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PREFACE

This monograph originated from an investigation of one particular subject, namely
the ring analysis of mineral oils, which work was carried out by the author 1n colla-
boration with Dr. J. C. VLUGTER, Dr. H. A. vAN WESTEN and Dr. J. J. LEENDERTSE.
This work has been developed into a complete new system of investigation methods
which have a specific character and are suitable for general application. Therefore,
the research field has become a very extensive one, and comes 1nto contact with many
branches of chemical industry

This is the reason why, 1n recent years, the author has, at the request of the research
departments of various big chemical concerns in the U.S.A., Great Britain and other
countries in Western Europe, delivered lectures with the purpose of achieving possible
applications 1n the different fields. In the past years the author has also discussed
these subjects at Delft Technical University in special courses of optional lectures.
Some of the students or graduates, who attended these lectures, have contributed to
the further development of the methods and thus have developed new fields of apph-
cation.

From the examples chosen the reader will see how the discussed methods may assist
1n gaining more 1nsight into many natural products handled 1n industry and products
prepared 1n factories. The applications of these methods are numerous, 1t 1s the
purpose of this monograph to enable everybody to become acquainted with the
methods described, so that they can apply them to their problems of investigation.
It is already known that the relation between temperature and kinematic viscosity of
hiquids, represented by the exponential formula log ¥ = A/T* + B, 1s generally ap-
plhicable and the same formula holds also for the relationship of vapour pressure and
temperature, which fact opens many new perspectives The past years have taught us
that a two-months practical course in our institute 1s sufficient for experienced chemists
and physicists to become familiar with the methods and the experimental procedures

Attention has been given to the charactenzation of catalysts by parameters, as
discussed 1n the last chapter, in which field Dr. A B R WEBER ¢t al have worked 1n
this institute. This application may open up immediate possibilities of reducing the
expenses of semi-industrial process development work.

My thanks are due to my son Dr. J. A. WATERMAN who has given us valuable help
1n correcting the manuscript

Delft, March 1958 H. I. WATERMAN
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I INTRODUCTION

In modern chemical technology we often have to deal with complicated mixtures.
In these cases the application of chemical analytical methods is not sufficient to
obtain the necessary information for satisfactory scientific research, process develop-
ment and process management, Reliable chemical methods for a detailed analysis of
complicated mixtures are not available. Therefore their chemical structure will remain
unknown 1f we restrict ourselves to the application of chemical methods only.

The ultimate analysis of a mixture of organic compounds, however important it may
be, is not decisive for its structural identification; likewise, knowledge of the elemen-
tary composition of an alloy is not sufficient to describe its physical and mechanical
behaviour, because the nature and phase composition of the alloy are left undetermined.
The properties of silicates, e.g. glass, may be greatly influenced by thermal treatment
while the chemical composition of the products remains unaltered.

Therefore physical methods of analysis have been introduced into nearly every field
of scientific research, especially those methods that can be applied with accuracy
Relationships exist not only between the physical constants (and functions thereof)
and the chemical structure and elementary composition, but also mutually betweena
wide variety of physical (and mechanical) constants.This 1s of value for the knowledge of
several important technical properties.

The various physical constants and functions are used for the 1dentification of com-
plex mixtures such as mineral oils, fatty oils, plastics, resins and silicates. Separation
of these products into individual components 1s generally impossible, and methods had
to be developed 1n which certain structural groupings of the mixtures are considered
instead of individual molecules or atoms. To identify such complicated mixtures physical
constants could be applied successfully for their ““structural group” analysis and for
the prediction of various important technical properties.

The methods discussed have been called “Graphical Statistical Methods” since:

1. Graphs are generally used, for example for the correlation of physical constants
of mixtures, for the structural analysis of mixtures and for graphic recording of hy-
drogenation, polymerization and isomerization processes.
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2. For the construction of these graphs use has to be made of data of many mixtures.
Therefore the data have to be treated statistically.

3. The mixtures investigated contain many different structural units (for example
molecules), which represent a statistical distribution.

The development of rehiable methods for structural analysis of mixtures 1s very
laborious Physical data of pure compounds may serve as a base for the investigations
It has, however, been proved that not 1n all cases can these data be simply correlated
with those of the mixtures. Thus correlations of physical data of pure, individual
hydrocarbons often prove not to be valid in the analysis of mineral oils. In this case
physical constants of mineral o1l fractions of widely different origin form a more reliable
basis for the structural analysis, provided that thetr structure has been determined by
absolute methods.

When determining the composition of mixtures it 1s advisable to start with the most
simple case. Thus the development of methods for the structural analysis of mineral o1l
fractions was greatly facilitated by analytical hydrogenation, the aromatic rings being
quantitatively transformed into the corresponding naphthenes The problem 1s then
limited to the determmnation of only naphthenic and alkyl carbon atoms in these
saturated mixtures by means of physical constants. After this problem had been solved
the analysis of non-hydrogenated aromatic fractions could be carried out by considering
the influence of aromatics on the correlations found for the Aydrogenated fractions;
along these lines 1t was possible to extend the analysis step by step to more complex
mixtures.

In the analysis of fatty oils complete expelling of the oxygen by a catalytic high
pressure hydrogenation process reduces the problem to the analysis of saturated hydro-
carbon mixtures. Such drastic chemical transformations should be executed under
strongly controlled conditions only.

In principle any physical constant may be useful for structural analysis of mixtures.
For practical reasons those constants should be applied that can be easily determined
High demands should be made upon the accuracy of the determinations. For example
the physical constants density, refractive index, kinematic viscosity, ultrasonic sound
velocns; and surface tension may be chosen. Combination of constants, e.g. 1n certain
““additive” functions, 1s useful only when the constants in question have been deter-
mined with comparable accuracy. In this respect density and refractive index may be
combined, whereas molecular weight, the determmation of which is not so precise,
cannot always be combined with refractive index and density.

In general more independent physical constants that are sensitive to structure are
needed when 1t 1s necessary to know more structural elements of a mixture. It will
be clear that, dependent on the collected basic data, statistical methods for the analysis
of mixtures 1n general only give a certain approach to their structures, but should
never be considered as the ultimate purpose. Improvement of existing metbods 1s 1m-
perative when new and more accurate data become available, the development of
various physical separation methods (distillation, chromatography, thermodiffusion,
etc.) and of independent physical 1dentification methods (ultraviolet and infrared
spectra, mass spectrometry) may also contribute considerably to their perfection.

It 1s to be expected that complete knowledge of the structure of mixtures of com-
plicated nature will temain 1llusory. Nevertheless, 1t will be proved that 1t 1s already



I INTRODUCTION 3

possible in such a case to predict physical constants from other physical constants, or
functions thereof, with the same accuracy as the experimental accuracy.

There 1s another group of mixtures, which are too complicated to be described
by a restricted number of physical constants. To this group belong many catalysts,
namely the heterogeneous ones. Although several methods of measuring physical pro-
perties have been proposed (determination of internal surface, pore volume and pore
size, X-ray diagrams), these are not sufficient to characterize their catalytic properties,
uz. their activity 1n influencing chemical transformations, even in more simple reac-
tions. It has been proved, however, that also for these complex mixtures characteri-
zation 1s possible by means of a certain hmited number of parameters that can be de-
termined by a simple method of graphic tracing. This principle has been applied to a
large number of complex catalytic reactions and offers the possibility of a direct com-
panson of catalysts 1n all kinds of chemical transformations under different reaction
conditions.

This shows the many-sidedness of the prineiples that are developed in the following

pages.

II MINERAL OILS AND RELATED HYDROCARBON MIXTURES
1. INTRODUCTION AND DEFINITIONS

Mineral oils consist chiefly of mixtures of hydrocarbons, besides sulphur-, nitrogen-
and oxygen-containing compounds 1n varying quantities. The number of constituents
1s generally too large to make possible the separation of the individual compounds from
the ouls or o1l fractions. Thus 1t 1s not possible to analyse mineral oils according to
quantity and character of the separate hydrocarbons, or S-, O-, and N-containing
compounds.

A solution to the problem of determuning the composition of mineral o1l fractions,
especially those of high molecular weight, 1s provided by dealing wath the oil fractions
in a statistical way, ¢.e. some characteristic structural elements 1n the mixture are
defined and determined by appropriate means.

In this monograph only those mineral o1ls are discussed that have a molecular weight
higher than 200, that do not contain compounds with olefinic double bonds (as is the
case, for instance, with several cracked products), and that do not contain compounds
with oxygen or nitrogen in the molecules. Olefins are generally present in only very
small amounts 1n mneral ouls. It should be mentioned here that the hydrogen value,
mtroduced by VAN WESTEN for the determination of the olefinic non-saturation, has
recently been improved and simplified by SIE AND WATERMAN!, Ozonization techmques
alsohavzbeen brought to perfection, in this connection the work of BOER AND KooymMaN?
should be consulted.

The following structural elements will be determined: nng-number per average
molecule* in naphthenic structure (= Ry), ring-number per average molecule in
aromatic structure (= R 4), total nng-number per average molecule (= RT being equal

* A hypothetical molecule which represents the average nature of the mole.ules present in the
mixture.
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to R4 + RN), the percentage of carbon atoms (of the total number of carbon atoms)
present 1n naphthenic structure (= %Cn), the percentage of carbon atoms present
in aromatic structure (= 9%,C4), the percentage of carbon atoms present in ring
structure (= %CRr being equal to %C4 + %CN) and the percentage of carbon atoms
present 1n paraffinic structure (= %Cp), while %C4 + %CN + %Cp = rco.
Thus 1n the compound

H

H H wum g R4 )

e o’ Ne_b-bd Nen, xa =
| | A Rr = 3
HOY .o\ /CH H,C\C /(}:{-CH,-CH,-CH, %CA = 43.5
< %CN = 26.1

H | () = %0,
%Ha H, %Cp = 30.4
CH,

Another important structural element 1s the degree of branching of the mixture.
The defimtion and a description of 1ts determination will be given 1n section II 4
(p- 57)-

More detailed knowledge of the composition of mineral oils can be obtained by
sphitting the oils 1nto as narrow fractions as possible by means of fractionation, thermo-
diffusion, chromatography, extraction and other means On the opposite page a scheme
1s given as an illustration of the application of distillation techniques 1n the investi-
gation of mineral oils and polymenzed fatty oils.

Spectrographic data are gradually becoming more important for the analysis of
hydrocarbon mixtures. These methods will not be discussed as they fall outside the
scope of this monograph.

2. RING ANALYSIS AND CARBON-TYPE ANALYSIS OF MINERAL OIL FRACTIONS

. a. Analytical hydrogenation of mineral orls

When determining the composition of mixtures 1t is advisable to start with the most
simple case. In the field of hydrocarbon mixtures this means the investigation of satur-
ated fractions, obtaned by careful hydrogenation of aromatic-containing fractions.
Hydrogenation is carried out by means of a selective, catalytic hydrogenation process,
which consists of treating the fraction with hydrogen at hgh pressure (up to 200 at-
mospheres) and high temperature (up to 300°C) in the presence of nickel on kieselguhr
for a period that 1s dependent on the structure of the oil.

Especially when larger amounts of foreign elements (sulphur, mitrogen, oxygen) are
present, precautions are necessary to avoid undesired side reactions, such as cracking,
ring opening or ring formation, during the hydrogenation process. VAN NES AND VAN
WESTEN? described a stepwise hydrogenation technique- 1n a prehydrogenation pro-
cedure mainly the elimination of the foreign elements was achueved, the actual satur-
ation of the aromatics followed in a second step. Detauls are given in their book3.

When highly aromatic fractions are hydrogenated prolonged heating of the com-
pletely hydrogenated material in the presence of nickel catalyst and high pressure
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hydrogen may cause distinct changes 1n certain physical constauts (refractive index,
density, specific refraction, viscosity) of the saturated fractions, which changes show
remarkable resemblance to those occurring 1n the cis-trans conversion of decalin undert
comparable conditions (¢f. Fig 1).

In all probability 1somernizations of the same type take place durning the prolonged,
hydrogenation. As follows from Fig. 1 these reactions bring about a small but obvious
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Fig 2a, b Selective analytical hydrogenation of olefinic distillates
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increase of the specific refraction, and this 1s especially of importance with regard to
the applicability of methods for ning analysis and carbon-type analysis based upon
this function. Fortunately the somenzation process takes place very slowly. Only
extremely prolonged reaction times (25-100 h) and relatively hugh temperatures (300-
350°C) result in a pronounced 1somerization of the o1l, which might influence the results
of graphical statistical analytical methods to some extent.

Innormal cases the hydrogenation of mineral ol fractions can be used as an analytical
tool for a quantitative transformation of aromatic rings into the corresponding naph-
thenes.

When olefins are present in the fractions to be investigated (thus might be the case
1n, for instance, cracked products) 1t 1s sometimes useful to saturate the olefinic double
bonds by a selective hydrogenation process, vtz. without saturation of the aromatics.
According to WATERMAN, WEBER AND ZWEEKHORST? especially molybdenum oxide
on active carbon (100 atm hydrogen, 300°C, Fig 2a) and platinum on silica-alumina
(roatm hydrogen, 120°C, Fig. 2b) are suitable for a selective hydrogenation of kerosine
fractions, 1n contrast to other catalysts (e g. N1on kieselguhr, Fig 2c,and Pd onactive
carbon, Fig 2d) that are not strnictly selective. This analytical hydrogenation of ole-
finic double bonds 1s especially useful for the evaluation of the constitution of cracked
distillates

When the problem of establishing the structure of hydrogenated products has been
solved, more complicated puxtures, e.g. aromatic-contaiming fractions, can be
considered The existing methods of determining the composition of mineral o1l fractions
have been developed according to this scheme. The methods presented below are
treated 1n pnnciple 1n chronological order.

b. Ring analysis and carbon-type analysis of saturated mineral oil fractions

() Oniginal ring analysis of saturated maneral oil fractions

The only unambiguous way of estabhishing the number of naphthenic rnngs Ry
(= R7) n saturated muneral o1l fractions 1s by applying the Direct Method [his
method 1nvolves the determination of the molecular weight Al and the percentage
hydrogen, 9%H. The number of rings 1n the saturated mixtures car then be calculated
by means of the equation

M
R=1+(8.326—o.5793%H).;); B 9

A consequence of the presence of each ring 1n the average molecule of the fraction
1s that there are two hydrogen atoms lacking compared to the corresponding fraction
with no ring, independent of the type of the ring (five-membered, six-membered ring,
etc ) and of the way in which the various rings are hinked

If 1t 1s assumed that the number of carbon atoms in the average molecule of the o1l fraction 1s ¢
and the number of hydrogen atoms k then the molecular formula 1s C;Hp If the number of rings
in the average molecule 1s R, this formula can also be represented by

CcHzc—(z R—2)
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For the molecular weight M 1t follows from the given molecular formula that

M = 12010c+ 1008k . .. ... .. ... . (2)
and
M = 12010¢ ¢ 1008{2:—(21?-—2)} . . .. (3)
The percentage of hydrogen 9 H 1s given by
9%H = }-P;fh 100 . . ST (4)
or, onreplacing 4 by (M— :{)—i:l—of) according toequation (2)
o H = (M — {_;?0_}9_02 100 . . e (5)
I'rom equation (5) 1t follows for the value of ¢ that
— O
¢ = LooM %oH M ) ) -

1201 0
Substitution of thiy value of ¢ 1n equation (3) gives
M = 12010¢ + 2016¢c— 2010 R + 2016
-=~M 14 026(100M — 9 H M)
= - - - - + 1
20106 12000 X 2010

or
R=1 t (8320- 05793 %H) - (x)
: 3 5793 /U i . L

By means of equation (1) the number of rings in saturated mineral o1l fractions can be calculated
1f 9H and M are known

The number of rings 1n saturated mixtures of hydrocarbons can also be read from
the graph in Fig 3, which represents equation (1) in the form

%H = 14.37 - Y i e e e (7)

In this diagram lines of equal nng-number have been constructed, R increasing with
1 unit from top to bottom starting from a ring-number zero (paraffins). The diagram
clearly shows the fact that with constant molecular weight the number of rings 1n-
creases with a decreasing amount of hydrogen 1n the fractions considered Special

8 320
mention must be made of the fact that 1if R = 1, 1t follows that %H = 0?7‘53 = I14.37.

Though the method described 1s the only unambiguous cne for nng determination
n saturated hydrocarbon mixtures, 1t 1s rather laborious. Only experts can carry out
the ultimate analysis to determine the hydrogen content with sufficient accuracy and
1t always takes much time. A method described by VLUGTER, WATERMAN AND VAN
WESTFN® makes 1t possible to replace the hydrogen content by the specific refraction,
defined according to LORENTZ-LORENZS, as

nt—1 1
n:+2 d
where n = refractive index and d = density in g/ml.

Both the refractive index and the density are measured at the same temperature,
e.g. 20°C. The refractive index 1s generally ineasured for the sodium D-lne. In the fol-
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Fig 3 Ring analysis diagram according to VLUGTER, WATERMAN AND VAN WESTEN

lowing for reasons of conciseness, the specific refraction at 20°C will be indicated as 3. ,

omutting the symbol D sometimes used for indicating the sodium D-line*

A diagram has been constructed from which 1t 1s possible to determine the number
of rings of saturated mineral o1l fractions if the specific refraction and the molecular
weight are known (Fig 3) The diagram 1s called the ring analysis diagram

The possibility of using the specific refraction instead of the hydrogen content 1n
the analysis of saturated mineral o1l fractions s due to the fact that there exists a linear
relationship between the specitic refraction 74, and the hydrogen content %H.

This can be elucidated by the following consideration
If the molecular formula of the ‘‘average'' molecule, which represents the mineral o1l fraction
under examination, 1s again taken as CcHpx then

and M =12010¢c-4 10080 . . . e e e (2)
/1 = 10()8»}1
%ot 7 100 e (4)

Y-
The specific vefraction 1s equal to the molecular rvefraction ("2 M) divided by the molecular
weight M nt+2z 4
The moleculay refraction ymol 15 an additive function, 1 ¢ 1t 15 a tunction which 1s equal to the sum
of the atomic refraction of carbon, r;, and that of hydrogen, s, each multiplied by 1ts number of

atoms in the ‘“average’’ molecule

The molecular refraction ymol = M ridc = ¢ ¥c + hth L. (8)
and o cre + hry
Mo =TT Ce ()

* The omission of D cannot give rise to confusion as 1n this monograph the wavelength of the
sodium D-hne 1s the principle wavelength at which refractions have been measured 1f other wave
lengths are used this is specially indicated
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From equation (4) 1t follows that

[
A M Z"—}—I ..... b e e e e e . . (10)
00 8
and from equation (2) and equation (10)
1 008M 9 H
M = 12010¢ + ~ood
or
o, 0
o=(M—M) ~~l'———=£—‘3(—:'——*4’}-3M P 0 9}

100 12 010 1201 0
Substitution of the values of ¢ and %, according to equations (10) and (r1), 1n equation (9) gives

% H
(100 — 9%H) M r¢+-/9}»— M ry

20 12010 100 8
1% =
spec M
7 %H ra
20 o, (3 ()
7] = (100 — 9H) - — =
wpec = ( ToH) 1201 0 + 100 8
' A 7,
20 c c 0
7 = e e ——- - . s ce e (12)
¢ " 12 010 (IOO 8 12010 ) %oH (

Since r¢ and rx can be considered as constants for the majonty of the hydrocarbons present in
saturated natural mineral oils (the influence of the presence of naphthenic rings, of branches, and
of c1s-trans 1somers can be neglected 1n a first approximation), 1t follows from equation (12) that
there 13 a hinear relationship between r:gcc and 9 H

The values of 7. and 4 have been calculated by EISENLOHR from ‘‘pure’’ substances’.
This author gave the values 7, = 2 418 and 74 = 1 roo Substitution of these values

1n equation (12) gives
20

Yepee = 020133 + 0.008g0 %H . e e e e . . (13)
and

%H =112 36 7ipc — 22620 . . . . ... . .(14)

I f this value of 9%H 1s substituted in equation (1) the following relationship between
swc , M and RN 1s obtamned

M
RN = 1 + {8326 — 0 5793 (112.36 720, — 22.620 }—

or

M
=1 (21430——65090751,")-1—0; P ¢ 43

Thus 1t 1s possible to calculate the number of naphthenic rings of saturated o1l fractions
from the specific refraction and molecular weight by means of equation (15). The num-
ber of rings can also be determined from Fig 4, 1n which the relationship between
Yepec» M and RN (besides that between %H, M and RN) has been constructed by
means of equation (15), which has been transformed into

" (RN—1) 1536

Topee =03202— ————pr— .. ... (16)

From equations (7) and (16) 1t follows that the curves representing fractions of equal

ring-numbers 1n the %H-M and rg,, -M diagram (Flg 3) are hyperbolas. These
I

curves become straight hnes if %H - and 7ipec, = Mplots are made 1nstead. This

1s shown 1n Fig. 4.
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o1l fractions

The distances A\rl.. between the hines of equal ring-number for a definite value
of the molecular weight are equal. This holds for both Fig. 3 and Fig. 4. This follows
from equation (15)

M
RN = 1 + (21.430 — 65.090 735, ) Too Tttt (r5)
by writing
ARN = — 65,090 - L. Ay
N = —05.090 100 spec
If ARN = 1 then
1.536
b =
From this equation it follows that linear interpolation 1s permissible for the calculation
of RN from 7spec and M.

