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According to the <classic theory of cement har-
dening, the strength of hardened cement is carried by
non-chemical bonds. In this paper the inmportance of
chemical bond formation during cement hardening is
emphasized. In this process corner sharing (bridging)
common OXygen lons serve as a bond between adjacent
810y-tetrahedra. From this point, cement hardening
resembles the hardening of plastics: both processes
can be described as polymerization reactions with the
difference that -C-C-C-C- &and Si-0-8i-0-Si- cheins
{or rings, and sheets etc.) are formed in the latter
and former case, respectively. However, as the degree
of polymerization in cements is low in contrast to
plastics,the term "oligomerization” is suggested. The
possible confirmation of the proposed theory and some
practical results are outlined.

INTRODUCTION

Building materials can be classified by various principles:
e.g. according to their resistance against the attack of water and
behaviour to water during hardening (hydraulic and non-hydraulic
binders): the system of SYCEV [1] classifies binders according to
the process taking place during hardening and consequently divides
binders into three classes: hardening by chemical processes (e.g.

plastics, and water-glass binders); hardening by physico-chemical

*Presented at the 2nd International Symposium on Science and
Research in Silicate Chemistry, Brno, 1972 September.
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processes (e.g. portland cement or plaster of Paris);and hardening
by physical processes {e.g. the initial period in the hardening of
slaked lime).

A further basis of classification might be structural, ac-
cording to the principal bond type. It is well known that the
forces which bond the atoms or molecules of substances can be sub-
divided into two classes: chemical forces (ionic and covalent
bords) and non-chemical forces (van der Waals bonds, and hydrogen
bonds). {The third type of bonding, namely the metallic bond can

be disregarded from the point of this study).

Chemical forces are strong, their energy being some hundred
kcal/mol.; non-chemical forces are all weak, the van der Waals
forces are very weak, while hydrogen bonds somewhat stronger - as
a fair approximation, the enerqgy of non-chemical forces can be
considered as being 10 kcal /mol.

In the development of the gross strength of a given substance
the resultant joint effect of these forces should be taken into
consideration: there may be high forces in one direction and the
resultant strength is still low if the bonding forces are weak in
an another direction: €.9. in the layer structure of orthoboric
acid, H3BO3 strong chemical bonds exist within the layers, but the
separate layers are bonded by van der Waals forces to each another
This is mirrored by the fact that crystals of H3BO3 can easily be

pulled apart (cleaved) in a direction parallel to the layers.

Among binding materials, water-glass and phosphate base
putties and plastics are characterized by the presence of mainly
chemical bonds;on the other hand, the strength of plaster of Paris
is supplied by the adhesion (i.e. non-chemical bond) developed
between the felted gypsum crystals. In the view of POWERS [2] and
BRUNAUER [31 non-chemical bonds are responsible for the strength
of portland cement, the most important binder also, produced in
vast quantities.

However, parallelities exist between the properties and
structure of plastics and hardened portland cement, which justify
a4 comparative study between the two groups of materials.
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The most important element is C in plastics and 8i in port-
land cement.Although both elements are tetravalent and in the same
colurmn of the periodic table,which would indicgte similar chemical
behaviour, some differences still exist.The most important differ-
ence is that no d orbitals exist #n the valency shell {n = 2) of
the carbon atom, but its ability to form s#—bonds is responsible
for most of the chemical properties of carbon. Si belongs to the
next period (n = 3); silicon possesses d orbitals, but wx-bonds do
not exist. This is why most of the compounds of coxxesponding forx-
mula differ so characteristically in properties. A striking
example: CO, and SiO,. Carbon dioxide 1is composed of discrete
molecules, containing C-atoms of digonal symmetry. However, the
strong chemical bonding within the CO; molecule is useless,because
the intermolecular bonding consists of weak forces. Therefore the
thermal energy at -78°C supplies the separation of the molecules
of solid CO,, and it occurs as a gas at ordinary temperatures.
Si0, on the other hand, is a solid of high strength and high
refractoriness (m.p. = 1700°C). But S5i0, contains Si atoms of tet-
rahedral symmetry, which form an infinite network in all the three
dimensions of space; the Si atoms are linked through O-atoms
shared always by two Si atoms,so finally the entire guartx crystal
is one molecule, its formula being 5104/2,-,. There is no differ-—
ence between intramolecular and intermolecular bonds in guartz:

the entire crystal is held together by strong chemical bonds.

However, the ability to form long chains by polymexization is
common with C and Si, though the nature of the chains differ. Car-
boniferous chains are of -C-C-C-C— formula,but -Si-8i-Si-8i- chains
do not exist in silicates: the bonding energy of Si-Si is too low
(42 kcal/mol. as contrasted to the 83 kcal/mol. energy of the C-C
bond); the 5i-O0 bond on the other hand is strong (124 kcal/mol.,
the corresponding C-O bond. being only 85 kcal/mol.). This suggests
the possibility of the formation of stable, strong ~84-0-8i-0-8i-0~-
chains and its derivatives (double chains, rings, layers, and

frameworks, etc.).



khg F. TamhAs Vol. 1.

Formation of Bridging Oxygen Ions as Strength Carriers

In the formation of Si-0-Si chains, etc., the O-ions of the
5i04,%~ tetrahedra receive their energetically advantageous octett
shell by utilizing their "internal® reserves: by the formation of
bridging oxygen ions, belonging to two Si-ions simultaneously. So
a common 2lectron shell of octett symmetry surround the Si-0-Si
complex. A stable octett, on the other hand can also be formed by
"external help”: by metal cations incorporated into the structure,
which act as electron donors thus completing the electron-deficient
shell. These incorporated ions however interrupt the continuity of
the ~Si-0-Si- chain, and thus decrease the strength.

A certain amount of energy is needed to break the -5i-0-5i-0-
chain. In our view this is done during the burning of clinker (in
this study formation of nonsilicate minerals during clinker
burning is disregarded): the continuity of -8i-0-Si- chains in
natural silicate polymers, €.g9. quartz, is interrupted and Ca-ions
are incorporated into the structure. The energy needed for this
pProcess is transmitted in the kiln. The resulting minerals are no
longer polymers: C25* and C3S both contain isolated,i.e. monomeric
510, -tetrahedra,as proved by X-ray diffraction. (Formerly O'DANIEL
and HELLNER [4], proposed a structure of C35 which would contain
Si30q trimer rings; but careful later work, mainly by JEFFERY [5}
also confirmed the presence of isolated, monomeric Si04 tetrahedra
in C3S).

During the reaction of C25 and C3S with water the Ca-ions
incorporated into the silicate by external energy are expelled
from the structure and precipitated as Ca0 or more correctly
Ca{OH),. This means that the octett-shell, maintained by "external
help"”, i.e. electron donor Cations will be replaced by an internal
octett shell of bridging O-ians again, and the energy, invested
during clinker burning will be regained. This is one of the pre-
conditions for the formation of a stable hardened cement, as only

®*Cement chemical notation system is used, together with th7 con-—
ventional system. C = CaQ0, § = §i0,.
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processes where the free enerqgy is decreased can proceed without

external excitation.

The stoichiometry of the hydration reactions, according to
BRUNAUER and co-workers [6] in the case of Cj3S:

2 Ca3zSiOg + 6 H,0 + Ca358i,;07.3 Hy,0 + 3 Ca(OH),
and in the case of C;$S
2 Ca,Si0y + 4 H,0 + Caz_ 351,07.3.3.3 H0 + 0.7 Ca(OH),

The product 1is very poorly crystalline, whose structure
resembles to that of natural tobermorite. Its Ca/Si ratio may vary
over a wide range; but this is always lower than in the parent
product, being about 1.5 instead of 3.0 in case of C3S and about

1.65 instead of 2 in case of C,5.

These phenomena can be well interpreted by the polymerization
(or, more correctly, oligomerization, as only products of limited
chain lengths are formed) of the monomer C,;S and C3S. The essence
of the reactions in both cases consists of the disproportionation

of O-ions:

20 =+ O° +O0

where O represents O-ions held by Si on one side only (e.g. one
of the O-ions in C,S); o° represents an O-ion held by Si on both

2-

sides (i.e. a bridging O-ion); and O is an O-ion where both

valencies are neutralized by a cation.

In our special case, the first equation by Brunauer can be
interpreted in such a way that C,S is dimerized, one of its 8 o
ions is degraded to OO; and this counteracted by the formation of
one 02“, which latter is bonded to the expelled Ca-ion. Dimeriza-

tion means that a two-link chain is formed:

1 1 1 i

0  -8i -0 +0 -Si-0 =+ 0 -8i~-0-258i-0 +0%
[ I - i
0 ) ) 0

Obviously polymerization may proceed further on, longer

chains, and by their linkage, rings, sheets, and space frameworks
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may develop. 1In well-crystallized substances definite complexes
are present: e.g. K;0.2 Pb0.2 8i0, is purely dimer, its correct
formula being K;Pb,;Si,07 (NARAY-SZABO and KALMAN [71).In amorphous
or 1ill.crystallized products, on the other hand (as e.g. in sili-
cate glass, and hydrated portland cement), the concept of equilib-
ria between various complexes of different degrees of polymeriza-
tion is of utmost importance. The theory of these equilibria is
well established for silicate glass (BALTA and BALTX [8], MASSON
[91), but the concept .is similar for hardened portland cement,
where C3;S (or C3S), containing isolated SiO, tetrahedra are the
monomers, and these become oligomerized during hardening. The pro-
cess itself resembles the hardening of plastics, e.g. where
poly(vinyl chloride):.

Cl H Cl H Ccl

is formed by the polymerization of the monomer vinyl chloride,
CHy=CHC1.

As stated earlier, complexes of different polymerization
degree exist in amorphous or ill-crystallized silicates. The aver-—

age degree of polymerization can be characterized by :

X
2 n

where x is the number of units (in the case of silicates, the
number of the SiO, groups) in the complex, fx is the number of
linkages (in our case the number of bridging O-ions), n, is the
number of the x-membered complexes, while ny, in the denominator is
the number of the monomer mols. Index p may vary between O and 1,
the first 1limit being the absence of polymerization, the second
complete polymerization into one giant molecule. The summation in
the numerator indicates clearly that the formula always gives an
average. Thus, from Brunauer's stoichiametry one may think that

the hydrate resulting from C3S is purely dimer, with p = 0.25; but

1
/
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the same Ca/Si ratio of 1.5 and consequently p = 0.25 may come
e.g. also from the equilibrium of 40 % still monomeric and 60 %

hexameric complexes.

The following changes occur during the polymerization of C,;S

while p changes from O to 1:

1. The molecular weight of the complex increases from 172

2. The 0/Si ratio changes from 4 to 2.
3. The CafSi ratio changes from 2 to O.

However, the process of polymerization 1is discontinued after a
time, the limit being approx. p = 0.35 or slightly beyond.

The Si0Si0Si0O chain, formed during this polymerization is
one of the principal conditions to develop the strength of cement.
A second important condition is the cross-linkage of these chains,
because the linear polymer molecules (linear here obviously means
unbranched, not cross-linked complex, with a zig-zag axis, corres-
ponding to the 140° valency angle of the S5i0Si bond) could be
easily pulled apart by external load along the weak intermolecular

bonds, similarly to H3BOj3, examined earlier.

Possible Proofs of the Theory

1. The direct determination of the mean molecular weight,
e.g. by cryoscopic methods, in a suitable solvent. C;S and most of
its hydration products are soluble in acids; but at the same time
an instantaneous condensation may taje place which, in turn, means
that the original anionic structure is not preserved. E.g. the

orthosilicic acid may condensate according to the formula below:

OH OH OH OH
| 1
| R |

HO - Si - OH+ HO - Si ~ OH + HO - Si - O - Si - OH + Hy0

| l | I

OH OH OH OH

to pyrosilicic acid or even beyond, finally SiOj-n H;0 will form.

The danger of instantaneous condensation can be reduced by using
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weak acids and a low temperature dissolution. Obviously a compro-
mise should be sought, because these measures slow down the disso-
lution process, which brings the same danger again. The use of or-
ganic acids of known molar melting point depression is recommended.

2. Instead of molecular weight determination a corresponding
property may be examined, e.g. the reactivity of the solution.
WIEKER and associates [10]1 have shown that the reaction rate
between silicic acids and molybdate solutions depends on the
anionic structure of the silicic acid. The concentration of the
product silicomolybdate can easily be measured photometrically. By
this method, not only the molecular weight, but also the shape
(linear, or ring, etc.) of the molecules can be determined (by
calibration with substances of known structures). However, an im-
portant limitation: obviously only in cases of a uniform structure.
Using a mixture of silicic acids of different molecular size an
average value will be obtained.By this method the gradual decrease
of the reactivity, i.e. an increase of its molecular weight of the
liberated silicic acids as a function of hydration time has been
verified [11].

3. The silicic acids, described in the previous paragraph
can be separated by paper chromatography [10], thus the individual
factors of the average can be studied.

4. The instantaneous condensation mentioned under 1. can be
eliminated according to the proposal of LENTZ [12] in such a way
that acid dissolution is ensured in the presence of silylating
agents, e.q. trimethyl chlorosilane. 1In this case the original
anionic structure remains intact, because the reactive OH or H
groups at the end are blocked by the Me;Si-radical (Me = methyl).
E.g. the trimethyl silyl derivative of the orthosilicic acid:

OSiMe;
{ .

Me3Si0 - Si - 0SiMe,
OSiMe;

is not capable of instantaneous polymerization, because of the
absence of the reactive end groups. The molecular weight or a
functional property {(e.g. refractive index) of the end-blocked so-
lution can be measured. This method also gives an average only.
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5. The end-blocked silicic acid solution can also be sep-
arated, e.g. by gas chromatography [12] or by mass spectrometry
£131.

6. The proceeding of polymerization can also be determined
by indirect methods. For example, by measuring the change in the
Ca/Si ratio during hardening (obviously after the selective disso-
lution of the free lime) Brunauer proved the decrease of this
ratio during proceeding hydration. This result accords with the
suggested polymerization mechanism of hardening, although Brunauver

interprets his results by a different approach.

The formation of cross-links, mentioned earlier, takes place
instantaneously during the hardening of silicate cements. The fac-
tors influencing the increase of the polymerization degree and
cross-linked framework formation are not yet known, although their
knowledge would constitute a milestone towards stronger, higher
quality binders. An analog example from the history of organic po-
lymers: the technical significance of latex, which contains linear
chains of poly({isoprene) is negligible, while cross-linked
poly(isoprene) is the polymer, manufactured and utilized in vast

quantities: rubber.

By this analogue we endeavoured to affect the hydration of
cement so as to produce, in addition to Si - O - Si bonds, cross-
—-linked Si - § - Si bonds too. This can be achieved, e.g. by the
addition of compounds containing active sulphur (SOCl,, S,Cl;) in
such a way that its incorporation into the structure should out-
pace its decomposition by water. Final strength of cement pastes
and concretes produced by this patented method [14] may increase
by 40-60 % in contrast to the untreated cement; a further advan-
tage being that the hardening of concrete can be effectively acce-
lerated by steam curing without a loss in final strength.

The endeavour to develop and prove the polymerization mechan-
ism of cement hardening is also significant from a side point:
mathematical methods, some practical results, even measurement
techniques of the highly advanced theory of organic polymers might
be adapted. This will certainly reduce the extent of the fundamen-
tal and methodological research needed. Improved knowledge of the
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hardening process of cement will constitute a basis for the plan-
ned development of new types of cements, having predetermined,
controlled properties that are significantly higher than at the
present time.
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PE3KME

CornacHo KiBCCHMECHOW TEOPHMK TBEPABHMA UEMEHTA NPOYHOCTEL 3aT-
BepAesuwRsro yemenTa ol0ycnoBiKMBAKT HEXHMHYECHAKE CBR3W. B 3ToN cTaTbe
aBTop oGpawaeT BHHMaHKMe Ha 70T (aKT, 4T0 B Npoyecce TBEPAEHHA ueé
MEHTA BaMHyW pOnk KWIrpaeT Tanwe W ofpal’cBaHue XHMHYECHHX CBR3EH.,
AAHHOM npouecce o6WMe MOCTOBHE KHCNOPOAHHE HOHH OGRCMBYMBAKT CBA3L
MeMAy TeTpasgpaMmu Si0);, COERQHHAR BEPWHHE MHOrOrpaHsuHas, B VTaHDM
cMHCNE TBepAexHHe uemeHTa nNogobHO TBEpAEHWK nNAacTMmacc ¢ TOH nHmE
pasHuyen, 4To B8 nocaeqHem cny4ae oOpasywTcA genm C-C-C-C, a & nep
soM - uenn (u 3aTeM, NpW JanbHeMUER NOAMMEpPH3AUMH, -HONbUA, CNOW W
T.A.) $i-0-Si-0. Ogxaro, BBM®LY TOro, 4T0 NQY TEEPRBHHH LUEeMeHTa W~
MeeT MEeCTO NONHWMEPHIaUMKE 3JHEYMTENbHO MEHLWEW CTEMEHH, HEM B cny4ae
nnacyMacc, aBTop NpegnaraeT MCNONLIOBATbL 34EChL MNOHATUE "ONWMOMEPH -
3auum” . flaHHan CTaTkA 3IHAHOMMT TAHME C BO3IMOMHUOCTAMW» JOHA33TEALCT-
Ba NpefnaraeMon TEOPHM W MNPEACTABNAET NPAKTHYECHH BAMHHE BHBOAH.



Hungarian Journal
of Industrial Chemistry
Veszprém
Vol.l. pp. 453-462 (1973)

STURIES ON HOMOGENEOUS OLEFIN DISPROPORTIONATION CATALYSTS
L. BENCZE, A. REDEY and L. MARKO

(Department of Organic Chemistry, Veszprém University of Chemical

Engineering)

Received: August 22, 1973.

Carbon monoxide increases the activity of cata-
lysts composed of tungsten and molybdenum halide com-
plexes and EtAlCly for the disproportionation of ole-
fins. Hexacarbonyls as final products and halo carbo-
nyls as intermediates were isolated from the reaction
mixtures.

INTRODUCTION

The disproportionation of olefins has undergone a very fast
but contradictory development during the last 12 years since the
first patent application. The heterogeneous propylene disproportio-
nation is already at present an industrial process, while the dis-
proportionation of longer chain clefins will still remain at the
level of laboratory experiments for probably a long time, because
of the simultaneous double bond isomerization leading to a low
selectivity of the reaction. An increase of catalyst selectivity
by the blocking of acidic centres is accompanied with a rapid

decrease in activity [1, 2].

The development of the homogeneous catalytic process seems
to be somewhat faster; the disproportionation of terminal and in-
ternal olefins has been achieved in the last few years [3, 4, S51].

Numerous new catalytic combinations and metals (Ti, Rh, Fe, Co,
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etc.) [6, 7] have been reported, in addition to those based on mo-
lybdenum and tungsten which were applied from the beginning. How-
ever, although a large number of active catalysts are already
known, only a few investigations on the catalytic mechanism have

so far been reported.

Following the first successful disproportionation experiments

a trans alkylidenation mechanism was proposed for propylene dis-

proportionation
CH3 - CH = CH; CH3 - CH CHjp
CH3 - CH = CH, CH; - CH CH,

This general scheme was confirmed by the disproportionation of
2—propene—14C [31. However, it still remained a problem, that the
"quasi cyclobutane intermediate" state proposed for this reaction
requires thermaly forbidden electron transitions according to the
HOFFMAN-WOODWARD rule [10]l. This problem could be solved by the
assumption that since the trans alkylidenation has to take place
partly or entirely within the co-ordination sphere of the transi-
tion metal, the d orbitals of the transition metal also have to
be considered in these calculations. The Hoffman-Woodward rule ex-
tended in this sense was found to be applicable for the dispropor-
tionation of olefins: the process can be described by the combina-
tion of the d orbitals of one transition metal and the pi orbitals
of two olefins {111.

The homogeneous catalysts used for the disproportionation of
olefins are generally composed of a transition metal compound
{such as WClg) and a cocatalyst such as EtAlCl; or BuLi [12]1. The
cocatalyst probably functions partly to produce free co-ordination
sites which can be used by the olefin molecules and partly to
maintain the necessary electron concentration for the reaction.
According to the proposed mechanism, at least two co-ordination
sites are required on the transition metal. The experimental ob-
servations that disproportionating activity is shown by catalyst
combinations with an Al(Li)/W(Mo) ratio of 2 2 are in accordance
with this theory. i
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Very little is known about the formation of the catalytically
active species. Suggestions for this process were first made by

MENAPACE et al. [12] for the two component WClg + BuLi catalyst

system:
wlcl, + 2 RLi+ — w!VR,Cl, + 2 Licl (2)
-2 ®

wiVr,c1, ——— wlVel
l n 2 olefin (3)
L 2 olefin , va(olefin)ZClu

-2 R
wiV(olefin),Cl, ~= W' 'Cl, + products (4)
. 1 2 new olefin

According to the schema above, the free co-ordination sites are
formed by the decomposition of dialkyltungsten tetrachloride. Fol-
lowing this the trans alkylidenation takes place by an intramolec-
ular transformation of the bis olefin complex. Some suggestions
were made regarding the oxidation and co-ordination states of the
transition metal in Equations (2)-(4), . but no experimental proof
was presented. The experiments described in this paper were direc-
ted towards the isolation of stable derivatives of these interme-

diates to elucidate some steps of the disproportionation mechanism.

RESULTS AND DISCUSSION

For all experiments cis,trans-2-~pentene was Chosen as model
olefin. Using CALDERON’s WClg + EtOH + EtAlCl; catalyst it was ob-
served that this was very sensitive to air and moisture, whereas
Ar, Ny, Hp, or CO and small guantities of PPh3y or pyridine did not

alter its activity appreaciably and CO even increased its selec-
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tavicy [131]. It was, therefore, concluded that CO, phosphines and
pzridine may function as ligands of the tranmsition metal in these

catalvtic systems.

