ion rings. Such a pnttei-n is shown in the uppermost. diagram of Fig. 18. -4sa comparison, a standard pattern of iron is shown as t'he nest to t'he bottom patt'ern. The prccisc agreement in the p:tt't,c?rn of t'hc lines is unrnistakable. Aft,er some use of tlic c:italyst in t.he synthrsis reaction, a sample can he wit~lidrawn while thr catalyst is still :it, :i high level of activity nnd an x-ray diagram is made of this sample. (See t>licsecond tliaglntn of Fig. 18.) It is obvious that t,lic met,allic iron has nearly :dl vanished and hus becn replaced almost eritirely hy rn:ignetitc. .4sa compirison, the f i r i d diagram ( ~ Fig. f 18 shows the stand:irtl pattern of magr1clit.c. A smipie IKLS ulsoobtainedof :L rat.alyst, \vhich hat1 been operated for a longer time but wi.s still a.t a Iiigher level of :ictivity. It,s diagram is t.he niidrlle one in Fig. 18 : ~ n ds h o w that the magrid ite has been convcttrtl by a p h s e change to some other compound. N'hile the at.andard pat.trrn of this material is not' inctlutletl in the figlire, it's irlen t.it.y has hccn c.stablishetl as a low tempernturr carbide of iron, probublg Fc?('. 011 Iicxting, t,liis compound can be changed to FeC, cementite. The c-orit,initoilsactivity of thc r.at.nlyst'through t'liesc changes in structure is puzzling. 1'crli:ips onc shniild not, speak of one single " Fischer-Tropsch c:it:tlyst."'! Xtcr somc: operation in the synthesis r e a h o n , it, ocrcnsionally becomes dc.sir:tl)le to treat the c:it,alyst,:kt :in elevated t.emper:tturc 1vit.hhydtwgen in order t o remove some of t,he ~ r a s ycompounds adhering tau it. Ikforc the hydrogen trcat,ment, (provided 110 high prcssurc riins wilh the cat'dyst had I)cen made), t.he cnt,nlyst is mainly mugnet'ite, plus :t little iron, : i d perhaps a t r w c of cnrlide. X-rny studies shon- thut 1he hydrogen txeatrncnt converts the rntalyst back t'o iron. 111 :L few :tpparentIy complet.ely random Fisr:her-l'ropsch catalyst.s, rstt,hc.r large>tlist,ortioris of the iron and magnet.it.e1at.t.iceswere noted. This may be (lite t,o solid soliit.iun o f a 1wiet.y of tmipunents.
 
 11. C'RYSTALLITES
 
 AND
 
 I".~KTICLRG
 
 I3ecaiisc of the close connection 1)ct ween these two phases of x-ray study, especiully in the work discussed here, they will he considered together. (Riscoe arid \\'arreri, 24; ,Jellinck and Fnnkuchen, 5 ; Rows and Shiill, 19.) Artivatccl alumina purchased from the Aluminum Ore Company was given ;i treatment with dilute hydrochloric acid to lower the sodium oxide
 