Recently another ning analysis diagram (Fig. 5) has been introduced by GEELEN,

WATERMAN AND WESTERDIJKS. It has been constructed by means of the equation

1.419 — 1.654 R
Yipec = 0.3310 + 9 i e e (18)

(17)

I
taking 7 abcissa.
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This equation has been obtained by applying the method of least squares to 81
saturated mineral o1l fractions, of which the number of rings had been determined by
the » ~d -M method (cf. p. 24).

Equation (16) has been obtained by means of data of the substances available to
EISENLOHR at that time It differs somewhat from equation (18), which has been ob-
tained by means of data from n-d-A{ analysis The most notable difference 1s that
the one-ring line 1n Fig. 5 does not run parallel to the horizontal axis, contrary to the
one-ring hine 1n Fig 4.

M e
o
14 2 8 © 992 000 I3 o 9 O w 0w o w
wrod 8838 ¢ 88 ¢ 8 8% 233823388 ° 8 2398 8 @
340 T T T II‘I\1||%|IIT7I
.
/‘9“/
] M/L//
/ L e
/
___,/ﬂr_,_/
— ]
03300f \"“""‘ - Ryetd. . L
¢
2
K
032004 - - -
ano
F00 100 200 300 400 200 @00 100 800
» 1000
M

1
g 5 Diagram representing the relationship between r:;ec Y and Ry for saturated mineral o1l

fractions, based on n-d-M data

The slope of the lines, ¢.g. 1n Fig. 5, can be determined by calculating the coefficient
1
au™ equation (18), the value being equal to 1 419 — 1654 Ry . Eg. for RN =1

the slope 1s equal to —o0.235.

It 1s also possible, as BOELHOUWER AND WATERMAN® have shown, to base aring
analysis diagram on physical constants of pure hydrocarbons belonging to homologous
series (n-paraffins, n-alkyl-cyclopentanes, #-alkyl-cyclohexanes), in combination with
the specific parachor this method permuts a rehable determination of Ry 1n branched
and non-branched saturated hydrocarbon mixtures of different or:gin saturated mine-
ral ail fractions, hydrogenated polymers, etc. (cf. Figs. 59 and 60 and p. 64).

of
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Other methods have 1n the course of time been proposed for the determination of
the number of rings in saturated mineral o1l fractions.
Booy AND WATERMAN!® developed a diagram by plotting the specific refraction

nt—1 I

P ] agamnst the dispersion #G’ — nc 1 connection with Ry of saturated mineral
o1l fractions (Fig 6) (ng’ and nc are the refractive indices measured for the G’ and C
lines of the hydrogen spectrum). A drawback of this method 1s that four physical
constants have been used whilst 1n this case two are sufficient. In principle 1t must,
n—r1 1

however, be possible to replace #p 1n the formula w2 d by erther ncor ng’, which

reduces the number of physical constants to three

STIJNTJES, WATERMAN AND WESTERDIJK! 1ntroduced a diagram in which density
was plotted against refractive index 1n connection with Ry (Fig. 7).

This was the first time that only #wo physical constants were used (the mimmum
number) to determine the ring-number of saturated meral o1l fractions

A few other methods of determining the ring content of saturated mineral oil fractions
will be discussed further on in connection with the application of the viscosity in the
field of graphical statistical methods.

01350

034004

fspec

0320

6.3

140

——— (nG.-n,-) ¢

nd—1
Fig 6 [;’—_F—; . _;] - (nG’ —nc) diagram for the determination of RN of saturated mineral o1l

fractions
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(¢%) Carbon-type analysis of saturated mineral oil fractions

The carbon-type analysis of saturated mineral o1l fractions involves the determin-
ation of the percentage of carbon 1n naphthenic structure, 9%Cx, which equals the
percentage of carbon 1n ring structure, %Cg. This can be done as follows.

If 1t 1s assumed that the ring-number of the saturated fraction 1s equal to Ry, the



2 RING AND CARBON-TYPE ANALYSIS 17

molecular weight equal to M and the molecular formula of the “average’’ molecule
representing the ol fraction 1s CcHzc — (2 Ry —2) then

M = 12.010¢c + 1.008[2¢c — (2RN—2)] . . . . . .. (3)
Now %CRr 1s defined as follows

number of C atoms 1n ring structure per molecule

o/Cp = e N S )
LR total number of carbon atoms per molecule

100

To determine the number of C atoms 1n ring structure from Rn, an assumption must
be made concerning the type of the rings and the manner of fusion of the rings. Type
and manner of fusion of the naphthenic rings may vary from one o1l to another and
because 1t 1s difficult as yet to obtain full information about this matter the determin-
ation of %Cn (= %CR) cannot be exact However, 1n order to gain an approximate
mnsight into the amount of carbon present in cyclic or non-cychic structure the following
assumptions are made

(a) The rings only contain six carbon atoms

(B) The molecules only contain kata-condensed molecules, 1.e. molecules with the
rings fused together in the same way as 1n naphthalene, anthracene, phenanthrene
and the corresponding saturated compounds such as decalin. The consequences of
deviations from these assumptions will be discussed later.

On the basis of these assumptions 1t can be said that the first ring present 1n the
molecule contains six carbon atoms and each following ring adds four carbon atoms
to this number

Therefore two cases must be distinguished 1. The nng-number of the fraction < r,
2. The ning-number of the fraction > r

1. If the ring-number of the fraction < r then the total number of carbon atoms
present 1n ring structure 1s equal to 6 Rn.

Consequently

%CRrR — “—C—’ * T00

From equation (3) 1t follows for the value of ¢ that
M + 1.008 (2 RN — 2)
c=-- —- -

14 026

Combination of these two equations gives

3 RN - 2805.2
o/Cp =
%CR M + 2.016 (RN —1)

2. If the nng-number of the fraction under examination > 1 then the total number
of carbon atoms present 1n ring structure 1s equal to 6 + (RN — 1) 4. In this case

6+ 4RN—4 2(2 RN +1)
T, 100 = —— —

%CR =

Insertion of the value of ¢ from equation (3a) gives

(2 RN + 1) 2805.2
o, -
BCR = A 2 or6(Ry — 1)

S ¢ ]
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On combining equation (r5) with equation (19) and (20), respectively, 7}, can be
expressed as follows:

84156
i;;.- + 1803.5 — 1.432 %CR

LRN ST A = Ly - (@)
8415.6
-5}1‘-/15—— + 1202 3 — 1.432 %CR

2MRNZT P = e s YCR SRR

For a particular value of %Cr there exists a linear relationship between 7., and

X[-I—, which follows from equations (21) and (22). This makes 1t possible to construct the

I
lines of equal values of %CRrmn a 7}, ~ i diagram 1n a simple manner (Fig. 8).

=
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Fig 8 Diagram representing the r,:P"cc - % relationship of saturated mineral o1l fractionsin con-
nection with Ry and 9%Cgr (= 9,CnN)

The fact that two regions have to be used to calculate the value of %CR, vtz one
in which Ry < 1 and one in which Ry > 1, gives nise to another reason why %CRr
1s no exact measure for the percentage of carbon atoms present 1n ring structure. This
1s also 1llustrated by the fact that in Fig 8 the hines for equal %Cg show a discon-
tinmty at Ry = 1.

To show the influence of possible wrong assumptions on the value of %CR the
following example may be given
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Example The average molecule of a saturated mineral o1l fraction containso grings Thus fraction
1s composed of molecules containing 2o carbon atoms The following 6 cases I, II, 11,1V, Vand VI
will be considered In cases I, I1, 111 and 1V 1t 1s supposed that 709, of the molecules 1n the o1l con-
tain one ring per molecule, 209, of the molecules contain no rings and 109, of the molecules contain
two rings per molecule, whilst molecules with three rings or more do not occur in appreciable amount
This supposition seems to be in agreement with the real situation 1n many mineral oil fractions
In cases V and VI1tis supposed that go%, of the molecules of the fraction contain one ring per mole-
cule and 109, of the molecules contain no ring

I 1In the molecules with two rings the rings are kata-condensed and the different rings contain
s1a carbon atoms per rning In this case

6 o 10
%Cr = - — — =2 = 269
%CR 70 20+zo 2o+1o o I4+0+4+5 269,

II In the molecules with two rnings the rings are kata-condensed and the different rings contain
five carbon atoms per ring Then

o/ p = S5 o i: + = 0,
%CR = 70 lo+zo 20+lo o= 175 o+ 4 =1215%

1IT The molecules with two rings contain two separate rings and the different rings contain
six carbon atoms per ring In this case

6 o 12
%L R = 70 £+2o 2—6+xo ;‘:II+O+6==27%

IV The molecules with two rings contain two separate rings and the various rings contain five
carbon atoms per ring Then

. 5 o 10
o/ — =2 = . — = = O,
%CR 70 20«}20 2Oi-lo 70 1754+ 0+ 5 225A)

V' Molecules with two rings do not occur and the rings contain six carbon atoms per nning The
9%€CR amounts to

6 o
%CRrR = ¢o ot =27 + 0 = 279,
VI Molecules with two rnings do not occur and the rings contain five carbon atoms per ring Then

5 o
%CRrR = 2 - = Lo = 0,
%CR = 90 20§—lo 7o = 225 t o = 22 59

From these examples it can be concluded that1f Ry < 1 the greatest influence on %CRg 1s exerted
by the replacement of six-membered rings by five-membered rings (cf 1 and 11, IITand 1V, V and
vI)

The influence of the replacement of kata-condensed by non-condensed rings (¢f I and I1II,
III and V) and the two-ring systems by one-ring systems (¢f I and IIT with V, IT and IV with VI)
(f R < 1) 1s much smaller

If R 2> 1 then the influence of the way in which the molecules are linked (kata-condensed or
non-kata-condensed) becomes greater as the ring-number increases

Besides constructing hines for equal ring-number or equal %Cgr values 1n the rning
analysis diagram, 1t 1s also possible to construct lines of equal values of the aniline
point3 and the density®. This 1s shown in Figs. 9 and ro respectively.

Thus 1t 1s possible to determine the value of the amline point (A.P.) of a saturated
mineral o1l fraction by means of Fig. g if the specific refraction and the molecular
weight are known.

From Fig. 101t 1s possible to determne the value of the specific refraction if M and
d are known. From the value of the specific refraction thus determined and the ex-
perimental value of the density the refractive index can be determined.

An example has been given here of the correlation existing between physical con-
stants of saturated mineral o1l fractions. Other examples will be given when the vis-
cosity 1s discussed.
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c. Ring analysis and carbon-type analysss of natural mneral ol fractions by means of
the Direct Method

(3) Determmation of %C 4

If no cracking, ring opening or ring closure takes place during the hydrogenation
and no “foreign” elements (elements other than carbon and hydrogen) are present'
in the mneral o1l fraction, the equation for determining the %,C4 can be denved as
follows,

Defiming the hydrogen content before and after complete hydrogenation as %H_ and
9%H, respectively, the molecular weight before and after hydrogenation as M and M,
respectively, and the molecular formulae before and after hydrogenation as C;Hp,and
CcHj, respectively (the number of carbon atoms remaining constant during the hy-
drogenation), the following relation holds

number of carbon atoms per molecule in aromatic structure

0, — e e P
e = total number of carbon atoms present 1n the average molecule 100
or
%CAa = ——="100 . + . . . ... ... (23)
From equation (4) 1t follows that
%H M %H M,
" 1.008 a8 % = 1008 - 100
and from equation (6)
ro0M —9Y%H-M
S TTToere T ot e (6)

Substitution of 4, A, and ¢ 1n equation (23) gives
%H-M  Y%H M,

oc 1008 1.008
%Ca = roo M — Y0 M 1201.0

or
M
%H — %H, - “11‘;
%Ca = 1191 * ~ Too—OH (24)
By means of equation (24) 1t 1s possible to calculate the value of %C4 of mineral
o1l fractions 1f molecular weight and hydrogen content of both the original and the
saturated fraction are known. Olefinic compounds should be absent.
The value of %C4 calculated in this way 1s exact, however, the method requires

much practical experience (cf p. 10). Since M and M are almost equal, certainly
within the expenimental error, %C4 1s practically independent of the molecular weight.

(1) Determanation of the total ring-number RT

After complete hydrogenation of the mineral oil fraction the total ring content can
be determined in the same way as has been described for the saturated fractions, vz

by applying equation (1) (p. 9):
M
Rr=1+4(8326—05793%H) — . . ... ... (1a)
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where %H = hydrogen content of the saturated o1l fraction
and M = molecular weight of the saturated o1l fraction.

No assumptions regarding the ring type or the extent to which the rings are con-
densed need be made, R7 1s an exact value, inasmuch as M can be considered to be
determinable 1n practice.

(131) Determination of %Cr

After the complete hydrogenation of the mineral o1l fractions use can once again
be made of the equations that have been derived for saturated mmeral o1l fractions
on the assumption that six-membered rings are present and that the rings in the mul-
tiple ring systems are kata-condensed The equations are

fRr <1
) 3 Rt 2805.2
o — g I
WCR = 01 4 otoRr — 1) (192)
fRT>1
2 R 1)2805.2
%CR ZRr+y2osz (20a)

M + 2.01(7(1\5:[—« I)

(1v) Determnation of the number of aromatic rings R4
The number of aromatic rings R4 1n mneral oil fractions can be calculated from
%C4 (eqn. 24) o
%H —9% H- ¢
oA 9 roo — %H
and the molecular weight The value of R4 cannot be determined with exactitude
Nevertheless, a reasonable approximation may be obtaned by assuming that multiple
aromatic ring systems are kata-condensed It 1s almost certain that only six-membered
aromatic rings occur
Two cases must be distinguished (a) the ring-number of the fraction < 1, () the
rng-number of the fraction > 1
(@) If the ning-number of the fraction < 1 and there are no molecules present that
contain more than one ring, then the total number of carbon atoms present 1n aromatic
structure 1s equal to 0 R4 According to the defimition of /,C 4 the following equation
holds true
6 R4

%Ca = L T L (25)

The number of hydrogen atons n the average molecule amounts to
hy=2c—@BRq4—2) . .. (26)
Ry <1
One aromatic ring causes a deficiency of 8 hydrogen atoms compared to an alkane

with the same number of carbon atoms. This explains the term 8 R 4 1n equation (26).
From equation (20) 1t follows for the molecular weight that

M = r12.010¢ + 1.008 {2c— (8R4 —2)} . . .. (27)
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Equation (27) gives for the value of ¢

M + 1.008 (8 R4 — 2)

= F7ry IR (28)

Introducing this value of ¢ into equation (25) gives*
%Ca = 6 R4 * 14.026 . 100 (29)
A MF1088Ri—2) '@ - o (29

%CA M +8.064 Ra-%Ca — 2.016 %Ca = 84.156 R4-100
or o

R4 = W —2010 %Ca (30)

8415.6 — 8.064 %C4

(B) If the number of aromatic rings present in mineral o1l fractions > 1, the number
of aromatic carbon atoms present 1n the average molecule 1s equal to
6+ (Ra—1)4=2+4 R4.
From the definition of %,C4 the following equation 1s obtained"

2+ 4 Ry
%Ca = — CT00 . . e e e . (31)
The number of hydrogen atoms present 1n the average molecule can be put equal to
hy,=2¢c—6Ra .. ... -0 (32)

This can be explained as follows.

The number of hydrogen atoms present in an alkane with the same number of
carbon atoms 1s 2 ¢ + 2. The presence of the first aromatic ring results in a decrease
of eight hydrogen atoms, each further aromatic ring causes a decrease of a further six
hydrogen atoms if the rings are kata-condensed (two for the ring closure, four for the
replacement of CH, groups by CH groups). The overall result 1s the presence of (2 ¢ + 2)
—8— (R4 —1) 6 = 2¢— 6 R4 hydrogen atoms 1n the average molecule representing
the mineral o1l fraction.

The molecular weight of the fraction 1s

M = r12.010c +1,008(2¢—6R4q) . .. . . ... (33)
From this equation 1t follows for the value of ¢
M +1.008-6 R4

Cc = #mr— ............ (34)
Introducing this value of ¢ into equation (31) gives
(2 + 4 R4) 14.026
%C4 : 100 . ... (35)

= M+ 1.008-6Ra
%CA4*M 4 6 Rq - 1.008-%C4q = 5610.4 R4 + 2805.2
Rq = pLaM—2852 - (36)
5610.4 — 6.048 %C4

By means of equations (30) and (36) 1t 1s possible to calculate tl'e number of aromatic
rings per average molecule of mineral o1l fractions with R4 < 1 and R4 > 1, respec-
tively, from the molecular weights and the percentages of carbon atoms in aromatic
structure. The calculated values are not exact values since 1t 1s assumed that the
multiple rning systems are kata-condensed, however, this often seems to be the case.
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(v) Determination of the number of naphthenic rings RN
As the values of RT and R4 can be determined 1n the way described above, it 1s
possible to determine the value of Ry of mineral ol fractions

RN=Rr—Rq4 . ... .. ..... (37)

The curious fact has been discovered by GEELEN, WATERMAN AND WESTERDIJK!!
that this value can also be obtained by applying the ring analysis diagram (derived
for saturated mineral o1l fractions for the determination of Ry, previously described)
to a mineral o1l fraction, by using its specific refraction and molecular weight. The
value of Ry read from the diagram (Fig. 3) appears to be equal to the number of
naphthenic rings present in the mineral o1l fraction that contains aromatic compounds.
It means that balancing influences are operating, which cause the aromatic part of
the average molecule to behave as the paraffinic part This property 1s a remarkable
feature of natural mineral o1l fractions (cf. also 56 (%), p. 71).

(v1) Determination of %CN

Once the percentage of carbon in aromatic structure, %,C4, and the percentage of
carbon 1n ring structure, %CRg, are known, the percentage of carbon 1n naphthenic
structure, %Cx, follows from the equation

%CN =% CRrR—%Ca . .. ... .. (38)
If the diagram denived for saturated tractions 1s used where r,';,c 1s plotted against

I
M connection with Ry and 9%,Cr (Fig 8), a value of %,C g 1s read by using the values

of »¥°

1
tec and W for the mineral o1l fraction For the same reasons as described under ()

this value of 9%,Cr proves to be equal to the value obtained according to equation (38).

d. Ring analysss and carbon-type analysis of mineral osl fractions by means of the n -d - M
method

In thess-d-M method use 1s made of three physical constants, namely the refractive
index n (measured for the sodium D-line), the density d in g/ml and the molecular
weight M, for the determination of the composition of mineral o1l fractions.