In order to eliminate the moisture sensitive WClg at first
Mo and W compounds were sought that were not sensiiive to air and
which combined with AlEtCl, would give active ‘disproportionation
catalysts. When 2-pentene was added to the berzene solution of a
AlEtCl; and a ML;Cl,  Lype compound  {where L = Py, FPhy or
1/2 CoH,(PPhy)2: M = Mc or W) the olefin was consumed by a Friedel-
-Crafts type reaction for the alkyliation of benzene in a few mina-
tes and the disproportionation reaction conld nct be studied under
such  conditions [14]. However, using chloro benzene as a solvent
{(which is more difficult to alkylate than benzene), a homogeneous
master solution could be prepared which had the desired dispropor-
tionating catalytic activity and was not disturbed by the alkyla-
tion of the aromatic ringy. The activity of these catalysts siyni-—
ficantly increased under CO aad approached that of the CALDERON
system [157.

Investigating the WPy,Cl, + EtAlCl, + 2-pentene + chloro
benzene reacticn mixture by IR spectroscopy, a very strong, sharp
abscrption band could be observed at 1980 cmhl in addition to some
smallexr peaks in the Veo range. This strong band indicated the
presence of W(CO)g which was proved by the subsequent isolation of
W(CO)g from these reaction mixtures. The vield of W(CO}g reached
about 30 per cent and thus surpassed the yield of some of the pre-

viously known high pressure syntheses.,

By comparing the W(CO)g content and Lhe catalytic activity
of catalyst master solutions (Fig.l) it was shown that an increase
of W(CO)g leads to a decrease of activity. The increase of cataly-
tic activity under carbon monoxide could not, therefore, be attri-~
buted to the W(CO)g formed in the reaction mixture,but td tungsten
derivatives having oxidation states Dbetween IV and O. It was as-
sumed that the formation of the free sites necessary for co-ordi-
uwation of olefin (in the catalytic reactioﬁ) or carbon wmonoxide
(in metal carbeonyl formation) to the metal atom is a result of

alkylation {5) and the subsequent decomposition of metal alkylis (6):
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*»
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Fig.l. Yield of W(CO)g and disproportionation activity as functions

of the =&age of the catalyst master solution. o - yield of
W(C0)g; x - conversion of 2-pentere in 3 minutes reaction
time
ML,Cl, + 2 FtAlCl, ~+ MEtpL,Cl, + AlClgy (s)
MEt,L,Cl, —Seivent (S}, ML,Cl,S_ + 2 Et’ (6)

These free co-ordination sites can then be occupied either by

olefins:
ML,Cl,8 + 2 olefin == ML, {olefin),Cl; + n S (7)
or by carbon monoxide:

MLpClpS + 2 CO =~ ML, (CO),Cl + n S (8)

If olefin and CO is also present at the same time the following
eguilibrium must be taken into account:

ML,(olefin),Cly, + 2 CO ~* ML,(CO),Cl, + 2 olefin (9)

Such types of VIb metal-halo-carbonyls are already known. Some of
these derivatives (like L = PPhj) are "CO carriers® [16]:

M(PPh3),(C0),C1l, + CO == M{PPh3)2(C0)3Cl; (10)
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To confirm the probability of the above reactions ML, (CO),Cl,
or rather ML,{C0)3Cl, type complexes had to be detected during the
disproportionation reaction carried cut under carbon monoxide. Al-
though the formation of such compounds was observed in the WPy,C1,
containing systems, their isolation in a pure state failed.Efforts
were more successful in the case of the catalyst composed of
Mo (PPhj},Cl, and AlEtCl,:

Co

Mo (PPhj),Cl, + 2 EtAlICI, oTefin, solvent

Mo(PPh3),(C0O)3Cl, (11)

The isolation of these complexes supports the assumption that the
active catalyst combination contains a low (but not 0) oxidation
state transition metal atom having available co-ordination sites.
However, the formation of free co-ordination sites does not re-
quire the presence of olefins, since the appropriate halo carbonyl
complexes can also be prepared from the CO-treated catalyst master
solutions in the absence of olefin with good yield.

The halo molybdenum and tungsten carbonyls were prepared
previously only by the oxidative transformation of the correspond-
ing carbonyls. Our qualitative observations have been developed to
a preparative method which enables the preparation of halo carbon-

yls by reductive carbonylation with 30-3% per cent yields.

Based on these results, the method described above was also
applied in the study of the highly active catalysts derived from
WOCl, or WClg and AlEtCl, at a molar ratio of W/Al = 1/4. The for-
mation of intermediate unsubstituted halo carbonyls and W(CO)¢ was
also observed here. W(CO0),Cl, was isolated from these reaction
mixtures in the form of its stable triphenylphosphine derivative
W(PPh3)2(CQ)$C12. Molybdénum halides reacted similarly [171.

As a matter of fact, all of these results confirm the Mena-
paces hypothesis and complete it by the reactions occurring under
CO atmosphere:

Pphs\
W(olefin),Cl, 51%%1?;" W(C0)2Cl, —— W(PPhj),Cl, (12)
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EtAlCl,
W(CO)2Cly Syggrs— W(CO)2(olefin),Cl, (13)
+CO {| —~olefin
EtAlCl, PPhg
W(CO)g o W(CO)yCl, “dcetona” W({PPha)2(C0)aCla + CO

Carbon monoxide 1is generally known as a catalyst poison and be-
haves here similarly: it expels the olefins from the catalyst.
Despite this the rate of disproportionation is increased in its
presence, which suggests the M(PPha)z(CO)nClz (n = 2, 3) type com-
pounds ("the poisoned catalysts") formed in these reaction mix-
tures are also good catalysts in combination with EtAlCl, or AlClj;.
This assumption was confirmed experimentally: the mixtures of
MLZ(CO)nClz (where L = PPh; or AsPhy and M = Mo or W) and EtAlCl,
or AlCl; (Al/M = 4/1) in chlorobenzene solvent catalyzed the dis-
proportionation of 2-pentene present in a 2-500 fold excess of the

equilibrium olefin mixture within 3-5 min [18]7.

EXPERIMENTAL

General. All manipulations were carried out under Ar or CO
at room temperature. Hexane, benzene and cis, trans-2-pentene
(Fluka) were distilled from K-Na alloy, chlorobenzene and methylene
chloride {(Reanal) from phosphorous pentoxide before use. All were

stored under Ar.

Molybdenum and tungsten complexes were prepared from purum
WClg and MoCls (Koch-Light)(Fluka) as described in literature [19,
20). EtAlCl, was prepared from Et3Al and AlCl; and purified by
distillation [21].

The IR spectra were recorded on a double-beam Carl Zeiss

UR 20 spectrophotometer.
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Catalytic experiments

a) A solution (5 ml) of cis-2-pentene in n-pentane (1/1) and
0.05 ml EtAlCl, was added to a suspension of 29 mg WPy,Cl, in 5 ml
chlorobenzene. After 1 hour, the mixture was hydrolyzed and ana-
lyzed by GLC. Based on the guantity of cis-2-pentene introduced,
the reaction product contained 14.1 per cent cis, trans-2-butene,
45.7 per cent cis, trans-2-pentene and 27.3 per cent cis, trans-3-

~nexene. The rest of the olefins were converted to polymers.

b) Several parallel runs were performed with the above cata-
lyst under Ar and CQO. After a 15 minute reaction, the conversions
of 2-pentene ranged between 7-22 per cent under Ar and 48-51 per
cent under CO; since the equilibrium composition was reached under
carbon monoxide, the rate of reaction must have been rather high.
This was confirmed by utilizing even shorter reaction times:
conversion of 2-pentene was 40.6 per cent after 1 minute, 41.8 per

cent after 3 minutes and 47.2 per cent after 5 minutes.

¢} To study the connection between W{CO); content and cata-
lytic activity, a master solution was prepared from 300 mg WPy,Cl,,
0.9 ml EtAlCl, and 50 ml chlorobenzene. This was stirred under CO
and samples were taken at certain intervals. 5 ml of the sample
was given to 5 ml of a mixture of n-pentane and 2-pentene {1/1)
and the conversion of 2-pentene after 3 minutes reaction time was
used as a measure of the activity. The concentration of W(CO)g was
determined in another part of the sample by IR spectroscopy and an
extinction vs. concentration curve using the extinction measured

at 1980 cm_l.

d) WIC2H, (PPhy);],Cls, W[C,Hy(PPh;),1Cl, and Mo(PPhj3),Cl,
behaved similarly to WPy,Cl, under the conditions of a), b) and c).

e) 5 ml of a solution of cis-2-pentene in pentane (1/1) con-
taining 0.05 ml EtAlCl, was added to a suspension of 0.05 g
W({PPh3)2(C0)3Cl; in 5 ml chlorobenzene under Ar. A homogeneous so-
lution was formed. After 1 hour, the reaction mixture was hydro-
lyzed and GLC analysis indicated the presence of 13.4 per cent 2-



1973 Homogeneous Olefin Disproportionation Catalysts k61

-butenes, 49.7 per cent 2-pentenes, 26.2 per cent 3-hexenes and
traces of higherxr olefins.

Preparative Experiments

f) The master solutions made according to c¢) were steam dis-
tilled after 2-3 hours reaction time. M(CO)g (M = Mo or W) preci-
pitated on the wall of the condenser in the form of white crystals,
before an appreciable distillation of chlorobenzene has started.
Yield 10-30 per cent.

g) A solution of 0.05 ml EtAlCl, in 3 ml 2-pentene was given
to a solution of 190 mg Mo(PPh3),Cl, in 3 ml chlorobenzene. Rapid
disproportionation reaction was observed. Adding pentane (5-10 ml)
a precipitate formed due to the diminished solubility of the com-
plexes. This solid portion of the product was separated and dis-
solved 1in a small gquantity of acetone upon which 20-30 mg
Mo(PPhjy ), (CO)3Cl, precipitated.
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PE3IIME

OHnch yrnepoia 8 peanymu QHCAPONOPUHOHWPOBAHHA one¢unoe yBe-
AHSKBABT AHTHMBHOCTb HMCNONL3YEBMOIr0 HaTanNW3aTopa, COCTOAWBI O W3 ra-
NOFEHHAHEX HOMANEBHCOB Boab¢pama W MONMOLeHa M Ma EtAICLl.. U3 peaH-
YHOHHOHA CMBCH OHIM BHABNEHH B HAY8CTBE KOHBYHEX npogyaroa reHco-
KBpGOHHAE H B HAYEeCTBE HHTEPMERHEpOos ranoreHorapOoHH AL,
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In granulation in a fluidized bed, the appropri-
ate selection of the feed rate of the granulating
liquid is very important since this parameter, in ad-
dition to its effect on the formation of the granu-
lates, considerably influences the capacity of the ap-
paratus. The results of experiments on the effect of
the feed rate of granulating liguid on the physicsal
properties of the granulates formed in a fluidized bed
(average particle size, the relative amount of the
particles not granulated, wear strength, and the in-
homogeneities of the binder distribution) are given.
On the basis of the heat and liquid balances of the
process, correlation is given for the maximum and
equilibrium liquid feed rates.

A very important process parameter of the batch granulation
in a fluidized bed is the feed rate of the granulating liquid. To
attain the optimum average particle size, a well defined quantity
of the given binder solution is needed. The liquid can be sprayed
in the fluidized bed at different feed rates, i.e. during various
lengths of time. Thus the appropriate choice of the feed rate of
the granulating liquid, basically determines the duration of the

granulation and hence the capacity of the apparatus.

In the first paper of this series [1] - where the relation-
ships between the amount of the binder and the physical properties
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of the formed granulates were dealt with - the effect of the feed
rate on the physical properties of the granulates was also touched
upon to ensure the completeness of the paper. The results of other
authors - RANKELL and all. [2], MBBUS [3] and DAVIES and GLOOR [4]
were also given. It was pointed out that the results were evalua-
ted in literature in two different ways. Some authors changed the
feed rate while keeping the duration of the spraying at a constant
value [2, 3], while others kept the quantity of the granulating
liquid constant [4] - hence the results are difficult to compare.

On the basis of the experimental results it was deduced that
the average diameter and average porosity and the particle size
distribution of the formed granulates were only slightly influ-
enced by the variation within certain 1limits cf the feed rate of
the granulating liquid, provided that the overall amount of the
binder was kept constant. Therefore, the influence of the feed
rate was neglected in addition to those parameters that had
greater effects on the above mentioned properties of the granu-

lates.

In the present paper the influence of the feed rate of the
granulating 1ligquid on the average particle size, the relative
amount of the particles not granulated, the wear strength and the
homogeneity of the binder distribution will be dealt with in
details. On the basis of the heat and liquid balances of the pro-
cess, correlations were derived for the upper 1limit of the liquid

feed rate and for the approximately optimum feed rate.

EXPERIMENTAL APPARATUS AND METHODS

The experimental laboratory granulating apparatus and the
applied experimental methods will not be described here in- detail,
since they do not depart from those described in the previous
paper of this series [1].The 0.1-0.2 millimetre fraction of quartz
sand was used as basic material and an agueous gelatine solution
of a concentration of ¢’ = 60 kilograms per cubic metre was used
as the granulating liquid. 1In the experiments dealt with in this
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paper, the concentration of the granulat¥ng liquid, the mass of
the material to be granulated, the relative expansion of the fluid-
ized bed, the temperature of the air at the inlet and the distance
between the atomizer and the underplate were kept at constant
values, 1in addition to the characteristics of the apparatus and
the basic material and the binder. The air feed rate of the atom-
izer was increased with the feed rate of the granulating liquid to
ensure a nearly identical liquid dispersion throughout the meas-
urements, so that the specific air consumption was always ' about

2.5 kilograms air per kilogram liguid.

The test and calculation methods for the physical properties
of the granulates formed were summarized in the previous paper of
this series [1] while the test methods were detailed in the first
paper [5]. :

In some cases the relative humidity of the air at the outlet
and the 1liquid content of the bed were determined several times
during the granulation at various 1liquid feed rates. The liquid
content' of the bed was determined by drying the samples taken from
the bed in a drying oven until constant weight. The relative hu-
midity of the air at the outlet was measured by an ASSMANN psy-
chrometer redesigned +to this purpose. These measurements had two
objectives: they provided data for the establishment of the heat
and liquid balances of the process and helped in deciding whether
the change of state of the air flowing through the apparatus is
really adiabatic as suggested in literature [2, 6].

At the two extreme values of the feed rate of the granulating
liquid, the concentration of the binder was determined as a func-
tion of the size of the granulates. The average binder content of
the granulates was determined by dissolving NaCl in the granulat-
ing liquid. Having concluded the granulation, the dry product was
fractioned and from the average samples of identical mass, the
labelled binder was extracted by hot distilled water. The conduc-
tivity of thermostated solutions of identical volumes of the sam—
ples were measured by bell-shaped electrodes. In the knowledge of
the relationship between the conductivity and concentration of the
NaCl sclution, the binder content was determined from the measured

conductivity.
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EXPERIMENTAL RESULTS

The effects of the feed rate on the physical properties of
the granulates were studied by altering the feed rate at four dif-
ferent values of the relative amount of the granulating liquid
(V' /v = 5; 10; 20; 30 vol per cent) while keeping the other parame-
ters at constant values. The studied feed rates were as follows:
w' = (2.5; 4.2; 5.9; 7.6 and 9.2) x 10°°

the feed rate is changed while the relative amount of the granu-

kilogram per second. When

lating liquid is kept constant, the duration of the granulation
also changes,with smaller feed rate it is longer, and with greater
feed rate is shorter. Because of the repeatability of the experi-
mental results (1] three parallel experiments were carried out in
every case so the dots in the following Figures correspond to the

average value of three parallel experiments.

The average diame-
ter of the granulates
is plotted against the
feed rate of the granu- E
lating liquid in Fig.1. "’3 0.8
The average particle .
size tends to be de-

creased by the increase

of the feed rate, though

the dots are rather 0.5
scattered. {The straight °-~v~“2~\4L_~o
lines in the Figure do 0.4

not show anything more

than the tendencies of T T 1 T ¥

the changes!) When the 2 4 6 8 10 5
relative amount of the w2107, kafsec
granulating liguid is

greater, the decrease

of the particle size is FPig.l. x - V'/V;z 3¢ vol. per cent
greater. While at a re- ; - X:;X : ig :zi: i:; g:;z
lative liquid amount of e - V'/V = 5 vol. per cent
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V' /V = 5 vol.per cent, the
increase of the feed rate
by about four times de-

60_]
g R creases the average par-
o 50 -__v-.q__ﬁr-‘ ticle size by only about
b 7 per cent at a relative
o
o 40 liguid amount of V' /V = 30
o vol. per cent this change
i 30 2___t_—_°“ﬁr——3 is almost 16 per cent.
20 In Fig. 2 the weight
7 fraction of the particles
+
—_—
Lo -——»___+__-‘ not granulated is plotted
K e x againgt the feed rate at
. . : four different values of
T T
2 4 6 8 10 the relative amount of the
”,.105, kg/sec granulating liquid. With

the increase of the feed
rate there is a slight de-

- 0.2)x10"3 m crease of this weight
5 vol. per cent
10 vol. per cent
20 vol. per cent fect was found at the
30 vol. per cent

Fig.2. 4 = (0.
«_V'/V
o-V'/V
+-V'/V
x-V'/V

fraction. The greatest ef-

LI T | I (O g

smallest liquid anount
(v’ /v = 5 vol. per cent),
where the amount of the
particles not granulated
80 decreases by about 7 weight
per cent when the feed
rate is increased from
2.5x107°
70 ¢ cond to 9.2)(10_5 kilogram

per second, which repre-

kilogram per se-

Ko aper cent
~
i

. ° sents a relative decrease

of 12.5 per cent.

T T
2 4 6 8 10 In Fig. 3 a more pro-

H’-los,kg/sec found change is shown, the

. ed
Fig.3. V'/V = 20 vol. per cent wear strength is plott
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against the feed rate of the granulating liquid. After an initial
sharp drop, the wear strength approaches a lower limit with the
increase of the feed rate, despite the fact that the amount of the

binder does not vary.

In Fig. 4 the binder
content is plotted against
the particle size at two

different feed rates. The E
tendencies are identical © N .
-
in both cases, the binder 3.0.6 -
content at first increases " g o
with the particle size, 3;0'4 g
but later it attains a ¢ o
nearly constant value.From JQO.Z
the Figure it is clear
that if a given amount of | T T B 3
the binder solution is 0.3 0.8 1.5 d-107,m
sprayed in the bed with
high velocity, that is
during a short time, there Fig.h. o — y' = 8.14)(10'_5 kilogram per
are greater differences second; o - w' = 3.4x10"7 kilogram per

. t -
between the binder content 5€602d; V'/V = 20 vol. per cent

of the particles of different size than in the case of granulation

with small feed rates.

The temperature and relative humidity of the air was meas-—
ured at the inlet and at the outlet. In the Mollier diagram of the
humid air, the point corresponding to the measured relative humid-
ity of the air at the outlet was determined from the conditions of
the air at the inlet, supposing an adiabatic drying process. The
dry bulb temperature corresponding to this point is the "adiabatic
temperature”, (T;). The comparison of T, and the measured tempera-
ture at the outlet makes it possible to see how the process ap-
proaches the ideal adiabatic one. The differences between the
measured temperatures and those obtained from the psychrometric
diagram are plotted against the measured temperatures in Fig. 5.
The discrepancies between the temperatuié of the air at the outlet
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and the adiabatic temperature were in every case less than % 20
per cent and in 75 per cent of the cases the differences were not

greater than + 10 per cent.

DISCUSSION

According to Fig. 1, 2, 3 and 4 the changes in the physical
properties of the granulates due to the increase of the feed rate
of the granulating liquid are not of the type that would make it
possible to determine a well defined optimum value of the feed
rate. The increase of the feed rate is undesirable on the one hand,
because of the worse binder distribution and because of the de-
crease in the wear strength, while it is desirable on the other
hand, because of the greater capacity and because a slight de-

crease in the amount of the particles not granulated.

The feed rate of the granulating liquid cannot be selected
arbitrarily. Both the experimental results and the theoretical con-
siderations show that there is a maximum value of the feed rate

above which granulation in a fluidized bed cannot be realized.This
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greatest feasible value of the feed rate is determined by the air
velocity corresponding to the required bed expansion and by the
ailr temperature at the inlet; after a certain feed rate, the heat
content of the air flow is insufficient for the removal of the
liquid sprayed in. In such cases, the amount of the granulating
liquid retained in the bed continuously increases and at a criti-
cal liquid content characteristic of the given system, the fluid
movement of the bed cannot be maintained even by a further in-

crease of the air velocity.

The maximum liquid feed rate can easily be determined from
the liquid mass balance of the process, in the knownedge of the
critical liquid content of the bed.

The liquid mass balance:

t'
Tt - c! _ " wo_ o r " _ Ny g "o " =
vt (1 ;T) Fp (xk xb)o, u"(t)dt th (xk xp) x 6 (1)

Equation (1) can be reduced by the introduction of the aver-—
age gas velocity (integral mean); the air flow of the atomizer
should be expressed as the product of the liquid feed rate and the

specific air reguirement of the atomizer:

A} -
w't'(1 - :’:—') - Fp"(x}'; - xt';) u"t' - kw't'(x; - xg) = er (2)

The results on the changes of the velocity of the air re-
quired for the movement of the fluidized bed, with respect to time,
and the method for the determination of the average air velocity
will be published in a following paper on the fluidization pro-
perties of the granulates.

Takirg the critical liquid content as the liguid content of

thM(%=x“LEwnMnQ)ﬂWsmemnmm&MIMm

x G + Fp"(x" - X") \—J."t'
rk k
w'! = Py L . (3)
4 - =) ] "o "
t' (1 p,) kt (xk xb)
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The liquid content of the bed attains the critical value at
which the movement of the bed stops, just by the end of the spray-
ing (during a time interval of t') if the feed rate is that cor-
responding to Equation (3). The correlation helps in finding the
feasible range of feed rates, that extends in theory from a feed
rate of zero to w&.ln practice the lower limit is the lowest feed
rate where the precondition of the formation of the liquid bhonds
does not exist because of the very small wetting. In such cases
the atomized granulating liguid becomes partly dry before getting
in the bed (drying with atomization), and partly it dries on the
surface of the particles without the formation of either liquid or

solid bonds.

The heat balance of the batch granulation in a fluidized bed
with spraying can be used for the determination of the equilibrium
liquid feed rate (wé). The latter is the feed rate at which the
heat content lost by the flowing gas i; equal to the heat required

for the evaporation of the solvent sprayed in.