 APPLICATION OF X-RAY DIFFRACTION
 
 28 1
 
 content from about 0.57, t.o less than 0.1%). This alumina, designated "low soda alumina," \\-as then given a series of heat treatments of increasing severity. The first studies on this alumina were of :I simple exploratory nature to determine what changes in diffract'ion effects, if any, could he detected with changes in catalyst activity. .4part of t.his study \\as carried out on the alumina base. In further studies, it developed that the presence of molybdenum trioxide acted as an acceleritt'or to the changes t,hat occurred in t.he pure alumina. I n other words, addition of the molybdena brought about a certain change in t'he alumina at' ti t.emperature which was 100' C. or more lower t.han the temperature at which a simi1a.r change took place in t'he alumina base. Fig. 19 shows t.he powder diagrams of the lon- soda alumiris bhat had been given the indicated heat treatments. The original sample received from the Aluminum Ore Company gave t,hc diagram sho\\n tit the top of this figure and was easily identified as gamnia-nliimina. As this material was heated to higher and higher temperatures, not only did the lines in the diagrams sharpen, as can clearly be seen, but. the number of diffraction rings increased. For several reasons, this seemed t'o indicate riot the formation of any new form of aluminn, but rather a development and perfection of the original structure. I n the more highly heated samples, the presence of corundum or alpha-alumina can lic delcctcd by comparing thecorresponding diagrams with the final pattern! which is that' of alpha-alumina. That changes in particle size also oceurrcd wis indicat.ed by the phot,ographic small angle scatter diagrams (Fig. 5 ) . These basic changes of gro\\th of cryst'dlites and pnrtkles, and of development, of the st,riictiire of t.he aliimina h e can he shown to have rather important correlations n-ith the siwfnce areas of the catalysts and their act,ivities in hydroforming. One of t'he rather import'ant technical problems concerning these cat'aIysts \\-as the prolonging of their useful life. It was found that high temperature heat treatment of hydroforming catalysts represents an accelerated test by result.ing in the same changes as occur a t much lo\wr t'cmperat'urcs over cxtcmkd pmiods of t'ime in acbual field service. 'I'herefore, in studying new base materials for st'ability, it was a cust.omary procedure to heat t.hem to a given t.est t.emperature, check their activity, heat treat, t'hem more severely and continue until a temperature was attained which caused a drop in activity. This was a costly and time-consuming process. After the advent of t'he x-ray techniques, a shorter test method was developed involving heat treatments of small snniples, followed, instead of the usual activity test, by an examination of t'he powder x-ray diagrams. This permits an easy and fast detection of any dct.crioration of the catalyst properties by overheating becaiise of t'he very marked change in the x-ray
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 Fro. 19. Dcbye-Scherrer diagrams showing thc treatment of low soda gamma-alumina.
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 FIG.20. Dcbyc-Scherrer disgrttriis of heated alumina gel.
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 patterns. If the catalysts themselves had behaved as did the alumina arid had shown gradual changes, the task might have been more difficult and
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 FIG.21. Debye-Schcrrcr diagrams of hcltted aluminn. gel.
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 t,imc-consuming, but the presence of the molybdena seemed to make the change of the s-ray p:ittcrns :in d l or not,hing effect. The nced for obtaining a more stable alumina ctttalyst led to the study of gel aluminas and it is with some of t,hese gels that the next, discussion will be concerncd. The part'icular :tlumina gel to be considered here was prepared from aluminum nitrate which had been precipit'atcd by ammonia and washed. I t was then subjcctcd to a few heating tests which quickly revealed that it was far more st.ahlc t.han the low soda alumina. Thereafter, n sample was plt~cctlin an clect'ric muffle and small samples rcmovcd pcriodically. \\'hen little or no fiirther change in the powder diagrams or the small angle scattcr patterns could be noted, t,he temperature was raised arid the heating continued. 'l'hus, each sample had a ciimulative heating. Figures 20 and 21 show the powder diagrams of somc of t.he samples, as well as the t:emperatiire at, whicli thcy\\-cre heated. The st,arting sample \\-as nearly amorphous. The heating at. 1470" F. for 353 hours produced a distinct change as :t comparison of X-4 and X-12 show. Aft'er t>his,n much slower change talws place hecniisc X-13 is not fnr different from X-12 and X-20 just shows ii sligh t, ati:itpenirig and development of the lines. Raising the temperature to 1650" F. shnrpencd t.he diagram consider:tbly but furt.her heating at this t.emperature \\-:isof smdl ctrcrt. The remaining cliitgranis show the resiilt s of heating sninll smiples of essentially S-30,at. t'emperatures \myiitg from 1740 to 1920" I?. A most, int.rrcsting p:Lir itmorig these is X-47 and X-48. l'hcy \\-crc both heatccl a t 1880" F. for 2 hours but, the former had had a prelimina.ry cwnulat.i\-e hcat.ing while t.he latter had had no high t.emperctture treatment prior to the final heating. The cffectt.~of the eai*licrhcntings on X-47 are distinctly wen i n the sharpness of the lines as contrastcd to those of X-18. r . 1 he awrnge c.ryst:illite sizes of certain of these specimens whic*hs l i o ~ c d n o detectable trace of corundum were detcrrnined from s-ray spec.troniet.er runs on the 1.40 A. linc. The crystallite radii run from 42 to 79 .I., the sizes increasing with increasing lieat'irig temperatures. There appear t,o bc some slight iriconsistencies but, t.hey are within thc limit,s of t,he esperiment.al errors. 'I'he trcnd is distinct,. Here, too, it is of interest to (.omp:tre X-47 and 5-48. The lntt'er has only increased its crystallite size hy 50Oj,, while the cryst.al1it.wof t.he formcr have just about doubled in size. Small anglc x-ray scattering st,udies were also made 011 these catalysts and the usual mcasriremcnt,s nrid imalyscs of the data were m:rde. The rcsults w r e plotted with the particlc sizc as abscissa and t'lie weight per cent, of t.hc particles of t,his particle size as ordinate and t.he datum p0int.s were connected by a line to yicld the simulated distribution curve. (Jellinck, Solomon, and Fankuchen, 18). Tt is obvious that a widc range of particle
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 sizes is present, sizes right up to the upper limit that can lw reached by the straightforward mcthocl of small angle scatter study. ‘I’his suggested that studies made t’hisway \wulil cover o~ilyt,lie part of t.hc specimen composed of pnrtkks below it ccrt,ain limit of’ size. ‘I’he two crystal method oUers the possibility of raising t’hislimit. It, is useful to determine which part, of a given spccinien responds t,o sm:tll angle meitsurements, i.e., whether ccrt.:tin part.s of the specimen consist cithcr of particles t,oo large or too small to be studied by this mct hod. From the theoretical discussion in bhc. first part of t,his pitper, it can be shown that the int’ercept K’Yof successive tmgciits to the scattering ciirve (Jellinek, Solomon, and Fankuchen, 18) clivitled hy Ti3 (obtained from the slope) give quotient,s which would be proportional 1.0 the weight of the particles of this specific size. If esperimentnl condit.ions arc rigidly cont.rolled so t’liat.t’he same w i g h t of specimen is in t’he x-ray heam in cach experiment, and if, for each s:trnple analyzed, t.hc Z,,K,,.’Rn3is evaluat.ed, the value of t,his sum, “111” is proport,ional t o the amount of sample contributing a nieusurablc scattering. If one of the mildly heated samples consisting alrnost. esuclusi\dy of very smtill particles is arbitrarily selected as a base and it is assumed t.hat all its particles have measurable scattering, all ot.her samplcs ran be related to this one. Thus, thc “R‘l” value of each sample is divided by t.lie “RZ” value of t.he st,andard an11all the weights of t,hc fractions of varying size pnrLicles of t,he sttinple under cmsideration tire mult.iplied by t.his fraction. This has the effert of correct.ing t’lie wight, dist.ribut.ion by a factor deterniincd by t.he fr:wt.ion of tlie sample that, consists of particles that have grown too h r g e to be measured by this method. The results of such small angle analyses on certain dumina gel samples is illusti~nt,edin Fig. 22. The solid point,s are t,he actual values of radii and weights rletcrmined by analysis of small angle sc,ztt.er. 111 t’heupper right corner of each graph is cnt.rrd t.he value of “RI” lor that, specimen. The brol;cn lines arc thc: distributions corrected its just described and the arrows are a t the points where the average cryst.nIlite sizes \\,ere determined to be. Therefore, the shn.pcs of t.hesc curves give t.he dist,ribution of those particles which could I)e measured I)y small u17glr scatter m d the position of the broken line between t,he base line ard the solid line is an indication of the relative proportion of rnat.crinl t.hat. \\.as not measurable. These curves showed that the distrihiitions chiingetl in the sense of indicat’ing the presence of more larger purticics and also of more unmeasiirable material (because the particle size is too large) as the sevcrit.y of t’heheat treatment was increased. The fact that highly heated, or well crystallized specimens of alumina are not suitable samples for small angle scatter measurements
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 with the standard apparat,us is shown by the distribution diagram of sample X-43,where the distribution of the measrired part iclcs representctl merely about 9% of the total sample. PARTICLE RADIUS IN
 