This 1s not the first time that physical constants only were used to determine the
structural composition of non-hydrogenated mineral oil fractions VLUGTER, WATER-
MAN AND VAN WESTEN® had already proposed using the specific refraction, amline
point and molecular weight of the fraction The predicted value of the amiline point,
obtained by means of the diagram presented 1n Fig 9, was compared with the expen-
mental value. The difference AAP was a measure for the percentage of carbon in
aromatic structure, %C4 Instead of the aniline point, the density can be used m an
analogous way The difference Ad®3 then replaces AAP as a measure for %Ca.

The #-d-M method, which has been generally adopted nowadays for the ring
analysis and the carbon-type analysis of mineral oils, both hydrogenated and non-
hydrogenated, 1s a further development of these investigations The method has been
described in detail by LEENDERTSE, TADEMA, SMITTENBERG, VLUGTER, WATERMAN,
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VAN WESTEN AND VAN NEs*12, It is based on the fact that there is a linear relationship
between the percentage of carbon, %C (in either naphthenic, aromatic or paraffinic
structure) and the refractive index, the density and the reciprocal molecular weight,
according to the equation:

%c=%+bAd+cAn (39

where a, b and ¢ are constants,

Nd =d—dg

An=n—nyp
dwo and neo are the values of the refractive index and density, respectively, of the
hypothetical normal hydrocarbon with infimte chain length. For the number of rings
(exther naphthenic or aromatic rings or total number of rings) an analogous equation
18 vahd

R=a4+VMNAd+cMAn (39a)

@', b’ and ¢’ are constants dufferent from a, b and c. The determination of the constants
mentioned 1n equations (39) and (39a) have been described by VAN NEs aAND VAN
WESTEN®1? and will not be repeated here The results are reported in Table I.

TABLE 1

FORMULAE OF THE n-d-M METHOD

Measunments at 7o°(,

Measurements at 20°C

x =242 (n—1 4600) (d—o 8280}4_“
y = (d—o 8280)—1 11{n—1 4600)

v =251 (n—I1 74750) — (d—o 8510)
w = (d—o 8510) — 1 11(n—TI 4750)

%Ca If v s positive %Ca  If x18 positive
3660 3660
%Ca =430 v + 5 %Ca = 410 % + “u
If v 18 negative If x 18 negative
660 60
%Ca = 670 + é"ﬁ‘ %Ca = 720 % + 3
%CR If w18 positive %CR Ifyis posmve
10000 11500
o %CrR =775y — 35 + :4—
If w13 negative If y 18 negative
060
%CR = 1440 w — 3S + l—-——o %CR = 1400 ¥ — 3S + 1»“09
%,CN %CN = %CR —9%Ca %CN %CN = %CR - %CA
%CP 9%Cp = 100 — Y%CR %CP %Cp = 100 — Y%CR
Ra If v 18 positive Ry If x18 posmve
R4 =044 + 0055 My R4 = 0 41 + 0055 Mx
If v 18 negative If x 18 negative
RA = 0 44 + 0080 Mv RA==041+0080M3
Rt If w18 positive Rr If y 18 positive
RT = 133 + » 146/ (w—o0 0055) RT = 1 55 4 0 146M(y—0 0055)
If w18 negative If y 18 negative
RT = 1 33 4+ 0 180M(w—o0 0055) Rr=155+0 raoM(y—o 0055)
RN RN = RT — R4 RN RN = RT — R4

S 18 weight percentage of sulphur
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By means of the equations given i Table I the various values of %, R can be calculated
if », d and M are known.

If sulphur 1s present a correction must be made in the case of 9%Cr and Rr. This
correction is given 1n the equation for %Cr and Rr, where the weight9%, of sulphur
1s denoted as S. No correction has to be applied to 9C4 and R4 for the presence
of sulphur.

Should data at some other temperature, say 40°C, be available, then silar equations
as listed 1n Table I are valid The numerical values of the constants of these equations
can be obtained by hnear interpolation of the values of the constants given n the
table for 20°C and 70°C

The n-d_M method for determiming the composition of olefin-free mineral ol
fractiopsfias proved to be reliable if %,Cg < 75 with the further hmitation that %C4
< 1} %Cn. For the number of rings the hmitation 1s Rt < 4 with R4 < } R7.

The method 1s also applicable to olefin-free paraffin waxes, residual oils and oils
containing less than 29%, sulphur, o 5%, oxygen and o 5%, mtrogen

The method has the fundamental drawback that different numerical constants have
to be used 1n the formulae, depending on the range considered. However, the practical
application 1s not hampered by this fact

e. Kinematic viscosity and structure of mineral ol fractions

(3) Structure of saturated mineral o1l fractions v-M diagrams and v-n diagram

In the last few years the kinematic viscosity and its temperature dependence have
been used for the determination of the composition of mineral o1l fractions. The first
steps n this field were made by BoELHOUWER, VAN STEENIS AND WATERMAN13, who

N ~RF .ao
43 0|
\

11/
200 250 300 35 400

———M

Fig 11 y-M diagram for determimng the number of nngs per molecule in saturated muneral
ol fractions
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Fig 12 Log v—-M diagram for determining the number of rings per molecule in saturated mineral
oul fractions

constructed the diagrams represented 1n Figs. 11 and 12 for the ring analysis of sat-
urated mineral o1l fractions.

With these diagrams 1t 1s possible to find the number of (naphthenic) rings per
molecule from the molecular weight and kinematic viscosity However, the accuracy
of this determination 1s 1n some regions rather small This 1s one of the reasons why
another diagram!®14 has been introduced, in which »§3 has becn plotted against the
refractive index ngy, Fig. 13 Another reasonis that the molecular weight 1s preferably
not used because 1ts determination 1s difficult and naccurate.
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Fig 13 Log v-n diagram for determining the number of rings per molecule 1n saturated mneral
oul fractions
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In Fig. 13 the number of rings per molecule of a saturated mineral o1l fraction can
be read 1if the kinematic viscosity and the refractive index are known.

In Fig 14 the correlation 1s shown between some physical constants of saturated
mineral o1l fractions, as well as the relation between physical constants and Ry and
%CR This diagram shows how the nng-number Ry and the percentage of carbon
present 1n ring structure, %CR, as well as the molecular weight M and the density
d?, can be determined for saturated mineral o1l fractions by means of their log vg

and n}) values
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Fig 14 Correlation of some physical constants of saturated mineral o1l fractions, the relation
between physical constants and structure
L]

(22) Structure of strarght-run mineral oil fractions

(@) The v -n-dmethod As has just been duscussed the density d;° of saturated mineral
o1l fractions can be determined by means of Fig 14,1f the values of log $$ and np of
the fractions are known. The value of d;° thus obtained appears to be 1n accordance
with the experimental value up to the third decimal place Thisis not so if the fractions
under examination contain aromatics. In that case 1t will be observed that the
valued’ of the density obtained by means of Fig. r4and the experimentally determined
value d do not agree The difference @' — @ = A\ d appears to be a measure for the
percentage of carbon 1n aromatic structure according to the experimentally established
equation

%Ca =800 Nd—~ (40 AH* ... .....(\40

The value of %C 4 thus obtained 1s independent of the sulphur content From A4,
the value of the density d* and the logarithm of the viscosity log »* of the saturated
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o1l fraction can be predicted by means of the experimentally established equations

d* =d—062Ad—0008%S . ........ (41)
and
logv* =t —3Ad)logv+ANad . ....... (42)
When determining @* a correction for the sulphur content has to be applied, which
correction 1s equal to —o 008 9S
By means of the values of @* and log »* the following values can be read from Fig. 14,
viz. the number of nngs RN (= R7), the percentage of carbon in ning structure, %Cgr
and the molecular weight, M The values of RT, %Cr and M are the same for the
non-hydrogenated and the saturated o1l fractions 1f 1t 1s assumed that the molecular
weight does not change on hydrogenation. This 1s true if no cracking during hydrogen-
ation has taken place within the hmits of accuracy of the molecular weight deter-
mination.
The number of aromatic nings follows from the values of %C4 and M by applying
the equations

R4 >1
M-%,C
@Ra41)=E%Ca 43)
2800
fRqe <1
M YyC
gRy = M%Ca . (44)
2800

Equations (43) and (44) can be denived from equations (35) and (29) respectively,
recognizing that, in view of the accuracy of the molecular weight determination (+ 5%),
the denominators may be replaced by M, while the constant value 14 026 1n the num-
erators may be replaced by 14 o0 without unduly affecting the accuracy of %C4.

For the determination of %,C4 no sulphur correction need be made.

The method described 1s known as the v -n-d method It has the advantage that
the rather laborious, time-consuming and naccurate determination of the molecular
weight can be avoided, while the viscosity can easily be determued with a relatively
hugh accuracy Furthermore 1t 1s now possible to predict the molecular weight.

(B) The v-n—d space model and 1ts cross-sections It has recently been shown by
CORNELISSEN AND WATERMAN!S that use can be made of a log »-#-d space model
to determine the carbon-type composition of o1l fractions The space model consists
of the mutually perpendicular coordinates log »3, nfy and 42° (»3 1s the kineinatic
viscosity 1n centistokes at 20°C, apy 1s the refractive index for the sodium D-line at
20°Cand d}° 1s the density 1n g/ml at 20°C) , 1t 15 schematically represented mn Fig. 15

Fig 15 Schematical representation of the log v—n-d space model
for the determination of the carbon-type composition of mineral
oil fractions
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In Fig. 15 a fraction P with certain values for log ¥, #p, and d;° is indicated. The
fraction has the assumed composition %C4 and %Cn. Other fractions with different
values of log ¥, #}y and 4}° may have the same carbon-type composition (which
1s possible 1f the molecular weights are not the same) or dufferent carbon-type com-
positions. Fractions with the same carbon type composition form space lines, which
are the intersecting lines of surfaces of equal %C4 and %CNn, respectively.

For practical use of the log »-# -2 space model, cross-sections are made of these
surfaces of equal %C4 and %Cxy values parallel to the n}y — d;° coordinate plane
or, 1n other words, for certain different viscosity values, namely log vg = 0.300,
0.500, 1.000, 1.500, 2.000 and 2.500 The cross-sections are shown in the Figs. 16, 17,
18, 19, 20 and 21, respectively.

280 | 7
e , LOG r,o.o 300

> L
g
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\d&\§

0.76000L

14700 14800 14900 1% 78100
[»)

Fig 16 Cross-section of the log v—n-d space model at log ¥§§ = o 300, with the surfaces of
equal values of 9,C4 and %CN

The cross-sections can be used for the determination of the carbon-type composition
of mineral oil fractions in the following way.

Example' An ol fraction has the values
log v§h = 0 428
= 1 4884
dP = 08634
As the value of log v} 1s equal to 0 428 use must be made of the fwo cross-sections for log ¥gh 0 300=
and log »{$ = o 500, which are the adjacent values of the series of six cross-sections

In both graphs values of %C4 and %CN are read from the values of n} and d3°, these
values are

from the log »§y = o 300 diagram :’(CA = 32 and
? CN = 30

from the log »§} = o 500 diagram ?o = 29 and
%CN = 22

As the real value of log v} of the fraction in question s equal to o 428, the valuesof%C4 and %CN
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Fig 21 Cross-section of the log v-n-d space model at log ¥§3 = 2 500, with surfaces of equal
values of 9%,C4 and 9%CN

can be obtained by linear interpolation between the values read from the graphs The results are
o 128
0 =32 ————*"3=32—2 =
%Ca =32 — ——-3=732—2=30

and
%CN = 30 o128 8 = 30 =2
oUN = 3 o200 0= 3 5=25

Lhe carbon-ty po composttion® of the il appears to be

N
¢]
2
nn
A NW
“©»n O

As no auxihary constants (ke 4* and log »*, see preceding section) are used in the
log v-n -d space model cross-section method 1t can be regarded as an improvement
of the application of the viscosity in the field of graphical statistical methods.

(y) The application of nomograms of the cross sectrons of the v —n -d space model. A further
development of the »-n-d method 1s the use of nomograms!® replacing the cross-
sections of the space model, which have been discussed in the previous section This
replacement 1s possible because the intersecting lines of these cross-sections with the
surfaces of equal values of %C4 and 9,Cn are practically straight If a nomogram
1s used with the parallel coordinates #f and d¥ the straight lines from the cross-
sections become single points in the nomogram. As we are dealing with straight parallel
lines 1n the cross-sections, the points in the nomogram corresponding to these hines
constitute a straight line 1n the nomogram, which 1s parallel to both the coordinates.

The nomograms replacing the cross-sections are given in the Figs. 22-27.

In the nomograms not only the lines for the determination of %C4 and %Cx are
given, but also those for the determination of R 4 and R v as well as molecular weight M.
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Fig 22 Nomogram of the cross-section of the log v-n-d space model at log vg§ = o 300

The use of the nomograms will be 1llustrated by an example
Example An oil fraction has the values
L]

log S = o 828

20
ﬂg = 1 4695
ay = 0 8390
M = 232

As the value of log ¥33 1s equal to o 828 use has to be made of the two nomograms for log v =

o 500 and log vey = 1000, these being the adjacent values of the six cross-sections In these

two nomograms the following values of 9%C4, %CN, R4, RN and M are read from the values of
n}dand a%

nomogram %C4 %CN R4 RN M
log vg3 = o 500 17 29 039 o7r 191
log veg = 1000 12 18 046 o074 262

As the value of log v of the fraction in question s equal to o 828 the values of %C4, %CnN, R4,
RN and M can be obtained by hnear interpolation between the values read from the graph The
results are

o 328

0, - — e = — =
%C4 = 17 05005 17—3 =14
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Fig 23 Nomogram of the cross-section of the log v—n-d space model at log ¥{ == o 500

9 = 038 gy
%CN 29 o500 11 = 29— 7 = 22
R =0 +°328 001 =0 4+ 001 = 0 40
4 = 039 o 50 =039 =04
0 328
R = —277 = =
N o71+05 003 =071 4 002 =073
0 32
= = = 238
and M 191 +05°° 71 191 + 47 23

%Ca = 14 R4 =040
g/oC.v=zz RN =073
oA;,C)e=36 Rr =113
%CP = 64 M =238

It must be emphasized that the nomograms and cross-sections presented here are
only applicable to the original mineral o1l fractions and not to the hydrogenated frac-
tions. The advantage of using the nomograms instead of the cross-sections lies in the
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Fig 24 Nomogram of the cross-section of the log ¥—n-d space model at log #{3 = 1.000

fact that ‘m the nomograms values of several structural elements and physical con-
stants can be represented simultaneously, whereas this 1s practically impossible 1n the
cross-sections because they would become overburdened with lines. Moreover, the
nomograms are easier to handle. Consequently they can be recommended for practical

use for making the carbon-type analysis and ring analysis of mineral oil fractions,
Sec Addendum 2, p 113

(0) The applications of log v-f(n, d) graphs. It may sometimes be felt as a drawback

that the methods described under () and (y) require the use of two different cross-

sections or nomograms If one wishes to know, for instance, the value of one structural

element, say 9%C4, 1t proves to be possible to construct a graph from which %,C4

can be read durectly. The graph has as coordinates log #§ and a simple function of the
refractive index and the density. Two such graphs have been constructed by CORNE-
LISSEN AND WATERMAN!?, one for the determination of %,C 4 and one for the determin-
ation of %,CN (Figs. 28 and 29, respectively).
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Fig 25 Nomogram of the cross-section of the log ¥—n-d space model at log ¥§§ = 1 500

These graphs can be derived from the cross-sections of the log v —n —d space model In these cross-
sections the lines of equal values of 9%,C4 and 9, Cn have a constant slope Accordingly the general
equation of these lines can be represented by

nf =a-dd +b

1 which a 18 a constant, whereas the value of b vanes
Since

b =nf —a-dy

1t follows that b, or n}) — a-d%, represents a certain value of 9%C4 or %Cn for the constant value
of log v of the considered cross-section

In the log y—8(= # — a d) graphs the lines of equal values of %C4 and %Cx from the cross-
sections for a certain viscosity, are represented by points lying on a ine parallel to the # — a-d axio

When the points for the different log » values of the respective cross-sectious are connected,
Lines are obtained as given 1n Figs 28 and 29

The value of a 1s equal to the cotangent of the slope of the hines of equal %,C4 or %Cr1n the cross-
sections of the log y—n—d space-model
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Fig 26 Nomogram of the cross-section of the log v—n-d space model at log ¥33 = 2 000

The function of the refractive index and the density 1n the case of the determination
of %C 4 proves to be (n»—o0 35d) and 1n the case of the determinationof %Cn (n — 2/5 d).

The use of the graphs does not need further explanation. The value of the coefficients
of 1n the (n,d) functions have been derived from the constant slope of the lines of equal
values of %C4 and %Cn 1n the cross-sections.

Though these graphs are convenient to use 1t 1s a drawback that for each structural
element a different graph has to be employed Therefore the nomogram method 1n
general seems to be the most attractive method for determining the values of the vanous
structural elements of mineral o1l fractions

3. CORRELATION OF PHYSICAL CONSTANTS OF MINERAL OIL FRACTIONS

In this section 1t will be shown that 1t 1s not only possible to determine the chemical
structure of mineral o1l fractions from physical constants, but also to predict the values
of other physical constants. That 1t 1s possible to correlate the physical constants of
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Fig 27 Nomogram of the cross-section of the log v—n-d space model at log vg = 2 500

saturated mineral o1l fractions can be seen from a few particular examples, previously
giwven 1n connection with the determmation of %Cn

These are

(a) The correlation between specific refraction, molecular weight and amhne point
or density (p. 20, Figs 9 and r10).

(b) The correlation between kinematic viscosity, refractive index and density (p 28,

Fig. 14)
New methods of finding correlations between physical constants of straight-run as

well as of saturated mineral o1l fractions will be discussed below.

a. Correlation of the wiscosity, the refractive index, the density and the ultrasomsc sound
velocity of mimeral oil fractions
() Application of cross-sectrons of the log v-n-d space model

It has been found by CORNELISSEN AND WATERMAN1S that 1t 1s possible to construct
surfaces of equal values of the ultrasonic sound velocity 1n the log » -# -d space model.
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For practical purposes 1t 1s necessary to represent the connection between the ultra-
sonic sound velocity # (m/sec) and », #» and d by means of cross-sections for constant
log ¥ values of the log »-%-d space model. The sections contain the intersecting lines
with the surfaces of equal # values, Figs. 30, 31, 32, 33 and 34.
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20 The figures 30-34 are related to muneral oil fractions.
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The intersecting lines of equal # values are straight and mutually parallel. In order
to determine the ultrasonic sound velocity at 20°C from log »53, #p and 4}°, use has
1n general to be made of two cross-sections for the log »§; values ad]acent to the actual
log v value of the a1l fraction in question. This will be made clear 1n the following
example.

Example For an o1l fraction the following values of the physical constants were found
log v55 = 0 828

nf = 14695
d® = 08390
Ugg = 1394 m/sec

From the cross-sections for constant log »{3 = o 500 and log v§3 = 1 000 values, the u,, values are
read by means of the values #}y = 1 4695 and d3® = 0 8390 u, = 1369 m/sec and 1405 m/sec
respectively
By hnear interpolation the following value 1s obtained
28

Ugy = 1369 + g%f 36 = 1369 + 24 = 1393,
%y = 1393 m/sec, while the experimental value amounted to 1394 m/sec, measured at a frequency
of 2:108 Hertz

The uy, determined 1n the way just described 1s about as accurate as the experimentally

determined value.
The method 1s applicable to the original mineral o1l fractions.

(12) Application of nomograms of the cross-sections

As has been discussed 1n the case of the determination of the values of certain struc-
tural elements, the sets of straight hines 1n a cross-section can be replaced by a single
line 1n a nomogram consisting of the parallel coordinates nyy and d;°.