The heat balance:

£ , g
Falall (@my _ qr r R Vae o= paetgt(y - & _ [
Fple (Ty ) cu) u"{tiit feret iy - o) G£ x (t)atlr Q,

()

The term cn the left hand side of Equation {(4) can be reduced
by the introductiorn of the average gas velocity (u"); moreover,
the Qv heat loss can be neglected in the case of appropriate heat
insulation, since the temperature cof the bed does not differ sig-
nificantly from the room-temperature.

t
- c
o"c;(rg - Tutt = [w'e' (1l - =) - Gé x (t)dtlr! (5)

vry

The liquid feed rate can be equated to that of the equilibrium
liquid feed rate defined above. In that case there is no accumula-
tion of the liguid in the bed, sco the eguation reduces once again:

”" - ~ ~un —_
Fo"e"(TY - KB

ST - TETe = it - L) v (6)
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Frowm FEguation {6) the equilibrium feed rate of the granulating

liguid is:

“E\'b. K (71

The practical use of this eguation is facilitated by the fact
that the temperature of the air at the outlet (Tﬁ) can be aproxima-
ted well with the help of the psychrometric diagram, in the know-
ledge of the <characteristics of the air at the inlet, since
X i® T2 (see under the heading "Experimental Results").

The applicability of Equations({3) and (7) were checked by the

T

solution of several problems. The data needed were substituted
into Equations (3) and (7) in the <case of the studied model and
the follewing values were obtained: wé = 6x10_5 kilogram per se-

cond; wﬁ = lO.leO—5 kilogram per second.

The feed rates obtained by the equations are guite feasible
and they are compatible with the experimental observations. The
calculated maximum feed rate was somewhat higher than the value of
9.2x107°
has to be remembered that at this feed rate an appreciable experi-

kilogram per second found to be just employable. But is

went was carried out so the critical liguid content of the bed was
not attained. Hence the higher limit of the feasible feed rates
can be well approximated Ly Egquation (2). The equilibrium feed
rate calculated by Eguation (7) is a good mean value in the feasji-
ble interval. Lower rates should be applied for the granulation
only if the wear strength of the granulates is to be increased or
if small amounts of some additives are to be introduced and dis-
tributed in the bed (e.g. in the pharmaceutical industry). The
decrease of the feed rate according to Fig. 3. and 4. increases the
wear strength of the granulates and helps in the relatively homo-
deneous distributicn of materials fed in small amounts with the

granularing liguid, independently c¢f the particle size.
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SYMBOLS USED

c’ concentration of the granulating liquid (kilogram per
cubic metre)
c the binder content of the granules (weight per cent)

heat capacity of the gas {kilocalories per kilogram per

o]
el L]

Degree Centigrade)

d particle size (metre)

d average particle size (metre)

F cross section area of the apparatus (square metre)

G the mass of the bed (kilogram) i

k the specific air requirement of the atomizer (kilograms per
kilogram)

K_ wear strength (per cent)

r' latent heat of the solvent (kilocalories per kilogram)

Q, heat loss (kilocalories)

T; air temperacure at the outlet from the psychrometric
diagram (Degree Centigrade)

Ti air temperature at the outlet (Degree Centigrade)

t time (second)

tf the duration of granulation (second)

u" gas velocity (metres per second)

u” average gas velocity (metres per second)

v the overall volume of the particles to be granulated
(cubic metre)

v’ the volume of the granulating liquid (cu.metre)

V’/V the relative amount of the granulating liquid (vol. per cent)

V; air flow of the atomizer (kilogram per second)

Wi feed rate of the granulating liquid (kilogram per second)

Wé equilibrium feed rate of the granulating liquid (kilograms
per second)

wﬁ maximum feed rate of the granulating liquid (kilograms per
second)

xp absolute humidity of the air at the inlet (kilograms per

kilogram)
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xﬁ absolute humidity of the air at the outlet (kilograms per
kilogram)

X ligquid content of the bed (kilograms per kilogram)

Koy critical liquid content of the bed (kilograms per kilogram)

p! density of the granulating liquid (kilograms per cu.metre)

p" density of the gas {(kilograms per cu.metre) o
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PE3ME
-

Npu rpanynfusK, NPOMCXOARUER B NCEBLOOMHNMEHHOM cnoe, OM8HbL
Bamer aubop coOTAETCTAYKIEN CHOAOCTH NORaYH CPBHYNHPYKAUBH  WHAHOC-
TH, NOCHONBEKY 3TOT NapameTp He TOALKO BAWABT Ha 00pa3OBaHHe rpa-
HY7, HO W B 3HAYHTENLHOW MEpe ONpeABNRET NPOK3IBOAHTENLHOCTL  YyCTa-
HOBHM,

ABTOpH pacCMaTpMBaKT BNHAHKHE, OHa3LBABMOE CHOPOCTHLID NOR3YH
TPaRYNMDYIER  MHWAHOCTH Ha ¢H3IMYEeCHHe cBORCTRA (cpegHun AHamerp
HECTHU, OTHOCHWTENLHOB YWMCAD HECIPAHYNHPOBSBWHXCA 4ACTHY, WIHOCO-
CTORKOCThL, HBIrOMOFEHHOE paCNpEABREHME CBRAaynWerc semecrsa) obpaay-
WUMXCR  rpadyn. Ha 0CHOBAHWMKM ypaBHEHWH MaTEpHanLHOro W TENAOBAro
$8naHca Ouna BHEEJEHE JIABUCMMOCTE ANR ONPERENEHUR MEKCKM3NLHOMC #
PABHOBECHOrD 3HAYEHMRA CHOPOCTWM NOJAYH MHAHOCTH,
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It is important to Xxnow the influence of the
characteristics of the granulator and the procedure
upon the physical properties of the granulates produ-
ced, both from the point of view of the granulator
design and the determination of the optimum operating
parameters.However, Tew papers dealing with the adove-
-mentioned questions are to be found in literature.
The effect of the following factors: ratio minimum bed
height to diameter of bed, degree of expansion of the
fluidized bed, degree of dispersion of the granulating
ligquid, distance of the atomizer as measured from the
air distributor eand the type of the distributor upon
the physical properties of the granulates produced wvas
studied in a laboratory-size fluidized bed granulator
of batch operation. In the evalustion of the experi-
ments, the results are compared with the conclusions
published in literature and the nearly optimum values
for the above-mentioned variables are given.

From among the parameters having an influence upon the phy-
sical properties of granulates produced in a fluidized bed, the
effect brought about by changes in the relative amount of the gra-
nulating liquid, the rate of addition of the latter, its concen-
tration, and the total amount of binder fed in were investigated
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in the previous papers of this series [1, 2]. Approximative formu-
lae were presented on the basis of those experiments for the cal-
culation of the mean diameter of granules and the feed rate of the
granulating liquid. The present paper deals with such characteris-
tic parameters of the procedure and the apparatus that are of im-
portance mainly in comnection with the design and operation of

fluidized bed granulators. These parameters are the following:
- ratio of the minimum bed height to the diameter of the bed;
~ degree of expansion of the fluidized bed;
- degree of dispersion of the granulating liquid;
- distance of the atomizer from air distributor plate;
- performance of the air distributor plate.

As an introduction, conclusions of other authors in connec-
tion with the effect of the above-mentioned variables so far pub-
J,lished in literature are summarized. The experimental results and

conclusions drawn from them are then described.

In the design of fluidized bed granulators when deciding the
size of the material container, or in the case of an existing ap-
paratus, when determining the charge weight, the question of the
preferable ratio minimum bed height to bed diameter arises. Simple
fluid mechanical considerations also lead to the conclusion that
this geometric simplex may have an optimum value or optimum value
range. It is known from literatyre on fluidization [3, 4] that an
increased danger of channel formation, {slugging} is encountered
both with too shallow and with too high beds. These irregularities
have an adverse effect on the mixing, heat and mass—transfer pro—
cesses and also on the granulation. In addition, the ratio bed
height to be¢d diameter may influence the probability of collisiod
between the atomized liquifd droplets and the particles, and also
the rate of agglomeration [5]1. In spite of the probably conside-
rable influence of this variable on the physical properties of the
granules produced, and of its economic importance {maximum utili-
zation of the capacity of the apparatus}), no paper so far pub—
lished deals with this question in the manner that it deserves.
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The degree of bed expansion is a very important characteris-—
tic of fluidization and its effect must be taken into considgra-
tion in all processes carried out by fluidization. In the case of
fluidized bed granulation, an appropriate choice of the degree of
bed expansion is of decisive importance regarding the final size
distribution particle of the product [5, 6, 7, 8]. An increase in
bed expansion tends to decrease the mean granule size {5, 8} becau-
se the more vigorous motion results increased abrasion. Another
factor which makes higher bed expansion undesirable is an increase
in elutriation. On the other hand, too small bed expansion brings
about decreased mixing, "heat and mass transfer, leading to the
fofmaﬁion of "lumps" beyond the prescribed size limit. Accordingly,
the optimum value of bed expansion is always a compromise between

processes which are adverse as regards granulation and which tend

to act against each other.

It is very difficult to determine accurately the degree of
the dispersion of the granulating liguid, 1i.e. the size, and size
distribution of thé atomized droplets. Consequently, the effect of
this parameter was studied only in an indirect manner. For example,
in the case of two-fluid atomizers, which are most frequently app-
lied in the practice of fluidized bed granulators, the effect of
the pressure and flow rate of the atomizing air upon the physical
properties of the produced granules were studied {8, 91. The opi-
nion of the different authors on this gquestion is divergent. Ac-
cording to the paper of SCOTT and his co-workers [5], containing
mainly theoretical considerations, it is to be expected that the
mean drop size of the spray influences the process of granulation.
The authors ascribe this to two facts: first,increasing the degree
of dispersion also increases the specific suiface area of the
droplets and together with it the rate of evaporation of the lat-
ter. Secondly, the size, size distribution and number of atomized
droplets influence the probability of collision between the drop-
lets and solid particles, and thus also the rate of agglomeration.
However, no experiments were carried out to study the influence of
the degree of atomization. According to the work of MOBUS (8],
changing the pressure of the atomizing air between certain limits

i
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does not appreaciably influence the physical properties of the
granules. Unfortunately, experimental results were not published
and accordingly it is impossible to determine even the pressure
range studied. 'Detailed experimental data have been published by
DAVIES and GLOOR [9]1. In contrast to the above-mentioned author,
they found that upon increasing the atomizing air préssure from
0.5 to 2.0 kg/cm?, the mean granule size was decreased from 438 to
292 .

The vertical distance of the spray nozzle from the air dis-
tributor is restricted between certain limits [5, 7]. The lower
limit that can be taken into consideration is defined by the con-
dition that the atomized liquid must not wet the distributor plate
because this would lead to the formation of large lumps, clogging
of the distributor and stopbing of particle motion. The upper
limit of the location of the atomizer is determined by the spray
cone angle and the bed height, on the basis of the condition that
the atomized granulating liquid should not wet the wall of the
granulator. Opinions differ as to whether or not the variation of
the height of the nozzle between the above-mentioned limits influ-
ences the physical properties of the granules. According to MUBUS
[8], <changing the position on the nozzle does not appreciably in-
fluence the physical properties of the granules. On the other hand
various authors have observed that increasing the distance between
the atomizer and the distributor brings about a decrease 1in the
mean granule diameter [6, 9]. The change can be termed as conside-
rable. For example, experiments carried out by RANKELL and his co-
~workers showed that the mean granule size was decreased from 500y
to half this value when the atomizer in a granulator, 0.3 m in
diameter, was lifted from a height of 0.75 to 1.5 m [61. The phe-
nomencon was mainly explained by the following consideration: in
the case of a highly positioned atomizer, the spray drying that is

undesired from the point of view of granulation, become prevalent.

In the case of fluidized bed granulators, mainly perforated
plates, sieves and porous plates are applied as distributors. A
number of points simultaneously have to be taken into considera-

tion when choosing the distributor. Economic considerations re-
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quire a distributor plate that is simple, inexpensive, easy to
procure, and causes a low pressure drop. Fluid mechanical conside-
rations would require gas distributor plates made of sintered
glass or metal, fireclay, or other similar porous materials, in
order to obtain optimum fluidization motion and to avoid irregula-
rities in the fluidization process [3, 4]. This guestion can be
solved satisfactorily only 1f the influence of the quality of the
distributor op the physical properties of the granulates produced
is known. As far as the authors know, no other researchers have so

far dealt with such studies.

Having reviewed the literature connected with the subject 1t
can be stated that the parameters in guestion include some wvhose
effect has yet not been studiled in -any way; in the case of others,
mainly theoretical conclusions were drawn and the latter were
checked by a few experiments only. In some cases the conclusions
of various authors were contradictory to each other. To summarize
it can be stated that the data in literature are insufficient to
determine the approxifately optimum vyalues of the different para-

meters.

EXPERTMENTAL APPARATUS AND METHODS

A detailed description of the laboratory-size fluidized bed
granulator used for the experiments and the experimental tech-
niques will be dispensed with, because they are similar to those
described in the second paper of this series [1]. The materials
used in the experiments were a quart: sand fraction of (0.1-0.2)x
x10 °m particle size and & granulating liguid which was an agueous
gelatine solution of ¢’ = 60 kg/m* concentration. The relative
amount of the granulating ligquid as referred to the total particle
volume of the starting material to be granulated (V'/V = 20 % by
volume), the feed rate of the granulating liguid (w' = 5.9x107°
kg/sec) and the input temperature (Tg = 70 °C) were kept constant.
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EXPERIMENTAL RESULTS

The results of the research work carried out in order to
study the influence of the technical and apparative parameters
listed at the beginning of the present paper will now be described.
The influence of changes in the individual parameters upon the
mean particle size of the granulated material obtained, the mean
porosity of the granules and the relative amount of the "product
fraction" are illustrated in the Figures. Considering the conclu-
sions on the reproducibility of the experimental results,published
in the second paper of the series [1], three parallel experiments
were carried out for each experimental boint. The poiﬁts drawn
into the Figures represent the mean value of three such parallel
results. It should be noted in connection with the Figures that
the only reason to connect the experimental points with straight

lines was to illustrate the trends of the changes.

a) Influence of Changes in the Minimum Initial Bed Height and Bed

Expansion on the Physical Properties of the Granules

B3

In the case of a given diameter of the granuwlator, the mini-
mum bed height of the material to be granulated can be altered
by changiné the amount of the material fed in. In the first expe-
rimental series, the initial particle volume was iqcreased from
200x107% to  600x107% m3, in steps of 100x107® m3. Siﬁultaneously.
the minimum initial bed height showed an approximately threefold
increase. Qf course, in proportion with increasing the amqunt
of the material, the amount of granulating liguid was also in-
creased, so as to have a constant relative am@unt<of granulating
liquid as referred to the particle volume- of the material to be
granulated.

Fig. 1 shows the changes in meanrgranule diameter and mean

porosity of granulated material plotted against the minimum initi-

.
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al bed height. With increasing minimum initial bed height, the
mean granule size shows at first an abrupt decrease and later on
it convergeg to a limiting value. In addition, it is apparent that
the change in mean granule size is strikingly large as the minimum
starting bed height is increased from 6.4x1072 to 8.7x10°2 m. The
mean porosity of the granules closely follows any changes in the

mean’ grénule diameter. The relative amount of a granule fraction

_and any changes in this amount depending on the parameter under

test are index numbers of considerable importance from the point

.of view of production. Fig. 2 shows the changes in the relative

amount of the granules of the dimension (0.2 to 2.0)x1073 m plot—
ted against :Ehe minimum starting bed height. The weight ratio of
the grarule fraction conforming to the limits (0.2 to 2.0)x10"2 m
is the highest (0.81 %) at a minimum starting bed height of
6.4,10-2- m. Further increasing the initial bed height is very dis-

advantageous from the point of view of this parameter.
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The degree of expansion of the £luidized bed can be charac-
terized in the simplest way by the ratio height of the fluidized

-
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bed to the minimum bed height. During the granulation experiments,

this ratio was approximately maintained at the predetermined value.

With progressive agglomeration, the minimum bed height also
changes (it generally increases). Accordingly, from time to time
the air supply was stopped for a short period, the minimum bed

height was determined, and the air flow rate was adjusted so as to

obtain the same relative bed expansion.

In the experiments described so far, the ratio bed height to
minimum bed height was the same (Y/Ym =~ 1.6). In the study of the
effect of bed expansion, the value Y/Ym was increased from 1.3 to

2.5, in steps of 0.3, with the other parameters kept constant.
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Fig. 3 shows the changes in the mean granule size and the
mean porosity plotted against the degree of bed expansion. While
increasing the ratio height of the fluidized bed to the minimam
bed height from 1.3 to 2.5, the mean granule éize showed a -~ near-
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ly linear - decrease, Upon increasing the bed expansion, the mean
porosity of the granulates also decrease nearly linearly in the
range studied. It is apparent from Fig. 4 that the weight fraction
of the granules of the (0.2 to 2.0)x1072 m size range first in-
creases and thereupon it gradually decreases with increasing bed
expansion. The maximum value is at - or near to - a bed expan-

sion of 1.6.

b) Influence of Liquid Dispersion and Location of the Atomizer on

the Physical Properties of the Granules

In the case of the two-fluid atomizer used in these experi-
ments, the degree of liquid dispersion can be influenced by ad-
justing the pressure of the atomizing air. With constant feed rate
of the 1liquid to be atomized, the degree of liquid dispersion is
increased by increasing the air pressure. In order to determine
the connection between the two variables, it would have been ne-
cessary to measure the drop size distribution in the atomized
stream, and the variations of the latter as a function of the air
stream. However, such a detailed study of atomization was beyond
the scope of the present experiments and it was considered suffi-
cient, in order to be able to draw conclusions of a qualitative
nature, to study the effect of the degree of liguid dispersion in
an indirect manner, through the influence of the changes in the

atomizing air stream.

In the next series of experiments, the only changed parame-
ter was the air mass flow of the atomizer. The atomizing air flow
in these experiments was increased from (6.7 to 30.5)x107%kg/sec in
four steps. It is apparent from Fig. 5 that the mean particle size
of the granulated material is not influenced to an appreciable
degree even if the atomizing air flow is changed considerably. The
mean granule diameter changes in the (0.57 to 0.66)x10~3 m range:
at first it increases and thereupon it slightly decreases. The
mean porosity of granules shows an abrupt increase and afterwards




L 8L Z. Ormdés, K. Pataki and B. Csuk&s Vol. 1.

1ts value remains constant. The relative amount of the granulated
fraction corresponding to the size range (0.2 to 2.0),10"3 m
changes according to a curve passing a flat maximum when plotted
against increasing air atream - as shown in Fig. 6. However, it
should be noted that when further increasing the atomizing air
flow, at a value of 43.3xlO‘5vké/sec, the experiment could no lon-
ger be evaluated. Accordingly, the changes in the physical proper -
ties of the granules brought about by the atomizing air stream are
not as slow and gradual as could be judged on the basis of Figs. 5
and 6, but abrupt changes can be observed under a lower and over
an upper limiting value. The explanation for this fact is that ad-
equate dispersion of the liquid stops under a certain given air
stream, whereas too fast an atomizing air stream virtually "shoots"
the liguid into the layer and the material to be granulated clots
unto the air distributor plate.
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The task of the next experimental series was to determine
the effect of changes in the height of the atomizer on the physi-



1973 Studies on Granulation in Fluidized Bed IV. 485

cal properties of the granules produced. In these experiments, the
vertical distance of the atomizer, as measured from the air dis-
tributor plate, was changed from 9.10"2 to 24.102 m in steps of
3.1072 m,

At the same time, all other variables were maintained at a
constant value. The mean particle size and mean porosity of the

obtained granules plotted against the distance of the atomizer as

measured from the air digtributor is shown in Fig. 7, determined
L kL
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in these experiments. It is apparent from the Figure that the
height of the location of the atomizer does not influence the mean o
granule diameter tg a considerable degree within the studied range. k
The mean granule size value fluctuates between about 0.60x1073 and
0.65x107> m. In this case, the mean porosity does not follow the
Changes in mean diameter, but it gradually increases with the in-
Creasing distance between the air distributor plate and_the atom—
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izer. Loecation of the atomizer has a most marked influence on the
granule size distribution of the product. This is illustrated by
Fig. 8 which shows changes in the relative amount of the granule
fraction corresponding to the predetermined size range - (0.2—2‘.0)X
x1073 m - plotted against the distance between the atomizer and
the distributor. By lifting the atomizer from a height of 9.10-2
to 24.1072 m, the amount of granules ¢f product fraction was in-
creased, according to the trend apparent from the Figure, from

~ 53 % to ~ 86 & by weight.

c) Influence of the Quality of the Air Distributor on the Physical

Properties of the Granules

The influence of the quality of the distributor on the phy-
sical properties of the granules was studied with the application
of four different distributors, under otherwise identical condi-
tions. The distributor plates studied were the following: porous
glass plates, sieves of 25x10~6 and 90x107®% m openings, and a per—
forated plate of 12 mm perforations with a free surface ratio of
0.45; in order to prevent the escape of the granules, 4 sieve of

25x107% m openings was placed under the latter.

These experiments revealed the result that the mean granule
size, mean porosity and particle size distribution of the granula-
ted material obtained are practically independent on the quality

of the air distributor.

EVALUATION OF THE EXPERIMENTAL RESULTS

T—
According to the results of the present experiments, in-
creasing the minimum starting bed height of the starting material
decreases the mean granule size, and together with it, the mean
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porosity of the final product. An explanation for this phenomenon
can be given - as has already been pointed out in the introduc-
tion - by two reasons. Increasing the starting bed height over a
certain limit, this results in decreased uniformity of the fluidi-
zation, slugging and strong bubble formation being produced. The
latter brings about an ipcrease in the degree of regranulation.
The second important effect of increasing the initial bed height
in fluidized bed granulation is that - as far as the ratio of the
wetted surface area of the bed to the total surface area is un-
changed - increasing the bed height decreases the probability of
the solid particles meeting a ligquid droplet. In granulation tasks,
it is generally required that as much of the product as possible
should conform to the size limits defined by the purpose of appli-

cation.

With this in mind, and on the basis of Fig. 2 and other ex-

perimental findings, it can be stated that in fluidized bed granu-
lators it is preferable to choose an initial bed height that cor-
responds to 1/2 to 2/3 of the bed diameter (i.e. the inner diame-
ter of the granulator). In the case of initial bed higher than
that, the amount of particles left ungranulated will increase and

the amount of the granules of product fraction will decrease.