 10
 
 20
 
 30
 
 40
 
 10
 
 20
 
 30
 
 40
 
 50
 
 i
 
 60
 
 50 60 PARTICLE RADIUS IN
 
 70
 
 80
 
 90
 
 100
 
 70
 
 80
 
 90
 
 00
 
 d
 
 FIG.22. Thc wciglit distributions of particle sizes obtairietl from small angle scatter from hented rtluiiiiiia gcl.
 
 Onc apparent contradiction milst be pointed out. Fig. 22 shows the results of some small angle studies on alumina gels. The arrows indicate the crystallite size as determined from line width measiirernents. In every case this arrow is a t n value of R greater than that corresponding to thepeak as determined by the small angle scattering. I t mould appear that by definition the particle size should always be equal to or larger than the crystallite size. There are several possible reasons for this discrepancy and it is probable
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 that all of them are partially responsible. In the first place, t'he small angle nieasuremexits favor the small part,icles despite the correct,ion fact'or int'roducctl because this correction does riot, change t'he shape of the dist,ribut.ion curve. Secondly, t,he spcct,rometer measurement.s wliich were used for the crystaI1it.e size comput.ation were made continuously without taking individiial counts across the diffraction line, and flat, instead of curved, specimens were used. Both of these lust two effects cause the linc shapes t o become somewhat warped and thus introduce errors. Lastly, the very form of the line shape when there is a dist.ribut,ion of crystullite sizes murkedly favors large crystallit.es. The first, and last reasoris are probably t.he decisive ones, as they both tend to produce the observed disagreement between the results of both methods. Silica gel cracking catalysts have also been studied. These materials are amorphous and yield no powder diagrams but they do give a very marked small angle sc,atter. If the particle dist					    
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