As the straight lines in the cross- sectlons are parallel, the single line 1n the nomograms
1s parallel to the coordinate axes nf, and d,°. The distance of the single line from the
parallel coordinates will depend on the slope of the lines of equal #,, values in the cross-
sections. Since the slope of the lines 1n the cross-sections amounts to about 3, the
situation of the single line 1n the nomogram 1s as represented 1n Fig. 35, provided that
the scalesan both the cross-section and the nomogram are the same.

The way 1n which uy can be determined from log ¥§, npy and d;° by means of the
nomogram 1s the same as described for the cross-sections in the preceding section and
will not further be discussed.

(s33) Applicatron of a log v~(n — } d) graph

As has already been discussed, the slopes of the lines for equal # values in the
cross-sections for constant log » values of the log »-n -d model, are all approximately
the same, provided the same scales are chosen for both the refractive index and the
density. Therefore 1t 1s possible to construct a graph with the coordinates log »3 and
(n — % d), m which lines of equal values of the ultrasomc sound velocity can be in-
dlcated“ Thxs has been done 1n Fig. 36.

By means of this graph 1t 1s possible to determine o from log v, nyy and 4}°,
if the value of the function (» — } d) is calculated from ny and 4J°.

It appears that the lines of equal values of the ultrasonic sound velocity in the graph
are straight. The slope of the hines changes steadily from one line to the next.
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(1v) Applhication of a nomogram of the log v—(n — } d) graph

As has been stated above the lines for equal values of the ultrasonic sound velocity
of mineral oil fractions 1n the log » -(» — } d) graph are straight. Therefore it is possible
to construct a nomogram with the parallel coordinates log 3 and (n — 0 181 d), the
value of 0.181 1n the function (n — 0.181 d) being somewhat more accurate than } 1n
the function (n — }d).

It is also possible to determine the value of (n — 0.181 d) by means of the nomogram
given 1n Fig. 37. For this purpose parallel coordinates #y and &}° parallel to the
log v and (n — 0 181 d) coordinates have been constructed in the appropriate way.

In Fig. 37 an example has been given how to determine the value of #g, from log +3;,

n-0.181d
TIN2, FRACTION 8 - ngy a3
15400 ~0.9800
20
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Fig 37 Nomogram of the log - (n — } d) graph for the determination of % of mineral o1l fractions.
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d;® and #p’ by means of the nomogram. The use of the nomogram is more attractive
than the use of the graph (Fig. 36) since no calculations of the (n—d) function have
to be made.

b. Correlation of the wiscosity, the refractive wndex, the density and the surface tension of
mneral oil fractions

(+) Application of cross-sections of the v-n-d space model

It 1s possible to construct surfaces of equal values of the surface tension ¢ 1n the
log v -n -d space model in the same way as surfaces of equal values of %C4 and %Cn
and the ultrasonic sound velocity have been constructed before. For practical appli-
cation use has to be made of five different cross-sections for constant log ¥-values, as
has been worked out by CORNELISSEN, HARVA AND WATERMAN?, These are represented
m Figs. 38, 39, 40, 41 and 42.
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Fig 38 Cross-section of the log y~#-d space model at log v§3 = 0 300, for *hie determination of gy,

For the determination of the surface tension from the viscosity, the refractive index
and the density of mineral o1l fractions two cross-sections have, 1n general, to be used.
The value of oy, can be obtained by linear interpolation between values read from the
two cross-sections.

The hines for equal values of ¢ in the different cross-sections are parallel to the n}
axis. This means that the surface tension at a constant value of the viscosity and the
density is independent of the refractive index and in fact of any other physical constant,
¢ ¢ the viscosity and the density are the only two physical constants of mineral o1l
fractions that are necessary to determne the value of the surface tension of these

fractions. text continued on p. 48
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(43) Application of a log v-d graph

The fact that only the two physical constants, viscosity and density, are necessary
to determine the surface tension of mineral o1l fractions, enabled CORNELISSEN, HARVA
AND WATERMAN®! to construct a diagram with the coordinates log »§§ and d%. This
diagram has been constructed by projecting the surfaces of equal values of the surface
tension 1n the log » -# -d space model on the log »-d coordinate plane In the diagram
lines of equal values of the surface tension g, (at 20°C) were constructed (Fig.43).
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Fig 43 Log v:-d’f diagram for the determination of g,, of mneral o1l fractions.

This diagram makes 1t possible to determine oy, from the measured values of the
viscosity and the density. In general the results obtained have the same accuracy as
those obtamned by direct measurements

It 1s a remarkable fact that only two physical constants (viscosity and density) are
necessary to determine the surface tension of mineral oil fractions The physical back-
ground of this phenomenonis not yet clear Another remarkable fact 1s that the diagram
presented 1n Fig. 43 can be applied not only to original mineral oil fractions, but also
to hydrogenated mineral o1l fractions, whereas in general dufferent graphs must be
used for these two groups.

c. Correlation of the ultrasomic sound velocity, the density and the surface tension of
muneral ovl fractions
A third example of the correlation of physical constants of mineral oil fractions 1s
the determination of the surface tension from the ultrasonic sound velocity « and the
density 422,
This determination can be carried out by using a graph with the ultrasonic sound
velocity » and the density d as coordinates, as shown in Fig. 44.
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In the graph lines of equal values of # have been constructed. These lines are straight
and parallel. Stress must be laid on the fact that the graph 1s only applicable to original
mineral oil fractions and not to saturated mineral o1l fractions.
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d. Correlation of physical constants of saturated mineral osl fractions

It was found by CORNELISSEN, HARVA AND WATERMAN?? that a log v-n diagram
can be constructed for the determination of both the ultrasonic sound velocity and
the surface tension of saturated mineral o1l fractions. This was possible by constructing
lines of equal values of the ultrasonic sound velocity and the surface tension, respect-
ively, as shown in Fig. 45.

The graph shown 1n Fig. 45 1s only vahd for saturated mineral o1l fractions and is
not valid for the onginal mineral o1l fractions.

It is also possible to determine the surface tension of hydrogenated fractions from
the ultrasonic sound velocity and the density?2. This can be done by means of a % -d
diagram in which lines of equal values of the surface tension have been constructed.
This diagram 15 shown n Iig 46 See also Addendum 3, p 113
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Fig 46 u-d diagram for the determination of the surface tension of saturated mineral oil fractions

e Temperature dependence of the viscosity

Not only the viscosity but also the temperature dependence of the viscosity can be
related to the structure of mineral ol fractions

The viscosity-temperature relationship of mineral o1l fractions, and 1n fact of many
other hiquids, can be represented by a formula proposed by CORNELISSEN AND WATER-
MAN34

A 1 ,
1ogv=T;+B e e e e e e e e (45)

where v denotes the kinematic viscosity in centistokes (stokes = g.cm—1-sec-?) and
T denotes the absolute temperature 1n °K, A, B and x are constants. The formula
has been experimentally tested over the temperature range from 10-100°C and in some
cases over wider ranges.
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The constants A, B and x 1 the formula can be calculated from three viscosity
values #»,, v, and »,, determined at three different temperatures T, T, and T, respect-
ively.
The three following equations are obtained-

A
logrl=i,—l;+B ...... B (V]

|
logvg=,1~.?+B.............(b)

4
logv,:T;;—}—B e e e e e e e e e e (c)
Subtracting (b) from (a) and (c) gives
I I
logy, —logv,=A|l———=—~—] . .. ... .... d
g% g vz (T‘,, Tﬂ,) (d

I
log vg—logvg= A4 —_— T ()
g 2 g 3 (T"' Ta‘) ()
Dividing (d) by (e) gives

I 1
log , — 1 T Ty
%gﬁ_,_lﬂlﬂa =0 . . (46)
g ¥o — 108 g r r
sz Tsx
logv,—log vy
If Q = m:lzg—v;— .......... (463)
I I
T Ty
and Q = ';—T ........... (46b)
Ty Ty

then the value of x can be calculated from that of Q using equation (46b). The value
of Q 1s calculated by means of equation (46a) from the measured viscosity values.
The calculation of x from Q according to equation (46b) can be made with the aid
of a table or a diagram 1f for the three temperatures T;, Ty and T, certain values are
used, e.g. 20°C, 40°C and 70°C.
An example 1s given 1n Table II and Fig. 47.

TABLE II

20
Ql40 #
70

078
0 84
091
099
107

NnhWN~



52 MINERAL OILS AND RELATED HYDROCARBON MIXTURES n

//
000 y.
N //
//
1.00 &
A
/7 N
03 N Fig 47 Q-x diagram for the de-
- = \ termination of the value of ¥ from
A
N the equation log ¥ = = + B,1f the
- value of Q from equation (46a) 18
0,000 known.
-0 -S [} s 10

—_—— X

A more detailed table than Table II has been published?s,
x can also be calculated®s* by means of the equation

_ 2(log 0 —10g 0,)
log Ty—log T,
in which
log T, —log Ty
" log Ty — log Ty
Qo =lmQ
Sm=0
Once the value of x 1s known the value of 4 can be determined by means of the equa-
tion that can be derived from equations (a) and (c) by subtraction

5

¢ I
logv,—logvy =4 (7—,—141r — T—,x)
log v, — log v,
T 1
Ty Ty
1n many cases it is permissible to vary the experimental value of x about 0.5 unit,
if the temperature range from 20°C to 100°C 1s being used, without unduly affecting
the accuracy of the results of a calculation Thus for a series of, for instance, lubricating
oils with a value of x ranging from 3.0 to 4.0, the average group value of ¥ = 3.5 can
be chosen. In that case x may be considered as a constant for that group of oils, so
that equation (47) can be altered to:
log v, — log »,
= —W .......... . (48)
Thus, the temperature dependence of the viscosity of these lubricating oils, being
equal to 4, is determined by (log », — log vy) 1f the value of x is the same. If 20°C and

or A

70°C are chosen for T, and T this expression becomes log vy —log v = log 7w (see
also Fig. 48). o
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In a particular group of oils with constant average value of x, the expression log %
can be considered as an absolute index for the temperature dependence of the v1sc051t);

log%!has been given the name Fundamental Viscosity Temperature Index|(F.V.T.1.)%
70
Only in the case of o1ls belonging to a group with a constant average x value ma

the values of the F.V.T.I. be compared. E.g. the values of the F.V.T.I. of a group ¢
lubricating oils with an average group value of x = 3.5 (Figs. 49 and 50), cannot b
compared with the values of the F.V.T.I. of a group of silicone oils with an averag
group value of x = 1.0 (F1g. 51).
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The F.V.T.I. can be used to determine the number of rings in saturated fractions,
CORNELISSEN AND WATERMAN constructed a diagram for this purpose??, which diagram
1s shown in Fig. 52.

In the diagram the coordinates are log %2 and the refractive index at 20°C, np’.

In the same way an x-n}’ diagram3® can be constructed, which makes it possible
to determine the ning content of saturated mineral oil fractions. This diagram 1s given
in Fig. 53.

In this diagram x is the exponent in the formula

A4
logv =Tx +B .. e . (45)

This method has been applied by GEERARDS AND WATERMAN®® to hydrocaibon oils
obtained by hydrogenation of coa
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4. ANALYSIS OF BRANCHED HYDROCARBON MIXTURES

a. Introduction

When determining the degree of branching of hydrocarbon mixtures by means of
physical constants, especially those physical constants or functions thereof should be
chosen that show the necessary sensitivity to the presence of branchings. Particularly
the parachor and the magneto-optical rotation have found application.

There are mainly two problems that hamper the development of rehiable methods
for the analysis of branched hydrocarbon mixtures.

In the first place an unambiguous definition of the ‘‘degree of ramification” 1s very
difficult, especially for naphthenic hydrocarbons, which are generally present in hydro-
carbon mixtures. DE Boo1js?® gave the following defimtion-

@ = the number of n-alkyl groups burlding up the hydrocarbon molecule, minus one
thus trying to combine both paraffinic and naphthenic hydrocarbons 1n the same
system. This, however, results in negative values of ¢ for cyclohexane, decalin, etc.,
andit1s quite doubtful whether such hydrocarbons conform to ageneralsystembasedon
thus relatively arbitrary definition of the degree of branching . WESTERDIJK et al.30:102
defined the degree of branching Ny 1n saturated individual molecules as*

_New,—2+3Rr

N, N — e e e e e e e e (49)
where NcH, = the number of methyl groups in the molecule
RT* = the number of naphthenic nings per molecule
N, = the number of carbon atoms per molecule

Ny 1s related to one carbon atom

The naphthenic ning 1s thus considered as a form of branching that contributes three
times as much as a side chain

Secondly there 1s no direct method for determining the degree of branching (¢ or
Ny) of mineral o1l fractions or stmilar hydrocarbon mixtures. Direct correlation of ¢
or Ny with any particular physical constant 1s therefore 1mpossible. The existing
methods have all been based on correlating the data obtained from a limited number
of individual hydrocarbons with their degree of branching, and consequently have a
more or less hmited and approximate character when applied to mmeral o1l fractions
and other hydrocarbon mixtures. It should therefore be emphasized that the varnous
methods of branching analysis are only qualitative, or at best semi-quantitative. For
comparative studies they may be of some value, but quantitative data generally cannot
be obtamed.

b. The Faraday effect

The phenomenon of the rotation of the plane of polarization oi light by substances
when placed 1n a magnetic field 1s called the Faraday effect. The angle of rotation ()
depends on the nature of the substance:

e =V HLcosp
V is called the Verdet-constant, it depends only shightly on the temperature, but varies
markedly with the wavelength of the light, measurements are normally carried out

. roomin
with a sodium-lamp (Na-D hine) at 20°C; V 1s generally given as pre— and indicat-

ed in this case by roo V. cmg
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H is the strength of the magnetic field in gauss, L 1s the length of the path travelled
by the light through the substance, § is the angle between the beam of light and the
magnetic field lLines.

Absolute determinations of V are extremely difficult. For routine measurements
relative methods have been worked out®-3, 1n which the experimental material is
compared directly with a standard hquid (e.g. water), these methods also require a
relatively comphcated apparatus and skilled operators to obtain a reasonable accuracy
(£0.05%)-

WESTERDIJK ef al.® have shown that the Verdet constant of saturated hydrocarbons
is not so much related to the degree of branching g as to the degree of branching defined
by Ny. DE Boo1js® succeeded in correlating Ny and V for a large number of paraffinic
and naphthenic hydrocarbons:

1.56
_ (NcH,—2)+3RT _ T00V —1456 + Ne
- . - 0.200

Ny

2

thus indicating a method of estimating NcH,, the number of methyl groups of the
individual saturated hydrocarbons, when V, N; and Rt are known (cf. Fig. 54).
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Fig. 54. Relation between Ny, V and N for naphthenic and paratfimic hydrocarbons.
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The method can also be applied to aromatic- and olefin-free hydrocarbon mixtures
(cf. Table III); in these cases N can be calculated from the average molecular weight
M by means of the formula

M+ 2RT—2
Ne= 14.026

¢. The magneto-optical rotatron™!

The molecular magneto-optical rotation D 1s a function of the refractive index #,
the density 4, the Verdet constant V' and the molecular weight M

onV M
= '(;2—:*:'—2)*213 ............. (52)
This function shows a certain resemblance to that of the molecular refraction 7mo)
n—1 M
mol = Wiz i R SRR (53)

However, 1n the analysis of saturated hydrocarbon mixtures, D has proved to be not
only highly sensitive to the presence of rings (like rmol ), but also to ramifications n
the molecules. When comparing D and rmot of paraffinic or naphthenic hydrocarbons
with those of corresponding n-alkanes of equal molecular weight (Dy-ajkane and
7mol (n-alkane), Tespectively), 1t can be stated that

@ = a(D — Dyn-alkane) — b(*mol — #mol (n-alkane)) . . . . (54)
where Dy.alkane = 0 01300M + 0.1544
?mol (n-alkane) = 0.3300M - I.424
M = the molecular weight.

a and b are constants depending on the nature of the homologous hydrocarbon series
considered In this equation ¢ 1s expressed in terms of (D — Dpy-alkane) and (*mol —
?7mol (n-alkane)), the form of the equation follows from the consideration that for
saturated hydrocarbons these two expressions are functions of both ring content and
degree of branching, the dependency of (rmol — 7mol (n-alkane)) on @ 1s, however,
small in comparison with that of (D — Dx-alkane)

For paraffinic hydrocarbons the following expression 1s a good approximation

@ = 26.8 (D — Dy-alkane) — 6.7 (Ymol — ?mol (n-alkanc)) .. . .(55)
For saturated mineral o1l fractions the following formula can be deduced
¢ = 30‘7 (D - Dn-alkane) — 3 08 (7mol — ”mol (n_a]kane)) v e e (56)

The method has been apphed to saturated aromatic and olefin-free mineral o1l fractions
and hydrogenated polymers (cf. Table III and IV)

DE Boo1js® considered the degree of branching g also in terms of the apparent ring-
numbers Rjmo! and RY, which, for distinct groups of non-branched hydrocarbons are
equal to the real nng-number R (RT = Rjm' = RY), but differ from 1t when
branchings are present. According to DE Booljs ¢ 1s given by the general equation:
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¢ =pRT—RD) +qRT—R™) . . ......()
in which p and ¢ are constants depending on the nature of the hydrocarbons; Rfmol.
and R2 are given by equations (60) and (6x).

Equation (57) shows the relation between g and both the molecular magneto-optical
rotation D and the molecular refraction 7 mol , although#mot is much less influenced
by the presence of branchings:

Rimot — R, << R2—R, (cf. Fig. 55)

Rg Ry R;mol

Fig 55 Situation of the apparent ning-numbers R7wol and R? 1n respect to the real nng number
Rt for'saturated hydrocarbons, according to DE Booiys#®

For saturated mineral osl fractions the following holds within the limits of accuracy
of determination:

S (s8)
and ¢ is given by.
@ =51 (Rpmat —RDY . ... ... ... (59)
where Rfmol = 0-3309M + 1424 —rmot . (60)
1.654
0.0r1309M + 0.r1542 — D
R? - .
T o662 e (6r)

Since Rymol and R2 can be graphically represented, estimation of ¢ from rmol, D
and M can be executed relatively easily when the proper graphs are available

d. The parachor

(#) The molecular parachor P was introduced as an additive function by SUGDEN?3?:
oM
=J"D, o
where o = surface tension (dyne/cm)
d density of the hquid
Dy = density of the vapor 1n equilibrium with the liquid under the conditions
of measurement.

When P is determined at 20°C the value of D, 1n the formula may be neglected for
values of M > 150.

MuMFORD AND PHILLIPS® were the first to evaluate the influence of chain branching
on the molecular parachor of hydrocarbons. They calculated values for the atomc
parachors, which formed the basis for the specific parachor vs. molecular weight dia-
gram of LEENDERTSE AND WATERMAN® (Fig 56). In this diagram curves are drawn
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representing non-branched paraffins, mono-cyclic six-carbon-ring naphthenes with one
non-branched side-chain, etc. For non-branched hydrocarbon mixtures the average
number of rings estimated with this diagram 1s equal to the value obtained with the
aid of specific refraction and molecular weight in the ring analysis diagram (cf. Fig 3);
when branchings are present there appears to be a difference between the two ring-
numbers, which, according to LEENDERTSE AND WATERMAN, amounts to about 0.1
ning per branching.