In the case of a given starting material and a given binder,
the degree of regranulation primarily depends on the intensity of
the motion of the particles and on the degree of bed expansion.
The decisive importance of this parameter regarding final granule
composition was confirmed by the present experiments and is also
in agreement with the findings of other authors [5, 6, 7, 81. Ac-
cording to Fig. 3, the mean granule diameter and perosity show an
abrupt decrease with increasing bed expansion, due to the in-
creased abrasion of the granules. It can be concluded on the basis
of Fig. 4 that the approximately optimum value is a relative bed
expansion to about 1.6 times the initial value.

The experimental results illustrated in Figs. 5 and 6 ju3§ify
the conclusion that the degree of liquid dispersion has, within

certain limits, no appreciable influence upon the physical proper-—
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ties of the granules produced in the process. Increasing the atom-
izing air flow, primarily influences the particle size distribu-
tion however, as it is apparént from Fig. 6, in the middle part of
the studied range, over a rather wide interval, even this influ-
ence is negligible. The amount of the "product fraction" is prac-
tically unchanged when the specific amount of atomizing air is in-

creased to double its value, from 1.8 to 3.6 kg air/kg liquid.

The conclusions of the authors as to the influence of the
degree of atomization agree with the opinion of MUBUS [8] and
disagree with the experimental results of DAVIES and GLOOR [9]. In
addition to the different experimental conditions and techniques,
this discrepancy can be explained by the fact that the drop size
distribution of the atomized liquid, or any changes 1in it, were
unknown in both cases and consequently the experimental results

cannot be compared.

Some authors {6, 91 observed a decrease in mean granule size
1f the distance of the atomizer, as measured from the air distri-
butor plate, was increased. In their opinion this is caused by the
fact that the drops must travel a longer way to reach the bed if
the position of the atomizer is higher. 1In this case, the smaller
droplets may dry and lose their adhesive property. In the opinion
of the authors of the present paper, whether the above-mentioned
process - undesired with regard to granulation - does or does
not occur, is determined not only, and not primarily by the posi-
tion of the atomizer. Factors such as, e.g. the temperature of air
leaving the bed, the concentration of the granulating liquid, and
the fineness of the spray, etc., are responsible in this respect.
The above process did not occur in the range studied in the pre-
sent experiments and it can be stated on the basis of Fig. 7 that
when changing the distance of the atomizer, as measured from the
distributor, within the practically feasible range, the mean gra-
nule size remains unchanged. However, an interesting phenomenon
can be observed on Fig. 7. This is the following: the higher posi-
tion of the atomizer leads (even in the case of decreasing mean
particle size) to the production of gfgﬁhles of higher pOIOSity-H
This observation can be explained by the fact that increasing the
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distance of the nozzle from the air distributor plate, granule
production can also occur in a bed of lower density, where the
abrasive and compacting effects are less pronounced than in a flu-
idized bed of higher density. 1In the case of an unchanged cone
angle of spray, the higher position of the atomizer increases the
wetted surface area of the bed, 1i.e. the wetting is more uniform;
and consequently the amount of granules of “"product fraction" is
increased (cf. Fig. 8). Of course, this can be true only up to a
certain limit, since in the case of a too highly positioned nozzle,
part of the granulating 1liquid wets the wall of the gramulator
instead of the bed as was pointed (out in the introduction), this

is disadvantageous from several points of view.

On the basis of the results of these experiments and the ex-
perience on granulation acquired over several years, the following
formula is proposed for the determination of the approximately op-
timum distance of the atomizer as measured from the air distribu-

tor plate:

b
2 tg

(1)
a
2
Equation (1) expresses that the granulating liquid is to be
atomized on top of the dense layer (Yd:: Ym) in such a way - in
order to prevent "carry up to the wall® - that the diameter of
the circular wetted patch on top of the dense layer is 0.8 times

the diameter of the apparatus.

The result obtained in connection with the influence of the
type of distributor is of major importance. It can be concluded
that it is wunnecessary to apply distributors made of a porous
plate, whose production on an industrial scale is difficult and
expensive, and whose resistance against flow is high. The particle
size distribution and other physical properties of the granulated
material by the granulation process remain unchanged, if instead
of a porous plate, a sieve of adequate mesh is used as a support.
A perforated plate of large free cross sectional area is placed

under the sieve to supply mechanical strength.
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The results reported in the present paper were applied in
the design of the pilot-plant and the industrial-scale fluidized
bed granulator. The correctness of the design principles is con-
firmed by the fact that the physical properties of the granules
produced by the equipment, correspond in every way to the prede-

termined standard.

SYMBOLS USED

c!' concentration of the granulating liquid (kg/n?)

b, diameter of the apparatus (m)

a mean granule diameter (m)

d particle size or sieve pore size (m)

T, ' temperature of input air (°c)

v total particle volume of material to be granulated (m3)
V! volume of granulating ligquid (m3)

V; atomizing air stream (kg/sec)

V'/V relative amount of granulating liguid (vol.%)

! feed rate of granulating liquid (kg/sec)
Y height of the fluidized bed (m)

Y. minimum bed height (m)

LS minimum starting bed height (m)

Y/Ym degree of bed expansion (dimensionless)
Y height of the dense layer (m)

Y distance of the spray nozzle, as measured from the air

distributor (m)
a angle of spray (degree)

—

E average porosity of granules (dimensionless)



1973 Studies

REFERENCES

1. ORMOS, 7., PATAKI, X.
307 (1973)

2. ORMOS, 2., PATAKI, K.
207 (1973)

on Granulation in Fluidized Bed IV.

CSUKAS,- B., Hung J. Ind. Chem. 1,

CSUKAS, B., Hung. J. Ind. Chem. 1,

3. LEVA, M., Fluidiz&cid (Fluidization) Miszaki K&nyvkiads,

Budapest {1964)

4. BLICKLE, T., A fluidizacids eljaras késziilékei, alkalmazasa

65 szamitasai (Apparatuses, Applications and Calculations

of the Fluidization Process).

Akadémiai Kiadé, Budapest,

1963.

5. SCOTT, M.W., LIEBERMAN, H.A., RANKELL, A.S., BATTISTA, J.V.,
J. Pharm. Sci. 53, 314 (1964)

6. RANKELL, A.S., SCOTT, M.W., LTEBERMAN, H.A., CHOW, F.S.,
BATTISTA, J.V., J. Pharm. Sci. 53, 320 (1964)

7. LISKE, T., MUBUS, W., Pharm. Ind. 30, 557 (1968)

8. MUOBUS, W., Ceskoslov. farm. 18, 109 (1969)

9. DAVIES, W.L., GLOOR, Jr.W.T., J. Pharm. Sci. 60, 1869 (1971)

10. ORMOS, z., Hung. J. Ind. Chem. 1, 207 (1973)



kg2 7. Ormbs, K. Pataki and B. Csuké&s

PE3HME

B uenax NpOBHTHPOBAaHKH yCTawoBOK, FP3HYAMP Y IoUM X nocpegcTeom
MCBBLOOKHMEHHOrG CAOA, W ONPBABNBHHA ONTHMBNbHEX YCAOBHH HX padoTu
B8KHD 3HATL HAHOD ABHCTBHE OHA3WBAKT TBXHONOrHYBCHHE M annapaTyp-
HHE XBPAKTEBPHCTHHH HE GHSHYBCHHB CBOWCTBA  05pAa3yKILMXCA rpadyn. B
MTepaTyps BCTPBYAETCA NHWL HB3HAYMTENLHOE 4wWciao paboT, noapotHo
FIHHMBIOWHXCR STHM BONPOCOM. ABTOPH JAHHON CTATbHW H3 OCHOBAHWM SHC-
MEPHMBHTOB, NPOBBABHHEX B YyCNOBHAX Na60OPaTOPHOIrO peaxTopa nepHogn-
MBCHOMO ABHCTBHA © NCBRACOMHMEHHWM CAOeM, ONPBABNHAKM OTHOWEHKE MH—
HHMAALHOH BHCOTH CROA/K AMAMBTPY CROA, 38BHCHMOCT. pasmMepa cnof oT
CHOPOGTH raaa, a TauWe TO, B HAHON CTBNBHM BAHAST wa pH3IHYBCHHE
CBOWCTBA rpaHyn BHA 803AyX0OpPACNpPEABNKTENLHON MAACTHHE W PACCTORHME
PBCNEAHTBALHON FON0BKK OT 3TOH NNACTHHL. Hpome Toro, asTopw cpas-
HHNK CBOH 3SKCNBPHMEHTANLHEE PB3YALTATH C COOTBETCTBYUMMKH  iMTepa-
TYPHEMH [aHHLMH, W fanee NPeACTEBHAH ONTHMANLHLE 3HAYEHHA 8HWBYMNO-
MAHYTHX NBPEMBHHEX,
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The egquations for the calculation of the void
fraction of layers fluidized with & liquid,most widely
Xnown from literature, and those derived from the
first paper of the series are briefly described. The
equations are transformed to & form which can readily
be applied in practice even in the case of porous
particles. The mean values of the "constant coeffici-
ents'" of the equations, and the dependence or inde-
pendence of the- different "constants” on the various
parameters was studied. The calculation methods are
evalusted by the comparison of void fraction values
determined experimentally apd calculated by the pro-
posed equations.

The expansion of fluidized layers can - among others - be
characterized by the void fraction [1]l. A number of calculation
methods are known for the determination of the void fraction of
layers fluidized with a 1liguid on the basis of the flow rate of
the liquid, the diameter of the particles and other parameters. In
the previous paper of the present series, an equation was derived
in a theoretical manner which enables the void fraction of layers
fluidized with a liguid to be calculated [2].

The present paper briefly summarizes the most important

equations for the calculation of void fractions known from litera-
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ture. Equations taken both from literature and proposed by the
authors are evaluated critically. In the course of the latter, the
dependence or independence of the ‘'constant coefficients" of the
equations on the parameters of the liquid and of the particles was

studied, and the applicability of the equations was put to a trial

by the comparison of results obtained, on the one hand, by calcu-
lation with the equations, and, on the other, by experimental
measurements. -

METHODS FOR THE CALCULATION OF THE VOID FRACTION OF LAYERS

FLUIDIZED WITH A LIQUID.

When deriving equations for the calculation of the void
f;action of fluidized systems and studying the laws of such sSys—
tems, a number of researchers have come to the conclusion that the
void fraction is proportional to the flow rate of the fluid and
the falling rate of the individual particles.

To a considerable degree, RICHARDSON and ZAKI [3] promoted
the theories related to the expansion of fluidized layers known
up to now. The eguations they proposed describe the dynamic equi-
librium of the individual particles as a function of the particu-
lars of the layer and of the apparatus. The following groups were

determined by analysis:

- - f (Re, *%—, €') (1)
~

The data relating to layer expansion were given in the fol-
lowing form:

1 (2)
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According to the above equation, the function flow rate of
the liquid vs. void fraction, when drawn in a 1lg-1g co-ordinate
system, gives a straight line whose slope is a;. The experimental
data were examined by this method and the following equations were

presented for the calculation of aj:

d

a; = (k.35 + 17.5 ) Re 203 ir 0.2 < Re < 1 (3)
a1 = (L4.4s + 18.0 %) Re‘o'l, if 1 < Re < 200 (&)
a; = 4.5 « ge O3, if 200 < Re < 500 {s)
a] = 2.39, if 500 < Re < 500 (6)

The Reynolds-numher contained in these expressions is the

follbwing:
Re = L 4 p! : (1)

JOTTRAND [4] proposed two equations for the calculation of
the void fraction of fluidized layers. One of these is essentially
identical to Equation (2) described in the foregoing, whereas the

other is the following:

18 5v = a2 (1 - &) (8)

Equation (8) represents, according to the author, a good approxi-
mation 1if the void fraction is within the range of 0.7 to 1 and

the value of a, is 2.63.

In his book on fluidization, BLICKLE [5] proposed - among
others - the following expression for the calculation of the void

fraction:

m1

et - . m (9)

o -
B
=

It has already been pointed out in connection with the éxa-

mination of the above Equation tha& a better agreement with expe-
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rimental data can be obtained by application of the following

supplemented formula [61]:

Ay ——= (10)

SAXTON and his co-workers [7] proposed an equation for the
calculation of the wvoid fraction of layers fluidized with a liquid
based upon the cell-model theory of homogeneous fluidization:

s')‘1/3 - (1 - e')'1/3 = 18.8 Re Ar
c . m

0.86

(1 (11)

where the Reynolds-number is equal to Equation (7) and the Archi-
medes number is the following:
{p - p')p'd g
Ay = —MmMmMM (12)

)‘IZ

Connections describing the streaming of the fluid, the motion
of the particles and the layer expansion in systems fluidized with
a liguid were derived, starting from the physical model; these
were described 1in thé first paper of the present series [2]. The
following equation was obtained for the expansion of layers flui-
dized with a liquid [2]:
=1-0.75 (1 - (13)

€

ut.3/2
- )

e

'
c

In the practical application of the above equation 4t was
found that the value of the constant differs in practice from the
thecretically derived value of 0.75 to a considerable degree, and

consequently the eguation can be written in the following form [6,
81:

- - U’ 3/2 .
€ =1-8a(1-—2) . - {1k)
e .
Consgidering that Equation (14) is valid even at the minimum
- fluidization rate, the following equition can be given for the

calculation of the void fraction [2]:
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1 - e!
m

Uu'.3/2
. 7 -5 (15)

(1 . m y3/? e

u
e

In the following, the applicability of Equations (2), (8),
(10), (11), (14) a%d (15) is examined according to ths two points
of view mentioned in the introduction of the present papex. Matu-
rally, in addition to these equations, a large mumber of calcula-
tion methods have been described in literature [5, 6, %, 10, 11,
12, 13, etc.]. However, the description and evaluation of these is
outside of the scope of the present paper whose intention is only
to illustrate the applicability of a few of the more widely known
caltulation methods and to compare them with the Equatioms (14)
and (15) derived by the authors.

EXPERIMENTAL AND MEASUREMENT TECHNIQUES

The technique based on the determination of layer height was
applied for the determination of the mean void fraction in the ex-
perimental studies on the expansion of layers fluidized with a
liquid. The experiments were carried out in a cylindrical glass
apparatus with a diameter D = 0.04 m which contained a fritted
glass disk of the porosity of G2 in order to sustain the fluidized
layer. The height of the latter was measured, to an accuracy of a
few miilimetres, by means of a scale secured to the wall of the
appara%us and the mean void fraction was calculated with the fol-

lowing formula:

G
i (16)
&

The quantity of the streaming liquid (water) was measured
with a rotameter. The linear flow rate was calculated from the vo-
lumetric flow rate and the cross sectional area of the apparatus.

Y -

®mi

|
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The minimum void fraction values were calculated from the
minimum fluidization layer height by means of Equation (16). The
minimum layer height was determined by measuring the layer height

produced upon slow reduction of the liguid flow rate.

The minimum fluidization rate was obtained from the measured
mean void fraction-flow rate values by extrapolation of the flow

rate to the minimum void fraction.

The mean falling rate of the tested particle fractions was
determined, having plotted the liquid flow rate against the meas-
ured mean void fraction values in a lg-1g plot, by graphical ex-

trapolation of the liquid flow rate to the value of €' » 1.

The mean porosity of the particles was determined by appli-
cation of a technique, based on the identical space filling pro-
perties of particles of similar shape, proposed by the authors of

this paper ([14].

EXPERIMENTAL RESULTS

The experiments on layer expansion were carried out with a
total of 29 particle fractions prepared of 5 different materials.
The streaming liquid in the experiments was tap water of 12 - 14 ¢
temperature. The extent of layer expansion was determined with
each particle fraction at 13 to 15 different flow rates. The de-
pendence of the void fraction of the layer on the flow rate of the
liquid is not presented in detail, merely the most important data

are summarized in tabular form.

The most important physical properties of the examined gra-
nular materials (such as density, and porosity), the mass of the
material weighed in for the experiment, the mean size and the size
limits of the tested grain fractions, as well as the experimental
data pertaining to the minimum void fraction, minimum fluidization
rate and the mean falling rate of the paxticles are summarized in

Tables 1. to 5. shown ir the following.
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e 1.

System glass beads—water

2960 kg/m3,

p = =0, G = 0.08 kg
3-103 (m) E%t UA~102 (m/seé) -102 (m/sec)
1 0.15 0.4t 0.06 2.0
2 0.18 0.4y 0.12 2.5
3 0.25 0.4Y 0.20 3.2
b 0.L42 0.k4b 0.30 L.2
Table 2. System sand—water
p = 2635 kg/m3, = 0, G = 0.05 kg
a-10° {(m) E;t Um'*lo2 (m/sec) ﬁe-lo2 (m/sec)
1 0.10 - 0.20 0.51 0.08 1.2
2 0.20 - 0.32 0.51 0.13 2.5
3 0.32 - 0.ko0 0.51 0.19 3.9
5 0.4 - 0.50 0.51 0.26 5.0
5 0.50 - 0.63 0.51 .39 5.9
6 0.63 - €.80 0.51 0.6k 7.0
7 0.80 - 1.00 0.51 1.10 9.0

499
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Table 3. System hematite—water

p = 4150 kg/m3, Ep = 0.12, G = 0.09 kg

Vol.

d-lO3 (m) Eit UH'J-lO2 (m/sec) 56-102 (m/sec)
1 0.10 - 0.20 0.56 0.1¢C 1.5
2 0.20 - 0.32 0.56 0.30 L.o
3 0.32 - 0.ko 0.55 0.60 6.0
b 0.40 - 0.50 0.55 0.95 7.5
5 0.50 - 0.63 0.56 1.30 9.5
6 0.63 - 0.80 0.57 1.70 12.0
T 0.80 ~ 1.00 0.57 2.20 15.0
Table k. System porous nickel spheres—water
p = Th50 kg/m3, EP = 0.32, G = 0.13 kg
d-lO3 (m} €;t U;l-lo2 (m/sec) 58-102 (m/sec)
1 0.20 - 0.32 0.60 0.5 7.0
2 0.32 - 0.k0 0.59 0.8 12.0
3 0.%50 - 0.s50 0.59 1.1 18.0
4 0.50 - 0.63 0.59 1.k 25.0
5 0.63 - 0.80 0.58 1.8 33.0
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Table 5. System burnt clay—water

o = 2h20 kg/m3, Ep = 0.50, G = 0.03 kg

4-10° (m) el Un'l-lo2 (m/sec) G107 (m/sec)
1 0.20 - 0.25 0.T5 0.12 1.4
2 0.25 - 0.32 0.75 0.18 1.8
3 0.32 - 0.ka 0.76 0.25 2.4
4 0.0 - 0.50 0.76 0.36 3.2
5 0.50 - 0.63 0.76 0.45 3.8
6 0.63 - 0.80 0.76 0.55 h.6

APPLICATION AND EVALUATION OF THE CALCULATION METHODS

The starting poiht in the examination of the formulas propo-
sed for the calculation of the void fractlon is that these enable
determination of the free volume or liquid-filled volume fraction.
There is no problem in the case of materials consisting of compact
granular materials; however in the case of porous particles the
void fraction values determined in practice experimentally refer
not only to the free space between the particles, but also include
the pore space of the particles filled with the liquid. This is
brought about by the fact that the density of the particles is de-
termined in most cases with the pycnometer technique with the
application of a 1liguid which has good wetting properties and in
which the material of the particles is insoluble. This means that
by this technique practically the density of the solid forming the
material of the particles is determined and only the closed pores
and channels, or those of such small dimensions as to be imperme-
able for the liquid may cause some deviation. Moreover, it often
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occurs that the density values are simply taken from literature or
{rom handbooks; however, such data most frequently refer to the
compact material. Whether it is a density value determined by a
pycnometer, or one taken from literature that is substituted into
Equation (16), the obtained (experimentally determined) void frac-
tion values include the total volume permeable by the liquid. The
aforesaid should be taken into consideration in the evaluation of
the calculation methods, because in the case of heap of porous

particles this is the only reliable method of evaluation.

Starting from the definition of the void fraction and based
on geometric considerations, the following connection between the
two kinds of void fraction values may be written:

(17}

=e + (1-e) Eé

™l
-
Le]

Accordingly, in order to be able to carry out the calculation,
the mean porosity of the heap of particles has to be known. A
simple measuring technique, which can be utilized in an easy way,
has been develcped by the authors [14].

In the application of Equation (2) described by RICHARDSON
and 2AKI [3]1 the first question is the following: which is the
equation that is to be used for the calculation of the “constant?®
ay. Calculations were carried out in this respect and it was con-
cluded that in the case of the models encountered in practice it
is Equation (4) that is most frequently applicable. Accordingly,
on the basis of Equations (2), (4) and (7) the following can be
written:

0.1

U’ Re
"=+ (1 - g y(Ey Re T” (18)
E P Fl¥e ks 418 2

€

The next guestion which is encountered is whether the Reynolds

number is to be calculated for each separate liquid flow rate. The

above problem is unequivocally settled by the data presented in
Table 6.
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Table 6. System sand—water

d-10 a a] ay a1y
calculated calculated calculated measured
(m) e' = 0.6 £' = 0.8 g' = 1 (mean)

0.10 - 0.20 5.1 .5 k.3 k.1
0.20 - 0.32 4.} k.o 3.8 3.7
0.32 - 0.ho k.1 3.8 3.6 3.4
0.40 -~ 0.50 3.9 3.6 3.5 3.2
0.50 - 0.63 3.8 3.5 3.k 3.0
0.63 - 0.80 3.6 3.k 3.3 2.9
0.80 - 1.00 3.5 3.3 3.2 2.8

As it is apparent from Table 6, the agreement between the a;
values determined experimentally on the one hand, and calculated
with Equation (4) on the other, is best if &' = 1, i.e. if the
mean falling velocity of the particles is substituted into the

equation.
Considering this fact, Equation (18) can be written in the

following form:

(u a p,)O.l
< (19)

s, + (1 e )

'
t e uw % tuus + 18 D

Fig. 1 shows the difference between the void fraction values
determined experimentally and calculated by Equation (19), plotted
against the experimentally determined value. It can be concluded
from the Figure that the relative deviation is in all cases lower
than + 10 %, and in the overwhelming majority of the cases it is

lower than + 5 %. Computer evaluation led to the conclusion that

the mean relative deviation is * 2 %.

Equation (8), described by JOTTRAND [4], can - considering
Equation (17) - be written in the following form:
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Fig.l. x - glass beads; o - sand; ® - hematite; * - porous nickel
spheres; A - porous burnt clay
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Fig.2. x ~ glass beads; o - sand; ® - hematitej; * - pcrous nickel

spheres; A ~ porous burnt clay



1973 Studied on the Hydrodynamiecs of Fluidized Layers III. 505

1 - ¢ u

Bl =1 - ——EZ—E 18 v (20}
The value of the "constant" ap; of the equation was determined
for the model substances used in the experiments in about 400
cases and ap = 1.75 was obtained as a mean value. The mean scat~
tering of the "constant" a,, as a function of flow rate, was found
to be o = % 9 %, whereas the scattering depending on a particle

size was ¢ = % 13 $%.

The difference in void fraction values determined experimen-
tally and calculated by Equation (20) (a, = 1.75), plotted against
the experimentally determined value is shown in Fig. 2. It is ap-
parent from the Figure that the relative, deviation is, in most
cases, lower than * 10 % and the average relative deviation is +5
and -3 %.

On the basis of Equation (10) [5] and taking Equation {17)

into consideration, the following equation can be written:

e 2 , \ 1/2

P) gr - Um .
1 - ¢ u

P e

e!,
T _ mt
ey = &p * (1 sp) (

The mean value of the "constant" is 53 = 1.15, its mean
scattering depending on the flow rate of the liquid is ¢ = + 18 &,

its mean scattering depending on the particle size is o = % 16 %.

The difference in void fraction values determined experimen-
tally and calculated by Equation (21) {az = 1.15), plotted against
the experimentally determined value is shown in Fig. 3. It can ke
concluded from the Figure that except for a few cases the relative
deviation is lower than % 10 %. The mean relative deviation was
found to be *+ 4 %.

In the examination of Egquation {11) derived by SAXTON and
his co-workers [7] it was found possible to bring it to a simpier

form by substitution of Equations (7) and {12}:

ESN
18]
i8]

y-1/3 _ _sé}—l/Z _ o

(1 - ¢ "
e
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On the basis of Eguations (22) and (17), the following for-
mula can be written for the calculation of the void fraction:

(L -er )2 - Ep)

[(1 - ep)l/3 + (1 - en)t/3 L3

™1

ot =
[}
[y
¥

23)
m u
e

The difference in void fraction values determined experimen-—
tally and calculated by Equation (23}, plotted against the experi-
mentally determined values, 1is shown in Fig. 4. It is apparent
from the Figure that in the overwhelming majority of the cases the
relative deviation is lower than +5 and -10 %. The mean relative
deviation is +2 and -5 %.

Taking Equations {14) [2]1 and (17) into consideration the
Equation derived by the authors is the following:

71 /o L.

=1 - oay (1-e)(1 - 53F (2u)
b4

e

ml
o+ -

It was found in the experiments that the mean value of the
"constant" a, = 0.55, its average scattering depending on the flow
rate is ¢ = * 6 % and its average scattering depending on the par-

ticle size is ¢ = =10 %. Accordingly, Equation {24} can be written

in the following form:

¥
P =1 - 0.s5 (1 - e {1 - 1537 (25)
% T Ue

The difference in mean void fraction values determined expe-
rimentally and calculated by Equation :25) plotted against the ex-
perimentally determined value is shown in Fig. 5. It is apparent
from the Figure that the relative deviation is in all cases lower
than =+ 10 2 and in the overwhelming majority of the cases lower

than * 5 %. The average mean deviation is +3 and -2 5.

Equation {15} [2], as written on the basis of Eguation 14t

derived by the authcrs can be brought to a simpler form:

3%

o1

-
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The difference in the void fraction values determined expe-
rimentally and calculated by Equation (26), plotted against the
experimentally determined values, is illustrated in Fig. 6. It can
be concluded from the Figure that the relative deviation of the
measured and calculated values is in the overwhelming majority of
the cases lower than +10 and -5 %. The mean relative deviation is
+4 and -2 %.

Summarizing the aforesaid it can be concluded that from
among the formulas used for the calculation of the void fraction
of layers fluidized with a liguid, Equation (19) derived from the
Equation (4) of RICHARDSON and ZAKI [3], and Equation (25) derived
from the Equation (14) by the authors of the present paper [2] are
those yielding results which best approximate the values determi-

ned experimentally.

The agreement was also fairly good in the case of the other
examined formulas; however, in case of these the mean relative de-
viation was on the one hand higher, e.g. Equations (20) and (21),
and on the other the higher deviation is asymmetrical, e.g. with
Equations (23) and (26). It is to be noted that from among the
above Equations {20) and (23) yield values which at higher layer
expansions show a good agreement with the experimental data. Equa-
tions (19) and (25) describe the layer expansion correctly in the
whole range and consequently the application of these is recommen-
ded for the calculation of the expansion of fluidized layers.

SYMBOLS USED

a1, as, ag, &y constans

Ar Archimedes-number [cf. Equation 112!]
d diameter of the particles {metre’
d mean diameter of the particles imetre’

D diameter of the apparatus {metrs’



[L]]
vt

[4]]
1 -

Z. Orm8s and T. Blickle Vol.

cross sectional area of the apparatus (m2)
gravitational acceleration.(m/secz)

mass of the particles present in the layer (kg)
Reynolds-number [cf. Equation (7)]

falling rate of'éhe particles (m/sec)

mean falling rate of the particles (m/sec)

linear flow rate of the liquid as referred to the total

cross sectional area of the apparatus (m/sec)
minimum fluidization liquid flow rate (m/sec)
height of the layer (m)
minimum layer height {m)
mean void fractibn of the layer
calculated mean v6id fraction of the layer

minimum void fraction of the layer

minimum total void fraction or liguid volume fraction of the

laver
pore volume fraction of the particles

mean pore volume fraction of the particles

calgulated mean total void fraction or liquid volume fraction

©of the layer

mean total void fraction or liquid volume fraction, determi-

ned on the basis of layer height measurement
dynamic viscosity of the liguid {kg/sec-.m)
density of the particles {kg/m3},

density of the liquid {kg/m3}
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PE3RME

B maHHON CcTaTbe asTOpH HPaTHO O03IHAKEMAMBART C MMEHUWKWMWCA B
nutepatype Haubonee pacnocTPaHeHHHMW YPAasHEeHWAMH, a8 TaMse C BhBe-
OEHHHEMM MMM B Npejufylie#t cTaTee [aHHOMO UWHA2 33BUCHMOCTAMM, ans
BWUMCABHWA NOAW CBOGGAHOrO o6beMa NCEBAOOKMWMEHHLIX MOCPEACTEOM MML-~
HOCTW CROBB. YKa3aHHHE 38BHCHMOCTH MPUBOAATCA H BMAY, TNPAHTHHECHHM
HEMOCPEACTEEHHO MPUMEHHMOMY, PacrnoCTpaHAmlWeMycs game Ha chayda#
NOPUCTHX 4acTHly. ABTOpamMd onpegensHb CpejHWe 3Ha4YeHHd HMeKuMXcs
8 ypasHeHMAX "MOCTOAHHHIX COMHOWWTEneH”, HpoMe Toro, "NOCTOAHHLE"
GuiiW MNpoBepeHs Ha 3aBMCHMMOGTE OT pPasnu4HEX napaveTpos. buna npose-
AeHa NpoBEpHa pacYeTHHX METOL08 MNOCPEACTBOM CpaBHEHWA nofiyHeHHLX
SHCNEGMMBHTANEHO W PACCYMTAHHLIX MO YPDaBHEHWHAM 3HAYEHWM JAONWM CB8O-
GogHoro oSwema.
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VERFAHREN ZUR HERSTELLUNG VON FETTSAUERZUCKERESTERN
A. UJHIDY, J. SZEPVOLGYI und Z. SZABO*

(Forschungsinstitut fir Technische Chemie der Ungarischen
Akademie der Wissenschaften, Veszprém und

*Zentralforschungsinstitut flr die Lebensmittelindustrie, Budapest)

Eingegangen am 7. September 1973.

Die Darstellung einer Gruppe der oberfléchenak-
tiven Stoffe, der Fettsdurezuckerester Saccharosepal-
mitat und Saccharosestearat wurde untersucht, mit be-
sonderer Riicksicht auf die Erh8hung des Mcnoesterge-
haltes im Produkt. Die optimalen Parameter der char-
genweisen Darstellung des an Monoester rexchen Fett-
siurezuckeresters im LabcratoriummaBstab werden auf
Grund der Versuchsergebnisse angegeben. Versuche zur
halbkontinuieriichen Darstellung von Fetts&urezucker-
estern im Diinnschichtreaktor wurden ebenfalls durch-
gefihrt.

EINLEITUNG

Die Zuckerester der Fettsduren werden im allgemeinen durch
die Umesterung von C4s-Czo Fettsaurealkylestern mit einem Zucker
in LOsung, in Anwesenheit eines geeigneten Katalysators herge-
stellt. »

Die ersten Versuche zur Darstellung von Zuckerester wurden
Mitte des vorigen Jahrhunderts durchgefiihrt, als BERTHELOT [11 ei-
nen Zuckerester durch Erhitzen von Saccharose mit Stearinsdure
herzustellen versuchte. LORAND [21 gewann den Zuckerester der Patl-
mitinsiure in der Reaktion von Zucker mit Palmitinsdureanhydrid in
Monochloressigsdure als Losungsmittel, in Anwesenheit eines Magne-

siumperchiorat-Katalysators.
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3

Die Umesterung des Methylstearats mit Zucker wurde von OSIPOW
und Mitarb. [3] eingehend untersucht in Dimethyl-formamid und Di-
methylsuifoxyd als Losungsmittel.

Die Umesterung ist eine Gleichgewichtsreaktion, und das
Gleichgewicht soll durch die rasche Entfernung des in der Reaktion
gebildeten Methanols in Richtung der Bildung des Saccharoseestérs
verschoben werden. Dies kann durch die ErhBhung der Temperatur er-
reicht werden. Diese Mgglichkeit ist aber wegen der Karamelbildung
des Zuckers und der Nebenreaktionen begrenzt. Es ist nicht zweck-
missig, die Temperatur lber 130-135 % zu steigern.

Zur Erhthung der Wirksamkeit der Entfernung des Methanols,
und dadurch zur Verschiebung des Gleichgewichtes haben OSIPOW und
Mitarb. [4] das Reaktionsgemisch durch einen Diinnschichtverdampfer
worin die Flissigkeit einen turbulenten Film bildete, umlaufen
lassen.

In der Umesterungsreaktion bilden sich der Mono-, und der
Diester der Saccharose und unter Umstdnden hBher veresterte Deri-
vate. Vom Gesichtspunkt der praktischen Verwendung aus ist der
Saccharosemonoester giinstiger als der Diester. Der Monoester 16st
sich namlich in Wasser unter Bildung einer kolloidalen Ldsung,wdh-
rend der Diester mit Wasser eine schleimige Dispersion gibt. Des-
wegen ist es zweckmdPig, die Umesterungsreaktion so zu fihren, daB
der Anteil des Monoesters in dem Produkt maximal sei. OSIPOW ([4]
erreichte diesen Ziel durch dem Reaktionsgemisch zugesetzte Was-
serspuren. Unter dem EinfluB des Wassers reagierten die Polyester
mit der freien Saccharose zum Moncester.

Die von OSIPOW [5] im Laboratorium ausgearbeitete Mikroemul-
sionsmethnde bedeutet eine neue Art fiir die Herstellung von Fett-
sdurezuckerester. Das Prinzip der Methode liegt darin, daB die in-
einander nicht 16slichen wund daher nur in Anwesenheit eines LG-
sungsmittels reagierenden Zucker und Methylester in einer sehr
feinen Dispersion (TropfengréBe 0,01-0,06 p) miteinander direkt
reagieren kénnen.

Der Gehalt an Moncester in dem Produkt wurde von ZAJIC und
BARES [6] dadurch erhtht, daf die Umesterungsreaktion in einem ge-



o

1373 Verfahren zur Herstellung ven Fettsfurezuckerester:

eigneten Zeitpunkt durch Blockierung des Katalysators, durch Zuga-
be einer sauren Verbindung eingefroren wurde.

Das Patent [7]1 verwendete fir die Umesterung - von den bis-
her geschilderten Methoden abweichend - ein Anionenaustauscher-
-Harz als Katalysator. Das Harz hat den Vorteil, daf es von dem
Produkt Teicht zu trennen ist.Uber die Regenerierung, bzw. wieder-
holte Verwendung des Harzes wurden aber bisher keine Einzelheiten
angegeben.

Die bei der Umesterung verwendeten Losungsmittel riechen un-
angenehm und sind tox%sch, deswegen soll das Produkt von diesen
mit besonderer Sorgfa]t‘ befreit werden. Die Losungsmittelspuren
k6nnen aber wegen der guten Adsorptionseigenschaften der Fettsdu-
reester nur mithsam entfernt werden. Ein weiteres Problem stellt
die Gewinnung des Produktes in relativ reinem Zustand dar.

Die verschiedenen Mitteilungen geben flir die Entfernung der
Tetzten Losungsmittelspuren ferner fiir die Reinigurg des Produktes
meistens komplizierte Extraktionsverfahren an [3, 4, 8, 9, 107.

Das Ziel unserer Arbeit war, die Umesterungsreaktion - zur
Yermeidung der ziemlich mihsamen Trennung der Mono- und Diester -
zweckmdBig so zu fiihren, daP die Konversion des Zuckers und der
Anteil des Monoesters in dem Produkt maximal wird.

zeschreibung der Versuche

Fettsdurezuckerester wurden aus Fettsduremethylestern durcn
Umesterung nach drei verschiedenen Methoden hergestelit. Die ver-

wendeten Methoden sind die folgenden:
a) Umesterurg nach cer Mikroerulsicensmethode,
b) Herstellung von Fettsduvezuckeresters distcrtinuierlich,

c) Herstellung von FetisSurezuinersstern im Diurnschichtreak-
icn.

3

tor halbaontincier
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Vor der ausfiihrlichen Beschreibung der Versuchsergebnisse
werden die zur Analyse des umgeesterten Produktes ausgearbeiteten
Verfahren zusammengefasst.

Das in der Umesterungsreaktion erhaltene Produkt wurde von
dem Losungsmittel durch Destillation befreit, die letzten LOsungs~
mittelspuren wurden danach durch zweistiindige Behandlung des Pro-
duktes in der Trockenpistele - bei 1-2 Torr und 100 OC - ent-
fernt. Das zur Analyse auf diese Weise vorbereitete Produkt ent~-
hielt unreagierten Methylester, Zucker, Seife, Katalysator, ferner
Saccharoseester.

Der Methylestergehalt des Produktes wurde nach alkalischer
Verseifung durch Messung des entstehenden Methanols bestimmt [111].
Die Methode ist auch zur Bestimmung sehr geringer Mengen von Metha-
nol geeignet, und die Messungen sind gut reproduzierbar.

Der Zucker- und Zuckerestergehalt des Produktes wurde nach
Extraktion mit n~-Butanol-Wasser Gemisch durch Messung der optischen
Drehung der Wasser- bzw. der Butanolphase bestimmt. Bei Kenntnis
der Drehung der Butanolphase, des Gewichtes des in der Phase auf-
gelgsten festen Stoffes, ferner der spezifischen Drehung des
Saccharosemonostearates bzw. des Distearates kann der Anteil des
Mono- und des Diesters in der Probe bestimmt werden. Der Seifenge-
halt der Probe (K-Stearat, bzw. K-Palmitat) wurde auf folgende
Weise bestimmt: zu ein aliquotes Volumen der Butanociphase wurde
das gleiche Volumen kohlendioxidfreien destillierten Wassers zuge-
fligt, und mit 0,1 N Salzsdure in Anwesenheit von Methylorange In-
dikator titriert.

Das durch Destillation von dem LOsungsmittel befreite Rohpro-
dukt enthielt - wegen seiner oberflichenaktiven Eigenschaft -
noch etwa 0,2 % Dimethylformamid. Wegen des toxischen Charakters
dieser Verbindung soll die Menge des in dem Produkt vorhandenen
Dimethylformamids bekannt sein. Der Gehalt an Dimethylformamid des
Produktes wurde Taut Mitteilung [12] bestimmt. Das Prinzip der
Methode ist, daB das Dimethylformamid beim Kochen mit Lauge ver-
seift wird, und sich das entstandene Dimethylamin photometrisch
quantitativ bestimmen JHRt.
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Die Werte der Konversion, der Ausbeute und der Selektivitit
wurden zur Auswertung der Ergebnisse der Umesterungsversuche aus
den Analysenergebnissen auf folgende Weise Bestimmt:

K = [{eingewogenes MSt-unreagiertes MS5t)-100]1/eingewogenes
MSt
A = [SME.1001/eingewogenes MSt
S = [SME-1001/[eingewogenes MSt-unreagiertes MStl
wobei

K die Konversion (%)
A die Ausbaute (%)
S die Selektivitdt (%)

MSt  Menge des Methylesters (Mol)

SME Menge des Saccharosemonoesters (Mol)

Umesterung nach der Mikroemulsionsmethode

Einerseits um das in Mitteilung [5] beschriebene Mikroemul-
sions-Laboratoriumsverfahren zu reproduzieren, andererseits zur
Ausarbeitung einer eventuellen neuen lDarstellungsmethode wurden
Versuche zur Synthese von Fettsdurezuckerester nach der Mikroemui-
sionsmethode in Propylenglykol als Losungsmittel durchgefiihrt. Zu
einem in Propylenglykol aufgeldsten Gemisch von Zucker, Methylste-
arat und Kaliumkarbonat wurde unter intensivem Rihren Natriumstea-
rat zugefiigt. Das Propylengiykol wurde in einem Volumen verwendet,
in dem das Gemisch leicht geriihrt werden konnte.

Mehrere parallele Versuche wurden mit Reaktionsdauern von 2,
4 ynd 6 Stunden bei 105 °C durchgefiihrt. Es wurde festgestellt,
daB, obwohl die Konversion mit der Zeit zunahm, die Menge des
Saccharoseesters auch nach einer 6-stiindigen Reaktionszeit nicht
mehr betrug als einige Prozente. Gleichzeitig nahm die Seifenbil-~
dung als unerwiinschte Nebenreaktion zu.

Weitere Nachteile dieser Methode sind die Folgenden: es ist
schwierig, die Emulsion zu erhalten, die Wahrscheinlichkeit der
Karamelbildung 1ist hwéh, ferner kann eine Umesterung mit dem als



518 A. Ujhidy, J. Szépvdlgyi und Z. Szabd Vol. 1.

Losungsmittel verwendeten Propylenglykol eintreten. Auf Grund des-
sen ist die Mikroemulsionsmethode Taut unserer Erfahrungen zur Er-
zeugung einer grioBeren Menge einheitlichen Produktes nicht geeig-
net.

Diskontinuierliche Umesterung

Unsere Versuche wurden in einem mit RiickfluBkiihler, Tropf-
trichter und Thermometer versehenen Dreihalskolben durchgefihrt,
welcher von auBen mit einem Ulbad geheizt wurde. Wihrend der Umes-
terungsreaktion betrug der Druck im Reaktionsraum 100-150 Torr.
Die durch die Siedekapillare eingesaugte Luft riihrte das Reaktions-
gemisch befriedigend um.

Wurde die Umesterung in Dimethylsulfoxyd bei 90 °C, mit einem
3:1 Molverhditnis von raffiniertem Zucker und Methylester, mit ei-
ner Katalysatormenge von 0,049 g K,C0./g Methylester durchgefiihrt,
so betrug die Konversion des Methylesters etwa 80 %, und die Aus-
beute 30 %. Mit der Erhthung der Katalysatormenge nahm die Konver-
sion und die Ausbeute in geringem MaBe zu, die Seifenbildung ver-
stdarkte sich aber ebenfalls betrdchtlich. Unter dhnlichen Reak-
tionsbedingungen wurde die Umesterung +in Dimethylformamid als LG-
sungsmittel ebenfalls durchgefiihrt, wo bei einer Konversion von
80~90 % eine Ausbeute von 70-75 % erreicht werden konnte.

GemdB unseren Versuchen konnte das Dimethylsulfoxyd mit
einem VerTust von 20-30 %, und das Dimethylformamid mit einem von
2-5 % regeneriert werden. Im weiteren wurde daher Dimethyliformamid
als Lbsungemittel verwendet.

Zwei Forderungen miissen bei der Durchfiihrung der Umesterungs-
reaktion erfiillt werden: neben einer moglichst hohen Konversion
soll auch der Monoestergehalt so hoch wie moglich gehalten werden.
durch die richtige Auswahl der Versuchsparameter kann die Konver-
sion bis auf 98-100 % gesteigert werden, wobei es zwecks Erhohung
des Monocestergehaltes wiinschenwert ist, laut der Literatur 0,1 %
Wasser dem Reaktionsgemisch zuzufiigen.
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Laut unserer Vorversuchen nimmt aber sowohl die Geschwindig-
keit der Umesterungsreaktion, wie auch die Konversion ab, wenn
0,1 % Wasser zu Beginn der Reaktion zum Reaktionsgemisch zugefiigt
wird.

Als erstes Problem wurde daher untersucht, wie ein Produkt
von entsprechender Reinheit mit guter Konversion chne Zugabe von
Wasser erzeugt werden konnte. In jedem Fall wurde Kaliumkarbonat
als Katalysator verwendet. Die Versuchsangaben sind in der Tabel-
le 1. aufgefiihrt.

Die Versuche No. 1. und 2. zeigten, daB die Zusammensetzung
des Produktes mit der Erhthung der Temperatur glinstiger wird, da
auch die Geschwindigkeit der Reaktion zwischen dem Diester und
Zucker neben der Geschwindigkeit der Entstehung des Diesters bei
hoherer Temperatur hdher wird. Der Grund fiir die bei 959C erreich-
te hohere Konversion liegt darin, daR das Verhdltnis Katalysator/
/Methylester in dem Versuch No. 1. grifer war.

Diese beiden Versuche waren eigentlich auf die Kontrolle der
in der Literatur angegebenen Daten ausgerichtet wund zeigten, daf
bei diesen Versuchsbedingungen entweder die Konversion, oder die
Zusammensetzung des Produktes ungiinstig war.