NEA
NERN

S Ry=00
Ry =10

,/ Ry=20

RN=30 —]

A\

L /A
|/

S0 100 200 300 400 500 600 700 800 900 1000

—— e Pgpec.
4
a
N

B ea—— )

Fig 56 Diagram for saturated non-branched hydrocarbons (based on values of the atomic parachor
given by MUMFORD AND PHILLIPS) according to LEENDERTSE AND WATERMAN2¢

(#%) WEBER et al.%5, in a study on the 1somenization of paraffin wax, made use of
analogous diagrams, which were, however, based exclusively on reliable data of a
number of #n-alkanes and n-alkyl-cyclohexanes at 20° and 70°C, taken from A.P.I.-
project 4438 (cf. Figs 57 and 58). They concluded that the presence of one branching
in a n-alkane causes a ring difference AR of 0.09 (about 0.1) rings between the values
obtained from Figs. 57 and Fig. 58, respectively.

p=1tAR . ... ... ... (63)



4 BRANCHED HYDROCARBON MIXTURES 63

a3s T
Cy
-
Ce
asas -
A
Crp /‘A /
Q34001 C|;;A7A.
c
; \10"")'"/1'5\’0#
. oned - ,J,{Go
e .
<% B (Rg). G g Se s A <
! I Lo
Q3300] }— — n-olkyleyclo hexanes { 36'C) = s <
as2!
a
a0 100 200 300 400 00 @600 700 80 900 1000 1100 1200
— e 1900
™
Fig 57
Cy
3
P ~
208 Coq
c ;/’
I cP,r
A.a Cig
3%
LY Yo Prad
29 N \12—1'\
Lot e
_@}f‘f” @9& -
i P
Ptd A\,ef;'/
2900— z :,1
2887 ___| -
/’/-“" 2:2lercionexanes _¢70%, ¢y ‘e
e = —] [
~° n-alkylcyclo hexanes ((20°C) R 8 b 8]
iiaéi T n | .
| L ] 1 L)
Q65 100 200 300 400 500 6.00 700 800 800 1000 100 1200

1
Figs 57 and 58 Diagrams representing specific refraction vs i and specific parachor uvs 1%

based on A P 1 data of n-alkanes and n-alkyl-cyclohexanes at 20° and 70°C3¢



64 MINERAL OILS AND RELATED HYDROCARBON MIXTURES n

(+45) BOELHOUWER AND WATERMAN® showed that the diagrams of WEBER form a
valuable means for the ning analysis and branching analysis of saturated hydrocarbon
mixtures of widely different degree of branching. Use was made of a general equation
of GEELENS for relating a specific additive function 4 with the nng-numb~~ RT and
mol. weight M of saturated hydrocarbon mixtures

b+ cRT
A=a+ M (64)

. w O I
in which 4 represents a specific function (g , 7T etc.) and 4, band c are constants.

I I
The specific refraction vs. i and the specific parachor vs. % -diagrams of WEBER

et al. were extended according to equation (64) to bicyclic naphthenes, tricyclic
naphthenes, etc. (cf. Figs. 59 and 60).
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For non-branched saturated hydrocarbon mixtures the average number of rings per
molecule can be read directly from one of these diagrams.

Chawn branching causes a lowering of both the specific refraction and the specific
parachor of saturated hydrocarbons, which corresponds, according to WEBER?®, with
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Figs 59and 60 Diagrams representing specific refraction vs % and specific parachor vs % , based
on A PI data of #n-alkanes, n-alkyl-cyclopentanes and n-alkyl-cyclohexanes at 20°C9.

approx. 0.05 rings per branching unit in the specific refraction vs. %-diagram and with

approx. 0.14 rings per branching unit in the specific parachor vs. %-dnagram Ap-

proximatively the degree of branching ¢ follows from the equation

¢e=10(RE—R]) ... ... ......(65
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and R, the average number of rings per molecule, is given by
Rr=R;—4[R.L—R7) . . ... .. ... (66)

in which Rf and R% are the apparent ning-numbers estimated from 7, and 1—‘}»

and from pspec and Ar{ respectively, in the diagrams of Figs. 59 and 60.

It should be pointed out that this method for ring analysis and branching analysis
1s based exclusively on rehiable data of #, d, M and o of pure individual hydrocarbons,
and holds, within the hmits of accuracy of the determination, for widely differing types
of branched as well as non-branched saturated hydrocarbon mixtures. It 1s particularly
recommended for the structural analysis of saturated polymers, where other statistical
methods (#-d-M-method, ¥ -n ~d-method, etc.) fail because they have been de-
veloped for mineral oils, and are based on correlations of physical data of mineral oil
fractions that always show approximately the same small degree of branching. 1-2
branchings per molecular weight = 100.

Examples are given in Tables III and IV.

(rv) DE Booi1js?® correlated the parachor values of branched and non-branched
heptanes and octanesto formequations analogous to those based on molecular magneto-
optical rotation and molecular refraction.

For paraffimic hydrocarbons the following equation can be denived:

@ = 0.402 (Pn-alkane — P) — 5 75 (mol (n-alkane) — 7mol) . . . (67)
for hydrogenated mineral oil fractions
@ = 0186 (Pn-alkane — P) — 2.84 (Ymol (n-alkane) — ?mol) . . . (68)

1 which Py.alkane = 2 852M + 25.22,
?mol (n-alkane) = 0.3309M + 1.424,
M = average molecular weight.

In the case of aromatic fractions an empirical correction for %C4, the percentage of
carbon 1n aromatic structure, can be apphed

@ = 0.186 {Pn-alkane — P) — 2 84 (rmol (n-alkane)) — 7mol ) — 0 00126 M-%, C4. (69)

With this equation a simple approximate determination can be made of ¢ 1n natural
mineral o1l fractions of not too extreme aromatic character (%C4 < 30%). The
above-mentioned correction was obtained by comparing the parachor values of a large
number of aromatic mineral o1l fractions with those of the corresponding hydrogenated
fractions.

It can easily be shown that the foimulas for the determination of ¢ can also be

represented graphically by using the specific refraction 7spec (= r;‘;l ) and the spe-

cific parachor p (= P and plotting the function

o

#ypec —0.3309—0 0002%Cq " °

versus the total number of 1ings per molecule Rt (cf. Fig. 61).
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Fig 61 Determination of the degree of branching ¢ 1n mineral o1l fractions from specific refraction,
specific parachor and rning-number R

e. Apphcations

(¥) Mineral o1l fractrons

In Table III are collected data concerning a number of fractions of a Rumanian
crude??, before and after complete hydrogenation. It can be concluded that the results
of the different methods for branching analysis show qualitatively the same picture.
The number of branchings is relatively small and does not differ very much for the
different fractions. This holds for a large number of crudes of different origin®. There-
fore it is possible to determine the surface tension o of natural and hydrogenated
muneral oil fractions from #, d and » (¢f. Section 11, 3, p. 45).

In the case of aromatic fractions it is generally impossible to measure the Verdet
constant owing to the considerable absorption of visible light by even slightly coloured
liquids. Therefore in non-hydrogenated fractions only parachor measurements
can serve to determine the degree of branching. As follows from Table III, there is a
reasonable agreement between the values of g for hydrogenated and non-hydrogenated
fractions.
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(#+) Saturated liquid polymers

Table IV contains data on hydrogenated polymers of propylene, isobutene and
cyclohexene obtained by polymerization under various conditions®®, The Direct Method
(ultimate analysis and molecular weight) shows that the polymers of propylene and
1sobutene are paraffimc; for the estimation of ¢ the appropnate formulas were used.
In the case of the highly cychc saturated cyclohexene-polymers the formulas for
hydrogenated mineral o1l fractions were applied. In the table are also given values of p
and R7 determined with the ring analysis diagrams of Figs. 59 and 60 (p. 64-65).

For these polymers also there 1s a reasonable agreement between the values of NcHs,,
the number of methyl groups per molecule, and ¢, the number of alkyl groups minus 1.

Ifin the cyclohexene polymers no methyl groups are present then ¢ should approach
the value —r. In Table IV the g values amount to 0.2 and 1.3 respectively, the NCH,
values are 0.3 and —o.2.

(122) Isomerrzation phenomena

Although the methods discussed for branctung analysishave only a semi-quantitative
character, they may be especially useful in comparative experiments, e.g. for selecting
optimal reaction conditions for 1somerization processes As an example data are given
in Table V on 1somerization products of paraffin wax, processed on a semi-commercial
scale with a Pt-Al;0,-Cl platforming catalyst at 52 ata and dufferent temperatures in
the vapor phase (in the presence of hydrogen)2®. The main reactions in this process
a1e branching, cracking and to a minor extent also cyclization.

The reaction products were first hydrogenated to saturate small amounts of olefins,
and then spht up mnto fractions by distillation % vacuo

Table V shows the influence of the reaction temperature especially 1 connection
with the course of 1somernization reactions higher reaction temperatures favour the
process of branching.

5. DETERMINATION OF MONO- AND DI-AROMATICS IN MINERAL OILS

. a. Introduction

The application of several methods for structural analysis of mmeral ols is, 1n
general, limited to those fractions in which no structural elements are present in larger
quantities than normally occur in mmeral o1l fractions. In highly aromatic concen-
trates, for instance, the normal analytical methods (n-d-M; v-n-d) may give in-
accurate results, because dufferent types of aromatics may influence the physical con-
stants of the o1l differently.

The development of newer techniques (chromatography, thermodiffusion) for the
separation of the different groups of hydrocarbons from mineral o1l fractions allows
a better charactenzation of such ‘‘type-concentrates’’ with the aid of physical con-
stants, Combination of physical methods of separation with the statistical analysis of
the products obtamed, may lead to a more detailed and more complete knowledge of
the composition of oils.

By a simple percolation through silicagel a sharp separation into non-aromatic and
aromatic compounds is achueved. By the same percolation approximate separations
into mono-, di- and tn-aromatics have been obtained?®®4, The result is a semi-quan-
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titative determination of the weight percentages of 1 ring and 2 ring aromatics in
distillation fractions of crude oils. A further separation of the molecules according to
their nng-number is possible by thermal diffusion of the fractions obtained by perco-
lation4!,

Along these lines a more or less complete separation is possible of paraffins, naph-
thenes with 1 ring, 2 rings, etc., benzene derivatives, mono-aromatics with 1 ring, 2
rings, etc., as shown in Table VI. The physical data for each fraction enable the corres-
ponding amounts of structural compounds present to be calculated, as wall be discussed
below.

TABLE VI

TYPE ANALYSIS OF A BORNEO CRUDE OIL FRACTION (MOL WT 267) BY CHROMATOGRAPHIC SEPARATION
AND THERMODIFFUSION%®

~
?

Type Now- Mono- Ds- Total
Non-cychc 2 —_ — — 2
Monocychic 10 1 — —_ 11
Dicyche 7 2 6 — 15
Tncyche 12 9 18 7 46
Tetracychc 7 8 7 — 22
Pentacychic I 1 2 — 4
Total 39 21 33 7 100

GEELENS® investigated the influence of mono-aromatic and di-aromatic rings on
several physical constants of mineral oils.

He considered as mono-aromatics molecules with one or more non-condensed benzene
nuclei, e.g. alkyl-benzenes, tetralin-derivatives, diphenyl. Di-aromatics he defined as
molecules with one or more naphthalene nuclei not condensed with each other or wath
a benzene nucleus.

GEELEN especially examined several specific functions (specific refraction , specific
sound velocity u, specific volume 1/d). The use of these functions together with the hy-
- drogen’content (%H) enables the structural composition of aromatic hydrocarbons
to be determmned. From data on homologous senes of pure mono- and di-aromatic
hydrocarbons?® he deduced the following equations for 7, 4 and %H (20°C).

I
r = 0'33I°+H (r.419 — 1.654 RN + 0.76 R4l —0.38 R411) . . (71)
I 1
7= 1.1747 + 7 (27.56 — 16.32 RN + 28.9 R4l + 26.9 R41l) . . (72)

I
%H =14.37 + i (172.6 — 172.6 RN + 690 R41 4 604 R41) . . (73)

where M  =molecular weight,
RN =number of naphthenic rings per molecule,
R4! = number of mono-aromatic rings per molecule, e.g. R 4T = 1 for benzene
and 2 for diphenyl,
R 411=number of aromatic rings per molecule present in di-aromatic hydro-
carbons, e.g. R411 = 2 for alkylnaphthalenes.



5 DETERMINATION OF MONO- AND DI-AROMATICS 71

With these equations Ry, R4! and R411 can be calculated, when 5, d, M and %H
are given:

RN = 1.05+ M (0.138 A 7 + 0.0876 A 7:— 0.00382 AH) . . .(74)
R4l =—1.60 + M (0.632 A r —o0.129 A §+ 0.00616 AH) . . .(75)
Ral= 1.56—M (0.762 A\ r —o0.123 A 5 4+ 0.00429 AH . . .(76)

where Ay = 0.3310 —7,
X I

A~ =1 -2,

5 = L7 — 5

AH

1

14.37 — %H

These formulas, which have been deduced for individual aromatic compounds, are also
su.table for the characterization of aromatic mineral oil fractions,aromaticconcentrates,
etc., provided that only small amounts of tri-aromatics and higher aromatic compounds
are present. For sulphur-containing oils the value of Ry should be corrected

ARN = —0.00IM-%S . . . . .. .. ... (77)

No corrections are necessary for R4! and R41L

b. Applhications

(+) Analysis of aromatic o1l fractrons

According to GEELEN® usually approximately equal amounts of mono- and di-aro-
matic compounds are present 1n natural mineral o1l fractions

2RAY~ R4 . .. ..o (78)

Thus the contributions of these compounds to the specific refraction » of the fractions
cancel out [cf.eqn.(71)]; this1s the reason that diagrams for thening analysis of saturated
mineral o1l fractions based on specific refraction and molecular weight are also vahd
for the estimation of naphthenic rings 1n aromatic fractions (cf p. 24).

For the analysis of highly aromatic oils (chromatographic concentrates, products
of solvent extraction, distillation fractions of o1l residues) where the ordinary analytical
methods (n -d-M, v-n-d, etc.) fail, the formulas of GEELEN are of great value because
they allow a reasonable type-analysis of these products, When tri-aromatics are present
the equations do not hold exactly, howevcr, in these cases also, the total number »f
aromatic rings is given 1n a good approximation by

Ra=Ral4RAU. . . . ... . .... (79)

Asanillustration, some data on the analysis of type concentrates obtained by chromato-
graphic separation of a ‘‘Kerex” kerosme extract, are given in Table VII.

It can be seen that the analytical result® of both the methods mentioned 1n Table VII
agree reasonably well for saturated fractions, which was to be expected; for the
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TABLE VII

ANALYSIS OF SATURATED, MONO-AROMATIC AND DI-AROMATIC FRACTIONS OBTAINED BY CHROMATOG-
RAPHIC SEPARATION OF A ‘‘KEREX’’

0 ) Mol s R4' R4™ Ry Rr R4 Rp
"o @ " wt WH %S (according to GRELEN)  (n,d, M)
Saturated* 14546 08213 03301 206 1404 — 008 004 094 106 009 107
fraction
Mono-aromatics 15071 08982 03314 181 1095 003 073 033 055 161 077 164
Di-aromatics 15958 09940 03423 167 783 o011 030 178-001 207 191 I 55

* After ehmination of oxygen compounds by percolation through ALO,

mono- and di-aromatic concentrates the results of then ~d -M-method show deviations
1n particular for Rt.

(s3) Hydrogenation of aromatic mineral o1l fractsons

The analytical hydrogenation 1s very important for the study of natural mineral
ouls.

VAN NEs AND VAN WESTEN*® described the physical constants and elementary
composition of intermediates 1n the complete hydrogenation of a large number of
mineral o1l fractions These data were used by GEELEN® to study the behaviour of
mono- and di-aromatics dunng catalytic hydrogenation.

In Fig 62 the course of the selective hydrcgenation experiments 1s represented
schematically in terms of the aromatic composition of the partially hydrogenated
intermediates Generally there 1s a pronounced selectivity in connection with the
saturation of di- and mono-aromatic compounds saturation of the latter does not
occurtoasignificant degree before larger amounts of di-aromatics have been transform-
ed by partial hydrogenation into the corresponding mono-aromatics.

"
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T & ANouuar, Fig 62 Schematical representation of the analytical

hydrogenation of a mineral ol fraction

~————& HYDROGENATION

6 SULPHUR COMPOUNDS IN MINERAL OILS

Mineral oils contan, besides hydrocarbons, certain amounts of foreign elements, of
which sulphur, nitrogen and oxygen are the most important ones. Whereas, in general,
nitrogen and oxygen are present 1n very small quantities only, sulphur compounds
may be present 1n larger quantities. Especially m recent years has the production of
crudes with high sulphur contents (5% S and more) been increased and the significance
of desulphunzation processes in the petroleum technology is still gaining in aportance.
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The weight 9%, of sulphur does not give an impression of the amount of sulphur com-
pounds, that may be present. For example, with a sulphur content of 5%, and an av.

mol wt. of 320 the mineral oil contains 5-332—5(3 = 50%, sulphur compounds on an
average, 1f 1t 15 assumed that 1n molecules that contain sulphur only one atom of sulphur

1s present.

It 1s of great value to know which types of sulphur compounds are present
mn a crude o1l, because the vanous types may behave quite differently in respect to
the properties of the crude and of the products that can be obtained from 1t by physical
or chemical methods. According to recent investigations, in lower molecular o1l frac-
tions sulphur appears mainly 1n the foim of alkane-thiols, cyclohexane-thiolsand thio-
alkanes, in higher molecular fractions cychic sulphur compounds of the thiophen type
predominate.

In the case of statistical methods of analysis of sulphur-containing crude oil fractions
one generally confines oneself to small corrections on the applied graphs or equations
These corrections, which have been estimated empirically, are valid only for small
percentages of sulphur and do not take into account the nature of the sulphur com-
pounds present 1n the fractions.

In recent years the intensive study of sulphur compounds, sponsored by several oil
companies*3, has led to a collection of physical data on many of these compounds,
which enables us to predict several properties of sulphur compounds not yet investigat-
eddd:es. :

VAN ZijLr LaNGHOUT developed graphs for compounds consisting of C, H and S,
analogous to the graphical representation of C -H -O compounds of VAN KREVELEN 44
These graphs, of which Fig 63 1s an example, are based on the ultimate analysis, and
can be applied to 1dentify pure sulphur compounds and to analyse simple mixtures

I CnH2n ot ~S~CmH2m +1 & V-CrH2nely.
CoHanet-5-5 - CmHamat (Jecarandny
m QeCorzna_g Q"c"'"""" hao  XCmMzmar-s-(3tCoHoniy.s
Cmma-8-()(-Cobiznotly.p SmH2ma1=S= (O(-CaManuhy T 0;)tc.mn.|)._d
” T
‘\" neQ1 23 otc.
N msQ1, 23 ete
\\
N <
NN
v|x N\
\,
N \,
NEASN -
N s L BT %
a2 AN — Pt
\\ e -
\ P, /
mixture 1 1 \ 2\ —T1 /
CaHige HRS == /
TN,
- - N / }/
ot \, "
HG00 Q10 Q20 CHg 30 Qqa% o [oT- Lo /) "W‘"‘ﬁi’b‘""‘lbo

Fig 63 Graph.cal analysis of sulphur compounds
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thereof; they are also useful to represent distinct chemical transformations in which
sulphur compounds are mvolved.

The following examples may serve to illustrate the use of the graph-

(a) from H,S (C:H = o, S.H = o.5) and CH,y (C.H = 0.4, S:H = 0) thiophen
(C.H = r.0, S H = 0.25) can be obtained as the result of a dehydrogenation.
HgS + CH,o == CH,S + 2 H,
(b) by the addition of H;S (C H = 0, S H = 0.5) to alkenes (C:H = 0.5, S'"H = 0)
thiols are formed:
H,S + CpH,,, = C.H,,.,SH
which are represented in the diagram by pomts on hne 1.

In Fig. 64 the specific refraction 1s plotted versus the weight percentage of sulphur.
On the hnes that represent different groups of sulphur compounds values of nf are
indicated, thus making an easy orientation possible. Sumular graphs baseu on other
physical constants can be constructed, permutting the prediction, by interpolation
or extrapolation, of physical constants of still unknown members of homologous series
of compounds Theaccuracy and usefulness of these graphs will increase as more reliable
physical constants become known.