Laut der Literatur kann der Gehalt an Monoester des Produktes
auch so gesteigert werden, daB die Aktivitdt des als Katalysator
verwendeten Kaliumkarbonats in einer gewissen Phase der Umester-
ungsreaktion (wo die Menge des HMonoesters erwartungsgema die
gropte ist) blockiert wird, wodurch die unerwiinschten Nebenreakti-
onen beseitigt werden kidnnen. Daher wurde der Katalysator in den
Versuchen No. 3. und 4. nach einer Reaktionsdauer von 6 Stunden
durch Zugabe von beinahe dquivaienten Mengen CHaCOOH bzw. HaPOs
blockiert. Diese Methode fiihrt mit der angewandien Reaktionsdauer
nicht zum erwinschten Ziel, da am Anfang aer Reaktion hauptsdch-
Tich Diester entsteht.

Eine andere Moglichkeit zu der ErhBhung des Mongesteranteiles
besteht darin, dafR die notwendige Menge des Metnylesters in Di-
methyiformamid aufgelést und in mehreren Portionen dem Gemisch zu-
gefiihrt wird. Auf diese Weise wurde der Methylester in den Yersu-
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in drei gleich grofen Mengen zu Beginn der

chen 0. 5., 6. und 7.
,5 und nach 3 Stunden dem Gemisch zugegeben.

Reaktion, nach 1

Da das Zucker:Methylester Molverhdaltnis in dem Reaktionsge-
nisch in jedem beliebigen Zeitpunkt grofer war als 2,9, war es zu
erwarten, dab sich hauptsdchlich Moncester bildet, und gleichzei-
tig die Menge des Katalysators und die Reaktionszeit vermindert
werden kirnen.

£s wurde aber festgestellt, dJaB weder die Konversion, noch
die Ausbaute die erwiinschte Erhohung aufwiesen, im Gegenteil, die
Ergebnisse waren weniger glinstig, weil der nach Ablauf von 1,5
Stunden zugefiigte Methylester nur 4,5, bzw. 5,5 Stunden lang, wdh-
rend der nach 3 Stunden zugefligte Ester nur 3, bzw. 4 Stunden lang
reagieren konnte. Diese Beobachtung unterstiitzte wiederheolt, daB
zur Vullendung der Umesterung eine ldngere Zeit noilwendig ist.

Auf Grund der Versuche No. 6. und 7. konnte festgestellt wer-
den, daB es am giinstigsten ist, wenn der Katalysator portionsweise
dem System zugefiigt wird. Sowohl die Konversion, als auch die Zu-
sammensetzung des Produktes ist ndhmlich im letzten Fall (No. 7.)
giinstiger. Der Grund dafiir besteht darin, daB auf diese Weise eine
beinahe konstante Katalysatorkonzentration in dem System gewdhr-
lTeistet werden kann.

Durch die vorher erwihnte Anderung der Versuchsparameter kann
die erwiinschte Verbesserung der Zusammensetzung des Produktes laut
Angaben der Tabelle 1.nicht erreicht werden. Zur Darstellung eines
Produktes mit hoherem Monoestergehalt schien es zweckmdBig, Was-
ser zum Reaktionsgemisch derart zuzufiihren, daB die Umesterungsre-
aktion nicht langsamer bzw. die Konversion des Methylesters nicht
niedriger wird.

Den ungiinstigen Einfluf des Wassers auf die Reaktion wollten
wir so vermeiden, daf das Wasser nicht im Laufe der Umesterungsre-
aktion zu dem Reaktiansgemisch zugefiigt wurde, sondern nach Ablauf
der Reaktion. Das wasserhaltige Gemisch wurde nachher 1 Stunde bei
einer Temperatur geriihrt, welche niedriger war, als die Reaktions-
temperatur. Die optimale Zeitdauer dieser Behandiung betrug 1 Stun-
de, weil sich das Monoester/Diester-Verhdltnis nach einer Stunde

nicht mehr dnderte.
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Das Ergebnis der mit Wasserzugabe durchgefiihrten Versuche jst
in der Tabelle 2. ersichtlich.

Die Reaktionstemperatur und die Reaktionsdauer stellen mit-
einander eng verbundene Parameter dar, deswegen wurde der EinfluB
dieser beiden untersucht. Die ErhGhung der Reaktionszeit bei 120°C
ergab eindeutig die Zunahme der Konversion und der Ausbeute (Ver-
suche No. 8., 9., 10. und 11). Die Zunahme des Verhiltnisses Mono-
ester:Diester mit der ErhShung der Reakiionsdauer weist ebenfalls
darauf hin, daB der Diester in der Anfangsperiode der Reaktion das
Hauptprodukt ist.

Aus dem Vergleich des Versuchs No. 11. mit den Versuchen No.
5., oder 3. und 4. (Tabelle 1.) ist es ersichtlich, daB durch ein
Ausriihren mit Wasser glinstigere Ergebnisse erreicht werden kinnen,
als durch Zugabe des Methylesters in drei Portionen, oder durch
Blockierung des Katalysators mit SHuren. (Der Katalysator wurde in
allen diesen vier Fillen auf einmal, am Anfang der Reaktion dem
Reaktiongemisch zugegeben.)

Die Ergebnisse der mit einem Molverhdltnis von 1,39 zwischen
dem Zucker und Methylester durchgefiihrten Versuche No. 12. und 13.
stimmen mit unseren friheren Feststellungen iiber den Effekt der
Reaktionsdauer iberein.

Unsere weiteren Versuche wurden zwecks Vermeidung der Kara-
melbildung bei niedrigerer Temperatur und mit einer lingeren Reak-
tionszeit durchgefiihrt. Wegen der lingeren Reaktionsdauer wurde
der Katalysator zweckmdBigerweise in 2 Portionen zum Gemisch gege-
ben: 2/3 der gesamten Menge wurde am Anfang der Reaktion, das ib-
rige 1/3 nach Ablauf von 4 Stunden zugefiigt.

Weitere Umesterungsversuche wurden bei 95 °C und bei 105 ¢,
mit der Reaktionsdauer von 11 Stunden, und nachfolgendem einstiin-
digem Ausriihren mit Wasser durchgefiihrt {(Versuche No. 14. und 15.).
In beiden Fdllen wurde ein Produkt mit hShem Monoestergehalt mit
guter Konversion erhalten. Die Seifenbildung wurde in diesen Ver-
suchen durch die herabgesetzte Katalysatormenge geringer, wihrend
die Erhdhung der Wassermenge das Verhdltnis Monoester/Diester ver-
besserte.
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Auf Grund der durchgefiihrten Versuche schienen die bei dem
Versuch No. 15. angewandten Parameter optimal zu sein. Das Monoes-
ter:Diester-Molverhdltnis betrug in diesem Fall 5,5:1.

Zwecks Senkung der Selbstkosten des Produktes wurde die Mog-
lichkeit einer Verminderung des Molverhdltnisses Zucker:Methyles-
ter unter Beibehaltung der optimalen Werte der iibrigen Parameter
untersucht (Versuche Wo. 15., 16. und 17.). Es konnte aber festge-
stellt werden, dafl die Verminderung des Molverhdltnisses bei der
angewandten Temperatur nicht zweckmdssig ist.

Neben Kaliumkarbonat wurde auch die katalytische Wirkung des
Natriumkarbonats untersucht. Das Natriumkarbonat kdnnte sich giins-~
tiger erweisen, als das Kaliumkarbonat, da es nicht toxisch ist,
und dadurch die praktische Verwendung des Produktes nicht stort.

Natriumkarbonat erwies sich sowohl bei einem Molverhdltnis
von 2,88 zwischen dem Zucker und Methylester, als auch bei dem Mcl-
verhdTtnis von 2,00 (Versuch No. 18. und 19.) als ein glinstigerer
Umesterungskatalysator und erhthte in erster Linie die Ausbeute
betrdchtlich.

So betrdgt z.B. das Verhdltnis Monoester:Diester bei den in
Anwesenheit von Kaliumkarbonat oder Natrjumkarbonat durchgefiihrten
Versuchen 5,5 bzw. 93,9 gemdB der Angaben der Versuche No. 15. bzw.
18. Der zweite Wert ist giinstiger, als die bisher beschriebenen.
Auf Grund dessen sind die optimalen Werte der Parameter hinsicht-
lich der Konversion und der Bildung des Monoesters die folgenden:

Reaktionstemperatur 105 9¢

Reaktionszeit 11 Stunden

Dauer der Behandiung mit Wasser 1 Stunde

Menge des zugefligten Wassers 1,2 % der Gesamtmenge des
Reaktionsgemisches

Katalysator NaoC0a

Zugabe des Katalysators 2/3 am Anfang der Reaktion

1/3 nach 4 Stunden
Losungsmittel Dimethylformamid

Verhdltnis Dimethylformamid/Zucker 3,3 ml/g
Molverhditnis Zucker/Methyiester 2,.88.
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Halbkontinuierliche Umesterung im Diinnschichtreaktor

Wie oben beschrieben, nimmt die Umesterung ziemlich viel Zeit
in Anspruch. Um die Reaktionszeit der Umesterung zu vermindern,
wurde auf Grund der in der diskontinuierlichen Einrichtung gewon-
nenen Versuchsergebnisse eine halbkontinuierliche bzw. Rezirkula-
tionseinrichtung im LaboratoriummaBstab entworfen, gebaut und be-
trieben.

Der Hauptteil der Einrichtung besteht aus einem Rotations-
diinnschichtreaktor aus rostfreien Stahl mit einem inneren Durch-
messer von 53,3 mm und einer aktiven Oberfldche von 0,057 mz, mit
geteiltem Heizmantel und mit Wischern versehenem Rotor (Typ. Sam-
bay). Die Rohrachse des Rotors wurde in Ldngsrichtung mehrfach
perforiert, um das Absaugen der in der Reaktion entstandenen Metha

nolddmpfen auch auf diese Weise zu sichern.

Die Einrichtung wurde durch das in dem Heizmantel stromende
Glyzerin geheizt, wihrend das Reaktionsgemisch in dem System durch
eine Pumpe umgewdlzt wurde. Der Druck in Diinnschichtreaktor betrug
100-150 Torr.

Der Vorteil des Diinnschichtreaktors besteht darin, daB das
in der Reaktion entstehende Methanol 1infolge der giinstigen Stoff-
tibergangsverhdlitnisse schon 1in dem Moment seiner Entstehung ent-
fernt werden kann, so daB die Gleichgewichtsreaktion in Richtung
der Bildung der Saccharoseester verschoben werden kann. Der andere
Grund, weshalb die Anwendung einer Diinnschichtreaktors zweckmdBig
ist, besteht darin, daB voraussichtlich keine Karamelbildung bei
der verhdltnismdBig hohen Temperatur infolge des kurzen Aufenthal-
tes der Reaktanten in dem Reaktor eintritt, weil der Temperaturko-
effizient der Reaktion der Karamelbildung kleiner ist, als die der
Umesterung.

Da die Umesterung ein langsamer Vorgang ist, wurde das Reak-
tionsgemisch wegen des kurzen Aufenthaltes 1im Reaktor zur Errei-
chung einer guten Konversion in der Abbildung 1. dargesteliten Ver-
suchseinrichtung rezirkuiiert. Auf dieserweise stand das Reaktions-
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gemisch einerseits mit der wdrmeren Wand des Filmreaktors in Kon-
takt, und hielt sich andererseits verhdltnismdfig tang in dem Zu-
fuhrbehalter D auf, welcher bei einer Temperatur von 95 ¢ gehal-~
ten wurde.Die durchschnittliche Verweilzeit des Reaktionsgemisches
wurde durch Anderung der Geschwindigkeit der Umwdlzung reguliert.
Diese Geschwindigkeit beteug 22 m1/Min und 100 m1/Min.

Die Erzeugungs~- und Betriebskosten der halbkontinuierlichen
versuchseinrichtung liegen hBher, als die der diskontinuierlichen
Einrichtung. Die Durchfihrung der Umesterung in einem Dinnschicht-
reaktor kann also nur in dem Fall als begriindet betrachtet werden,
wenn die Reaktionszeit der Umesterung bei unverdnderter Konversion
und Zusammensetzung des Produktes mindestens auf 20 % der in den
diskontinuierlichen Versuchen notwendigen Reaktionszeit herabge-
setzt werden kann.

Gemd3 der durchgefiihrten Yersuche war die optimale Zeitdau-
ar der diskontinuierlichen Umesterung 11 Stunden.

In den halbkontinuierlichen Yersuchen wurde das Molverhdlt-
nis Zucker:Methylester auf den hei den diskontinuierlicnen Versu-
chen als cptimal gefundene wert 2,3:1 eingestelit.

in urseren yversuchren scnnte festgestellt werden, dal ass
Yerndlinis Mongester:liester gurcn eine Behandlung des Reaktiorns-
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Die Durchfithrung der Umesterung in dem Diinnschichtreaktor bei
120 % {Versuche No. 20. und 21.) fiihrte zu der Feststellung, daB
die Konversion trotz dem hohen Rezirkulationsverhdltniss infolge
der kurzen durchschnittlichen Verweilzeit gering ist. Eine Behand-
lung mit Wasser (Versuche Ho. 21.) verbesserte aber die Zusammen-
setzung des Produktes wesentlich.

In der bei 130 °c durchgefifthrten Umesterung nimmt die Kon-
version mit der Erhdhung der Temperatur nicht zu,sondern ab. Diese
Erscheinung kann dadurch erkldrt werden, daB die Beriihrung der Re-
aktanten infolge des gréBeren Rezirkulationsverhiltnisses intensi-
ver ist, und sich neben der Reaktion des Zuckers mit dem Methyles-
ter auch die konkurrierende Reaktion des Zuckers mit dem Diester
abspielt. Die ErhGhung der Reaktion zwischen dem Zucker und Dies-
ter wird auch durch die Tatsache unterstiizt, daB bei 130 OC, auch
ohne Behandlung mit Wasser, ein diesterfreies Produkt erhalten
wurde (No. 22.).

In dem mit Wasser behandelten Reaktionsgemisch No. 23. war
die Konversion geringer als in dem parallelen mit Wasser nicht be-
nandelten Versuch No. 22. Der Grund dafir ist, daB die Reaktion
auch wdhrend der einstindigen bei 95 %¢ durchgefiihrten Behandlung
weiterlduft, die Zugabe von Wasser vermindert aber die Geschwin-
digkeit der Umesterung.

In der halbkontinuierlichen Einrichtung wurde alse nur bei
einer Reaktionszeit von 6 Stunden, bei einem Rezirkulationsverhdlt-
nis von 15-20 eine geniigend hohe Konversion erreicht, wobei die
optimale Temperatur des Diinnschichtreaktors 120-125 9¢ betrug. Zur
Erzeugung eines Produktes mit ginstiger Zusammensetzung war aber
auch bei den optimalen Werten der Parameter ein Ausriihren mit Was-
ser aotwendigqg.

Wegen des hohen heostenbedarts der halbkontinuierlichen Ein-
ricntung, der Verkirzung dger Reaktiarszeit um nicht mehr als 40-59
v und wegen der Notwendicieit des Ausrihrens mit Wasser, welche
dre ganze Technologie in 2ire diskontinuierliche Technologie um-
windelt, ist es deshalb zwecamdligsr, die Umesterungsreaktion dis-

T

sontanuterticn Zu verwirklicnen,
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Die Verarbeitung des nach dem Ausriihren mit Wasser erhaltenen

Reaktionsgemisches

Nach dem Ausriithren mit Wasser wurden die Losungsmittel in
einem Vakuum von 2-5 Torr abdestilliert. Nach dieser Methode des-
tillierte das im Laufe des Ausriihrens zugefiligte MWasser schon 1in
der Anfangsperiode der Destillation aus.

Da die Destillation bei einer Temperatur von 84-85°C erfolgt,
und die Gesamtmenge der L&sungsmittel dinnerhalb von 2,5-3 Stunden
aus dem Gemisch entfernt wird, kann die Konzentratzion des Mono-
und Diesters nach den Gleichgewichtswerten verschoben werden, was
eine Zunahme des Gehaltes des Produktes an Diester mit sich bringt.
Um das zu vermeiden, wird 0,1-2% Wasser,auf das Anfangsgewicht des
destillierten Gemisches berechnet, 30 Minuten nach dem Beginn der
Destillation hinzugegeben {ungefdhr von dieser Zeit an destilliert
das bei dem Ausriihren zugegebene Wasser aus). Das im Laufe der
Destillation zugegebene Wasser &#ndert die Konversion gemdB den
Versuchsangaben kaum, die Umesterung kann alsoc am Ende des einstiin-
digen Ausriihrens mit Wasser als beendet betrachtet werden, die Zu-
sammensetzung des Produktes #ndert sich aber abhdngig von der Men-
ge des Wassers wesentlich.

Das glinstigste war dasjenige Verfahren, wo Wasser in einer
Menge von 0,2-1 % des destillierten Gemisches nach Abjauf einer
halben Stunde dem Reaktionsgemisch zugefligt wurde.

Die Verfasser danken dem Ministerium fiir Schwerindustrie
fir seine finanzielle Unterstiitzung.
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PE3WME

ABTOpH H3y4amwT METO4 MOoAyYSeHHE O4HON M3 Fpynn  NOBEPXHOCTHO-
“BHTHBHBX BEWECTB - CcaxapHuX 30MpOB WMUpDHHX HUCAOT: nanbMuTata  ca-
X4po3s W CTEapaTta caxaposw, npddem oceboe BHWUMaEHWE VABNAETCH NOBL-
WEeHMID COREpMaddi CNCMHOrO MOHO3$MPa B HOHEYHOM NpoaykTe. Ha oOcHO-
BaHMK 3JHCMNEPUMEHTAAbHEX HAHHLIX ABTCPH YHA3HBEKWT ONTUMaNbHEE napa-
METDH MOAYYEHHA CaXapHLX 30Up0B MUPHEX HUCAQT, MPH HOTOPHX B Yyono-
BMAX NEpWOLHYECHH LelcTRywwen nadopartopHod YCTaHOBHH, OHU FOGHAWCH
HLCOHOr0 CORBPHAHHA CROMHORO MOHO3(Mpa. IJHCHBPHMEHTH NDOBOAHMAWCE B
POTAUMOHHOM NABHEYHOM PEaHTOpPe NoAyHenpepwBHOre geficTeua,
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Material systems and the changes ocuoarring in
them were described with algebraic methods in the pre-
vious paper [1]. However, there is a basic connection
betweer the two subjects: the changes cccur on the ma-
terial systems, and produce new ones from them. This
may bte termed transformation snd is deseribed in the
foliowing manner:

v i (20) (1

a
v

nis expressiocn means that the material system ag is,
as a consequence ¢l the change Vi, transformed tc ma-
serial system a;. In the fellewing the changes will be
discussed and +the reiations Ltetween the mentloned
changes and cther material systems will be examined.

In technical chemical processes, the changes occur in opera-
tional units [2]. The material system of the operational unit is a
composition of the starting material system with that of being
produced. In the following this will be termed =2 gquasi union i

the two material syvstems and is designated by:



The material system of the operational unit and the change occur=-
ring in it is also a description of the technical chemical process.

This is termed a change-material composition and is designated by:

vy o 4

The content of Eqguations {1) and (3) being identical:

Expression (4) is called a Z technical chemical transformation, or

- briefly - a %z transformation, and its designation is:

t
-
<
Wy
Lo
1

<&
a

An explanation of the concepts S0 far presented and a few new

concepts are given in the following.

Starting and Resultant Material Systen

¢ ol material systems. Four relations are

incerpreted in connection with =his set according to the following:

Elements a, and a_. are in relation 9, if - and only if -
they are material streams continucusliy enterning intc an operation-

al unit. Relation ¢, defines a partial set A, of the set A:
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However, instead of designation AO = {30,1; B, pd cee ac’n} the
fcllowing can be introduced:

= o I} Sy

AO a,:!’1 ao,2 [ a(‘,n 1T

Elements a; and aj are in relation ¢, if - and only if -
they are material streams continuously discharging from an opera-
tional unit. 1In a manner totally similar to the previous case we
can write:

-3
H
[ol
Q
W
[¢]
[o]
o
p

Elements a; and aj are in relation ¢, if - and only if -
they represent the material system of a given operational unit at

the beginning of the process:

—
)
-

T tee cas © af
Cyn

Elements ai and a. are in relation 34 if - and only if -

they represent the material system of a given operational wunit at

the end of the process:

o & {12}

AT = a c a cen aas
= 2 ¥,0

v Tad

<«

In the following, AO and Az will be termed starting material sys-

tems, Av and A§ resultant material systems.

Change

The definition of Z2DEK [3] can be applied to material sys-
tems. According to this, the system is the totality of objects
which are connected by interacticns and mutval connections. The
following items of inferpation will re considered as the objects
of the material system: crystal structure, chemical structure,
biclogical structure, state, dimensicns, distribution, form, tem-

perature, pressure, homogeneous connecticn and heterogenous con-
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nection. The material system is the structure of these, the struc-
ture being defined by the mutual connections. It is the objects
that alter during a change. The set of objects which form the ma-
terial system ai will be denoted by n(ai).In accordance with this,
the connection between the change and the material systems will be

described by the following eguation:
_ : x SX R
v = [nla Jun{al)NIn(a Jun{al)] (11)

{The symbols that are usual in the theory of sets are used: AN B
is the common part of sets A and B; A U B is the combination of
sets A and B; A\B is the difference of sets A and B.)

The change:

v = n(Ao)\n(Av) (12)

will in the following be termed stationary, whereas the change:

v = n(a2) \ n(al) (13)

will be termed intermitted and the change:

vS = [a(a)) U n(A2)T N\ In(ay) U n(a])1 (1k)

unstationary.

The changes pertaining to the object difference of the mate-
rial system were given in the previous paper [1]. The change is
termed elementary if the sum of the difference set is one. In this
case, the resultant material system produced by the change differs
from the starting matgrial system in cone object only.

Transformation

On the basis of the aforesaid, the transformation according
to Egquation {1) can in general be given in the following form: the
expression



1973 Algebraic Description of Technical Chemical Systems ITITI. 537

A, + A}
vaoi (p , 4%) . (15)
v [}

is termed transformation if the condition:

vi o= [n(ay) U n(aZ)N\In(A) U n(a¥)]

is fulfilled.

A transformation transforming a set A to A is termed sta-
tionary (v); that transformatlng A to A is termed intermittent
(v*); that transforming (A  + aX 5) to (A + A ) is termed unstatio-
nary (v ) The transformatlon can be regarded as the internal

transformation of set A, since:

, AT 24 (16)

X
v
If the objects of the starting and resultant material systems are
identical, the transformation is, in the algebraic sense of the

word, a permutation. For example, the transformation:

Ky =>Ky » Ky
vg A 8y : (K _>K f’Kg)

is a permutation.

The transformation is termed a multiple one, if more than
one of the objects of the starting system are changed. A multiple
transformation may be homogeneous, when the same change occurs

more than once, for example:

(v9 A §5)2

As can be seen, the homogeneous transformation is designated
by vm. Here the exponent shows how many times the change occurs.
If the starting material system is such that one given change may

occur m, times, but m < m the transformation is selective with

t £’
respect to the material system. For example:



538 T, Blickle and T. Bencze Vol. 1.

vp A 62 H \K1==>K s K

It is apparent from the above that the starting and resultant ma-
terial systems define the change in an unegquivocal way, whereas

the reverse is not true.

The multiple transformation may be heterogenous, when more

than one change occurs. For example:

ive A S1) A {vg A 8p) : iV;==>K£ s x . 7}
> z a Bo 35 -

(Tl and T, represent temperatures. )

The transformation is of identical order if the number of the
materials of the starting and the resultant material system is the
same; if the number of the starting materials is higher, the trans-
formation is of the combining, if lower, it is of the decomposing
type:

o a (ao’l Lo} 30,2

a
Tal

iy v

0,
c &
v

2
Yy v o
2

If it is continuous and not discrete objects that are altered
during the change,the degree of change can be given by designating

it by s and writing it in the exponent. Two such continuous trans-
formations can be:

and then we set the following postulations:

o < s, <1 : o <5, <1

if s, =0, 8 =28

if s, > s,, the deviation of a_ ; from = _ is greater than that of
a vy o

av’e; i.e. if the changing object is x, we may write

Ix . -z {>ix - x

v, L ST Ty, 2 ol
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af\
. s N .
The transformation v : (af) is termed the inverse transfor-

a,
mation of v °: (a;). In the case of discrete changes, s is an in-—
tegral number.
Ay 4
The transformation vy ¢ (AV’I) and v, ok are termed
s
similar if:
v, = v (&)

1 2

The two transformations mentioned in the above are egual if:

Quasi Unicn

The qguasi union of two material systems is not defined un-

equivocally; it depends on the properties of the material systems.

The steps of the definition of guasi union are the following:

The Concept of Mean Material Systems

A mean temperature and pressure are supposed for the ma-
terial systems present in the operational unit; only one
state pertains to a given chemical structure and the in-
formation as to distribution is disregarded. Accordingly a
material system a is obtained, whose information content
is the following: c¢rystal structure, chemical structure,
biological structure, dimensions, form, homogensous and

heterogeneous connection.

The Combination {Union) of Material Systems

The following two rules are valid:
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1=>2

n

o=>8 (21)

.

alu a2 =

> &

oI I ]
[y

2

—?‘a_'

©
N

knowing the material systems it is possible to decide

which equality is the appropriate one.

" Accordingly, the gquasi union of the operational unit can be
defined, taking the aforesaid into consideration, in the following

manner:
a = x X 22)
& =AU AT UA, LAY (22)

The particular components of the material system & present in the
operational unit are the auxiliary materials. A filling auxiliary
material (&%) is termed that is added to the system at the begin-
ning of the process and can be removed in an unchanged state at

the end of the process:

Suo_ aX L X o
a Ay n A (23)
A material system intrcduced continuously into the operational
unit and leaving it in an unchanged state is termed recirculating

auxiliary material (& }:

a =48 na, (2k)

fod

The material systef changing during the process can be described
by:

- N X L X X X /
Ay VAN A U AT\ AT U AT\ AT (25)

On the basis of Eguations (22) to (25) we can write:

4 =a'U&"u 3 ‘263



.
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Permutations

According to the algebraic interpretation, the following
transformations can be regarded as permutations:

(V5A51)A(V5A51)_1 heat exchange
(V7A51)A(V7A51)_1 €.g. rectification
vgAdy . e.g. hypersorption

None of the other transformations is a permutation.

Connection Between the Starting Material Systems and the Change

Certain starting material systems postulate the occurrence

.0f a given change.
Such are the following:

Ao postulates Vi If there are two entering material streams

(Ao,l <] AO,E)

A(Kl ++‘K2). The reverse of the above is that two leaving material

they postulate ésAﬁz in order to reach the state

streams postulate vgAS§3.

If the temperature of the entering material streams is dif-
ferent, the vgs temperature change will occur, whereas in the case
of a difference in pressure the result will be the vy change in

pressure.

A homogeneous system may be formed, i.e. the change vgAs,
may occur if the entering material system or that present in the
operational unit is heterogeneous. If both material systems are
gases, the change vgA3, always occurs; if they are liquids, the
change occurs in most of the cases; if they are solids, the change
does not occur. -
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Connection Between the Material Svystem and the Change

The starting and the resultant material systems and the
change are in such a connection as to determine the third one, if
the other two are given. However, this system cannot in all cases
be totally free, there are some restrictions. These are summarized

in the following.

A considerable part of the change may act on any type of ma-
terial system, there being no restrictions. Such changes are:
transportation (v,A8;), change in scattering (v,A¢&;), increasing
or decreasing the dimensions {v3A8;), any type of change in tempe-

rature or pressure [vsA{8;VE;V &3), vgA{81VE,Ves)].

The combination of material streams is possible only in the
case of two input material streams, the separation only in the
case of two output material streams. The same holds for transfor-—
mations vgA&y; and vgA§3; however, there are further restrictions.
The heterogeneous system resulting from the change vgAd§, may be
5a > 3b’ éa > Bt ox Sb -> Sa, depending on material properties and
the quantitative relations. In the case of solid-liquid systems,
the heterogeneous system may be changed on addition or on removal

of one of the materials; this holds both for vgAdy and vgAdjz.

A change in the form is possible only in the case of a solid
system, production of form in the case of a "fictive solid materi-
al", the demolition of form in the case of a "fictive liquid or

gas”.

It is self-evident that the change which transforms hetero-
geneous ones: v3Al; postulates a heterogeneous input system which
- except for the case of a solid-solid heterogeneous system - may
be changed tc a homogeneocus cne. The case is just the opposite
with the change of the w©3A%, type, with the difference that this
change can separate neither a sclid-solid nor a gas—-gas homogeneous
system.

The change vzt trarnspeoses a heéercgeneous connection, and

accordingly the starting maszerial consists oFf at least kwo mate-
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rial streams, at least one of them being a heterogeneous system.
The same holds true of the resultant material system. Consequently
a minimum of three components must be present, from which two or
less may be solid, because such a type of change is not possible
between exclusively solid materials. Furthermore, not more than
one of the components may be a gas, since a heterogeneous gas-~-gas
system cannot exist. The change vgASs, transposes a homogeneous
connection in the following general system:

AO{[Kl(sa)=>K2(sb)] - KS(BC)} + vgAsy =

= R 7 ’ \
A K (B) » TR, (8,) =K, (8 )]} (27)
where a, b and ¢ may be 1, 2 and 3.

The following abbreviations were applied in the description
of the combinations, for example:

A{[Kl(sz)=>K2(81}] > x3(83)} = {2,1,3} (28)

Accordingly, the possible triple combinations are the following:

{(1,1,1) (2,2,2) {3,3,3) {28.a)
(1,1,2) (1,1,3) (2,2,1} {2,2,3} 2,3,1) .2¥{28.p)
{z,2,3} {(25.¢)

The laws decreasing the number of the possible combinations
are the following:

a) No change in state occurs, and consequently the starting and

the resultant materials are of the same combination;
b) A gas~gas heterogeneous system cannot exist;

c) A solid-solid homogeneous system cannot be deccmposed by a so-
1lid;

d) In the case of the homogeneous connectior of materials od the

> v ER

same state, the direction == is cptional,

Ui

-
rt
i)
o u
o
o
1

whereas in the case of materials of Gifferent state

rection is determined by the form of appearance;
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e) A solid material may enter from a solid homogeneous system only

. T
into another homogeneous system;

f) A solid material present in a gas may not be exchanged for

another solid;

g) A solid-solid system may be formed only from & homogeneous sys-—

tem;
h) Only one change may take place;
i) A change must take place;

j) A solid present in a gas may not be exchanged by a liquid,
neither can a liguid be exchanged by a gas.

The combination remains unaltered by the change, only the
system goes over from one permutation into another; ' taking the
prohibitive laws into consideration, the remaining changes are the

following: .

From the line (28.a) there remains only the combination (2,2,2):
[Bx=>831 + By = [By=>B;1 » 8}

The permutations of the second combination of line {28.b) are the
following:¥

{(1,1,2) (1,2,1) (2,1,1)
{1,1,2) d e
(1,2,1) e +
{2,1,1) + a

The permutations of the second combination of line (28.b) are the
following:

$1,1,3) 11,32,1) (3,1,1)
(l’]—g?«" d e +
\*9:a-\-" £ + a
Ial,l + M 2 £

are designated ty + 1
indicated bty the ccode 1
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The permutations of the third combination of line (28.b} are the

following:

(2,2,1) (2,1,2) (1,2,2)
(2,2,1) d + +
(2,1,2) + a
(1,2,2) + 4 +

The permutations of
following:

the fourth combination of line (28.b) are the

(2,2,3) (2,3,2) (3,2,2)
(2,2,3)
{2,3,2)
(332!2) +

The permutationé of

the fifth combination of (28.b} are:

(3,3,1) (3,1,3) (1,3,3)
(3,3,1) a
(3,1,3)
(1,3,3) b +

The permutations of

the sixth combination of (28.b) are:

(3,3,2) (3,2,3) {2,3,3)
(3,3,2) i b
(3,2,3)
{2,3,3) b

The permutations of the combinations of line (28.c) are:

(1,2,3) {1,3,2) {2,1,3) {2,3,1) (3,1,2) {3,2,1)
{1,2,3) i + a h h +
{1,3,2) + i = + d h
{2,1,3) d h i + + h
(2,3,1) h + + i h d
(2,1,2) h 4 + ¥ i d

(3,2,1) +

[
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Starting material

Change

A
o]

A 0,1 o A
NAY,
Al8, Yoals,}

ALB <8, }oA(8, }

A{Ba+ Sb}oA{Bb}
A{Ba+*3b}
A{Ba+*8b}
A{Bp> 81}
A{K[BI,(as)l]}
ALK L8y ,a5,01}
A{K*[Ba,o,asl}
alg }
a{g_}

a

y0,2

B

v1A61Vv2A61VV3A(62V63)V(vGVvs)A(61V52V63)
viAd;:
viA83
vghdz
vgAdy
vgAdis
vgAdg
vghds
vgAdg
vyhAby
vy,
vyASg
vzAS
v;1As
(v7A8,
(v7A8,

S
X

vgAd

<
>

5 2

LR AV I 9
L VU

NN N
SIS I B o AR

23]
brots

tas

Cxi
[
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Product Remark

2 A zny material

v
z A, any material
3 _— < Av,2 any material
i :\{Bagﬁb} a = 1,2,3 b =1,2,3
5 A{sb+6a} a = 1,2 o= 1,z
€ alg <8, v =1,z

[
)
H
)
»
NN

A{Ba}-A{Bb}

=
o
1]
[
“
LA}
o
It
bo
“
n
“
w

3 A{Ba»sb}-A{sb+5a} a = 1,2 o= 1,2
2 A{Bje+BolcA{B,}
1z A{K[B;,(ag),1}
11 AfK[Sl,au,as]}
ie A{K[Ba,o,al} e =
13 ) o = 1,2
1 2 = 2,3
-7 & = L,2,5 T = 1,2,2 a =% % 1
s 0= L,2,% v o= 1L,Z,x & =% % 3
s %,T,2=1,%,3 ‘ore only twice, 3 cnly onos
I Yia o= 2, v o= I,z,%
. £, T ® 1,2,%5 a ¥ 1
2t w=l,ry TEI LI os # Ty om o= 23 0L o=
iz = i.zy Taro= L M3 8 o L ¥ oo
. R O = ® L2 L
EPl
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The chamical change v,;; postulates a homogeneous material
system, v;;A82 acts in the case of at least two input, and viiASs
at least two output components. vi1Ady acts in the case of two in-

put and two output components.
Micro-biological changes (v,,) postulate a solid material.

The connections between the changes and the material systems

are summarized in the Table.

Total Changes

Let the sum of elementary changes, consisting of such a mi-
nimum number of terms as not to permit the occurrence of a fic-
tive material system among the products, be termed a total change.
The following principles may be defined for the production of to-
tal changes on the basis of the elementary changes:

&a) The starting material and the product of the elementary chemi-
cal changes may be homogeneous only, and the chemical change is
to be complemented to a total change in accordance with this.

b) If the product of the chemical reaction is a solid, BI and it
is complemented by supplying a crystal structure.

c} If a solid, is produced in the change, S;++, i.e. it is comple-
mented by supplying a crystal structure, shape and dimensions;

the reverse is true in the case of a disappearance.

d} If the product of the change is a liquid, B;, it is complemen-
ted by supplying dimensions.

e} In the line O -+ =donly one step is possible in the course of
the elementary change.

For the sake of brevity, only those signs were given which
are of some importance in the examination.

The chamical changes are always written as guasi-homogeneous
ones and they are complemented with elementary changes, depending
on the phases, so as to obtain total charaes.
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For example:

NazCO3 + H0 + COz = 2 NaHCOa

The description of a chemical reaction as a quasi-homogeneous

change:

AJ“"[uzu,Bg]g‘K[Nazcgssﬁl]':?K[Coz,ﬁsj} + viiAds =
= A{K[{H,0, 82]==>K[NdHCu3,BI]}
The supplementary elementary changes are the following:

A{KTE20,R2 1 0A K a14,085C03,87,04,051} + voAS; =

= A{K[i‘fz@,ﬁz} g K[alg,fzaz‘:fg,,ﬁl,\lq,as]}

A{K[E{EC,SZJ -> K[O.ly_k,Nazcag,Bl sy ,2511 + vgAdy =

e e +++ -
B{XIH, 0,8, 1=K Taju,las; 005,81 ,04 053}

. L 3 R
A{K[H50,B8,1=>K L1y ,782C03,31,04,a51) + viiAdy =

; ++
= A{K[l‘{g@,ﬁz]#}( [05’382‘303,61,0‘1“&5]}

a{zls,0,2,1—>x" [c,tsazc%,s\,aq,as]} + VA8 =

= A{X[Hz0,6-1=> "I .,NapC03,87,ay,01}

A{K[Hp0,8,1—PK'[Q,N2,003,61,2..71F + viAdy =

Alh[rzu, }—-—}'K[-,u >'{,31,'3,C]}

P

KMy 0, 1=K 0, e, 00,,8,0,00F ¢ A{HLOL, 4821} + wyaf. =

P4

it
ks
x
—
=
I
“
e
w
—

K[0,¥5,005,87.7,01 » K[CUp,741}



A{E[H,0,2;

I==>x[",%

A{K[E

++
1> K Layy,8=8

PRI
Ca

K[E;0,8;1 + K laqs

S+
T o B {ay,,%alC0,, 3,

T8 » Kl ,d

,,)%l’-'),{j:[} + v AL

2 NaHCO3,2, ,0,551]

&

[W]
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expresses that according to the "picture" there is no solid {63}
Gissolved (==} in the 1liguid

;. If the transformation occurs
cnly partially, crystallization can be expressed by the following

sympol :

If the crystallization is continued on the produced material sys-

tem 8, =>8; - ¢;, a material system B8;=—>3; » &; is obtained again,

Jdespite the fact that the two systems differ from each other. This
difference is a quantitative one; however, up to now, guantitative
discriminations were not made. Neither will the definition of the
concrete quantity of the materials be needed in thz following al-
gebraic description; it is only rnecessary that a system of defini-
tions be applied which enables the materials of different quanti-
ties to be discriminated. This was already carried cut in trans-
formations where the change is continuous by the introduction of

the degree of change. Such transformations are the following:

re is no need for a separate discrimination of quantity

e
ii: the case of these transformetions. Similarly, it is not neces-
i

o
=S

roduce such a designaticn in the transformations which

o not cccur individually.

with ivw more detail.,

NEetercgenseous connec-

o the unified material
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system in such a way that the quantity of one of the phases is
changed. The quantitative parameter is designated by p and g and
the only reservations are that O < Pr ¢ < 1 and that Bil; Bzz if
P} > p2 and Bﬁl means in this case a larger quantity of material
than Biz.

Accordingly:

cerresponds to a perfect
decomposition
vsAéi:(B +BPZOqu)p1<p2 i=2 and py=l corresponds to a perfect
. combination

Ba+B€IOBq1 P1>P2 i=3 and p,=0

The following equationa are valid:

P1 t g3 1

P2 + g =1

P1 *+ py 1

In cases where the above Equations hold, g; and 92 will not be
written in the following.

In the case of the formation and dissolution of the homoge-

neous connection, in a way similar to the above, we may write:

(Ba~*8§1+ﬁb P1>P2 i=3 p3=0 perfect decomposition
vgAs.:

g =>pP2,g . _ .
&8 b b py<py i=2 py=1 perfect combination

In the case of chemical combination and decomposition:

([Bé_*sb]pl'*sc P1>pz 1i=2 py=1 total combination
ViiA§,
i
[Bé—*ﬁb3pz-¢ﬁ P1<p2z i=3 p;=0 total decomposition

In changes of state, materials of both the states are present in
the starting and resultant material systems:
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b .
Bll==>82 P1>p2 1i=1 p2=0 total change

(V7A51)l: ( P
B12=>8, P1<pz i=-1 py=1 total change

In the translocation of a heterogeneous connection:

B, > Bp' © B_ > 8

vgASy: ( 2 ¢ b) if po= {? totsl change

™
¥
™

b2
B, » By °

In the translocation of a homogeneous connection:

L}
[
[}
o

B =B 1 =282l Dy az
) total change

vonsy: P2 a2
3a=¢3b +Bb=¢sc gc p2 =0 qp =1

In chamical exchange:

[8,—>8,17"Pl—slp -8 17! .
viiAdy: ( 1-p o Py = {l total change
[s,=>8, 1" 72—l =, 1°2

Finally, in changes of the type vjA(6§,Vé3) the quantitative para-
meter relates to the ratio of the split material stream, i.e.:

afl o a%-Pl p2 = 1 i=2
\’1/\51: ( hy 1“P2)
ay® o aj py; = 1 i =3
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PE3KIME

B npegwgyued coobweexnunn aToé Temo (1) anreSpauyeckumu MeToga-
MW OfWCHBaNHCE MaTEpHafbHEE CHCTEME M MNPOMCXO4AWWE B HWX HW3MBHE-
Hua. OcHoBHar 3aBuCcHMOCTb 06pa3yeTcHd MEHAY MPOMCXO4SWWMW B MAaTepH-—
anLHOW CHCTEME HIMEHEBHWAMHW W MNONYYaHWWMWHCH BCNEACTBHE MUX HOBHMH
cucTeMamu. 3TO HaswsakT npendpasceanveM W obosHadawT chaeayoumum o6-
pasom:

o 1.

BrweyHasaHHoe BopameHwe 03HadaeT, 4TO NOg LEHCTBHEM HSMEeHESHHA
v1 MartepuanssHas cucTtema ag npecbpasyeTca B CUCTeMy a_. [lanee asTo-
pul paccMaTtTpeBasT Pa3aNMYHEHE M3IMEHEHWA W WCCNE4yBT 3aBUMCHMOCTH, KO-
TOpHE WMEIT MEeCTO MeMAY YHA3AHHBMM M3MEHEHHMAMW W OCTajdbHeIMM MaTe-
pHaJibHEIMKH CHUCTEeMaMH.,.
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The occurrence of thermal instability of large
. chemical reactors is a well known fact. Experience has
shown that during the start and shut down periods, the
instability can be considerable and even dangerous. On
more than one occasion it was observed that a relati-
vely small change of the feed rate (B), the concentra-
tion (c_) or the temperature of the feed (T ) caused a
rapid drop of the temperature and conversion of a wor-
king reactor, characterized by high temperature and
high degree of conversion. There are apparent contra-
dictions in the observations of reactors running at
low temperature and with & small degree of conversion,
that an insignificant alteration of the previously
mentioned parameters resulted in a sudden increase of
temperature and conversion. In practice, this latter
phenomenon was called "ignition", independently from
the fact whether burning or an increase of the cata-
lyst temperature only took place. A different type of
instability could be observed and also reproduced at
certain critical parameter <values, when the working
condition of a reactor changed suddenly between the
mentioned limits, and regarding the thermal phenomena,
an oscillation came into existence.

Summing up the experiences, 1t can be stated
that there are narrow unstable domains in the working
conditions of a reactor which cannot be described
merely by the heat balance of the system.

WAGNER [1] first elucidated the causes of this phenomenon
Second World War

in

article was not widely available, and van HEERDEN [2] again
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elaborated the conditions of the stability in 1953. BILOUS and
AMUNDSON’s article [3] published in 1955, examined this thermal
stability, and for this the linearisation of their mathematical
model was used. As a result, numerous researchers have dealt with
the problem. VOLTER and SALNIKOV summarized the publlshed state-
ments in their book [4].

" In the present work it will be shown that in the thermal
sense both the extreme types of reactors, i.e. the adiabatic and
isotherm reactors can be discussed, utilizing the same theory. The
following discussion is based on the well mixed reactors.

Starting with the well known equation (e.g. [51),which de-
scribes the rate of heat generation:

Qg = vy r AH U (1)

It is known that the expression of the reaction rate (v r)

can be divided into the product of two functions, one of these

depends on temperature, the other one is only the function of the
concentration:

vy ) = x(T) 2(e)

In the following, the thermal stability will be examined
only, so the substitution of f{ey = ¢ is introduced, i.e. the de-
rived equations refer +o the reactions of first order, but the
thermal considerations are also valid for reactions of any kind of
order.