These diagrams may also be useful for the characterization of sulphur compounds
in crude o1l fractions, provided that separation of the fractions into two parts, t.e. the
hydrocarbons and the sulphur compounds, 1s possible. However, thesulphur compounds
1n mineral oils, especially those containing ligh percentages of carbon and hydrogen,
resemble the corresponding hydrocarbons very closely, both physically and chemically.
This greatly hampers theirr complete separation, although modern analytical tech-
niques4? have made considerable progress 1n this direction

TS
Q3200
£ a0 ~&
& I CaMone1~S—Cmtomet T~ noom
b o Cmfhmd"'(:l “CnH2nat . s +308
MCnH2anet = $~S-CmHamae1 1,51 81 \\
e —
03000}~ (J-cntannng O('Cn"?m'h-no P.:zob\\\:
-§ o -
CmH2mey CJ-Catanah g CmH2mers O(‘Cn":nb')‘-n
N 1529
¥ N Cntanaihr-a
0.2900 .
naQ1,23 etc
mu01,23 etc
0.2800l l
[ s 10 [E) 20 23 30 35 40

e WEIGHT %l § ¢
Fig 64 Graphical representation of sulphur compounds



III APPLICATION OF GRAPHICAL STATISTICAL METHODS IN THE DETERMINATION
OF THE COMPOSITION OF GLASSES AND SILICONES

I. INTRODUCTION

In the last few years the graphical statistical methods have been successfully applied
not only to petroleum, fatty oils and coal, but also to glass and sihcones Though the
recently developed methods for glass and silicones are still in their imtial stages, some
remarkable results have already been obtained.

In order to develop methods that can be applied to glass, 1t 1s necessary to study
homogeneous glasses with a known composition To obtain a known composition the
glass mass has to be dealt with 1n a quantitative way during the homogenizing process
and much of the work to prepare the glass 1s done with this purpose in mind

The method worked out by VAN LEEUWEN at the Department of Chemical Engineer-
ing of the Technological University of Delft, can be used to prepare homogeneous glasses
with known composition.

Certain amounts of chemically pure oxides or i1n many cases the corresponding car-
bonates are weighed and intimately mixed in a platinum crucible. The mixture 1s
slowly heated to 700°C* 1n the course of one day In this period a reaction between the
solid substances takes place and CO, 1s expelled. After this a porous cake has been
formed, which stands free from the crucible wall and therefore contains the starting
material quantitatively Then 1t 1s possible to increase the temperature guickly to
1300°C*, 1n order to melt the glass without drops of glass being formed on the wall,
This temperature, which 1s maintained for some hours, may neither be too high because
of possible losses by evaporation, nor too low in order to ensure sufficient homogemz-
ation of the glass

The crucible with the glass 1s quenched i cold water, a rubber stopper 1s put
on the crucible and the glass 1s loosened from the inner wall by softy knocking
with a small hammer on the outer wall. In this way the glass can be taken on*
the crucible quantitatively.

The homogeneity of the glass can be checked by determining the density of some of
the separate pieces of glass, which on mnspection with a magnifying glass should not
show small cracks. If the values of the density differ o 0004 or less, the glass 1s considered
to be homogeneous. In most cases 1t 1s neccssary to repeat the melting of the glass once
or twice after grinding.

After the preparation of the glass the refractive index and the density are measured.

a Determination of the demsity of glass

For the determination of the density a small piece of glass 1s brought into a mixture
of dibromoethane Br-CH,-CH,-Br and bromoform CHBr,** The density of the former
liquid 1s lower and that of the latter 1s higher than the density of the glass. At a certain

* This temperature 1s determined by the composition of the glass being prepared, and 1s only
given as an example
** The choice of the two liquids depends on the nature of the glass and on its density
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temperature the proportion of these liquids is adjusted in such a way that the piece
of glass neither sinks nor floats. Then the density of the hiquid mixture is determined
at the same temperature. This density is equal to the density of the glass.

Care must be taken that no moisture is present in the dibromoethane and in the bro-
moform. This1s especially important for glasses of which the surfaces are easily attacked
by water. This presence of moisture may give rise to1naccurate results in the subsequent
determination of the refractive index. For the same reason it 1s advisable to keep the
pieces of glass stored 1n a desiccator.

b. Determination of the refractive index of glass

The refractive index 1s measured according to a method developed by FAICK AND
FonororF*8, The principle of the method can be described as follows.

A parallel, monochromatic beam of ight 1s passed through a tube (Fig 65) containing
two adjustable knife-edge diaphragms A and B, each of which removes about one half
of the light.

A

E =
B

Fig 65 Principle of the method of Faick AND FoNOROFF for measuring the refractive index of
glass

A cylindrical glass tube containing the immersion liquid and the piece of glass of
which the refractive index has to be determined, 1s placed between the two diaphragms.
Theimmersion hquid consists of petroleum ether (or dioxane) and a-chloronaphthalene.
The temperature of the immerston iquid 1s controlled by circulating water around the
tube.

If the refractive index of the glass 1s equal to that of the liquid, only dim light is
allowed to pass along the two diaphragms.

If the refractive index of the glass is different from that of the hiquid, light can be
seen through a telescope placed to the right of B. This can be made clear as follows.

In Fig 66 two cases are considered, namely I and II.

1. The refractive index #, of the immersion hqud 1s larger than the refractive

1 oy —

no (2

i
u\

d\
Fig 66 How the light 15 dispersed 1f the refractive indices of the glass and the immersion hquid
arc different
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index n, of the piece of glass (n, > n,). Light falling on surface a can be seen through
the telescope, light’ falling on surface b cannot be seen.

I1. n, < n,. Light falling on surface d can be seen through the telescope, hight falling
on surface ¢ cannot be seen.

It can be concluded that if n, 3 n, light can be seen, whereas if n, = 1, no light can
be seen. The immersion liquid 1s adjusted so that this last condition 1s fulfilled. The
refractive index of the immersion liquid 1s then determined at the same temperature
by means of an Abbe refractometer. The value found is equal to the refractive index
of the glass.

2. THE THERMAL BEHAVIOUR OF POTASSIUM AND SODIUM SILICATES

It 1s a well-known fact that the physical constants of glasses depend on the tempera-
ture to which the glass has been exposed4®. This treatment can be carried out by keeping
a small piece of the glass for a sufficient time at a certain constant temperature to
obtain a constant value of the physical constants At 600°C a few minutes may suffice,
at 350°C hundreds of hours may be necessary After this pertod the pieces of glass are
either quenched in benzene at 6°C (if the glass has been exposed to a relatively low
temperature) or 1n toluene at 100°C (if the glass has been treated at a relatively high
temperature).

A few types of glasses have been investigated 1n this way. They were composed
erther of Na,O and S10, or of K,0 and S10,. Their composition 1s given 1n Table VIII.

TABLE VIII

COMPOSITION OF GLASSES J,, F, K; anD K,

Comb Waeight pmmtagz of Molecular percentage of
o gas S0, Ve o sen mo ko
5 71 38 28 62 72 03 2797
F 7738 22 62 77 95 22 05
K, 72 31 27 69 80 37 19 63
K, 78 58 21 42 8518 14 82

The density of these glasses was determined after thermal treatment at different
temperatures. The values of these densities for the different glasses are reported 1n
Tables IX, X, XI and XII. The density values of the glasses have also been plotted
as a function of the temperature of treatment 1n Figs. 67, 68, 69 and 7o.

It appears that relatively low temperatures of treatment do not lead to a change
in the density measured at 20°C. For the typesofglass tested, froma certain temperature
between 400°C and 450°C onwards there 1s a sharp fall in the density value until a
temperature between 500°C and 650°C 1s reached. Beyond this temperature no further
change takes place in the density value

In Tables IX to XI the values of the refractive index, #3, for a number of tem-
peratures of treatment are also given. The specific refractnon defined according to

ne—
LORENTZ-LORENZ as ——— Wiz ; was calculated and the values obtained arealsoincluded

in the tables It 1s very remarkable that for a glass of definite composition the value
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TABLE IX

THERMAL TREATMENT OF GLASS Jl

w—r r
TMP%““” a0 3 Tspec = 5 Fa 4@
365 2 4557
392 2 4556 1 5011 0 1200
414 2 4555
430 2 4546
458 2 4497 1 4997 0 1200
471 2 4476
473 2 4473
493 2 4453
532 2 4443
576 2 4442
TABLE X

THERMAL TREATMENT OF GLASS F

Tmpezuun dg.o ,.;0 Tepec ™ :.~___: :: . ;;.
360 2 4079
387 2 4079 1 4940 0 1210
412 2 4076 I 4942 0 1210
438 2 4070
483 2 4024
539 2 3964
586 2 3948
602 2 3947 1 4921 0 1211
TABLE XI
THERMAL TREATMENT OF GLASS K
T ww—1r 1
m’;z“". ap ny shec. = TS d
366 2 3887
398 2 3885 1 4931 01217
452 2 3885
495 2 3827
513 2 3809
547 2 3763
593 2 3706
623 2 3681
663 2 3663

of the specific refraction appears to be independent of the temperature of treatment,
It 1s furthermore interesting to note that in a specific refraction -composition dia-
gram (Fig. 71) for the potassium- and sodium-silicate glasses studied, the points are
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TABLE XII
THERMAL TREATMENT OF GLASS K,
T 20 »—1r r
mp.ccutwc d}" ny Tspe. ™ Fﬁ 7

408 2 3500
470 2 3496 1 4863 01.23
487 2 3487
500 2 3473 1 4860 01223
513 2 3452 I 4855 0 1223
541 2 3411 1 4852 0 1224
558 2 3403 T 4849 0 1224
575 2 3397
588 2 3398
615 23395
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Fig 67. The density of glass J, as a function of the temperature of treatment
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Fig. 68 The density of glass F as a function of the temperature of treatment
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Fig 72 Relation between composition and specific refraction of a large number of sodium silicates
(prepared by different authors)

on two straight lines, which intersect at the specific refraction value of molten quartz.
A reliable value of 7 of glassy quartz 1s given by SosMAN®0,

The results obtained are 1n agreement with rehable values, which have been reported
in the Iiterature for Na,0-S10, glasses. These values are represented in Fig. 72.

The straight lines permit the determination of the composition of potassium and
sodium glasses by determining their density and refractive index and calculating their
specific refraction.
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Fig 73.Logv- % graph for some K;0-510,, L1,0-510, and Na,0-510, glasses
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3. TEMPERATURE DEPENDENCE OF THE KINEMATIC VISCOSITY OF GLASSES

On studying the temperature dependence of the kinematic viscosity of glasses it
appears that the formula

discussed 1n Section 11, 3, not only holds for hiquid hydrocarbons and their mixtures
(natural or synthetic), water, molten metals, sugar and sulfuric acid solutions in water
and for silicones, but also for molten glasses® To investigate the validity of formula (45)
in this field, data have been used that have recently been published by HEITKAMP
AND ENDELL5!, SHARTSIS, SPINNER AND CAPPs2 and L1LLIE®, For these glasseslog » =

f(%) graphs were constructed®, the value of x being calculated as described previously

(Section 11). Some of these graphs are given 1n Figs. 73, 74, 75 and 76.
It appears that the value of x varies from 1 to 3 for the different glasses. The accuracy
with which x can be determined is a few umts 1n the first decimal place, owing to the

J TITLE

1500 4000 4500 $.000 ] $500 6000

Fig 74 Log v- 7,1-5 graph for some K,0-510,, L1,0-510, and Na,0-510, glasses.
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Fig 75 Logv - 7—{5 graph for a lead glass

fact that the viscosity of molten glasses cannot be determined with any great accuracy
at the high temperatures 1n question.

The relationship between the 4, B and x values of glasses and their composition
1snotyet clear,incontrast to the relationship between x and the composition of saturat-
ed mineral o1l fractions. The lack of accuracy of x apparently hampers the establishment
of this relationshup for glasses. This can only be an incitement to determine the viscosity
of glasses with greater precision than has been possible so far, thus enabling the x values
in the case of the glasses to be calculated more precisely.

4. THE STRUCTURE OF SILICONES

| !
Silicones are polymeric compounds in which molecules with -51-O-Si-O- bonds occur,

I !
organic groups being attached to the Si-atoms. Many silicones have found practical
application, the particular application being dependent on the chemical structure.
HuNTER, HYDE, WARRICK AND FLETCHER®4 found regularities in the case of some cyclic
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Fig 76 Log v - I:l graph fora B,O, glass (upper curve) and a Na,0-~Ca0-S10, glass (lower curve)

sthcones, of which several physical constants have been measured. Of these, the re-
fractive index, density, surface tension (all at 25°C) and the derived functions, speciiic
n—1 I s
refraction according to LORENTZ-LORENZ (”. T d) and specific parachor i
are collected 1n Table XIII
It appears that for these cychic polymers the values of the specific refraction and the
specific parachor are almost constant, though the refractive index, the density and
the surface tension vary notably The speaific refraction and the specific parachor
are independent of the degree of polymerization
Although this result 1s only the first step in establishing relationships between
chemical structure and physical constants of sihicones, it 1s very promising New in-
vestigation, with the aim of establishing new relationshups have been started i the
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TABLE XIII

PHYSICAL CONSTANTS OF CYCLIC SILICONES

Tetramer Pentamer Hexamer Heptamer
[(CHYSW], [(CHYSW0), [(CHy)4S+0)s {(CH,):540],
di‘ 09497 09531 09613 0 9664
np' 13935 1 3958 1 3996 1 4018
. [ aid 17 37 17 42 17 61 18 30

:::: ;_ 02512 02516 0 2515 02514
a'ls

3 2 145 2 140 2130 2 140

laboratonies of the Department of Chemical Engineering of the Technological Uni-
versity at Delft®?

It must be borne 1n mind that, for glass of a certain composition, the specific re-
fraction according to LoRENTz-LoRrENZ 1s independent of the temperature of treatment.
The results discussed above suggest that this phenomenon may also be connected
with polymenzation and depolymerization of the glass in question

5 TEMPERATURE DEPENDENCE OF THE KINEMATIC VISCOSITY OF SILICONES
This subject has been treated in Section 11, but more details are given here
We have already discussed the temperature dependence of the kinematic viscosity
of sihicones with relatively large viscosity values (silicone lubricants). The silicones con-
cerned are chain polymers and 1n Table XIV the values of theirr F V T.1. 15 given to-
gether wath their vy and x values.

TABLE XIV

VISCOSITY PROPERTIES OF SILICONF LUBRICANTS

Sulscons Vo FVTI =

flusd s Voo x
v

A 64 83 0 368 10

B 1431 0371 [ ¢

C 4102 0375 07

D 1393 0378 09

E 6400 0 370 o8

The F.V T I values prove to be practically constant, viz. 0.37 to o 38, which means
that (since x 1s almost equal to 1) the temperature dependence for these silicone oils
1s practically the same for the whole viscosity range from 65 to 6400 cs.

This 1s not the case for lower viscosity values of the same seres of silicones and for
cyclic polymers. Viscosity values at 20°C, F.V1 1 and x values of both these groups
are given 1n Table XV
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TABLE XV

VISCOSITY PROPERTIES OF SILICONES

Indscated Voo

Compound w Fsg 77 log vee "": x
“ Fvti
Cyclic polymers
[(CH,)y$10)y cyclic tnmer D3 oo18* 0 289* 17*
[(CHy4)y810], cychic tetramer D4 0 405 0 347 s
[(CHy4),S10]) cyclic pentamer Ds 0 638 0377 13
Lsnear polymers
(CH,);S1-0-S1(CH,), hexamethyldisiloxane MM —o 178 0 204 1x
MS 200/ 1 cs commercial product MS 200/1 0038 0 230 11
MS 200/ 2 cs commercial product MS 200/2 0 346 01275 10
MS 200/ 3 cs commercial product MS 200/3 0 542 0297 o9
MS 200/ 5cs commercial product MS 200/5 0 764 0 316 11
MS 200/10 cs commercial product MS 200/10 o 893 0 323 [ ¢

* Extrapolated

It appears that for the silicones given in Table XV the F.V.T.I. 1s no longer a con-
stant. In Fig. 77 the F V.T.I. 1s plotted against log v

Q300
o
g8
o
9 /
" Ms 200/
M \
Q200! n/ L 1 | 1
-02%0 0000 02%0 Q300 Q750 1000

— e log Vgg

Fig 77 F VT I of silicones plotted against their log vy, values

It can be seen from the figure that the F V T 1. of the chain polymers increases with
increasing log vy value until 1t reaches the hmuting value 0.380 for higher log vy values.
The F.VT1 values of the cychc polymers are invanably higher than the F V.T.I.
values of the chain polymers of the same viscosity value



IV ANALYSES IN THE FIELD OF FATTY OILS
1 INTRODUCTION

The fatty o1l industry has not yet made the same progress in the chemical processing
of its products as 1s the case 1n the petroleum industry After the imtial success attained
in the development of the fat-hardenming techmque, thus industry has remained station-
ary for many years However, the chemical modification of fatty oils 1s of vital import-
ance and the development of modern processes 1n the fatty o1l industry will depend
to a large extent on the basic knowledge of 1ts raw matenals and the fundamental
study of possible chemical transformations

The development of analytical methods 1s essential for the study of these processes.
Chemical methods of analysis (BERTRAM'S determination of saturated fatty acids®s,
estimation of olefinic unsaturation by means of hydrogen valuc®®!and ozone addition?®)
have found widespread use Inaddition phvsical analytical techmques (spectrochemical
methods, chromatographic separations, etc ) have proved to be valuable for fatty ol
analysis In particular molecular distillation®? must be mentioned, which has turned
out to be of great value for the investigation of polymerized oils and for the industnal
concentration of vitamins from amimal o1ls The cascade fractionating molecular stil]58
permits an efficient separation of hugher molecular fatty acid denvatives (Fig 78).

B
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Fig 78 Fractionating still with high separating power, according to Booiy

On comparing the cheinical composition of hydrocarbons and fatty oils, a certain
parallelism between these two groups of products 1s found Actually the diffcrence is
only due to the presence of a relatively small amount of oxygen 1n the esters Thus,
1n principle, the structural analysis of fatty acid derivatives can be carried out by
removing the oxygen and transforming the products into saturated hydrocarbons of
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corresponding structure. The proper methods of hydrocarbon analysis can then be
applied to the hydrocarbon mixtures obtained. Several methods for deoxidation of
fats have been recommended of which especially the direct high pressure hydrogen-
ation and the Grignard method are mentioned here

For the direct graphical representation of non-branched, non-conjugated and non-
polymenized fatty oils, a general diagram has recently been constructed by TELs
et al.®, In this diagram the specific refraction 7, 1s plotted vs. the 10dmne value (cf.
Fig 79). Triglycende mixtures containing per average molecule the same number of
carbon atoms are represented by a set of parallels, the average number of double bonds
follows from a bundle of curves converging to the hmiting point of the graph, which
point indicates the values of 7}y, and the 10dine value (7. = 0.3309, 10dine value
= 0) when the molecular weight of the mixture approaches infinity.

Qa3 JOO& - —
A + lmued ol and hydrogenation products
sesame ol and hydrogenation products

ww%@* -
» 00\ ~ 0
\ N \ N ~ ~

02900

Fspec

0.2 700t e b _\ \‘ \

02500! L A
0 100 200 300

Fig 79 General diagram for the representation of non-branched, non conjugated and non-poly-
menzed fatty oils #; = number of carbon atoms per average triglyceride molecule, 9= number
of double bonds per average triglyceride molecule

It should be remarked, that in several respects fatty oils and related products usually
have a far less complicated character than have mineral o1l products The number of
fatty acids occurring in natural fats 1s hmited and certain structural elements, which
contribute considerably to the composition of mineral oils (cyclic compounds, branch-
ings) hardly occur On the other hand, phenomena such as cis-trans 1somensm, al-
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though certamnly occurning in different cases in the field of mineral oils, play a more
important part n fatty o1l technology and have found valuable applications.

The chemical and physical properties of fatty oils depend largely on the nature of
the fatty acids of which they are composed Ths 1s reflected 1n the methods of classi-
fication of ouls and fats, which methods are mainly based on two important structural
charactenstics

(a) The degree of unsaturatson, :ndicated, for example, by the 1odine value, which
gives the amount of 10dine taken up, following standard methods VAN DER STEUR®
showed that theaddition of halogen 1s an equiibnnumreaction. The equiibrum constant
depends on the nature and position of the double bond, yet in the majonty of oils
the vanious methods of 10dine addition usually employed give values that vary httle
amongst themselves. In the fat-hardening industry especially, the 10dine value 1s an
important means of following the course of the rcaction When conjugated double
bonds are present the normal addition of halogen fails, 1n these cases determination
of the hydrogen value by quantitative hydrogenation with platinum- or palladium-
catalysts®®1, or quantitative ozonization?® are to be preferred

(8) The mean average molecular werght, for which the saponaification value can be taken
as a measure

Several physical constants (density, refractive index, melting point) are closely
related to the structural properties of fatty oils and are therefore used, not only
for their classification, but also for following theirr chemical transformations
(hydrogenation, polymenzation, 1somerization®). A more detailed study of these cor-
relations will be of great help in obtaiming more fundamental knowledge of the fatty
oils and 1n developing new technical applications The experiences and results obtained
in the field of mineral oils may be very useful in this respect

2 TRANSFORMATION OF FATTY ACID ESTERS INTO SATURATED HYDROCARBON MIXTURES

For the structural analysis of cyclic fatty acid denivatives (polymenzed drying oils,
copolymenzation products of fatty oils with various hydrocarbons), 1n principle the
same graphical methods can be developed as have been described for the investigation
of hydrocarbon mixtures. However, the construction of useful graphical representa-
tions 1s hampered by the fact that reliable data on physical constants are restnicted
to the normal saturated fatty acids and their methyl and ethyl esters, the synthesis of
pure unsaturated fatty acids 1s already extremely difficult, to say nothing of more
complicated cyclic or branched compounds

Therefore 1n many cases the structural analysis of fatty oils has been carried out
by expelling the oxygen and transforming the fatty acid esters into saturated hydro-
carbons of corresporiding structure The proper graphical analytical methods can then
be applied to these products. This deoxidation can be performed either by a high
pressure hydrogenation® (330-350°C, 200 atm., 309, of a nickel -copper on kieselguhr
catalyst)

NiCu
R—CH,—COOR’ + Hy —————» RCH, + CO, + R’H
330-350°C
or by a Gnignard operation®® with alkyl magnesium halide, dehydration of the resulting
tertiary alcohols and saturation of the olefinic double bonds, e.g.
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CaHly OR’
R—CH,—COOR’ + 2 C,H,MgBr -» R—CH,—C~-OMgBr + u<
H Br
2+%s

Gty /Gl H
R—CH,—CZ-OMgBr + H,0 -» R—CH,—CZO0H + M
: B

+Hy H, r
/C,H. CuS0, /C,H,
R—CH,—C -OH —t R—CH=C + H,0
C.H 180°C
(R s
/.(‘,H, Nt _C/Ctﬂl
R—CH = C + H, —r R—CH,—CH
\C H 180°C \C
3t oHyg

The direct hydrogenation to deoxidize fatty acid esters results in hydrocarbons with
one carbon atom less than the number present 1n the hydrocarbon chain of the onginal
ester. The reaction can be carried out quantitatively, but 1t 1s a relatively drastic
chemical operation In the Grignard method the hydrocarbon chain of the molecule 1s
lengthened, the reactions are executed at relatively low temperatures; the overall yield
amounts to 70-90%, of the theory

These procedures are especially useful for the investigation of polymenzation
phenomena of drying oils. The formation of nngs during the thermal polymerization
of linseed o1l and tung oil, evidence for KAPPELMEIER's theory®® of the diene type
condensation reaction of drying oils at elevated temperatures, was confirmed by means
of these methods®#¢ Fig. 8o shows that therinal polymerization of linseed oil and
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Fig 80 Ring analysis of hydrocarbons obtained from polymenzed fatty acid esters.
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tung oil fatty acid esters leads chiefly to formation of dimers, containing approximately
two nings per molecule; some cyclization of the esters also occurs. A possible reaction
scheme can be represented as follows

CH, CH,
N\
CH, (CH,), (CH,),
Ny ¢u ba cn,
" / /7 N\
SH HC  CH—CH=CH—(CH,),—CH, HC CH  CH- (CHp,—CH,
HC 1) | I | |
HC CH H CH ¢

|

HC\\CH - \CH/ \CH==CH—-(CH,).,—COOR - \CH/ \P/ }mh~€00k
du du o
du du &

((%H.)v ((!H.)-: ((13“.)1
COOR R (‘JOOR
elaeosteanc acid Daels-Alder bicychc dimer
ester adduct
TABLE XVI

ANALYSIS OF COPOLYMERIZATION-PRODUCT OF LTYRENE WITH METHYL LINOLEATE

Propertiss Propertes of satweatad hydrocarbon
of staumed from the adds Y
addstson Lompound by the Grignard method
T i e e
observed Isels-Alder observed for
adduct CuoHyy
n:. 1 5067 —_ 1 4768 -
av 09631 — 0 8668 —
':;w 0 3088 0 3067 (Eisenlohr) o 3257 0 3253
0 3084 (Vogel)
Mol wt 403 3986 395 390 7
Saporuf value 1400 140 7 — —
Iodine value (Wns) 648 63 7 — —_—
%C 81 27 81 35 86 11 86 07
%H 10 49 10 62 1394 1393
Average number of } from %H and mol wt 199 200
nings per molecule from %, d and mol wt 207 2 00

In the low temperature polymerization of these esters by the action of hydrogen
atoms at room temperature cyclization is, on the contrary, of ittle importance®®. Thus
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the application of the ring-analysis method to hydrocarbon mixtures obtained from
polymerized esters by deoxidation, allows one to compare the structure of poly-
merization products obtained under different conditions.

S1E®? allowed methyl linoleate to react with gaseous styrene at 280°C and 1solated
an addition compound by molecular fractionation of the reaction products in the cas-
cade fractionating still (Fig. 78). From the analytical data of the addition compound
he concluded that a Diels-Alder mechanism was 1nvolved 1n the copolymenzation
reaction of styrene with the primanly conjugated Lnoleic ester (cf. Table XVI)

CH, CH,
(CHl)t >|CHI)B
H CH
ne” + CH'\CH N Hﬁ/ \EH,
| | —
HC\C‘H AN H N\en” H\<__>
(CH,), I Y ((I:H.).,
OOCH, OOCH,

In order to establish the structure of the addition compound 1t was converted into
the corresponding saturated hydrocarbon CyHg, by means of the above-mentioned
Gngnard reaction with methyl magnesium 10dide, 1n this way the bicyclic character
of the compound was proved (cf. Table XVI).

The structure was confirmed further by the following degradation reactions of the adduct®?:

CH, CH,
(éﬂ,). (&{,), COOH

HCI /éﬂ\iﬂ > (\oxnd ‘\ c:)oI >L—| i ‘
S o3 QO

( Hl)'l
OOCH,

( H,),
coocu,

fluorenone

Another example of the use of deoxidation of oxygen-containing compounds for
their structural analysis was given by WIjNANDs ef al. ¢, who investigated the structure
of novolaks, prepared by polycondensation of formaldehyde with phenol, p-cresol and
m-cresol. The novolaks were transformed into saturated hydrocarbon muxtures by
direct hydrogenation. Ultimate analysis of the hydrocarbons confirmed the hnear
structure of the novolaks:
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OH OH OH
oSl
Vi V4 V4

,- L] phenol-novolak

3. DIRECT GRAPHICAL TRACING OF TRANSFORMATIONS OF FATTY OILS
a. Hydrogenation of fatty osls

For a long time 1t was impossible to obtain satisfactory insight into several aspects
of the fat hydrogenation process owing to the lack of rehable analytical methods, This
was for example the case with the separation of saturated and unsaturated fatty acids,
For this separation several inconvement methods were used that did not favour the
drawing of rehiable conclusions from hydrogenation data, although they enabled WiL-
LIAMS®® to represent the theoretical limits of possible ways of hydrogenation in a
general diagram and to study the influence of hydrogenation conditions on the selec-
tivity of the process more closely.

An accurate investigation of these problems was, however, only possible after the
development of relable methods of analysis. Particularly BERTRAM's method®® for
the determination of saturated fatty acids should be mentioned. VAN VLODROP™
proved its usefulness for the study of the hydrogenation of several fatty acid esters
(oleic, inoleic, elaeostearic).

The 1mportance of the hydrogenation of fatty oils hes chiefly in the fact that the
melting point rises owing to partial saturation of the double bonds of the unsaturated
fatty acid groups present in the glycerides. For practical reasons, especially 1n the case
of the margarine industry, it 1s very important that the starting matenal, consisting
for the greater part of mixed glycendes of mono-, di- and possibly tn-unsaturated
fatty acids, should be hydrogenated in such a way that a product 1s obtained with a
homogeneous consistency. This 1s possible by using a selective hydrogenation process,
in which the poly-unsaturated fatty acids (linolenic, linoleic) are transformed into
mono-unsaturated ones, while the percentage of saturated acids remains constant, a
good selectivity 1s also desirable 1n connection with the stability of the product.
Although side reactions influence the properties of the end-product (particularly cts-
trans 1somerism of mono-unsaturates 1s accompanied by a considerable increase in the
melting point), the diagram of WILL1AMS appears to be a valuable representation of
selectivity problems of the fat hydrogenation process.

In Fig. 81 the course of the hydrogenation of linoleic acid esters at vanous tempera-
tures, pressures, quantities of catalyst and contact conditions, 1s represented. This
figure gives a clear picture of the influence of reaction conditions on the selectivity of
the process higher temperatures and low hydrogen pressures promote the selectivity
of the hydrogenation. The particular importance of the diagram is, that 1t shows under
which conditions any desired point of the diagram — that 1s to say any desired com-
position of esters — may be obtained from the starting material. In Section VI the
selective hydrogenation of linoleic esters 1s described 1in more detail, in connection
with the characterization of hydrogenation catalysts (see p. 105).
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Fig 81 Hydrogenation
of linoleic esters
%X 3 9% Ni-guhr,
50°C, 100 atm
o 2 5% Ni-guhr,
90°C, 1 atm,
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180°C, I atm.
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Fig 82 Melting points
and 10dine values of cot-
tonseed o1l, hydroge-
nated at different tem-
peratures, according to
WiLLIAMS®®

It will be clear that the change in the melting point is closely connected with the

conditions under which the hydrogenation process has been carried out. Not only the
amount of sohd saturated fatty acids, but also the amount of solid unsaturates formed
duning the process by 1somerization, influences the melting point of the reaction pro-
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duct, hence no definite relationship can be given between 10dine value and melting
pont (cf Fig. 82). In practice, the refractive index s generally used besides the melting
pont for a rapid control of the saturation process, because the relationship between
refractive index and iodine value 1s about the same for a large number of oils (Fig. 83).
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Fig 83 Iodine value vs refractive index for various hydrogenated oils, according to BAILEY":,

b Polymerization of drying mls

According to KAPPELMEIER®® the thermal polymerization of non-conjugated oils
(linseed, perilla) takes place by a primary conjugation of the linoleic and hinolenic acid
groups, followed by a Diels-Alder type condensation reaction of the conjugated fatty
acid groups (cf. p 91) For the conjugation of the molecules a relatively high reaction
temperature 1s necessary (approx 300°C), unless proper conjugation catalysts are
present, this explains the fact that thermal polymenzation of conjugated oils hike tung
o1l or catalytically conjugated linseed o1l can be performed at much lower temperatures
(200-250°C) Extensive research has shown that several active conjugation catalysts
(sulphur dioxide, nickel, selentum) can be used as effective polymerization catalysts
for non-conjugated drying oils, but do not influence the polymenization of conjugated
ous to a large extent

The action of sulphur dioxide 1n the conjugation (activation) of linseed o1l and similar
oils was studied by VAN VLoDROP et al 73 In general relatively high pressures (r00-150
atm) are required to obtain a reasonable conjugation at lower temperatures (160-
180°C). Later expennments” showed that linseed o1l can also be activated at normal
pressure by introducing gaseous SO, at 285-300°C, however, efficient precautions
should be taken to avoid any influence of traces of oxygen which strongly promote
polymenization of the activated o1l at these high temperatures.

Graphical representation of the activation and polymerization phenomena of drying
oils 1s possible by means of the specific refraction and the 10dine value’, as shown
i Fig. 84

In this diagram the tniglycerides of pure linolenic, linolewc, oleic and stearnc acid
are represented by the points D, C, B and A, respectively, the values for the specific
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Fig 84 Polymenazation and 1somenzation of linseed o1l

refractions were calculated according to an equation recently given by TELS et al.5®
for non-conjugated, non-branched and non-polymerized glycendes-

10
spec

Tepec -= 03307 + 1.68-10"8 [.V. — 1.41-10-¢S.V. . . . ., (80)
m which I.V. = the 10odine value
S.V. = the saponification value.

Hydrogenation experiments with the triglycendes are given by the curve D-C-B-A;
theoretical polymenization curves of the esters (assuming removal of the double bonds
without any change in the elementary composition) can be represented by D-D’,
C-C’ and B-B'.

Conjugation of double bonds 1s demonstrated by an increase in the specific refraction
of the experimental matenal The role of this reaction in the polymenzation of drying
oils 1s shown by curves I, I, and III of Fig. 84. Curve I represents the thermal poly-
merization of linseed o1l at 300°C. Owing to the low conjugation velocity, an n-
crease 1n the specific refraction can hardly be detected, the conjugated molecules
polymenize immediately at this relatively high process temperature. Curve II gives
the course of sulphur dioxide-catalysed polymenzation reactions. A considerable for-
mation of conjugated molecules can be observed, especially in the 1nitial stage of the
process. Some typical conjugation (activation) experiments are shown by curve I11I.

Although the diagram does not give a quantitative interpretation of the heat-body-
ing phenomena of linseed o1l 1t allows an casy companson of the conjugation and poly-
merization reactions under cufferent conditions. Chemical and physical analytical
methods for the determmation of conjugated double bonds (diene value, ultraviolet
absorption spectra) confirmed the conclusions about the conjugation phenomena.

It should be remembered that the 10dine value gives no rehiable information about
the unsaturation of polymenzed and conjugated oils*+$!; the diagrams discussed above
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should therefore be treated with some reserve. The application of improved analytical
methods (hydrogen value, ozone addition) will improve the graphical analysis of con-
jugation and polymenzation phenomena in this respect.

c. Cis-trans tsomerssm of fatty osls

The hardening action of sulphur dioxide on several fatty oils was observed by WATER-
MAN ¢t al.’® and DAHMEN"8* Although, 1n prinaiplz, cis-frans 1somenzation 1s possible
with any unsaturated fatty oil, the elaidinization process 1s of special interest for the
non-drying and semi-drying oils, where 1t brings about a considerable increase in
melting point due to the conversion of oleic acid (and other mono-unsaturated fatty
acid) esters into the higher melting elaido-forms.

Several active elaidinization catalysts are known”8 of which selenium and sulphur
dioxide certainly are the most attractive ones. With hiquid sulphur dioxide optimum
results are obtained under relatively mild conditions (110-1715°C, 35 atm., 3 h), the
low reaction temperature 1s favourable for the application of the hardened oils wn the
marganne mndustry.

The hardening effect of fatty oil isomenzation processes 1s hmited by the fact
that cis-trans conversion of the double bond of mono-unsaturated fatty acids 1s an
equiibrium reaction, 1n the case of oleic and elaidic acid esters the equulibrium mixture
consists of 679, elaidic acid and 33% oleic acid, this equiibrium ratio 1s practically
independent of the 1somenzation temperature?”.

The course of the elaidimization reaction can be followed graphically by means of
the critical demixing temperature of the oil, using, for example, aniline as a solvent.
According to DAHMEN the nise 1n the cnitical demixing temperature 1s approximately
proportional to the degree of elaidinization (cf Fig. 8s).

In Fig. 85 the cntical demixing temperature of 1somenzed olive 1s plotted against
the percentage of elaidinized o1l (calculated on the amount of elaidinic acid that can
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in practice be reached in the final product). Although this graphical method does not
give the absolute percentage of elaidinic esters it allows a quick comparison of the
cis-trans conversion under different conditions. The critical demixing temperature can
be determined with good reproducibility and therefore should be preferred to melting
point determinations.
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Fig 86 Analysis of styrenated hinseed oils

4. GRAPHICAL ANALYSIS OF STYRENATED OILS

Copolymerization products of fatty oils and unsaturated hydrocarbons have become
very important 1n recent years for the manufacture of varnishes, plasticizers, etc.

WATERMAN et al.”® described a method for the preparation of homogeneous copoly-
menization products of drying oils with styrene, according to which styrene vapours are
brought into contact with the oils at temperatures of 220-280°C This method prevents
the formation of ugh-molecular polystyrene and favours the chemical combination
(copolymenization) of styrene with the oils?®.

To facihitate a rapid determination of the percentage of styrene in copolymerization
products with hnseed oil, a graphical method was based on the observation® that
polymerization reactions of pure styrene and pure linseed oil can be represented by
two parallel lines 1n a refractive index (np;) vs. density () diagram (cf. Fig. 86).

Analysis of a large number of styrenated linseed oils showed that parallels, drawn
between these two lines, indicate immediately the percentage of styrene in the pro-
ducts.



V COMPOSITION OF COAL

Coal is mainly composed of carbon, hydrogen and oxygen and is formed from plants
by a coalfication process. During this process the oxygen, constituting about 40%,
of the plant matenal, 1s split off as, for example, H;O and CO,. The process can be

represented by graphical tracingina %— 9 diagram, introduced by VAN KREVELEN®! /83

(F1g. 87). The g-sca.le 1s twice as large as the %-scale. Methane 1son the I(;I—:a\xxs at%
= 4 (indicated by B), carbon 1s at the ongin (indicated by D), carbon dioxide is on
the casatE =2 (indicated by E) and water at infimty (%— = oo;-g— = oo)in

the direction DA. The use of the diagram 1s not restncted to the trnangle given, though
this triangle covers most of the practical cases

hydrogenation

oxidation

dehydrogenation

——————  demethanation
......... decnrboxylation
~-==~-- dehydration
o coalification
band of vitrinite

------- N Fig 87 The g - g diagram according
%% c ¢ B to VAN KREVELEN

In this diagram any product composed of carbon, hydrogen and oxygen can be
indicated 1f the molecular formula 1s known from ultimate analysis.
Pure cellulose (CgH,4O4)n, for example, 1s indicated by point A in the diagram

(E -39 = i). If methane (CH,) or carbon dioxade (CO,) or water (H,0) are expelled

from cellulose, the compositions of the resulting products move along straight lines,
connecting point B wath A, 1f methane 1s spht off, along EA, 1f carbon dioxide 1s split
off and along AD, if H,0 1s split off, all in the direction of the indicated arrows.

In the%- ::—)dlagram several sets of straight lines are constructed, one set for the

demethanation (the various hines diverging from B), one set for the decarboxylation
(the vanous lines diverging from E), and one for the dehydration, the various lines
running parallel. The equations for these sets can be derived as follows, assuming the
molecular formula CHpO, for the starting matenal (coal, lignine, cellulose).