The ARRHENIUS’ equation is commonly accepted and valid for
the description of the k{T} function:
S
() =ae F7T {2)
In the case of tank reactors it is known [61 that the actual
concentration ¢ or the degree of conversion x ; is the function
of the initial concentration {u } and the mean residence time (€}

oy

substituting Bg. {2} into this relatlcn'
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1 1
c=c (1 ~-%)=c¢ = ¢ (3)
° 1+ xE © -%—T-
1 + Ae %

i.e. the generated heat given by Eq. (1) is as follows:

E
- %
AQ, = v,AH ¥_ ¢ 2.2 —_
R i R "o E B
> 1 + Le BT ¥

Using - simple transformations, the £ollowing egquation of

suitable form can be written:

- E_
- BT
AQR=viAHVRc%Ate —5 {5)
1 +A%T e T
If in Eguation (5) all the quantities - with the exception
of the temperature - are constants, then the heat generated in an

adiabatic reactor will be proporticnal with the following function:

For isotherm reactors, this seems tc be less of a problem
because the substitution T = constant theoretically hclds. However,
this is valid only in principle, chemical engineers are aware that
isotherm reactors work in a similar manner to heat exchangers, and
there exists a certain inmer temperature (T) which differs from
the temperature of the wall {T4); this forms the boundaries of
their working conditions and determines their dimensicns. There-
fore, in the practice either the amounts of heat generated at the
mentioned temperatures or the quotient cf these heat guantities
have to be taken into account. Regarding Equation {4} at tempera-

tures {T) and {T;}, and taking their guctient:
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£
Ad 1+ -—1_ eRT1
Aé* = “R = At (1)
R AQ E
RT 1+ 1 eRT
A%

If in this case A, E, E and R are constants, then a relation

can be obtained which is similar to Equation (6):

v = 1T + e (&)

Plotting AQR or AQ§ vs. T, the result is a sigmoid heat ge-
neration curve, known from literature. As an example, HODOSSY’s
work [7] can be mentioned. Here the author examined the hydrogena~-
tion of furfural +o furfuryl alcochol and plotted the measured

values. The results were the mentioned sigmoid curves.

In addition, for setting up a relation with Equation (6)
valid for adiabatic reactors, the numerator and denominator of
Equation (8) is multiplied by f[exp(- 1/T)]1 and transforming the
result we obtain:

-1 1 _ 1
e T eT1 T
T* = 7 + —T (9)
1T + e T T+ e T

It is now evident that although the conditions are equal,
why the degree of conversion in isotherm reactors is higher compa-
red to the same one of adiabatic reactors. The first term of Equa-
tion (9} is identical with Equation (6} valid for adiabatic reac—
tors, and to this a second term is added. If the latter is marked
with ¥4, thusg:

Y¥ = ¥ + ¥,

{3103
LEL S

The above relation is shown in Fig. 1, Introducing the de-
signation
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'
1
Y
0.5(1+eTI)
L = 1
izotherm
14
i
0l e o A 2
0.5 —————Ff—————————— = =
3
adiabatic

i 2 3 4 T

-1/T

Fig., 1. 1 - Y% =Y + Yq = (1 + ¢/T1) ——3——~T75
1 + e
-1/t -1/T
1/7 e e
2 - ¥4 = e — (T =2 2.5} 3 = ¥ = ————rs
14 e /T ’ 1+ e /T

so the result is basically the same, but it is expressed diffe-

rently as it is shown below:

p /T

1+ e—1/T

o~
[
=

—

T* = Y +

or
~1/T

Y#* {1 + D} = {1+ D) Y (12}

i

R S
i+ e_1!T

Although there are significant differences between the work-
ing conditions and characteristics of adiabatic and isotherm reac-
tors, the conclusion can be drawn that they can be treated theo-

*etically on the basis of the same principle.
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This result provided ancouragement to proceed further,
transgressing the thecry and methods usually applied in chemical
enginearing science, and to introduce the methods used in process
control for the examination of the thermal stability of chemical
reactors. .

At first it was assumed>that a ‘chemical reactor as a whole
is a dynamic system which can exist in different steady states.
The response of the system was examined: if it is disturbed
whether it returns +to the previous steady state or does not.
LJAPUNOV’'s first method was used in the examination of small dis-
turbances, but if the disturbances were major, the non-linear mo-
del was solved and the plotted phase-plane provided the answer to
the guestion.

The steady states of the system can be determined by the
help of the

1. main isoclinics,
2. heat generation and removal curves,
3. bifurcating diagrams.

The last two methods can ke applied well in practice and
with their assistance the optimum working parameters of a reactor
can be determined. The methods used and the experiments will be

a
discussed in the fellowing caper.
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SYMBOLS

pre-exponential factor (1/sec)

h<

feed rate (cu. metre/second)

td

c concentration (kg moles/cu. metre)

concentration of the feed {kg molesjcu. metre)

xg

E activation energy (kilocalories/kg mol)
AE heat of reaction (kilocalories/kg mol)
k reaction rate constant (1/second)

AQR “~heat generation rate (kilocalories/second)

AQRf heat generation rate at the temperature of the wall

(kilocalories/second)

AQ§ = AQRJAQRf {(dimensionless)

x reaction rate (kg moles/cu. metre)

R gas constant (kilocalories/kg mol °K)

£ mean residence time {second)

T temperature (°K)

T feed temperature (OK)

T4 wall temperature (CK)

Vo reactor volume {cu. metre)

x degree cf conversion {(dimensionless)

v stoichiometric coefficient of the i~-th component

{dimensionless)
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PE3KME

HeycrofiukBoe NMOBEABHME HEMNOCTORHHOCO ThOA G2ABWHX  XHMHYECHHX
GeanTOopOB ABJ/ASTCA XODOWO M3IEECTHHM ABASHMEM. Hak noxaawsaeT npak-
THHA, HEYCTORYNMBOOTL MOMET OWTb AUSCALHO 2HEZYHTEALHDY M Aawe opac-
HOM, OCOGEHHO B CAy4ae NyCHa WAM ucTaHoma peaxTopa. YHYacTo 3amevanu
470 Yy DBaKTOpos, padoTamiux B DaMMMaX C BHCOMOH TeMnepaTypod u Be-
COHDH CTENEBHbY NPEEPANEHME, HIMBHEHHES cHepocTy nogaqu sewectsa {(B)
HonyeHTpayu  {cg) unm Temnepartypy (Tp) NpKHBOAYA0 H HEOHHOSHHOMY
SHUEEHHIS TEMIEPaTYpH ¥ HOHBEDPCHM. HameTowH NOOTHBODBYMBHM TOT O3HT,
HTC HE3HAUMTE/b! 06 W3MEHEHME VHE3aHHWUX NEpPaMETEOB NPHECIMT K GHay-
HOOSRAS3HOMY YBENMYEHUE TeMepaTyps W CTenedu npespauieHua. B npan-
TuHe of 3TOM nocRegHEM ABASHUM TOBOPAT, Y470 peadTop "saropencsa”,
HE3EBHCHMO OT TOro S2i0TEMTENLHO K NPOWCXOSHT TOpeHHe WMWiK  TOARHO
HBOKWAAHHEN pasorpes Hatanusatopa. B oTAMYHE 0T BHWEeSNUCAHHOCG,
BBTORE HAalAKZanNM v HEBOARAKPATHO BOCADOWIEEAK M ONPRASABHHLX HDH-
THHBOHAX MapameTpax TEHYE HEyoToRYMEOSSTh, HOCga AoBe4eHUEe peanTopa
5 DMPBLENSHHEX MDaHMLAX HEeOMWIAHHG WSMSHgRQoL, peaKTop  ooueaaupo-
Ban,

Qénémua PES¥NLTATH FOMHC OHa38Th, 4T0 CYHBCTAYKT TaHue  yaxde
HEYGToWYUERE yoags paloTH pEERTOpPa, HOTOpME HEALIR ORUCATE ypas-
HEHMEM TEenagsers SHEE CHOTSHMH, .
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The intensity of thermal neutrons in the vieinity
of a neutron source emitting fast neutrons, depends on
the concentration of the elements capable of slowing
down the neutrons in the medium surrounding the source.

The possibilities for the determination of the
ash and moisture content of mineral coals,were studied
on the Ybasis of this fact by the application of two
sorts of geometrical arrangements. Factors interfering
with the determinations were also studied. According
to these investigations, +the technigue can be applied
with coal of low ash content (up to 20 %) mainly for
the purpose of ash content determination,with an error
of * 0.3 % ash content, whereas in the case of coal of
high ash content (higher than 50 %) it can be used for
humidity content determinaticn, with an error of * 0.2
% humidity.

INTRODUCTION

In the case of elements of low atomic number, from among the
interactions between fast neutrons and matter - i.e. elastic
scattering, inelastic scattering and nuclear reactions - it is
first of all elastic scattering that occurs with a very high pro-
bability. The loss in energy brought about by the elastic scat-

tering - to a very good approximation - is eqgual to the value
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calculated on the basis of the equations of classical physics on
elastic impact. Accordingly, the difference between the energy of

the neutron before and after collision can be expressed by the

follpwing

where E,
Ez

¥

By

Equation

formula:

2 s
Ep = Eq A2 + 2 A cos & + 1 (1)

(& + 1)2

is the energy of the neutron before the collision,

is the energy of the neutron after the collision,

is the mass number of the atom taking part in the col-
lision,

is the angle of scattering

introdﬁhtioﬁ of the symbol

_ ES
(é__ak) = a
A+ 1

{1} may be written in the following form:

@‘~J

=2 0(1 +a) + (1= a)cos 2] (2)

In the case of frontal collision, when & = x, the maximum decrease

in energy brought about by one collision,i.e. the maximum relative

decrease

in energy can be deduced from Equation (2):
= -
B - B2 .
- — min - -
Et -~ B . ={1 - 2a}Ey and —= = 1 - a {3}
min
Eq

The higher the relative change in energy brought about by

one colli
for slowi

sion, on the one hand, the number of collisions necessary
ng down tc a given final energy level is lower, and on

the other hand, the path necessary for slowing down is shorter.

it

is apparent from Eguations {1}, {2) and (3} that the loss

in energy brought about by elastic collision is inversely propoxr-

gimmai to the atomic number of the nucleus taking part in the col-
&

lision.

Wuclel of lower atomic number possess a stronger slowing

Lown capability.
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The aforesaid present a possibility for the determination of
components which are of outstanding neutron moderating capability.
If the mixture or solution to be studied is exposed to a fast
neutron radiation of constant £flux, the number (oxr intensity) of
low-energy (thermal) neutrons will change in accordance with the
concentration of the component of high neutron slowing down capa-
bility.

On the basis of the neutron slowing down capability of the
hydrogen and carbon atoms, it is possible to determine the ash and
moisture content of mineral coal; this problem is of a very high

practical importance.

According to the papers published in literature, the prin~—
ciple of measurement based on the slowing down of neutrons has
primarily been utilized in the development of technigues and appa-
ratus serving the determination of the moisture content. For
example, the moisture content of soil, concrete, woad, paper, sugar
and ore mixtures, etc., has been measured in this way [1, 2, 3, 7,
9, 10, 121.

A number of authors have dealt with the application of this
technigue for the determination of the moisture content of mineral
coal [1, 133, whereas its application for the purpose of ash con-

tent determination was so far rather limited [41].

DESCRIPTION OF THE MEASURING TECHNIQUE

It follows from the considerations on the slowing down path
length - described in the preceding section - that the estab-
lishment of an optimal geometry is a very important condition of
the applicability of the technique [6, 8]. Two - according to a
number of point of view, basically different -~ geometric arrange-
ments can bée realized; these are schematically shown in Fig. 1. In
the case of geometry realizing a "scattering of large space angle”,

the radio~isotipic neutron source, emitting fast neutrons, and the
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Z I | '=1i1)

1 2

2 &

Fig. 1. The different arrangements of neutron source and detector

a - "scattering of large space angle" geometry; b - "ab-
sorption-type" geometry; 1 - detector; 2 - neutron source;
3 - coal; 4 - paraffin

detector sensitive to slow neutrons, are placed in the immediate
vicinity of each other. The measuring head containing the neutron
source and the detector are immersed into the relatively large

sample.

Taking the conclusion of KUHN [1] - referring to the abso-
lute value of the slowing down path lengths in hydrogen and car-
bon - into consideration and using a BFa counted tube as a detec-
tor {300 mm length and 38 mm diameter}, a coal column of 600 mm
height and 600 mm in diameter can be considered as an "infinite
volume". The detector should be located in the middle of the coal
column, in its longitudinal axis, whereas the optimum position for
the neutron source is in the immediate vicinity of the detector,
at a height of the middle part of the latter.

The change in the relative intensity of the slow neutrons,
plotted against the diameter of the coal column for the case of a
coal sample of 10 %2 ash and 3 % humidity content, of a maximum
grain size of 6 mm and with application of a 9 mg R&a/Be neutron
source is shown in Fig. 2 {the height of the coal column is
600 mm).
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Fig. 2. The relation bebween the
relative intensity of neutrons
and geomeitry of coal column

ve neutron
he geometry

¥Basis of reference: the intensity pertaining to "infinitely large
voiume".

The relative change in the intensity of the slow neutrons as
plotted against the height of the coal column, in the case ©f the
same coal sample, 1is shown in Fig. 3. {The diameter of the ccal

t s

1
column was 600 mm and the distance between the bottom of the ceal

coiumn and that of the detector was irn all cases 100 mm.)

On the basis of Figs. 2 aud 2, the dimensions - "cp-

neutron inten-

of the
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intensity of slow neutrons, 100
plotted against the ash con- X%
tent. On the basis of this ca- ;Eii o
libration curve, and consider- S g6
ing +the scattering (o} value gg
calculated from the results of 43
a large number of determina- E : 92
tions {50), the error of the °°
ash content determination 31788 A
changes 1in the case of diffe- e
rent ash content ranges as il-
lustrated by Table 1. 84 \\
In practical application, \b\\&g
in certain cases, the unchan- I~
ged particle size distribution 80 0 10 20 30 ag
and constant level of moisture ash content (w.%f
content is ab ovo assured on
account of the coal processing Pig. 4. falibration curve ("secat-
technology applied, e.g. in tering of large space angle®
the case of coal refuse utili- geometry
zation, where after desinteg- *iziiziigngeiirzize:52221in22ns§t§
ration, the ore and the refuse ash content {particle size: O o
& mm, meoistnre content: 10.6 )

rock are separated in a hydro- .
cyclone, or for example, in the utilization of ahidrated lignites

in power stations.

Absclute Relative
error error

+ 2.2% & ash z 2.4 ¢

£ 0.4% ¢ azeh 2 1.5 @

N
E
54
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125 :}_,o-oﬂé’:*’/:’
75
4 8 12 14
moisture content (w.%)
Fig. 5. The effect of moisture

content of coal on the relatiwve
intensity of slow neutrons.

Ash content (w.%): 1 - 78;

2 - 28; 3 - 10

*¥Basis of reference: the intensi-~

ty measured on samples of the
various coals containing 1%
moisture
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If the measurement de~
scribed in the foregoing is
carried out with coal samples
of constant ash, but variable
moisture content, a calibration
curve enabling moisture content
determination is obtained; such
a curve, established for three
different sorts of coal contain-
ing different amounts of ash

content, is shown in Fig. 5.

It is
curves shown in Fig. 5 that the

apparent from the
sensitivity of the moisture
content determination depends
on the ash content of the coal:
the technigque is less sensitive
in the case of coals of lower
ash content. This effect can be
explained by the high carbon
content pertaining to a low ash
content and the high neutron

slow-down capability of carbon.

VConsidering the statistical nature of radiometric measurements,the

absolute

samples of different ash content illustrated in Fig.5 -~

error of the moisture determination can

- for the coal
be compa-

red on the basis of the data summarized in Table 2.
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If the constancy of moisture content

and Z. Csapb Vol. 1.

and particle size dis-

tribution cannot be ensured in the ash content determination, ran-

dom fluctuations in the moisture content may cause considerable

errors in the ash determination.
content corresponds,

ation of 2.1 % in ash content.)

In certain cases
requirements of industrial
use

tinuous measurement carried out

application -

(A 1 % change in the moisture

in the case of 10 % ash content, to a devi-

- especially when considering the unique

it may be justified to

"absorption-type" geometry, for example in the case of a con-

on material moved on a conveyor

belt. In such an arrangement, a layer of well-defined thickness of

the sample is placed between the
neutron detector.
pendent on a number of parameters,
150 mm.
laboratory measurements,

fast neutron source and the slow

The optimum layer thickness of the sample, de-

varies generally between 80 and

This same geometry can also be applied for experimental
because it is easy to handle on account

of the relatively small amount of sample. For example, the appli-
cation of various types of ne- 11100—F4a\n\

utron detectors and factors afi

interfering with the measure—Ezg 80 \\\\\

ment can advantageously be§ g \

studied with this geometry. S F \q\‘

The small amount of the needed w = 00 N
sample also enables artificial EE \
coal "samples" to be syntheti—%: 40 o
zed in a wide ash content *>° 20 40 ash620nt2gt (é)
range. A calibration curve, Fig. 6. Calibration curve {"absorp-

plotted for the 5 +to 100 %
ash content range is ahown in
Fig. 6. The

of the sample

layer thickness -

in this experi-
ment was 100 mm, the particle

*¥Basis of reference:
pertaining to a sample of 5 %

tion-type" geometry)

the intensity
% ash
ontent

size and moisture content of the sample was the same as of that

used in the studies carried out with "high space angle" scattering.

By comparing Figs. 4 and 6 (calibration curves),

the drawback of

the “absorption” geometry, i.e. its low sensitivity, becomes appa-

rent.
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INTERFERING FACTORS

If the volume weight or particle size of the samples or the
chemical composition of the ash components in the samples used for
ash =~ or moisture - content determination are different, it is

to expected that interferences will occur.

As opposed to other radiometric ash or moisture determination
techniques, changes in the chemical composition of the components
of the ash do not interfere with the determination in the meas-
uring technique based on the slowing~down of neutrons. This is ex-
plained by the fact that the elements which substitute each other
are likewise of poor neutron slowing-down capability, as compared

to the carbon or hydrogen atom.

Changes in the particle size distribution of the sample act
through changes in the volume weight.

Changes in the volume weight act as an interfering factor
since the number (concentration, [atom/cm®]) of the atoms capable
of slowing down neutrons {carbon and hydrogen) change even in the

case of an identical ash and moisture content.

Figs. 7, 8 and 9 show the changes in the intensity of slow
neutrons, plotted against the volume weight, for coal samples of a
given ash content at different moisture content values. The limits
of the volume weight intervals shown in the Figures correspond to
the loosest and most compact space fillings possible, i.e. they
are extreme values. With adeguate particle size distribution
ensuyred, it can be assumed that any spontaneous changes in space
in filling do not surpass + 0.01 g/cm® even in the case of indus-
trial processes. Changes of this magnitude in volume weight =~ as
can be judged from the calibration curves presented in Figs. 4 and
6 - cause an error of the magnitude shown in Table III. The data
refer to coals of various ash contents and to both of the geomet-

ries.
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Table 3

Ash content Absolute error in the ash content

(%) determination (%)
10 + 0.3
28 + 0.5
78 + 1.1

The interfering action of changes in the volume weight can
be eliminated by a combination of the ash - or moisture - content
determination, based on neutron slowing—down, with volume weight
determination by gamma ray absorption. This is an already solved
probiem in the case of the determination of the humidity content
of soils [5, 11l1.

DISCUSSION OF THE RESULTS

The method proposed in the foregoing enables the determina-
tion of two parameters that are of importance in connection with
the production and processing of mineral coals, these parameters
being ash content and moisture content. With coal samples of low
ash content, the technique is mainly applicable for ash content
determination, whereas in the case of coal samples of high ash
content it is preferably used £for the determination of the mois-
ture content. In the case of coal of a high ash content {such as
e.g. refuse) the determination of the moisture content -~ or its
adjustment to a predetermined value - is important with a view to
further processing {e.g. sintering in order to produce an additive

to concrete, concrete production, and filling, etc. ).

It is an advantage of the technique that the size of the ma—

terial involved in the determination, i.e. the ‘“sample size" is



574 G. Faludi, E. Hazi and Z. Csapd Vol. 1.

very large, especially if the "large space angle scattering" geo-
metry is applied. For example, practically all the material is
measured, in case of a measuring sonde placed into a coal storage
bunker, while it passes the sensor. Thus the information obtained
can be regarded a very good average value. Further advantagdes are
continuous operation and immediate availability of the results;
the latter enables application for process control purposes as
well. '

Considering the advantages enumerated in the foregoing, the
technique duly deserves intensive ineterst, when compared with the
usual procedure involving sampling, drying for moisture determina-
tion and incineration for ash content determination, despite the
fact that care must be exercised to overcome some interfering fac-

tors.

It is justified to combine the technique with other radio-
metric methods (e.g. gamma absorption, or reflexion) for the de-
termination of the ash content in order to eliminate the interfe-

rences.

For practical application, considering industrial conditions,
in the case of geometry producing "large space angle scattering”
it is preferable to apply a Ra-226/Be or Am-241/Be neutron source,
together with a BFsz-type counter tube.
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PE3ME

NAOTHOCTL TEPMUYECHWX HBHTPDOHGS BUAM3W MCnycHawlero GucTpHE
HENTPOHE WOTOYHWKA 38BWCHT OT HOHUEHTPaUHH SNEeMEeHTOB, TOPMOIAWMX
HEATPOHH .

Way4anoct onpefefeHye COAepHanus nenna H BRAAMHOCTHW B HaMEHHBIX
YFAAX HE OCHOBaHWK BHLBYHa3AHHOrO ABABHUA AR® onydas AByX SHCNEpH-
MEHTanbHHX YCTaHOBOK. ABTOPH uay4any BjAdAmLHE HA NpoBEASHWE SHONE-
puMeHTa GaHTOpH. JaHHue 3HCMEepPUMEHTOB MOHA3SNH, 4TO YAOMAHYTHN M8~
To4 MPMMEHWM QAR OfpPeAe/eHUA BRAMHOCTH © TouHocTeW ac *0,3% B cay-
yae yraedl ¢ manam {go 20 secossx %) copepmaduem nenad, W C TOYHO-
cTeam A0 *0,2% B cay4as yraei C BeCOHMM COLEBpHEHWENM rienna (Bonee 50

BRCOBHX %).
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