I. DEMETHANATION

1f d is the fraction of carbon atoms that is transformed into CH,, then 44 hydrogen
atoms are split off The molecular formula for the resulting product 1s:
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C1—dHp—4d0q
If the set of straight lines for the demethanation is represented by the equation
H (0]
cT=°%¢ +6 ..o (8r)
then the following equation holds
p=aqg+b ... .. .. (82)
and
p—4d q
I:_J a I —d +b. ... ..o (83)

a and b can be solved from these equations by first subtracting eqn. (83} from eqn. (82)

P—ad q
(O ”(q“}_d)

or
p—4
a=-——
9
" Substituting this value of a 1n equation (82) gives
?—4
B S S )
4 PR
b =4
Consequently equation (8r) for the set of straight lines for the demethanation becomes
H p—4
E = "—*-q" E + S (84)

It follows from equation (84) that the Lines for the demethanation intersect the

%—axls n Ié = 4, 1ndependent of the elementary composition of the starting mate-

P—4

q
quently vangs with the elementary composition of the starting matenal. These facts

are shown 1n Fig. 87.

and conse-

nal Furthermore the tangent a of the slope of the lines 1s equal to

2. DEHYDRATION

The equation for the set of ines for the dehydration can be denived 1n the same way
as has been discussed for the demethanation. The result 1s

It can be concluded from this equation that the tangent of the slope of the lines
for the dehydration 1s constant and equal to 2. This meens that the lines for the de-

hydration are parallel in the [I(*:I -(C—)] -diagram, which 1s shown in Fig. 87. The lines

intersect theg-axis m% = (p — 2¢), the point of intersection being dependent on the

elementary composition of the starting matenal.
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3. DECARBOXYLATION
The following equation for the set of lines for the decarboxylation can be derived:
H p O 2p
C g—2C g—2
It follows from this equation that the tangent of the slope of the decarboxylation lines
is dependent on the elementary composition of the starting matenal and 1s equal to

........ .. (86)

q—f—z. All the lines intersect the g-axls mg = 2, which 1s shown in Fig. 87.

In Fig. 87 a coahfication band F for vitninutes 1s also represented. From the straight

lines in the-I(—-:I-g-dlagram for the demethanation, the dehydration and the decarboxy-

lation it follows that imitially CO,1s spht off during the coalification process and that
in the final stages mainly CH, 1s spht off.

Recently 1t has proved possible to convert cellulose by catalytic hydrogenation
under mild conditions into nng-contaiming hydrocarbons®. If we assume HAWORTH's
concept of oxygen-containing rings 1n cellulose to be correct, 1t 1s certain that, on the
removal of the oxygen, nings contaimng carbon only, are formed from products wath
nngs containing oxygen as well as carbon.

For a discussion regarding the constitution of coal we refer to the book of VAN
KREVELEN AND SCHUYER®:,
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Cr—aHp—4a0q
If the set of straight lines for the demethanation 1s represented by the equation
H (0]
E =a '6 +b ... ... . . (8!)
then the following equation holds
p=ag+b ... .. ... (82)
and
p—ad q
oy Rl d+b ........ ... . (83)

a and b can be solved from these equations by first subtracting eqn. (83) from eqn. (82)

p—ad q
Ly ="<4—r:.z)

or
p—4
a=——
‘ q
Substituting this value of a 1n equation (82) gives
p—4
=204
7 q
b=4
Consequently equation (8r) for the set of straight lines for the demethanation becomes
H p—4 O
C = —'*‘q* - 'C + - (84)

It follows from equation (84) that the lines for the demethanation intersect the

%-axxs In = = 4, ndependent of the elementary composition of the starting mate-

p—4

nal. Furthermore the tangent a of the slope of the lines 1s equal to e and conse-
quently vanes with the elementary composition of the starting matenal. These facts
are shown in Fig. 87.

2. DEHYDRATION

The equation for the set of hines for the dehydration can be derived 1n the same way
as has been discussed for the demethanation. The result 1s

H o
-E:=2-C— +@—2q ... ... ... (8s)

It can be concluded from this equation that the tangent of the slope of the lines

for the dehydration 1s constant and equal to 2. This meens that the hnes for the de-

hydration are parallel in the [Ig -% -diagram; which 1s shown 1n Fig. 87. The lines

intersect the%-axxs in% = (p—24q), the point of intersection being dependent on the
elementary composition of the starting matenal.
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3. DECARBOXYLATION

I0!

The following equation for the set of lines for the decarboxylation can be derived

H_ ¢

C

(0]

g—2C g—2

2

........

.. (86

It follows from this equation that the tangent of the slope of the decarboxylation line:
is dependent on the elementary composition of the starting matenal and 1s equal tc

‘;?_—2. All the hines intersect the

(o

(0] 0
Z-axis m; =

C

2, which 1s shown 1n Fig, 87.

In Fig. 87 a coalification band F for vitrinites 1s also represented. From the straight

HO
C

lines in the<- = -diagram for the demethanation, the dehydration and the decarboxy

C

lation it follows that imitially COy1s split off during the coahification process and thal
in the final stages mainly CH, 1s sphit off.
Recently 1t has proved possible to convert cellulose by catalytic hydrogenation
under mild conditions into ring-containing hydrocarbons®, If we assume HAWORTH'
concept of oxygen-containing rings n cellulose to be correct, 1t 1s certain that, on the
removal of the oxygen, nngs contaimng carbon only, are formed from products with
rings containing oxygen as well as carbon.
For a discussion regarding the constitution of coal we refer to the book of VAN
KREVELEN AND SCHUYER®S,
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Investigations of VAN KREVELEN and further studies of ME1js® have led to the
construction of vanous graphs, representing the changes i chemical structure during
the coalification process, the conversion of the various oxygen-containing compounds
and the formation of aromatic clusters. The graphs are represented in Figs. 83a, 88b

and 88c.



VI. GRAPHICAL STATISTICAL METHODS FOR STUDYING CATALYTIC PROCESSES.
CHARACTERIZATION OF CATALYSTS BY PARAMETERS

I. INTRODUCTION

Chemical reactions are generally ~onnected with a change 1n chemical composition.
A graphical representation of the reactions often facihtates a better understanding
of the nature of the chemical transformations (Fig 89). The change in various physical

naphthenic ring
closure

polymerization
r
clkyﬁotlon

hydrogenation

de .ydrogenation

/naphthenc ring
/ opening

Fig 89 Graphical tracing of reactions of hydrocarbon mixtures®®

constants during the process can often be taken as an indication of the occurrence of
changes 1n the chemical composition of the reactants (Figs. 1a and 1b).

The use of physical constants 1s, however, imited in the case of more complicated
chemical processes the more complex the chemical change, the larger the number of
physical p.operties necessary to investigate completely the chemical transformations.
Thus especially holds when catalysts are involved 1n the reactions, When studying cata-
lyticreactions we are dealing with catalystsas mixtures of a farmore complicated nature
than 1s the case, for example, 1n the structural analysis of hydrocarbon mixtures. The
latter can be descnbed, as was shown 1n the preceding sections, by means of a imited
number of physical constants, from which either the chemical composition of the mix-
ture or a senesof other physical constants can easily be denived. For the charactenzation
of catalysts completely different principles have to beapplied evenin simple cases, be-
causein the case of a catalyst 1t 1s not chuefly 1ts chemical composition that 1simportant,
but 1ts chemical activity, which determnes the result obtained by 1ts chemical action,
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In recent years the investigation of catalytic processes has led to better knowledge
of the properties of catalysts and of the reaction kinetics. The complexity of the phe-
nomena has, however, greatly hampered a real elucidation of the problems involved.

Recent work by WEBER®®:87 has shown that 1t 1s possible to determine the activity
of catalysts from a completely practical point of view by correlating the more important
actions of the catalyst as a function of the process vanables (temperature, pressure,
nature of catalyst) by means of ssmple equations, the vahdity of which has been proved
for a large number of catalytic processes. These equations are especially useful in the
study of simultaneous chemical reactions in which selectivity problems play a part.
They are of great value for more systematical research on catalysts

2 CHARACTERIZATION OF CATALYSTS

In the method of WEBER for the charactenization of catalytical chemical reactions
use 1s made of a very simple principle of graphical tracing, in which the most important
actions of the catalyst, viz. the conversion of the starting material, the formation of the
desired products and the formation of by-products are considered

According to this principle a chemical process in which selectivity problems are in-
volved, can be represented graphically as a pseudo-ternary system The unconverted
starting maternal (A), the desired product (B) and the byproducts (C) can be chosen
as the ‘““components” of this system, the course of the reactions can be plotted 1n a
triangular diagram.

WEBER stated that the change 1n concentration of the three components chosen, resulting
from the variation of one reaction variable, can be represented by an equation of the second
order .

i which y and x represent the two co-ordinate hnes of the diagram, while a4 and &
are constants.
Equation (87) represents a Ayperbola (Fig. go) ; the equations of the asymptotes are
a

X = — —

. b
bx - by =a+b
It should be emphasized that only the part of the hyperbola within the trangle
(F1g. 90) has practical significance
If the starting matenal consists of two or more different substances, ¢ g., 4 and 4',
the reaction products therefrom can still be regarded as three component systems, if
unconverted 4, unconverted 4’, and the combined products obtained from 4 and 4’,
are represented as the three components. For these cases the following holds
% (1 —x)
=x 4 . 88
y=x+— T (88)
in which y and x represent the retention of 4 and A4’, respectively, expressed as 4 /A4,
and 4°/A ) (in these ratios 4 and A’ represent the concentrations of 4 and 4’, respect-
ively, A, and 4 ' being the concentrations of 4 and A’ in the starting matenal), ¢f.
Fig. or.
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Fig 9o Graphical representation of the hyper-
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3. APPLICATIONS
The applicability of the hyperbolic equations will be demonstrated for the following

processes (cf. Figs. 92-98).

a. Catalytic hydrogenation of linolesc esters98
Thus reaction 1s an example of a consecutive first order reaction®s:

linoleic ester ﬁ oleic ester E stearic ester

Series of experiments carned out at a relatively high temperature (180°C) and at
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relatively low temperatures (20-90°C) with different catalystsandat different hydrc
pressures are represented in the triangular diagrams of Figs. 9z and 93, respectiv
The course of each experniment can be represented by a hyperbola 1n accordance v
equation (87), the values of a and b for the different experiments are collecte

Table XVII.

TABLE XVII

CATALYTIC HYDROGENATION OF LINOLEIC ESTERS

REACTION COURSES ACCORDING TO THE HYPERBOLIC FORMULA

2(1 — %)
a + bx

Reactson condstsons

2% Ni-guhr, 180°C,

1 atm 0 0065 094

High temperature 309, Ni-guhr, 180°C, 1 atm 00272 o 88
hydrogenations 109, Pt-carbon, 180°C, 1 atm 0 0481 087
(¢f Fig 92) 29, Ni-guhr, 180°C, 100 atm 0 0950 09
Low temperature 2 59, Ni-guhr, 90°C 1 atm o117 o071
hydrogenations 109, Pt-carbon, 30°C, 1atm 0 340 03¢
(¢f Fig 93) 39% Ni-guhr, 50°C, 100 atm 0 340 0 36
109, Pt-carbon, 30°C, o1 atm 0 340 0 3¢

109, Pt-carbon, 20°C, 100 atm 0747 012

109, Pt-carbon, 50-65°C, 100 atm 1 660 2 21

__*y/*2 =50

Ky/k2=10

ky/k2=6

FRACTION OF LINOLEIC ACID CONVERTED

TO OLEIC ACID

Y
—_—

S

X

Q90 W00

2@ FRACTION OF LINOLEIC ACID CONVERTCOD

TO STEARIC ACID

Fig 92 Hydrogenation of hinoleic esters at a relatively high temperature (180°C).
® 29, Ni-guhr, 180°C,
@ 309% Ni-guhr, 180°C,

& 109, Pt-carbon, 180°C,
¢ 29 Ni-guhr,  180°C,

1 atm
I atm
1 atm
100 atm
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k‘/k2- 30
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TO OLEIC ACID

— Y e FRACTION OF LINOLEIC ACID CONVERTED

L 1 ! 1 L i 1 ~=3hS
Q00 Q0 020 Q30 040 Q50 060 Q70 QBO Q90 100
—x-b-FRACTION OF LINOLEIC ACID CONVERTED

YO STEARIC ACID

Fig 93 Hydrogenation of hinoleic esters at relatively low temperatures (20-90°C)

® 2 5%, Ni-guhr, 9o°C, 1 atm
@ 109, Pt-carbon, 30°C, 1 atm
A 3% Ni-guhr, 50°C, 100 atm
+ 109, Pt-carbon, 30'C, o1 atm
¢ 109, Pt-carbon, 20°C, 100 atm
X 109 Pt-carbon, 50-65°C, 100 atm

The catalytic hydrogenation of hnoleic esters has also been treated kinetically by
BOELHOUWER ef al 8 If the velocity constants of the consecutive reactions are re-
presented by %, and k, and first order kinetics are assumed, the following cquations
hold -

dL
— @ ~h
do
w ~ 'l — RO
ds
a ~ kO

in which L, O and S represent the molar concentrations of linoleic, oleic and stearic
esters, respectively With the aid of these equations it 1s possible to calculate the course
of hydrogenation reactions for distinct constant values of the ratio »

ky

r o= —

ke

and to represent them also 1n the tnangular diagrams of Figs. 92 and 93. It 1s remark-
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able that for the high temperature experiments the reaction proceeds according to
the theoretical assumptions (¢f. Fig. 92). the calculated curves coincide with the ex-
perimentally determined ones. The low temperature hydrogenations, however, deviate
considerably from the theoretical curves. apparently the assumption of a simple first
order reaction mechanism 1s in this case not in accordance with the experimental
results.

These data clearly demonstrate the practical significance of the hyperbolic equation
of WEBER: the equation holds for both the hgh temperature and the low temperature
experiments, whereas the kinetic considerations are valid for the hugh temperature
hydrogenations only.

b. The hydro-isomerszatson of paraffin wax®®

In a number of hydro-isomerization experiments paraffin wax (average molecular
weight 375) was vaporized with hydrogen and treated with different catalysts (W.H.-
S.V. 0.89-1.04, temperature 410-450°C, hydrogen pressure 32-102 atm., molar ratio
hydrogen: wax =61 : 183). The reaction products were distilled at atmospheric pressure

8
)

8
S

OIL YIELD (quur FRAC TIOM)
o

040y

\4
—

& i J

s 1 L i n
Q00 040 020 030 040 030 0.60 o.70 0.80 Q90 0o

I

X @ CRACKED PRODUCTS BOILING BELOW 300 °C
(WEIGHT FRACTION)
Fig 94 Hydro-isomenzation of paraffin wax.
® Expenments with a platforming catalyst.
A+B¢4m Experiments with other catalysts.
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up to 300°C and the residues subjected to a dewaxing treatment at —20°C.

To follow the reactions in a triangular diagram the following ‘‘components’ were
considered:

(1) unconverted wax, the wt. fraction of wax obtained in the dewaxing treatment;

(2) isomerized oil (the desired product), the wt. fraction of o1l obtained after dewaxing;

(3) cracked products (by-products), the wt. fraction of low-boiling products obtained
by distillation of the reaction products.

Fig. 94 shows the expenimental results.

It appears that the experiments carried out with a platforming catalyst under dif-
ferent reaction conditions are all represented by one hyperbola (the values of a and
b being: a = 0.040, b = 0.9950) 1n accofdance with eqn. (87); the performance of the
catalyst under the conditions mentioned above can thus be characterized by #fwo
constants, 4 and b. The use of other catalysts leads to other hyperbolas, some experi-
ments with a few other catalysts are indicated in the diagram.

In this case it 1s a remarkable fact that experiments at different pressures and tem-
peratures can be represented by one hyperbola. Fig. 94 immediately shows in which
direction the product distmbution will change when one of the process vanables (the
temperature, the molar ratio hydrogen* wax, the hife-time of the catalyst) increases.

c. The chlorsnation of benzene®

Thus reaction was studied by MACMuLLIN with anhydrous ferric chloride as a catalyst
at 55°C; 1n the experiments the amount of chlorne introduced was varied with the
change 1n reaction time.

10,

g

(mol. fraoction)

£ & 8

1 A d 1 1 1 1
Om a7 A3 a4 a5 08 a7 a8 a9 10
—x-—>0i ¢ trichlorobenzene ( mol. fraction)
Fig 95. Chlonnation of benzene.
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Fig. 95 gives the change in concentration of the components-
unconverted benzene,
monochlorobenzene,
(di + tr)chlorobenzene.
The curve can be represented by equation (87), in which @ = 0.0340 and & = 0.922.

d Selective hydrotreating of shale gasoline®*

The simultaneous hydrogenation of olefins and thiophens 1n shale gasoline was
studied by BERTIL HAMMAR®!. The selectivity of the process under different conditions
was judged by determining bromine numbers (B7) and sulphur contents (S) of the
reaction products.

In Figs 96, 97 and 98 reaction courses according to equation (88) are given for dif-
ferent temperatures, S, and Br, are the sulphur content and bromine number, respect-
ively, mn the starting matenals.

4 SELECTION OF CATALYSTS

The experimental fact that the change of a reaction vanable 1n a chemical process
is connected with a change 1n the product distribution of the reactants according to
eqn. (87) or eqn. (88) has an interesting consequence.

When only one experiment has been carned out with a certain catalyst, if eqn. (87)

\
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Fig 96 Hydrotreating of shale gasoline (300°C) S, = 0.340, Br, = 4I 4.
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Fig 97 Hydrotreating of shale gasoline (325°C) S, = o 190, Br, = 320
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Fig 98 Hydrotreating of shale gasoline (375°C) S, = 0.0678, Br, = 17.7.
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F1g.99 Construction of the area which includes all hyperbolas according to eqn. (87), going through
one experimental point and the angular points (¥ = 0,y = o) and (¥ = 1, y = 0)
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Fig 100 Construction of the area which includes all hyperbolasaccording toeqn. (88) going through
one experimental point and the angular ponts (¥ = 0,y = o)and (¥ = 1,y = 1)
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is valid, the hyperbola is not yet determined, infimte hyperbolas are possible,
all going through the angular points (* = 0,y = 0), (¥ = 1,y = 0), and the experi-
mental point. However, the limting cases are given by straight lines drawn from the
angular points (x = 0,y = o) and (x = 1, y = o) through the experimental point ; these
two straight lines enclose an area which represents all possible product distributions
with the catalyst under investigation (cf. Fig. 99) when one reaction variable is changed
with respect to the conditions of the experimental point.

The same considerations hold if eqn. (88) is valid, ¢f. Fig. roo.

When trying to find catalysts for chemical reactions of these types there is a con-
venient method of screening that can be used, if a proper choice of the components for
the process under investigation has been made and the analysis of the reaction products
has been directed accordingly. With each of the catalysts a single standard experiment
1s carried out and the results are plotted in the appropniate diagrams. The limiting
reaction courses that are possible with the investigated catalysts can be directly com-
pared and the most promising ones selected. A second experiment with each of these
makes it possible to determine the values of a and b and construct the hyperbolas for
a more precise comparison.

With thus scheme a considerable saving of time and money may be achieved in the
process research of complex reactions.

ADDENDUM

1 The correction for sulphur amounts to —3%, Cn for each percent of S present, and
a proportional correction of Rx should be made. No corrections are necessary for %,C 4
and R4 (see page 33)

2 For the nomograms the same corrections for the presence of sulphur hold as for
the cross-sections —3%, Cn for each percent of S present, and a proportional cor-
rection of RN, no corrections are necessary for 9, ( 4 and R4 (sce page 36)

3 A quantitative relationship has been found to exist® between the ultrasonic sound
velocity « and the surface tension ¢ (both at 20°C) for pure saturated hydrocarbons
and saturated mineral o1l fractions

0 = 00354 u—206 e e e e . . (44a)

It appears that this equation can also be applied to straight run (non-hydrogenat-
ed) mineral o1l fractions, especially in those cases where the fractions have been
distilled freshly and, moreover, have a relatively low aromatic content (see page 50)
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Ultra-violet spectrometry 2, 96

Verdet-constant 57, 58

Viscosity, kinematic, of glass 82-84

Viscosity, kinematic, of lubricating oils 52-54

Viscosity, kinematic, of mineral o1l fractions
26-49

Viscosity, kinematic, of silicone oils 85, 86

Viscosity, temperature dependence of 50-56

Viscosity temperature index, fundamental 54

Vitamins, concentration of 87

Vitnimtes, coahfication of 101

Volume, specific 70

x, exponent 50-52, 82

x, exponent, of glasses 82

x, exponent, of lubricating ons 52

x, exponent, of silicones 85

x, exponent, relation with structure of
mineral o1l fractions 55, 56
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